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III. Abstract

Genomic integrity is continuously challenged by DNA damage. Cells have evolved complex 

repair mechanisms to maintain tissue homeostasis. The study of rare genome instability 

syndromes caused by defects in these repair pathways can reveal previously unrecognized 

DNA repair factors and regulatory mechanisms. Many of these syndromes are associated with 

cancer predisposition, highlighting the direct link between impaired DNA repair and 

tumorigenesis. Understanding the mechanisms underlying these syndromes may therefore 

reveal exploitable tumor-specific dependencies, with implications beyond rare syndromes. This 

dissertation spans syndrome characterization, mechanistic investigation, and preclinical 

therapeutic studies. The four integrated manuscripts illustrate this trajectory. Biallelic variants 

in Cysteine-Rich Interactor of PDZ Three (CRIPT) cause a progeroid disorder driven by cellular 

senescence without detectable DNA damage sensitivity, demonstrating how functional studies 

distinguish phenotypically overlapping conditions from DNA repair deficiencies. Optical 

genome mapping in a pediatric cohort with suspected cancer predisposition improves 

diagnostic capacity for structural variant detection. A de novo duplication encompassing 

Replication Protein A1 (RPA1) identified in this cohort is associated with genotoxic 

hypersensitivity. The central study, discovery and characterization of the Ubiquilin-1 (UBQLN1) 

deficiency syndrome, reveals that UBQLN1 regulates homologous recombination (HR) repair 

by shielding the recombinase RAD51 from ubiquitin-dependent proteasomal degradation. Loss 

of UBQLN1 destabilizes RAD51 and impairs accurate DNA repair via HR. By contrast, 

UBQLN1 overexpression promotes degradation of the DNA repair nuclease MRE11 and is 

associated with excessive DNA end resection and engagement of alternative mutagenic repair 

pathways. UBQLN1 is frequently overexpressed in aggressive human cancers. In a KrasG12D-

driven lung cancer mouse model, Ubqln1 overexpression emerges as a candidate biomarker 

for tumor aggressiveness and for sensitivity to poly(ADP-ribose) polymerase (PARP) inhibition 

and immune checkpoint blockade, with the potential to improve therapeutic stratification in the 

clinic. Lastly, in a target-directed approach, development of Deltafluorine, a first-in-class 

covalent phosphodiesterase δ (PDEδ) inhibitor, enables targeting of oncogenic KRAS 

membrane trafficking. Treatment of the KrasG12D-driven mouse model with Deltafluorine 

reduces tumor burden in vivo. Overall, this work demonstrates how investigating rare 

syndromes alongside target-directed therapeutic development can identify mechanisms and 

vulnerabilities relevant to cancer therapy. 
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1. Introduction
1.1 Relevance of Genome Maintenance 

Every day, each human cell faces approximately 70,000 DNA lesions from sources such as 

reactive oxygen species, replication errors, and environmental damage.1 Yet most cells are 

capable of maintaining genomic integrity throughout many cell cycles and decades of life.2 As 

the source of all cellular information, DNA integrity is critical for cellular function and requires 

active maintenance.3 Germline cells preserve genetic information across generations, while 

somatic cells maintain tissue homeostasis within an individual's lifespan. Nevertheless, 

germline DNA alterations contribute to shaping evolutionary trajectories and can also cause 

genetic disease.4 When repair is insufficient, cells can activate programmed death or 

permanent growth arrest to prevent propagation of damaged DNA and uncontrolled cancerous 

cell growth.5 This balance between DNA repair and cell elimination can become increasingly 

compromised with age.2,6  

Ageing is characterized by progressive deterioration of an organism under the extrinsic and 

intrinsic pressures of life.7 Impaired DNA repair can cause genome instability, a hallmark of 

ageing that creates a vicious cycle: accumulation of unrepaired damage drives the ageing 

process, while ageing leads to progressive decline of DNA repair capacity over time,7-10 as 

exemplified by premature ageing syndromes frequently caused by DNA repair defects.11 

Ageing is a major risk factor for most cancers and approximately 90 % of cancer patients are 

older than 50 years.12 The stochastic accumulation of somatic mutations can activate 

oncogenes or inactivate tumor suppressors, initiating cancer development.7,13,14 Once 

established, cancer cells often exploit genomic instability to increase mutational burden and 

adaptability.15,16 Understanding DNA repair mechanisms can therefore contribute to the 

development of targeted therapies that exploit tumor vulnerabilities and may help prolong 

human healthspan.17,18 To understand these vulnerabilities, one must first consider the nature 

of the threats for which DNA repair systems have evolved. 

1.2 The DNA Damage Response 

1.2.1 DNA damage sources 

DNA integrity faces continuous pressure from extrinsic and intrinsic sources, each generating 

distinct lesion types that require specialized repair responses. Extrinsic damaging factors 

include ultraviolet (UV) radiation19-21, ionizing radiation (IR)22, and environmental chemicals23. 

UV radiation contributes to skin cancer development by generating photoproducts that alter 

the DNA backbone and can stall replication or lead to base substitutions.19-21  
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IR can induce DNA base modifications, single-, and double-strand breaks (SSB/DSB).22 DSBs 

are particularly hazardous, as even a single unrepaired break can trigger cell death or drive 

chromosomal rearrangements.24 Beyond radiation, humans are exposed to numerous DNA-

damaging environmental chemicals, either voluntarily or unavoidably. This includes, among 

others, cigarette smoking, exhaust gases, and chemicals in food.23,25,26 Cigarette smoke 

contains carcinogens that damage DNA, with smokers accumulating thousands of additional 

mutations per cell in the bronchial epithelium compared to non-smokers, thereby increasing 

lung cancer risk.25 Environmental air pollutants, particularly polycyclic aromatic hydrocarbons 

(PAHs) from vehicle exhausts, can cause DNA adducts, oxidative DNA damage, and 

subsequent genomic instability.23 The human diet contributes to the DNA damage burden 

through natural and processing-derived carcinogens.26 By contrast, clinical applications 

deliberately harness extrinsic damage, where cancer patients are intentionally exposed to 

DNA-damaging chemotherapy and radiotherapy to eliminate cancer cells by exploiting their 

faster growth and compromised cellular physiology.27 

Intrinsic damaging factors include intracellular reaction products from metabolic reactions like 

reactive endogenous chemicals.28 DNA undergoes spontaneous chemical alterations including 

oxidation, alkylation, and deamination.3 While the DNA replication machinery is a complex and 

highly evolved mechanism with proofreading capabilities, it is not entirely error-free, with 

approximately 1 in 10⁹ errors after proofreading.29 If not accurately repaired, these errors can 

drive the accumulation of severe mutations over time. Additionally, metabolism can result in 

intrinsic damage through mitochondrial respiration and buildup of reactive oxygen species 

(ROS). ROS damage DNA bases, introduce SSBs, and stall the replication machinery.30 

Importantly, if genes that encode proteins of the DNA damage response (DDR) are damaged 

or harbor mutations, the capacity to detect and repair subsequent damage can become 

compromised, which may accelerate genomic deterioration.31 To counteract this threat, 

interdependent and redundant DNA repair mechanisms have evolved to maintain genomic 

integrity.32 Defects in these complex processes can lead to genomic instability and subsequent 

cancer development, neurodegenerative disease, and premature ageing.33-36 The diversity of 

DNA lesions has driven the evolution of specialized repair pathways, each tailored to recognize 

and resolve specific types of damage.37 

1.2.2 DNA damage repair pathways 

The selection among these specialized pathways resembles a resource allocation problem. 

Response options are constrained by damage type, cell cycle phase, metabolic status, and 

the availability and integrity of repair and regulatory factors.31 DNA repair mechanisms are thus 

tailored to different types of DNA lesions within these cellular constraints. 
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Base excision repair (BER) addresses small, non-helix-distorting modifications caused by 

oxidation, alkylation, or deamination.38 Nucleotide excision repair (NER) resolves bulky, helix-

distorting lesions such as UV-induced pyrimidine dimers.39 Mismatch repair (MMR) repairs 

base-base mismatches and insertion-deletion loops that escape replication proofreading.40 

SSB repair (SSBR) addresses backbone discontinuities, which can convert to DSBs during 

replication if unrepaired.41 Interstrand crosslink repair (ICLR) resolves covalent linkages 

between DNA strands.42 DSB repair (DSBR) addresses the most cytotoxic form of DNA 

damage, where both strands are severed.43 While these pathways maintain genomic integrity, 

the appropriate pathway can only be effectively engaged once damage has been detected and 

characterized. 

1.2.3 DNA damage sensing 

Different lesion types are recognized through distinct mechanisms suited to their structural or 

chemical features. Small base modifications are detected by glycosylases that scan DNA and 

recognize specific chemical alterations.44 Helix-distorting lesions are sensed either through 

global surveillance mechanisms that detect structural distortion or when they stall the 

transcription machinery.45 Mismatches are identified by recognition complexes that detect 

thermodynamic instability of improperly paired bases.46 SSBs are rapidly bound by sensor 

proteins that recognize exposed backbone discontinuities.47 DSBs, as the most dangerous 

lesion type, trigger complex signaling cascades. Sensor complexes recognize broken DNA 

ends and activate kinases that phosphorylate hundreds of substrates, amplifying the damage 

signal across chromatin domains.48 This amplification allows recruitment of repair factors and 

communication with cell cycle machinery to coordinate DSBR.31 

Across all pathways, damage sensing serves three key functions. It identifies lesions requiring 

repair, it recruits the appropriate repair machinery, and it signals to checkpoint pathways that 

coordinate repair with cell cycle progression.31,49 

1.2.4 DNA damage repair and cell cycle checkpoints 

The checkpoint pathways engaged by damage sensing halt cell cycle progression to provide 

time for repair before critical transitions. The G1/S checkpoint prevents replication of damaged 

DNA.50 The intra-S checkpoint slows replication fork progression when damage occurs during 

S phase.51 The G2/M checkpoint prevents mitotic entry when damage persists.52 The efficiency 

of these signaling cascades, however, depends on the physical accessibility of damage sites 

within their chromatin context. 

1.2.5 DNA damage repair and chromatin 

Compacted chromatin regions exhibit delayed damage detection and reduced repair efficiency, 

as repair factors require physical access to lesion sites.53  
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Therefore, damage triggers local chromatin relaxation through histone modifications, which 

also serves as a recruitment platform for specific repair factors.54 Nucleosome remodeling 

permits access, and following repair completion, the original chromatin state is restored.55 

When repair succeeds, cells resume normal function, but when damage proves irreparable, 

alternative cell fates are engaged. 

1.2.6 DNA damage repair and cell-fate outcomes  

The choice among these alternative fates reflects the DDR's integration of damage severity 

and repair capacity.56 While reparable damage triggers only transient checkpoint activation 

followed by cell cycle re-entry,57 persistent or excessive damage engages terminal outcomes. 

Severe or irreparable damage can lead to senescence, a state of stable cell cycle arrest that 

prevents proliferation while maintaining cell viability.58 Senescent cells can promote a 

senescence-associated secretory phenotype (SASP), releasing inflammatory cytokines, 

growth factors, and proteases that alter tissue microenvironment and lead to tissue 

inflammation.59 Premature or excessive senescence induction is associated with a class of 

progeroid syndromes, in which constitutional defects in DNA repair, replication, or cell cycle 

checkpoint regulation lead to accelerated cellular ageing and organism-level features of 

premature ageing.60 Premature ageing syndromes demonstrate that impaired DNA repair and 

dysregulated senescence signaling can cause systemic tissue deterioration independently of 

chronological age.61  

When damage is severe and irreparable, cells can activate programmed cell death pathways 

to eliminate potentially dangerous cells. Apoptosis represents a major mechanism, executing 

controlled cell dismantling while avoiding inflammatory responses.62 Other forms of cell death 

serve as alternative pathways. Necroptosis can provide a programmed but inflammatory 

alternative when apoptosis is blocked,63 while ferroptosis is driven by iron-dependent lipid 

peroxidation and has emerged as a relevant cell death pathway following oxidative DNA 

damage.64  

Together, these mechanisms prevent propagation of damaged DNA to daughter cells. Among 

all lesion types, DSBs present the greatest challenge to genome maintenance. 

1.3 DNA Double-Strand Break Repair Pathways 

DSBs are among the most genotoxic DNA lesions due to the complete disruption of the double-

stranded DNA (dsDNA) and the potential for large-scale insertions and deletions, necessitating 

timely and accurate repair.43 Cells employ two major DSBR pathways: i) Non-homologous end-

joining (NHEJ) directly ligates broken ends and operates throughout the cell cycle but can 
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introduce small mutations, including insertions and deletions,65 and ii) Homologous 

Recombination (HR), which utilizes the sister chromatid as a template for high-fidelity repair, 

but is restricted to S and G2 cell cycle phases when a template is available.66 A central step for 

HR is the end resection of the break into single-stranded DNA (ssDNA) overhangs.67 The 

decision to initiate the resection of broken strands serves as the critical determinant of pathway 

choice, where resection commits cells to HR, whereas inhibition of resection favors NHEJ 

(Figure 1).66,68 Understanding how this decision is reached requires examining each step from 

initial damage sensing through pathway commitment.  

Figure 1: DSBR pathway choice is governed by end resection and cell cycle stage. In NHEJ, minimally 
processed DNA ends are rapidly ligated via Ku70/80 and LIG4-XRCC4, frequently introducing small insertions or 
deletions. In S/G₂ phase, CDK-dependent activation of CtIP and the MRN complex promotes end resection, 
enabling error-free repair via RAD51-mediated HR. Dysregulated resection can alternatively channel repair into 
mutagenic single-strand annealing (SSA) or Pol θ-dependent microhomology-mediated end-joining (MMEJ), both 
of which can introduce large deletions and genomic rearrangements. The balance between resection-blocking 
(53BP1/Shieldin) and pro-resection (BRCA1/MRN/CtIP) factors at the break site determines pathway commitment. 
Figure created with BioRender. 

1.3.1 Sensing DNA double-strand breaks and initiating repair 

The pathway toward this decision begins with damage recognition. DSBs are rapidly 

recognized by the MRN complex (MRE11-RAD50-NBS1), which serves as the primary DSB 

sensor.69 MRN binding initiates a signaling cascade that enables chromatin accessibility, 

amplifies the damage signal across megabases of surrounding chromatin,54,70 and activates 

the Ataxia-telangiectasia-mutated (ATM) kinase.69 The central role of ATM in DSB signaling 

was discovered through investigation of Ataxia-telangiectasia (AT), a genome instability 

syndrome characterized by cerebellar degeneration, immunodeficiency, chromosomal 

instability, and cancer predisposition.71 Yosef Shiloh identified the ATM gene in 1995 following 

investigations that began with a visit to a family affected by the syndrome during his graduate 

studies in 1977.72,73  
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The identification of ATM transformed understanding of DSB signaling and cell cycle control, 

and remains one of the clearest examples of syndrome investigation revealing fundamental 

repair mechanisms.  

Activated ATM phosphorylates the histone H2AX on serine 139, generating γH2AX, which 

promotes chromatin accessibility for DSBR signaling.74 Downstream signaling recruits two key 

protein complexes with opposing functions. Ku70/80, 53BP1, and the Shieldin complex, which 

promote NHEJ, and the BRCA1-A complex, which facilitates HR (Figure 1).68 Thus, the 

sensing machinery not only detects damage and amplifies the signal, but also establishes the 

molecular context for subsequent pathway choice. 

1.3.2 Homologous recombination 

When conditions favor HR, the pathway is initiated via an endonucleolytic 5’ nick by CtIP, which 

is followed by resection of 50-100 nucleotides by MRE11.75 This resection bypasses Ku-

blocked ends and represses NHEJ.76 Further, long-range resection is executed by EXO1 in 

the 5’-3’ direction, creating kb-sized ssDNA overhangs.77,78 In parallel, the Bloom (BLM) and 

Werner (WRN) helicases unwind dsDNA and enable access for DNA2 nuclease, which 

degrades the 5’ strand and leaves long 3’ ssDNA overhangs.79,80 The cell cycle restriction of 

HR is mediated through CDK-dependent phosphorylation of CtIP, which activates its 

endonuclease activity only in S/G2.81-83 

Subsequently, the ssDNA overhangs resulting from resection are coated by RPA for protection 

from secondary structures and degradation.84 RPA is exchanged with RAD51 via the BRCA1-

PALB2-BRCA2 complex.85,86 The RAD51-coated nucleoprotein filament facilitates HR by 

actively searching for a homologous DNA sequence on the undamaged sister chromatid in 

S/G2 phase.87 RAD54, a chromatin remodeling factor, facilitates this homology search by 

stabilizing the RAD51 filament and removing nucleosomes to enable access to the template 

DNA.88,89 Upon homology detection, RAD51 mediates strand invasion. The 3′ ssDNA invades 

the homologous dsDNA, displacing one strand and forming a displacement-loop (D-loop).90 

The ssDNA of the broken strand is then synthesized by DNA polymerases.91  

HR can proceed through two major resolution pathways. In the canonical DSBR pathway, both 

DNA ends are captured, leading to the formation of double Holliday junctions that are resolved 

by specialized nucleases.92,93 Alternatively, HR can proceed via synthesis-dependent strand 

annealing (SDSA). Here, the invading strand is displaced upon DNA synthesis and re-anneals 

with the second resected end.94,95 DNA synthesis completes repair by filling remaining gaps, 

restoring DNA integrity.95  
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SDSA represents the predominant HR mechanism in somatic cells, as it avoids the formation 

of Holliday junctions and prevents potentially deleterious chromosome crossovers.96 Overall, 

HR repairs DSBs with high fidelity while preserving genetic information.96 

The critical roles of BRCA1 and BRCA2 in HR emerged from genetic studies of hereditary 

breast and ovarian cancer families. Hall et al. identified chromosomal linkage to BRCA1 in 

199097, with subsequent cloning of BRCA1 by Miki et al. in 199498 and BRCA2 by Wooster et 

al. in 199599. Molecular characterization revealed that BRCA1 functions in DNA end resection 

and checkpoint signaling, while BRCA2 loads RAD51 onto resected ssDNA to initiate strand 

invasion.100,101 Given HR‘s critical role in preserving genomic integrity, heterozygous BRCA1/2 

mutations confer up to 88 % lifetime breast cancer risk,102 while biallelic null mutations cause 

embryonic lethality in mouse models.103 This discovery contributed to establishing DNA repair 

defects as a mechanism of cancer predisposition. 

Beyond BRCA1/2, RecQ family helicases contribute to HR fidelity by resolving aberrant DNA 

structures that arise during recombination. Werner syndrome and Bloom syndrome show how 

helicase dysfunction compromises HR and causes genome instability. Werner syndrome, first 

described by Otto Werner in 1904, presents with premature ageing features including early 

graying and hair loss, skin atrophy, cataracts, and type II diabetes, typically manifesting in the 

second and third decades of life.104,105 Cloning of the WRN gene in 1996 revealed that WRN 

possesses both 3′-5′ helicase and exonuclease activities essential for replication fork stability, 

telomere maintenance, and resolution of recombination intermediates. WRN processes D-

loops and Holliday junctions during HR, and its loss leads to illegitimate recombination events 

and chromosomal instability.11,106-108 Bloom syndrome, caused by biallelic BLM mutations, 

presents with growth retardation, photosensitivity, immunodeficiency, and markedly elevated 

cancer predisposition.109,110 Loss of BLM causes an increase in sister chromatid exchanges, 

reflecting uncontrolled crossover recombination.111 Both WRN and BLM thus ensure that HR 

proceeds accurately without generating deleterious chromosomal rearrangements, and their 

associated syndromes underscore the importance of controlled recombination for genome 

stability. 

1.3.3 Non-homologous end-joining 

When no homologous template is available, cells rely on NHEJ for DSBR. This pathway 

requires active inhibition of DNA end resection, mediated by 53BP1, which blocks access to 

the resection machinery.68 ATM-mediated phosphorylation of 53BP1 enables recruitment of 

RIF1, the Shieldin complex, and the CST complex.112,113  
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The Ku70/80 heterodimer rapidly binds to DNA ends, forming a ring structure that encircles the 

DNA,114 recruiting the DNA-PKcs kinase to each DNA end.115,116 The XRCC4 and DNA ligase 

IV complex is recruited to ligate the processed DNA ends.117 (Figure 1) 

Because NHEJ directly ligates DNA ends without a template, it often introduces small 

insertions or deletions, rendering NHEJ an error-prone repair pathway.118 Despite this 

mutagenic potential, NHEJ is essential for maintaining genome stability, particularly in G1 

phase, where HR is not possible due to unavailability of the sister chromatid.68 In DSBR 

pathway choice, NHEJ is a fast and readily available mechanism, where some mutagenicity is 

tolerated in exchange for speed and cell cycle independence. Together with HR, these 

canonical pathways handle the majority of DSBs, though additional mechanisms exist for 

situations where they are unavailable or defective. 

1.3.4 Alternative homology-mediated pathways 

These alternative pathways are typically more mutagenic but can prevent catastrophic 

outcomes when resection or ligation processes become dysregulated. When regulation of 

resection is defective, extended resection can produce extensive ssDNA tracts revealing 

distant flanking homologous repeat sequences.119 Single-strand annealing (SSA) utilizes these 

repeats to repair resected DSBs when HR is impaired.120 As in HR, RPA coats the ssDNA, but 

is subsequently exchanged with RAD52 instead of RAD51.119,121 RAD52 nucleoprotein 

filaments allow homology detection and facilitate annealing with complementary ssDNA.119 

Extensive ssDNA may additionally overwhelm the RAD51-loading machinery, shifting repair 

toward SSA.120 However, SSA results in deletion of the sequence between two repeats and 

one of the repeat copies, in a size range of kb to Mb, which leads to significant loss of genetic 

information.119 Despite its mutagenic nature, this pathway can compensate for HR-defects 

downstream of DNA end resection.122 However, SSA requires the presence of homologous 

repeat sequences, limiting its applicability. (Figure 1) 

When such repeats are absent, cells can employ alternative end-joining mechanisms that 

require only short stretches of microhomology. Alternative NHEJ (alt-NHEJ), microhomology-

mediated end-joining (MMEJ), and polymerase θ-mediated end-joining (θ-NHEJ) are terms 

used variably in the literature to describe overlapping Ku-independent, microhomology-

dependent repair pathways.123 Alt-NHEJ/MMEJ/θ-NHEJ is initiated through limited DNA end 

resection mediated by MRE11 and CtIP, generating short 3′ overhangs.124 Unlike canonical 

NHEJ, MMEJ does not require Ku70/80 or DNA-PKcs. Instead, it relies on PARP1 for initial 

end recognition and stabilization.125 Polymerase θ (Pol θ) plays a central role by unwinding 

DNA, facilitating microhomology search, and annealing complementary ssDNA through its 

helicase and polymerase domains.126,127  
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However, Pol θ frequently generates deletions between annealing sites.128 MMEJ becomes 

particularly active in HR-deficient cells with shorter resection tracts than required for SSA 

(Figure 1).129,130  

When cells become reliant on these error-prone backup mechanisms, the accumulated 

mutagenic burden can drive disease. 

1.3.5 Consequences of dysregulated pathway choice 

Dysregulation of DSBR pathway choice is directly linked to human disease.131,132 Germline 

mutations in HR genes predispose to error-prone repair pathways.133,134  

The balance between HR, NHEJ, and alternative pathways is critical for maintaining genome 

integrity, and its disruption underlies numerous hereditary cancer syndromes and therapeutic 

vulnerabilities.131-133 Understanding the regulatory mechanisms that maintain this balance is 

therefore essential for both disease characterization and therapeutic intervention. 

1.4 Coordination and Regulation of the DNA Double-Strand Break 
Repair Response 

DSBR is coordinated through post-translational modifications (PTMs) and regulated protein 

turnover.135-137 The crosstalk between addition and removal of different PTMs enables dynamic 

repair coordination and ensures genome stability.135,138,139 Protein abundance, regulated 

through transcription and protein turnover, determines the pool of available repair factors that 

can be recruited and assembled into functional complexes at damage sites.140,141 Disruption of 

these regulatory systems can impair DNA repair.135,136 PTMs fine-tune DSBR through 

reversible chemical modifications of repair proteins, regulatory proteins, and chromatin 

organization. Several classes of modification are particularly important for DSBR coordination. 

Phosphorylation by ATM, ATR, and DNA-PKcs kinases initiates signaling cascades through 

adding negatively charged phosphate groups to serine, threonine, or tyrosine residues, altering 

protein conformation and activity to regulate checkpoint activation, resection, and pathway 

choice.142-145 Ubiquitination attaches ubiquitin to lysine residues, facilitating chromatin 

remodeling, protein recruitment, and degradation of repair proteins.146-148 Ubiquitination is 

mediated via an E1-E2-E3 cascade. E1, ubiquitin-activating enzyme, hydrolyzes ATP to 

activate ubiquitin. E2, ubiquitin-conjugating enzyme, receives activated ubiquitin and is 

recruited by E3, ubiquitin ligase, to the target protein for ubiquitination. E3 ligases can generate 

differentially linked polyubiquitin chains with distinct signaling characteristics: K48-linked 

polyubiquitin chains signal proteasomal degradation, while K63-linked chains promote 

scaffolding and protein recruitment.149  
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For instance, the DSBR end resection factor MRE11 is ubiquitinated and degraded by the 

proteasome during the HR process. However, premature degradation of MRE11 can impair 

HR initiation and influence pathway choice.136 The regulatory importance of ubiquitin-mediated 

MRE11 turnover was revealed through discovery of the UBQLN4 deficiency syndrome.  

Jachimowicz et al. identified children from two consanguineous families harboring biallelic 

UBQLN4 mutations with loss of protein expression and presenting with developmental delay, 

microcephaly, anemia, hearing loss, and ataxia.136 Functional characterization demonstrated 

that UBQLN4 promotes ATM-dependent proteasomal degradation of MRE11 and thereby 

regulates DSBR pathway choice. When UBQLN4 is absent, MRE11 accumulates and 

promotes excessive DNA end resection. When UBQLN4 is overexpressed, premature MRE11 

degradation impairs HR initiation. This discovery illustrates how syndrome investigation can 

uncover regulatory mechanisms of DSB repair.136  

UBQLN4 belongs to the Ubiquilin family of UBL-UBA shuttle factors, proteins that bridge 

substrate recognition and proteasomal delivery through their modular domain architecture.136 

The ubiquitin-associated (UBA) domain recognizes polyubiquitinated substrates, while the 

ubiquitin-like (UBL) domain mediates proteasome docking.150 However, Ubiquilins also 

possess stress-inducible protein 1-like (STI1) domains capable of ubiquitin-independent 

protein-protein interactions, raising the possibility that their cellular functions extend beyond 

canonical substrate degradation.150  

Beyond ubiquitination, additional PTMs contribute to DSBR coordination. Acetylation, another 

PTM type, promotes chromatin decompaction and repair machinery access by neutralizing the 

positive charge of lysine residues and weakening histone-DNA interactions.151,152 Methylation 

adds methyl groups to lysine or arginine residues, creating binding sites for reader proteins 

that differentially promote NHEJ or HR.152-154 SUMOylation stabilizes repair complexes and 

modulates protein-protein interactions at DSB sites.155,156 PARylation, catalyzed by PARPs, 

serves as one of the earliest DSB sensors by synthesizing poly(ADP-ribose) (PAR) chains that 

recruit repair factors, with PAR glycohydrolase subsequently removing these chains to allow 

repair progression.157,158,159 

These PTMs do not function in isolation but create complex regulatory networks through 

extensive crosstalk.160 For example, phosphorylation can create binding sites for ubiquitin 

ligases, linking damage signaling to protein turnover.161 This hierarchical organization ensures 

that repair proceeds through defined stages with appropriate factor recruitment and release. 
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1.5 Genome Instability Syndromes as Models for DNA Repair 
Research 

As the preceding sections illustrated, investigation of rare syndromes caused by defects in 

DNA repair genes has repeatedly led to advances in understanding DNA repair mechanisms. 

Affected individuals typically present with clinical features including neurodegeneration, growth 

defects, and premature ageing.162  

Genetic sequencing can identify candidate mutations in DNA repair genes,71,136,163,164 which 

are then functionally characterized to uncover pathogenic mechanisms and reveal novel 

aspects of DNA repair biology.136  

1.5.1 Progeroid syndromes and genome instability  

Progeroid syndromes are disorders characterized by accelerated cellular ageing and 

organism-level features of premature ageing.7,60,165 Intriguingly, not all syndromes presenting 

with features of premature ageing harbor canonical DNA repair defects, and mechanistic 

characterization is important to distinguish genome instability from other pathogenic 

mechanisms. DNA repair defects like Werner syndrome demonstrate clear links between 

genome instability and premature ageing,166 where the genetic defect directly impairs a DNA 

repair factor. However, laminopathies such as Hutchinson-Gilford progeria syndrome are 

caused by mutations in structural nuclear proteins rather than canonical DNA repair genes.60,167 

Disrupted nuclear lamina organization induces senescence through altered chromatin 

architecture, gene expression, and mechanotransduction.60 Secondary DNA repair defects 

including accumulated unrepaired DSBs contribute to the phenotype of laminopathies.168 The 

primary pathogenic mechanisms, senescence or genomic instability, differ between DNA 

repair-defective and nuclear envelope-disrupted syndromes.60,165-168  

Rothmund-Thomson syndrome (RTS) occupies a complex position within the premature 

ageing classification.169 First described by August von Rothmund in 1868 with additional 

characterization by Matthew Sydney Thomson in 1936, RTS manifests as poikiloderma 

(mottled skin atrophy) with osteosarcoma predisposition.170 Kitao et al. identified biallelic 

RecQ-like helicase 4 (RECQL4) mutations as causative in 1999,171,172 revealing that RECQL4 

belongs to the RecQ helicase family, like WRN and BLM, and participates in DNA replication 

initiation and DSBR.173,174 Biallelic RECQL4 helicase mutations, responsible for a subclass of 

RTS, display features consistent with DNA repair deficiency including chromosomal instability 

and cancer predisposition. RECQL4 participates in DNA replication, DNA repair, and 

mitochondrial DNA maintenance, and RTS patient cells show variable sensitivity to genotoxic 

agents across studies.169,175 This phenotypic variability suggests that progeroid features in 

RTS-spectrum disorders may arise through multiple pathogenic mechanisms, potentially 
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including both DNA damage-dependent and damage-independent routes. Understanding 

whether a given progeroid disorder results primarily from accumulated DNA damage or from 

perturbation of senescence programs has important implications for elucidating the 

fundamental biology of cellular ageing.8  

Elucidating the mechanistic basis of each syndrome, whether primarily DNA damage-

dependent or involving alternative routes to cellular dysfunction, remains essential for 

understanding genome maintenance and processes contributing to premature ageing and 

cancer development.7 

1.5.2 Syndrome discovery enables understanding of DNA repair mechanisms 

The syndrome examples integrated throughout this introduction, from ATM-mediated DSB 

signaling discovered through ataxia-telangiectasia71, to BRCA-dependent HR revealed by 

hereditary breast cancer families99, and to ubiquitin-regulated pathway choice uncovered 

through UBQLN4 deficiency136, demonstrate how clinical phenotyping, genetic analysis, and 

functional characterization of rare conditions can promote mechanistic understanding with 

potential clinical impact.21,60,176 

Modern technologies are accelerating how rare syndromes are discovered. Whole exome 

sequencing (WES) enables rapid identification of causative variants in affected families,177 

while optical genome mapping (OGM) detects structural variants invisible to short-read 

sequencing.178,179 Together with long-read sequencing and improved bioinformatic pipelines, 

these technologies have enabled discovery of ultra-rare syndromes affecting individual families 

worldwide, wherever these technologies are accessible.180-182 The relevance of DNA repair 

gene variants extends beyond the rare homozygous mutations that cause syndromes.183,184  

1.5.3 Population-level implications of DNA repair variants 

Beyond identifying genes causing rare syndromes, population-level studies have revealed that 

heterozygous variants in DNA repair genes are more common than previously recognized and 

may contribute to cancer susceptibility across populations.183,184 However, establishing cancer 

risk associations requires large sample sizes due to low allele frequencies.185 Combinations of 

heterozygous variants in multiple DNA repair genes may have additive or synergistic effects 

on cancer risk, highlighting how genetic background and disease susceptibility are 

interconnected.186,187 

Investigating rare syndromes therefore continues to reveal new insights into DNA repair 

mechanisms and inform clinical practice. However, once a candidate variant has been 

identified through sequencing, establishing its pathogenicity and understanding its 

physiological consequences remain challenging.  
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Cell-based assays can reveal molecular functions, but recapitulating organism-level 

phenotypes such as tissue-specific cancer predisposition, developmental defects, or 

premature ageing requires animal models.21,188  A range of organisms, from yeast to mice, have 

contributed to our understanding of conserved DNA repair pathways.  

For modeling human syndrome phenotypes at the organism level, genetically engineered 

mouse models (GEMMs) offer advantages due to their physiological and genetic properties 

close to humans.21,188 

1.5.4 Utilizing mouse models to study physiological consequences of DNA repair 
defects 

Mouse models recapitulate the genetic basis of human syndromes and allow investigation of 

both tissue-specific effects and systemic consequences at the organism level.21,188 These 

models provide several critical advantages over patient studies. First, they offer more uniform 

genetic backgrounds, reducing confounding effects of multiple additional heterozygous 

variants that are common in syndrome patients, especially from consanguineous families.136 

This genetic comparability enables attribution of phenotypes to specific DNA repair defects. 

Second, CRISPR-Cas9 technology has revolutionized the generation of these models,189 

allowing rapid and precise introduction of patient-specific mutations into the mouse genome 

for functional validation.190 Mouse models are particularly valuable for the characterization of 

ultra-rare syndromes where only one or two families are known worldwide, precluding 

systematic patient studies.191  

Constitutive knockout models generate systemic loss of gene function and can recapitulate 

many features of human syndromes. For instance, Atm-/- mice show immunodeficiency and 

cancer predisposition similar to AT patients.191 However, some human phenotypes are not fully 

recapitulated. Atm-/- mice lack the striking cerebellar abnormalities of human AT in phenotyping 

experiments, while the underlying Purkinje-cell defects are detectable at cellular level in 

histology.192,193  

Conditional approaches using Cre/lox systems enable tissue-specific or temporally inducible 

transgene modulation, circumventing embryonic lethality seen with constitutive knockouts of 

essential genes like Brca1/2 and enabling assessment of physiological consequences in one 

specific tissue or cell type.194,195 

Genome instability syndrome patients are often young and observing later consequences of 

their condition, for instance cancer predisposition, requires long observation times. Mouse 

models of genome instability enable shorter observation times and indeed frequently reveal 

that DNA repair deficiency predisposes to cancer development, establishing a mechanistic link 

between the syndromes discussed above and oncogenesis.21 

13

1. Introduction



1.6 DNA Repair Defects and Cancer Development 

DNA repair deficiency represents an enabling hallmark of cancer, permitting the accumulation 

of mutations that drive malignant transformation.14,196 Defective DNA repair promotes genome 

instability by allowing DNA damage to persist through successive cell divisions.197  

When high-fidelity repair pathways like HR are compromised, cells may increasingly rely on 

error-prone backup mechanisms, which generate mutations, chromosomal rearrangements, 

and structural variants.198,199 This mutational burden creates genetic diversity that may 

accelerate malignant evolution.200 Together with tumor-promoting inflammation, genome 

instability is a fundamental hallmark of cancer that enables the manifestation of other 

hallmarks, such as sustaining proliferative signaling, evading growth suppression, resisting cell 

death, enabling replicative immortality, and activating invasion and metastasis.14 Inherited and 

acquired repair defects can therefore contribute to carcinogenesis.201,202 Among these, defects 

in HR have emerged as particularly important both for tumor biology and therapeutic 

intervention.203-205  

1.6.1 Homologous recombination deficiency patterns and tumor characteristics 

HR deficiency (HRD) is one of the most actionable DNA repair defects in cancer. BRCA1/2 

mutations occur in approximately 10-20 % of breast and ovarian cancers,203,204 and defects in 

other HR genes including ATM, PALB2, CHEK2, and RAD51 paralogs create comparable 

functional effects.205 Error-prone backup mechanisms engaged upon HRD can generate 

characteristic genomic scars detectable through multiple modalities,198,206,207 including loss of 

heterozygosity (LOH), telomeric allelic imbalance (TAI), large-scale state transitions (LST), and 

mutational signatures.208-210 These genomic features can serve as biomarkers for patient 

stratification and may inform therapeutic decision-making. The clinical utility of such testing 

depends on HRD prevalence across cancer entities. 

1.6.2 Homologous recombination deficiency prevalence and cancer entity 
distribution  

Genomic analyses indicate that the average overall frequency of HRD in solid tumors is 

approximately 17-18 %, as measured by genomic scarring scores209 and HR gene 

mutations205. However, prevalence varies significantly across cancer entities and subtypes. In 

ovarian cancer, HRD is most prevalent, with 69 % of cases testing positive.209 Triple-negative 

breast cancer shows HRD at rates of 47-59 %.211 In lung adenocarcinoma (LUAD), HRD is 

observed in approximately 36 % of cases when measured by genomic scar scores.209 This 

heterogeneity highlights the variable nature of HRD across tumor entities and the requirement 

for patient-specific screening to utilize HRD therapeutically. 
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1.6.3 Therapeutic vulnerabilities through homologous recombination deficiency 

HRD can be therapeutically exploited through two approaches. First, impaired repair capacity 

can render HRD tumors hypersensitive to DNA-damaging agents such as platinum 

compounds.212 In a study on ovarian cancer patients, HRD-positive tumors with BRCA1/2 

mutations showed 97 % platinum-sensitive response rates compared to 74 % in HRD-negative 

tumors.213  

Second, HRD creates opportunities for synthetic lethality, a therapeutic principle discussed in 

detail in section 1.7. These observations demonstrate that DNA repair defects fundamentally 

shape cancer evolution and treatment response. Integration of DNA repair profiling into clinical 

practice is therefore transforming patient stratification.214  

1.7 Exploiting DNA Repair Defects for Personalized Cancer Therapy 

Several therapeutic strategies now exploit DNA repair defects. Current strategies include 

synthetic lethality approaches, biomarker-guided patient selection, and immunotherapy 

exploiting the increased mutational burden of DNA repair-deficient tumors. 

1.7.1 Synthetic lethality and application of PARP inhibition 

Synthetic lethality describes the principle that simultaneous disruption of two cellular pathways 

induces cell death, while cells remain viable when either pathway alone is disrupted.176,215 The 

synthetic lethality between HRD and PARP inhibition represents a central discovery in 

precision oncology and provided the first clinically successful DDR-targeted compounds 

exploiting this principle.17 

PARP enzymes are among the earliest responders to DNA damage. Upon binding 

preferentially to SSBs, PARP catalyzes the synthesis of PAR chains, which recruit downstream 

repair factors to the damage site. PARP inhibitors exert their effects through two mechanisms: 

catalytic inhibition of PARylation, which prevents repair factor recruitment, and trapping of 

PARP1/2 on DNA, which obstructs replication fork progression and creates DSBs.216 While 

PARP1/2 trapping has been proposed as the primary cytotoxic mechanism,216 recent work 

suggests that synthetic lethality may instead, or additionally, arise from unresolved 

transcription-replication conflicts that accumulate when PARP1 function is lost, rather than 

from trapped PARP-DNA complexes.217 Regardless of the precise mechanism, the 

consequence of PARP inhibition is an increased conversion of unrepaired SSBs into DSBs 

during replication.216,217 
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In cells with intact HR, these replication-associated DSBs are resolved through BRCA1/2-

dependent high-fidelity repair. However, in tumor cells harbouring HRD, the resulting DSBs 

accumulate and cannot be accurately repaired, ultimately triggering cell death. This selective 

vulnerability allows PARP inhibitors to preferentially kill HRD cancer cells while sparing non-

cancerous cells and tissues with functional HR.17,176 (Figure 2)  

Figure 2: Synthetic lethality between PARP inhibition and HR deficiency. PARP inhibitors generate 
replication-associated DNA damage that is resolved by HR in proficient cells, allowing survival. In HR-deficient 
cancer cells, this damage persists unrepaired, triggering synthetic lethality and selective cancer cell death. Figure 
created with BioRender. 

Although the synthetic lethal interaction was discovered in germline BRCA-mutant cancers, it 

extends to deficiencies in other HR factors, a phenotype termed "BRCAness".218,219 PARP 

inhibitors have transformed treatment approaches for BRCA-mutant and "BRCAness" cancers. 

Four agents have received FDA approval in ovarian and breast cancer, predominantly for 

maintenance therapy following platinum-based chemotherapy: olaparib, rucaparib, niraparib, 

and talazoparib.220  

Most synthetic lethal effects in cancer are complex and polygenic,221 but also extend beyond 

PARP. The syndrome discovery approach continues to reveal new synthetic lethal targets. 

Werner syndrome (section 1.3.2) recently emerged as therapeutically relevant when WRN was 

identified as a synthetic lethality target in microsatellite instability-high (MSI-H) tumors. MSI-H 

tumors depend on WRN helicase to resolve aberrant DNA structures arising from expanded 

microsatellite repeats, and defects in WRN promote treatment sensitivity.222-224 This discovery, 

more than a century after Werner's original clinical description, demonstrates that syndrome 

investigations can yield unexpected therapeutic opportunities as technology advances and 

molecular understanding deepens. 

Extending the treatment opportunity of synthetic lethality to patients without pathogenic BRCA 

mutations requires reliable methods to identify HRD and "BRCAness". 

1.7.2 Detecting homologous recombination deficiency in the clinic 

Multiple approaches have been developed to detect HRD beyond germline BRCA1/2 testing. 

Genomic scarring metrics that integrate LOH, TAI, and LST quantify the permanent genomic 

scars left by prolonged HRD.225-227  
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Algorithmic approaches combine mutational signatures and rearrangement patterns to infer 

HRD from whole-genome sequencing (WGS), identifying BRCA-deficient tumors with 98.7 % 

sensitivity in discovery cohorts228 and BRCAness in 15 % of colorectal cancers229.  

Functional assays measuring RAD51 foci formation provide readouts for HR capacity,230 while 

emerging technologies such as OGM enable detection of large structural variants missed by 

short-read sequencing.178,231 However, the predictive validity of these biomarkers for 

therapeutic response varies. Integrating multiple biomarker modalities is the current approach 

to improving HRD detection and expanding the eligible patient population. However, even 

patients who initially respond to PARP inhibition frequently develop resistance.232,233 

1.7.3 Resistance mechanisms limiting PARP inhibitor efficacy 

The most common mechanism involves secondary reversion mutations in BRCA genes that 

restore the open reading frame and protein function. A meta-analysis identified such reversions 

in 26 % of resistant cases.232 Additionally, loss of 53BP1 was shown to restore DNA end 

resection in BRCA1-deficient cells by removing barriers to DSBR pathway choice and HR.233 

Understanding these mechanisms informs development of combination strategies and 

alternative therapeutic approaches that exploit DNA repair defects through distinct 

mechanisms. 

1.7.4 Genome instability and immune checkpoint inhibition 

Beyond PARP inhibition, DNA repair defects create additional therapeutic opportunities 

through their effects on tumor immunogenicity, including innate immune activation through 

cytosolic DNA sensing234 and neoantigen presentation235. 

The increased mutational burden resulting from DNA repair defects can generate neoantigens 

that can elicit anti-tumor immune responses. Antigens are presented to T-cells of the adaptive 

immune system via major histocompatibility complex (MHC) molecules.236 Neoantigens are 

novel peptides arising from somatic mutations in cancer cells. They are processed and 

displayed on MHC class I molecules, enabling T-cell recognition of tumor cells as "non-self".235 

Increased neoantigen presentation from high mutation rates in cancer cells can enhance tumor 

immunogenicity by providing additional targets for T-cell-mediated cytotoxicity.237 

However, tumors employ multiple strategies to evade immune surveillance. Downregulation of 

MHC class I expression through epigenetic silencing or degradation impairs antigen 

presentation and can prevent T-cell recognition.238,239 Additionally, tumors exploit immune 

checkpoint pathways, especially involving the programmed death-1 (PD-1)/programmed 

death-ligand 1 (PD-L1) axis.  
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PD-1 is an inhibitory receptor expressed on activated T cells, and engagement by its ligand 

PD-L1, frequently upregulated on tumor cells, delivers co-inhibitory signals that promote T-cell 

exhaustion.240,241 Blocking this interaction with anti-PD-1 or anti- PD-L1 antibodies can 

reactivate exhausted T-cells and restore anti-tumor immunity.240,242 

Tumors with high microsatellite instability (MSI-H) or MMR deficiency show elevated response 

rates to PD-1/PD-L1 inhibitors, compared to MMR-proficient tumors.237,242,243 Similarly, tumors 

with elevated tumor mutational burden (TMB ≥10 mutations/Mb) benefit from immunotherapy 

across multiple cancer types, establishing TMB as an emerging pan-cancer biomarker.244,245 

Validating such biomarkers and testing combination strategies requires preclinical models that 

recapitulate the complexity of human tumors. 

1.7.5 The KP mouse model for preclinical studies of lung cancer  

Mouse models provide physiologically relevant model systems for this purpose, preserving the 

complex interactions between tumor cells, stromal components, and immune surveillance 

mechanisms that profoundly influence therapeutic response, unlike cell culture or xenograft 

systems.246,247  

The KP mouse model (KrasLSL.G12D/wt;Trp53fl/fl) exemplifies a widely adopted system for testing 

DDR-linked interventions in KRAS-driven non-small cell lung cancer (NSCLC).248 Mice develop 

tumors upon intratracheal instillation of Cre-expressing adenovirus, which induces lung-

specific activation of oncogenic KrasG12D (K) and deletion of the tumor suppressor Trp53 (P).248 

KRAS functions as an important molecular switch in cell signaling, cycling between active GTP-

bound and inactive GDP-bound states to regulate the RAF/MEK/ERK cascade that controls 

cell proliferation and survival.249,250 Oncogenic mutations at the G12 residue, including G12D, 

G12V, and G12C, impair intrinsic GTPase activity and confer resistance to GTPase-activating 

proteins, thereby maintaining KRAS in its constitutively active state251 and promoting malignant 

transformation in approximately 95 % of pancreatic cancers249 and approximately 30 % of lung 

adenocarcinoma252. 

Given that approximately 39-42 % of human KRAS-driven lung adenocarcinomas harbor TP53 

loss-of-function mutations, the KP model provides a clinically relevant system for a substantial 

patient population with aggressive NSCLC.246,253-255 KP mice have proven valuable for 

evaluating therapeutic interventions, including models incorporating additional mutations to 

investigate cooperating driver mutations and DDR-targeted combination strategies.246,247,256 

Importantly, all GEMM research adheres to the 3R framework (replacement, reduction, 

refinement), ensuring appropriate animal welfare standards.257 GEMM studies enable variant 

characterization and evaluation of therapeutic vulnerabilities for preclinical validation.21 

In vivo studies with GEMMs are central to this dissertation. 

18

1. Introduction



1.8 Dissertation Architecture 

Rare syndromes involving genome instability can illuminate regulatory mechanisms that, when 

compromised in cancer, may reveal therapeutic vulnerabilities. This cumulative dissertation 

follows a progression across four manuscripts to which I made substantial contributions as co-

first or contributing author within multidisciplinary teams spanning clinical genetics, molecular 

biology, chemical biology, and preclinical modeling. Together, my work traces a path from 

clinical phenotype characterization through molecular mechanism discovery to preclinical 

therapeutic evaluation. 

First, we characterized CRIPT syndrome as a Rothmund-Thomson-like progeroid disorder 

driven by premature cellular senescence rather than defective DNA repair, thereby expanding 

our understanding of mechanisms underlying progeroid phenotypes and illustrating the 

necessity of mechanistic syndrome characterization (Manuscript I). Second, we validated 

optical genome mapping as a clinical diagnostic approach for structural variant detection in a 

pediatric cohort with cancer predisposition. Application of this technology revealed a de novo 

duplication of 17p13.3 affecting RPA1 in a young cancer patient whose fibroblasts exhibited 

DNA damage sensitivity, illustrating the diagnostic potential of combining structural variant 

detection with short-variant sequencing (Manuscript II). Third, discovery of the UBQLN1 

deficiency syndrome led us to identify a previously unrecognized role of UBQLN1 in regulating 

HR, with potential implications for cancer biomarker development and personalized therapy 

via synthetic lethality. This is the primary work of this dissertation, encompassing syndrome 

discovery using sequencing, biochemical and cell-biological mechanism characterization in 

patient-derived fibroblasts, immortalized cell lines, and an autochthonous mouse model, and 

subsequent preclinical evaluation in mouse models of lung cancer for potential therapeutic 

application (Manuscript III). Fourth, in collaboration with medicinal chemists and structural 

biologists who developed a first-in-class covalent PDEδ inhibitor targeting KRAS membrane 

trafficking, we conducted preclinical evaluation using the KP mouse model established in the 

lab during our UBQLN1 studies. This work demonstrated compound efficacy in vitro and 

in vivo, disrupting oncogenic signaling through a target-directed approach complementary to 

syndrome discovery and characterization (Manuscript IV).  

Together, these studies represent two research strategies (Figure 3): syndrome discovery, 

where characterization can reveal mechanisms targetable through synthetic lethality, and 

target-directed therapeutic development validated in mouse models. The mechanistic insights 

and preclinical data provide a basis for further clinical development.  
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Figure 3: Thesis architecture and manuscript overview. The four manuscripts progress from clinical 
observation to therapeutic application. Manuscripts I-III employ a syndrome discovery approach: CRIPT syndrome 
(I) reveals that features of CRIPT deficiency arise through cellular senescence rather than canonical DNA repair
defects; optical genome mapping is validated for structural variant detection, demonstrated by discovery of a de
novo duplication encompassing RPA1 in a patient with DNA damage sensitivity (II); and characterization of
UBQLN1 deficiency (III) uncovers a novel role for UBQLN1 in HR regulation with actionable cancer vulnerabilities.
Manuscript IV complements this discovery trajectory with target-directed preclinical evaluation of a first-in-class
covalent PDEδ inhibitor against KRAS-driven cancers. Figure created with BioRender.
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2. Results: Publications and Manuscripts

2.1 Manuscript I: Biallelic Variants in CRIPT Cause a Rothmund-
Thomson-like Syndrome with Increased Cellular Senescence  
Genetics in Medicine, July 2023 

PMID: 37013901 doi: 10.1016/j.gim.2023.100836 

Luisa Averdunk, Maxim A Huetzen, Daniel Moreno-Andrés, Reinhard Kalb, Shane McKee, Tzung-Chien 

Hsieh, Annette Seibt, Marten Schouwink, Seema Lalani, Eissa Ali Faqeih, Theresa Brunet, Peter Boor, 

Kornelia Neveling, Alexander Hoischen, Barbara Hildebrandt, Elisabeth Graf, Linchao Lu, Weidong Jin, 
Joerg Schaper, Jamal A Omer, Tanguy Demaret, Nicole Fleischer, Detlev Schindler, Peter Krawitz, Ertan 

Mayatepek, Dagmar Wieczorek, Lisa L Wang, Wolfram Antonin, Ron D Jachimowicz, Verena von 

Felbert, Felix Distelmaier 

2.1.1 Contributions 

As second author on this publication, I established a functional characterization workflow to 

assess DNA damage sensitivity in patient-derived fibroblasts. My contributions encompassed 

experimental design and execution, data analysis and visualization, and co-writing the original 

draft with L.A. 

Particularly, I established and optimized live-cell-imaging-based viability assays using the 

IncuCyte system for high-throughput characterization of genotoxic stress responses. This work 

included cultivating patient-derived fibroblasts, validating CRIPT protein expression by 

immunoblotting, developing the staining and imaging strategy with multiple implementation 

screens, dosage evaluation experiments, orthogonal viability screens using the Cell-Titer-Glo 

assay, and expanding the DNA damage agent panel to include potassium bromate alongside 

ionizing radiation, mitomycin C, hydroxyurea, and etoposide (I-Figure 4L-N, implementation 

screens and CTG assays not shown). I analysed the resulting data and generated associated 

figures and visualizations. 

During manuscript revision, I collaborated with L.A. to design siRNA knockdown experiments 

addressing reviewer feedback. I established the experimental approach for CRIPT 

downregulation, which was subsequently performed in the collaborator's laboratory (I-Figures 
3D-F). I coordinated closely with L.A. and F.D. at Heinrich-Heine-University Düsseldorf, who 

led overall project coordination and patient characterization.  

I contributed to the original manuscript by writing the results and discussion sections regarding 

DNA damage sensitivity experiments. I participated in drafting responses to reviewer 

comments, results interpretation, and manuscript finalization. 
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This functional characterization established that CRIPT deficiency causes increased cellular 

senescence rather than overt DNA repair defects, demonstrating shared molecular 

mechanisms with RECQL4 deficiency and expanding the genetic heterogeneity of Rothmund-

Thomson-like syndromes. 

 2.1.2 Peer-reviewed publication 

The published manuscript PDF is attached in this section. The publisher allows the reuse of 

this Published Article in the dissertation. (https://www.elsevier.com/about/policies-and-

standards/copyright/permissions)  

Original page numbers were removed for formatting reasons. 
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A B S T R A C T

Purpose: Rothmund-Thomson syndrome (RTS) is characterized by poikiloderma, sparse hair,
small stature, skeletal defects, cancer, and cataracts, resembling features of premature aging.
RECQL4 and ANAPC1 are the 2 known disease genes associated with RTS in >70% of cases.
We describe RTS-like features in 5 individuals with biallelic variants in CRIPT (OMIM
615789).
Methods: Two newly identified and 4 published individuals with CRIPT variants were sys-
tematically compared with those with RTS using clinical data, computational analysis of pho-
tographs, histologic analysis of skin, and cellular studies on fibroblasts.
Results: All CRIPT individuals fulfilled the diagnostic criteria for RTS and additionally had
neurodevelopmental delay and seizures. Using computational gestalt analysis, CRIPT in-
dividuals showed greatest facial similarity with individuals with RTS. Skin biopsies revealed
a high expression of senescence markers (p53/p16/p21) and the senescence-associated
ß-galactosidase activity was elevated in CRIPT-deficient fibroblasts. RECQL4- and CRIPT-
deficient fibroblasts showed an unremarkable mitotic progression and unremarkable number
of mitotic errors and no or only mild sensitivity to genotoxic stress by ionizing radiation,
mitomycin C, hydroxyurea, etoposide, and potassium bromate.
Conclusion: CRIPT causes an RTS-like syndrome associated with neurodevelopmental delay
and epilepsy. At the cellular level, RECQL4- and CRIPT-deficient cells display increased
senescence, suggesting shared molecular mechanisms leading to the clinical phenotypes.
© 2023 by American College of Medical Genetics and Genomics. Published by Elsevier Inc.
Introduction

Rothmund-Thomson syndrome (RTS) is a rare autosomal
recessive disorder, which is characterized by clinical signs
of premature aging and increased risk of cancer. The clas-
sical skin presentation is poikiloderma consisting of chronic,
reticulated areas of depigmentation and hyperpigmentation,
dilated blood vessels, and punctate atrophy giving a mottled
should be addressed to Luisa
rich-Heine-University, Moorenst
epartment of General Pediatric
5 Düsseldorf, Germany. Email
at the end of the paper.

ical Genetics and Genomics. Pu
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appearance.1 Additional features of RTS include sparse hair,
dystrophic teeth and nails, short stature, skeletal abnormal-
ities including osteopenia, and juvenile cataracts.2

More than 300 individuals with RTS have been reported
in the literature since its first description in 1868.3,4 Two
forms of RTS can be distinguished. The characteristic
feature of RTS type 1 is cataracts, and the typical hallmark
of RTS type 2 is an increased susceptibility to cancer,
Averdunk, Department of General Pediatrics, Neonatology and Pediatric
raße 5, 40225 Düsseldorf, Germany. Email address: luisasusan.averdunk@
s, Neonatology and Pediatric Cardiology, University Children’s Hospital,
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Key Messages

1. CRIPT causes a Rothmund-Thomson-like syndrome,
which is associated with developmental delay.

2. Biallelic variants in CRIPT cause increased cellular
senescence, which is a shared cellular phenotype of
CRIPT and RECQL4 deficiencies.

3. In fibroblasts derived from individuals with patho-
genic variants in CRIPT, mitotic progression and
mitotic arrest induction are not compromised, and the
incidence of mitotic errors is not significantly
increased.

4. Fibroblasts from CRIPT and RECQL4 individuals
show no or only very mild sensitivity to ionizing
radiation, mitomycin C, hydroxyurea, etoposide, and
potassium bromate compared with controls.
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particularly osteosarcoma.2 Neurodevelopmental delay of
variable degree has been reported in RTS, but it has not been
formally studied.5-9 The diagnosis of RTS can be made on
clinical grounds based on the characteristic poikiloderma
and other typical features of RTS (small stature, osteosar-
coma or skin cancer, cataracts, and sparse hair).2 Numerical
and structural chromosomal aberrations have been observed
in lymphocytes and fibroblasts from RTS individuals.2,10,11

In 1999, biallelic variants in RECQL4 were identified in a
subset of RTS type 2 cases.12 Although the genetic cause of
RTS type 1 remained unknown for a long time, biallelic
variants in ANAPC1, including intronic splice variants, were
recently identified explaining a proportion of RTS type 1.13

RECQL4 codes for the ATP-dependent RECQ-like DNA
helicase type 4 (RECQL4) and is involved in DNA repair,
DNA replication, telomeric maintenance, normal chromo-
some alignment in mitosis, and senescence.14-18 RECQL4
contains a conserved DNA-unwinding domain, but it has
only weak helicase activity.19 ANAPC1 codes for the APC1
subunit of the multisubunit anaphase-promoting complex or
cyclosome (APC/C). APC/C is an E3 ubiquitin ligase that
controls cell cycle progression by proteasome-dependent
degradation of cell cycle regulators.20 The genetic cause in
approximately 30% of RTS cases remains unknown, sug-
gesting that not all RTS-associated genes have been iden-
tified so far.21

We report 2 unrelated individuals who fulfilled the
diagnostic criteria of RTS but lacked pathogenic variants in
RECQL4 and ANAPC1. However, we identified pathogenic
biallelic variants in CRIPT by exome sequencing. Biallelic
variants in CRIPT were recently associated with primordial
dwarfism and developmental delay in 4 families, but a link
to RTS has not been drawn so far.22-24 CRIPT codes for a
short, 101 amino acid cysteine-rich PDZ-binding protein
that specifically binds to microtubules and to the post syn-
aptic density protein, drosophila disc large tumor suppressor
and zonula occludens-1-(PDZ) domain 3 of the postsynaptic
density protein 95 (PDS95). CRIPT has mainly been studied
24
in the context of synaptic formation; however, a functional
role for CRIPT outside of the brain is unknown.25,26 Here,
we systematically compare CRIPT-associated clinical phe-
notypes with RTS and identify CRIPT as a novel disease
gene associated with an RTS-like phenotype. To delineate
the driving and shared molecular mechanisms underlying
RTS, cellular senescence, mitotic progression, and DNA
repair were studied in fibroblasts from RECQL4- and
CRIPT-deficient individuals. We show that CRIPT and
RECQL4 both play a functional role in preventing cellular
senescence, whereas the mechanism that drives senescence
remains unsolved.
Materials and Methods

Patient recruitment and clinical evaluation

Two individuals with typical features of RTS (#1 and #2)
underwent exome sequencing. From the 3 individuals (#3-5)
with biallelic CRIPT variants (CRIPT individuals) from the
literature, follow-up clinical data and updated photographs
were provided.22,23 Skin biopsies of #1 and #3 were per-
formed and used for cell culture of fibroblasts and immu-
nohistochemistry. Similarities among facial photographs
were quantified using GestaltMatcher.27 Frontal photo-
graphs from the 5 CRIPT individuals were compared with
available, open-access photographs of published RTS cases
(RECQL4), RecQ family–related syndromes, and syn-
dromes characterized by poikiloderma. References of pho-
tographs are accessible in GestaltMatcher Database (https://
db.gestaltmatcher.org). Methods of exome sequencing,
electron microscopy of hair, and diagnostic skin histology
are provided in the Supplemental Methods.

Experimental methods

Fresh skin biopsies for the generation of fibroblasts cultures
were available from CRIPT individuals #1, #2, and #3, and
from control individuals (infants and adolescents).28 The fi-
broblasts of #3 divided very slowly, and the number of cells
was sufficient for live-cell imaging of mitotic progression but
not for assays of senescence or genome stability. Fibroblasts
from RTS individuals with pathogenic variants in RECQL4
(RECQL4 individuals) were obtained from Coriell Institute
(NJ): RECQL4 #1, AG05013: NM_004260.4:c.2492_2493del
p.(His831Argfs*52), NM_004260.4:c.2059-1G>T, com-
pound heterozygous; RECQL4 #2, AG18371: NM_0
04260.4:c.1483+27_1483+37del, homozygous; and REC
QL4 #3, AG17524A: NM_004260.4:c.1391-1G>A NM_0
04260.4:c.2492_2493del p.(His831Argfs*52), compound
heterozygous. The neonatal controlfibroblast linewas obtained
from Lonza (Walkersville). The other control fibroblasts were
generated by skin biopsies from healthy individuals. Fibro-
blasts with pathogenic variants inANAPC1were not available.
Cellular ß-galactosidase activity was quantified in fibroblasts

https://db.gestaltmatcher.org/
https://db.gestaltmatcher.org/
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from #1 and #2 and after downregulation of CRIPT expression
by small interfering RNA (siRNA) in control cells using the
CellEvent Senescence Green Flow Cytometry Kit (Thermo
Fisher). Lymphocytes from whole blood samples of #1 were
analyzed by optical genome mapping to search for somatic
structural variants (BionanoGenomics).Mitotic progression of
fibroblasts was analyzed after DNA staining in a Ti2 Eclipse
(Nikon) equipped with an LED light engine SpectraX
(Lumecor, Beaverton) and a Plan-Apochromat 20× NA 0.75
objective and environmental control system UNO-T-H-CO2
(Okölab). Fluorescence multiposition imaging was done
every 3 minutes for 24 hours using the Elements software
(Nikon). The dwell times and the images ofmitotic progression
were extracted using the machine learning CecogAnalyzer
1.5.2.29Mitotic arrestwas inducedwith 100 ng/mLnocodazole
treatment for 30 minutes. To study the sensitivity of patient-
derived cell lines to genotoxic stress, cell viability was quan-
tified at high resolution and high sensitivity using IncuCyte-S3
Live-Cell-Imaging system (Essen Bioscience). After treatment
of cells with different genotoxic agents, viable and dead cells
were stained and tracked for 96 hours. A cell death score was
calculated as the dead cell over live-cell signal, allowing for
normalization of different growth kinetics. Comprehensive
description of methods, including siRNA downregulation,
optical mapping, cytoplasmic and nuclear extraction of CRIPT
protein, and mitotic progression are provided in the
Supplemental Methods.

Statistical analysis

Differences of ß-galactosidase activity was compared using
student's t-test, and live-cell imaging-based mitotic timing
and cell viability was analyzed with one-way analysis of
variance.
Results

Clinical characteristics

Individual #1 is a 3-year-old Moroccan female born in
Germany who presented at the age of 6 months with a
cutaneous rash starting on the face and spreading to the
hands and legs, sparing the trunk, and developing into
reticulated hypo- and hyperpigmentation with punctate at-
rophy resembling poikiloderma (Figure 1B).

Individual #2 is an 8-year-old Romanian male born in
Northern Ireland by cesarean delivery at 28 weeks of
gestation because of intrauterine growth retardation. Starting
at 4 weeks of age, he had a mottled, reticulated rash
affecting the limbs and abdomen spreading to the hands and
scalp. In both individuals, edematous swelling of the limbs
and palmoplantar hyperkeratotic lesions accompanied the
skin rash. Histologic examination of skin biopsies from both
individuals revealed atrophic epidermis, inflammatory
25
infiltration, pigment incontinence, and dilated blood vessels
confirming the diagnosis poikiloderma (Figure 1F).1 Addi-
tional histologic findings were fragmented elastic fibers and
increased mucinous deposits (Supplemental Figure 1).

Both individuals had sparse hair, including eyebrows and
eyelashes (Figure 1B and C). The children showed failure to
thrive (Figure 1G), and full skeletal survey indicated
osteopenia and skeletal abnormalities (Figure 1H). Individ-
ual #2 was diagnosed with bilateral central cataract at the
age of 8 years. Both children had muscular hypotonia and
moderate motor and profound language delay. Head mag-
netic resonance imaging showed reduced brain volume.
Individual #2 had microcephaly (Figure 1I). Both had a
prominent forehead with frontal bossing, a broad, depressed
nasal root, and telecanthal folds.

In summary, the clinical features included poikiloderma,
sparse hair, short stature, skeletal anomalies, developmental
delay, and facial dysmorphic features. Because the diag-
nostic criteria of RTS were fulfilled, RTS was diagnosed on
clinical grounds (Table 1).2

Identification of homozygous variants in CRIPT in 2
individuals with RTS

There were no pathogenic variants in RECQL4 or ANAPC1
identified by exome sequencing, and protein expression of
APC1 and RECQL4 was normal in fibroblasts from in-
dividuals #1 and #2 (Figure 2B). By Sanger sequencing of
individual #1, we additionally did not detect the recurrent
deep intronic c.2705−198C>T variant that had been iden-
tified in ANAPC1 (Supplemental Figure 2A).13

Instead, in both individuals, we identified homozygous
variants in the CRIPT gene (Figure 1J). In 4 families (#3-6),
pathogenic CRIPT variants were reported in association
with abnormal skeletal and neurologic development and
abnormal skin (Table 1).22-24 The term “short stature with
microcephaly and distinctive facies” was suggested (OMIM
615789).22,23

Individual #1 harbors the homozygous variant c.132del
(NM_014171.4), which results in the same frameshift
p.(Ala45Glnfs*86) that has been reported in individual #3
(ACMG class 5).23 The missense variant c.227G>A,
p.(Cys76Tyr) (NM_014171.4) of #2 is unreported (highly
conserved among different species, including mammals,
zebrafish, chicken, frog, and African craw frog; Combined
Annotation Dependent Depletion score 31, https://cadd.gs.
washington.edu/). The variant reported by Leduc et al22

(#5) also is a missense variant substituting one of the 8
cysteine residues in 101-aa CRIPT (Figure 1J). The cysteine
residues have recently been suggested to play a crucial role
in redox modulation during disassembly of mitotic spin-
dle.22,30 The variants have been confirmed by Sanger
sequencing in the probands’ parents (Supplemental
Figure 2B). By western blot of CRIPT protein in patient-
derived fibroblast cell lysates, CRIPT was only detectable
in control and RECQL4 individuals but not in CRIPT

https://cadd.gs.washington.edu/
https://cadd.gs.washington.edu/
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Figure 1 Genetic, clinical and imaging findings in individuals with biallelic variants in CRIPT. A. Family pedigrees of the CRIPT
individual #1 (Moroccan) and #2 (Romanian) both harboring homozygous pathogenic variants in CRIPT (NM_014171.4.). B. Photographs of
individual #1 showing characteristic frontal bossing, depressed nasal root, telecanthus, reticulated pigmentation of the skin (1 year), pro-
gressive hair loss with absent eye lashes and eyebrows, edematous swelling of extremities, muscular hypotonia, and dystrophic nails.
Proximal placed and short thumbs. Difficulties to grasp with thumb and finger (first row: 1 year, second row: 2 years, hands: 4 years).
C. Photographs of individual #2 showing sparse hair and progressive hair loss, reticulated rash of cheeks, dystrophic nails, and proximally
placed thumb and edematous swelling, talipes equinus and nuclear cataract of both eyes (cataract of left eye only visible under the operating
microscope). D, E. Photographs of individuals #3 and #5 at their follow-up examinations (unpublished photos of published cases)22,23 #3 at
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individuals (Figure 3B). Despite the clinical features
resembling RTS in our subjects, a link between CRIPT and
RTS has not been previously established.
Clinical comparison of CRIPT individuals with RTS

Clinical updates on CRIPT individuals #3-5 were obtained,
and clinical features of RTS types 1 and 2 were systemati-
cally compared with the 6 CRIPT individuals (Table 1).22-24

Individual #4 had died at the age of 70 days because of
pulmonary infection. All CRIPT individuals who survived
presented with reticulated, hypopigmented skin changes (5 of
5) compatible with poikiloderma, the hallmark of RTS
(Figure 1B-E). All individuals had sparse hair and progres-
sive hair loss, resulting in an almost complete absence of
eyebrows and eyelashes in #1 and #2 (6 of 6). Additional
features were dysplastic nails (2 of 5, #1 and #5) and delayed
eruption of abnormal teeth (3 of 5, #1, #2, #5, and #6).1 All
CRIPT individuals had short stature (6 of 6). RTS often
presents with skeletal anomalies, including osteoporosis,
abnormal metaphyseal trabeculation, brachymesophalangy,
first metacarpal or thumb hypoplasia, or hypoplastic terminal
phalanges.31 Skeletal survey of CRIPT individuals revealed
osteopenia with abnormal metaphyseal striation (6 of 6),
brachymesophalangy (3 of 6), first metacarpal hypoplasia (1
of 6), hypoplastic terminal phalanges (5 of 6), flexible talipes
equinus or pes planus (6 of 6), and scoliosis (6 of 6). The
typical feature distinguishing RTS type 1 from RTS type 2
are juvenile-onset cataracts.13 Individual #2 developed bilat-
eral cataracts at the age of 8 years, consistent with RTS type 1
individuals. Of 6 CRIPT individuals, 5 had myopia and 4 of 6
were suspected to have optic atrophy. RTS type 2 is asso-
ciated with an increased risk of neoplasm, but none of the
CRIPT individuals had a history of cancer so far.2 Although
RTS has rarely been associated with reduced brain volume or
microcephaly, most RTS individuals are reported to develop
normally or to only have mild speech delay.5-7 All CRIPT
individuals presented with moderate motor delay and clearly
impaired language development (Supplemental Table 1:
skills and development of #1 and #2). The oldest individual
#5 was able to speak short sentences and read 3 to 4 letter
words at the age of 11 years. All CRIPT individuals had
proportionate microcephaly (5 of 6) or reduced brain volumes
on magnetic resonance imaging (Figure 1J). Although epi-
lepsy is not common in RTS, 4 of 6 CRIPT individuals
developed epilepsy (difficult to control in #1 and 2;
Supplemental Table 2). Of 5 individuals, 2 had postprandial
the age of 11 years with reticulated hypo- and hyperpigmentation and spa
of 10.5 years with reticulated rash on the cheeks, vesicles and hypo- an
typical histopathologic findings of poikiloderma (H&E, 20×). Scale bars
stature (dashed line illustrates third and 97th percentiles) of #1. H. Radi
brachymesophalangy third to fifth digits, metacarpal hypoplasia first and
hypoplastic terminal phalanges, in comparison to x-ray images of unaf
dividuals31 and a healthy control individual. I. MRI of the head show
illustration of CRIPT, a cysteine-rich PDZ domain-binding protein (cystei
imaging; RTS, Rothmund-Thomson syndrome.

◂
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emesis and dysphagia improving with age. All individuals
were affected by recurrent upper respiratory tract infections,
and in RTS, recurrent infections have been reported although
rare.32 A laboratory workup of immunodeficiency revealed
only mildly reduced titer of IgG in CRIPT individual #1.
Additional hematologic findings included anisopoikilocytosis
(2 of 6), microcytic anemia (2 of 6), and thrombocytopenia (1
of 6). RTS clinically overlaps with progeroid syndromes,
including the 2 RecQ family–related syndromes (Bloom
syndrome and Werner syndrome) and poikiloderma-
associated syndromes (eg, Kindler syndrome and Fanconi
anemia). We systematically compared the CRIPT individuals
and RTS syndrome with these differential diagnoses, but
none of the CRIPT individuals were more appropriately
classified as any of these differential diagnoses than as RTS
(Supplemental Table 3).1 All CRIPT individuals fulfilled
RTS diagnostic criteria and were additionally affected by
neurodevelopmental delay, seizures, and microcephaly.
Sanger sequencing of CRIPT in 10 RECQL4-negative
RTS individuals from the RTS registry

We searched for pathogenic variants in CRIPT in all (N =
10) RECQL4-negative RTS type 1 individuals from the
RTS registry (Baylor College of Medicine, Houston, TX).
Four of these individuals had mild developmental delay,
and 6 had reportedly unremarkable neurologic develop-
ment. Pathogenic variants in CRIPT were not detected in
either of these 2 groups of individuals, which supports
the notion that CRIPT is not a common disease gene
among RTS individuals with unremarkable neurologic
development.
Loss of cuticle in hair from CRIPT and RECQL4
individuals

RECQL4 and CRIPT individuals have brittle and sparse
hair. The healthy hair surface consists of several layers of
overlapping cells, termed cuticle. Electron microscopy of
the hair surface of CRIPT individuals revealed a partial (#2)
to complete (#1) loss of the cuticle that was similar to that of
the hair from 2 RECQL4 individuals #1 and #2 (Figure 2A).
Besides, the hair from #1 and #2 and RECQL4 #1 showed
fragility of the hair surface after bending stress. In contrast,
the hair surface from young and old healthy controls showed
intact cuticle layers.
rse hair, edematous swelling, and talipes equinus, and #5 at the age
d hyperpigmentation, and talipes equinus. F. Skin of #1 showing
= 50 μm. G. Growth charts illustrating failure to thrive and short
ographic images of the hand of individual #1 showing osteopenia,
fifth and bowing of second and fifth digits (top middle panel), and
fected (bottom middle panel) and RECQL4/RTS (right panel) in-
ing reduced brain volume in CRIPT individual #1. J. Schematic
nes in red). Pathogenic variants indicated.MRI, magnetic resonance
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Figure 2 Comparison of hair ultrastructure and facial profile of individuals with CRIPT deficiency and differential diagnoses.
A. Electron microscopy showing the normal hair cuticle (overlapping layers of dead cells forming the hair surface) from young (29 years) and
old (85 years) healthy controls (left panels) in comparison with (complete #1 or partial #2) loss of the cuticle in the hair from CRIPT and
RECQL4 individuals. Easy breaking of the hair shaft or surface after bending stress (knots). Scale bars = 50 μm. B. Illustration of pairwise
computational comparison of facial morphology using the DeepGestalt analysis framework (Face2Gene, FDNA Inc)33 C. Heatmaps of frontal
images of CRIPT #1, #2, and #3 highlighting the facial regions (left side) with greatest overlaps with the merged, composite image RTS
(RECQL4) individuals (right side) with prioritized lists of differential diagnoses based on the analysis of frontal images for CRIPT #1, #2, and
#3. D. Analysis of the morphologic similarities of published photographs using GestaltMatcher. The 2D visualization illustrates the
morphologic distances between facial images of CRIPT individuals, and individuals with pathogenic variants in RECQL4 (RTS) and related
syndromes—RecQ family–related syndromes (Bloom syndrome and Werner syndrome), and the progeroid Cockayne syndrome. E. The 2D
visualization illustrates the morphologic distance of CRIPT and RECQL4 individuals and other syndromes that are characterized by poi-
kiloderma. POIKTM, hereditary fibrosing poikiloderma with tendon contractures, myopathy, and pulmonary fibrosis; PWN, poikiloderma
with neutropenia; RTS, Rothmund-Thomson syndrome.
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Figure 3 Senescence markers in skin biopsies from CRIPT-deficient individuals and in CRIPT-deficient cultured fibroblasts.
A. Immunohistochemical staining of p21, p53, and p16 (senescence markers). Expression of the p21, p53, and p16 in the skin of a 72-year-
old control individual and CRIPT individual #1, and expression of p53 and minor expression of p21 in CRIPT individual #2, but not in the
20-year-old individual. Scale bars = 50 μm. B. Western blot of APC1, RECQL4, and CRIPT from fibroblast cell lysates of CRIPT in-
dividuals #1 and #2 and RECQL4 cell lines #1 and #2. HDAC1 was used as a loading control for nuclear proteins. C. Senescence-associated-
(SA-) ß-galactosidase activity in fibroblasts from controls and from CRIPT individuals #1 + #2. D. Immunoblotting of CRIPT after small
interfering RNAmediated CRIPT downregulation in control fibroblasts. E, F. SA-ß-galactosidase activity in fibroblasts after downregulation
of CRIPT expression on day 14. Scale bars = 10 μm. All experiments were performed 3 times. Mean ± SD. APC1, anaphase-promoting
complex subunit 1; CTRL, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HDAC1, Hda1 histone deacetylase complex.
* P < .05; ** P < .01.
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Computational comparison of photographs

RTS is characterized by a distinct facial phenotype, which
includes frontal bossing, depressed nasal root, and epican-
thal folds.1 All CRIPT individuals show these craniofacial
features. However, the assessment of facial features is
biased by the clinician’s experience. Therefore, the facial
appearance of CRIPT individuals ranging from #1 to #5 was
compared with individuals with other syndromic genetic
diagnoses using the unbiased, computational DeepGestalt
analysis (Face2Gene and FDNA) (Figure 2B).33 Based on
photographs of #1 and #2, RTS was listed among the top 3
differential diagnoses, indicating a significant morphologic
similarity (Figure 2C). For the photograph of #3 and #6,
RTS was ranked as top 22 and top 9, respectively; for #4
and #5, RTS was not in the prioritized list of differential
diagnoses, which might be attributed to a reduced perfor-
mance of DeepGestalt for very young age or African
background.

The morphologic similarity between CRIPT and
RECQL4 individuals and related differential diagnoses was
quantified by GestaltMatcher.27 The photographs of CRIPT
individuals showed a strong overlap with RECQL4 in-
dividuals but no overlap with the RecQ family–related
Bloom, Werner, or Cockayne syndromes (Figure 2D)

Facial photographs of CRIPT individuals showed the
highest similarity to images of RECQL4 individuals when
compared with other “poikiloderma syndromes”
(Figure 2E). Interestingly, photographs of RECQL4 and
CRIPT individuals overlapped with hereditary fibrosing
poikiloderma (POIKTM) with tendon contractures, myop-
athy, and pulmonary fibrosis and poikiloderma with neu-
tropenia syndrome.

Increased senescence in skin and in CRIPT-deficient
fibroblasts

CRIPT individuals display the typical hallmarks of aging.
Aged tissues accumulate senescent cells with a permanently
arrested cell cycle.34 Previous studies in skin and cartilage
tissues of Recql4-deficient mice and in human fibroblasts
after RECQL4 downregulation demonstrated exuberant
senescence.35-37 Cell cycle arrest in senescence is induced
by activation of p53 and p21 and maintained by p16.38

To analyze if increased senescence could contribute to
aging symptoms in CRIPT deficiency, we stained skin
samples from CRIPT individual #1 and #2 and from 20-
and 72-year-old healthy controls for p53, p16, and p21.
The skin of the younger control was negative for senes-
cence markers (Figure 3A). In contrast, keratinocytes in the
skin of the CRIPT children #1 and #2 showed strong
expression of p53. In the 2-year-old CRIPT individual #1,
there was additionally strong expression of p21 and p16,
similar to the older control. The activity of senescence-
associated ß-galactosidase (SA-ß-galactosidase) in fibro-
blasts, a marker of senescent cells, was quantified by
32
FACS. The SA-ß-galactosidase activity was significantly
higher in patient-derived CRIPT-deficient fibroblasts from
individuals #1 and #2 compared with that of control
(Figure 3C). The extent of senescence in cultured cells
depends on the age and passage number and can be
influenced by selective pressure. To better control these
factors, we downregulated CRIPT expression by siRNA in
wild-type fibroblasts (Figure 3D). CRIPT downregulation
caused a significant 2.5-fold upregulation of SA-ß-galac-
tosidase activity when compared with negative control
siRNA (Figure 3E and F). In line with the increased
senescence observed in RECQL4-deficient tissues, CRIPT
deficiency also induces cellular senescence.

Karyotypes and mitotic progression are unchanged
in patient-derived cells

The underlying mechanism driving cellular senescence in
CRIPT- and RECQL4-deficient cells is unknown. Senes-
cence can be induced by mitotic, genotoxic, or oxidative
stress.

In up to 6% of RTS cases, low-level mosaicism of nu-
merical or structural chromosomal aberrations, most
frequently of chromosomes 8, 7, or 2, were observed in
lymphocytes and fibroblasts, suggesting a defect in chro-
mosomal segregation.2,10,11 In addition, in cells derived
from a viable mouse model of RTS, up to 25% of cells
exhibited defective sister chromatid cohesion with preco-
cious segregation of sister chromatids.39 Karyotypes of
lymphocytes (#1 and #2) and fibroblasts (#1) from CRIPT
individuals did not indicate increased rates of chromosomal
aberrations, precocious segregation of sister chromatids, or
sister chromatid exchanges (>100 cells evaluated,
Figure 4A and H; Supplemental Figure 3G). For the
detection of low-grade mosaicism, interphase fluorescence
in situ hybridization of chromosomes 2, 7, 8, 11, and 17 was
performed but no isochromosomes were detected
(Figure 4B). To search for somatic structural variants (SVs)
and copy number variants, fibroblasts and lymphocytes of
individual #1 were additionally analyzed with optical
genome mapping (Bionano Genomics). Rare germline SVs
present in both tissues with variant allele fractions were
filtered out. Using stringent filter settings, we did not detect
somatic SVs or copy number variants with variant allele
fractions ranging from >5% to 10% (single-cell SVs cannot
be excluded, Figure 4C).

RECQL4 is a microtubule-associated protein and local-
izes to the mitotic spindle.18,39 RECQL4 downregulation in
HeLa cells delayed mitotic progression and induced chro-
mosome misalignment, but these aberrations were not
observed in patient-derived RECQL4-deficient fibroblasts.18

CRIPT also binds to microtubules and was recently sug-
gested to be crucial for redox-dependent microtubule
depolymerization at spindle ends during anaphase.26,30 In
this publication, it was shown that CRIPT knockout and
cysteine substitution of CRIPT in HeLa cells caused either
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Figure 4 Analysis of chromosomal aberrations, mitotic progression, mitotic errors and sensitivity to chemotoxic stress in CRIPT-
and RECQL4-deficient cells. A. Representative karyograms of cultured fibroblasts from CRIPT individual #1 showing no numerical or
structural aberrations B. No mosaicism of numerical or structural aberrations detectable by inter- and metaphase-FISH (>1000 cells) using
different probes. Representative metaphases are shown. C. Circos plot of somatic SVs and CNVs of CRIPT individual #1 analyzed by optical
genome mapping (Bionano Genomics; minimal detectable variant allele fraction 5%-10%). After filtering rare SVs that were present in both
tissues with variant allele fractions close to 50% to 100% (suggestive of germline SVs), no somatic SVs or CNVs were detected D. Mitotic
progression was measured by live-cell imaging and quantified with the machine learning-algorithm CecogAnalyzer.29 Superblots of mitotic
timing of prometaphase, metaphase, and the time from NEBD to anaphase onset in cultured cells from healthy controls and from CRIPT and
RECQL4 individuals: The thick gray dots represent the means of the populations of each independent experiment. The colored small dots

w
eb

4C
/F
P
O

L. Averdunk et al.

33

2. Results – Manuscript I



L. Averdunk et al.
2. Results – Manuscript I
mitotic arrest or multipolar spindles and/or chromosome
alignment with long-lasting spindle remnants. To test if
CRIPT patient–derived fibroblasts show a similar phenotype
with mitotic arrest, we analyzed mitotic progression and
mitotic errors in patient-derived CRIPT- and RECQL4-
deficient cells by live-cell imaging. Interestingly, prom-
etaphase to anaphase progression did not significantly differ
between control and CRIPT- or RECQL4-deficient and
control cells (Figure 4D, P values of one-way analysis of
variance: Supplemental Table 6). In RECQL4- and CRIPT-
deficient cells, incidence of lagging chromosomes, mis-
aligned chromosomes, or chromosomal bridges was not
consistently increased when compared with control cells
(Figure 4E; Supplemental Figure 3B-D). In addition, the
proportion of dividing cells with tilted spindle axes indica-
tive of spindle microtubule defects was not different from
that of controls (Supplemental Figure 3E).

Because a defective spindle assembly checkpoint (SAC)
can cause low levels of chromosome segregation errors, we
also intended to check the integrity of the SAC.40 Chal-
lenging cells with nocodazole, a drug that disturbs the
microtubule polymerization, results in prometaphase arrest
via SAC activation. The duration of this arrest serves as a
readout for SAC integrity. After nocodazole challenge, the
duration of arrest was not reduced in CRIPT-deficient fi-
broblasts, indicating an intact SAC (Figure 4F).

Micronuclei can result from chromosome malse-
gregation, for example, arising from mitotic spindle or
kinetochore defects, or from acentric chromosome frag-
ments generated by unrepaired DNA breaks. In patient-
derived RECQL4-deficient fibroblasts, an increased num-
ber of micronuclei was reported.18 We quantified the num-
ber of micronuclei in CRIPT #1 and #2 and RECQL4 #1 and
#2 patient-derived fibroblasts and only found inconsistently
increased numbers of micronuclei in fibroblasts from CRIPT
#2 (3.8%) and RECQL4 #1 (4.4%) when compared with that
of control cells (2.8%) (Figure 4G). However, because of
represent the time for each cell. No differences in dwell timing were
Supplemental Table 6. E. Numbers of mitotic cell trajectories with chro
chromosome bridges. Fisher’s exact test was used to compare the pooled
deficient, and control cells. F. After nocodazole (100 ng/mL) treatment f
reduced when compared with control cells. D-F show the results of 3 p
micronuclei was inconsistently increased in fibroblasts from individua
chromatids in chromosomes from patient-derived lymphocytes (BS: Bl
changes has been assessed by light microscopy. I. Western blot after ex
fibroblasts. J. Immunofluorescent labeling of CRIPT (red) showing the pr
K. Cell cycle distribution of primary fibroblasts (control, ataxia-telangiect
1.5 Gy or exposure to mitomycin C (MMC). G2: G2/m phase of the ce
derived fibroblasts upon challenge with hydroxyurea, etoposide, and
viability of fibroblasts analyzed by CellTiterGlo Assay (Promega) (M) aft
fibroblasts after potassium bromate challenge for 72 hours measured, m
O. Relative change of senescence-associated ß-galactosidase activity afte
bromate (10 μM) for 5 days, quantified by flow cytometry. Mean ± SD. S
CNV, copy number variant; FISH, fluorescence in situ hybridization; MM
negative control small interfering RNA; SV, structural variant; RTS, Rot

◂

34
the high variability between cell lines, no clear conclusions
can be drawn.

Nuclear localization of CRIPT and sensitivity to
genotoxic stress

CRIPT was originally described as a cytoplasmic,
microtubule-binding protein that localizes to synapses in
neurons.25,26 Recently, it was shown that during interphase
CRIPT is localized in the nucleus.30 By immunofluores-
cence and immunoblotting of cytoplasmic and nuclear
fractions, we could confirm that CRIPT is expressed in both
cytoplasmic and, more pronounced, in nuclear compart-
ments in wild-type fibroblasts (Figure 4I and J).

Based on initial findings of RECQL4 localizing to nu-
clear foci, RECQL4 was suggested to be involved in DNA
repair.41 Later studies demonstrated that RECQL4 acts in
DNA replication, homologous recombination, nonhomolo-
gous end joining, base excision repair, and telomere main-
tenance.14-17 However, studies with primary cell lines
derived from Recql4-deficient mice and RTS individuals
yielded conflicting results regarding sensitivity to genotoxic
agents. In fibroblasts from 10 RTS individuals, only agents
interfering with DNA replication (eg, hydroxyurea)
impaired growth in colony survival assays, whereas cells
showed only minor sensitivity to DNA damaging agents
(eg, cisplatin).42

We analyzed the sensitivity of patient-derived fibroblasts
to ionizing radiation (IR; 1.5 Gy) and mitomycin C using a
diagnostic pipeline for screening for ataxia-telangiectasia,
ligase-IV-syndrome, and Fanconi anemia.43,44 The sensi-
tivity of fibroblasts from CRIPT #1 and #2 and RECQL4 #1
and #2 to IR and mitomycin C was in the range of control
cells, only showing a trend toward a higher shift from S to
G1 phase after IR (Figure 4K). These findings are in line
with the unremarkable sensitivity of Recql4 knockout
mouse embryonic fibroblasts to IR.45
observed. P values of ordinary one-way ANOVA are reported in
mosomal errors, including misaligned, lagging chromosomes, and
percentages and showed no differences between CRIPT-, RECQL4-
or 30 minutes, the arrest time of CRIPT-deficient fibroblasts is not
ooled experiments. Mean ± SD. G. The percentage of cells with
ls CRIPT #2 and RECQL4 #1. H. Differential staining of sister
oom Syndrome, CRIPT #1). The number of sister chromatid ex-
traction of cytoplasmic and nuclear (laminin A/C) fractions from
esence of CRIPT in the cytoplasm and in the nucleus (DAPI, blue).
asia, RECQL4 #1 and #2, CRIPT #1 and #2) after ionizing radiation
ll cycle. L. IncuCyte live-cell imaging of cell viability of patient-
potassium bromate. One-way-ANOVA, *P < .05. M, N Cell
er siRNA targeting of CRIPT expression and (N) in patient-derived
eans of relative change of viability of 3 independent experiments,
r treatment of patient-derived fibroblasts with low-dose potassium
cale bars = 10 μm. ANOVA, analysis of variance; BLM, BLM gene;
C, mitomycin C; NEBD, nuclear envelope breakdown; neg siRNA,
hmund-Thomson syndrome.
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We next screened the sensitivity to hydroxyurea, etopo-
side, and potassium bromate by live-cell imaging of cell
viability. Hydroxyurea interferes with DNA replication. In
contrast to a previous report, RECQL4- and CRIPT-
deficient fibroblasts did not show an increased susceptibil-
ity to hydroxyurea compared with those in controls
(Figure 4L).42 The topoisomerase II inhibitor etoposide in-
duces double-strand breaks. Although fibroblasts from
CRIPT individual #1 showed a slightly increased sensitivity
to etoposide, the overall sensitivity was in the range of
controls (Figure 4L). Potassium bromate oxidizes DNA
generating 7,8-dihydro-8-oxoguanine; 7,8-dihydro-8-
oxoguanine is repaired by base excision repair, and
RECQL4 knockout was reported to impair base excision
repair.46 The fibroblasts from individuals CRIPT #1 and
RECQL4 #1 and #2 showed a mildly increased sensitivity to
potassium bromate (10 mM) compared with control
(Figure 4L). To further explore a potential sensitivity to
potassium bromate, we downregulated CRIPT expression in
wild-type fibroblasts. Although targeting CRIPT expression
by siRNA caused a significant decrease in the number of
proliferating cells, the sensitivity to potassium bromate, or
alternatively oxidative stress by hydrogen peroxide, was
unaffected by CRIPT downregulation (Figure 4M;
Supplemental Figure 4). Likewise, patient-derived CRIPT-
or RECQL4-deficient fibroblasts were not more sensitive to
different doses of potassium bromate than controls. As ex-
pected, however, we noted a trend toward a higher sensi-
tivity to potassium bromate in fibroblasts with shorter
doubling times (Supplemental Figure 3A; Figure 4N).
Because this was not systematically assessed, further studies
would be required to prove this association. To investigate if
sublethal doses of potassium bromate might trigger cellular
senescence, we challenged patient-derived fibroblasts with a
low concentration of potassium bromate (10 μM) for 5 days.
Although the SA-ß-galactosidase activity remained un-
changed in control fibroblasts, CRIPT- and RECQL4-
deficient fibroblasts responded with mild upregulation of
SA-ß-galactosidase activity upon low concentration potas-
sium bromate challenge (Figure 4O).

In conclusion, though low-level genotoxic stress might
induce cellular senescence in CRIPT- and RECQL4-
deficient fibroblast, the overall sensitivity to lethal doses
of genotoxic stress is in the range of control cells.
Discussion

RTS is characterized by poikiloderma, sparse hair, small
stature, susceptibility to cancer, and cataracts, features
usually found in the aging population. Genetically, RTS is a
heterogeneous disease with RECQL4 and ANAPC1 as the
established disease-causing genes. However, in up to 30%
of RTS individuals, no causative variants are detected in
either RECQL4 or ANAPC1, suggesting other, not yet
identified disease genes.
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We initially report 2 individuals who fulfill the diagnostic
RTS criteria and lack pathogenic variants in RECQL4 or
ANAPC1, but who both have biallelic variants in the CRIPT
gene. Biallelic variants in CRIPT have been reported in 4
individuals in the literature, accounting for a multisystemic
disorder, including short stature, skin rash, skeletal, and
neurodevelopmental anomalies.22-24 Our systematic evalu-
ation of the clinical, histologic, and radiologic features
showed that all 6 CRIPT individuals matched very well to
the clinical spectrum of RTS. In a computational approach,
facial images of CRIPT individuals showed the highest
similarity to RTS individuals when compared with other
premature aging and poikiloderma-associated syndromes.
Given the phenotypic overlap, we propose that, in addition
to RECQL4 and ANAPC1, CRIPT causes an RTS-like
syndrome.

One possible explanation why the published CRIPT cases
had not yet been linked to RTS is that most ectodermal fea-
tures in RTS develop over time starting at the age of 3 to 6
months and that published CRIPT individuals had not yet
manifested the full dermatologic picture, as exemplified by
follow-up data on individuals #3 and #5 (Figure 1D and
E).22,23

All CRIPT individuals presented with mild motor and
more severe speech developmental delay, 5 of 6 CRIPT
individuals had microcephaly proportional to body size, and
4 of 6 had well-controlled or refractory epilepsy. Although
cognition has not formally been assessed in RTS, RECQL4
individuals from the RTS registry are reported to have mild
speech delay and minor delays in meeting developmental
milestones.13 In addition, cases of non-RECQL4-RTS in-
dividuals with more profound neurodevelopmental delay
have been reported.5-9 Mechanistically, the neuro-
developmental phenotype of CRIPT deficiency might be
related to the known function of CRIPT in dendritic and
synaptic plasticity and memory formation.30,45

POIKTM and poikiloderma with neutropenia (PN) are 2
poikiloderma syndromes that have been published as
distinct diseases. Although the facial profiles of POIKTM
and PN overlap with RTS, these 2 diseases have features
(PN: no sparse hair and no skeletal defect; POIKTMP:
psoriasis-like lesions, blisters, almost obligatory internal
organ involvement, myopathy, and contractures) that clearly
distinguish them from RTS. In view of the neuro-
developmental phenotype as apparently outstanding feature
of CRIPT individuals, it is debatable if the CRIPT-associ-
ated RTS-like syndrome should rather be classified as a
distinct RTS-like disease entity or as a novel subtype of
RTS (eg, type 3). Cataracts and the absence of cancer are the
typical features of RTS type 1. Additionally, developmental
delay has been observed in 2 of 10 ANAPC1 RTS type 1
individuals.30,46 CRIPT individual #2 developed bilateral
cataracts at the age of 8 years; none of the CRIPT in-
dividuals had cancer to date and all have developmental
delay. In view of this overlap, the clinical phenotype of
CRIPT deficiency appears to be closer to RTS type 1 than 2.
However, long-time clinical follow-up is warranted to
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systematically assess the risk of cancer and cataracts and
neurologic development and to compare the frequency of
these features in CRIPT, ANAPC1, and RECQL4
individuals.

Although CRIPT was primarily studied in the context of
neuronal connectivity and recently mitotic spindle disas-
sembly, RECQL4 has been implicated in many cellular
processes, including DNA repair, cellular senescence, and
cell cycle progression, but the crucial mechanism that ac-
counts for the multisystemic and aging-related findings in
RTS is under debate.30,47 The so far unrecognized link be-
tween CRIPT and RTS opens avenues to delineate further
the molecular pathology of RTS symptoms. In the experi-
mental part of this study, we searched for shared cellular
pathways of CRIPT- and RECQL4-deficient cells, focusing
on cellular senescence, mitotic progression, and sensitivity
to genotoxic stress.

Similar to RECQL4 deficiency, we found that CRIPT
deficiency induces a senescence phenotype as demonstrated
by high levels of p16, p21, and p53 expression in skin
biopsies and increased SA-ß-galactosidase activity in
patient-derived fibroblasts and upon CRIPT down-
regulation. Senescent cells change their metabolic profile
into proinflammatory secretory cells and this senescence-
associated secretory inflammatory phenotype might
explain the immune cell infiltration and dilated blood ves-
sels observed in skin from CRIPT individuals and other
poikiloderma disorders.48 Overriding senescence of dermal
hair matrix or papilla cells might cause a loss of the hair
cuticle cells that we observed by electron microscopy in
CRIPT and RECQL4 individuals.

Senescence can occur in response to different kinds of
stress, including genotoxic and oxidative damage and mitotic
errors. Although structural and numerical chromosomal ab-
errations were reported in subsets of RTS individuals (eg, in
3 of 17 published individuals), we did not detect any chro-
mosomal aberrations in CRIPT patient–derived cells.2 Fi-
broblasts from RECQL4 or CRIPT individuals progressed
normally through mitosis, and the mitotic defects were not
overrepresented compared with those from controls. In
summary, in patient-derived cells with disease-associated
RECQL4 and CRIPT variants, there were no quantifiable
mitotic defects. In a previous study, the number of misaligned
chromosomes increased after RECQL4 downregulation in
HeLa cells, but it was normal in RECQL4 patient–derived
cells.18 Similarly, the divergent results for CRIPT with re-
gard to mitotic defects might be likely because of differences
between patient-derived fibroblasts and immortalized cells,
for example, cancer cells but do not exclude a functional role
of CRIPT or RECQL4 in mitosis.

Cellular senescence could also be triggered by DNA
repair defects and genomic instability. The overall sensi-
tivity of RECQL4 and CRIPT patient–derived cells and fi-
broblasts after siRNA downregulation of CRIPT expression
to different types of genotoxic stress was in the range of
control cells.
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In conclusion, we identified CRIPT as a novel RTS-like
syndrome causing gene with neurologic impairment and
further expand the genetic heterogeneity of the RTS spec-
trum of disorders. We searched for shared cellular defects as
the drivers for overlapping RTS phenotypes and narrowed
down that CRIPT and RECQL4 deficiency are both asso-
ciated with (1) increased cellular senescence and (2) only
mild sensitivity to chemotoxic agents, (3) while the numbers
of mitotic errors was not significantly different from con-
trols. Of note, only CRIPT- and RECQL4-deficient patient-
derived fibroblasts were available for this study, and future
studies elucidating the functional impact in APC1-deficient
cells are warranted. Thus, the question regarding which
precise mechanism drives senescence remains unanswered
at the current stage.

Our findings will open the door for further studies
exploring the role of CRIPT, RECQL4, and also ANAPC1 in
preventing cellular senescence and the potential of senolytic
drugs as a therapeutic approach. “Splitter and lumper de-
bates” are decisive in the field of syndromic diseases.
Formal neurologic assessment of RTS individuals and long-
term clinical follow-up of additional CRIPT individuals will
add clarification to the debate whether the CRIPT-associated
RTS-like syndrome should rather be split as a separate
disease entity or rather should be classified as a novel
subtype of RTS.
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With third authorship on this publication, I performed functional characterization to validate the 

pathogenic significance of the 17p13.3 duplication encompassing RPA1 identified through 

optical genome mapping. 

I assessed RPA1 protein expression by immunoblotting, measured telomere length using the 

TeloTAGGG Southern blot-based assay, and evaluated cellular sensitivity to the genotoxic 

agents hydroxyurea and cisplatin through CellTiter-Glo luminescence-based cell viability 

assays (II-Figure S5; section 2.2.3). These experiments demonstrated that the RPA1 

duplication conferred cellular hypersensitivity to replication stress and DNA crosslinking, 

providing mechanistic support for pathogenicity. 

I co-wrote the manuscript sections describing RPA1 functional characterization and 

coordinated with the partner research group at Heinrich-Heine-University Düsseldorf, who led 

patient recruitment, clinical characterization, and optical genome mapping analysis. 

This work adds to the growing body of evidence supporting optical genome mapping as a 

clinically relevant approach for detecting pathogenic structural variants in cancer predisposition 

genes that escape conventional sequencing methods. The functional characterization provided 

essential evidence linking RPA1 duplication to cellular DNA damage hypersensitivity, 

underscoring the importance of functional validation in interpreting novel structural variants 

and contributing to the growing understanding of RPA1 dosage sensitivity in genome 

maintenance and cancer predisposition. 
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Abstract

Genetic predisposition is one of the major risk factors for pediatric cancer, with

�10% of children being carriers of a predisposing germline alteration. It is likely that

this is the tip of the iceberg and many children are underdiagnosed, as most of the

analysis focuses on single or short nucleotide variants, not considering the full spec-

trum of DNA alterations. Hence, we applied optical genome mapping (OGM) to our

cohort of 34 pediatric cancer patients to perform an unbiased germline screening and

analyze the frequency of structural variants (SVs) and their impact on cancer predis-

position. All children were clinically highly suspicious for germline alterations (con-

comitant conditions or congenital anomalies, positive family cancer history, particular

cancer type, synchronous or metachronous tumors), but whole exome sequencing

(WES) had failed to detect pathogenic variants in cancer predisposing genes. OGM

detected a median of 49 rare SVs (range 27-149) per patient. By analysis of

Abbreviations: aCGH, array comparative genome hybridization; BCP-ALL, B-cell-precursor acute lymphoblastic leukemia; CPG, cancer predisposition gene; CPS, cancer predisposition syndrome;

DSBs, double strand breaks; GoF, gain of function; HMW, high molecular weight; HU, hydroxyurea; indels, insertions and deletions; OGM, optical genome mapping; PBMC, peripheral blood

mononuclear cells; PFBMFT6, telomere-related pulmonary fibrosis and/or bone marrow failure-6 syndrome; SNVs, single nucleotide variants; STS, short telomere syndrome; SVs, structural

variants; WES, whole exome sequencing.
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18 patient-parent trios, we identified three de novo SVs. Moreover, we discovered a

likely pathogenic deletion of exon 3 in the known cancer predisposition gene BRCA2,

and identified a duplication in RPA1, which might represent a new cancer predisposi-

tion gene. We conclude that optical genome mapping is a suitable tool for detecting

potentially predisposing SVs in addition to WES in pediatric cancer patients.

K E YWORD S

cancer predisposition, optical genome mapping, pediatric cancer, structural variants

What's new?

Around 10% of patients with pediatric cancer have been found to harbor a cancer predisposing

germline alteration. However, the entire spectrum of genetic alterations has yet to be consid-

ered. Here, the authors analyzed 34 pediatric patients with a suspected underlying cancer pre-

disposition syndrome by using the new optical genome mapping technique. They identified de

novo or inherited genetic structural variants in BRCA2 and in the potential novel cancer predis-

position gene RPA1. The study demonstrates that optical genome mapping is a suitable tool for

detecting potentially predisposing structural variants in addition to whole exome sequencing in

pediatric cancer patients.

1 | INTRODUCTION

In recent years, several studies have shown that �10% of pediatric can-

cer patients harbor a cancer predisposing germline alteration.1-5 How-

ever, most of these studies focused on single nucleotide variants

(SNVs) and small insertions and deletions (indels) ≤20 bp. In all of these

studies, the whole exome sequencing (WES) analysis was mainly con-

centrated on a predefined gene panel of known cancer predisposition

genes (CPG). Therefore, there is some question as to whether the

remaining �90% of patients carry any predisposing germline

alteration, in particular as not the entire spectrum of genetic alterations

was considered. In line with this, no causative genetic alteration was

detectable in�80% of pediatric cancer patients with clinical signs indic-

ative of an underlying cancer predisposition syndrome (CPS).4,6

Although SNVs outnumber other types of DNA sequence variants by

7:1, structural variants (SVs) are 30-fold more prone to alter the gene

expression. Moreover, 34% of all disease-causing variants are larger

than SNVs, with 1/3 being >20 bp in size.7 Based on previous studies,

1.5% of adult cancer patients harbor a cancer predisposing SV.8 By con-

trast, the frequency seems to be more variable in pediatric cancer

patients, with reports of 0.4%-3.2% of patients harboring a pathogenic

germline SV.1,5 These studies are mostly based on short-read next gen-

eration sequencing approaches that have limitations with respect to

accurate alignment in challenging genomic regions, which are prone to

breakpoints causing SVs.9 Hence, the exact prevalence of SVs in the

germline of cancer patients might be substantially underestimated.

Recent proof-of-principle studies have shown that optical genome

mapping (OGM) is a new method of reliably detecting constitutional

SVs that can be used as an alternative to karyotyping, fluorescence in

situ hybridization and DNA microarrays.10,11

We here report on the applicability of OGM as a complementary

instrument to the existing sequencing methods for unbiased germline

screening of pediatric cancer patients regarding cancer predisposing SVs.

2 | MATERIALS AND METHODS

2.1 | Patient cohort

We included 34 patients of our germline study and, if available, their

parents.12 Those patients were positive for clinical criteria suggesting

the presence of an underlying CPS,13,14 but lacking pathogenic cancer

predisposing variants in WES.4 Refer to Supplementary Material and

Methods for a detailed description of the cohort.

2.2 | Optical genome mapping

2.2.1 | Extraction and labeling of high-molecular
weight DNA

We extracted high-molecular weight (HMW) DNA peripheral blood or

bone marrow mononuclear cells from remission or, if available, from

fibroblasts of the children and peripheral blood of the parents. Suffi-

cient material was available from 18 child-parent trios, six child-parent

duos and 10 child-singletons. The HMW DNA (750ng) was labeled,

loaded on a Saphyr G2.3 chip and molecules were imaged by the

Saphyr instrument (Gen 2, Bionano Genomics). Refer to Table S1 for

an overview of the run statistics and quality metrics and Supplemen-

tary Material and Methods for a detailed description.

2.2.2 | De novo assembly and variant calling

The de novo assemblies against the human reference genome

GRCh38, structural variant calling and annotation were per-

formed using Bionano Solve (version 3.5.1, Bionano Genomics).

The Bionano Access software (version 1.5.2, Bionano Genomics)
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was used to visualize the data. For OGM data from the patient

and one or both parents, we performed “Dual” or “Trio” variant

annotation, respectively, to differentiate de novo and transmit-

ted SVs. Refer to the Supplementary Material and Methods for

a detailed description of the performed analysis and SV filtering.

2.3 | Variant annotation and interpretation

The final list of SVs was manually annotated using the UCSC genome

browser tracks to identify whether an SV targets a gene (NCBI

RefSeq, Ensembl: MANE Project [v1.0], GENCODE V39) and whether

the SV region overlaps with a common SV (≥1% of the population)

using the NCBI dbVAR Curated Common SVs database.15 We also

checked whether the SVs overlap with known regulatory regions

using GeneHancer (Double Elite).16 We annotated the overlap of an

SV with a CPG using a published list.4 Genes targeted by an SV that

potentially hits a coding region were explored with regard to clinical

relevance for the cancerogenesis of the respective patient.

2.4 | Validation and functional testing

We performed validation experiments using DNA microarray,

PCR-based assays and/or RNA sequencing for selected SVs and per-

formed functional testing on P28 fibroblasts and age/gender-matched

controls. Refer to the Supplementary Material and Methods for a

detailed description of the performed analysis.

3 | RESULTS AND DISCUSSION

3.1 | Description of patient cohort

We analyzed 34 pediatric cancer patients with a median age of

5.4 years (range 0-18.5) at initial tumor diagnosis and a male to female

ratio of 1.6:1 (Table S2). All patients harbored clinical signs indicative of

an underlying predisposition such as congenital anomalies, concomitant

conditions, multiple tumors or excessive toxicity to the chemotherapy

(Figure 1A). Fifty-five percent of the patients harbored congenital

anomalies, mainly of a mild form and not corresponding to a specific

syndrome. Thirty-eight percent of the patients harbored positive family

histories of pediatric and/or adult cancer. Nine patients were diagnosed

with types of cancer strongly associated with genetic germline predis-

position, such as sonic hedgehog-activated medulloblastoma. More-

over, three patients harbored more than two tumors (synchronous or

metachronous) or showed excessive toxicity after chemotherapy.

3.2 | Identification of structural variants using
optical genome mapping

We generated an average of 422.5 Gb of data per sample resulting in

average 106� effective coverage of the de novo assemblies

(Table S1). SV calling yielded a median of 6455 (range 5696-6685)

SVs per sample. Applying filter steps to exclude artifacts and to detect

rare SVs, yielded 1831 SVs, with a median of 49 (range 27-149) SVs

per patient. Deletions and insertions were the most frequent SV types

(median of 30 [range 15-93] and 18 [range 10-53], respectively;

Figure 1B, Table S3). 95.6% of unbalanced SVs (considering deletions,

duplications and insertions that can also constitute duplications) had a

length of less than 50 kbp (Figure 1C). The majority of SVs were either

intergenic (55%) or were located in an intron (19%) (Table S3). How-

ever, 26% of the SVs potentially affected coding sequences of one or

more genes.

Due to our unique OGM dataset of 18 child-parent trios, we were

able to identify de novo SVs (two deletions and one insertion) in 17%

(3/18) of the children, affecting the DDX10 or FLG1 gene or an inter-

genic locus, respectively (Figure 1D, Table S4). This is in line with esti-

mates based on WES published by Kloosterman et al, who reported

de novo SVs >20 bp or >500 bp in 16% or 8% of children,

respectively.17

3.3 | Structural variants targeting known cancer
predisposition genes

In our list of high-confidence SVs, we checked whether they targeted

known CPGs.4 Twenty-one SVs overlapped with a CPG, of which five

potentially affected a coding region (Table S5).

Patients P6 and P10 both carried the same 1.4 kbp deletion in

17p13.1, potentially targeting the TP53 gene (Figure S1A,B). Further

analysis revealed that the deletion maps 5.5 kbp upstream of the

TP53 gene, overlapping with a described common deletion

(nssv16197110) (Figure S1C,D).

After literature mining, we classified a deletion in BRCA2, which

occurred in P26 as likely pathogenic (Table 1, Figure 2A). A maternally

transmitted 4.8 kbp deletion was detected that overlapped with the

exons 2-9 of the BRCA2 gene. Performing PCR-based Sanger

sequencing, we could confirm the presence of a 4.7 kbp deletion in

chr13:32318724-32 323 440 bp, leading to deletion of the third exon

of the BRCA2 gene (BRCA2Δex3, ENST00000380152) (Figure 2B).

Variants leading to BRCA2 exon 3 deletions have been reported in

individuals with breast and ovarian cancer.18,19 Although this deletion

does not alter the reading frame, a part of the highly conserved

N-terminal domain is lost that is important for the interaction with

PALB220 and DNA repair. Next, we performed a semiquantitative

PCR to check whether both the BRCA2Δex3 and BRCA2wt transcripts

were expressed. While material was available from the child and the

father, unfortunately, no material was available of the mother or

the initially diagnosed leukemia of the patient to be examined for

down-stream analysis. Interestingly, the child exhibited a higher

expression of BRCA2Δex3 than BRCA2wt compared to the father and

the control samples with predominant expression of BRCA2wt tran-

script (Figure 2C). There has been some debate about the pathogenic

effect of exon 3 deletion, as the BRCA2Δex3 transcript is constitutively

expressed in tissue samples from apparently healthy individuals. How-

ever, Muller et al reported an allelic imbalance in favor of the
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BRCA2Δex3 mutant allele18 and Caputo et al proposed that only vari-

ants producing transcripts lacking exon 3 should be classified as path-

ogenic.19 In line with this, we observed an allelic imbalance toward

the BRCA2Δex3 transcript in our patient. The maternally transmitted

deletion segregated within the cancer history in the maternal lineage.

The grandmother (carrier status unknown) was diagnosed with breast

cancer at the age of 32, and the patient developed an ETV6::RUNX1

rearranged BCP-ALL at the age of 12, whereas the patients' mother

F IGURE 1 Structural variants detected by OGM in 34 pediatric patients suspicious for an underlying cancer predisposition syndrome.
(A) Summary of patients' tumor diagnoses and status of clinical criteria. Each line represents a clinical feature and each column represents a
patient. (B) Overview of structural variants identified using OGM. The dot plot represents the number of germline SVs per type, with every dot
representing a patient. The red horizontal lines represent the median. (C) The violin plot depicts the length distribution of the identified SVs. The
dashed line represents the 50 kbp threshold that is a lower limit of copy number variant length detectable by conventional DNA array-based
methods. (D) Analysis of 18 child-parent trios using OGM revealed that 3/1007 detected SVs were de novo variants.
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TABLE 1 Structural variants and affected genes potentially playing a role in cancer predisposition of two pediatric patients.

Case P26 P28

Tumor type BCP-ALL BCP-ALL

Subtype ETV6::RUNX1 KMT2A::AFF1

Phenotype Congenital cardiac anomaly (HP:0001627) Arched eyebrows (HP:0002553)

Genomic region (hg38) chr13:32 315 668-32 331 479 bp chr17:1 747 307-1 899 562 bp

SV type Deletion Duplication

Size 4.8 kbp 166 kbp

Affected genes of interest BRCA2 RPA1

Overlap common dbVar None None

Validation WES, Sanger, RT-qPCR WES, SNP-array, qPCR

Functional testing n.a. Telomere length, DNA damage

Interpretation Likely pathogenic Likely pathogenic

Note: Overlap common dbVAR: Indicating whether the region in which the SV was observed overlaps with a known copy number alteration using the

common dbVar database (>1% in the population) as reference.

F IGURE 2 Structural variants affecting the known CPG BRCA2 and the potential candidate CPG RPA1 in two pediatric cancer patients. (A) Germline
deletion detected in the cancer predisposition gene BRCA2 in P26. Genome maps (green bar above reference and blue bar below patient) indicating the

presence of a 4.8 kbp deletion in 13q13.1. Lower part of the figure depicts the location of the deleted region, highlighted in red, which is located within
the BRCA2 gene. (B) Sanger sequencing of the mRNA of the patient confirms the deletion of exon 3 in BRCA2 (ENST00000380152). (C) Upper panel:
Semiquantitative PCR of BRCA2wt and BRCA2Δex3 transcript RNA extracted from the PBMCs of P26 carrying the 4.8 kbp deletion in comparison to the
father (P26_father) and four control samples (PBMC ctrl 1-4). Lower panel: GUSBwas used as control. (D) Genome map of duplicated region affecting the
RPA1 gene locus (17p13.3) in P28 (green bar represents reference map and blue bars the patient map) and the location within the genome using UCSC
genome browser (duplication highlighted in blue). (E) Analysis of RPA1mRNA expression levels reveals higher expression in PBMCs and fibroblasts of P28
in comparison to the parents and controls. The controls were separated based on tissue of origin, including fibroblasts (blue) and PBMC (gray) control
samples. The dashed lines represent the mean expression levels of the fibroblast controls (blue) and PBMC controls (gray).
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had not yet developed any cancer at the age of 40. Although, BRCA2

alterations have not been described to increase the susceptibility to

ALL as yet, the internal BRCA2 deletion might be a possible risk factor.

3.4 | Identification of novel candidate cancer
predisposition genes

98.8% of all SVs identified by OGM in our study did not overlap with

a known CPG. Performing a comprehensive literature search and fur-

ther analysis, we identified three interesting SVs potentially targeting

novel CPGs.

In patient P16, a girl who synchronously developed a medullo-

blastoma and an astrocytoma at the age of 3, we identified a mater-

nally transmitted 180 kbp tandem duplication in 8p11.22, verified by

SNP array and coverage-based WES data (Figure S2A-C). The dupli-

cated region encompasses the ADAM9 and ADAM32 genes, which

belong to the “disintegrin and metalloprotease” (ADAM) family.

ADAM9 is overexpressed in glioblastoma, where it promotes invasive-

ness and proliferation.21,22 To test the effect on ADAM9 and ADAM32

expression or if the duplication leads to a potential fusion transcript,

we performed whole transcriptome analysis of the patient and the

noncarrier father. We did not detect an ADAM32::ADAM9 fusion tran-

script or altered expression of both genes in the affected child

(Figure S2D). In addition, we identified compound heterozygous SVs

in the RAP1B gene, in P10, a boy with B-ALL. The patient carried a

maternally transmitted 9.3 kbp insertion and a paternally transmitted

10.8 kbp deletion, both affecting regulatory regions of RAP1B gene

locus (Figure S3A,B). RAP1B encodes for a protein of the RAS family

of small GTP binding proteins with mitogenic and oncogenic proper-

ties.23,24 Activating missense variants in RAP1B have been described

in three patients with syndromic thrombocytopenia and multiple mal-

formations, including microcephaly and learning difficulties.25,26 In line

with these findings, P10 had mild global developmental delay and a

growth disorder in addition to his B-ALL. However, the analysis of

RAP1B mRNA expression in the PBMCs of the patient revealed no

altered expression in comparison to the father or the controls

(Figure S3C).

Conclusively, additional experiments including corresponding

tumor analysis are required to clarify whether the identified germline

SVs affecting ADAM9 and RAP1B have a functional influence on the

development of the patient's tumors.

The most interesting SV was a 166 kbp duplication in 17p13.3 in

P28, an infant diagnosed with KMT2A-rearranged B-cell-precursor

acute lymphoblastic leukemia (BCP-ALL) at the age of 4 months, who

relapsed 6 months after initial diagnosis (Table 1, Figure 2D). The

duplication was present in the germline and the corresponding tumor

of P28 (Figure S4A). We verified the copy number gain in the child

using coverage-based information from WES and could show that this

gain was not present in the WES data of the parents, indicating that

the SV occurred de novo (Figure S4B). Using SNP array, we could

show that the duplication is located in a region of copy number neu-

tral loss of heterozygosity in 17p13.3-p13.1 (Figure S4C). Due to the

consanguinity of the parents (first-degree cousins), 11.2% of

the patient's autosomal genome is homozygous (Figure S4D). The

duplication affected five genes, including RPA1, which has essential

functions in DNA replication, repair, and recombination.27 It is associ-

ated with autosomal dominant inherited telomere-related pulmonary

fibrosis and/or bone marrow failure-6 syndrome (PFBMFT6,

MIM:619767). The PFBMFT6 syndrome belongs to the short telo-

mere syndromes (STS) with variable symptoms, genetic heterogeneity

and variable expressivity. Analysis of the RPA1 mRNA level in PBMCs

and fibroblasts of the child revealed an increased expression in com-

parison to parents and controls, which points toward the duplication

having a gain-of-function (GoF) effect (Figure 2E). This is in line with

reports by Sharma et al, who described GoF RPA1 missense variants

in patients with short telomeres and varying clinical features of STS.28

We further assessed RPA1 protein expression in the patient's fibro-

blasts in comparison to two age/gender-matched fibroblast samples

from children without RPA1 alterations, which revealed similar RPA1

expression (Figure S5A). We screened for a potential telomeropathy

by performing TeloTAGGG Assay on fibroblasts of P28 carrying the

RPA1 duplication in comparison to age/gender-matched control fibro-

blasts (Figure S5B,C). However, we even detected a mild increase of

mean telomere restriction fragment length in the RPA1 duplicated

cells compared to the controls (P28 = 13.3 kb vs Ctrl1 = 10.4 kb;

Ctrl2 = 11.6 kb, respectively).

Additionally, it has been reported that RPA1 duplication induces

elevated sensitivity to DNA damage.29 Therefore, we also checked for

an underlying DNA repair defect in P28 by performing cell viability

assays to analyze sensitivity to genotoxic agents (Figure S5D,E). We

used the chemotherapeutic agent cisplatin, inducing DNA cross-

linking and DNA double-strand breaks (DSBs), and the ribonucleotide

reductase inhibitor hydroxyurea (HU) that depletes nucleotides and

induces replication stress leading to subsequent DSBs. Fibroblasts of

P28 carrying the RPA1 duplication exhibited a significant increase in

sensitivity to cisplatin und HU compared to wild-type age/gender-

matched controls. Thus, in line with the published findings,29 P28

fibroblasts with RPA1 duplication showed elevated sensitivity to DNA

damage. The extent to which the described genotype might be associ-

ated with the origin of the KMT2A+ infant ALL and if the patient,

who remains very young, may develop shortened telomeres needs to

be monitored in the future.

4 | CONCLUSION

By applying OGM, we comprehensively characterized the SV land-

scape of 34 pediatric cancer patients who were clinically highly suspi-

cious for an underlying CPS and had a nonconclusive WES result. We

identified three de novo SVs among 18 child-parent trios and two hot

germline alterations affecting the known CPG BRCA2 and the poten-

tial new CPG candidate RPA1 in two respective leukemia patients.

Our study highlights the suitability of OGM in a clinical setting to

detect potentially predisposing SVs in suspicious pediatric cases.

However, there remains the necessity for applying additional
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sequencing-based methods to determine the exact breakpoint bound-

aries when interpreting OGM reported SVs. We expect that extended

germline screens, improvement of the OGM reference database and

integration of the telomere-to-telomere reference genome will

enhance SV detection and interpretation of disease-causing events.

Further studies will likely use a combination of OGM and long-read

sequencing technologies to overcome the current limitations of OGM

resolution (<500 bp) to cover the full spectrum of genetic predisposi-

tion in children with cancer.
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2.2.3 Relevant supplementary figure (II-Figure S5) 

Supplementary Figure 5: Functional validation of cells of patient P28 with focal duplication of 17p13.3, including RPA1 
gene locus. Cells show comparable RPA1 protein expression, a mild increase of telomere length and higher sensitivity to DNA 
damage and replication stress, compared to age/gender-matched controls. A) Immunoblot detecting RPA1 protein expression in 
dermal fibroblasts of P28 and age/gender-matched fibroblast controls (ctrl1 and ctrl2) from children without RPA1 alterations. B) 
TeloTAGGG assay: Southern blot showing telomere fragment lengths of dermal fibroblasts of P28 and age/gender-matched 
fibroblast controls (ctrl1 and ctrl2) from children without RPA1 alterations. Telomere length is calibrated against a DIG-labelled 
molecular weight marker. Biological triplicates are shown. C) Quantification of the representative TeloTAGGG Southern blot. 
Chemiluminescence signal peaks of the telomere restriction fragments (TRF) were defined as mean TRF length. Biological 
triplicates were analyzed. p-values were calculated using One-Way-ANOVA. Ns p>0.05 and **p<0.01. D) Cell-Titer-Glo viability 
assay: Replication stress was induced through nucleotide depletion by hydroxyurea treatment. A representative of two biological 
replicates is shown. Every biological replicate contained four technical replicates. E) Cell-Titer-Glo viability assay: DNA damage 
was induced by cisplatin treatment. One of two biological replicates is shown. Every biological replicate contained four technical 
replicates. p-values were calculated using Two-Way-ANOVA with multiple comparisons. *p<0.05, **p<0.01 and ***p<0.001. 
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2.3 Manuscript III: UBQLN1-mediated Repression of Homologous 
Recombination is an Actionable Target for Cancer Therapy 
Manuscript under review at Molecular Cell         
SSRN preprint: http://dx.doi.org/10.2139/ssrn.6502243

Maxim A. Huetzen*, Orsolya Leidecker*, Ann-Sophie Hopff*, Pavlína Víšková Gajarská*, Maria-Teodora 

Pandrea, Rosa Camarillo, Maria del Carmen Dominguez-Perez, Jonas Goergens, Claus M. Graef, Paul 

J. Bröckelmann, Alana S. T. Stuedle, Jessica Wirtz, Emile van Weert, Anne Kruessmann, Neha

Patwardhan, Leonie Müller, Saindhabi Ghosh, Moritz Reese, Simon E. Tröder, Lucia Torres Fernandez,

Haylie Murray, Kelly K. Chong, Sebastian Klein, Jérôme Basquin, Filippo Beleggia, Andrea Mesaros, F. 

Thomas Wunderlich, Stephanie Panier, Alexander Quaas, Yosef Shiloh, Dave S. B. Hoon, Tim Hucho,

Johannes Brägelmann, Martin Peifer, Hatip Aydin, Davut Pehlivan, James R. Lupski, Reinhard Büttner,

Melanie Thelen, Pablo Huertas, Tobias Marschall, Arndt Borkhardt, Maria Cartolano, Thorsten Hoppe,

Matias A. Bustos, Jörg Isensee, Dagmar Wieczorek, H. Christian Reinhardt# and Ron D. Jachimowicz#

2.3.1 Contributions 

As listed first shared-first author, I led core aspects of this study, substantially contributing to 

study design, experimental execution, data analysis, and manuscript preparation. 

I conducted high-content imaging (HCI) microscopy of syndrome mouse model-derived 

murine embryonic fibroblasts for cell viability and γH2AX foci, and isogenic cell lines for 

RAD51 and MRE11 foci quantification, with automated imaging by J.I. (III-Figure 1I-L, 2B, 
3A, 3E, 4C, 4E, S2A-B, S3C, S4F-G, S5C-D, S6A-B), demonstrating that UBQLN1 loss 

impairs RAD51 foci maintenance, while UBQLN1 overexpression suppresses both 

RAD51 and MRE11 foci formation. I performed Sanger sequencing to validate the 

UBQLN1 variant in syndrome patients and the corresponding mouse model (III-Figure 1B, 
1H), WES of patient fibroblasts (III-Figure S1C with S.K.), and RNA-seq expression analysis 

of patient fibroblasts together with F.B. (III-Figure S1D).  

I established, managed, validated, and phenotypically characterized the Ubqln1c.377delC (III-

Figure 1H-L, S3A-D), the Rosa26LSL.HA-Ubqln1;ActbCre/wt (III-Figure 5E-H, S7M), the 

KrasLSL.G12D/wt;Trp53fl/fl (KP), and the Rosa26LSL.HA-Ubqln1;KrasLSL.G12D/wt;Trp53fl/fl (KPU1) mouse 

strains (III-Figure 6, 7, S8A-Q, S9A, S9E). The KP strain was established together with J.G. 

These experiments established that the syndrome mouse model recapitulates human 

UBQLN1 deficiency including seizure susceptibility, and that constitutive Ubqln1 

overexpression promotes spontaneous lung adenocarcinoma and accelerates tumor 

progression in autochthonous murine NSCLC. I developed the 3D computed tomography 

analysis workflow for tumor burden quantification, with image acquisition by A.S.T.S., J.W., 

J.G., and me, and analysis performed with A.S.T.S. and A.M. (III-Figure 6C-D, 7B, 7D, S9A,
S9E).



I planned and executed in vivo treatment experiments with olaparib and anti-PD1, with 

injections performed together with J.G. and the Comparative Biology core facility (III-Figure 
7A-D), demonstrating enhanced sensitivity of UBQLN1-overexpressing tumors to PARP 

inhibition and immune checkpoint blockade. I performed histopathological analysis of mouse 

tumor models (III-Figure 5H, 6B, S7M) and colony survival assays in human lung cancer cell 

lines (III-Figure S9B-D), showing that high UBQLN1 expression correlates with olaparib 

sensitivity in vitro.  

I generated samples and designed the experimental framework for KP/KPU1 genomics and 

transcriptomics, with bioinformatic analysis by M.C., L.T.F., and C.M.G. (III-Figure 6E-H, S8E-
Q), revealing increased tumor mutational burden, elevated Indel frequency, and genomic scars 

consistent with homologous recombination deficiency. I coordinated the TCGA data analysis 

collaboration with K.K.C. and M.A.B., providing scientific input on analysis design (III-Figure 
5A-D, S7A-L), which established the clinical association between high UBQLN1 expression 

and reduced overall survival. 

I contributed to Western blot validation in syndrome patient cells, performed by O.L. (III-Figure 
1C) and HCI microscopy of patient-derived fibroblasts with O.L. (III-Figure 1D-G, S1E-F, S2), 
demonstrating hypersensitivity to genotoxic agents and persistent DNA damage. I contributed 

to establishment of microirradiation and laser line recruitment assays with O.L., P.V.G., and 

E.v.W. (III-Figure 2A, 2C). Further, I acquired DR-GFP reporter experiments with P.V.G. and

J.G. (III-Figures 2D, 4A, S4H), confirming that both UBQLN1 loss and overexpression impair

HR efficiency. Following up on my HCI RAD51 foci data, I performed cycloheximide chase

experiments together with A.S.H. and E.v.W. (III-Figure 3B-D, S5B), demonstrating

accelerated turnover of chromatin-bound RAD51, which was reversed by proteasome

inhibition. Additionally, I contributed to the experimental design for recombinant protein work

by M.-T.P. (III-Figure 3H, S5F), revealing that UBQLN1 preferentially binds to non-

ubiquitinated RAD51.

Further, I contributed to experimental planning of Turbo-ID proximity labeling by J.G. (III-
Figure 4B), immunoprecipitation experiments by P.V.G., A.S.H., and H.M. (III-Figure 3F, 3G, 
3I, 3J, 4D, S5E), and the cell viability rescue experiment by O.L. (III-Figure S4A-D). Of note, 

earlier versions of III-Figure 1A,B,C,H and III-Figure S1D were included in my master's thesis 

and have been reformatted and adapted for the present manuscript. 

Beyond experimental work, I significantly contributed to intellectual development of this work, 

conceptualizing the RAD51-shielding hypothesis and coordinating experiments.  
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Further, I organized collaborative efforts across international research groups in the USA, 

Israel, Turkey, Germany, and Spain. I curated and analyzed final manuscript data, optimized 

experimental and analytical methods throughout the project, and finalized all figures for 

publication. I contributed to writing the original manuscript, prepared supplementary materials 

and methods, and integrated feedback from all co-authors during internal revision.  

This work established UBQLN1 as a critical regulator of HR through a protein shielding 

mechanism, linking UBQLN1 deficiency syndrome to impaired RAD51 stabilization while 

identifying UBQLN1 overexpression as a therapeutically exploitable vulnerability in lung 

cancer. The comprehensive characterization from clinical phenotype through molecular 

mechanism to preclinical therapeutic validation demonstrates the translational potential of 

syndrome discovery. 

2.3.2 Manuscript status 

The manuscript was submitted to Molecular Cell (Cell Press) on January 6, 2026, and has 
been under review since March 31, 2026.  

It is available as a preprint: http://dx.doi.org/10.2139/ssrn.6502243 

2.3.3 Manuscript (under review) 
The manuscript presented here was adapted for inclusion in this dissertation. The syndrome 

discovery figure and description were moved to the beginning of the results section, whereas 

it is placed at the end of the submitted manuscript. 

Supplementary figures (III-Figure S1-9) and methods are included in section 12.1.3. 
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Abstract 

Maintaining DNA damage response (DDR) protein homeostasis is vital for genome integrity. This requires 
coordinated crosstalk between repair factors, such as RAD51 and MRE11, and the ubiquitin-proteasome system. 

Here, we identified a new node in the DDR network – ubiquilin-1 (UBQLN1), a member of the ubiquilin protein 

family that act as shuttles to transport ubiquitinated substrates to the proteasome. We observed that the loss of 
UBQLN1 exposes RAD51 to ubiquitination and degradation, thus functionally repressing homologous 

recombination (HR). Mechanistically, we showed that UBQLN1 exhibits a non-canonical function whereby it 

stabilizes RAD51 localized to the sites of DNA damage by preventing its ubiquitination. Intriguingly, 
overexpression of UBQLN1 repressed HR-mediated DSB repair by engaging ubiquitinated MRE11, shifting repair 

towards mutagenic single-strand annealing. We also noted frequent overexpression of UBQLN1 in human tumors, 

and its association with an aggressive phenotype. Using a Ubqln1 overexpression allele, we demonstrated an 

oncogenic role of Ubqln1 in lung adenocarcinoma resulting in increased tumor mutational burden, in vivo. Lastly, 
we showed that Ubqln1 overexpression causes lung adenocarcinomas to sensitize to PARP1 inhibition and 

immune-checkpoint blockade in vivo. We also identified human patients with a deleterious mutation in UBQLN1 

that results in a phenotype consistent with the role of UBQLN1 in HR. Taken together, our study of UBQLN1 
reveals that this ubiquilin constitutes an important node in the DDR network, in part by inducing ubiquitin-

independent RAD51 stabilization. Furthermore, UBQLN1 overexpression can serve as a predictor of clinical 

sensitivity to PARP1 inhibition and immune-checkpoint blockade, which has important implications for cancer 
patient treatment.  

Introduction 

DNA damage repair, which ensures genomic 

stability and integrity, and proteasome-mediated 
protein degradation, which regulates protein 

homeostasis, are highly integrated and connected 

cellular processes1,2. Their accurate coordination is 
essential for maintaining healthy cellular phy-

siology, and dysregulation in one often affects the 

other, causing genomic instability and disease (e.g. 

cancer). The intersection between DNA damage 

repair and the ubiquitin-proteasome system (UPS)3 

is primarily mediated via ubiquitination of proteins 
involved in DNA repair. In general, the DNA damage 

response (DDR) is triggered by the recruitment of 

the MRN (MRE11, RAD50, and NBS1) complex to 
the sites of DNA double-strand breaks (DSBs)4. The 

MRN complex then brings additional repair factors 

(e.g. BRCA1) to the site of damage and initiates 

DSB repair via either canonical non-homologous 
end-joining (c-NHEJ) or homologous recombination 

(HR)5. Importantly, in addition to an orchestrated 

recruitment of DDR factors to DSBs, DDR 

execution and repair pathway choice also depends 

on ubiquitination and regulated turnover of repair 

factors mediated by the UPS3.  

Although typically viewed through the lens of 

ubiquitination (involving the E1-E2-E3 enzyme 

cascade that catalyzes ubiquitination of substrate 
proteins), and the proteasome (a large 

macromolecular assembly that catalyzes 

proteolysis of ubiquitinated substrates), the UPS is 
significantly more complex and involves numerous 

other proteins and points of regulation. One such 

example are ubiquilins (UBQLNs), a small family of 
five proteins (UBQLN1 through 4, and UBQLNL) 

that shuttle ubiquitinated substrates to the 

proteasome, thus facilitating degradation6. 
UBQLNs share high levels of sequence similarity 

and a general domain organization involving: 

(1) two domains that connect these proteins to the
UPS, the N-terminal Ubiquitin (Ub)-like domain that

binds to the proteasome, and the C-terminal Ub-

associated (UBA) domain that binds to ubiquitin;
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and (2) two low complexity STI1-like regions in the 

middle that facilitate interactions with a wide range 

of binding partners6. As mentioned, UBQLNs are 
involved in the UPS and other protein quality control 

processes (e.g. ER-associated protein 

degradation), and loss of UBQLNs results in accu-

mulation of misfolded proteins, protein mis-
localization and proteotoxicity7-10. In addition, 

UBQLNs are starting to be recognized as important 

modulators of cancer11,12, although their roles in 
tumorigenesis and cancer progression remain 

mostly unknown. In this context, we previously 

showed that UBQLN4 plays an important role in the 
cellular capacity to respond to genotoxic stress, and 

that elevated UBQLN4 expression correlates with 

poor overall survival (OS) in a wide range of cancer 
entities13. Mechanistically, we showed that 

UBQLN4 overexpression represses HR and 

enhances NHEJ pathway use by functionally 
crippling HR through enhanced MRE11 

degradation13. These discoveries were the first 

indication that UBQLNs serve to connect DSB 
repair pathways with the UPS. Furthermore, they 

indicate the possibility that cancers upregulate 

expression of UBQLNs as a way of minimizing 
effects of genotoxic agents by upregulating 

mutagenic, yet efficient NHEJ pathway usage. 

However, whether ubiquilins beyond UBQLN4 play 

a role in these processes remains unknown.  

To explore potential roles of other ubiquilins in DDR, 

we focused on UBQLN1, a primary ubiquilin that is 

involved in a wide range of cellular processes, 
including autophagy14, mitochondrial protein 

clearance8,15, and amyloid precursor protein 

processing in Alzheimer’s disease7,16,17. Despite 
being homologous to UBQLN4, the role of UBQLN1 

in regulating the DDR has not been reported before. 

We now identify a homozygous UBQLN1 
p.Asn126MetfsTer24 germline mutation that leads

to loss of UBQLN1 and is causative for a novel

genome instability syndrome which we term
UBQLN1 deficiency syndrome. Affected patients

shared features that resemble the UBQLN4

deficiency syndrome and other genome instability

syndromes13. We discovered that loss of UBQLN1 

exposes RAD51 to ubiquitination and subsequent 

proteasomal degradation, thus impairing HR-
mediated DSB repair. We demonstrated that 

UBQLN1 binds to RAD51 and protects this protein 

from ubiquitination, which represents a previously 

unrecognized function for a ubiquilin in the DDR. 
We also observed that, when overexpressed, 

UBQLN1 interacts with MRE11 to repress HR, 

which drives genomic instability and promotes 
cancer progression. Mechanistically, our data 

indicate that UBQLN1 overexpression shifts repair 

towards mutagenic alternative repair pathways that 
require longer resection, such as single-strand 

annealing (SSA). We found that UBQLN1 over-

expression is associated with poor prognosis in 
various cancer entities. More specifically, we 

showed that UBQLN1 functions as an oncogene in 

lung adenocarcinoma (LUAD). Furthermore, we 
demonstrated that UBQLN1 overexpression is 

associated with increased sensitivity to PARP1 

inhibitors and immune-checkpoint blockade 
therapy.  

Results 

A deleterious UBQLN1 mutation is causative for 
a novel genome instability syndrome  

Through the outpatient genetics department of the 
Zeynep Kamil Hospital in Turkey, we consulted a 

consanguineous family with three children, of which 

two, a female and a male (A-II-1, A-II-4), displayed 

phenotypic features of known genome instability 
syndromes, such as microcephaly, intellectual 

disability, and facial dysmorphisms (Fig. 1A, Suppl. 
Fig. 1A,B). A detailed clinical description of the 
patients is provided in Suppl. Figure 1B and the 

human subjects section within the supplementary 

methods. Whole exome sequencing of both 
affected individuals revealed a deleterious 

homozygous c.377delA mutation of the UBQLN1 

gene creating a premature stop codon c.377delA 
(p.Asn126MetfsTer24). 
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Figure 1. A deleterious UBQLN1 mutation is causative for a novel genome instability 
syndrome. A) Pedigree of consanguineous family with autosomal recessive UBQLN1-deficiency syndrome. B) Sanger
sequencing of fibroblast gDNA from A-II-1, A-II-4, and a heterozygous parent (A-I-1). The arrow indicates the c.377delA 
frameshift mutation. C) Immunoblot detecting UBQLN1 in the human dermal fibroblasts (HDFs) of UBQLN1 deficiency syndrome 
patients and heterozygous carrier. D) Cell viability of HDFs treated with NCS (500 ng/ml) for 48h. E) Cell viability of HDFs treated 
with cisplatin (20 μM) for 48h. F) Nuclear γH2AX foci in HDFs treated with NCS (500 ng/ml) at 2 and 48h. G) Nuclear γH2AX 
foci in HDFs treated with cisplatin (20 μM) at 2 and 48h. → 
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H) Sanger sequencing of gDNA from wildtype and Ubqln1c.377delC MEFs. The arrow indicates the c.377delC frameshift mutation.
I) Cell viability of MEFs treated with NCS (500 ng/ml) for 48h. J) Nuclear γH2AX foci in MEFs treated with NCS (500 ng/ml) at 2
and 48h. K) Cell viability of MEFs treated with cisplatin (20 μM) for 48h. L) Nuclear γH2AX foci in MEFs treated with cisplatin
(20 μM). Statistics: Error bars represent SEM of 6 biological replicates. Two-way ANOVA (D, E, I, K) or two-way ANOVA with
Bonferroni post hoc test (F, G, J, L). Each datapoint represents the mean of 3000 analyzed nuclei. *p < 0.05, **p < 0.01, ***p <
0.001.

The unaffected parents were heterozygous 

carriers, thus pinpointing this deleterious germline 
UBQLN1 mutation as the likely cause of an 

autosomal recessive condition, which we refer to as 

the UBQLN1 deficiency syndrome. The pathogenic 
c.377delA UBQLN1 mutation was also confirmed

by dideoxynucleotide sequencing (Fig. 1B). It is

important to note that the UBQLN1 c.377delA 
mutation was the only shared homozygous

aberration between both affected individuals born

to related parents predicted to be truncating

(Suppl. Fig. 1C). Analysis of human dermal
fibroblasts (HDFs) of the two patients (A-II-1, A-II-

4) demonstrated loss of UBQLN1 expression and

reduced mRNA levels, compared to the
heterozygous father (A-I-1) (Fig. 1C) and an

unaffected healthy brother (A-II-3) (Suppl. Fig.
1D), which suggests that nonsense-mediated
decay may contribute to the reduced UBQLN1

protein levels. We next assessed the sensitivity of

HDFs obtained from UBQLN1mut/mut patients
towards a series of genotoxic agents with distinct

molecular mechanisms of action. Compared to WT

and UBQLN1mut/wt cells, UBQLN1mut/mut cells
displayed a significantly increased sensitivity

towards a radiomimetic drug neocarzinostatin

(NCS), an interstrand DNA crosslinking agent
cisplatin, and a topoisomerase I inhibitor

camptothecin (Fig. 1D,E, Suppl. Fig. 1E). To 

further substantiate this observation, we performed
immunofluorescence experiments staining for the

DSB marker γH2AX in cell cultures either exposed

to NCS, cisplatin, or left untreated as control. These

experiments demonstrated significantly delayed
clearance of γH2AX foci in UBQLN1mut/mut HDFs

following NCS and cisplatin treatment throughout

the 48h time course (Fig. 1F,G, Suppl. Fig. 2A,B).
Similarly, UBQLN1mut/mut cells displayed

significantly increased accumulation of γH2AX foci

following camptothecin exposure (Suppl. Fig. 1F).
To unequivocally determine the pathogenic role of

the c.377delA frameshift mutation in the UBQLN1 

deficiency syndrome, we deployed CRISPR/Cas9 
genome editing to generate a mouse model 

featuring the corresponding c.377delC frameshift 

mutation in the germline. We confirmed the 
homozygous presence of the Ubqln1c.377delC 

mutation in murine embryonic fibroblasts (MEFs) by 

sequencing (Fig. 1H).  
 Of note, Ubqln1c.377delC/c.377delC mice were born 

significantly below the expected Mendelian ratio 

(Suppl. Fig. 3A). In line with the data in human 

cells, UBQLN1 protein levels were completely 
abolished in Ubqln1c.377delC/c.377delC MEFs (Suppl. 
Fig. 3B). Exactly as demonstrated for the human 

HDFs, Ubqln1c.377delC/c.377delC MEFs displayed 
significantly increased sensitivity to NCS and 

cisplatin, as well as altered γH2AX kinetics 

compared to Ubqln1wt/wt controls (Fig. 1I-L, Suppl. 
Fig. 3C). Strikingly, and fully in line with the 

observation in human patients, we observed an 

increased occurrence of seizures specifically in 
Ubqln1c.377delC/c.377delC mice (Suppl. Fig. 3D). 

Altogether, we documented a new genome 

instability syndrome caused by a deleterious 
homozygous UBQLN1 mutation termed UBQLN1 

deficiency syndrome.  

UBQLN1 increases homologous recombination 
via RAD51   

To establish a potential role within the DDR 

network, we initially assessed the recruitment of 

UBQLN1 to sites of genotoxic damage. We 
observed dynamic recruitment of GFP-UBQLN1 to 

laser-induced DNA damage in U2OS cells 

(Fig. 2A). To further probe the mechanistic role of 

UBQLN1 within the DDR network, we performed 
high-content imaging (HCI) in UBQLN1-deficient 

cells using UBQLN1 knockout (KO) U2OS cells. 

These cells demonstrated delayed γH2AX 
clearance after exposure to the DNA damaging 

agent neocarzinostatin (NCS), compared to 

UBQLN1-proficient controls, indicating decreased 
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capacity to repair damaged DNA (Suppl. 
Fig. 4A,B). Consistent with a role of UBQLN1 in 
DNA repair, UBQLN1 KO cells exhibited a 

significantly increased sensitivity to NCS in cell 

viability assays, compared to control cells, which 
could be rescued upon re-expression of ectopic 

UBQLN1 (Suppl. Fig. 4C,D). Furthermore, 

UBQLN1-deficient cells showed significantly fewer 
RAD51 nuclear foci at 48h, compared to wildtype 

controls (Fig. 2B, Suppl. Fig. 4E-G), specifically in 

S- and G2-M cell cycle phases (Suppl. Fig. 4G),

which suggests decrease in ongoing HR.
Intriguingly, these differences did not emerge until

later, as UBQLN1 KO and WT cells behaved

identically at early time points (0-24h) (Fig. 2B).
This suggests that the initial RAD51 recruitment to

damaged chromatin is unaffected in UBQLN1-

deficient cells. In agreement with this possibility,

GFP-RAD51 recruitment following microlaser-

induced DNA damage was not affected in 
UBQLN1-deficient cells for up to 20 min (Fig. 2C).  

As RAD51 constitutes the central recombinase 

mediating HR-driven DSB repair, we next 
employed the DR-GFP reporter assay to 

functionally assess HR efficiency in UBQLN1-

depleted or -proficient cells (Suppl. Fig. 4H). We 
used depletion of CTIP (involved in DNA end 

resection during HR), and UBQLN4, a ubiquilin that 

prevents HR13, as controls of decreased and 

increased HR pathway activity, respectively. These 
experiments revealed significantly reduced HR 

activity in UBQLN1-depleted cells, compared to 

control cells (Fig. 2D). Taken together, our results 
indicate that UBQLN1 increases HR pathway 

activity by affecting the number of RAD51 nuclear 

foci upon genotoxic damage. 

Figure 2. UBQLN1 deletion leads to a DDR defect by decreasing the number of RAD51 
foci.  
A) Recruitment of GFP-UBQLN1 and GFP-ev to 405 nm laser-induced damage over 10 min. Each data point represents the
average of 10 cells. Representative images; scale bar, 15 μm. B) Nuclear RAD51 foci in WT and UBQLN1−/− U2OS cells treated
with NCS (250 ng/ml) for 24 and 48h. Each datapoint represents the mean of 3000 analyzed nuclei. C) GFP-RAD51 recruitment
kinetics to laser-induced damage over 20 min. Each data point represents the average of 10 cells. D) DR-GFP reporter assay
for HR. Cells were transfected with the indicated siRNAs and transduced with BFP-tagged I-SceI. siCTIP served as positive
control. Statistics: Error bars represent SEM. (A, C) n = 4 independent experiments; (B) n = 8 replicate wells, each represents
the mean of 3000 analyzed nuclei, two-way ANOVA with Bonferroni post hoc test; (D) n = 3 biological replicates (3 technical
replicates each), one-way ANOVA with Geisser-Greenhouse correction. *p < 0.05, **p < 0.01, ***p < 0.001.
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UBQLN1 stabilizes RAD51 by preventing its 
ubiquitination 

To test the possibility that UBQLN1 protects RAD51 

from degradation at the site of genotoxic damage, 
we exposed cells to NCS, then treated them with a 

proteasome inhibitor (MG132) and quantified 

nuclear RAD51 foci using HCI. We observed that 
proteasome inhibition results in significant 

stabilization of DNA-associated RAD51 in both WT 

and UBQLN1 KO cells (Fig. 3A); effectively, 
inhibiting the proteasome completely rescues the 

UBQLN1 KO phenotype, suggesting that UBQLN1 

is involved in regulating RAD51 proteasome-
mediated degradation. We examined the 

relationship between UBQLN1 and RAD51 protein 

homeostasis by inhibiting protein synthesis via 
cycloheximide (CHX) chase experiments in cells 

that were released from a double thymidine block-

mediated G1/S arrest following an NCS-mediated 

genotoxic insult (Suppl. Fig. 5A). We detected a 
precipitous drop in RAD51 protein levels in the 

chromatin fraction of UBQLN1 KO cells (Fig. 3B,C), 

whereas RAD51 levels in whole cell lysates did not 
change significantly (Fig. 3B,C). These effects 

were reversed by MG132 treatment (Fig. 3D, 
Suppl. Fig. 5B). Taken together, these results 
indicate that loss of UBQLN1 results in rapid 

depletion of chromatin-bound RAD51 levels due to 

proteasome-mediated degradation.  

Next, we tested whether UBQLN1 stabilizes RAD51 

by preventing its ubiquitination or by interfering with 

proteasomal degradation of ubiquitinated RAD51. 
We examined ubiquitination levels of RAD51 by 

deploying antibody co-staining experiments. These 

experiments revealed increased ubiquitin/RAD51 
co-staining in UBQLN1-KO cells compared to WT 

controls at 24h (Fig. 3E, Suppl. Fig. 5C,D), 

indicating that loss of UBQLN1 leads to increased 

levels of RAD51 ubiquitination. Furthermore, we 
examined polyubiquitination status of RAD51 using 

immunoprecipitation in HIS-Ubiquitin (HIS-Ub) 

transfected cells and identified increased RAD51 

K48-ubiquitination upon loss of UBQLN1 (Fig. 3F). 

This was also confirmed by the reverse approach, 
by pulling on HIS-Ub (Suppl. Fig. 5E).  

Lastly, to provide biochemical support that UBQLN1 

engages RAD51 directly and prevents its 
ubiquitination, we tested whether the two proteins 

form a complex and whether the binding is RAD51 

ubiquitination-dependent. We performed pulldown 
experiments from HEK293 Flp-In UBQLN1-/- 

expressing GFP-UBQLN1 cells treated with NCS. 

In these cells we observed co-immunoprecipitation 

of UBQLN1 and RAD51, suggesting direct binding 
(Fig. 3G). We also used recombinant FLAG-

UBQLN1-HIS and RAD51, which was either pre-

ubiquitinated or left untreated. Our results showed 
that UBQLN1 binds exclusively to unmodified 

RAD51, and not Ub-RAD51 (Fig. 3H, Suppl. 
Fig. 5F). To identify the domain of UBQLN1 
responsible for RAD51 interaction, we generated 

GFP-tagged UBQLN1 constructs containing a 

nuclear localization sequence (NLS) with a deletion 
of UBL, STI1-I, STI1-I.2/II.1, STI1-II, or UBA 

domain (Fig. 3I). Synchronized HEK293 Flp-In 

UBQLN1-/- cells were transfected with GFP-

UBQLN1-WT-NLS or GFP-UBQLN1-NLS deletion 

mutant constructs. We performed co-

immunoprecipitation experiments after inducing 
DNA damage for 3h using NCS. These experiments 

revealed that deletion of the UBQLN1 STI1-II 

domain resulted in loss of interaction between 
UBQLN1 and RAD51 (Fig. 3J), whereas deletion of 

the UBL- or UBA-domain, which facilitate the 

proteasomal shuttle function of UBQLN1, had no 

effect (Fig. 3J). These findings indicate that the 
RAD51 stabilizing function of UBQLN1 may be 

mediated by the UBQLN1 STI1-II domain.  

Collectively, our data support a model in which 
direct binding of UBQLN1 to RAD51 following DNA 

damage prevents RAD51 ubiquitination and 

subsequent proteasomal degradation, thus 
promoting HR-mediated DSB repair.   
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Figure 3. UBQLN1 stabilizes RAD51 by preventing its ubiquitination. 
A) Nuclear RAD51 foci in WT and UBQLN1−/− U2OS cells treated with NCS (250 ng/ml) for 24 and 48h, with or without MG132
pre-treatment (500 nM, 1h). Each datapoint represents the mean of 3000 analyzed nuclei. B) Cycloheximide chase assay.
Synchronized U2OS cells were treated with CHX (500 μg/ml) and NCS (250 ng/ml). Chromatin fractions were probed for RAD51
at the indicated time points. H3 served as loading control. C) Quantification of (B). Chromatin-fraction RAD51 was normalized
to H3; the 0.5h time point was set to 100%. D) Cycloheximide chase as in (B), with MG132 pre-treatment (2.5 μM, 30 min) in
the indicated sample. E) Nuclear RAD51 and nuclear FK2 (ubiquitin) foci overlap in U2OS cells treated with NCS (250 ng/ml)
for 24h. F) K48-ubiquitination of RAD51 in HEK293 Flp-In WT and UBQLN1−/− cells transfected with HIS-Ubiquitin and treated
with NCS (100 ng/ml, 3h). G) Immunoprecipitation of doxycycline-induced GFP-UBQLN1 was probed for endogenous RAD51
in UBQLN1−/− cells. GFP-ev served as control. NCS (100 ng/ml, 1h). H) Recombinant FLAG-UBQLN1-HIS was incubated with
RAD51 exposed to in vitro ubiquitination machinery, immunoprecipitated via FLAG-tag, and probed for RAD51 interaction.
I) Schematic of UBQLN1 domain architecture and deletion mutants. →
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J) Immunoprecipitation of GFP-UBQLN1 full-length and domain deletion mutants was probed for endogenous RAD51 in
synchronized UBQLN1−/− cells treated with NCS (500 ng/ml, 3h). Statistics: Error bars represent SEM. (A, E) n = 8 replicate
wells, each represents the mean of 3000 analyzed nuclei, two-way ANOVA with Bonferroni post hoc test; (C) n = 3 independent
fractionations (2 immunoblots each), two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

UBQLN1 overexpression represses HR-
mediated DSB repair  

To further probe the role of UBQLN1 in regulating 

RAD51 and DSB repair pathway choice, we 
performed overexpression experiments. To this 

end, we examined how UBQLN1 overexpression 

affects HR in U2OS cells as measured by gene 

conversion rate. We observed that UBQLN1 

overexpression causes an HR defect that was 

comparable to what we observed in UBQLN1-

depleted cells following DSB induction (Fig. 4A). To 
identify all factors involved in mediating these 

effects, we assessed the UBQLN1 interactome. We 

performed a Turbo-ID mass-spectrometry (MS) 
experiment following a 1h NCS exposure, 

employing exogenously expressed UBQLN1 fused 

to Turbo-ID Ligase expressed in HEK293 cells. The 
recovered UBQLN1 proximome contained a 

number of proteins directly involved in the DDR 

network (e.g. CHK1, RNF168, and CLSPN), and 
particularly in the HR pathway, such as BRCA1, 

NBS1, and MRE11 (Fig. 4B).   
The detection of proteasomal subunits PSMD1 and 
PSMD4 in conjunction with MRE11, an HR factor 

that initiates DNA end-resection by processing 

DSBs, led us to ask whether UBQLN1 

overexpression represses HR activity by facilitating 
proteasomal degradation of HR pathway 

components – similar to what we had observed for 

UBQLN413. To approach this question, we 
employed HCI to detect nuclear MRE11 foci upon 

genotoxic damage. Compatible with a role in 

mediating proteasomal degradation of MRE11, 
UBQLN1 overexpression was associated with 

significantly reduced abundance of MRE11 foci 

following NCS exposure compared to empty-vector 
(EV) control (Fig. 4C, Suppl. Fig. 6A). These data 

suggest that UBQLN1 overexpression prevents 

effective execution of HR by reducing the 

abundance of MRE11 at the site of genotoxic 
damage. To probe whether UBQLN1 engages 

MRE11 at the site of damage, and whether 

UBQLN1 ubiquitin-associated domain is involved in 

mediating these interactions, we used co-
immunoprecipitation experiments employing GFP-

UBQLN1-NLS and GFP-UBQLN1-dUBA-NLS 

constructs. We observed that intact UBQLN1 co-
immunoprecipitated MRE11, whereas the UBA-

deletion mutant failed to do so (Fig. 4D). Given that 

UBAs recognize and bind ubiquitin, our results 
suggest that UBQLN1 engages ubiquitinated 

MRE11, which is in contrast to what we observed 

for RAD51 (Fig. 3J). This opens a possibility that 
UBQLN1 regulates RAD51 and MRE11 activity via 

distinct mechanisms.  

 Moreover, we also observed significantly reduced 
RAD51 foci levels in UBQLN1 overexpressing cells 

compared to control cells following NCS exposure 

(Fig. 4E, Suppl. Fig. 6B). As our data suggested 
that UBQLN1 overexpression represses HR likely 

due to interfering with MRE11-dependent DNA end-

resection, we tested whether resection processivity 
was affected. For that purpose, we employed the 

SMART assay that measures the length of resected 

DNA at the level of individual fibers18.  Intriguingly, 

UBQLN1 overexpression leads to a significant 
increase of resection track length (Fig. 4F). In this 

scenario, we further hypothesized that alternative 

repair pathways that require longer resection, such 
as single-strand annealing (SSA), would be 

stimulated as resection reaches outside the 

homologous stretch of DNA. Indeed, when using 
the SA-GFP reporter to measure SSA19, we 

observed that UBQLN1 overexpression causes an 

increased usage of SSA (Fig. 4G).   
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Figure 4. UBQLN1 overexpression represses HR-mediated DSB repair. 
A) DR-GFP reporter assay. Cells expressing FLAG-ev or MYC-UBQLN1 were transduced with BFP-tagged I-SceI. Mirin served
as positive control. B) TurboID proximity proteomics of the UBQLN1 interactome. HEK293 cells expressing TurboID-ev or
TurboID-UBQLN1 were treated with NCS (500 ng/ml, 1h) and biotinylated for 10 min. DNA repair proteins (red) and proteasomal
components (green) are highlighted. C) Nuclear MRE11 foci in doxycycline-induced U2OS Flp-In cells treated with NCS
(250 ng/ml) for 6 and 24h. D) Immunoprecipitation of GFP-UBQLN1 and GFP-UBQLN1-dUBA domain deletion mutant was
probed for FLAG-MRE11. Cells were treated with NCS (100 ng/ml, 1h). E) Nuclear RAD51 foci in doxycycline-induced U2OS
Flp-In cells treated with NCS (250 ng/ml) for 6 and 24h. F) DNA end resection by SMART assay. Mean ssDNA track length was
quantified in U2OS cells expressing the indicated constructs. G) SSA reporter assay. Cells expressing FLAG-ev or MYC-
UBQLN1 were assessed for SSA pathway usage. Statistics: Error bars represent SEM. (A) n = 3 biological replicates
(3 technical replicates each), one-way ANOVA with Geisser-Greenhouse correction; (B) n = 3 biological replicates; (C) n = 12
replicate wells, each represents the mean of 3000 analyzed nuclei; (E) n = 4 replicate wells, each represents the mean of 3000
analyzed nuclei; (C, E) two-way ANOVA with Bonferroni post hoc test. (F) n = 4 biological replicates (800 measured tracks per
replicate), normalized to FLAG-ev, Student's t-test; (G) n = 3 biological replicates, normalized to FLAG-ev, Student's t-test; *p
< 0.05, **p < 0.01, ***p < 0.001.

Taken together, our results show that 
overexpression of UBQLN1 produces an HR defect 

by significantly reducing abundance of MRE11 and 

RAD51 at sites of DNA damage and leads to the 
compensatory increase of the SSA pathway. 

Although it remains to be tested in future studies, 

our evidence points to the possibility that UBQLN1 
regulates MRE11 and RAD51 via distinct 

mechanisms, involving ubiquitination-dependent 

and ubiquitination-independent binding, 
respectively.  
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UBQLN1 overexpression is associated with 
reduced overall survival in lung adeno-
carcinoma  
Functional repression of the HR pathway is a 

common feature of human cancer20. Given that 
UBQLN1 overexpression resulted in substantially 

impaired HR activity, we examined a possible 

association between increased UBQLN1 
transcription and cancer by analyzing publicly 

available TCGA datasets. We found that UBQLN1 

mRNA expression is upregulated in various solid 

and hematological malignancies (Suppl. Fig. 7A). 
Next, we stratified patients according to UBQLN1 

mRNA levels, noting that patients with high 

UBQLN1 expression levels (upper quartile) 
displayed significantly reduced disease-free 

survival (DFS) and overall survival (OS) in a series 

of cancer types, including lung adenocarcinoma 
(LUAD) (Suppl. Fig. 7B-I).  
Additionally, Confident Deconvolution For All Cell 

Subsets (CODEFACS)-mediated21 deconvolution 
confirmed that UBQLN1 overexpression drives the 

DFS and OS difference specifically in the cancer cell 

fraction in LUAD cases (Fig. 5A-C, Suppl. Fig. 
7J,K,L). Consistent with a more aggressive disease 

course, genomes of UBQLN1 overexpressing 

LUADs displayed increased levels of tumor 

mutational burden (TMB) than tumors with low 

UBQLN1 expression (Fig. 5D). We also observed 

significantly reduced OS in mice that constitutively 

overexpress Ubqln1 (Rosa26LSL.HA-Ubqln1/wt; 

ActbCre/wt), compared to wildtype animals (Fig. 5E-F). 

Figure 5. UBQLN1 overexpression is associated with reduced overall survival in lung 
adenocarcinoma.  
A) UBQLN1 expression in malignant cells after CODEFACS deconvolution of TCGA-LUAD data. Two patients per group were
excluded due to missing survival data. B) Disease-free survival for patients with low (n=127) vs. high (n=127) UBQLN1-
expressing malignant cells. C) Overall survival for patients with low (n=127) vs. high (n=127) UBQLN1-expressing malignant
cells. D) Comparison of tumor mutational burden between low-UBQLN1 (Q1, n=34) and high-UBQLN1 (Q4, n=63) patients.
Patients with mutations in central DNA repair factors were excluded (2 in Q1: RAD50 or MRE11/BRCA2 variants). Error bars
represent 95% CI. →

63

2. Results – Manuscript III



E) Schematic of Rosa26LSL.HA-Ubqln1/wt;ActbCre/wt mouse model for constitutive Ubqln1 overexpression. F) Overall survival of
Ubqln1-overexpressing mice (n=33) vs. controls (n=47). G) Cancer monitoring in aged mice. 40% of Rosa26LSL.HA-
Ubqln1/wt;ActbCre/wt mice (8/20) developed lung cancer vs. 0% in wildtype controls (0/30). H) Immunohistochemistry staining (IHC)
of Ubqln1-overexpressing mouse lungs stained for H&E, HA, TTF1, and CK19, confirming lung adenocarcinoma. Analyzed by
a board-certified pathologist. Statistics: (B, C, F) Mantel-Cox test; (D) Wilcoxon test; (G) Student's t-test. *p < 0.05, **p < 0.01,
***p < 0.001.

Strikingly, 40% of these animals developed LUADs 

with a long latency (median OS 25 months), 

compared to none of the C57BL/6 WT mice (Fig. 5G-
H, Suppl. Fig. 7M). Presence of LUAD and Ubqln1 
overexpression were confirmed using immuno-

histochemistry, with Thyroid Transcription Factor-1 

(TTF1) and Cytokeratin 19 (CK19) as markers for 
LUAD and HA as marker for HA-Ubqln1 (Fig. 5H). 

Altogether, these data strongly suggest that 

UBQLN1 overexpression acts as a functional 
oncogene in LUAD carcinogenesis. 

UBQLN1 overexpression increases mutational 
burden, downregulates genes involved in HR 
and upregulates antigen processing and 
presentation genes   
To validate the cancer-driving function of UBQLN1 

overexpression in the background of a relevant 

autochthonous LUAD model, we employed the 
KrasLSL.G12D/wt;Trp53fl/fl;Rosa26wt/wt mouse model22 

and generated KrasLSL.G12D/wt;Trp53fl/fl; 

Rosa26LSL.HA-Ubqln1/wt (KPU1) mice. In these mice, 
expression of the Ubqln1 transgene is prevented by 

a loxP-STOP-loxP (LSL) cassette in the absence of 

Cre recombinase (Suppl. Fig. 8A-C). Cre-

mediated deletion of the LSL cassette and 
subsequent expression of HA-Ubqln1 was verified 

in MEFs (Suppl. Fig. 8D).  

We induced LUAD in KP and KPU1 mice by 
intratracheal Adeno-CMV-Cre instillation. While KP 

mice displayed a median OS of 117 days following 

Cre instillation (comparable to previously published 
survival data using this model23), KPU1 mice 

exhibited significantly reduced OS of 91 days (22% 

reduction) post instillation (Fig. 6A). Both serial 

µCT assessment of tumor-bearing mice 11 weeks 

post Adeno-CMV-Cre instillation, as well as 

histological analysis showed that total tumor 
volume in KPU1 mice was significantly higher than 

that observed in KP control mice (Fig. 6B-D). In 

addition to our human TCGA dataset analysis, 
molecular characterization of the murine tumors 

revealed an increased number of single nucleotide 

variants (SNVs) and insertions/deletions (InDels) in 
KPU1 tumors, compared to KP controls (Fig. 6E,F). 

Furthermore, KPU1 tumors displayed an increase 

in an insertion/deletion mutational signature linked 
to DNA damage and repair processes, particularly 

NHEJ (i.e. ID8), and a mutational signature 

primarily characterized by 5 base pair insertions 
(i.e. ID19)24 (Fig. 6G, Suppl. Fig. 8E-P), both in 

agreement with the observed reduction in HR 

activity in UBQLN1 overexpression setting.  

Gene-set enrichment analysis revealed significant 
downregulation of the gene-set homologous 

recombination in KPU1 tumors (Fig. 6H), concordant 

with reduced RAD51 and MRE11 foci (Fig. 4C, E) 
and impaired gene conversion in the DR-GFP assay 

(Fig. 4A). Given the increased TMB in KPU1 tumors, 

we further performed in silico neoepitope prediction 
analysis, which revealed an increased frequency of 

likely MHC-presented neoepitopes in KPU1 

compared to KP controls (Suppl. Fig. 8Q). 
Altogether, these data indicate that increased 

UBQLN1 expression in human and murine LUAD is 

associated with increased TMB, enhanced 
tumorigenesis, and features consistent with HR 

pathway repression. 
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Figure 6. UBQLN1 overexpression increases tumor mutational burden, downregulates 
HR and upregulates antigen processing and presentation in LUAD.  
A) Overall survival of KP (n=29) and KPU1 (n=14) mice after bronchial AdenoCre instillation. Arrow indicates μCT scan at 11
weeks. B) Representative H&E stainings of KP and KPU1 lungs, analyzed by a board-certified pathologist. C) Representative
3D rendering of μCT tumor burden at 11 weeks post-instillation. D) Tumor volume quantification from μCT at 11 weeks (3 mice
per genotype, selected for representative survival). E) INDEL counts (log10) from whole-genome sequencing (WGS) of KP and
KPU1 tumors. F) SNV counts from WGS of KP and KPU1 tumors. G) Genomic scar signatures in KP (n=6) and KPU1 (n=5)
tumors. ID8 is associated with NHEJ; ID19 with 5 bp insertions 24. H) Gene set enrichment analysis (GSEA) of KPU1 vs. KP
tumors showing NES for significantly enriched KEGG cancer-related pathways (p < 0.05).
Statistics: (A) Mantel-Cox test; (D) one-way ANOVA; (E, F) two-sided Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001.

UBQLN1 overexpression in lung adeno-
carcinoma provides distinct vulnerabilities to 
PARP1 and PD1 inhibition  
We next asked whether the HR defect in UBQLN1 
overexpression scenarios and the increased 

frequency of neoepitope presentation in these 

tumors might offer a window for molecularly 
rationalized therapeutic intervention. As HR 

deficiency has previously been identified as a 

strong predictor for sensitivity to PARP1 

inhibitors23,25, we exposed cohorts of tumor-bearing 

(µCT-verified) KP and KPU1 mice to the PARP1 
inhibitor olaparib (50 mg/kg i.p., q.d.) and recorded 

OS as the endpoint of this study. PARP1 inhibitor 

treatment did not extend the survival of KP animals; 
however, we observed a statistically significant OS 

gain in KPU1 animals, illustrating an actionable HR 

defect brought about by UBQLN1 overexpression 
(Fig. 7A). Furthermore, comparative analyses of 

total tumor volume at 11 weeks post-instillation 

showed limited, KP-like growth of KPU1 tumors 

upon PARP-inhibitor treatment, in line with the 
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improved OS (Fig. 7B, Suppl. Fig. 9A). To further 

validate olaparib sensitivity as a function of 
UBQLN1 overexpression in the human setting, we 

analyzed a panel of six human LUAD cell lines. The 

NCIH1623, A427, and NCIH1651 cell lines, which 
harbored high UBQLN1 expression levels (Suppl. 
Fig. 9B), displayed robust olaparib sensitivity, 

whereas Calu3, HCC461, and NCIH1793 cell lines, 
with low UBQLN1 expression (Suppl. Fig. 9B), 

were resistant to olaparib (Suppl. Fig. 9C, D). In 

summary, these in vitro and in vivo data indicate 

that UBQLN1 overexpression is associated with 
PARPi sensitivity in LUAD. Building on the 

increased TMB and frequency of predicted 

neoepitope presentation of KPU1 tumors, we next 
asked whether immune-checkpoint blockade (ICB) 

might display differential therapeutic efficacy in 

these tumors, compared to KP controls. Upon µCT-

verified tumor manifestation, mice were treated 

with an anti-PD1 antibody (RMP1-14, 10mg/kg, i.p., 
2qwk) and assessed for tumor volume and OS. ICB 

did not affect OS of KP animals (Fig. 7C). In 

contrast, ICB significantly increased OS of KPU1 
tumor bearing animals compared to untreated 

controls (Fig. 7C). In line with these survival data, 

ICB treatment resulted in reduced tumor growth in 
KPU1 tumors compared to controls (Fig. 7D, 
Suppl. Fig. 9E). Altogether, these experiments 

provide a rationale for the use of UBQLN1 as a 

clinical biomarker for stratifying LUAD patients. 
Importantly, based on our results we argue that 

LUAD patients that overexpress UBQLN1 may 

benefit from treatment with PARP1 inhibitors or ICB 
therapy. 

Figure 7. UBQLN1 overexpression in lung adenocarcinoma is associated with distinct 
vulnerabilities to PARP1 and PD1 inhibition.  
A) Overall survival of KP and KPU1 mice treated with Olaparib (50 mg/kg daily). KP n=29; KPU1 n=14; KP+PARPi n=11;
KPU1+PARPi n=8. Arrow indicates μCT scan. Untreated data correspond to Fig. 6A. B) Tumor volume from μCT at 11 weeks
(3 mice per group). Untreated data correspond to Fig. 6D. See Suppl. Fig. 9A for 3D images. C) Overall survival of KP and
KPU1 mice treated with αPD1 (RMP1-14, 10 mg/kg bi-weekly). KP n=29; KPU1 n=14; KP+αPD1 n=5; KPU1+αPD1 n=5. Arrow
indicates μCT scan. Untreated data correspond to Fig. 6A. D) Tumor volume from μCT at 11 weeks (3 mice per group). Untreated
data correspond to Fig. 6D. See Suppl. Fig. 9E for 3D images.
Statistics: (A, C) Mantel-Cox test; (B, D) one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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Discussion 

Here, we describe a role for the proteasomal shuttle 
factor UBQLN1 in regulating the HR process. We 

show that the loss of UBQLN1 results in increased 

ubiquitination of the central HR mediator RAD51, 
leading to ubiquitination-dependent RAD51 

proteasomal degradation and defective HR. We 

observed that UBQLN1 overexpression was also 
associated with an HR defect; however, our results 

indicate that the effect of overexpression likely 

involves an enhanced degradation of the HR 
initiating factor MRE11. Collectively, these results 

highlight the complex relationship between activity 

and degradation of multiple proteins involved in 
different steps of the HR pathway, and suggest that 

UBQLN1 regulates DSB repair pathway choice by 

controlling RAD51 and MRE11 levels. 
Ubiquitination of DDR-related factors is recognized 

as both a trigger for signaling cascades and a 

proteolytic signal that regulates the recruitment and 

removal of these proteins26. Our previous studies, 
as well as those from other groups, have indicated 

that the primary function of ubiquilins involves 

facilitating the proteasomal turnover of 
ubiquitinated client proteins8,13.  

However, UBQLN1 can also play a stabilizing role 

as a chaperone that protects client proteins from 
ubiquitination and degradation6,27-30. For example, 

UBQLN1 stabilizes an anti-apoptotic protein BCL-B 

to promote cell survival, a growth receptor IGF1R 
to regulate metabolic pathways, a membrane repair 

protein ESYT2 to maintain ER-membrane contact 

sites, γ-secretase components PSEN1/2 to support 
amyloid precursor protein processing in 

Alzheimer’s disease, and the neuronal receptor 

GABAA-R to prevent epilepsy6,27-30. Thus, UBQLN1 
is emerging as an important factor that balances 

both aspects of proteostasis (stabilization vs. 

proteolysis) in numerous cellular processes, 
including the DDR. We specifically show that 

UBQLN1 exhibits its non-canonical function by 

binding RAD51 localized to sites of DNA DSBs in a 

ubiquitin-independent manner and prevents its 

ubiquitination. This is an unprecedented function 

for ubiquilins, and an unprecedented mode of 
RAD51 stabilization. Thus, loss of UBQLN1 

facilitates RAD51 ubiquitination and ultimately 

results in increased proteasomal degradation of 

RAD51 over time, and decrease in HR. This is in 
contrast to our previous work on UBQLN4 13, where 

we showed that loss of UBQLN4 promotes HR 

pathway usage. Functional differences between 
UBQLN1 and UBQLN4 are also evident in distinct 

phenotypes of UBQLN1 deficiency syndrome and 

UBQLN4 deficiency syndrome patients. For 
example, although both the UBQLN1- and 

UBQLN4 deficiency syndrome patients exhibit 

failure to thrive, intellectual disability and facial 
dysmorphisms, seizures were observed exclusively 

in UBQLN1 deficiency syndrome patients, whereas 

ataxia was restricted to UBQLN4 deficiency 

syndrome patients.  

In terms of translational and clinical implications of 

our work, we note that UBQLN1 is overexpressed 
in a plethora of different cancer types, such as 

LUAD, ovarian- and breast cancer. This suggests 

that UBQLN1 overexpression, and possibly the 

associated defect in genome maintenance, might 
constitute selected events in cancer31-33. Our 

mechanistic studies lend support to a genome 

destabilizing and thus potentially selected effect of 
UBQLN1 overexpression in cancer. Intriguingly, 

overexpression of Ubqln1 led to the spontaneous 

formation of lung tumors in mice, indicating that 
Ubqln1 bears oncogenic potential. Our 

experiments revealed that UBQLN1 engages with 

the HR initiating factor MRE11 through its Ub-
binding UBA domain. This suggests a role of 

UBQLN1 in proteasomal degradation of MRE11, 

very similar to what we previously observed with 
UBQLN4 overexpression13, potentially implying 

that overexpressed UBQLN1 hijacks natural 

UBQLN4 substrates. In line with this, we observe a 
significantly reduced abundance of MRE11 foci in 

UBQLN1-overexpressing cells following NCS 

exposure. Moreover, functional experiments using 

67

2. Results – Manuscript III



DR-GFP assays and RAD51 foci quantification 

showed that UBQLN1 overexpression drives a 
prominent HR defect.  

Additionally, we found that human LUAD patients 

with UBQLN1 overexpression and KPU1 mice, 
which overexpress Ubqln1, displayed a 

significantly reduced OS. KPU1 mice developed 

tumors harboring mutational signatures associated 
with HR deficiency and increased NHEJ pathway 

usage. We also showed that these mutational 

signatures represent a targetable vulnerability, as 

evidenced by sensitivity of UBQLN1 
overexpressing tumors to PARP1 inhibition in 

KPU1 mice. In addition, these tumors were also 

highly sensitive to ICB likely as a result of 
substantially increased TMB and frequency of 

predicted neoepitope presentation. The elevated 

neoantigen load increases tumor recognition by the 
immune system, rendering these cancers 

particularly sensitive to ICB34-36. In summary, our 

data unravel the mechanistic underpinnings of 
UBQLN1 as a key node in the DDR network. 

Furthermore, our discovery that UBQLN1 

enhances a cell’s capacity to repair DNA damage 
by binding to and protecting RAD51 from 

ubiquitination adds another dimension to our 

understanding of ubiquilins, as well as the 
intersection between two fundamental cellular 

processes, i.e. DNA repair and proteasomal 

degradation. Lastly, although the mechanism by 

which UBQLN1 overexpression causes LUAD 
remains to be determined, our study nominates 

UBQLN1 overexpression as a potential biomarker 

for PARP1 inhibitor and ICB therapy sensitivity, 
which has important implications for patient 

stratification and clinical decision making. 
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2.4.1 Contributions 

As shared first-author, I led the preclinical in vivo investigation that established Deltafluorine's 

therapeutic efficacy in the autochthonous KP lung cancer model, contributing substantially to 

experimental design, execution, data analysis, and manuscript preparation. 

I designed and executed all mouse experiments, including tumor induction via intratracheal 

Adeno-CMV-Cre virus instillation, daily Deltafluorine treatment administration with support of 

the Comparative Biology Core Facility, and longitudinal µCT imaging for tumor monitoring 

together with A.S.T.S. (IV-Figure 6). I developed the 3D computed tomography analysis 

workflow for tumor burden quantification with A.S.T.S. and A.M., applying computer-aided 

volumetry methods to reconstruct µCT scans and measure tumor volumes with high precision. 

I generated associated figures and visualizations.  

During revision, I performed additional validation experiments, generating immunoblotting data 

together with A.S.H., which confirmed proteomics findings on downstream MAPK and mTOR 

pathway suppression (IV-Figure 4c, IV-Figure S6, S10). I coordinated collaborative efforts 

with researchers at the MPI for Molecular Physiology in Dortmund for compound synthesis, 

structural biology, and proteomics, and with the Comparative Biology Core Facility and 

Phenotyping Core Facility at the MPI for Biology of Ageing for mouse experiments and imaging 

infrastructure. R.-R.Z. integrated project components, led the chemistry and proteomics 

studies, and wrote the first draft. I prepared and edited the manuscript collaboratively with 

P.M.G., A.B., S.Z., R.D.J., and H.W., contributing substantially to sections describing preclinical

mouse data, therapeutic efficacy, and translational implications.

The quantitative 3D imaging methodology developed here can be applied to future therapeutic 

evaluations in genetically engineered mouse models of aggressive cancers. Overall, this work 

established that covalent PDEδ inhibition with Deltafluorine produces significant tumor burden 

reduction in an aggressive autochthonous lung adenocarcinoma mouse model.  
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2.4.2 Peer-reviewed publication 

The published manuscript PDF is attached in this section. Original page numbers and an 

advertisement on the last page of the references were removed for formatting reasons. The 

publisher allows the reuse of this Published Article in the dissertation. 

(https://pubs.acs.org/page/authors/sharing.htm#reuse-theses) 
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Electrophiles Impairs K‑Ras Signaling
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ABSTRACT: For targeted covalent modification at low-reactivity
carboxylates with biocompatible electrophiles, new approaches are
in high demand. Engineering of the HaloTag protein facilitates
such a covalent reaction between chloroalkanes and an aspartate
residue. We demonstrate that conversely, engineering stable ligands
can also enable covalent targeting of an acid residue in a protein
binding site. Using the chaperone PDEδ, which shuttles lipidated
oncoproteins and thereby mediates their signaling activity, we show
that equipping noncovalent inhibitors with a benzyl fluoride-based
electrophile leads to covalent modification of a specific glutamate
p.E88 in the ligand binding site. The best inhibitor, Deltafluorine,
embodies a 3-fluoromethyl-pyridyl group and is stable to
nucleophiles like glutathione, phosphate, acetate, and citrate. In
cells, Deltafluorine combines noncovalent and covalent reactivity to demonstrate distinct cellular profiles and inhibits signaling
through the MAP-kinase and Akt-mTOR pathways. In an autochthonous mouse model of highly aggressive KrasG12D-driven lung
adenocarcinoma, Deltafluorine treatment significantly reduces tumor volume.

■ INTRODUCTION
Small molecules equipped with electrophilic reactive groups are
invaluable tools for the study of protein function and hold
significant therapeutic potential.1−3 Covalent targeting offers a
reactivity-driven strategy that is particularly effective for the
selective modification of specific residues.1−3 Among nucleo-
philic amino acid residues suitable for covalent strategies,
carboxylates (Glu, E and Asp, D) are especially notable, as these
residues are abundant in the proteome (approximately 12%).
They are essential for numerous biochemical processes,
functionally diverse, and often display heightened or aberrant
activity in key drug targets,4−6 which makes them appealing sites
for targeted covalent ligand discovery.7,8 However, due to their
low intrinsic nucleophilicity, these residues in general are
targeted with reactive electrophiles, which may have limited
stability in physiologically relevant media and be prone to also
covalently react with more nucleophilic amino acids, in
particular Cys and Lys, such that Glu and Asp residues have
thus far been targeted covalently in relatively few instan-
ces.5,6,9−19 Such undesired off-target reactivity and limited
stability might be overcome if carboxylates in binding sites could
be targeted with low reactivity electrophiles, and new
approaches to achieve this goal are in high demand.

We recently developed a covalent glutamic acid targeting
strategy utilizing biocompatible and selective warheads inspired
by the HaloTag technology.20 The HaloTag system employs a
covalent conjugation reaction between ligands with a reactive
chloroalkane linker and aspartic acid D106 in the HaloTag
protein, forming a stable ester construct (Figure 1a).21 In
parallel, covalent reactions were achieved in lipoprotein binding
chaperone phosphodiesterase of retinal rod delta subunit
(PDEδ) with alkyl bromides derived from reversible inhibitors
to target its binding site glutamate p.E88.20 In contrast to the
HaloTag system, however, we observed that the corresponding
alkyl chlorides derived from the same reversible PDEδ inhibitor
failed to react with p.E88 in PDEδ.20 The reactivity of alkyl
chlorides for covalency in the HaloTag system is achieved
through generations of protein engineering, during which key
amino acid residues were selected for site-specific mutagenesis
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to optimize the binding site and disposition of D106 for labeling
kinetics and duration (Figure 1a).21−25 We reasoned that,
alternatively, the precise position and orientation of the warhead
toward the selected residue for covalency would also be possible
from a classical ligand-directed TCI approach. We envisioned
that with structural fine-tuning of small molecule ligands,
targeted covalent binding can be achieved with innately low-
reactivity warheads, such as alkyl fluoride-based electrophiles,
which may offer reduced unspecific activity for covalent
compounds (Figure 1b).26

The intrinsic reactivity of fluoride motifs to nucleophiles was
expected to be low, with poor leaving group properties of
fluoride and the inherent stability of the C−F bond.27,28

However, in a few instances, fluoroalkyl groups have been
employed to covalently target cysteines in cells.29,30 Addition-
ally, the reactivity of alkyl halides in the α-position to carbonyl
groups can be significantly enhanced, enabling α-fluoromethyl
ketones to be employed as protease or kinase probes with
demonstrated reactivity toward cysteines, and typically catalytic
serines and threonines.12,31,32 The enhancement of the halide
reactivity also applies to the benzylic position, albeit to a lesser
extent. We therefore focused on covalent ligands incorporating
benzyl fluoride-based warheads to achieve targeted covalency at
p.E88 in the PDEδ model system. For compound design, we
drew from insight gained during the development of potent
reversible inhibitors, as well as two covalent inhibitor chemo-
types previously reported (Figure S1).20,33−35 More reactive
benzyl chloride-based counterparts were also considered for
comparison during structure−activity analysis and refinement.
The lipoprotein binding chaperone PDEδ binds the

prenylated termini of its lipidated cargos, including GTPases
such as Ras, Rab, Rheb, and Rho proteins.36 PDEδ establishes
the dynamic intracellular localization of these cargos, for
instance, the Ras33−35 and Rheb proteins,37 and thereby plays
an essential role in the regulation of their membrane localization
and proper function. For inhibitor development targeting PDEδ,

we33−35 and others (the Abankwa group,38,39 the Ismail group,40

and the Sheng group,41−44) have reported several potent (KD
values in the low nanomolar and picomolar range), reversible
inhibitors of PDEδ,33−35 but their efficacy is intrinsically limited
by the counteracting Arl2/3 GTPases, which upon allosteric
binding stabilize an ‘open’ form of PDEδ such that even high-
affinity ligands have an increased off-rate and are released from
the lipoprotein binding site.37 PDEδ degraders that can act
substoichiometrically circumvented the requirement for perma-
nent binding PDEδ and showed improved antitumor activity as
proof-of-concept for the design strategy.45−48 On the other
hand, covalent-acting Deltasonamide-derived inhibitor bearing
an isoxazolium warhead19 and Deltazinone-derived DeltaTag
bearing an alkyl bromide warhead20 overcame ligand release by
Arl2, yet their physiological and PK/PD stability largely limited
further in vivo validation of antitumor activity.

Herein, we present the development and evaluation of benzyl
fluoride-based ligands to achieve targeted modification at p.E88
in PDEδ. We demonstrate that ligand-focused structural fine-
tuning may enable covalent modification of a low reactivity
nucleophile with an inherently unreactive electrophile. The best
fluoro-substituted ligand, termed Deltafluorine, achieves slow
yet sustained covalent labeling of PDEδ (>85%) in vitro over a 7
day incubation at physiologically relevant conditions and
induces a marked difference in phenotypic cellular profiles
when compared to its nonfluorine-containing reversible
counterpart. We also demonstrate that Deltafluorine impacts
signal transduction through the MAPK family- and PI3K-Akt-
mTOR signaling cascades, where PDEδ cargos such as the
GTPases Ras and Rheb play a central role.35,36,49−51 Moreover,
application of Deltafluorine in KRAS-dependent human and
murine lung cancer models, both in cellulo and in vivo, proves
antiproliferative activity of the inhibitor. These findings
highlight the potential of fluoromethyl-substituted aryl systems
for targeted covalent labeling of a specific carboxylate residue in
proteins. With the observed promising biological effects of

Figure 1.Concept for structural tuning to enable covalent targeting of carboxylate residues. (a) Structural engineering of HaloTag protein to optimize
covalent binding between chloroalkane ligands and aspartate D106. Crystal structure of a TMR ligand bound toHaloTag protein (PDB code: 6Y7A) is
shown.52 Beneficial mutation sites (green labels, specifically E20S, N119H, V184E, and V197 Kmutations) that improve labeling speed are highlighted
with ball-and-stick representations of side chains.25 (b) This work: structural tuning of small molecule ligands to achieve covalency with a
pyridylmethyl fluoride-based warhead. Crystal structure of the covalent adduct formed from Deltafluorine (22a) and PDEδ (this work; PDB code:
9RP7) is shown with key interactions in the PDEδ prenyl binding pocket (hydrogen bond as yellow dotted line, red spheres as bound watermolecules).
Structural development of Deltafluorine (22a) was guided by cocrystal structures of previously developed inhibitors with PDEδ (PDB codes: 4JVF,
5E80, 5ML3, 5NAL, and 9HMD,19,20,33−35 see Figure S1 for details).
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Figure 2. Structural development of halide electrophiles for covalent modification of PDEδ. (a) Cocrystal structures of Deltazinone derivative (PDB
code: 5E80)33 andDeltasonamide 1 (PDB code: 5ML3)34 with PDEδ, highlighting the distance of the distal aryl ring to its glutamic acid residue p.E88.
(b) Structures of Deltazinone-based andDeltasonamide-based compounds. IC50 values of PDEδ binding for 13a and 22awere determined to be 336±
106 nM and 27 ± 13 nM, respectively, by a competitive fluorescence polarization assay; their KD values were further characterized with isothermal
titration calorimetry (ITC) to be 667 ± 20 nM for 13a and 148 ± 9 nM for 22a, see Figure S3 for details. (c) Covalent modification [%] of
representative compounds at 24 h as determined by MALDI mass spectrometry. PDEδ (20 μM) was incubated with compounds (60 μM, 0.6%
DMSO) in HEPES buffer (20 mM HEPES, 150 mM NaCl, pH = 7.5) at 37 °C for 24 h before analysis by MALDI. Percentages of covalent adduct
formation were estimated by the relative intensity of the respective peaks in MALDI spectra. Data are presented as mean ± standard error of the mean
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deltafluorine, it could also offer an exciting new therapeutic
strategy for cancer treatment.

■ RESULTS

Structural Development of Benzyl Halide Electrophiles for
Covalent Targeting of a Glutamic Acid

To explore the possibility of covalently targeting PDEδ at its
glutamic acid residue p.E88 with benzyl halide electrophiles, we
examined the cocrystal structures of the reversible inhibitors
Deltazinone derivative and Deltasonamide 1 and found that the
distance of the common aryl moiety at the distal end of the
structures to the p.E88 residue in the protein is approximately
3−6 Å, which suggested the suitability to attach a one-carbon
unit reactive group (Figure 2a). Therefore, we structurally
modified Deltazinone and Deltasonamide at the position
proximal to p.E88 with benzyl halide electrophiles, yielding
structures 1−22 (Figure 2b), and screened for covalent
modification of PDEδ by matrix-assisted laser desorption/
ionization (MALDI) intact protein mass spectrometry. In this
screen, the degree of covalent modification was estimated from
the relative intensity of the signals recorded for the formed
adducts (Figure 2c, see Figure S2 for details). For structural
development based on Deltazinone 1, initial investigations (1−
7, Figure 2b) found relatively low labeling efficiency (Figure S2).
While we observed a moderate extent of modification with the
reactive benzyl chloride warheads (at most 70 ± 7%
modification with 4b by 24 h at 37 °C, Figure 2c), all benzyl
fluoride-based warheads failed to label PDEδ under the same
conditions. To improve the binding affinity of Deltazinone-
based structures, we incorporated a piperidine ring into the side
chain of the amide, which is found in both the more potent
Deltarasin (KD = 38 ± 16 nM) and Deltasonamide 1 (KD = 203
± 31 pM) and forms a hydrogen bond with the carbonyl group
of Cys56 (C56) of PDEδ (Figure S1).34,35 This fragment-based
hybrid design strategy53 was successfully employed in the
development of Deltazinone-based DeltaTag in the covalent
modification of PDEδ (Figure S1).20 However, although
pyridylmethyl-chloride-containing amides 8−11 displayed
covalent labeling efficiency up to 100% after 24 h, we could
not observe any reactivity of the fluoride counterparts (Figures
2c and S2). For unsymmetrically substituted amides, we
consistently observed rotamers due to slow rotation around
the amide bond, which might limit the extent of covalent
modification. Bioisosteric replacement of amides by sulfona-
mides54 overcame this limitation, as previously exemplified in
the development of DeltaTag in covalent labeling of PDEδ.20
Consistent with the bioisosteric approach yielding sulfonamides
12−15, we further improved labeling efficiency to 100% by 30
min with the pyridylmethyl chloride warhead in 13b (Figures 2c
and S2) and interestingly observed some very limited labeling of
2 ± 1% with the fluoride counterpart in 13a at 24 h (Figure 2c).

In parallel, structural modifications of the Deltasonamide
structure similarly yielded a series of compounds (16−18, 21−
22b) that achieved fast labeling of PDEδ in vitro with reactive
benzyl chloride-based warheads (100% by 24 h, Figures 2c and
S2) and some modification with the fluoride counterpart (22a,
22 ± 1% by 24 h, Figures 2c and S2). Among compounds

bearing benzyl fluoride-based warheads, the compound with the
highest labeling efficiency was 22a, which achieved a maximum
modification of 86 ± 2% after 7 days (with an approximate
second-order rate constant kinact/KI = 5.4 M−1 s−1, Figure S2c),
while the Deltazinone-based counterpart 13a was limited to 52
± 5% labeling over this extended time frame (Figure 2d).

Chloroalkane and chloromethyl-substituted aryl ring-based
warheads are known to covalently label cysteine residues in
proteins.12,55,56 We therefore investigated whether compounds
9b, 11b, and 13b, which all showed rapid and full labeling of
PDEδ by 24 h (Figures 2c and 3a), indeed modified p.E88 in its
binding pocket instead of other reactive residues, including
cysteines. We analyzed covalent adducts formed from PDEδ and
these compounds with mass spectrometric evaluation of the
peptides formed following a Glu-C digestion and identified the
peptide sequence QKVQKVYFKGQCLEE with the exact mass,
which corresponds to p.E88-modified adduct peptide (amino
acids 78−89 of PDEδ, Figure 3b). The results indicated that 9b
and 13b, both with four methylene units between the
pyrazolopyridazinone fragment and the amide or sulfonamide,
covalently modified PDEδ at a glutamate (either at p.E88 or at
p.E89) with a higher probability for modification at p.E88
(Figure 3b). We also searched in parallel for other potential
nucleophilic sites for covalent modifications (for example, other
Glu, Asp, Cys, Thr, Ser, Tyr, Lys, and His residues) and did not
observe other modified peptides (Table S1), suggesting that the
selectivity of labeling the weakly nucleophilic glutamic acid
p.E88 as compared to other more reactive and/or more
accessible residues of PDEδ was conferred by the relatively
high affinity of the core Deltazinone scaffold (Deltazinone 1: KD
= 8 ± 4 nM) to its binding pocket. It is noteworthy that for
amide structure 11b with six methylene units between the
pyrazolopyridazinone fragment and the amide, we identified
other possible modification sites, consistently at p.E114/S115 in
addition to p.E88/E89 (Figure 3b and Table S1). While 9b and
11b demonstrated similar kinetics of modifying PDEδ over 24 h
in vitro (Figure 3a), consistent with the results for the
sulfonamides series 12−15, the linker length of four methylene
units was the most favorable. As with 9b, the labeling kinetics
represents selective modification at p.E88, while with 11b, the
comparable kinetics reflects heterogeneous modification at
different nucleophilic residues, especially as p.E114 and p.S115
are located in proximity at the entrance of the PDEδ pocket and
are surface exposed. This result reinstates the significance of
structural optimization of the core scaffold for correct
positioning and orientation of the electrophilic warhead toward
the desired amino acid residue to control reaction specificity.

Although 13b exhibited favorable reactivity toward glutamate
p.E88 in PDEδ, its instability in aqueous media and high
reactivity with GSH (Figure S4) led us to discontinue further
investigation. In contrast, in vitro stability and GSH reactivity
tests demonstrated that the alkyl fluoride-based warhead in 22a
was highly stable and nonreactive in the presence of different
nucleophiles such as glutathione, phosphate, acetate, and citrate
in aqueous environments (Figure S4). The stability of the
warhead and its demonstrated reactivity toward glutamate p.E88
in PDEδ prompted us to investigate 22a further. We analyzed
the cocrystal structure of the adduct formed from the treatment

Figure 2. continued

(n = 3, except n = 6 for 13a and 22a). (d) Kinetics of covalent modification of PDEδ (20 μM) by 13a and 22a (60 μM). Data are presented as mean ±
s.e.m. (n = 6).
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Figure 3. Structural basis for selectivity of covalent modification at p.E88 and reactivity of benzyl fluoride-based warheads. (a) Kinetics of covalent
modification of PDEδ by 9b, 11b, and 13b. PDEδ (20 μM) was incubated with compounds (60 μM, 0.6% DMSO) in HEPES buffer (20 mMHEPES,
150 mMNaCl, pH = 7.5) at 37 °C before analysis by MALDI. Percentages of covalent adduct formation were estimated by the relative intensity of the
respective peaks in MALDI spectra. Data are presented as mean ± s.e.m. (n = 3). (b) Representative LC−MS/MS spectra of compound 9b-, 11b-, or
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of 22a and PDEδ. The crystal structure confirmed covalent
binding in PDEδ’s binding pocket at p.E88, with unambiguous
electron density showing an ester linkage between the ligand 22a
and p.E88 (Figure 3c). Inherited from the bis-sulfonamide
structure of Deltasonamide 1, 22a ligand was held in the binding
pocket of PDEδ with hydrogen bonding with Cys56 (C56),
Arg61 (R61), Gln78 (Q78), and Tyr149 (Y149) besides largely
hydrophobic interactions (Figure 3d). The pyridyl nitrogen
formed an additional hydrogen bond with a water molecule in a
matrix held together by Met118 (M118) and Gln116 (Q116).
While the Deltazinone counterpart 13b with a reactive pyridyl-
methyl chloride warhead comparatively achieved quantitative
labeling by 30 min in vitro, we could not record a similar degree
of modification by a fluoride replacement in 13a even over an
extended time frame of 7 days (Figure 2d). A comparison of the
crystal structures of covalent PDEδ adducts formed with
compounds 22a and 13b revealed that both ligands were
anchored in the pocket by the same set of hydrogen bonds (as
shown in Figure 3d and 3e). The aromatic-π interactions from

Trp32 (W32) and Trp90 (W90) to 22a (Figure 3d) provide
enhanced stabilization, which might explain the observation of
enhanced apparent binding affinity of 22a (KD = 148 ± 9 nM for
22a and KD = 667 ± 20 nM for 13a, Figure S3). Overlay of the
crystal structures indicated that the ligand from 13b with the
Deltazinone scaffold is located considerably deeper in the prenyl
binding pocket of PDEδ as compared to 22a. Additionally, the
ester bond formed between ligand 13b and the p.E88 residue is
oriented at a different angle relative to the ester bond in covalent
adduct PDEδ·22a (Figure 3f). The carbonyl group of p.E88
forms a hydrogen bond with the proximal Trp90 (W90), which
was determined as 1.7 and 2.2 Å, respectively, in the covalent
PDEδ·22a and PDEδ·13a adducts (Figure 3f). The significant
difference in binding affinity, relative position of the ligands in
the binding pocket of PDEδ, and the different orientation of the
p.E88 side chain might provide an explanation why 22a
exhibited approximately twice the labeling rate of PDEδ
compared to 13a in vitro. The much higher binding affinity
stabilized 22a in the PDEδ binding pocket, and the higher

Figure 3. continued

13b-modified PDEδ peptides (amino acid 78−89), showing the modification site localization at p.E88. The sequence and detected
fragments of the peptide are shown. Sequence-matched peaks are labeled in red and blue. Identifiedmodifications at the amino acids are
indicated below the peptide sequence�“ca” stands for carbamidomethylation of cysteine. Other 11b-modified adduct peptides are
shown in the table with the peptide sequence and localization probability. (c) 2F0−Fc map for ligand 22a and p.E88 in cyan mesh (σ =
1.0). (d,e) Key bonding interactions of ligand 22a (green) and 13b (orange) to PDEδ, respectively. Hydrogen bonds are shown as
yellow dotted line; aromatic-π interactions as blue dotted line. Bound water molecules are represented as red spheres. (f)
Superimposition of X-ray cocrystal structures of covalent adducts, PDEδ·22a (1.9 Å, PDB code: 9RP7) and PDEδ·13b (1.8 Å, PDB
code: 9RP6). See Table S5 for details of X-ray Crystallography Data Collection and Refinement Statistics.

Figure 4. Deltafluorine (22a) impairs MAPK and Akt-mTOR pathways. (a) Phosphoproteome profiling. Volcano plot with -log10 (adjusted p-value)
plotted against log2fold change between DMSO-treated and compound-treated conditions is shown. Significant hits (adjusted p-value ≤0.05, log2fold
change ≥1 or ≤ −1) are labeled with their gene names and phosphosites localization. (b) Plot of kinase z-scores (p ≤ 0.05) after kinase-substrate
enrichment analysis of significant phosphosites by KSEA App with NetworKIN (substrate count cutoff = 2, NetworKIN score cutoff = 1).59−61 (c)
Immunoblot analysis examining phosphorylation of ERK1/2 at Thr202/Tyr204 and phosphorylation of S6 at S235/236 in PA-TU-8902 cells upon a
time-course treatment with 5 μM Deltafluorine. Data presented as mean ± standard deviation (N = 3, see Figure S6 for details). Ordinary one-way
ANOVA, multiple comparisons, *p-value < 0.05, and **p-value < 0.01.
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positioning of 22a (Figure 3f) and the closer distance of the aryl
moiety to p.E88 (approximately 3 Å, Figure 2a) could orient the
pyridylmethyl fluoride warhead in close proximity to the
carboxylate residue with a high degree of overlap in their
molecular orbitals, forcing a covalent reaction. In contrast, 13a
binds to PDEδ with a much weaker binding affinity, and the

deeper and lower position of the Deltazinone scaffold in the
binding pocket left the same warhead more distant from p.E88.
The more reactive pyridylmethyl chloride in 13b, with chloride
being a much better leaving group, could forge a covalent
modification with an altered orientation of p.E88 away from its
interaction with W90 to accommodate a bond formation with

Figure 5. Profiling of Deltafluorine (22a) in KRASmutant cell lines. (a) In-cell CETSA. Jurkat cells were treated with the compound (22a) at 10 μMor
vehicle (0.1% DMSO) for 2 h under live-cell settings before cell lysis and heat treatment. Intensities of the PDEδ immunoblot bands were analyzed by
Image Lab and normalized to the first band of each condition. Data are presented as mean ± standard deviation, representative of three biological
replicates (n = 3, see Figure S11 for details). (b) Scheme and representative cellular growth curves of the wash-out assay in PA-TU-8902 cells. Time-
points for compound addition are marked with black dotted lines and compound removal by washing with fresh culture medium are marked with gray
dotted lines. Data are presented asmean± standard deviation, representative of three biological replicates (n = 3). (c)Overview of growth inhibition in
the wash-out assay for the selected cell panel. Cell growth was determined by area under the curve integration at 120 h after the first dose of compound
treatment monitored by real-time cell analysis of percent phase area confluence, normalized to DMSO control. Mean values of relative growth were
plotted for the heat map, representative of three biological replicates (n = 3). Unpaired t-tests were carried out between Deltafluorine (22a) and
Deltasonamide 1 treatment conditions with two tailed p-values denoting differential sensitivity of Deltafluorine (22a) in each cell line. Exceptions to
the general correlation between differential sensitivity of Deltafluorine (22a) in comparison to Deltasonamide 1 and KRAS dependency are marked
with * in the table.
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adjusted angles, but we hypothesized that the probability of the
same reaction could be much lower with the fluoride
counterpart in 13a. This observation highlights the potential
for structural fine-tuning of small-molecule ligands to achieve
targeted covalent labeling of a glutamic acid, even with an
apparently inert benzyl fluoride-based warhead. We combined
two parallel structural investigations based on Deltazinone and
Deltasonamide derivatives and collectively chose to advance 22a
further to biological characterization. The compound was
termed Deltafluorine to highlight its unique fluorine-containing
structure.
Deltafluorine Induces Unique Cellular Profiles in
KRAS-Dependent Cancer Cell Lines

In the development of the reversible PDEδ inhibitor
Deltasonamide 1, a correlation had been demonstrated between
the inhibition of the cellular interaction of PDEδ and its client
protein KRAS and the antiproliferative activity of Deltasona-
mide 1 in a panel of KRAS-dependent human cancer cell lines.34

The strongest antiproliferative activity of Deltasonamide 1 and
PDEδ inhibitors Deltarasin and Deltazinone 1, was consistently
observed in KRAS-dependent pancreatic ductal adenocarcino-
ma PA-TU-8902 cells.33−35 By analogy, we investigated the
dynamic biological effects of Deltafluorine through the global
proteome (Figure S5a−d) and phosphoproteome analysis in
PA-TU-8902 cells (Figures 4c,d, and S5e,f). Upon treatment
with Deltafluorine (22a) at 5 μM for 2 h in a live-cell setting, we
identified 17 out of 3694 (0.46%) proteins differentially
regulated (adjusted p-value ≤0.05, log2fold change ≥1 or ≤
−1, paired t-statistics-based FDR correction, Figure S5a). We
observed the most significant and pronounced downregulation
in PTB domain-containing engulfment adapter protein 1
(GULP1, log2fold change = −2.09, adjusted p-value = 1.62 ×
10−13), which plays a role in endosomal trafficking and lipid
transport, and syntaxin-10 (STX10, log2fold change = −1.82,
adjusted p-value = 1.62 × 10−13), a Golgi apparatus associated
membrane protein involved in intracellular protein transport.
Additionally, we noted modulation in HLA-C (log2fold change
= 3.97, adjusted p-value = 1.62 × 10−13), Golgin subfamily A
member 1 (GOLGA1, log2fold change = 1.75, adjusted p-value =
0.03) and WASH complex subunit 2C (FAM21C, log2fold
change = −2.03, adjusted p-value = 0.04), all of which are
involved in the endosomal pathway and membrane trafficking of
protein cargos. When analyzing these hits for clustering or
functional relatedness, we performed a Reactome pathway
overrepresentation analysis of the significant hits,57 which
revealed notable regulation of pathways related to vesicle-
mediated transport across the extended Golgi-Endoplasmic
Reticulum (ER) membrane system (see Figure S5b−d for
overview and Table S2 for details), besides general interferon-
mediated signal translation pathways (see Figure S5e,f and
Table S2 for details). The PDEδ lipoprotein chaperone binds to
the prenylated termini of several GTPases, including Ras33−35

and Rheb37 family members, influencing their intracellular
trafficking between membrane compartments. This regulation
of membrane localization and signal transduction may provide a
link to the observed biological activity of Deltafluorine.
To gain further insight into themolecular basis downstream of

PDEδ-Ras and PDEδ-Rheb inhibition, we employed Phospho-
Analyst to analyze the phosphoproteome monitored in parallel
with the global proteome upon Deltafluorine treatment.58 With
background correction to the global proteome, we identified 161
out of 8062 (2%) phosphosites significantly changed with 5 μM

Deltafluorine (22a) treatment for 2 h (adjusted p-value ≤0.05,
log2fold change ≥1 or ≤ −1, paired t-statistics-based FDR
correction, Figure 4a). From kinase-substrate enrichment
analysis (KSEA) of the significant changes in phosphoryla-
tion,59−61 we observed significant regulation of kinases related to
the MAPK family signaling cascades (PhosphoSitePlus data set
with NetworKIN cutoff = 1, substrate count cutoff = 2, p ≤ 0.05,
Figure 4b). In particular, we noted strong downregulation of
Ras-mediated A-Raf kinase (encoded by ARAF) and dual
specificity mitogen-activated protein kinases 1 and 2 (MAP2K1
and 2), as well as the Ras homologue gene family member A
(RhoA)-implicated cGMP-dependent protein kinase 1
(PRKG1), all of which presented with a kinase z-score of
−1.78 (Figure 4b). Although we observed a higher number of
upregulated compared to downregulated kinases, pathway
analysis of the upregulated kinases suggested that their increased
activity was likely due to secondary effects of intracellular
signaling (Table S3). Further input of the significantly
suppressed kinases into Reactome for pathway overrepresenta-
tion analysis57 additionally confirmed the marked down-
regulation of oncogenic MAPK signaling (number of reactions
found = 33, p-value = 2.86 × 10−5, see Figure S5e,f and Table S4
for details) upon Deltafluorine (22a) treatment. Voronoi
visualization of the Reactome pathway analysis also revealed
that, in addition to Ras-mediated MAPK signaling, there was
considerable suppression in the Rheb-mediatedmTOR pathway
(number of reactions found = 5, p-value = 0.03, see Figure S5e,f
and Table S4 for details), which is also connected to Ras
signaling.

Consistently for Deltafluorine, the downregulation of the Ras
pathway downstream of MAPK and the related PI3K-Akt-
mTOR signaling pathway was evident from phosphoproteome
analysis. Additionally, we performed immunoblot analysis
examining phosphorylation of downstream targets of the
MAPK and PI3K pathways following a time-course of exposure
of PA-TU-8902 cells to Deltafluorine (Figure 4c). Our results
demonstrate that Deltafluorine treatment leads to decreased
phosphorylation of ERK1/2 and S6 dephosphorylation between
1 and 4 h. These timed dependencies are in line with our
proteomic analysis (Figure 4a,b), and thus provide additional
support on the activity of Deltafluorine on suppression of Ras-
related signaling.

Therefore, we further examined the antiproliferative activity
of Deltafluorine along with Deltasonamide 1 in a panel of human
cancer cell lines, selected for their varied KRAS depend-
ency,62−64 mutational status, and diverse tissue origin (Figure
5). We first demonstrated target engagement of Deltafluorine
with PDEδ by means of a cellular thermal shift assay (CETSA)
showing significant thermal stabilization of PDEδ upon
compound treatment (in-cell CETSA with 22a treatment at
10 μM for 2 h, melting temperature shift ΔTm = 16.6 ± 3.2 °C,
paired t-test *p = 0.01, Figure 5a). Morphological cellular
profiling using the Cell Painting assay (CPA)65 revealed that for
both Deltafluorine and Deltasonamide 1, cytotoxicity was
observed for concentrations above 5 μM upon 20 h treatment,
and that at nontoxic doses, both compounds showed high
similarity to the previously identified lysosomotropic profile
(Figure S7a).66,67 The lysosomotropic activity and cytotoxicity
of Deltafluorine and Deltasonamide 1 could mask the specific
cellular effects resulting from ligand−target interactions, for in
single-dose treatment, we did not observe significant changes in
their cellular potency (72 h IC50 of Deltafluorine = 3.1 ± 0.1 μM
versus IC50 of Deltasonamide 1 = 3.8 ± 0.1 μM in PA-TU-8902
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cells, Figure S7b). Therefore, we investigated their antiprolifer-
ative effects by a wash-out experiment with a sequential
treatment regimen mimicking therapeutic dosing and noted
that the superiority in cellular activity of Deltafluorine over
Deltasonamide 1 was only evident under the wash-out
conditions (Figures 5b and S7c). By measuring cell confluency
over time with real-time live-cell imaging by Incucyte, we
observed amarked difference in cellular potency of Deltafluorine
and Deltasonamide 1 with a general trend of correlation with
KRAS dependency (Figure 5c, see Figure S8 for details). In-cell
target engagement for the short-term treatment regime
employed in the wash-out experiments was supported by the
observation that growth impairment of HAP1 PDEδ knockout
cells by Deltafluorine (22a) was less pronounced compared to
HAP1 wild type cells at concentrations 5−10 μM for 4 h
treatment (paired t-test, two-tailed ****p-value < 0.0001,
Figure S7d). Strong inhibitory activity of Deltafluorine (22a)
was observed in KRAS-dependent pancreatic ductal adenocar-
cinoma cell lines PA-TU-8902 and MIA PaCa-2 cells with an
average growth inhibition of 84 ± 2% and 87 ± 4%, respectively,
upon repeated dosing and washing at 5 μM concentration (4 h
treatment +20 h wash-out regimen) over 4 days. The reversible
nonfluoride-containing PDEδ inhibitor Deltasonamide 1 failed
to retain the antiproliferative activity under the same washing
conditions (unpaired t-test ****p < 0.0001, Figure 5b,c). The

differential sensitivity to the treatment regimen was also
observed in KRAS-dependent SW480 (colorectal) and NCI-
H358 (lung) cells, while the difference diminished in KRAS-
independent PANC-1 (pancreatic ductal), LS-174T (color-
ectal), A549 (lung), and KRAS wild-type-expressing BxPC-3
(pancreatic) and HT-29 (colorectal) cells (Figure 5c).
Deltafluorine was slightly more active in the aforementioned
KRAS mutant and dependent cell lines in comparison to the
HRAS mutant Hs 578T cell line, with an approximately 2-fold
difference in their IC50 values, while no difference in IC50 was
observed to the BRAF mutant HT-29 cells (Figure S8).
Exceptions to the correlation between differential sensitivity
and KRAS dependency were noted in HCT116 (colorectal),
NCI-H441 (lung), and SK-LU-1 (lung) cells (Figure 5c).
HCT116 and SK-LU-1 cells were classified as KRAS
independent, but their degree of Ras dependency was at the
borderline of cutoff62−64 (Figure 5c, 90 ± 3% growth inhibition
by 22a vs 10 ± 7% by Deltasonamide 1 at 5 μM in HCT-116,
unpaired t-test ****p < 0.0001; 76 ± 5% growth inhibition by
22a vs 28 ± 21% by Deltasonamide 1 at 5 μM in SK-LU-1,
unpaired t-test *p = 0.02). For KRAS-dependent NCI-H441
cells, there was no substantial difference in the cellular response
observed between the pair (Figure 5c, 16 ± 4% growth
inhibition by 22a vs 7 ± 2% by Deltasonamide 1 at 5 μM,
unpaired t-test p = 0.03). This discrepancy may be related to the

Figure 6. In vivo study of Deltafluorine (22a) in KrasLSL.G12D/wt;Trp53fl/fl (KP) mouse model. (a) Experimental setup. (b) Tumor volumes were
measured in post-treatment μCT scans of lungs from eight mice per group. Unpaired t-test ***p < 0.001. (c) Tumor volumes from (b) were
normalized to total lung volume of the respective lung, resulting in percentage of tumor-occupied lung volume. Unpaired t-test ***p < 0.001. (d) 3D
renderings of analyzed lung μCT scans. Gray represents lung tissue, white air, and red tumor tissue.
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abundance and balance level of Ras isoforms, for NCI-H441
cells exhibit elevated levels of KRAS4a, while PDEδ is only
capable of translocating the other splice variant KRAS4b
between membrane compartments.68,69

Deltafluorine Demonstrates In Vivo Single-Agent
Therapeutic Efficacy in a Kras-Driven Mouse Model of Lung
Adenocarcinoma

Given the demonstrated general correlation between in cellulo
investigation of Deltafluorine and cell line KRAS dependency, as
well as the modulation of Ras downstream signaling of the
MAPK and of the PI3K-mTOR pathway, we further investigated
Deltafluorine in vivo. First, the Deltafluorine dosage was
evaluated in healthy wild-type mice to assess pharmacokinetics
and tolerability. Intraperitoneal administration showed the
highest bioavailability (Figure S9a−c). A 21 day repeat dose
study in wild-type animals 15 mg/kg q.d. i.p. was generally well
tolerated with only transient signs of discomfort and a maximum
mean body weight loss of 10% (Figure S9d). With Deltafluorine
being a tool compound and not yet a fully pharmacologically
optimized drug candidate, we selected the highest tolerated dose
for further experiments. For a proof-of-concept study, we
utilized an autochthonous, conditional KrasLSL.G12D/wt;Trp53fl/fl
(KP) mouse model.70,71 In this mouse model for highly
aggressive lung adenocarcinoma, we induced tumor formation
by intratracheal Adeno-CMV-Cre instillation, leading to
KrasG12D activation and Trp53 deletion (Figure 6a), and
monitored tumor onset via μCT imaging. Once mice developed
measurable tumor lesions (pretreatment CT), we randomized
mice 1:1 to either Deltafluorine, 15 mg/kg i.p., q.d. for 21 days,
or left them untreated. Of note, all mice included in this study
had comparable cancer onset and tumor burden before
treatment start, as assessed by μCT imaging (Figure S10). All
KP lung cancer mice received a post-treatment μCT scan within
6 weeks of treatment initiation. For accurate tumor volume
measurements, we reconstructed the μCT scans from the post-
treatment time point and measured the volume of detectable
lung tumors with 3D image modeling. This sensitive computer-
aided method of tumor volumetry calculation revealed that the
average tumor load after 3 week Deltafluorine treatment was
significantly reduced by 42% compared to the untreated KP
control group (Figure 6b,d). We further normalized tumor load
with the corresponding lung volume of each animal to account
for variability in the lung sizes of tested mice. Strikingly, while
tumors occupied 47.5% of the lung volume in untreated KP
mice, Deltafluorine-treated KP-tumor-bearing animals exhibited
only 21.6% tumor burden (Figure 6c,d). Although future
investigations are needed to confirm that the activity of
Deltafluorine in cellulo translates to its in vivo effect, the current
data demonstrated the clear effectiveness of short-term
Deltafluorine treatment in reducing tumor growth in this highly
aggressive lung adenocarcinoma in vivo model.

■ DISCUSSION
KRAS-mutated cancers were considered undruggable for a long
time. The FDA-approved non-small cell lung cancer drugs,
sotorasib72 and adagrasib,73 along with the more recently
discovered MK-1084,74 covalently target the acquired cysteine
in the K-RasG12C mutation, thereby locking K-Ras in a signaling-
incompetent state and effectively inhibiting its activity.
Furthermore, the recently reported first-in-class small molecule
inhibitor BBO-8520 engages KRASG12C in both active and
inactive conformations.75 In contrast, covalent inhibition of K-

RasG12D, the most prevalent single variant in K-Ras-driven
tumors, has remained elusive due to the more challenging
carboxylate-targeting chemistry. Isolated cases of covalent
inhibitors for K-RasG12D have been reported�Yu et al. have
reported a dual K-RasG12D/G12C inhibitor bearing an epoxide
warhead;5 Shokat et al. have employed a malolactone-based
warhead for mutant-selective targeting of K-RasG12D;6 and
RMC-9805, which bears a trisubstituted aziridine warhead, has
also been investigated in preclinical models of K-RasG12D

cancers.9 We were hence interested in the expansion of
carboxylate-targeting chemistry for covalent inhibitor design
and exemplified the utility of a fluoromethyl-substituted aryl
warhead with a PDEδ inhibitor Deltafluorine targeting its
binding site, glutamate p.E88. For PDEδ as a lipoprotein
chaperone involved in membrane localization and hence proper
signaling of GTPases, including Ras,33−35 targeting PDEδ may
also offer an alternative strategy to treat K-Ras-driven cancers,
evidenced from the clear effectiveness of Deltafluorine
demonstrated in the in vivo KrasLSL.G12D/wt;Trp53fl/fl (KP)
mouse model of lung adenocarcinoma.

From structure-based analysis of reversible PDEδ inhibitors
Deltazinone and Deltasonamide, we explored the possibility of
benzyl fluorides as covalent warheads to achieve targeted
inhibition of a glutamate residue p.E88 in PDEδ’s binding
pocket. Being otherwise stable and unreactive toward other
nucleophiles, the specific reactivity of Deltafluorine to PDEδ’s
p.E88, might be attributed to its high binding affinity and
optimal positioning within the binding pocket, with favorable
ligand disposition ensuring close proximity between the
warhead and p.E88 to facilitate the reaction. In comparison,
the Deltazinone counterpart, with approximately 10-fold lower
binding affinity and more distant targeting of p.E88 in PDEδ
(∼3 Å further), could only achieve ∼50% covalent inhibition
under the same conditions. The Deltasonamide-derived
Deltafluorine, with a pyridylmethyl fluoride-based warhead,
covalently bound to PDEδ at p.E88 with >85% modification
efficiency in a sustained rate over a 7 day course in vitro. We
approximated its apparent second order rate constant, kinact/KI
to be 5.4 M−1 s−1, which is admittedly extremely slow as
compared to many TCIs with reported kinact/KI in the range of
105−107 M−1 s−1.76 For PDEδ’s catalytic role in translocating
membrane-associated GTPases,37 a high level of target
inhibition would be required for any observed cellular activity.33

There seemed to be an apparent discordance between the very
slow covalent reactivity observed in vitro and the distinct cellular
phenotype under the wash-out assays with 4 h incubation for
each dose. This could in part be explained by cellular PDEδ
concentration in the nanomolar range38 coupled with treatment
in the micromolar range, leading to a pseudo-first reaction
kinetic. We also reasoned that PDEδ’s slow cellular turnover
(synthesis half-life = 113 h; degradation half-life = 40 h)77

compensated for the weak covalent reactivity of Deltafluorine
and that its covalency-driven effect could be accumulated to a
substantial amount for biological effects with repeated dosing
and sustained exposure. Therefore, using a wash-out assay
mimicking a therapeutic dosing regimen, we observed a distinct
phenotypic difference between Deltafluorine and the reversible
nonfluoride-containing counterpart Deltasonamide 1 in sup-
pressing the proliferation of KRAS-dependent cell lines.
Statistical analysis of the dynamic changes in the proteome
revealed significant regulation in the endosomal-related
membrane trafficking of protein cargos, with notable suppres-
sion of KRAS-related MAPK- and PI3K-Akt-mTOR signaling
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pathways. These in cellulo observations upon Deltafluorine
interference were consistent with PDEδ inhibition20,33−35 and
aligned with PDEδ’s role as a lipoprotein chaperone regulating
membrane localization of GTPases, including Ras.33−35 The link
between a unique phenotypic change with Deltafluorine
treatment in cells and its covalent mode of action, however,
remains unclear, which is most likely due to a mixed effect of
noncovalent and covalent inhibitions to PDEδ.
To evaluate Deltafluorine in a clinically relevant

in vivo context, we employed the autochthonous
KrasLSL.G12D/wt;Trp53fl/fl (KP) mouse model of lung adenocarci-
noma. Lung cancer remains the leading cause of cancer-related
mortality,78 and KRAS mutations are found in approximately
32% of cases,79 rendering this mouse strain a highly relevant
model system to test the effectiveness of Deltafluorine in cancer.
Importantly, this mouse model represents extraordinarily
aggressive lung adenocarcinoma with a mean survival of only
120 days, and the strain has remained incurable since its
implementation over 15 years ago. Prior publications in the
autochthonous KP model tested the effect of chemotherapy.
Cisplatin was shown to yield only marginal tumor control,80

while paclitaxel−carboplatin was ineffective relative to untreated
controls.81 This well-documented chemoresistance reflects the
distinctive KP tumor biology, establishing a high yet appropriate
bar for proof-of-concept evaluations aligned with clinical need
and translational development in this very aggressive lung tumor
model, in which both KRAS and TRP53 are altered. From a
clinical point of view, this is exactly the patient population with
the biggest need for novel therapeutic approaches. Consistently,
published trajectories for untreated cohorts and for standard
chemotherapies in KPmirror the behavior observed in our study
and experience with the model.81,82

Remarkably, we observed a marked reduction in tumor
growth following a short-term Deltafluorine treatment. This
robust in vivo effect, together with minimal observed side-
effects, indicates the compound’s therapeutic potential. We
therefore presented a generally interesting covalent mode of
action with a fluoromethyl-substituted aryl ring system reacting
with a glutamate in a target protein binding site. Notably, with
elaborate downstream biological characterizations both in
cellulo and in vivo, the best compound, Deltafluorine, bearing
a fluoromethyl-pyridyl ring, also demonstrates promising
therapeutic potentials, for example, for targeted cancer treat-
ment approaches.

■ MATERIALS AND METHODS

Materials and Equipment
Materials, reagents, and equipment are listed in Supporting
Information, Section 4�Material List.
Compound Synthesis and Analysis
Details related to compound synthesis and analysis can be found in
Supporting Information, Section 3�Chemical Synthesis. All com-
pounds investigated were isolated and purified and were ≥95% pure by
HPLC analysis.
Protein Purification
All proteins were expressed in Escherichia coli strain Rosetta
(BL21DE3). Competent cells were transformed with the respective
pET plasmids and inoculated on a cell plate with TB medium
supplemented with 100 μg/mL ampicillin and 30 μg/mL chloramphe-
nicol for overnight incubation at 37 °C. A single colony was used to
inoculate TB medium supplemented with 100 μg/mL ampicillin and
incubated at 37 °C with simultaneous shaking overnight. The next day,
5 L of TBmediumwas inoculated with 50mL of the Rosetta suspension

and incubated at 37 °C until an OD ∼1.0. Cells were induced at OD
∼1.0 with 100 μM isopropyl β-D-1-thiogalactopyranoside (IPTG) and
incubated at 20 °C for 7 h. Cells were harvested and lysed in lysis buffer
(30 mM Tris−HCl, pH = 7.5, 150 mM NaCl and 1 mM β-
mercaptoethanol, 1 mM PMSF, i.e., phenylmethylsulfonyl fluoride)
with sonication on ice. Supernatant of histidine-tagged protein was
collected by centrifugation at 13,000g and 10 °C for 35 min and
subsequently loaded onto a Ni-NTA column (QIAGEN) and eluted
with elution buffer (30 mMTris−HCl, pH = 7.5, 150 mMNaCl, 1 mM
dithiothreitol (DTE), and 250 mM imidazole), followed by gel
filtration on a Superdex G75 S26/60 column using elution buffer
without imidazole. Protein purity was checked by SDS-PAGE.

MALDI Mass Spectrometry

PDEδ (20 μM) was incubated with compounds (60 μM) in HEPES
buffer (20 mMHEPES, 150 mMNaCl, pH = 7.5) with 0.6% DMSO at
37 °C for the specified time (2, 4, 6, 8, 24 h, and subsequently every 24 h
up to 7 days). The solution was briefly centrifuged before a sample was
taken at the designated time for analysis by MALDI. A saturated
solution of sinapinic acid (SA) in EtOHwas used as matrix A, and it was
added on an MTP 384 ground steel target plate (Bruker) and dried in
air. A saturated solution of SA in 30/70 acetonitrile (ACN)/H2O with
0.1% TFA was used as matrix B. One microliter portion of the sample
was mixed with 2 μL of matrix B, and 1 μL of this mixture was placed on
top of matrix A on the MTP 384 ground steel target plate and dried in
air. Mass spectra were obtained over the m/z range 15,000−25,000
using a Bruker UltrafleXtreme XIALDI-TOF/TOFmass spectrometer.
Percentages of covalent adduct formationwere estimated by the relative
intensities of the respective peaks in MALDI spectra.

Fluorescence Polarization Assay

Binding to PDEδ was validated and quantified by means of a direct
displacement assay employing a fluorescence labeled analogue of the
HMG-CoA reductase inhibitor atorvastatin (FA probe), which has
previously been shown to also bind to PDEδ.83 Reported KD of FA
probe = 7.1± 4 nM and experimentally validatedKD of FA probe = 10.6
± 2.3 nM. The KD and IC50 values against PDEδ were determined by
competitive fluorescence polarization assay, adapted from the method
we described before.35 IC50 values were generated and fitted with
GraphPad Prism 9.2 (GraphPad software, USA) using a four-parameter
variable slope nonlinear regression curve fit. To serially diluted
solutions of compound in PBS buffer (containing 0.05% Chaps, 1%
DMSO) in a black, nonbinding round-bottom 384-well plate (Corning
#4514) (10 μL/well) was added an equal volume of premixed solution
of PDEδ (80 nM) and FA probe (48 nM) in PBS buffer (containing
0.05% Chaps, 1% DMSO) so that the final concentration of compound
was adjusted to the range of 0−500 nM, PDEδ to 40 nM, FA probe to
24 nM and DMSO to 1% for all conditions. The sealed plates were
centrifuged, shaken (600 rpm) overnight at room temperature, and
briefly centrifuged again before measurement of fluorescence polar-
ization values (excitation wavelength at 485 nm and emission
wavelength at 535 nm) by a plate reader at 25 °C (Tecan SPARK).

Isothermal Titration Calorimetry

ITC was performed using the MicroCal PEAQ-ITC system (Malvern)
at 25 °C. Purified PDEδ was buffer-exchanged into PBS buffer
containing 1 mM TCEP using a 3K Amicon Ultra centrifugal filter
(Millipore). The buffer exchange was repeated ten times to ensure
complete removal of interfering components. The final protein sample
was diluted in the same phosphate buffer prior to titration. 300 μM
protein in the buffer was loaded into the syringe, while 30 μM 22a or 40
μM 13a in the buffer was loaded to the cell. All samples were adjusted to
25 °C and degassed before loading. Titrations were performed at 25 °C
with one injection of 0.4 μL, followed by 18 injections of 2 μL.
Experiments were performed with three biological replicates (n = 3).
Data were analyzed using the MicroCal PEAQ-ITC Analysis software
and were plotted using GraphPad Prism 9.0 (GraphPad, USA).
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Compound Stability in Aqueous Buffers and in the
Presence of GSH
Compound (1 mM) was incubated with the respective buffers (HEPES
20 mM, 150 mM NaCl, pH = 7.5; 0.2 M sodium acetate buffer, pH =
5.6; 0.2 M sodium citrate buffer, pH = 6.2; 0.2 M potassium phosphate
buffer, pH = 7.4, and 1 mM EDTA, with or without 10 mMGSH), with
1% DMSO adjusted for all conditions. The resulting solutions were
incubated with shaking (600 rpm) at 37 °C and protected from light. At
the respective time points (0, 2, 4, 6, 8, 24, 30, 48, 56, and up to 72 h), a
sample was taken and diluted in acetonitrile and analyzed byHPLC-MS
(Agilent Technologies 1290 Infinity, 6150 Quadrupole LC/MS).
Percent (%) compound remaining in the solution was estimated by the
ratio of areas under the curve.

Mass Spectrometry Analysis of Covalent Peptide Adducts
of PDEδ after Glu-C Digestion
Covalent adducts of PDEδ or unbound vehicle DMSO-treated PDEδ
(1.5 μg/sample) were denatured, reduced, alkylated, and digested by
Glu-C and desalted before analysis by mass spectrometry. For
denaturation, 4 μL of each sample was added to 18 μL of 8 M
guanidine hydrochloride (cas 50-01-1, Carl Roth, #0037.1) solution (to
a final 6.5M) and boiled for 15min at 95 °C. For reduction, the solution
was then cooled and added to 0.5 μL of 50mMdithiothreitol (DTT, cas
3483-12-3, Gerbu Biotechnik, #1008-100g) solution (to a final 1 mM
DTT) and incubated for 20 min at 60 °C. Subsequently, for alkylation,
2.5 μL of 50 mM 2-chloroacetamide (CAA, cas 79-07-2, Sigma-Aldrich,
#22790) was added to each sample (to a final 5 mM CAA) and
incubated for 30 min at room temperature with protection from light.
For each sample, 225 μL of 20 mM ammonium bicarbonate (cas 1066-
33-7, Sigma-Aldrich, #A6141−500g) solution was then added to dilute
the concentration of guanidine hydrochloride to less than 0.8 M. For
digestion, 1.5 μL of Glu-C (0.05 μg/μL, Promega V1651) was added to
each sample (1:20 enzyme to protein, w/w) and incubated overnight at
37 °C, 400 rpmwith protection from light. On the next day, the reaction
was quenched by adding 5 μL of 10% trifluoracetic acid (TFA, cas 76-
05-1, Sigma-Aldrich, #302031), and samples were desalted by stage tip
purification with C18 extraction disks (Empore high performance
extraction disks, 47 mm, 3 M Bioanalytical Technologies #2215). Each
stage tip (2 layers of C18 disks) was activated by 100 μL of methanol,
washed once by 100 μL of buffer B (containing 0.1% formic acid, 80%
acetonitrile in water), followed by twice washing with 100 μL of buffer
A (containing 0.1% formic acid in water) prior to sample loading.
Loaded stage tip was further washed once with 100 μL of buffer A, and
sample was eluted with 20 μL of buffer B, with centrifugation at 4000
rpm at room temperature for 5 min and then dried by SpeedVac at 30
°C. All details related to nanoHPLC-MS/MS analysis and data
evaluation can be found in Supporting Information�Methods section.

X-ray Crystallography
Compound 13b was cocrystallized with PDEδ by incubating 2 mM of
small molecule (10:1 compound to protein) with 200 μM of PDEδ in
HEPES buffer (HEPES 20mM, 150mMNaCl, pH = 7.5), with final 1%
DMSO, at 37 °C, 600 rpm for 30 min (when complete covalent
modification was verified by MALDI-TOF mass spectrometry
measurement), followed by washing and concentration with Amicon
3k filters (Millipore, UFC5003BK) in protein buffer (containing 30
mMTris−HCl, 150 mMNaCl, 1 mM β-mercaptoethanol, pH = 7.5) to
approximately 20 g/L.

Compound 22awas cocrystallized with PDEδ by incubating 2mMof
small molecule (4:1 compound to protein) with 500 μM of PDEδ in
TRIS buffer (25 mM TRIS−HCl, pH 7.5, 150 mM NaCl, and 3 mM
DTE), with final 2.5% DMSO, at 37 °C, 400 rpm, until complete
covalent modification was verified by MALDI-TOF mass spectrometry
measurement. Precipitates were removed via centrifugation at 20,000 g
and 4 °C for 5 min, followed by washing and concentration with
Amicon 3k filters (Millipore, UFC5003BK) in protein buffer
(containing 30 mM Tris−HCl, 150 mM NaCl, 1 mM β-
mercaptoethanol, pH = 7.5) to approximately 20 g/L.

0.1 μL portion of each protein solution was mixed with 0.1 μL of
precipitant solution in a sitting-drop setup (MRC 3-drop plates, Jena

Bioscience, UK for PDEδ·13b and iQ plates, SPT Labtech for PDEδ·
22a), and crystals were obtained from a self-made crystal optimization
plate (0.1MNaOAc, pH = 4.71, 5.6%w/v PEG4000, 30% v/v glycerol)
for PDEδ·13b and from a Qiagen Classics suite (20% (w/v) PEG3350
and 0.2 M potassium formate) for PDEδ·22a, harvested after 10−12
days incubation at 20 °C and flash frozen in liquid nitrogen with
cryoprotectant solution containing the mother liquor components in
addition to 25% glycerol or 20% PEG400.

A data set of PDEδ·13b was taken at the European Synchrotron
Radiation Facility (ESRF) with beamline ID 30B. A data set of PDEδ·
22a was obtained from the Synchrotron X-ray diffraction data using the
X10SA beamline at the Swiss Light Source. Both data sets were
analyzed and scaled using XDS and XSCALE.84 The structures were
solved using PHASER85 within the PHENIX software suite,86 with the
structure of 5E80 and 5ML3, respectively, chain A serving as the model
for molecular replacement. Refinement was conducted using COOT87

for manual refinement and phenix.refine.88 Figures were created with
Pymol (Version 2.5.4, Schrödinger, LLC). Topology files for both
ligands were generated using AceDRG89 within the CCP4 suite,90

based on their SMILES strings. Restraints for the geometry of the
covalent bonds were manually created by modifying the parameter file
for phenix.refine. The PDB ID code, data collection, and refinement
statistics are presented in Table S5. The crystal structures of PDEδ·13b
and PDEδ·22a were deposited in the Protein Data Bank (PDB) with
accession numbers 9RP6 and 9RP7.
Cell Lines and Cell Culture
All mammalian cells were cultured and maintained in a sterile
environment with a humidified atmosphere at 37 °C and 5% CO2.
Jurkat (ACC282, RRID: CVCL_0065), PA-TU-8902 (ACC179,
RRID: CVCL_1845), BxPC3 cells (ACC760, RRID: CVCL_0186),
HCT116 (ACC581, RRID: CVCL_0291), LS-174T (ACC759, RRID:
CVCL_1384), and A549 (ACC107, RRID: CVCL_0023) were
purchased from DSMZ GmbH (Germany). MIA PaCa-2 (CRM-
CRL-1420, RRID: CVCL_0428), PANC-1 (ATCC-CRL-1469, RRID:
CVCL_0480), SW480 (CCL-228, RRID: CVCL_0546), HT-29
(ATCC-HTB-38, RRID: CVCL_0320), and NCI-H441 (ATCC-
CRM-HTB-174, RRID: CVCL_1561) were obtained from ATCC
(USA). NCI-H358 (ATCC-CRL-5807, RRID: CVCL_1559) cells
were purchased from LGC Standards (Germany). U2OS (CLS-
300364, RRID: CVCL_0042) and SK-LU-1 (CLS-300335, RRID:
CVCL_0629) cells were obtained from CLS Cell Lines Service GmbH
(Germany). HAP1 wild type (Horizon #C631, RRID: CVCL_Y019)
and HAP1 PDE6D knockout (Horizon #HZGHC006484c003, RRID:
CVCL_XR47) cells were purchased from Horizon (Horizon
Discovery, UK). Hs 578T (RRID: CVCL_0332) cells were obtained
from the NIH/NCI-DTP. PA-TU-8902, MIA PaCa-2, PANC-1,
HCT116, A549, U2OS, and Hs 578Tcells were cultured in Dulbecco’s
Modified Eagle’s medium (DMEM, P04-03550, PAN Biotech)
supplemented with 10% FBS (Gibco, #10270-106), 1% nonessential
amino acids (NEAA, P08-32100, PAN Biotech), and 1 mM sodium
pyruvate (P04-43100, PANBiotech). Jurkat, BxPC3, SW480, LS-174T,
NCI-441, and NCI-H358 cells were cultured in RMPI-1640 medium
(P04-18047, PAN Biotech) with 10% of FBS (Gibco, #10270-106) and
1% NEAA (P08−32,100, PAN Biotech). HT-29 cells were cultured in
MyCoy’s 5A (P04-05500, PAN Biotech) and SK-LU-1 in MEM Eagle
(P04−08500, PANBiotech) supplemented with 10%FBS, respectively.
HAP1 wild type and PDE6D knockout cells were cultured in Iscove’s
Modified Dulbecco’s Medium (IMDM, P04-20350, PAN Biotech)
supplemented with 10% FBS. Mycoplasma tests with the MycoAlert
Mycoplasma Detection Kit (Lonza, #LT07-318) were carried out on a
regular basis and confirmed that cells were free of contaminations at all
times.
Fluorescence Lifetime Imaging Microscopy
Fluorescence lifetime images were acquired by using a confocal laser-
scanning microscope (Leica SP8). For the detection of the donor
mCitrine, the sample was excited with a supercontinuum White Light
Laser (WLL) with a notch line filter at 470 nm at a 40 MHz repetition
frequency. Fluorescence signals were collected through an oil
immersion objection and spectrally filtered using a narrow-band

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.5c02082
J. Med. Chem. 2026, 69, 964−981

85

2. Results – Manuscript IV

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c02082/suppl_file/jm5c02082_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c02082/suppl_file/jm5c02082_si_001.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c02082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


emission filter and detected with a photon-counting HyD detector from
519−541 nm. Images were analyzed in real-time on a global scale using
the in-built Leica Application Suite X (LAS X) for FLIM, with lifetime
calculated with fitting to the in-built model of monoexponential
reconvolution.

Global Proteome and Phosphoproteome Analysis
PA-TU-8902 cells (8 × 106 cells/dish) were seeded in two 15 cm dishes
and incubated in a humidified atmosphere at 37 °C and 5% CO2
overnight. Cells were then treated with 5 μM of compound 22a or
DMSO, with 0.1% DMSO adjusted for both conditions in fresh
medium for 2 h incubated in a humidified atmosphere at 37 °C and 5%
CO2. All details related to subsequent sample preparation,
nanoHPLC−MS/MS analysis, and data evaluation can be found in
the Supporting Information�Methods section.
CETSA in Intact Cells (In-Cell CETSA)
Jurkat cells (adjusted to 9 × 106 cells/flask) were seeded in two T75
tissue culture flasks and treated with 10 μM compound or vehicle
(DMSO), with 0.1% DMSO adjusted, for 15 min at 37 °C. Cells were
collected and resuspended in cold PBS and further washed three times
in cold PBS. The sample from each treatment condition was distributed
equally into ten tubes and subjected to heating at different temperatures
in the MasterCycler EpGradient S (Eppendorf SE, DE). Afterward, the
NP40 alternative was added to a final concentration of 0.4% (v/v), and
cells were lysed by five consecutive freeze/thaw cycles. Soluble fractions
were separated from denatured proteins by ultracentrifugation at
100,000 g and 4 °C for 25 min (Beckman Coulter Optima MAX-XP,
with TLA-120.1 rotor). Supernatants were transferred to new tubes,
and equal volumes of each sample were loaded on a self-made 15%Tris-
glycine SDS-polyacrylamide gel and subjected to immunoblot analysis
with gel electrophoresis in Tris-glycine SDS running buffer (25 mM
Tris, 0.2 M glycine, 0.1% SDS) at 90 V for 15 min stacking, followed by
120 V until sufficient separation was visualized by the PageRuler
prestained protein ladder. Proteins were transferred onto a poly-
vinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific,
#88518, 0.45 μm) using a wet-tank blotting system (Bio-Rad) with
precooled transfer buffer (25mMTris, 0.2M glycine, 10%methanol) at
100 V for 30 min. Membranes were blocked with Intercept Blocking
Buffer (LI-CORBiosciences, #927-70001) for 1 h at room temperature,
incubated with the primary antibody anti-PDEδ (Invitrogen, PA5-
22008, RRID: AB_11154288, 1:500) overnight at 4 °C in blocking
buffer, then washed with PBS-T (PBS with 0.1% Tween-20) five times
and incubated with IRDye 800CW-conjugated secondary antibody (LI-
COR Biosciences, #926-32210, RRID: AB_621842, 1:5000) in
blocking buffer for 1 h at room temperature with protection from
light. After washing with PBS-T five times, secondary antibody-
incubated membranes were imaged with the ChemiDocMP Imaging
System (BIO-RAD Laboratories) directly with IRDye800CW channel
for visualization of bands. Relative band intensities were quantified
using Image Lab (BIO-RAD) and normalized to the intensities of the
bands at 37 °C.

SDS-PAGE and Immunoblotting
PA-TU-8902 cells (8 × 106 cells/dish) were seeded in two 15 cm dishes
and incubated in a humidified atmosphere at 37 °C and 5% CO2
overnight. Cells were then treated with 5 μM of compound 22a for the
indicated time points. Cells were washed and harvested by scraping.
Cells were lysed by resuspension in 100 μL of sodium dodecyl sulfate
(SDS) lysis buffer and sonicated in the Bioruptor (Diagenode Inc.).
SDS-lysed samples were heated at 95 °C for 10 min and quantified via
the DC assay. Samples were diluted in Laemmli buffer, heated at 95 °C
for 10 min, and loaded on an SDS polyacrylamide gel (5% stacking gel,
10% separating gel). The Mini-PROTEAN Tetra Cell immunoblotting
system (BioRad Laboratories, Inc.) was used for electrophoresis and
transfer. Gels were transferred onto a PVDF membrane (Merck
Millipore) via Trans-Blot Turbo Semi Dry Blotting at 25 V for 7 min.
Membranes were washed in 1x TBS-T and blocked in 5% BSA in TBS-
T for 1 h. For immunostaining, the membranes were incubated
overnight with primary antibodies diluted in 5% BSA at 4 °C (Anti-
pERK1/2, CST9107, 1:1000; Anti-ERK1/2, Abcam36991, 1:1000;

Anti-pS6, CST4856, 1:1000; Anti-S6, CST2317, 1:100). After three
washes in 1x TBS-T for 10 min each, the membranes were incubated
with Horseradish Peroxidase (HRP) conjugated secondary antibody
diluted in 5% BSA at RT for 1 h, following another three washes. ECL
Prime Blotting Detection Reagent (Merck Millipore) was used for
protein detection using the ChemiDoc Imaging System (BioRad
Laboratories Inc.). Signal intensities from SDS-PAGE bands were
quantified by using FIJI software. Square ROI were defined around each
band, and background correction was performed by subtracting the
mean intensity of an equivalent ROI positioned above each band. For
phosphorylated proteins, band intensities were normalized to their
corresponding total protein levels. 22a treatment data were presented in
percentages relative to the untreated control lane (set as 100%).
Real-Time Live-Cell Analysis by Incucyte
Real-time live-cell analysis monitoring cell growth was performed with
an IncuCyte ZOOM and Incucyte S3 live-cell analysis instrument
(Sartoris AG, Germany). For each adherent cell line, 5 × 103 to 1.2×
104 cells were seeded in each well of the 96-well plates in 100 μL of cell
culture medium and incubated overnight in a humidified incubator at
37 °C with 5% CO2 before replacement of fresh medium and addition
of respective compounds, with 0.5% DMSO adjusted for all conditions.
Plates were inserted into the Incucyte S3 live-cell analysis instrument
and incubated in a humidified incubator at 37 °C with 5% CO2. Images
of cells (2 images/well) were taken with the phase channel every 2 h
until full confluency was reached in the DMSO controls. Images were
analyzed with the basic analyzer inbuilt in the Incucyte Zoom (2018A)
and IncuCyte S3 (2019B, Rev2) analysis software with a confluence
mask calculating the percent phase area confluence of cells as an
indicator of cell growth. To display dose−response curves, percent
phase area confluence at 72 h of treatment was normalized to the
DMSO control, plotted, and fitted with GraphPad Prism 9.2
(GraphPad software, USA) using a four-parameter variable slope
nonlinear regression curve fit to calculate cellular IC50 values. For
calculation of growth rate, percent phase area confluence was plotted
against time for each respective condition in GraphPad Prism, and the
area below the curve was integrated for 96 h after administration of the
first dose of drugs and normalized to the DMSO control.
KrasLSL.G12D/wt;Trp53fl/fl (KP) Mouse Model Study
All details related to the in vivo mouse model study can be found in the
Supporting Information�Methods section. The mouse experiments
were licensed by the State Agency for Food and Consumer Protection
(LAVE) under license 81-02.04.2020.A281. Breeding of mouse lines
was permitted by the State Agency for Food and Consumer Protection
(LAVE) under licenses 81-02.04.2019.A009 and 2024-225.

■ ASSOCIATED CONTENT
Data Availability Statement
All unique/stable materials and reagents generated in this study
are available from the lead contact with a completed material
transfer agreement. The crystal structures of covalent PDEδ
adducts modified by compounds 13b and 22a (Deltafluorine)
were deposited in the Protein Data Bank (PDB) with the
accession numbers 9RP6 and 9RP7.
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dose−response curves of Deltafluorine 22a; PK/PD
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Nowak, M.; Leeser, U.; Büttner, R.; Perner, S.; Peifer, M.; Reinhardt, H.
C. ATM Deficiency Is Associated with Sensitivity to PARP1- and ATR
Inhibitors in Lung Adenocarcinoma. Cancer Res. 2017, 77 (11), 3040−
3056.
(83) Chidley, C.; Haruki, H.; Pedersen, M. G.; Muller, E.; Johnsson,
K. A yeast-based screen reveals that sulfasalazine inhibits tetrahy-
drobiopterin biosynthesis. Nat. Chem. Biol. 2011, 7 (6), 375−383.
(84) Kabsch, W. XDS. Acta Crystallogr., Sect. D: Struct. Biol. 2010, 66
(2), 125−132.
(85) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M.
D.; Storoni, L. C.; Read, R. J. Phaser crystallographic software. J. Appl.
Crystallogr. 2007, 40 (4), 658−674.
(86) Liebschner, D.; Afonine, P. V.; Baker, M. L.; Bunkóczi, G.; Chen,
V. B.; Croll, T. I.; Hintze, B.; Hung, L. W.; Jain, S.; McCoy, A. J.;
Moriarty, N. W.; Oeffner, R. D.; Poon, B. K.; Prisant, M. G.; Read, R. J.;
Richardson, J. S.; Richardson, D. C.; Sammito, M. D.; Sobolev, O. V.;
Stockwell, D. H.; Terwilliger, T. C.; Urzhumtsev, A. G.; Videau, L. L.;
Williams, C. J.; Adams, P. D. Macromolecular structure determination
using X-rays, neutrons and electrons: recent developments in Phenix.
Acta Crystallogr., Sect. D: Struct. Biol. 2019, 75 (10), 861−877.
(87) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features and
development of Coot. Acta Crystallogr., Sect. D: Struct. Biol. 2010, 66
(4), 486−501.
(88) Afonine, P. V.; Grosse-Kunstleve, R. W.; Echols, N.; Headd, J. J.;
Moriarty, N. W.; Mustyakimov, M.; Terwilliger, T. C.; Urzhumtsev, A.;
Zwart, P. H.; Adams, P. D. Towards automated crystallographic
structure refinement with phenix.refine. Acta Crystallogr., Sect. D: Struct.
Biol. 2012, 68 (4), 352−367.
(89) Long, F.; Nicholls, R. A.; Emsley, P.; Graaeulis, S.; Merkys, A.;
Vaitkus, A.; Murshudov, G. N. AceDRG: a stereochemical description
generator for ligands.Acta Crystallogr., Sect. D: Struct. Biol. 2017, 73 (2),
112−122.
(90) Agirre, J.; Atanasova, M.; Bagdonas, H.; Ballard, C. B.; Baslé, A.;
Beilsten-Edmands, J.; Borges, R. J.; Brown, D. G.; Burgos-Mármol, J. J.;
Berrisford, J. M.; Bond, P. S.; Caballero, I.; Catapano, L.; Chojnowski,
G.; Cook, A. G.; Cowtan, K. D.; Croll, T. I.; Debreczeni, J.; Devenish,
N. E.; Dodson, E. J.; Drevon, T. R.; Emsley, P.; Evans, G.; Evans, P. R.;
Fando, M.; Foadi, J.; Fuentes-Montero, L.; Garman, E. F.; Gerstel, M.;
Gildea, R. J.; Hatti, K.; Hekkelman, M. L.; Heuser, P.; Hoh, S. W.;
Hough,M. A.; Jenkins, H. T.; Jiménez, E.; Joosten, R. P.; Keegan, R. M.;
Keep, N.; Krissinel, E. B.; Kolenko, P.; Kovalevskiy, O.; Lamzin, V. S.;
Lawson, D. M.; Lebedev, A. A.; Leslie, A. G.W.; Lohkamp, B.; Long, F.;
Maly,́ M.; McCoy, A. J.; McNicholas, S. J.; Medina, A.; Millán, C.;
Murray, J. W.; Murshudov, G. N.; Nicholls, R. A.; Noble, M. E. M.;
Oeffner, R.; Pannu, N. S.; Parkhurst, J. M.; Pearce, N.; Pereira, J.;
Perrakis, A.; Powell, H. R.; Read, R. J.; Rigden, D. J.; Rochira, W.;
Sammito, M.; Sánchez Rodríguez, F.; Sheldrick, G. M.; Shelley, K. L.;
Simkovic, F.; Simpkin, A. J.; Skubak, P.; Sobolev, E.; Steiner, R. A.;
Stevenson, K.; Tews, I.; Thomas, J. M. H.; Thorn, A.; Valls, J. T.; Uski,

V.; Usón, I.; Vagin, A.; Velankar, S.; Vollmar, M.; Walden, H.;
Waterman, D.; Wilson, K. S.; Winn, M. D.; Winter, G.; Wojdyr, M.;
Yamashita, K. The CCP4 suite: integrative software for macromolecular
crystallography. Acta Crystallogr., Sect. D: Struct. Biol. 2023, 79 (6),
449−461.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.5c02082
J. Med. Chem. 2026, 69, 964−981

91

2. Results – Manuscript IV

https://doi.org/10.3322/caac.20107
https://doi.org/10.1126/scitranslmed.3006802
https://doi.org/10.1126/scitranslmed.3006802
https://doi.org/10.1101/gad.1897010
https://doi.org/10.1101/gad.1897010
https://doi.org/10.1101/gad.1897010
https://doi.org/10.1016/j.immuni.2015.11.024
https://doi.org/10.1016/j.immuni.2015.11.024
https://doi.org/10.1158/0008-5472.CAN-16-3398
https://doi.org/10.1158/0008-5472.CAN-16-3398
https://doi.org/10.1038/nchembio.557
https://doi.org/10.1038/nchembio.557
https://doi.org/10.1107/s0907444909047337
https://doi.org/10.1107/s0021889807021206
https://doi.org/10.1107/s2059798319011471
https://doi.org/10.1107/s2059798319011471
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1107/s0907444912001308
https://doi.org/10.1107/s0907444912001308
https://doi.org/10.1107/s2059798317000067
https://doi.org/10.1107/s2059798317000067
https://doi.org/10.1107/s2059798323003595
https://doi.org/10.1107/s2059798323003595
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c02082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs


3. Extended Discussion of Individual Manuscripts

The discussion sections of the manuscripts presented in this dissertation are subject to word 

limits that can constrain comprehensive literature analysis, mechanistic reasoning, and 

extensive discussion of limitations and future directions. This extended discussion chapter 

enables thorough literature contextualization, articulation of my own conclusions, and 

development of hypotheses that extend beyond the published interpretations and mark my 

own additional scientific contributions.  

Further, I follow a two-part discussion structure. Chapters 3.1 through 3.4 address each 

manuscript individually, providing project-specific contextualization, mechanistic interpretation, 

and exploration of unanswered questions. Where the data and existing literature warrant, I 

extrapolate testable models to guide future directions. Chapter 4 then synthesizes the findings 

cumulatively, tracing how syndrome discovery informs therapeutic prediction, how gene 

dosage and protein homeostasis define boundaries of DNA repair, and how these insights 

might affect cancer treatment strategies. 

3.1 Manuscript I: Characterization of the CRIPT Syndrome 

3.1.1 Rationale and phenotypic overlap with Rothmund-Thomson syndrome 

We investigated CRIPT-deficient fibroblasts to determine whether the phenotypic overlap with 

Rothmund-Thomson syndrome (RTS) reflects shared molecular mechanisms and found that 

biallelic CRIPT variants contribute to a RTS-like phenotype.258 In patient-derived fibroblasts, 

we observed elevated cellular senescence but no overt defects in the canonical genotoxic 

stress responses tested. This expands our understanding of the genetic heterogeneity of RTS 

and illustrates the challenge of distinguishing genome instability syndromes from 

phenotypically similar disorders.259,260 While the clinical overlap is detailed in the manuscript (I-
Figure 1B, 1C, 1F, 1H, 2A, 3A), the key distinction is that the main RTS gene RECQL4 

possesses established roles in DNA replication and repair,174,261 while CRIPT has no previously 

established role in DNA metabolism and was instead primarily studied for its role in dendritic 

spine formation and synaptic plasticity.262-264,260 Given the phenotypic overlap with RTS, we first 

investigated whether CRIPT-deficient fibroblasts share the genotoxic sensitivity characteristic 

of genome instability syndromes. 

Our systematic DNA damage testing revealed sensitivity in the range of wildtype and RTS 

controls to IR, mitomycin C, hydroxyurea, etoposide, and potassium bromate (I-Figure 4K, 
4L), agents that probe DSBR, ICLR, replication stress, and oxidative damage pathways, 

respectively, alongside an absence of chromosomal aberrations (I-Figure 4A-C).  
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This finding must be interpreted in the context of mixed literature for RTS and RECQL4 

deficiency itself, where genotoxic sensitivity has proven variable across studies depending on 

mutation spectrum.  

Of note, severe truncating mutations in RECQL4 that abolish multiple protein domains produce 

a more pronounced phenotype than missense variants concentrated in the helicase 

domain.265,266 Importantly, the loss of CRIPT expression in tested patient fibroblasts would not 

necessarily allow for such domain-specific compensatory effects. The absence of genotoxic 

sensitivity in CRIPT-deficient fibroblasts prompted investigation of alternative cellular 

mechanisms underlying the patient phenotype.258 

3.1.2 Senescence as a primary phenotype and implications for CRIPT syndrome 
classification 

We found that the cellular senescence observed in CRIPT-deficient fibroblasts (I-Figure 3C, 
3E, 3F) may represent a primary phenotype independent of canonical DSBR defects.258  

The link between cellular senescence and poikiloderma histopathology, discussed in the 

manuscript (I-Figure 1F) and literature267,268, also raises questions about a connection 

between CRIPT deficiency and long-term cancer risk. Cellular senescence has opposing 

effects in tumorigenesis, where permanent proliferative arrest constitutes a potent tumor-

suppressive barrier, while persistent senescent cells secrete SASP factors that can promote a 

tumor-permissive microenvironment over time.269,270 If intact DNA repair in CRIPT-deficient 

cells limits the acquisition of oncogenic mutations, this would predict a fundamentally different 

cancer risk profile compared to RECQL4-RTS, where SASP-driven microenvironmental 

changes may act synergistically with the DNA repair defects caused by RECQL4 deficiency. 

No malignancies have been reported in CRIPT-deficient individuals,258 but the young and small 

patient group precludes conclusions about long-term cancer risk. Longitudinal follow-up will be 

essential to determine whether CRIPT deficiency confers elevated cancer prevalence 

comparable to RECQL4-RTS, which carries a well-established osteosarcoma risk.271,272 

However, the question of cancer risk is only one dimension of a more fundamental 

classification challenge for the CRIPT deficiency syndrome. Our findings raise the question of 

whether CRIPT deficiency should be overall classified within the RTS spectrum. CRIPT 

syndrome shares phenotypic hallmarks of genome instability syndromes, but lacks evidence 

for canonical DNA repair involvement (I-Figure 4). One interpretation is that cellular 

senescence, rather than DNA repair deficiency, may be the shared pathogenic mechanism 

across the genetically heterogeneous RTS spectrum.  
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This observation suggests that genome instability phenotypes may extend beyond canonical 

DNA damage defects to encompass elevated cellular senescence through DDR-independent 

pathways, with overlapping clinical consequences.  

3.1.3 Convergence of Rothmund-Thomson syndrome-associated genes  

Since publication, our findings have been incorporated into a comprehensive review of RTS 

genetics. Martins et al. cited our work and included CRIPT variants in their comparative RTS 

phenotype table alongside RECQL4, ANAPC1, and DNA2, discussing our senescence and 

genotoxicity data as potential evidence that CRIPT deficiency might produce RTS features 

through non-canonical mechanisms.273 The Online Mendelian Inheritance in Man (OMIM) 

database classified CRIPT-associated disease as RTS type 3 (MIM #615789), reflecting formal 

recognition of the phenotypic overlap. The expanding genetic spectrum of RTS, now 

encompassing RECQL4, ANAPC1, DNA2, and CRIPT, represents the molecular 

heterogeneity underlying a clinically coherent phenotype.273,274 

Of particular relevance to this classification, Hudson et al. demonstrated in 2025 that DNA2 

depletion causes cellular senescence through loss of DNA2-mediated fork processing that 

leads to uncontrolled replication and cell cycle exit.275 Similarly, Lu et al. showed that RECQL4 

dysfunction triggers premature senescence through accumulation of persistent DNA damage, 

with functional consequences including reduced blood cell counts in bone marrow and hair 

follicle senescence in an RTS mouse model.276 The convergence of RECQL4, and now DNA2 

and CRIPT deficiency on cellular senescence, each through apparently distinct upstream 

mechanisms, strengthens the hypothesis that senescence represents a unifying cellular 

phenotype across the RTS genetic heterogeneity spectrum, as proposed in our original study. 

This implies that senescence could be the common downstream effector across RTS subtypes 

regardless of the upstream genetic lesion. If so, targeting senescent cells by senolytics might 

be broadly applicable across the RTS spectrum rather than requiring gene-specific 

interventions.276-278  It also suggests that senescence-based cellular screening could serve as 

a functional readout for identifying additional RTS candidate genes. 

3.1.4 Limitations 

While the convergence of multiple RTS-associated genes on senescence supports our central 

hypothesis of CRIPT as a RTS variant, some methodological constraints should be considered. 

First, fibroblasts deficient in the additional RTS gene ANAPC1 were unavailable, precluding a 

direct comparison with ANAPC1-RTS that could have clarified whether senescence is 

universal across RTS-spectrum disorders. Second, all cellular experiments were performed in 

patient-derived fibroblasts, which may not fully recapitulate the biology of other affected 

tissues.  
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Fibroblasts are a surrogate tissue, while the neurodevelopmental phenotype in CRIPT 

deficiency likely reflects neuronal functions that cannot be captured in fibroblasts. Similarly, 

poikiloderma involves keratinocytes and vascular endothelium alongside fibroblasts. Stem cell-

derived neuronal models or keratinocyte cultures could provide more disease-relevant insights 

into CRIPT deficiency. Third, the limited number of patient-derived cell lines in cell viability 

experiments constrains statistical power and generalizability due to potential variability 

between cell lines. Fourth, while the combination of elevated p53, p16, and p21 expression 

with increased SA-β-gal activity is consistent with premature cellular senescence, irreversible 

proliferative arrest and SASP cytokine secretion were not tested. Incorporating proliferation 

markers and SASP profiling would strengthen the senescence classification. The detected 

senescence in fibroblasts connects to the phenotype of CRIPT-deficient patients and, while 

further mechanistic work is required, demonstrates impact on RTS research and diagnosis. 

3.1.5 Conclusions and future directions 

Clinically, our findings expand the differential diagnosis of RTS in pediatric practice, particularly 

for individuals presenting with neurodevelopmental features atypical for classical RECQL4-

RTS, and may inform prognosis, cancer surveillance, and genetic counseling. Mechanistically, 

the results highlight senescence as a shared endpoint that can arise through DNA damage-

independent pathways, broadening the pathogenic spectrum of progeroid syndromes beyond 

the DDR spectrum, as laminopathies illustrate.167 The consistent senescence phenotype 

across tested RTS subtypes provides a rational basis for preclinical investigation of 

senescence-targeting approaches.276-278 For syndrome discovery, computational gestalt 

analysis provided phenotypic evidence supporting pathogenicity and syndrome-associations 

of CRIPT variants before functional data were available (I-Figure 2C-D), demonstrating how 

computational phenotyping can initiate and guide variant interpretation in unsolved cases. With 

established genes explaining approximately 70 % of RTS cases,273 systematic application of 

such approaches could accelerate identification of additional candidate genes. 

In summary, this work established CRIPT as a novel potential RTS-spectrum gene and 

identified cellular senescence as a shared phenotype arising independently of canonical DNA 

repair defects.258 This identification depended on sequencing-based discovery of the 

underlying genetic variants. While exome sequencing remains the clinical standard for such 

cases and was sufficient to detect CRIPT variants, it cannot reliably detect larger genomic 

alterations such as structural variants, leaving potential syndrome candidates unidentified and 

their mechanistic insights unexplored. The following chapter examines how optical genome 

mapping addresses this diagnostic gap.279 
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3.2 Manuscript II: Optical Genome Mapping Identifies Structural 
Variants 

3.2.1 Rationale and study overview 

Hereditary cancer predisposition extends beyond the single nucleotide variants and small 

indels detectable by whole-genome and whole-exome sequencing (WGS, WES), which 

dominate current diagnostic workflows.182 Structural variants (SV) represent an underexplored 

category of cancer predisposition, with emerging evidence suggesting they account for a 

relevant fraction of unexplained familial cancer risk.280 Short-read-based WGS and WES have 

limited sensitivity for detecting structural variants and balanced chromosomal rearrangements. 

Long-read sequencing technologies improve SV detection but remain costly for routine clinical 

screening. This limitation has historically constrained systematic investigation of this variant 

class. OGM offers a complementary approach that enables genome-wide SV detection at 

comparatively low cost and high throughput.281-283 Applying OGM, we screened 34 pediatric 

cancer patients (II-Figure 1A) with suspected but unconfirmed hereditary predisposition and 

identified potential clinically relevant SVs in two cases (II-Figure 1B-C).279 Overall, de novo 

SVs were detected in 17 % (3/18) of analyzed trios (II-Figure 1D), which is consistent with 

population-based estimates from Kloosterman et al., who reported de novo SVs at a rate of 

0.16 per generation, approximately 16 % of individuals carrying at least one de novo SV, across 

250 families.284  

Several recent studies across different clinical contexts reinforce the complementary value of 

OGM and highlight the broader diagnostic gap created by reliance on any single detection 

method. Tang et al. demonstrated significant advantages of OGM through detection of 

additional aberrations in comparison to karyotyping, fluorescence in situ hybridization, and RT-

PCR specifically in BCR::ABL1 and found no additional diagnostic value beyond OGM.285 This 

finding adds to our observations with P28, where the de novo 166 kb duplication of 17p13.3 

would have been likely overlooked by standard cytogenetic approaches. Budurlean et al. 

integrated OGM with WGS for somatic SV detection in 29 pediatric B-cell acute lymphoblastic 

leukemia (ALL) patients and reported only 11.6 % overlap between the two approaches.286 

This demonstrates that OGM and WGS capture largely non-overlapping variant populations 

and suggests that both technologies may be required to achieve diagnostic completeness for 

germline cancer predisposition screening.  

Larger studies have begun to quantify the contribution of SVs to cancer risk. Gillani et al. 

examined germline SVs in 1,765 pediatric solid tumor patients and estimated that rare SVs 

explain 1.1 % to 5.6 % of cancer liability.280  
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Together with earlier estimates that WES-based SNV/InDel screening identifies germline 

predisposition in 8.5 % of pediatric cancer patients,287 these data suggest that true 

predisposition prevalence is likely higher when the full SV spectrum is captured. Our own 

analysis with de novo SVs in 17 % of families reinforces that de novo structural changes may 

contribute to pediatric cancer risk independently of inherited alleles, a possibility that has not 

been systematically investigated. 

For single nucleotide variants and small indels, the field has developed robust classification 

frameworks combining population frequency databases (gnomAD)288 and clinical variant 

databases (ClinVar)289. These integrated approaches enable classification of sequence 

variants encountered in clinical practice. However, SV interpretation remains largely case-by-

case and dependent on gene context, with systematic frameworks for functional assessment 

being developed.290 Moving SVs from detection to interpretation requires development of 

systematic validation approaches including RNA-seq to assess gene expression and functional 

assays to determine phenotypes consistent with the suspected disease, as demonstrated by 

our work.279 It would be beneficial to introduce OGM as a screening standard alongside 

WES/WGS for variant detection. High-resolution SV detection technologies and variant 

characterization have the potential to expand the spectrum of known cancer predisposition 

variants, which ultimately would benefit clinical decision making. 

3.2.2 Characterization of a de novo 17p13.3 duplication encompassing RPA1 

This potential of OGM is demonstrated by our identification of a de novo 166 kb duplication of 

17p13.3 in patient P28 (II-Figure 2D), an infant with KMT2A-rearranged leukemia, affecting 

five genes including RPA1.279 Among these, RPA1 represents the strongest candidate for 

functional relevance, as the remaining four genes, WDR81, SERPINF1, SERPINF2, and 

SMYD4, lack established roles in genome maintenance. SMYD4 has been implicated in tumor 

biology with context-dependent roles across cancer types,291 but its functions are unrelated to 

DDR pathways and the observed phenotype. Germline RPA perturbations would be predicted 

to compromise genomic stability across several DNA damage response axes simultaneously 

due to RPA's essential role in DNA replication, recombination, and multiple repair pathways.292 

The duplication elevated RPA1 mRNA expression (II-Figure 2E), yet protein levels remained 

comparable to controls (II-Figure S5A; section 2.2.3), suggesting that protein regulation and 

turnover could have partially buffered the dosage effect. If protein levels are maintained near 

normal, functional consequences could reflect altered expression dynamics during S phase or 

following DNA damage, or disrupted RPA complex stoichiometry, rather than constitutive 

overexpression. Germline RPA1 perturbations have independently been linked to human 

disease. Sharma et al. identified heterozygous RPA1 missense variants with increased 

ssDNA-binding affinity in patients with short telomere syndromes.293  
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Both observations establish RPA1 as a dosage- and function-sensitive gene where modest 

germline changes can have clinical consequences. 

However, in contrast to the telomere shortening observed in those patients, P28 fibroblasts 

showed mildly increased rather than shortened telomeres (II-Figure S5B, S5C; section 2.2.3), 
suggesting that distinct RPA1 perturbation types may have different effects on telomere 

homeostasis. Further, tissue-specific differences between tested fibroblasts and hematopoietic 

cells, or age-dependent penetrance in an infant whose telomere phenotype may not yet have 

manifested, could explain the discrepancy between these observations. 

The hypersensitivity of P28 fibroblasts to both cisplatin and hydroxyurea (II-Figure S5D, S5E, 
section 2.2.3), mechanistically distinct genotoxic stressors, points to a generalized defect in 

DNA damage tolerance rather than a pathway-specific impairment, consistent with the earlier 

observation by Outwin et al. that 17p13.3 duplication elevates DNA damage sensitivity.294 

Because RPA coats ssDNA intermediates generated during both repair and replication, 

increased gene dosage may disrupt the stoichiometric balance within the RPA complex or with 

downstream effectors, impairing coordinated handoff to repair factors beyond saturating 

ssDNA binding capacity.292 

KMT2A-rearranged infant ALL is characterized by chromosomal translocations arising in utero, 

potentially through error-prone DNA repair.295 While genome instability from germline RPA1 

perturbation could plausibly contribute to leukemogenesis risk, establishing such a link would 

require systematic germline sequencing of larger infant ALL cohorts, which was beyond the 

scope of this work.  

3.2.3 Additional structural variants of uncertain significance 

Functional validation of two additional SVs, a tandem ADAM9/ADAM32 duplication in patient 

P16 (II-Figure S2) and compound heterozygous RAP1B regulatory variants in patient P10 (II-
Figure S3), showed no altered gene expression or fusion transcripts in peripheral blood.279 

These negative results in accessible tissue do not exclude pathogenicity, as these variants 

may exert tissue-specific or context-dependent effects not captured in peripheral blood 

samples. Alternatively, the variants might contribute to tumorigenesis through somatic second 

hits or clonal selection. 

This highlights a broader limitation in SV interpretation, where negative results from functional 

validation in accessible tissues remain difficult to interpret, while still narrowing the hypothesis 

space and demonstrating the rigor of the validation process. These challenges are addressed 

further in the study’s limitations.  
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3.2.4 Limitations  

The RPA1 finding derives from a single patient, precluding the classification of this specific SV 

as a recurrent cancer predisposition mutation, while serving as a precedent for the necessity 

of SV screening and functional characterization in the clinic.  

The genomic context of patient P28 with parental consanguinity complicates phenotype 

attribution, as homozygous regions may harbor recessive variants contributing to the clinical 

presentation.  

While we have argued that RPA1 is the most plausible candidate among the five duplicated 

genes, definitive attribution would require functional characterization of each gene individually, 

which was beyond the scope of this study. Additionally, functional characterization of P28 was 

performed in patient-derived fibroblasts, which may not recapitulate the biology of 

hematopoietic cells where leukemogenesis occurred. Nevertheless, fibroblasts were sufficient 

to demonstrate DNA damage sensitivity, providing initial functional evidence linking the RPA1 

duplication to a cellular phenotype. 

3.2.5 Conclusions and future directions 

This work demonstrates that OGM captures clinically relevant SVs missed by standard 

sequencing approaches, reinforcing the limited overlap between OGM and WGS/WES 

approaches and supporting integration of OGM into germline cancer predisposition screening. 

The identification of a de novo duplication encompassing RPA1 in an infant with KMT2A-

rearranged leukemia shows how SV detection can implicate established DDR genes in cancer 

predisposition through variant classes that escape conventional diagnostics. This work 

suggests that the true prevalence of germline cancer predisposition may be underestimated 

when SV screening is omitted. 

Our findings illustrate a gap between SV detection and clinical interpretation. OGM identified 

the 17p13.3 duplication, but determining its pathogenicity required functional characterization. 

Such multi-step validation is not yet standardized for SVs in the way that classification 

frameworks exist for SNVs and indels. Developing comparable SV interpretation guidelines 

remains an important unmet need. The central contribution of this work is not definitive proof 

that the 17p13.3 duplication causes cancer predisposition. Rather, it shows that integrating 

OGM into clinical sequencing pipelines, followed by functional characterization, could identify 

pathogenic variants that current workflows miss. This approach could be applicable to the 

substantial fraction of hereditary cancer cases that remain unexplained by current diagnostic 

standards. 
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3.3 Manuscript III: From Syndrome to DNA Repair Mechanism to 
Actionable Cancer Vulnerabilities: UBQLN1 in DNA Repair  

3.3.1 UBQLN1 deficiency syndrome discovery  

Our discovery and characterization of the UBQLN1 deficiency syndrome demonstrates how 

ultra-rare genome instability disorders can reveal previously unknown regulatory mechanisms 

of DNA repair.296 The two known affected individuals presented with hallmark features of 

genome instability, prompting systematic investigation that revealed genotoxic sensitivity, and 

delayed DSB repair (III-Figure 1, S1). The mechanism of this genotoxic sensitivity was 

examined in isogenic cell lines that demonstrated UBQLN1 recruitment to DNA damage sites 

and impaired HR by premature degradation of RAD51 when UBQLN1 was deleted (III-Figure 
2-3, S2-5). Together, these findings support classification of UBQLN1 deficiency as a DSBR

disorder and identify UBQLN1 as a regulatory factor governing HR through RAD51 protein

homeostasis.296

Validation of DNA damage sensitivity in embryonic fibroblasts of the Ubqln1-deficient mouse 

model harboring the corresponding human mutation strengthens confidence in the causal 

relationship between Ubqln1 loss and the observed phenotype (III-Figure 1H-L, S1B, S3A-C). 
Beyond cellular sensitivity, the mouse model recapitulated the seizure phenotype observed in 

patients, supporting physiological relevance of the mutation (III-Figure S1B, S3D). However, 

mice lacked major morphological characteristics of the UBQLN1 deficiency syndrome patients, 

such as developmental delay. Mouse models of human genome instability syndromes 

frequently exhibit attenuated phenotypes, and species-specific differences must be 

considered, as documented for Atm-deficient mice introduced in section 1.5.4.192,193 

Additionally, the recency of this syndrome discovery results in limited patient follow-up data, 

and longitudinal studies will be essential to characterize cancer predisposition, a feature 

expected based on the DNA repair defect but not documented in our young syndrome patients. 

As introduced, Jachimowicz et al. published the UBQLN4 deficiency syndrome in 2019.136 Both 

paralogs, UBQLN1 and UBQLN4, share close genetic and structural homology, which makes 

it tempting to compare the physiological consequence of each deficiency (III-Figure S1B). 
Both syndromes show developmental delay, intellectual disability, and facial dysmorphisms 

consistent with genome instability disorders. However, seizures uniquely characterize 

UBQLN1 deficiency, while ataxia marks UBQLN4 deficiency.136 This divergence is consistent 

with the distinct role of UBQLN1 in DSBR, which we discovered to be the protection of RAD51. 

The following sections examine and develop this molecular mechanism, and discuss future 

directions. 
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3.3.2 The "shielding" model of UBQLN1  

Mechanistically, our data are consistent with a "shielding" model whereby UBQLN1 interaction 

protects RAD51 from ubiquitin-dependent proteasomal degradation (Figure 4).296 Proteasome 

inhibition with MG132 rescued RAD51 protein levels in the chromatin fraction (III-Figure 3B-
D, S5B) and nuclear RAD51 foci formation (III-Figure 3A) in UBQLN1-deficient cells, 

demonstrating increased proteasome-dependent degradation of RAD51 in these cells. Further, 

in vitro pulldown experiments showed that UBQLN1 preferentially binds non-ubiquitinated 

RAD51 compared to pre-ubiquitinated RAD51 (III-Figure 3H), suggesting that UBQLN1 may 

compete with the ubiquitin-conjugating machinery rather than recognizing ubiquitinated 

substrates for delivery to the proteasome. This binding preference distinguishes RAD51 

stabilization from UBQLN1's canonical function, shuttling ubiquitinated substrates for 

proteasomal degradation.150 Additionally, loss of UBQLN1 increased RAD51 polyubiquitination 

in immunoprecipitation experiments (III-Figure 3F, S5F). In line with this, further 

immunoprecipitation experiments indicated that UBQLN1 interacts with RAD51 via the 

UBQLN1 STI1-II domain (III-Figure 3J) and this type of binding has been shown to facilitate 

substrate stabilization, but not canonical degradation.150 

Figure 4: Proposed model of UBQLN1-mediated RAD51 regulation during HR. Under physiological 
conditions, UBQLN1 may bind chromatin-associated RAD51 via its STI1-II domain, potentially shielding cryptic 
lysine residues from E3 ligase access and thus preventing premature ubiquitination. This stabilizes RAD51 on 
resected ssDNA, enabling strand invasion and homology-directed repair. Following completion of strand invasion, 
UBQLN1 is proposed to disengage through an as-yet-uncharacterized mechanism, exposing RAD51 to 
polyubiquitination and proteasomal degradation, thereby permitting downstream HR. Figure created with 
BioRender. 

Based on these findings, I hypothesize that RAD51 may possess at least one cryptic 

ubiquitination site that is shielded from E3 interaction and ubiquitination when UBQLN1 is 

bound. This would result in the shown RAD51 stabilization on chromatin and efficient HR. Upon 

UBQLN1 loss, these sites would become accessible to E3 ligase activity prematurely, leading 

to K48-linked polyubiquitination and proteasomal targeting (Figure 5), as we observed (III-
Figure 3F). This model would benefit from structural characterization of the UBQLN1-STI1-II 

binding interface on RAD51 and mass spectrometric comparison of RAD51 ubiquitination sites 

in UBQLN1-proficient versus UBQLN1-deficient contexts.  
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The identity of the E3 ligase that is presumably antagonized by UBQLN1 remains unknown. 

Numerous lysine residues have been identified as potential ubiquitination sites on RAD51, 

including K40, K57, K58, K64, K70, K73, K80, K107, K156, and K285.297-300 The E3 ligase 

RFWD3 was found to polyubiquitinate RAD51, involving residues K57, K58, K64, K107, and 

K156, promoting RAD51 chromatin extraction and proteasomal degradation.301 Lysine-to-

arginine mutation of all five residues largely abolished ubiquitination and caused persistent 

RAD51 chromatin retention.301 Of note, RFWD3 activity requires ATR/ATM-dependent 

phosphorylation,301 implicating it specifically in damage-dependent RAD51 regulation. RFWD3 

is among the best-characterized RAD51 E3 ligases with defined target sites. It would be 

worthwhile to test whether mutation of the five identified residues would stabilize RAD51 upon 

UBQLN1 loss. A deletion of a region encompassing these clustered candidate target lysines 

on RAD51 could be tested in immunoprecipitation and functional experiments for constituting 

the UBQLN1-STI1-II binding interface and subsequent protection of RAD51 from 

ubiquitination. 

Figure 5: The "shielding" model of UBQLN1 in HR. In UBQLN1-proficient cells (left), UBQLN1 is proposed to 
shield RAD51 from E3 ligase-mediated polyubiquitination, maintaining chromatin-bound RAD51 levels sufficient 
for efficient HR. In UBQLN1-deficient cells, unprotected RAD51 is prematurely ubiquitinated and degraded by the 
proteasome, depleting the chromatin-bound RAD51 pool and impairing HR. Figure created with BioRender. 

Of note, additional E3 ligases have been shown to regulate RAD51 in distinct contexts. For 

example, EMI1 orchestrates SCF complex assembly to promote cytoplasmic RAD51 

degradation,302,303 a mechanism potentially regulating the overall cellular RAD51 pool beyond 

our focused observations at the chromatin. Further, FBH1 mediates RAD51 mono-

ubiquitination at K58/K64, controlling localization rather than degradation.297 Recent work 

revealed that UHRF1 maintains RAD51 levels by targeting RFWD3 for proteasomal 

degradation.304 Our data suggest that UBQLN1 acts directly on RAD51, where it may function 

independently of or in competition with the UHRF1-RFWD3 axis. Epistasis experiments would 

address whether UBQLN1 competes with the E3 ligase targeting RAD51, presumably RFWD3, 

and if other RAD51 degradation pathways converge or operate in parallel. Until the relevant 

E3 ligase is identified, the E3-competition aspect of the "shielding" model remains a 

hypothetical framework. 

102

3. Extended Discussion – Manuscript III



Several additional mechanistic questions remain unresolved. The stoichiometry of 

UBQLN1:RAD51 binding is unknown. Furthermore, how UBQLN1 is recruited to and displaced 

from RAD51 to permit physiological ubiquitination and removal from ssDNA remains to be 

determined. UBQLN1 PTMs, competition with other RAD51-binding proteins, or 

conformational changes in RAD51 itself could potentially regulate this dissociation.  

3.3.3 UBQLN1 within the multi-layered RAD51 regulatory network 

Our identification of UBQLN1 as a RAD51 stabilizer adds to an increasingly complex regulatory 

network controlling RAD51 protein homeostasis.296 To place UBQLN1 within this network, it is 

useful to compare it with established regulators that operate through similar or opposing 

mechanisms. 

Our finding that UBQLN1 stabilizes RAD51 through physical association (III-Figure 3F-J, S5F-
G) parallels the mechanism described for DDB2, a DNA damage recognition factor that 

functions primarily in the NER pathway. DDB2 stabilizes RAD51 by direct binding, disrupting 

its ubiquitination and subsequent proteasomal degradation in triple-negative breast cancer 

cells.305 DDB2 depletion sensitized cells to PARP inhibitors by destabilizing RAD51 and 

impairing HR. Whether DDB2 and UBQLN1 function redundantly, in distinct cellular contexts, 

or in different pathways, suggested by the NER-specific function of DDB2, remains to be 

determined.  

However, RAD51 stabilization extends beyond ubiquitin-proteasome regulation. For example, 

GRB2 stabilizes RAD51 on replication forks by inhibiting its ATPase activity rather than 

preventing degradation.306 RAD51 stabilization therefore involves mechanistically diverse 

processes with different functional outcomes. 

While UBQLN1 stabilizes RAD51 protein levels on chromatin (III-Figure 3A-D), the FLIP-

FIGNL1 complex could represent an opposing regulatory axis that actively removes RAD51 

from chromatin. FLIP forms a stable complex with FIGNL1, and loss of either protein leads to 

persistent RAD51 foci and increased RAD51 chromatin association following DNA damage.307 

FIGNL1 was proposed to promote RAD51 dissociation from DNA substrates.308 Given that 

either excessive or insufficient RAD51 chromatin association causes genomic instability, 

UBQLN1 and FLIP-FIGNL1 may function as counterbalancing regulators maintaining optimal 

RAD51 dynamics. Whether UBQLN1-mediated stabilization influences the pool of RAD51 

available for FIGNL1-dependent removal, and whether UBQLN1 binding might protect RAD51 

from FIGNL1 engagement, remain to be investigated. 
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How UBQLN1 is recruited to DSB sites remains unknown. Whether UBQLN1 relocates to 

damage foci through direct DNA damage signaling, co-recruitment with RAD51 or E3, or 

constitutive chromatin association will be important for understanding its spatiotemporal 

relationship with the regulators discussed above.  

3.3.4 The "domain switch" theory of UBQLN1 

Since RAD51 interacts with UBQLN1 via the STI1-II domain rather than the canonical UBA-

UBL degradation axis, it is tempting to speculate that UBQLN1's function, protective or 

degrading, may be determined by the domain through which substrate engagement occurs (III-
Figure 3I-J).296 

Prior work supports UBQLN1-STI1 domains as mediators of ubiquitin-independent substrate 

recognition and protective interactions.150 This is in line with our observation that UBQLN1 

preferentially binds non-ubiquitinated RAD51 in vitro (III-Figure 3H). This preference remains 

to be validated in cellulo within the chromatin context. Structurally, STI1-like domains share 

high similarity to the co-chaperone Stress-inducible-phosphoprotein 1 (STI1). Each STI1 

domain of UBQLN1 comprises five amphipathic alpha-helices arranged in a configuration that 

forms hydrophobic grooves for substrate binding.309 This architecture is well-suited for direct 

protein-protein interactions independent of substrate ubiquitination. 

Critically, Kurlawala et al. showed that UBQLN1 recognizes and binds transmembrane proteins 

via STI domains, while UBA domain binding presumably blocks ubiquitin chain elongation and 

shields the substrate from proteasomal recognition.150,310 Whether our observed protection of 

RAD51 additionally requires the UBA domain for functional shielding upon RAD51 binding 

remains to be investigated. If so, this would place RAD51 within the same protective mode as 

the transmembrane protein stabilization mechanism, with STI1-mediated recognition coupled 

to UBA-mediated shielding. 

Functional evidence across diverse substrates supports such a stabilizing role for UBQLN1. 

UBQLN1 has been shown to stabilize transmembrane proteins,150,311-313 and UBQLN1 has 

been shown to protect GABAA-receptors from degradation in the murine brain, connecting 

Ubqln1 deficiency to epilepsy.314,315 Indeed, we observed seizures in our Ubqln1-deficient 

mouse strain and the syndrome patients alongside cellular sensitivity to DNA damage. Very 

recently, UBQLN1 was shown to protect cells from ferroptotic cell death by stabilizing the 

antioxidant enzyme GPX4 via its STI1 domain.316 These examples illustrate that the role of 

UBQLN1 as a stabilizing protein, rather than solely a degrading shuttle factor, is increasingly 

recognized. 
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The RAD51 protection mechanism may exemplify a broader principle governing UBQLN1 

substrate selectivity. Under this model, substrate fate would be determined by the mode of 

substrate recognition: STI1-mediated ubiquitin-independent recognition, potentially coupled 

with UBA-mediated shielding, or UBA-mediated ubiquitin-dependent engagement coupled with 

UBL-mediated proteasome targeting and degradation.  

The accessibility or activation of STI1-mediated versus ubiquitin-UBA-UBL-mediated substrate 

engagement may therefore represent a critical decision point in UBQLN1 function: a "domain 

switch" where the interaction mode determines UBQLN1's function and substrate fate 

(Figure 6). 

Figure 6: Proposed "domain-switch" theory of UBQLN1 function. UBQLN1 is hypothesized to toggle between 
two functional states. In its canonical degradation shuttle mode (left), the UBA domain recognizes 
polyubiquitinated substrates and the UBL domain delivers them to the proteasome, as observed for MRE11 in HR. 
In the protective mode (right), the STI1-II domain engages client proteins in a ubiquitin-independent manner, 
potentially shielding them from E3 ligase access and premature degradation, as observed for RAD51 in HR. The 
switch between these states may be regulated by post-translational modifications, protein abundance, cofactor 
binding, or substrate-induced conformational changes, though the mechanism remains uncharacterized. Figure 
created with BioRender. 

The "domain switch" theory is a working hypothesis that organizes the current observations 

and generates testable predictions, rather than a proven mechanism. How UBQLN1 switches 

between degradation-promoting and stabilization-promoting mode remains unknown. PTM-

induced conformational changes could alter STI1 accessibility for protective ubiquitin-

independent substrate engagement. Alternatively, cofactor binding might actively redirect 

UBQLN1’s function toward specific substrates. Resolving the mechanism of functional 

switching would benefit from structural approaches. However, no high-resolution structural 

data exist for full-length UBQLN1 and AlphaFold prediction models show very low confidence, 

compounded by the intrinsically disordered nature of the STI1 domains. Cryo-electron 

microscopy of UBQLN1 domain deletion mutants in substrate complexes could address this 

gap and may enable the separation-of-function experiments needed to test the "domain switch" 

theory.  

3.3.5 The UBQLN1/UBQLN4 paradox of opposing HR phenotypes  

If UBQLN1's functional outcome depends on the domain through which it engages its 

substrate, it is tempting to ask how structurally similar Ubiquilins with identical domain 

architecture achieve distinct and even opposing functional outcomes in the same pathway.  

105

3. Extended Discussion – Manuscript III



106

3. Extended Discussion – Manuscript III

The case of UBQLN4 in HR provides a direct test of this question. UBQLN4 is phosphorylated 

by ATM following DNA damage and interacts with ubiquitinated MRE11 to promote 

proteasomal degradation of MRE11.136 UBQLN4 loss causes MRE11 chromatin retention and 

enhances HR activity, while UBQLN4 overexpression increases MRE11 degradation, which 

represses DNA end resection, induces HRD, and sensitizes cells to PARP inhibitors.136 The 

question arises why UBQLN1 loss impairs HR (III-Figure 2D) while UBQLN4 loss promotes 

it, but overexpression of both represses HR, despite both paralogs share approximately  

70 % sequence similarity and identical domain architecture.317  

At physiological abundance, UBQLN4 regulates MRE11,136 whereas UBQLN1 stabilizes 

RAD51,296 each enabling HR. Because these paralogs exert functionally opposing effects on 

their respective substrates, loss of UBQLN1 or UBQLN4 produces opposing HR outcomes. 

Importantly, our data showing that UBQLN1 overexpression reduces MRE11 foci suggests 

potential substrate overlap at supraphysiological expression levels (III-Figure 4C). 
Overexpressed UBQLN1 may engage MRE11 through its UBA-UBL-dependent canonical 

degradation function, which shows broader substrate selection via UBA-mediated interaction 

(III-Figure 4D), rather than through direct STI1-II-mediated binding as observed with RAD51. 

This implies that substrate specificity could operate at physiological concentrations but may be 

overridden by expression level and domain function. 

Sequence analysis revealed a potential structural basis for paralog-specific substrate 

recognition. While the STI1-II domains share high sequence similarity between UBQLN1 and 

UBQLN4, my comparative sequence analysis via UniProt318 revealed that an intrinsically 

disordered region (IDR) immediately preceding the UBQLN1 STI1-II domain (Q327-V367) 

diverges substantially from other Ubiquilins and may function as a UBQLN1-specific selectivity 

filter. This IDR contains an SQ motif representing a potential ATM/ATR phosphorylation site.144 

Whether this site is phosphorylated following DNA damage and whether this IDR confers STI1-

II selectivity for RAD51 are testable predictions. 

Beyond substrate identity, the timing of substrate engagement may distinguish paralog 

function. UBQLN4 degrades MRE11 early in DSBR initiation, guiding repair toward NHEJ 

before committing to HR.136 By contrast, we found that UBQLN1 overexpression promotes 

MRE11 degradation, but also enhances long-range DNA end resection, and elevates SSA 

while suppressing HR (III-Figure 4F-G), suggesting timed effects on MRE11 after commitment 

to end resection. These observations suggest that UBQLN1 overexpression might cause 

MRE11 degradation less efficiently or later than UBQLN4. A later- or less-depleted MRE11 pool 

could suffice for resection initiation but might prove inadequate for MRE11's downstream 

negative regulation role in limiting EXO1/DNA2-BLM-dependent resection.319-321  



Incomplete or late MRE11 degradation may permit uncontrolled long-range resection, 

generating the observed extensive ssDNA tracts that expose distant homologous repeats and 

favor RAD52-mediated SSA over RAD51-dependent HR (III-Figure 4F-G). Testing this model 

would require assessing whether EXO1 or DNA2 depletion rescues the UBQLN1-induced SSA 

phenotype and whether chromatin fractionation reveals differential MRE11 clearance kinetics 

between UBQLN1 and UBQLN4 overexpression. Resolving the inter-paralog paradox, 

however, does not address a fundamental observation within UBQLN1 itself. 

3.3.6 A dosage-dependent model of UBQLN1 function 

Both UBQLN1 deficiency and overexpression impair HR, albeit through distinct mechanisms 

(III-Figure 3-4). This observation suggests a dosage-dependent model with an optimal 

physiological range of UBQLN1. Such "Goldilocks" models, where both insufficient and 

excessive activity produce deleterious outcomes, have been observed for other signaling 

proteins. For instance, balanced ERK1/2 activation promotes cell proliferation and survival, 

while inadequate or excessive activity impairs these processes.322 UBQLN1 may function 

optimally within a defined concentration range, with deviations in either direction disrupting HR. 

The model describes three functional states. In UBQLN1 deficiency, the protective RAD51 

interaction is lost, leading to RAD51 destabilization and impaired strand invasion, a 

downstream HR defect. At physiological levels, UBQLN1 might preferentially engage RAD51 

via its STI1-II domain as a substrate of potential higher affinity, maintaining RAD51 stability 

and enabling HR, while MRE11 levels remain unaffected. In UBQLN1 overexpression, RAD51 

binding sites might become saturated or excess UBQLN1 might be redirected and could 

engage MRE11 via its UBL-UBA-axis, promoting its degradation and impairing resection, an 

early and upstream HR defect. Thus, UBQLN1 deficiency and overexpression both impair HR, 

but at different pathway steps, as deficiency compromises strand invasion, while 

overexpression compromises resection. (Figure 7)  

An additional mechanistic layer potentially contributing to this dosage dependence may be 

UBQLN1 concentration-dependent oligomerization and phase separation, as Ubiquilins have 

been shown to form biomolecular condensates through self-association.323 Such condensate 

formation may reinforce the proposed "shielding" model, as a recent preprint demonstrated 

that ubiquilin condensates can restrict proteasomal access to substrates,324 and sequestration 

of RAD51 filaments within potential UBQLN1 condensates could similarly contribute to their 

protection. Conversely, at supraphysiological concentrations, excessive self-association could 

redirect excess UBQLN1 toward UBL-UBA-dependent degradation substrates such as 

MRE11. 
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Figure 7: Dosage-dependent "Goldilocks" model of UBQLN1 in HR regulation. HR efficacy is proposed to 
follow a bell-shaped relationship with UBQLN1 expression, describing three functional states. At UBQLN1 
deficiency (left), loss of the protective interaction leads to premature RAD51 ubiquitination and degradation, 
impairing strand invasion, a downstream HR defect. At physiological UBQLN1 expression (center), RAD51 is 
stabilized on chromatin, enabling proficient HR. At supraphysiological UBQLN1 levels, excess UBQLN1 is 
proposed to engage MRE11 via the UBA domain, promoting its degradation and impairing end resection, an 
upstream HR defect. Thus, both deficiency and overexpression compromise HR, but at distinct pathway steps. 
Figure created with BioRender. 

The dosage-dependent behavior also aligns with the "domain switch" theory (section 3.3.4), 

where expression level might determine the predominant interaction mode. Quantitative 

determination of UBQLN1-RAD51 and UBQLN1-MRE11 binding affinities would directly test 

the impact of substrate affinity in the HR hierarchy. Additionally, titration experiments assessing 

HR efficiency across a range of UBQLN1 expression levels using the DR-GFP reporter would 

establish whether an optimal concentration range exists and would define the boundaries of 

UBQLN1 functionality in HR. 

3.3.7 UBQLN1 as a proteostasis regulator in genome maintenance 

The preceding sections established UBQLN1 as a context-dependent regulator whose effect 

on HR depends on expression level, domain engagement, and substrate identity. The 

functional versatility of acting as a context-dependent stabilizer or degradation factor within the 

same pathway places UBQLN1 within a group of proteostasis regulators with "moonlighting" 

roles in genome maintenance. This parallels RAD23B, which stabilizes the NER damage 

recognition factor XPC through direct binding, independent of its UBL-UBA-dependent 

proteasomal shuttle function.325 That structurally related proteins independently evolved 

stabilization mechanisms suggests that proteostatic control of repair factor abundance might 

be a recurring regulatory principle.326 

UBQLN1's proteostasis function extends beyond DSBR to other genome maintenance 

pathways. Independent evidence for the degradation role of UBQLN1 in genome maintenance 

emerged from Zhou et al., who demonstrated that UBQLN1 facilitates RPA1 removal from 

replication forks via its UBA domain.327  
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Inducing replication stress in UBQLN1 knockdown cells resulted in persistent RPA1 foci, 

slowed replication fork progression, rapid telomere shortening, and impaired RAD51 loading 

onto ssDNA.327 In the context of replication stress, RAD51 protects stalled replication forks 

from nucleolytic degradation and facilitates fork reversal,328 independent of its function in HR. 

Their findings both complement and contrast with our work. Both studies identified defective 

RAD51 chromatin association as a downstream consequence of UBQLN1 deficiency, yet 

through distinct mechanisms. In the replication stress context of Zhou et al., RAD51 fails to 

load because persistent RPA1 retention physically blocks ssDNA access, whereas in our DSB 

repair context, RAD51 loads normally but is subsequently destabilized and removed through 

proteasome-dependent degradation (III-Figure 3A-F). The domain of engagement further 

distinguishes the two interactions, as the UBQLN1-RPA1 interaction requires the UBA domain 

and results in substrate removal from ssDNA, whereas the UBQLN1-RAD51 interaction 

characterized in our work is mediated by the STI1-II domain (III-Figure 3J) and results in 

substrate stabilization on chromatin. These opposing outcomes, degradation versus 

protection, mediated through different domains of the same protein, provide independent 

support for the "domain switch" theory proposed in section 3.3.4. 

Of note, I also examined the consequence of UBQLN1 loss on RPA1 in context of screening 

the HR pathway where I ultimately detected the RAD51 phenotype using high-content 

screening microscopy (Figure 8) and did not observe the RPA1 retention phenotype reported 

by Zhou et al., which used siRNA knockdown. This discrepancy may reflect methodological 

differences. I specifically induced DSBs through neocarzinostatin treatment, while Zhou et al. 

focused on replication stress through camptothecin and hydroxyurea treatment. The absence 

of an RPA1 retention phenotype in our UBQLN1-deficient knockout system (Figure 8), the 

normal initial recruitment of RAD51 to DSBs (III-Figure 2B-C), and the proteasome-dependent 

rescue of RAD51 on the chromatin by MG132 (III-Figure 3D, S5B), establish mechanistically 

separable functions.  

Figure 8: UBQLN1 deficiency does not affect RPA1 in our system. A) Cycloheximide chase assay similar to III-
Figure 3B. Chromatin fraction probed for RPA1 (RPA70) and RAD51 at the indicated time points. H3 served as 
loading control. Data were acquired in collaboration with A.S.H. B-C) High-content microscopy similar to III-Figure 
2B. Nuclear RPA1 (RPA70) foci or RPA2 (RPA32) foci in WT and UBQLN1-/- U2OS cells treated with NCS (250 
ng/ml). Each datapoint represents the mean of 3000 analyzed nuclei. Methods correspond to Manuscript III (section 
12.1.3). 
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If impaired RPA1 clearance were the primary defect, RAD51 would fail to load onto the 

chromatin rather than being destabilized after loading, and proteasome inhibition could not 

rescue chromatin-bound RAD51. Instead, we observed that RAD51 loaded normally but was 

subsequently destabilized through proteasome-dependent degradation, establishing these as 

distinct mechanisms – HR versus replication stress.  

The consequences of disrupted proteostasis extend beyond impaired repair factor 

stabilization. UBQLN1 deficiency has been connected to protein aggregation and 

mitochondrial dysfunction that cause telomeric and oxidative DNA damage.329 These findings 

suggest that UBQLN1 loss simultaneously increases the endogenous DNA damage burden 

through mitochondrial ROS while compromising the HR capacity to repair such damage 

through RAD51 destabilization, as demonstrated in our work. Thus, UBQLN1 loss may 

compromise genome maintenance through multiple mechanisms, elevated oxidative 

damage,329 impaired replication fork progression through RPA1 retention,327 and defective 

DSBR through RAD51 destabilization, each reflecting a different facet of UBQLN1's 

proteostasis function, but all leading towards genome instability. Therefore, more damage 

coupled with less repair capacity would contribute to the pronounced genome instability 

phenotype observed in UBQLN1 deficiency syndrome. This illustrates how proteostasis 

regulators can influence genome maintenance, but also would anticipate cancer predisposition 

in the young UBQLN1 deficiency syndrome patients with progressing age, consistent with the 

delayed cancer onset observed in other genome instability syndromes.164 

While these mechanisms illustrate the extent of UBQLN1's proteostasis functions, the DSBR-

specific findings warrant closer examination of how proteostatic abundance control operates 

as a regulatory principle within the DNA damage response. 

3.3.8 Proteostasis as a regulatory layer in DNA double-strand break repair 

Controlling how much repair factor protein is available adds a distinct level of regulation to 

DSBR. Traditionally, DSBR regulation has been understood through ATM/ATR kinase 

signaling330 and competitive interactions such as 53BP1-BRCA1 antagonism in DSBR pathway 

choice331. Unlike kinase signaling, which modulates protein activity and localization within 

existing protein pools, degradative ubiquitin signaling modulates local abundance of pathway 

components available for repair. That upstream factor depletion constrains downstream 

pathway output is a general principle, but UBQLN1 represents a specific case where a single 

factor imposes such "ceiling effects" at multiple sequential HR steps through dosage-

dependent substrate engagement. 
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In DSBR, data on UBL-UBA shuttle factors has been limited to UBQLN4, which mediates 

removal of ubiquitinated MRE11 from damaged chromatin to regulate DSB pathway choice.136 

Now, we add UBQLN1, which stabilizes RAD51 to enable HR.296  

With UBQLN1, we demonstrate how a single proteostasis factor can set functional ceilings at 

sequential HR steps in a dosage-dependent manner. Under physiological conditions, UBQLN1 

shields RAD51 from proteasomal degradation (section 3.3.2), maintaining RAD51 abundance 

at ssDNA at the level required for productive strand invasion. Loss of UBQLN1 removes this 

protective stabilization, exposing RAD51 to E3 ligase-dependent degradation and lowering the 

"ceiling" below the threshold presumably required for efficient strand invasion. 

The "ceiling effect" is most evident in UBQLN1 overexpression, where MRE11 is depleted 

through proteasomal degradation, potentially lowering the "ceiling" on MRE11 availability 

below the level required for its role in limiting long-range end resection, which shifts pathway 

outcome from HR toward SSA and phenocopies HRD even when downstream repair 

machinery remains intact (section 3.3.5). Here, no amount of downstream signaling could 

compensate for the depleted upstream factor pool. The "ceiling" has been set by proteostatic 

degradation rather than kinase regulation. This dual function, maintaining RAD51 stabilization 

and, in overexpression, decreasing the MRE11 pool through degradation, positions UBQLN1 

as a proteostasis factor whose dosage-dependent effects on sequential HR steps can shift 

DSBR pathway outcome through abundance control. Identifying additional proteostasis factors 

that regulate repair protein stability, and determining how their degradative and stabilizing 

activities are coordinated with canonical DDR signaling, represents an important direction for 

understanding the regulatory architecture of DSBR. 

3.3.9 UBQLN1 dysregulation in cancer 

If proteostatic control of repair factor abundance represents a regulatory layer governing DSBR 

pathway choice, then dysregulation of such control in cancer would be expected to have 

functional consequences for tumor biology and therapy response. UBQLN1 dysregulation has 

been implicated across multiple cancer types, exhibiting context-dependent oncogenic or 

tumor-suppressive functions. In line with our observation of frequent UBQLN1 overexpression 

in human tumors (III-Figure 5A-C, S7A-L), immunohistochemical studies have demonstrated 

UBQLN1 upregulation in breast cancer332, gastric cancer333, colorectal cancer334, and 

hepatocellular carcinoma335. UBQLN1 overexpression has also been associated with 

activation of oncogenic signaling pathways, including AKT336 and ERK-c-Myc334, consistent 

with UBQLN1's broader proteostasis functions beyond DNA repair.150,337-339 Importantly, 

however, we observed UBQLN1 recruitment to DNA damage sites (III-Figure 2B) and 

interaction with RAD51 and MRE11 (III-Figure 3G, S5G, 4D), establishing DSBR regulation 

as a bona fide function of UBQLN1 distinct from its broader cellular roles.  
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Indeed, Ubqln1 overexpression-induced HRD elevated mutational burden in our mouse 

experiments and in TCGA patient data (III-Figure 4A, 5D, 6E-F, S8E-Q).  

While UBQLN1's diverse proteostasis functions may contribute additional phenotypic 

consequences to the tumor aggressiveness observed in the 

KrasLSL.G12D/wt;Trp53fl/fl;Rosa26LSL.HA-Ubqln1 (KPU1) mouse model (III-Figure 6A-D), this does not 

diminish the observation that UBQLN1 overexpression drives cancer aggressiveness. This 

phenotype encompasses overall biological consequences of UBQLN1 dysregulation present 

in the tested cell lines and lung tissue. In particular, the therapeutic sensitivities to PARP 

inhibition (III-Figure 7) are most directly explained as a functional consequence of the resulting 

HRD and DSBR defect, rather than secondary proteostasis effects. 

Conversely, physiological levels of UBQLN1 have been shown to exhibit tumor-suppressive 

properties in LUAD cell line models, where UBQLN1 loss promoted epithelial-to-mesenchymal 

transition, migration, and metastasis through reciprocal regulation with ZEB1.340 Loss of 

UBQLN1 also has been shown to increase MYC protein stability, a common lung cancer 

oncogene, driving cell proliferation and tumorigenesis in vivo, while increased UBQLN1 

expression counteracted MYC expression.341 The consequence of UBQLN1 overexpression 

might therefore be different in MYC-driven cancers compared to KRAS-driven cancers, the 

latter being the primary context examined in our study. However, our tumor-driver independent 

TCGA analysis across several cancer entities corroborated these dosage-dependent effects 

of UBQLN1 overexpression (III-Figure 5). 

The observation of tumor suppression at physiological levels versus promotion through 

overexpression likely reflects UBQLN1's expression level-dependent effects on specific 

substrates, as proposed in the dosage-dependent "Goldilocks" model (section 3.3.6). Since I 

focused on Ubqln1-overexpression in the lung cancer mouse model, it remains unclear 

whether Ubqln1 deficiency would produce comparable HRD-dependent effects on 

tumorigenesis and treatment vulnerability. 

3.3.10 UBQLN1 overexpression as an oncogenic driver 

The constitutively Ubqln1-overexpressing model (Rosa26LSL.HA-Ubqln1;ActbCre/wt) provides direct 

evidence that Ubqln1 overexpression can promote oncogenesis (III-Figure 5E-H). Strikingly, 

40 % of these mice spontaneously developed LUAD in older age, whereas no tumors were 

observed in wildtype controls. This suggests that Ubqln1 overexpression is not merely a 

modulator of tumor aggressiveness, but potentially a candidate oncogene capable of initiating 

malignant transformation. Unlike the constitutional UBQLN1 deficiency in syndrome patients, 

UBQLN1 overexpression in cancer patients would represent a somatic, tumor-restricted event. 

The constitutive Rosa26 model therefore represents a deliberate experimental extreme. 
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The KPU1 and Rosa26LSL.HA-Ubqln1;ActbCre/wt models address different aspects of Ubqln1-driven 

oncogenesis. In the KPU1 model, Ubqln1 overexpression accelerated tumorigenesis in the 

context of established oncogenic drivers (KRASG12D activation, Trp53 loss), demonstrating its 

role as a tumor promoter that enhances genomic instability in an already-initiated malignancy 

(III-Figure 6A-D). Of note, the multifocal disease pattern inherent to the autochthonous 

KP/KPU1 models recapitulates aggressive, advanced-stage LUAD,342 making preclinical 

testing especially challenging and meaningful. The Rosa26LSL.HA-Ubqln1;ActbCre/wt model extends 

this by demonstrating that Ubqln1 overexpression alone, without the cooperating mutations, is 

sufficient to drive tumorigenesis in the lung (III-Figure 5G). The long latency observed (median 

25 months, III-Figure 5F) compared to KPU1 could reflect the time required for Ubqln1-induced 

HRD to generate secondary mutations in cancer driver genes together with age-related decline 

in repair capacity, progressively compromising genomic integrity until transforming alterations 

might emerge.7,13,14  

This would be in line with the established paradigm of HRD in cancer, where BRCA loss 

functions both as an initiating driver of hereditary breast-ovarian cancers and as an acquired 

vulnerability in sporadic tumors.343 If Rosa26LSL.HA-Ubqln1;ActbCre/wt lung tumors exhibit HRD 

genomic features and PARP inhibitor sensitivity compared to KPU1 tumors, then this would 

provide strong evidence that Ubqln1 overexpression alone confers synthetic lethality 

independent of Kras or Trp53 status. 

3.3.11 Alternative repair pathway engagement in UBQLN1-dysregulated cells 

The functional consequences of UBQLN1 dysregulation in DSBR extend beyond HRD and 

include compensatory engagement of alternative DSBR pathways. Consistent with HR 

impairment at the resection step, UBQLN1-overexpressing cells exhibited elevated SSA in 

reporter assays (III-Figure 4G), suggesting compensatory pathway engagement driven by 

extensive dysregulated resection, as discussed in section 3.3.5. Additionally, UBQLN1 

overexpression generated genomic signatures of both NHEJ and MMEJ in murine KPU1 lung 

tumors (III-Figure 6G), suggesting a complex DSBR dysregulation. 

The choice among alternative pathways in HRD tumors may be cell cycle-dependent. In S/G2 

phase, HRD could be compensated through MMEJ or SSA depending on resection tract length 

and homology availability.344 The propagation of mutagenically resolved lesions through these 

error-prone pathways could translate into elevated damage burden entering G1,345 potentially 

explaining the NHEJ signature observed in KPU1 mice. 

These observations suggest therapeutic opportunities beyond PARP inhibition. Cells reliant on 

MMEJ might exhibit sensitivity to Pol θ inhibitors,346 while SSA dependence could confer 

vulnerability to RAD52 inhibition.347  
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Investigation of Pol θ or RAD52 inhibitors in combination with PARP inhibition in UBQLN1 

overexpressing models is warranted and would strengthen the clinical potential of UBQLN1 

overexpression as a novel potential biomarker for personalized cancer therapy. 

3.3.12 UBQLN1 as a candidate therapeutic biomarker 

Our findings identify UBQLN1 overexpression as a candidate biomarker for cancer 

aggressiveness that demonstrates sensitivity to PARP inhibitors and immune checkpoint 

blockade in preclinical models.296 Critically, UBQLN1 overexpression could enforce an HRD 

state without mutations in canonical DNA repair genes, positioning UBQLN1 as a dosage-

dependent, expression-level driver of HRD. Of note, immunohistochemistry of elderly mice that 

overexpress Ubqln1 constitutively showed no UBQLN1 downregulation throughout the mouse 

lifespan (III-Figure S7M), further supporting its potential as a stable biomarker.  

In the clinic, current HRD assessment relies on genomic scar-based methods that detect past 

HRD but may not reflect current repair status, while BRCA1/2 mutation testing identifies only 

a subset of HRD tumors.225-227 UBQLN1 overexpression could serve as a functional HRD 

indicator that could be independent of genomic scars and mutations in DNA repair genes. 

Tumors with high UBQLN1 expression but negative genomic HRD scores might nonetheless 

respond to PARP inhibitors, a patient population currently missed by standard biomarkers. I 

propose that UBQLN1-dysregulated HRD represents another "functional HRD" or BRCAness 

mechanism requiring dedicated biomarker approaches, with the potential to expand the eligible 

patient population beyond those identifiable by current genomic assays. 

Clinical validation requires establishing UBQLN1 expression thresholds that predict treatment 

response. In a study using immunohistochemistry, high UBQLN1 expression was detected in 

54.4 % (68/125) of invasive breast cancer samples.332 Staining positivity correlated with tumor 

size, lymph node metastasis, advanced disease stage, and poor prognosis,332 demonstrating 

both the prevalence and potential clinical significance of UBQLN1 as a biomarker for cancer 

aggressiveness. The poor prognosis observed in breast cancer parallels our findings in KPU1 

lung cancer and TCGA data (III-Figure 5,6). To establish clinically relevant thresholds and 

validate patient stratification utility in NSCLC, UBQLN1 immunohistochemistry scoring in 

clinically annotated tissue microarrays could be correlated with TMB, HRD signatures, and 

treatment sensitivities.  

How UBQLN1 is upregulated in cancer remains unclear. A recent study suggested that 

UBQLN1 levels in hepatocellular carcinoma are mediated by the circularRNA SORE,316 while 

the oncogenic microRNA MIR155 has been shown to negatively regulate UBQLN1 expression. 

Carcinogen exposure was shown to repress MIR155, thereby upregulating UBQLN1.348  
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UBQLN1-driven cancer development and aggressiveness might be therefore linked to post-

transcriptional regulation and environmental factors. Regardless of the upstream cause, the 

critical observation is that UBQLN1 upregulation is sufficient to impair HR. Depending on the 

underlying cause of overexpression, this mechanism could escape detection by mutation-

based, copy-number-based, and genomic scar-based HRD assays alike, as discussed. 

Understanding the source of UBQLN1 upregulation would contribute to evaluating its potential 

as a diagnostic and therapeutic biomarker. 

UBQLN1 may also serve as a serological marker for early detection. Serum autoantibodies 

against UBQLN1 were significantly elevated in LUAD patients compared to healthy controls, 

alongside UBQLN1 overexpression in tumor tissue.349,350 Such autoantibodies could enable 

minimally invasive patient identification before biopsy and potentially before the accumulation 

of genomic HRD scars. 

Preclinical model systems, particularly GEMMs that recapitulate tumor-microenvironment 

interactions, are important for validating biomarker-therapy relationships. While the parental 

KP model exhibits low TMB and reduced immunogenicity, limiting its predictive value for 

immunotherapy studies,256 the KPU1 strain showed elevated TMB (III-Figure 6E-F), increased 

predicted neoantigen presentation (III-Figure S8Q), and sensitivity to immune checkpoint 

blockade (ICB) therapy (III-Figure 7C-D), demonstrating the impact of Ubqln1 overexpression 

on immunogenicity in this aggressive mouse model. Our findings establish biological 

plausibility for UBQLN1 as a biomarker candidate in cancer, also for immunotherapy. 

Validation as a clinical biomarker requires prospective studies, ideally randomized controlled 

trials or biomarker-stratified cohorts, correlating UBQLN1 expression levels with PARP inhibitor 

and ICB response rates to establish predictive thresholds and support clinical application. 

3.3.13 Conclusions and future directions  

This work identifies UBQLN1 as a previously unrecognized regulator of HR through RAD51 

protein homeostasis, discovered through the characterization of a novel genome instability 

syndrome. Methodological and interpretive limitations and experimental follow-up suggestions 

of individual findings were discussed in their respective sections above. The proposed 

"shielding" model, in which UBQLN1 binding via its STI1-II domain protects RAD51 from 

ubiquitin-dependent proteasomal degradation, suggests a non-canonical function of UBQLN1. 

That RAD51 stabilization depends on the STI1-II domain rather than the canonical UBA-UBL 

degradation axis raises the possibility of a domain switch mechanism, whereby substrate fate 

– stabilization or degradation – may be determined by the mode of initial recognition.

115

3. Extended Discussion – Manuscript III



The observation that both UBQLN1 deficiency and overexpression appear to impair HR, albeit 

at different pathway steps, is consistent with a dosage-dependent model in which UBQLN1 

functions within an optimal concentration range. This dosage sensitivity may be 

mechanistically linked to the "domain switch" theory, where STI1-II-mediated RAD51 

stabilization would predominate at physiological UBQLN1 expression, whereas 

supraphysiological expression could increasingly engage the broader UBA-dependent 

substrate repertoire. The resulting model suggests that versatile shuttle factors may contribute 

to DSBR pathway choice by controlling the availability of repair factors. 

Translationally, UBQLN1 overexpression drove tumorigenesis in autochthonous mouse 

models, induced HRD and elevated TMB, and conferred sensitivity to both PARP inhibition and 

immune checkpoint blockade in preclinical settings. As a dosage-dependent driver of HRD, 

UBQLN1 overexpression could potentially identify patients who lack canonical BRCA and 

BRCAness mutations or genomic HRD scars but might still benefit from targeted therapies. 

The compensatory engagement of MMEJ and SSA observed in UBQLN1-overexpressing cells 

further suggests possible combinatorial vulnerability to Pol θ and RAD52 inhibitors, which 

could broaden therapeutic options. Clinical validation of UBQLN1 expression thresholds in 

annotated tumor cohorts will be essential to determine whether these preclinical findings 

translate into viable patient stratification strategies. 

While UBQLN1 overexpression creates therapeutic vulnerability through HRD, complementary 

target-directed approaches can address oncogenic signaling and driver gene mutations 

directly. The following section discusses the development of Deltafluorine, a first-in-class 

covalent PDEδ inhibitor targeting KRAS signaling. 

3.4 Manuscript IV: Targeting a Glutamic Acid in PDEδ with 
Fluoromethyl-Aryl Electrophiles Impairs KRAS Signaling  

Deltafluorine achieves covalent modification of glutamate E88 in PDEδ through a fluoromethyl 

pyridyl electrophile (IV-Figure 1b, 2, 3c-f), demonstrating activity in KRAS-dependent cell lines 

and reducing tumor burden in the KP mouse model of lung adenocarcinoma (IV-Figure 6). 
Understanding the potential of Deltafluorine requires positioning in the context of recent 

advances in KRAS targeting strategies. 

3.4.1 Advances in direct KRASG12D targeting 

Direct targeting of KRASG12D has advanced considerably since the initiation of our work. 

MRTX1133, the first potent non-covalent KRASG12D inhibitor with picomolar affinity,351,352 is now 

in clinical trials (NCT05737706), and Kim et al. demonstrated that MRTX1133 allosterically 
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arrests the GTPase cycle353. HRS-4642, a high-affinity selective noncovalent inhibitor, has 

shown promising phase I antitumor activity, with Zhou et al. identifying through CRISPR 

screening that proteasome inhibition synergizes with KRASG12D targeting.354 Daraxonrasib, an 

RAS(ON) multi-selective inhibitor targeting active GTP-bound RAS, has received FDA 

breakthrough designation for KRASG12X-mutant pancreatic ductal adenocarcinoma in 2025 and 

is now in phase III evaluation.355,356 

These advances in direct KRAS targeting might appear to undermine the rationale for indirect 

targeting of KRAS membrane trafficking through PDEδ, yet several considerations suggest 

continued value. Resistance to direct KRAS inhibitors emerges rapidly through mechanisms 

including mTOR pathway activation, epithelial-to-mesenchymal transition, and KRAS 

amplification.357 Since single-agent resistance appears unavoidable, efforts have shifted 

toward rational combination strategies. Liaki et al. very recently demonstrated that 

simultaneous targeting of three independent KRAS signaling nodes, RAF1, EGFR, and STAT3, 

achieves regression of KRAS/TP53-driven pancreatic tumors without resistance emergence 

for over 200 days in a mouse model, whereas daraxonrasib monotherapy showed limited long-

term durability.358 Their data confirmed that multi-node pathway blockade can prevent adaptive 

resistance by exceeding the tumor's compensatory capacity. PDEδ inhibition may offer 

combination opportunities with direct KRAS inhibitors. Additionally, PDEδ inhibitors provide 

chemical biology tools for dissecting KRAS trafficking biology regardless of their standalone 

therapeutic potential, which might provide new insights and future targeting opportunities. 

3.4.2 Carboxylate-targeting chemistry in the context of emerging covalent 
inhibitors 

The carboxylate targeting chemistry exemplified by Deltafluorine represents one of several 

emerging approaches to covalently engage aspartate and glutamate residues. Isolated 

examples of KRASG12D-directed covalent inhibitors have been reported, including epoxide-

based compounds,359 malolactone warheads that engage both GDP- and GTP-bound 

states,360 and RMC-9805,361 an orally bioavailable drug currently in clinical trials 

(NCT06040541). More recently, Shuai et al. designed tunable warheads for carboxylate 

targeting, demonstrating selectivity for carboxyl residues and antiproliferative activity in 

KRASG12D-dependent cells.362 Deltafluorine's slow kinetics and slow cellular turnover may 

represent a stability advantage over more reactive warheads, though whether this translates 

to improved therapeutic efficacy has not yet been established.363 

117

3. Extended Discussion – Manuscript IV



3.4.3 Therapeutic validity of PDEδ as a surrogate target 

The therapeutic validity of PDEδ as a KRAS surrogate target has been directly challenged by 

very recent work that was published in 2025 upon acceptance of our Deltafluorine manuscript 

and warrants discussion. Gómez-Mulas et al. developed genetically encoded PDEδ inhibitors 

and concluded that PDEδ inhibition is not sufficient to effectively suppress KRAS membrane 

anchorage and mitogen-activated protein kinase (MAPK) activity.364 They found that inhibition 

of KRAS membrane anchorage and KRASG12C-dependent MAPK signaling was weak, with 

near-complete PDEδ knockdown in KRASG12C-overexpressing HEK cells yielding only 

approximately 20 % reduction in phospho-ERK levels.364 This may raise the possibility that 

even complete PDEδ inhibition could be insufficient to meaningfully suppress KRAS signaling 

in therapeutic contexts.  

However, I observed substantially greater pathway suppression with Deltafluorine treatment, 

achieving approximately 50 % reduction in both phospho-ERK and phospho-S6 levels within 

4 hours of exposure in KRASG12V PA-TU-8902 cells (IV-Figure 4c). Given the slow kinetics of 

Deltafluorine, the biological effects likely reflect a combination of reversible target occupancy 

and progressive covalent modification, with the relative contributions of each mechanism 

potentially varying across experimental timeframes and contexts. The experimental systems 

also differ in context, as Gómez-Mulas et al. relied on overexpressed KRASG12C in HEK cells, 

whereas I measured pathway suppression in PA-TU-8902 cells expressing endogenous 

KRASG12V, where PDEδ-dependent trafficking may account for a different fraction of total KRAS 

membrane delivery. Gómez-Mulas et al. themselves noted that PDEδ directs only an estimated 

25-50 % of KRAS isoform 4B membrane trafficking, with redundant chaperones contributing

to the remainder, though this estimate may vary across KRAS contexts.364 Even accounting

for these differences, on-target PDEδ inhibition through the KRAS-MAPK axis alone is unlikely

to account for the full extent of our observed phospho-ERK suppression. However, PDEδ

clients extend beyond KRAS, and the simultaneous suppression of both phospho-ERK and

phospho-S6 observed with Deltafluorine (IV-Figure 4c) suggests suppression of multiple

PDEδ-dependent pathways, which was not examined by Gómez-Mulas and colleagues. While

off-target contributions from modification of other carboxylate residues cannot be excluded,

these observations suggest that evaluating PDEδ inhibition solely through KRAS-MAPK

readouts may underestimate its therapeutic relevance. Our phosphoproteomic analysis

provided orthogonal validation of these findings and strengthened confidence in the inhibitory

effect observed with Deltafluorine (IV-Figure 4a, 4b).
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3.4.4 Alternative mechanisms of antitumor efficacy 

Our observation of phospho-S6 suppression with Deltafluorine is consistent with disruption of 

PDEδ-dependent RHEB trafficking. RHEB is a farnesylated PDEδ client and critical upstream 

activator of mTORC1.365  

Armijo et al. demonstrated that PDEδ inhibitors may exert effects through the mTOR axis 

independently of KRAS.365 Dual suppression of both MAPK and mTOR pathways may 

therefore produce cooperative antitumor effects that neither pathway inhibition alone would 

achieve. Our global proteome analysis revealed regulation of proteins involved in vesicle-

mediated transport across the Golgi-ER membrane system (IV-Figure S5), which aligns with 

PDEδ's role as chaperone for prenylated cargo trafficking, and also suggests that Deltafluorine 

may influence membrane trafficking beyond direct PDEδ targeting. Distinguishing these 

mechanistic possibilities will require careful dissection that extends beyond the scope of the 

present work. Nonetheless, the correlation between enhanced signaling suppression and in 

vivo tumor reduction (IV-Figure 4,6) suggests that PDEδ inhibition with compounds exhibiting 

Deltafluorine's profile warrants continued investigation as a therapeutic strategy. 

3.4.5 KRAS-induced DNA damage response rewiring 

Recent work has begun to show how oncogenic KRAS rewires the DNA damage response, 

creating therapeutic vulnerabilities. Igarashi et al. demonstrated that KRASG12V expression 

triggers chromatin compaction and replication fork slowing that requires elevated ATR 

expression for cellular survival.366 Repriming generates ssDNA gaps at heterochromatin, 

contributing to genomic instability that may be further impaired by TP53 loss.366 Smith et al. 

found that KRAS-mutated pancreatic ductal adenocarcinoma shows increased transcription 

replication conflicts compared to other solid tumors.367 Meng et al. identified BER factors as 

regulators of transcription replication conflicts in pancreatic cancer, with synergistic 

enhancement of DNA damage when BER and ATR inhibitors were combined.368 These findings 

suggest that KRAS-mutant cancers could exist in a state of chronic replication stress that, 

when combined with Trp53 loss as in our KP model, might create synthetic lethal dependencies 

on DNA repair mechanisms.  

3.4.6 Implications for combination therapy strategies 

These DNA damage response alterations suggest specific therapeutic vulnerabilities that could 

be exploited in combination with PDEδ inhibitors. Oncogenic RAS increases replicative, 

metabolic, and oxidative stress while coopting adaptive responses to preserve survival, with 

the resulting rewiring of DDR pathways promoting resistance to chemotherapy and 

radiotherapy.369 Hoffman et al. demonstrated that KRAS mutant cancers rapidly escape MAPK-

pathway-inhibitor induced quiescence through ATR-dependent stress responses.370  
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These observations raise the possibility that PDEδ inhibition, by disrupting KRAS membrane 

localization and potentially affecting the downstream signaling that drives replication stress 

adaptation, might synergize with ATR inhibitors or comparable DNA damage response 

modulators.  

The combination of KrasG12D-induced replication stress with Trp53-mediated checkpoint 

deficiency in the KP model creates a context where such vulnerabilities may be particularly 

pronounced given that p53 governs cell fate decisions following DNA damage.371  

3.4.7 Limitations 

The contribution of PDEδ inhibition relative to potential alternative Deltafluorine targets to the 

observed antitumor effect remains incompletely resolved. While genetic rescue experiments in 

Hap1 cells (IV-Figure S7d) provided partial target validation, off-target modifications of other 

carboxylate residues cannot be excluded. In vivo evaluation was limited to the KP mouse 

model carrying KRASG12D, leaving uncertain whether efficacy extends to other Kras-mutant 

contexts or tumors retaining functional Trp53. Furthermore, pathway suppression was not 

validated in samples derived from the mouse experiments. Analysis of KP model-derived cell 

lines and comparison of untreated versus treated lung tissue would strengthen the mechanistic 

understanding of Deltafluorine activity in vivo. While relevant samples are available, these 

analyses were beyond the scope of the current manuscript and should be pursued if 

Deltafluorine advances through subsequent stages of preclinical development. Resistance 

mechanisms and combination strategies, particularly with direct KRAS inhibitors, also remain 

to be determined through future systematic evaluation. 

3.4.8 Conclusions and future directions 

In conclusion, Deltafluorine enters a rapidly evolving field of KRAS targeting strategies. The 

carboxylate targeting chemistry established in the manuscript (IV-Figure 1b, IV-Figure 2, IV-
Figure 3), achieving covalent modification of glutamate with a fluoromethyl aryl warhead, 

expands the toolkit for engaging traditionally challenging targets and may inform development 

of inhibitors engaging other carboxylate-containing residues. Deltafluorine may find greatest 

utility as a chemical biology tool for studying prenyl protein trafficking and potentially as a 

combination partner with direct KRAS inhibitors or DDR modulators, rather than as a 

standalone therapeutic agent.363 The connections between KRAS signaling and DDR 

discussed here suggest avenues for potential combination strategies that warrant further 

investigation. Future work could focus on defining the mechanistic basis for observed antitumor 

effects through genetic approaches. Identifying synergistic combinations through systematic 

screening and characterizing resistance mechanisms would guide clinical translation 

strategies if Deltafluorine or related compounds advance toward therapeutic development. 
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4. Cumulative Discussion

The extended discussions in chapter 3 examined each study on its own terms. This chapter 

shifts to a cumulative perspective, integrating the four manuscripts to identify conceptual 

connections that span across individual publications. 

4.1 From Syndrome Discovery to Therapeutic Vulnerabilities in 
Cancer 

The core of this dissertation follows the traditional trajectory of DNA repair research, where 

mechanistic understanding revealed pathways now central to cancer therapeutics. Two paths 

from mechanistic insights to therapeutic relevance emerge from the four manuscripts. The first 

is syndrome-derived translation (Manuscripts I-III), where clinical phenotype prompted 

mechanistic investigation that revealed therapeutic predictions. The second path is target-

directed development, where understanding of oncogenic pathway biology, independent of 

syndrome characterization, enabled the design of a novel inhibitor (Manuscript IV). Both 

trajectories require detailed mechanistic characterization before therapeutic potential becomes 

apparent, and both utilized the same KP mouse model for preclinical validation, showing how 

investment in preclinical systems can have impact across distinct projects (Manuscripts III-
IV). 

The UBQLN1 deficiency syndrome illustrates the syndrome discovery approach. Clinical 

characterization of a genome instability phenotype led to the identification of UBQLN1 as a HR 

regulator, which prompted investigation of the opposite expression extreme. This in turn 

established UBQLN1 overexpression as a driver of functional HRD with sensitivity to PARP 

inhibition and immune checkpoint blockade (Manuscript III). This trajectory, from a 

consanguineous family to preclinical therapeutic validation, depends on patient identification, 

variant detection, and functional characterization rather than phenotypic resemblance alone.  

Importantly, the syndrome discovery path shows that translation begins with variant detection, 

a significant bottleneck addressed by the OGM study (Manuscript II). The identification of a 

de novo duplication encompassing RPA1 in an infant with KMT2A-rearranged leukemia shows 

that expanding variant detection beyond SNVs and indels can connect established DDR genes 

to defects in variant classes that escape conventional diagnostics.279 The analysis presented 

in Manuscript II suggests that the true prevalence of hereditary cancer and genome instability 

predisposition may be systematically underestimated, because structural variants affecting 

known and novel DDR genes could remain invisible to standard sequencing workflows.  

121

4. Cumulative Discussion



Each undetected pathogenic variant could be a missed diagnosis and a missed opportunity for 

mechanistic investigation that can ultimately yield therapeutic predictions, as illustrated by the 

UBQLN1 work (Manuscripts II-III). Without comprehensive combination of detection 

technologies, syndrome candidates might remain unidentified and the mechanistic insights 

they harbor unexplored.  

The CRIPT syndrome illustrates the relevance of functional characterization within this 

trajectory (Manuscript I). Despite clinical overlap with established genome instability 

disorders, systematic genotoxicity testing revealed no canonical DDR defect, preventing 

misclassification as genome instability syndrome and redirecting mechanistic investigation 

toward senescence.258 The risk of misclassification has direct consequences for the discovery 

trajectory, because expanded variant detection (Manuscript II) will inevitably surface 

candidates whose clinical features suggest DDR involvement. Functional testing of the kind 

applied to patient fibroblasts across CRIPT, RPA1, and UBQLN1 is therefore essential 

(Manuscripts I-III), as phenotypic resemblance to established DDR disorders does not imply 

shared molecular mechanisms. 

While this approach depends on first detecting variants and then characterizing them 

functionally, Deltafluorine was developed through a different logic. Disruption of KRAS 

membrane trafficking through covalent PDEδ modification demonstrated antitumor activity in 

the KP mouse model through dual MAPK and mTOR suppression (Manuscript IV). This 

target-directed path proceeded from understanding of oncogenic pathway biology rather than 

from syndrome characterization, yet unites with the syndrome discovery path on the same 

preclinical model system. 

Together, Manuscripts I-IV progress from variant detection through syndrome 

characterization, functional validation and mechanistic understanding, to potential therapeutic 

application.  

4.2 Mechanistic Concepts and Therapeutic Perspectives 

The preceding section described how the manuscripts connect as a progression from patient 

phenotype to therapeutic potential. Beyond this progression, broader principles emerge across 

manuscripts that were not fully apparent within any single study and inform therapeutic 

predictions. The observation that both UBQLN1 deficiency and overexpression impair HR at 

different pathway steps establishes a "Goldilocks" principle for UBQLN1 where only 

physiological expression supports efficient repair (section 3.3.6). This principle extends beyond 

UBQLN1 within the work presented here.  
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The RPA1 duplication identified through OGM is associated with genotoxic sensitivity through 

increased gene dosage, while RPA1 haploinsufficiency has been reported to impair ATR-

dependent checkpoint signaling and increase DNA damage sensitivity through a distinct 

mechanism associated with decreased dosage.294,372 Both cases suggest that DDR factor 

perturbation, in either direction, can compromise cellular homeostasis through distinct 

mechanisms (Manuscripts II-III). Together, these findings indicate that DDR factor abundance 

is tightly constrained. Perturbations exceeding these constraints, whether through germline 

variants, overexpression, or structural duplications, can compromise genome maintenance, 

each through distinct mechanisms.  

This dosage sensitivity reflects a broader role of proteostasis in genome maintenance. 

UBQLN1 illustrates this most directly as a UBL-UBA shuttle factor that regulates RAD51 

stability through its STI1-II domain, operating through a non-canonical protective mechanism 

distinct from its established degradation function.296 The "domain switch" theory (section 3.3.4) 

explains how UBQLN1 can both stabilize and degrade substrates, and the "ceiling effect" 

(section 3.3.8) illustrates that proteostasis-mediated abundance control can restrict repair 

capacity in a way that stabilization of downstream signaling cannot override. The context-

dependent switching between stabilization and degradation distinguishes UBQLN1 from 

conventional shuttling-based DDR regulation and suggests that other UBL-UBA family 

members may similarly function as conditional DDR regulators.  

Proteostasis encompasses not only protein degradation, but also protein trafficking and 

localization.373 This broader definition connects the UBQLN1 and PDEδ studies beyond the 

ubiquitin-proteasome axis. Deltafluorine disrupts PDEδ's function as a chaperone that shuttles 

prenylated GTPases between membrane compartments, thereby regulating their intracellular 

localization and signaling competence.363 Protein homeostasis therefore affects cancer biology 

through multiple mechanisms, such as stabilizing or degrading repair factors, as shown for 

UBQLN1, and through controlling the intracellular localization of oncogenic proteins, as shown 

for PDEδ (Manuscripts III-IV). Investigating other proteostasis factors could therefore uncover 

new regulators with relevance to cancer therapy. 

One such therapeutic opportunity is already apparent within the manuscripts presented here. 

The UBQLN1 and PDEδ studies, though mechanistically distinct, together suggest specific 

combination treatment strategies (Manuscripts III-IV). Oncogenic KRAS has been shown to 

trigger replication stress through chromatin compaction and replication fork slowing, creating 

dependency on ATR-mediated stress tolerance.366 When HR is attenuated by UBQLN1 

upregulation, this stress cannot be resolved with full fidelity, compounding genomic instability. 
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The Trp53-deficient context of the KP model is frequently observed in lung cancer patients,252 

removing checkpoint constraints governing cell fate decisions following DNA damage,371 and 

rendering tumor cells reliant on DNA repair-based tolerance of replication stress. 

These observations point toward specific combination strategies that require systematic 

evaluation. PDEδ inhibition combined with PARP inhibition could target mechanistically distinct 

vulnerabilities where both features co-occur. While UBQLN1 overexpression would be 

expected to repress HR, creating vulnerability to PARP inhibition,296 PDEδ-mediated KRAS 

inhibition would primarily target tumor growth through disruption of oncogenic signaling.363 

Preclinical studies have established that inhibition of the RAS/MAPK pathway synergizes with 

PARP inhibition across multiple RAS-mutant tumor lineages.374 Clinically, this concept is now 

being extended to direct KRAS-targeted agents with an ongoing phase I trial of adagrasib plus 

olaparib in advanced solid tumors (NCT06130254).375 Notably, this trial does not select for 

UBQLN1-overexpression, which according to our data296 would further potentiate PARP 

inhibitor sensitivity (Manuscripts III-IV). Whether UBQLN1 overexpression coincides with 

KRAS mutations at sufficient frequency to define a clinically meaningful patient population 

awaits clarification. Considering that KRAS mutations are present in approximately 30 % of 

lung adenocarcinomas252,255 and that UBQLN1 is significantly overexpressed in lung 

adenocarcinoma (Manuscript III), their co-occurrence at clinically relevant frequency appears 

plausible.  

The functional independence of prenyl protein trafficking disruption and DNA repair targeting 

suggests non-overlapping mechanisms of action and, by extension, potentially distinct 

resistance mechanisms. This is relevant because resistance to single-agent KRAS inhibitors 

emerges rapidly through pathway rewiring.358 Of note, UBQLN1 overexpression might be a 

disadvantage under KRAS-mutant-driven replication stress, as the increased damage burden 

enhances reliance on high-fidelity repair that UBQLN1 overexpression compromises. 

However, the Trp53-deficient context common to KRAS-mutant cancers252,255 may resolve the 

apparent paradox of this co-occurrence by removing checkpoint constraints, as Trp53 loss 

permits tumor cells to tolerate damage burden that would otherwise trigger apoptosis.371 This 

defines the genetic context where the proposed combination rationale most directly applies – 

KRAS-mutant, Trp53-deficient tumors. 

Further, UBQLN1 overexpression does not simply impair HR but redirects repair toward error-

prone alternative pathways.296 The increased engagement of MMEJ and SSA observed in 

UBQLN1-overexpressing cells (section 3.3.11) suggests additional therapeutic dependencies 

with vulnerability to Pol θ and RAD52 inhibition, respectively. These compensatory survival 

mechanisms for HRD make them candidates for combination with PARP inhibition in a multi-

vulnerability targeting strategy.  
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Because these three potential targets act through separate mechanisms, combinations may 

achieve durable response even in the context of common PARP inhibitor resistance (section 

1.7.3). However, such strategies would require further clinical development and careful toxicity 

evaluation. 

Evaluating such strategies requires shared preclinical infrastructure. The KP model248 enabled 

assessment of both DDR-targeted (KPU1)296 and oncogene-targeted (Deltafluorine)363 

approaches within the same KrasG12D-driven, Trp53-deficient context (Manuscripts III-IV). The 

3D-CT tumor measurement technique developed as part of this dissertation enabled whole-

lung volumetric quantification across both studies, capturing the multifocal disease complexity 

inherent to autochthonous GEMMs.296,363 The Ubqln1-driven HRD together with Kras-mutant-

induced replication stress in this shared model system provides a rational preclinical basis for 

the combination strategies proposed above, and a defined starting point for their systematic 

evaluation. 

5. Conclusion

This dissertation presented four studies258,279,296,363 whose central contribution is the discovery 

of UBQLN1 as a novel dosage-sensitive regulator of HR through RAD51 stabilization. 

Investigation of the UBQLN1 deficiency syndrome revealed a "shielding" model whereby 

UBQLN1 protects the recombinase from proteasomal degradation. Both UBQLN1 deficiency 

and overexpression impair HR at different pathway steps, establishing a dosage sensitivity 

principle. Murine Ubqln1-overexpressing lung tumors exhibit HRD with elevated mutational 

burden and sensitivity to PARP inhibition and immune checkpoint blockade. UBQLN1 

overexpression represents a candidate functional biomarker that could expand eligibility for 

targeted therapies.296  

The supporting manuscripts contribute distinct but related insights. Characterization of the 

CRIPT syndrome established that RTS-like features can arise through senescence rather than 

canonical DNA repair defects, broadening the recognized genetic heterogeneity of the RTS 

spectrum.258 Validation of OGM for structural variant detection demonstrated that clinically 

relevant variants escape conventional sequencing, highlighting the need for comprehensive 

detection technologies within the syndrome discovery trajectory.279 Deltafluorine established 

carboxylate-targeting covalent chemistry for PDEδ inhibition, achieving dual MAPK and mTOR 

suppression and antitumor activity in the KP model.363 The potential mechanistic 

complementarity with Ubqln1-driven HRD, where HRD creates PARP-associated synthetic 

lethality while KRAS inhibition targets the proliferative driver, suggests rational combination 

strategies acting on distinct cancer vulnerabilities within the same tumor context.  
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The combination strategies developed in chapter 4 remain untested predictions of this 

framework. On a mechanistic level, the findings generate testable hypotheses that UBQLN1 

shielding might involve E3 antagonism, that UBQLN1 expression may predict therapeutic 

sensitivity in clinical settings, and that similar proteostatic DDR regulators await discovery 

through systematic screening. More broadly, these findings show that controlled protein 

stability and turnover directly affect how cells repair DNA damage. While the contribution of 

proteostasis to DDR regulation is well established, UBQLN1 extends this framework by 

representing a proteasomal shuttle factor that protects a repair protein through non-

degradative binding and whose dosage perturbation in either direction impairs HR through 

distinct mechanisms. Shuttle factors may therefore play a larger role in regulating DSBR than 

currently recognized. Because their dysregulation arises from altered protein abundance, the 

resulting therapeutic vulnerabilities could be invisible to DNA-based tumor profiling and might 

require expression-level detection strategies.  

How many additional proteostasis factors govern repair protein stability, and how their 

dysregulation shapes cancer vulnerabilities, are questions that future work can address by 

following the same approach of rare syndrome discovery, identification of mechanisms, and 

potential clinical translation (Figure 9). That a single consanguineous family led to the 

identification of a regulatory DNA repair mechanism with potential implications for precision 

oncology across common cancers suggests the answers are worth pursuing.  

Figure 9: From rare syndromes to cancer therapy. The syndrome discovery approach (Manuscripts I-III, 
chapters 2.1-2.3) progresses from patient identification and variant characterization through mechanistic 
dissection of gene, protein, and pathway function to potential identification of cancer vulnerabilities and their 
preclinical evaluation in vitro and in vivo. Checkpoints between stages indicate that progression through the 
trajectory is dependent on positive findings. Only syndromes that reveal mechanistic insights and exploitable 
cancer vulnerabilities can advance to therapeutic evaluation. Manuscript III (UBQLN1 syndrome, chapter 2.3) 
spans the full process from patient discovery to preclinical therapeutic evaluation. This approach is complemented 
by target-directed drug development and preclinical validation (Manuscript IV, chapter 2.4). Both trajectories can 
converge toward clinical studies (dashed arrow), dependent on subsequent safety, biomarker, and efficacy 
evaluation. The approach demonstrates how rare genome instability syndrome discovery can benefit cancer 
biology and therapy. Figure created with BioRender. 

126

5. Conclusion



6. Publications and Manuscripts

6.1 Included in this Dissertation 

Manuscript I – Peer-reviewed publication 

Averdunk L, Huetzen MA, Moreno-Andrés D, et al. Biallelic variants in CRIPT cause a 
Rothmund-Thomson-like syndrome with increased cellular senescence. Genet Med. 
2023;25(7):100836. doi:10.1016/j.gim.2023.100836 

Manuscript II – Peer-reviewed publication 

Wagener R, Brandes D*, Jung M*, Huetzen MA, et al. Optical genome mapping 
identifies structural variants in potentially new cancer predisposition candidate genes 
in pediatric cancer patients. Int J Cancer. 2024;154(4):607-614. doi:10.1002/ijc.34721 

Manuscript III – Manuscript under review at Molecular Cell (Cell Press); Preprint available 

Huetzen MA*, Leidecker O*, Hopff A-S*, Víšková Gajarská P*, et al. UBQLN1-
mediated Repression of Homologous Recombination is an Actionable Target for 
Cancer Therapy. 2026. Preprint: http://dx.doi.org/10.2139/ssrn.6502243 

Manuscript IV – Peer-reviewed publication 

Zhang R*, Huetzen MA*, Binici A*, Martín-Gago P*, et al. Targeting a Glutamic Acid in 
PDEδ with Fluoromethyl-Aryl Electrophiles Impairs K-Ras Signaling. J. Med. Chem. 
2026; 69(2):964-981. doi:10.1021/acs.jmedchem.5c02082 

6.2 Not Included in this Dissertation 

127

6. Publications and Manuscripts

Ratz L, Brambillasca C, Bartke L, Huetzen MA, et al. Combined inhibition of EZH2 and 
ATM is synthetic lethal in BRCA1-deficient breast cancer. Breast Cancer Res. 
2022;24(1):41. doi:10.1186/s13058-022-01534-y 

Sakthivelu V, Schmitt A, Odenthal F, …, Huetzen MA, et al. Functional synapses 
between neurons and small cell lung cancer. Nature. 2025;646(8087):1243-1253. 
doi:10.1038/s41586-025-09434-9 



7. Materials and Methods

7.1 Materials and Methods of Integrated Manuscripts 

Materials and methods for individual manuscripts can be found in the original publications in 

chapter 2 (Results), or in the supplementary material for each publication in chapter 12. 

Experimental data are stored on the institute’s file server. 

7.2 Software Tools 

Scientific figures were generated using GraphPad Prism and Adobe Illustrator. 

Schematics were generated using BioRender (Figures 1-7, 9). 

Gene/protein names in the list of abbreviations (chapter II) were annotated using the HUGO 

Gene Nomenclature Committee (genenames.org) resource. 

Claude Opus 4.5 and 4.6 (Anthropic) with PubMed integration was used to support literature 

searches and to help improve the clarity and readability of the thesis text. All suggestions were 

critically reviewed, verified against primary sources, and implemented by the author. 

The dissertation was written in Microsoft Word. PaperPal and iThenticate (access via the Max-

Planck Society) were used for pre-submission plagiarism screening and no plagiarism was 

detected.  
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Supplementary figures.

Supplementary Figure 1. 
A) UBQLN1 deficiency syndrome patients A-II-1 and A-II-4. B) Clinical evaluation of UBQLN1 deficiency syndrome patients A-II-
1 and A-II-4 compared to UBQLN4 deficiency syndrome patients. (n.r. = not reported) C) Whole-exome-sequencing analysis of
patient exomes to identify shared variants predicted to be truncating. All variants in the joint VCF were filtered for confidence and
quality (minimizing false-positive calls, excluding common non-pathogenic variants, restricting on coding/splice regions), zygosity
consistency (ensuring consistent inheritance), gnomad_r2_1 (excluding SNPs common in the population), shared variants
(prioritizing disease-segregating variants), and protein impact (predicted truncating variants), defined as frameshift indels and
stopgain, but not non-synonymous SNVs. UBQLN1c.377delA was identified as the single shared homozygous mutation predicted to
be truncating in both patients. D) UBQLN1 expression analysis. RNA-Seq transcript counts of UBQLN1 (ENST00000376395.9)
obtained from 3´mRNAseq with Lexogen QuantSeq, Single-Read 1x50 bp, of patient fibroblasts. E) Cell viability assessment via
DAPI immunofluorescence. Human dermal fibroblasts (HDFs) were treated with camptothecin (5 µM) for 48h. Viability was
assessed by detecting DAPI-positive nuclei with high-content imaging. Error bars represent the SEM of 6 biological replicates.
Two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. F) Quantification of γH2AX foci. HDFs were treated with camptothecin
(5 µM) and γH2AX foci were counted 2 and 48h after treatment using high-content imaging. Error bars represent the SEM of 6
replicates. Two-way ANOVA with Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Figure 2. 
A) Representative images of γH2AX foci 48h after neocarzinostatin (NCS, 500 ng/ml) or no treatment in human dermal fibroblasts
(HDFs), using high-content imaging. DAPI served as a counterstain. Scale bar: 20 µm. B) Representative images of γH2AX foci
48h after cisplatin (20 µM) or no treatment in HDFs, using high-content imaging. DAPI served as a counterstain. Scale bar: 30 µm.
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Supplementary Figure 3. 
A) Mouse breeding statistics of heterozygous intercrosses of the Ubqln1c.377delC mouse strain. B) Immunoblot validation of
Ubqln1c.377delC murine embryonic fibroblasts (MEFs) depicting Ubqln1 expression levels. C) Representative images of γH2AX foci
48h after neocarzinostatin (NCS, 500 ng/ml) or no treatment in MEFs, using high-content imaging. DAPI served as a counterstain.
Scale bar: 20 µm. D) Monitoring of seizure cases in the indicated mouse strains. Seizures were evaluated in daily observations
by experienced animal caretakers. Ubqln1wt/wt n=195; Ubqln1wt/mut n=432; Ubqln1mut/mut n=79.
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Supplementary Figure 4. 
A) Immunoblot depicting UBQLN1 expression levels in the two UBQLN1 CRISPR KO clones A10 and B9. B) Quantification of
γH2AX foci. U2OS CRISPR KO clones were treated with neocarzinostatin (NCS, 250 ng/ml) and γH2AX foci were counted 2 and
6h after treatment using high-content imaging. Error bars represent the SEM of 4 replicates. Two-way ANOVA with Bonferroni
post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. C) Immunoblot depicting UBQLN1 expression levels in the HEK293 Flp-In WT
and UBQLN1-/- cells transiently transfected with Flag-empty-vector or Myc-UBQLN1 as indicated. D) Cell viability rescue
experiment of UBQLN1 KO cells. HEK293 Flp-In WT and UBQLN1-/- cells were transiently transfected with Flag-empty-vector or
Myc-UBQLN1 as indicated. Cells were treated with 100 ng/ml NCS and viability was measured 96h post-treatment using Cell-
Titer-Glo reagent. Error bars represent the SD of 3 replicates. Two-way ANOVA with Bonferroni post hoc test. *p < 0.05, **p < 0.01,
***p < 0.001. E) Immunoblot depicting UBQLN1 expression levels in U2OS WT, UBQLN1-/- CRISPR KO cell lines.
F) Representative images of RAD51 foci 48h after NCS (250 ng/ml) or no treatment in U2OS WT, UBQLN1-/- cells, using high-
content imaging. DAPI served as a counterstain. Scale bar: 20 µm. G) Quantification of RAD51 foci from experiment Fig.2B with
data gated for G1, S, and G2-M cell cycle stages via nuclear Hoechst staining intensity. Error bars represent the SEM of 8
replicates. Two-way ANOVA with Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. H) Immunoblot depicting UBQLN1,
UBQLN4, and CtIP expression levels in cells that were transfected with siRNAs against the respective targets and were used for
DR-GFP reporter assay.
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Supplementary Figure 5. 
A) Quantification of cell cycle analysis performed on U2OS WT and UBQLN1-/- cells. Cells were fixed in ethanol 0.5, 3, 6, and 10h
after release from double-thymidine-block, stained with PI and subsequently analyzed via flow cytometry. Gating and data
quantification was performed in FlowJo 10.10.0 software. B) Quantification of cycloheximide chase assay in Fig. 3D. Immunoblot
bands of the chromatin fraction were quantified using FIJI and normalized to background and histone H3 loading control. Data
represents 3 independent fractionations with 3 immunoblots each. Two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
C) Representative images of FK2 and RAD51 foci 24h after neocarzinostatin (NCS, 250 ng/ml) treatment in WT and UBQLN1-/-

cells using high-content imaging. DAPI served as a counterstain. Scale bar: 30 µm. D) Quantification of FK2 foci from overlap
analysis in Fig. 3E. U2OS WT and UBQLN1-/- cells were treated with NCS (250 ng/ml) and nuclear FK2 foci were quantified 24
and 48h after treatment using high-content imaging. Error bars represent the SEM of 8 replicate wells. Two-way ANOVA with
Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. E) Co-immunoprecipitation of HIS-Ub with RAD51. HEK293 Flp-In
WT and UBQLN1-/- cell lines were transfected with 6 µg of HIS-Ubiquitin plasmid, synchronized via double-thymidine-block and
treated with NCS (100 ng/ml) 3h before harvest. The amount of HIS-ubiquitinated protein and bound (ubiquitylated) endogenous
RAD51 protein was detected via immunoblotting. F) Co-immunoprecipitation of recombinant UBQLN1 with RAD51. Recombinant
FLAG-UBQLN1-HIS protein was incubated with recombinant RAD51 or GFP-HIS as a negative control. FLAG-UBQLN1-HIS and
GFP-HIS were immunoprecipitated via FLAG-tag and probed for RAD51 interaction.

157

Supplementary Data – Manuscript III



Supplementary Figure 6. 
A) Representative images of MRE11 foci 24h after neocarzinostatin (NCS, 250 ng/ml) or no treatment in U2OS WT Flp-In +GFP-
ev, and +GFP-UBQLN1 cell lines that were induced with doxycycline (100 ng/ml) for 48h and imaged with high-content imaging.
DAPI served as a counterstain. Scale bar: 20 µm. B) Representative images of RAD51 foci 24h after NCS (250 ng/ml) or no
treatment in U2OS Flp-In +FLAG-ev, and +MYC-UBQLN1 cell lines that were induced with doxycycline (100 ng/ml) for 48h, using
high-content imaging. DAPI served as a counterstain. Scale bar: 20 µm.
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Supplementary Figure 7. 
A) UBQLN1 mRNA levels in different cancer entities (TCGA) were compared to their normal tissues (GTEx). B) TCGA lung
adenocarcinoma bulk patient data was grouped by lower and higher quartile of UBQLN1 expression. C) Overall survival of
UBQLN1 low (n=129) and high (n=127) expressing tumors. Mantel-Cox-Test. D) Disease-free survival of low or high UBQLN1
expressing kidney renal papillary carcinoma (KIRP). Mantel-Cox-Test. E) Overall survival of low or high UBQLN1 expressing
kidney renal papillary carcinoma (KIRP). Mantel-Cox-Test. F) Disease-free survival of low or high UBQLN1 expressing adenoid
cystic carcinoma. Mantel-Cox-Test. G) Overall survival of low or high UBQLN1 expressing adenoid cystic carcinoma. Mantel-Cox-
Test. H) Disease-free survival of low or high UBQLN1 expressing pancreatic adenocarcinoma (PAAD). Mantel-Cox-Test. I) Overall
survival of low or high UBQLN1 expressing pancreatic adenocarcinoma (PAAD). Mantel-Cox-Test. J) TCGA data stratification.
Overview of the TCGA LUAD data selection and exclusion criteria. K) Overview of the CODEFACs method. L) CODEFACs
analysis of the TCGA LUAD dataset. Cell fractions were deconvoluted and used for downstream analysis (Fig. 5A-C).
M) Immunohistochemistry validation. Lung, spleen, and liver obtained from Rosa26LSL.HA-Ubqln1/wt;Actbcre/wt or wildtype mice were
stained for HA-Ubqln1 expression. Scale bar: 2.5 mm. Statistics: *p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Figure 8. 
A) Genetic information on the KP mouse strain. B) Genetic information on the KPU1 mouse strain. C) Genotyping strategy for
Rosa26 insertion in KPU1 mice. D) Immunoblot depicting Ubqln1 expression levels in murine embryonic fibroblast (MEF) lysates
of Rosa26LSL.HA-Ubqln1 upon 24h of in vitro Adeno-CMV-Cre induction. E) Relative contribution of small insertions associated with
flanking microhomologies in KP and KPU1 tumors.  F) Relative contribution of small deletions associated with flanking
microhomologies in KP and KPU1 tumors. G-K) Percentage of microhomology-associated insertions associated with breakpoint-
induced microhomology from total insertions of KP and KPU1 whole-genome-sequencing data. Wilcoxon-test. *p < 0.05, **p <
0.01, ***p < 0.001. L-P) Percentage of microhomology-associated deletions associated with breakpoint-induced microhomology
from total deletions of KP and KPU1 whole-genome-sequencing data. Wilcoxon-test. *p < 0.05, **p < 0.01, ***p < 0.001. Q)
Neoepitope presentation analysis from whole-genome-sequencing data of KP and KPU1 mice. Student´s t-test. *p < 0.05, **p<
0.01, ***p < 0.001.
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Supplementary Figure 9. 
A) Representative 3D images. Volumetric tumor burden analysis for PARPi-treated KP and KPU1 mice. 3 mice per genotype and
treatment group were selected by representative survival in the respective cohort. Tumors were mapped and interpolated from
µCT images 11 weeks post instillation using CTan/CTvox software. B) Immunoblot depicting UBQLN1 expression in 6 human
lung adenocarcinoma cell lines. Relevant mutational backgrounds are indicated according to public DepMap data. C) Colony
formation assays of high or low UBQLN1 expressing lung adenocarcinoma cell lines treated with Olaparib (3 µM) or DMSO vehicle
control for 14 days. Figure shows one representative image of 3 replicates. D) Quantification of the colony formation assays in
Suppl. Fig. 9C. Triplicates were quantified using FIJI. Staining intensity was normalized against the background for measurement
of well confluency. Treatment wells were normalized to vehicle control (100%). Normalized confluency in wells treated with
Olaparib (3 µM) is shown. Datapoints were assigned to the individual cell lines. Student´s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
E) Representative 3D images. Volumetric tumor burden analysis for aPD1-treated KP and KPU1 mice. 3 mice per genotype and
treatment group were selected by representative survival in the respective cohort. Tumors were mapped and interpolated from
µCT images 11 weeks post instillation using CTan/CTvox software.
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Material and Methods. 

Material list 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse anti-Phospho-Histone H2AX (Ser139) (IF 1:500) Millipore 05-636
Goat AF488 anti-mouse Invitrogen A11001 
Goat AF488 anti-rabbit IgG Invitrogen A11008 
Goat AF647 anti-mouse Invitrogen A21235 
Goat AF647 anti-rabbit Invitrogen A27040 
Goat anti-mouse IgG peroxidase EMD Millipore 12-349
Mouse anti-CtIP (WB 1:1000) Santa Cruz Biotechnology sc-271339 
Mouse anti-FLAG M2 (WB 1:1000) Sigma  F1804 
Mouse anti-GFP (WB 1:1000) Santa Cruz Biotechnology sc-9996 
Mouse anti-ß-Actin (WB 1:10.000) Sigma A5316 
Mouse anti-MRE11 (WB 1:1000) Santa Cruz Biotechnology sc-135992 
Mouse anti-Ubiquitin (FK2) (IF 1:500, WB 1:1000) Millipore 04-263
Mouse anti-Ubiquitin (P4D1) (WB 1:1000) Cell Signaling Technology  3936 
Rabbit anti-UBQLN1 (WB 1:1000) Bethyl BL-20647 
Rabbit anti-UBQLN1 (WB 1:1000) Cell Signaling Technology  14526 
Rabbit anti-UBQLN1 (WB 1:1000) Bio-Rad VPA00453 
Rabbit anti-UBQLN1 (WB 1:1000) Bethyl A305-896A-M 
Rabbit anti-UBQLN4 (WB 1:1000) Bethyl BL2064 
Rabbit anti-GFP (WB 1:1000) Novus NB600-308SS 
Rabbit anti-HA-Tag (IHC: 1:500, WB 1:1000) Cell Signaling Technology 3724 
Rabbit anti-Histone H3 (WB 1:10.000) Cell Signaling Technology 60932SF 
Rabbit anti-IgG HRP Merck 12-348
Rabbit anti-K48 (WB 1:1000) Cell Signaling Technology 8081S 
Rabbit anti-MRE11 (IF 1:500, WB 1:1000) Cell Signaling Technology 4847 
Rabbit anti-MYC-Tag (WB 1:1000) Cell Signaling Technology 2276S 
Rabbit anti-RAD51 (IF: 1:500, WB 1:1000) Millipore ABE257 
Rabbit anti-RAP80 (D1T6Q) (WB 1:1000) Cell Signaling Technology  14466 
Rabbit anti-Vinculin (WB 1:10.000) Abcam ab129002 
Bacterial and Virus Strains 
Ad5CMVCre University of Iowa Ad5CMVCre 
E.coli stable competent (high efficiency) New England Biolabs C3040I 
Chemicals, Peptides, and Recombinant Proteins 
Acrylamide Carl Roth 3029.2 
Agarose Carl Roth 3810.3 
Ammoniumpersulfate  Carl Roth  9592.5 
Animal-Free Blocking Solution Cell Signaling Technology 15019S 
Anti-FLAG® M2 Magnetic Beads Merck M8823-1ML 
ATP energy regenerating solution Enzo Life Sciences BML-EW9810-0100 
Benzonase Merck Millipore 103773 
Biotin Sigma-Aldrich B4501 
Blasticidin-S Hydrochlorid ThermoFisher Scientific 10264913 
Blotting paper  Millipore CL66.1 
Bovine Serum Albumin Sigma-Aldrich 9048-46-8 
2-chloroacetamide Sigma-Aldrich 22790 
CaCl2 Carl Roth CN93.1 
Camptothecin Millipore 208925 
CellTiter-Glo® Reagent  Promega  G7573  
Cisplatin Accord N/A  
Cre Recombinase, TAT-Cre (Tat-NLS-Cre, HTNC, HTNCre) Excellgen EG-1001 
Crystal violet  ThermoFisher Scientific 11976931 
Cycloheximide Sigma-Aldrich C7698-5G 
Dharmafect transfection reagent Horizon discovery T-2001-02
DMSO  Carl Roth A994.2 
DNase I ThermoFisher Scientific EN0521 
dNTP  ThermoFisher Scientific R0181 
DpnII  New England Biolabs R0543S 
Dulbecco's Modified Eagle Medium + GlutaMAX ThermoFisher Scientific 2902879 
Dulbecco's Phosphate Buffered Saline ThermoFisher Scientific 2858855 
DYKDDDDK Fab-Trap® Agarose beads Chromotek #ffa 
DYNAL™ MyOne™ Dynabeads™ Streptavidin C1 ThermoFisher Scientific 65001  
ECL Prime Blotting Detection Reagent  EMD Millipore RPN2236 
EDTA ThermoFisher Scientific AM9260G 
EnVision FLEX Target Retrieval Solution, High pH  Agilent K800421 
EnVision FLEX Target Retrieval Solution, Low pH Agilent K800521 
Eosin Carl Roth X883.2 
Epredia SuperFrost Plus Histology Slides ThermoFisher Scientific Epredia™ J1800AMNZ 
Ethanol Carl Roth 0911.2 
Ethanol 99,8% Rotipuran Carl Roth 9065.4 
Ethanol denatured 99,8%  Carl Roth K928.4 
Fetal bovine serum (FCS) ThermoFisher Scientific 10270106 
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G418  Sigma-Aldrich  G418-RO 
GFP-Trap Magnetic Particles M-270 Chromotek gtd-20 
Glycerol Carl Roth 3783.2 
Glycin Carl Roth 1979.4 
GoTaq 2500U Promega M784B 
GoTaq qPCR Master Mix Promega A6001 
Haematoxylin Carl Roth 3816.2 
HEPES Carl Roth 6763.2 
Hoechst 34580 Merck 63493 
Human ubiquitin Boston Biochemicals U-100H
Hydrogen Peroxide 30 % Carl Roth 9681.4 
2-Hydroxypropyl-ß-cyclodextrin Carbolution CC20035 
Hygromycin B  Carl Roth 1287.1 
Igepal Sigma-Aldrich I8896 
Imidazole Sigma-Aldrich 56750 
Isoflurane  Piramal critical care 66794-17 
Ketamine Serumwerk Bernburg AG 13690.00.00 
Laemmli SDS sample buffer, non-reducing (4X) ThermoFisher Scientific J63615.AC 
Lipofectamine 2000 ThermoFisher Scientific 11668027 
Methanol Sigma-Aldrich 32213 
MG132 Selleckchem S2619 
MgCl2 Carl Roth KK36.2 
Mirin  Selleckchem S8096 
NaH2PO4 Carl Roth T879.2 
N-Ethylmaleimide Sigma-Aldrich 04259-5G 
NaCl Carl Roth P029.4 
Neocarzinostatin (NCS) Sigma-Aldrich N9162 
Ni-NTA Magnetic Agarose Beads Qiagen 36113 
Normal goat serum  Sigma-Aldrich G9023 
NP40/Igepal Sigma-Aldrich I8896-50ml 
Olaparib MCE HY-10162 
Opti-MEM™ I Reduced Serum Medium ThermoFisher Scientific 31985062 
PageRuler Prestained Protein Ladder ThermoFisher Scientific 26616 
Paraformaldehyde  Carl Roth 0335.3 
Penicillin/Streptomycin ThermoFisher Scientific 15070063 
Phosphatase inhibitor Roche 4906837001 
Polybrene Sigma-Aldrich TR-1003-G 
Ponceau S Solution Applichem A2935 
PR-619 Selleckchem S7130 
Propidium iodide Invitrogen P3566 
Protein G Magnetic Beads Cell Signaling Technology 70024S 
Protease inhibitors (cOmplete, EDTA free) Sigma-Aldrich 11873580001 
Puromycin Sigma-Aldrich P8833 
PVDF membrane  Merck IPFL00010 
QiAquick Gel Extraction Kit Qiagen 28704 
Recombinant E1 activating enzyme Enzo Life Sciences BML-UW-9610-0050 
Recombinant E2 conjugating enzyme UBE2D2 Boston Biochemicals E2-622 
Recombinant Ubiquitin Boston Biochemicals U-100H
Recombinant RAD51  Abcam ab63808 
Recombinant HIS-RAD51  MCE HY-P702777 
Recombinant FLAG-UBQLN1-HIS This paper 
Recombinant E3 CHIP Balaji et al., 202237 
RMP1-14 (anti-PD1) InVivoMAb BE0146 
RNAse A ThermoFisher Scientific EN0531 
Roti-GelStain 1ml Carl Roth 3865.1 
RPMI1640 medium ThermoFisher Scientific 21875091 
SDS Carl Roth 2326.2 
SignalStain® Antibody Diluent  Cell Signaling Technology 8112S 
SignalStain® Boost (HRP, Mouse) Cell Signaling Technology 8125P 
SignalStain® Boost (HRP, Rabbit)  Cell Signaling Technology 8114P 
Sodium Azide Merck 8223350100 
Sucrose Carl Roth 9286.1 
TEMED  Carl Roth 2367.3 
Thymidine Sigma-Aldrich T9250-5G 
Trans-Blot Turbo 5X Transfer Buffer Bio-Rad 10026938 
Tris HCl Carl Roth 9090.3 
Triton X-100 Sigma-Aldrich X100 
Trypan blue ThermoFisher Scientific 15250061 
Trypsin ThermoFisher Scientific  25200056 
Tween20 Sigma-Aldrich 102717264 
Ubiquitin conjugation reaction buffer Enzo Life Sciences BML-KW9885-0001 
Urea Merck 1.08487.1000 
Xylazine Serumwerk Bernburg AG 116565 
Critical Commercial Assays 
DC assay kit Bio-Rad 5000114 
DNeasy Blood&Tissue Kit Qiagen 69504 
QiAquick Gel Extraction Kit Qiagen 28704 
RNeasy Mini Kit  Qiagen 74104 
SignalStain® DAB Substrate Kit Cell Signaling Technology 8059 

163

Supplementary Data – Manuscript III



Subcellular Protein Fractionation Kit  ThermoFisher Scientific  78840 
Trans-Blot Turbo RTA Mini 0.2 µm PVDF Transfer Kit Bio-Rad 1704272 
Experimental Models: Cell Lines 
U2OS  ATCC  HTB-96 
A427 ATCC 
Calu3 ATCC 
HDF A-I-1  This paper 
HDF A-II-1  This paper 
HDF A-II-3 This paper 
HDF A-II-4  This paper 
HCC461 ATCC 
HEK293  ThermoFisher Scientific  R70007 
NCIH1623 ATCC 
NCIH1651 ATCC 
NCIH1793 ATCC 
NHDF-c WT fibroblast Sigma C-12300
TRex 293 Flp-In UBQLN1 KO Ubigene 
TRex 293 Flp-In  Panier Lab, Cologne 
TRex U2OS Flp-In  Ubigene 
TRex U2OS Flp-In UBQLN1 KO A10 Ubigene 
TRex U2OS Flp-In UBQLN1 KO B9 Ubigene 
U2OS DR-GFP Stark Lab, Duarte 

Experimental Models: Mouse Lines 
K-RasLSL.G12D/wt ; Trp53fl/fl DuPage et al., 200922 C57BL/6J 
RosaLSL.HA-Ubqln1.IRES.GFP This paper C57BL/6J 
Rosa26LSL.HA-Ubqln1.IRES.GFP; K-RasLSL.G12D/wt ; Trp53fl/fl This paper C57BL/6J 
Rosa26LSL.HA-Ubqln1.IRES.GFP;Actbcre/wt This paper C57BL/6J 
Ubqln1c.377delC This paper C57BL/6J 
Oligonucleotides 
siRNA Non-Targeting Control Pool  Horizon D-001810-10-20
siRNA RBBP8 (CtIP) human, SMARTpool Horizon L-0211376-00-0010
siRNA UBQLN1 human, SMARTpool Horizon L-012942-00-0020
siRNA UBQLN4 human, SMARTpool Horizon L-021178-01-0020
Recombinant DNA 
3xHA-TurboID NLS This paper N/A 
pcDNA3_3xHA_TurboID_Ubqln1_NLS This paper N/A 
pcDNA3_FLAG_MRE11 This paper N/A 
pCDNA5_FRT_TO_eGFP_S-tag This paper N/A 
pcDNA5_FRT_TO_eGFP_s-tag_UBQLN1_NLS This paper N/A 
pcDNA5_FRT_TO_eGFP_s-tag_UBQLN1_dSTI1-I_NLS This paper N/A 
pcDNA5_FRT_TO_eGFP_s-tag_UBQLN1_dSTI1-I.2-II.1_NLS This paper N/A 
pcDNA5_FRT_TO_eGFP_s-tag_UBQLN1_dSTI1-II_NLS This paper  N/A 
pcDNA5_FRT_TO_eGFP_s-tag_UBQLN1_dUBA_NLS This paper N/A 
pcDNA5_FRT_TO_eGFP_s-tag_UBQLN1_dUBL_NLS This paper N/A 
pcDNA5_FRT_TO_MYC_UBQLN1 This paper N/A 
pcDNA5_FRT_TO_FLAG_EV This paper N/A 
GFP-Rad51 in pEGFP-c1 Essers Lab, Rotterdam N/A 
pCVL.SFFV.Kozak.HA.NLS.SceOpt.IRES.BFP Addgene #45574 
pgLAP1_GFP-UBQLN1 This paper N/A 
pMD2.G Addgene #12259 
psPAX2 Addgene #12260 
Software and Algorithms 
Adobe Illustrator  Adobe  
Adobe Photoshop CS4 (DNA fiber analysis)  Adobe  
Anaconda v2.0.4 Anaconda Inc. 
Benchling  Benchling 
BWA v0.7.17 Li and Durbin, 200938 
Cellomics software package (Colocalization V.4 Bioapplication) Thermo Scientific  
Comet Score software TriTek 
CTAn v.1.18 Bruker 
Cellomics HCS Studio Version 6.6.3  Build 8568 
ComplexHeatmap v2.22.0 
Cutadapt v3.4 
DataViewer v2.1 Extron 
DESeq2 v1.48.0 
Docker Docker Inc. 
Dupradar v1.28.0 
FASTQC v0.12.1 
FIJI v1.53c FIJI 
GATK v3.7  Broad Institute  
ImageJ software with the PZfociEZ plugin Wayne Rasband  
ImageLab Bio-Rad 
MaxQuant v1.6.1.0 Cox et al., 2011 
Microsoft Office 365 Microsoft 
MultiQC v1.19 
mutSigExtractor 
NDP.view2 vU12388-02 Hamamatsu 
nextflow v23.10.1 
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nf-core/rnaseq pipeline v3.14.0  
NIS ELEMENTS  Nikon 
NRecon Bruker 
Picard v2.26.0 Broad Institute 
PRISM  Graphpad  
PyRat Scionics 
Python v3.6.5 Python Software Foundation  
R library BSgenome.Mmusculus.UCSC.mm10 
R v4.4.1 The R Foundation 
R Studio v2024.09 Posit Software, PBC 
data.table v1.16.0 
gridExtra v2.3 
tidyverse v2.0.0 
RSeQC v.5.0.2 
Salmon v1.10.1 Patro et al., 201739 
SigProfilerAssignment v0.1.7 
SigProfilerMatrixGenerator v1.2.26 
Spyder v2.26.0 Spyder Website Contributors 
STAR v2.7.9a 
Trim Galore v.0.6.7 
Tximport v 1.12.0 
Qualimap v2.3 
Other 
Glass Bottom dishes 35mm  MatTek  P35G-0-10-C 
96-well solid white flat-bottom polystyrene TC-treated microplates Corning 3917 
Cell culture 96-well, clear flat-bottom microplates Greiner 655090 
Mini-PROTEAN TGX Stain-Free Gels 10% Bio-Rad 4568036 

Cell Culture and Maintenance 
Human patient dermal fibroblasts (HDFs), U2OS, HEK293, and murine embryonic fibroblasts (MEFs) were grown 
in Dulbecco’s Modified Eagle Medium with GlutaMAX (DMEM, ThermoFisher Scientific) containing 1 % 
Penicillin/Streptomycin (P/S, ThermoFisher Scientific) and 10 % fetal bovine serum (FCS, ThermoFisher Scientific). 
Lung adenocarcinoma cell lines were grown in Gibco Roswell Park Memorial Institute 1640 medium (RPMI 1640, 
ThermoFisher Scientific) containing 10 % FCS and 1 % P/S. Cells were grown at 37 °C and 5 % CO2.  

Passaging Cells 
Cells were passaged by washing with 5 ml of 1x DPBS (ThermoFisher Scientific) and trypsinization with 1 ml of 
0.25 % trypsin (ThermoFisher Scientific) at 37 °C. The appropriate volume of cell suspension was added to a new 
dish for maintenance or experiments. 

Calculation of Seeding Density 
Trypsinized cells in suspension were mixed 1:1 with 0.4 % Trypan blue (ThermoFisher Scientific). Samples were 
loaded into a cell counting Neubauer chamber slide and measured by an automated cell counter (CytoSMART, 
Corning Life Sciences).  

Transient transfection of human cell lines 
Cells were plated at a density of 6 × 106 cells in a 10 cm dish containing 10 ml of DMEM medium without P/S and 
incubated at 37 °C overnight. On the day of transfection, the indicated amount of DNA was diluted in 300 μl of Opti-
MEM. In a separate tube, Lipofectamine 2000 was diluted in 300 μl of Opti-MEM to a 2:1 Lipofectamine/DNA ratio. 
After 5 min of incubation at RT, the diluted DNA was combined with the diluted Lipofectamine 2000 and incubated 
for 20 min at RT to allow the DNA-Lipofectamine 2000 complexes to form. DNA-Lipofectamine 2000 complex was 
added dropwise to the cells. The medium was replaced 5h after transfection and the cells were incubated at 37 °C 
for 48h. Alternatively, the respective DNA was diluted in 500 µl of 250 mM CaCl2 and vortexed, while 500 µl of 2x 
HEPES-buffered saline (42 mM HEPES; 273.8 mM NaCl; 10 mM KCl; 1.76 mM Na2HPO4• H2O; 0.2 % glucose) was 
added dropwise. The mixture was then added dropwise to the cells, medium was replaced 24h after transfection, 
and cells were incubated at 37 °C for 48h. 

Generation of constitutively expressing Flp-In cell lines 
The Invitrogen™ Flp-In™ system was used for the integration and constitutive expression of the gene of interest in 
mammalian cells. One day prior to transfection, HEK293 Flp-In or U2OS Flp-In cells were plated at a density of 
5×106 cells in a 10 cm dish containing 10 ml DMEM medium without antibiotics and incubated overnight at 37 °C. 
On the day of transfection, 1 μg of expression plasmid containing an FRT site linked to the hygromycin and 
blasticidin resistance genes and 9 μg of Flp recombinase expression plasmid pOG44 were diluted in 300 μl of Opti-
MEM. Cells were transfected as described above to allow Flp recombinase mediated DNA recombination at the 
FRT site in the cells. The cells were then incubated at 37 °C in 10 cm dishes and selected over the following days 
using 100 μg/ml hygromycin and 15 μg/ml blasticidin for colony expansion.  

Small interfering RNA (siRNA) mediated knockdown of cells 
Cells were seeded at a density of 1 x 106 in a 10 cm dish containing 10 ml of DMEM medium without antibiotics 
and incubated at 37 °C overnight. On the day of siRNA transfection, 1 μM of siRNA diluted in Opti-MEM was 
combined with 15 μl Dharmafect diluted in 235 μl of Opti-MEM and incubated for 25 min at RT. After incubation, 
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the siRNA-Dharmafect complex was added dropwise to the cells to allow siRNA mediated knockdown. The cells 
were then incubated at 37 °C in 10 cm dishes for 2 days until they were subjected to experiments. 

SDS-PAGE and Immunoblotting 

Sample Preparation 
Cells were collected as described above. The cell suspension was centrifuged at 300 g for 5 min to obtain cell 
pellets. The cell pellets were washed thrice in 1x DPBS and lysed by resuspension in 50-100 μl sodium dodecyl 
sulfate (SDS) lysis buffer or RIPA-buffer, sonicated in the Bioruptor (Diagenode Inc.) using the following protocol: 
30 sec ON, 30 sec OFF, 10 cycles at 4 °C; or additionally sonicated manually. SDS-lysed samples were heated at 
95 °C for 10 min and quantified via DC assay.  

SDS-PAGE and Immunoblotting 
The obtained lysates were quantified using the DC assay (Bio-Rad Laboratories Inc.). Sample absorbance was 
quantified using the Tecan Spark 10M Luminescence Multi-Mode Microplate Reader (Tecan). Samples were diluted 
in Laemmli buffer, heated at 95 °C for 10 min, and loaded on an SDS polyacrylamide gel (5 % stacking gel, 10 % 
or 4-20 % gradient separating gels). The Mini-PROTEAN Tetra Cell immunoblotting system (Bio-Rad Laboratories 
Inc.) was used for gel casting, electrophoresis, and transfer. Upon system assembly, samples were loaded and 
electrophoretically separated at 80 V through the stacking gel and at 100 V through the separation gel, followed by 
either overnight wet transfer or Trans-Blot Turbo Semi Dry Blotting onto a PVDF membrane (Merck Millipore). Wet 
transfer was carried out at 100 mA for 18h. Semi-dry transfer was acquired at 25 V for 7 min. Membranes were 
washed in 1x TBS-T and blocked in 5 % BSA in TBS-T for 1h. For immunostaining, the membranes were incubated 
overnight with primary antibodies diluted in 5 % BSA at 4 °C. After three washes in 1x TBS-T for 10 min each, the 
membranes were incubated with Horseradish Peroxidase (HRP) conjugated secondary antibody diluted in 5 % BSA 
at RT for 1h, following another three washes. ECL Prime Blotting Detection Reagent (Merck Millipore) was used for 
protein detection using the ChemiDoc Imaging System (Bio-Rad Laboratories Inc.).  

SDS-PAGE Signal Quantification 
SDS-PAGE band signal intensity and background intensity were measured using square regions of interest in FIJI. 
Intensity values were normalized for the background signal in the same ROI size above the protein signal of interest. 

Cell cycle synchronization 
U2OS cells of indicated genotypes were plated at a density of 2 x 106 cells in a 10 cm dish containing 10 ml of 
DMEM medium, 1 % P/S and 10 % FCS and incubated at 37 °C overnight. Next day, 2 mM Thymidine was added 
onto the dishes and after 16h, cells were released from Thymidine by washing twice with DPBS and adding fresh 
DMEM medium containing 1 % P/S and 10 % FCS. After 8h of release, cells were again treated with 2 mM 
Thymidine and after 16h, cells were released again and harvested at the indicated time points either for a 
subsequent cycloheximide chase assay or fixed in ethanol for cell cycle analysis via flow cytometry. 

Fixation with EtOH and propidium iodide staining for cell cycle analysis 
Cells were first washed in 1x DPBS, trypsinized, and centrifuged at 300 g for 5 min at RT. The pellet was then 
thoroughly resuspended in 300 µl 1x DPBS and finally, 2.5 ml of 70 % ice-cold ethanol was added dropwise. The 
sample was then vortexed and stored at -20 °C for up to 1 week but at least 1h prior to staining. Fixed cells were 
washed twice in ice-cold 1x DPBS (5 ml and 1 ml), with the centrifugation steps at 17000 g for 5 min at 4 °C. After 
the second centrifugation, the sample was resuspended in 200-500 µl of 1x DPBS (according to the pellet size), 
10 µl of propidium iodide (PI) and 0.5 µl of RNAse A (ThermoFisher Scientific) were added per sample. Finally, all 
samples were incubated in the dark at 37 °C, shaking at 900 rpm, for approximately 40 min and subsequently taken 
for flow cytometry analysis using FACS CANTO II (BD Biosciences).  

Cycloheximide chase assays 
U2OS cells of indicated genotypes were synchronized via double-Thymidine-block as described above. Then, cells 
were treated with CHX and NCS at the indicated timepoints. For cellular fractionation, cells were chemically 
fractioned using the subcellular protein fractionation kit according to the manual (Thermo Fisher Scientific).  

Immunoprecipitation 
For GFP-Trap experiments, HEK293 cells were transfected with respective plasmids, synchronized when indicated, 
treated, and harvested. Cells were then incubated in lysis buffer (20 mM HEPES, pH 7.9, 300 mM NaCl, 2.5 mM 
MgCl2, 0.5 % IGEPAL, 20 % glycerol, 10 µM PR-619, 10 mM N-ethylmaleimide, DNase I, phosphatase inhibitor 
tablets, and complete protease inhibitor cocktail) for 1h at 4 °C with rotation. The resulting cell lysates were pre-
cleared at 15.000 g for 10 min at 4 °C and the concentration of samples was measured via DC assay. Equal 
amounts of protein were incubated with GFP-Trap magnetic particles at 4 °C for 1h. The resulting complexes were 
washed 5 times with wash buffer (10 mM HEPES, pH 7.9, 150 mM NaCl, 0.5 % IGEPAL, 0.5 mM EDTA, 10 µM 
PR-619, 10 mM N-ethylmaleimide, phosphatase inhibitor tablets, and protease inhibitor cocktail) and analyzed by 
SDS-PAGE. For endogenous RAD51-IP, HEK293 cells were transfected, treated, harvested and subsequently 
incubated with lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM MgCl2, 1 % IGEPAL, 5 % 
glycerol, 10 µM PR-619, 10 mM N-ethylmaleimide, DNase I, phosphatase inhibitor tablets and complete protease 
inhibitor cocktail) for 1h at 4 °C with rotation. Lysates were then clarified by centrifuging at 13000 g for 10 min at 
4 °C and protein concentration was measured via DC assay. Equal amounts of protein were incubated with RAD51 
primary antibody or rabbit isotype control at 4 °C overnight with rotation. Next day, the immunocomplexes were 
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incubated with Protein G magnetic beads at 4 °C for 1h. Finally, samples were washed 5 times in wash buffer (20 
mM HEPES, pH 7.9, 150 mM NaCl, 0.5 mM EDTA, 0.5 % IGEPAL, 10 % glycerol, 10 µM PR-619, 10 mM N-
ethylmaleimide, phosphatase inhibitor tablets and complete protease inhibitor cocktail), eluted into Laemmli buffer 
via heating at 95 °C for 10 min and analyzed by SDS-PAGE.  
For HIS-IP, HEK293 cells were transfected with 6 µg HIS-Ubiquitin plasmid and synchronized via double-
Thymidine-block prior to harvest. Cells were then incubated in lysis buffer (50 mM Tris-HCl, pH 8.0, 50 mM 
Na2HPO4, 150 mM NaCl, 0.5 % IGEPAL, 10 mM imidazole, 8 M Urea, 10 µM PR-619, 10 mM N-ethylmaleimide, 
phosphatase inhibitor tablets, and protease inhibitor cocktail) for 1h at 4 °C with rotation and subsequently sonicated 
on ice with a manual probe. The resulting cell lysates were pre-cleared at 13000 g for 10 min at 4 °C and the 
concentration of samples was measured via DC assay. Equal amounts of protein were incubated with Ni-NTA 
magnetic agarose beads at 4 °C for 2h. The resulting complexes were washed 4 times with wash buffer 1 (same 
as lysis buffer but containing 20 mM imidazole), then washed once with wash buffer 2 (same as lysis buffer but 
containing 40 mM imidazole), and finally eluted into Laemmli buffer containing 200 mM imidazole and analyzed by 
SDS-PAGE. 

Recombinant protein production 
BL21 -CodonPlus®(DE3)-RIL competent cells (NEB, Cat# C2530H) were transformed with the pTH_FLAG-
UBQLN1-6xHis, consisting of the pET-21b(+) expression vector backbone with FLAG-UBQLN1 inserted in the 
multiple cloning site, according to the manufacturer’s instructions. After transformation, a 50 mL starting culture was 
grown in LB medium supplemented with 1:1000 ampicillin at 37 °C/300 rpm overnight. The next day, two liters of 
LB-medium with 1:1000 ampicillin were inoculated with the starting culture at a 1:200 ratio. The expression culture 
was grown at 37 °C/300 rpm until an OD600 of 0.4 – 0.8 was reached, measured by photometric analysis with the 
Thermo Genesis 30 (Thermo Scientific). To induce protein expression 0.5 mM IPTG was added, and protein 
expression was carried out at 18°C/300 rpm overnight. The next day, bacteria were harvested at 5000 rpm at 4 °C 
for 30 min. Then, 5 ml of lysis buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 10 mM imidazole), supplemented 
with 1 mg/ml lysozyme and 2x proteinase inhibitor cocktail, was added per gram of wet pellet. The pellet was 
resuspended in lysis buffer and incubated on ice for 30 min. Subsequently, cells were lysed by sonication using the 
SONOPLUS (Bandelin Electronic GmbH & Co.KG) at 30 % amplitude with five repetitions of pulses set to 1 second 
ON/ 1 second OFF for 20 seconds, followed by a 20-seconds pause. Lysates were cleared by centrifugation at 
10000 g at 4 °C for 1h and the supernatant was collected and stored on ice. For affinity purification, 500 μl settled 
resin of His-Pur™ His-Ni-NTA beads (Thermo Scientific) were transferred into a 5 mL polypropylene column 
(Qiagen) and washed with 3 column volumes  of water, allowing the water to drain by gravity flow. To equilibrate 
the column, this step was repeated with 3 CVs of Ni-NTA wash buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 20 
mM imidazole). The cleared supernatant was then loaded onto the closed column, and the supernatant-bead 
suspension was incubated for 1h at 4 °C with gentle shaking. After incubation, the supernatant was allowed to drain 
from the column by gravity flow and the column was washed with 15 CVs of ice-cold Ni-NTA wash buffer. Elution 
was performed by adding 1 mL of Ni-NTA elution buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 250 mM imidazole) 
to the closed column, followed by 2 min incubation at room temperature. The eluate was collected by opening the 
column. This process was repeated seven times, and the collected elution fractions were analyzed for protein 
content by SDS-PAGE and Coomassie staining. Suitable fractions were combined and buffer-exchanged to storage 
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM DTT) using PD10 columns (Cytiva, Cat#17085101), according 
to the manufacturer’s instructions. Finally, 5 % (v/v) glycerol was added to the buffer-exchanged protein, and the 
protein was frozen in liquid nitrogen and stored at -80 °C until further use. 41 

Co-immunoprecipitation of recombinant proteins 
Purified FLAG-UBQLN1-HIS recombinant protein was incubated with equimolar amounts of recombinant RAD51 
or purified HIS-GFP and diluted to 100 µl in dilution buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA). 
10 µl were removed as input from each reaction before diluting to 500 µl in dilution buffer. Each reaction was 
incubated for 2h at 4 °C with end-to-end rotation. After 2h, 15 µl of DYKDDDDK Fab-Trap® Agarose beads were 
equilibrated in dilution buffer, added to each reaction, and incubated for 1h at 4 °C with end-to-end rotation. Beads 
were washed twice in wash buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.05 % IGEPAL). For the 
third wash, a high salt wash buffer (10 mM Tris-HCl pH 7.5, 500 mM NaCl, 0.5 mM EDTA, 0.05 % IGEPAL) was 
used, and the supernatant was transferred to fresh tubes before centrifuging and discarding. Samples were eluted 
from the beads in 2x SDS sample buffer by heating at 95 °C for 5 min and analyzed by SDS-PAGE. Recombinant 
FLAG-UBQLN1-HIS, RAD51, and GFP-His were also incubated with the Fab-Trap® Agarose beads alone as 
controls.  

In vitro ubiquitylation reaction 
1 μM purified recombinant human CHIP along with equimolar concentration (unless stated otherwise) of 
recombinant HIS-RAD51 was mixed with E1 activating enzyme (100 nM), E2 conjugating enzyme (1 μM) 
(UBE2D2), human ubiquitin (50 μM), ATP energy regenerating solution, and ubiquitin conjugation reaction buffer. 
Samples were incubated at 37 °C for 2h, and reactions were terminated by adding EDTA to a final concentration of 
20 mM.  

Cell viability measurement 
HEK293 cells were transfected with respective plasmids. Cells were plated into 96-well plates at 3500 cells/well. 
24h later, cells were treated with 100 ng/ml NCS for 96h. After the incubation, room-temperature CellTiter-Glo® 
Reagent (Promega, USA) was added 1:1 to each well and the plates were incubated at room temperature for 
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10 min. Luminescence was measured with the Tecan Infinite M1000 Pro (Tecan, Männedorf, CHE) and normalized 
against control cells treated with vehicle solution. 

High-content Imaging 
High-content imaging (HCI) was performed on U2OS cells, MEFs, and HDFs using a Thermo Fisher Cellomics Cell 
Insight CX7 LZR Pro equipped with a 7-color laser light source. Images of 1104 × 1104 pixels (2x2 binned) were 
acquired with the 20x objective (Olympus microscope, NA = 0.45) and using the long-wave laser autofocus. The 
images were analyzed with the Cellomics HCS Studio software package version 6 using either the 
SpotDetectorV4.1 or ColocalizationV.4 bio-applications. Images of all channels were background corrected (3D 
surface fitting, value = 50). Hoechst 34580 stained cell nuclei were identified after uniform smoothing (value = 2), 
fixed thresholding (value = 500-1500 depending on cell model), and segmentation (value = 10-20 depending on 
cell model) using the following object selection parameters: size = 50–2000 μm2, ratio of perimeter squared to 4π 
area = 1–5, length-to-width ratio = 1–5, average intensity = 400–10000, total intensity: 2 × 106 – 5 × 107. Foci of 
γH2AX, RAD51, and Ubiquitin were quantified within the nuclear region at another excitation wavelength (485 ± 20 
nm or 650 ± 20nm). Spot detection was performed after fixed thresholding (value = 500–800 depending on the 
staining intensity) using the spot detection method ‘Box’ (value = 3) in the SpotDetectorV4.1 bio-application or 
‘Spatial’ (value = 2) in the ColocalizationV.4 bio-application. Object selection parameters for foci were size: 0.3–30 
μm2, ratio of perimeter squared to 4π area: 1–5, length-to-width ratio: 1–5, average intensity: 500–15000, total 
intensity: 100–1 × 106. To determine the cell cycle stage, we analyzed the distribution of the total Hoechst 34580 
intensity using a custom R script. In brief, four thresholds were adjusted manually to gate cells in 2N (G0/G1), 2-4N 
(S), and 4N (G2/M) stages, respectively. Cells in the G0/G1 phases possess a normal diploid DNA content (2N) 
whereas cells in G2/M contain exactly twice this amount (4N). As DNA is synthesized during S-phase, cells are 
found with a DNA content ranging between 2N and 4N. The gates were then applied to evaluate the mean number 
of foci in cells of the respective cell cycle stage. Single cell data were further processed and plotted using R 
packages. High content screening kinetic experiments were analyzed with R using ordinary two-way ANOVA. High-
content imaging results are means ± standard deviation; n = 3-4 wells; > 2000 cells/well; Two-way ANOVA with 
Bonferroni’s test. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. 

DSB repair pathway assays 

DR-GFP 
U2OS cells bearing a single copy integration of the DR-GFP were used to analyze HR capacity42. Cells were plated 
at 40 % confluency in 10 cm dishes. The next day, cells were transfected with the indicated siRNA or with the 
indicated plasmids. Medium was changed 5h after transfection and after 24h, cells were transduced with lentivirus 
containing ISceI.IRES.BFP for an additional 24h. The following day, cells were then harvested and washed three 
times with DPBS and three times with DPBS containing 1 % BSA and stained with propidium iodide. Afterwards, 
BFP and GFP fluorescence were acquired using FACS with the FACS CANTO II (BD Biosciences, New Jersey, 
USA). For the gene conversion, the ratio of both BFP and GFP double-positive cells was normalized relative to 
siNT or empty vector controls to facilitate comparability between experiments.  

SA-GFP SSA reporter 
U2OS cells bearing a single copy integration of the reporter SA-GFP (SSA)19 were used to analyze SSA pathway 
usage. 4000 cells were plated in 96-well plates. One day after seeding, they were infected with a lentivirus harboring 
an I-SceI and labeled with Blue Fluorescent Protein (BFP) using an M.O.I (multiplicity of infection) of 5. Six hours 
after infection the same volume of fresh medium was added. Cells were grown during 48h, fixed with 4% 
paraformaldehyde, stained with Hoechst and washed with phosphate buffered saline (PBS) prior visualization with 
a fluorescent microscope for blue and green fluorescence. The repair frequency was calculated as the percentage 
of blue cells expressing Green Fluorescent Protein (GFP). To facilitate the comparison between experiments, this 
ratio was normalized with a control treated with dimethyl sulfoxide (DMSO). Data represent a minimum of three sets 
of duplicated experiments. 

Single Molecule Analysis of Resection Tracks 
Single Molecule Analysis of Resection Tracks (SMART) was performed as previously described 18. For that purpose, 
U2-OS cells transfected with FLAG-ev or MYC-UBQLN1 construct were cultured in the presence of 10μM 
bromodeoxyuridine (BrdU) for 24h, irradiated with 10 Gy of IR, and harvested 1h later. Cells were embedded in low-
melting agarose and in-gel DNA extraction followed. To stretch the DNA fibers, silanized coverslips were dipped 
into the DNA solution for 15 min and pulled out at constant speed (250μm/s). Coverslips were baked for 2h at 60°C 
and incubated without denaturation with an anti-BrdU mouse monoclonal antibody. After washing with DPBS, 
coverslips were incubated with a secondary antibody. The coverslips were mounted with ProLong® Gold Antifade 
Reagent (Molecular Probes, Oregon, USA) and stored at −20°C. DNA fibers were observed using a Nikon NI-E 
microscope under a PLAN FLOUR40 × /0.75 PHL DLL objective. The images were recorded and processed using 
NIS ELEMENTS Nikon software. For each experiment, at least 200 DNA fibers were analyzed, and the length of 
DNA fibers was measured using Adobe Photoshop CS4 Extended version 11.0 (Adobe Systems Incorporated). 
Experiments were repeated independently four times. Statistical significance in these experiments was determined 
with the paired Student’s t test. 

Laser microirradiation and imaging of cells 
U2OS or HEK293 cells expressing ectopic, GFP-tagged proteins were plated on glass bottom dishes (Ibidi) and 
pre-sensitized as indicated in the figure legends. The dishes were transferred into a microscope top-stage incubator 
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equipped with a control system for gas mixture and humidity. DNA damage was induced on an Olympus SpinSR 
confocal microscope (Olympus Corporation) using a 405 nm diode laser focused through an HC PL APO 63X, 1.4-
numerical aperture oil immersion objective and microscope settings as indicated in the figure legends. Images were 
acquired using the same system. Signal quantification was performed in the CellSens imaging software (Olympus 
Corporation) and further processed in Microsoft Excel and GraphPad PRISM.  

Patients 
Written informed consent was obtained from the UBQLN1-deficiency syndrome family. The family was part of a 
cohort with neurogenetic disorders and homozygous loss of function variants in candidate genes43. The study was 
performed according to the Declaration of Helsinki protocols. Ethical approval was obtained from Baylor College of 
Medicine under the protocol H-29697. 

Patient A-II-1 

The 19-year-old female individual (A-II-1) presented with intellectual disability and developmental delay (DD). She 
had frequent upper respiratory tract infections and a normal brain MRI. She displayed an early loss of teeth. The 
examination further revealed dolichocephaly and severe microcephaly with an occipital-frontal head circumference 
(OFC) of 49 cm (-5.8 SD). Facial dysmorphism consisted of low-set and simple ears, hypertelorism and a thin upper 
lip. Further, she had central hypotonia, strabismus, and a beginning of hypochromic anemia. Of note, the examining 
geneticist described no cancer or skin abnormalities. 

Patient A-II-4 

The male individual A-II-4 was examined at 10 years of age. He presented with ID, DD, and also with severe 
macrocephaly (OFC: 50 cm (+4.7 SD)). Facial dysmorphism consisted of a high forehead, deep-set eyes, 
hypertelorism, short nasal bridge with anteverted nares, a thin upper lip and low-set and posteriorly rotated ears. 
He showed autistic features with limited eye contact, and stereotypic movements of hands. He had epilepsy, 
frequent respiratory tract infections, and early loss of teeth. Brain MRI revealed bilaterally dilated ventricles and 
Arnold-Chiari malformation. He had no history of cancer and skin anomalies. 

Sanger Sequencing 
Sample DNA was extracted from fibroblasts using the DNeasy Blood&Tissue Kit (Qiagen). The sequence of interest 
was amplified by PCR. The band of the relevant PCR product size was excised and DNA was purified using the 
QIAquick Gel Extraction Kit (Qiagen). The DNA concentration was measured on a NanoDrop (ThermoFisher 
Scientific). 50 ng of DNA and 10 µM sequencing primer (human: GGCGCCAACTGATATGTAAG; mouse: 
TCACGGTGAAGACGCCTAAAGA) were mixed 1:1 in 10 µl and samples were submitted to Eurofins for Sanger 
Sequencing with the LightRun Protocol. The results were analyzed with the Benchling Alignment Tool. 

Whole-Exome-Sequencing Analysis of Patients  
Genomic DNA was extracted from patient dermal fibroblasts using the DNeasy Blood&Tissue Kit (Qiagen, Hilden). 
The sequencing was acquired at CeGaT GmbH using Twist Human Core Exome Plus kit (Twist Bioscience) for 
library preparation and NovaSeq6000 with 2x100 bp read length and 10 Gb output. Raw reads were aligned to the 
GRCh37 reference genome with BWA-MEM, and variants were called by GATK HaplotypeCaller in gVCF mode, 
then merged through joint genotyping and refined with Variant Quality Score Recalibration. The resulting variants 
were functionally annotated in ANNOVAR, incorporating RefSeq gene models, ExAC/gnomAD population 
frequencies, and in-silico impact scores from MetaRNN44. 
To isolate disease-relevant changes, nine sequential filters were applied. First, only variants with high technical 
confidence (genotype quality ≥ 99 and quality-by-depth > 10) were retained. Second, common polymorphisms were 
removed by restricting the ExAC_ALL allele frequency to below 1 %. Third, the analysis was limited to exonic and 
canonical splice-site positions. Fourth, only variants predicted not to be "tolerated" by MetaRNN were kept. Fifth, a 
segregation filter preserved variants present in every affected individual, and a sixth filter required that those 
variants show identical zygosity across the affected pair. Subsequently, any variant detected in the unaffected 
relatives with the same zygosity was discarded. Finally, we excluded variants with a frequency above 0.01 within 
gnomAD_r2_1, because of varying coverage within gnomAD populations and potential biases, we performed this 
step at the end. To this end, we extracted a total of 12 heterozygous variants (1 frameshift_deletion, 1 
frameshift_insertion, 7 nonsynonymous_SNV and 3 stopgains), together with 3 homozygous alterations: 1 
frameshift_deletion in UBQLN1c.377delA predicted to be truncating; and 2 nonsynonymous_SNV. 

Patient fibroblasts RNA-Sequencing Analysis 
RNA was extracted from patient dermal fibroblasts using the RNeasy Mini Kit (Qiagen). 3´mRNAseq was acquired 
with Lexogen QuantSeq, Single-Read 1x50 bp. FPKM expression values were computed based on the RefSeq 
reference transcriptome. RNA copy numbers were collected from the alignments. 

TurboID proximity labelling assay and mass spectrometry analysis 
HEK293 cells were seeded to a target density of 70-90 % and transfected with pcDNA3 expression vectors encoding 
for TurboID or the TurboID-UBQLN1 fusion constructs the next day. 48h after transfection, cells were treated for 10 
min with 50 μM biotin. Subsequently, cells were harvested and snap-frozen in liquid nitrogen. Part of the sample 
was used to verify TurboID expression and biotinylation via immunoblot. After confirming both, pellets were lysed 
in TurboID lysis buffer supplemented with 2 % Triton-X 100 and sonicated using the Bioruptor Plus (Diagenode) 
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with 20 cycles, 30 sec pulses at 4 °C. Afterwards, sample volume was increased by adding 50 mM Tris-HCl pH 7.4 
and sonicated for a further 10 cycles before clearing the lysate via centrifugation at 17000 g at 4 °C for 10 min. 
Equilibrated Dynabeads MyOne Streptavidin C1 (Invitrogen) were added to the cleared lysate and incubated at 
4 °C overnight. Beads were washed three times each with wash buffer 1, wash buffer 2, wash buffer 3 and 50 mM 
Tris-HCl pH 7.4 and proteins were eluted in elution buffer while shaking at 1200 rpm at 24 °C for 1h. Overnight 
digestion was performed by adding 5 mM 2-chloroacetamide (CAA) and 5 ng/μl trypsin at 28 °C. Peptides were 
separated on a 40 cm, 75 μm internal diameter packed emitter column (Coann emitter from MS Wil, Poroshell EC 
C18 2.7micron medium from Agilent) using an EASY-nLC 1200 (Thermo Fisher Scientific). The column was 
maintained at 50 °C. Buffer A and B were 0.1 % formic acid in water and 0.1 % formic acid in 80 % acetonitrile 
respectively. Peptides were separated on a segmented gradient from 6% to 31% buffer B for 57 min and from 31 % 
to 44 % buffer B for 5 min at 300 nl/min. Eluting peptides were analyzed on an Orbitrap Fusion Tribrid mass 
spectrometer (Thermo Fisher Scientific). Peptide precursor m/z measurements were carried out at 60000 resolution 
in the 350 to 1500 m/z range. The most intense precursors based on TOP Speed with charge state from 2 to 7 were 
selected for HCD fragmentation using 27 % normalized collision energy. The cycle time was set to 1 sec. The m/z 
values of the peptide fragments were measured at a resolution of 50000 using an AGC target of 2x105 and 86 ms 
maximum injection time. Upon fragmentation, precursors were put on a dynamic exclusion list for 45 sec. The raw 
data were analyzed with MaxQuant version 1.6.1.0. Peptide fragmentation spectra were searched against a fasta 
database of Homo Sapiens (proteome ID UP000005640, reviewed and unreviewed, downloaded September of 
2018 from UniProt). Methionine oxidation and protein N-terminal acetylation were set as variable modifications; 
cysteine carbamidomethylation was set as fixed modification. The digestion parameters were set to “specific” and 
“Trypsin/P,” The minimum number of peptides and razor peptides for protein identification was 1; the minimum 
number of unique peptides was 0. Protein identification was performed at a peptide spectrum matches and protein 
false discovery rate of 0.01. The “second peptide” option was on. Successful identifications were transferred 
between the different raw files using the “Match between runs” option. Label-free quantification (LFQ)  was 
performed using an LFQ minimum ratio count of 2. LFQ intensities were filtered for at least 2 valid values in at least 
one group and imputed from a normal distribution with a width of 0.3 and down shift of 1.8. Differential expression 
analysis was performed using limma, version 3.34.9 in R, version 3.4.3. 

The Cancer Genome Atlas (TCGA) / Genotype-Tissue Expression (GTEx) analysis 
Both TCGA and GTEx RNA-Seq datasets raw counts were processed and normalized together using the DESeq2 
pipeline from UCSC Xena (https://xena.ucsc.edu/), which used the UCSC Toil RNA-Seq recompute method45. OS, 
DSS, and PFS data for TCGA patients were obtained from a previous study46. The surv_cutpoint function from the 
R package survminer was utilized to stratify patients into high-UBQLN1 (Q4) and low-UBQLN1 (Q1) mRNA 
expression level using quartiles groups (Q1,Q2, Q3, and Q4). 
The clinical information, RNA-Seq, and genomic for TCGA-LUAD datasets were obtained from cBioPortal for 
Cancer Genomics (https://www.cbioportal.org, accessed November 2024). Normalized counts data was obtained 
from the TCGA-LUAD (Firehose Legacy,  n = 586). For survival analysis, patients from the TCGA-LUAD dataset 
were excluded from analysis: if the tumors were primary recurrent tumors (n = 2); if the patients received any 
neoadjuvant chemotherapy (NAC, n = 3); if there was no information about previous NAC treatment (n = 64) or M 
status (n = 4); or if there were no RNA-Seq data available (n = 7). The surv_cutpoint function from the R package 
survminer was utilized to stratify patients into high-UBQLN1 (Q4) and low-UBQLN1 (Q1) mRNA expression level 
using quartiles groups (Q1,Q2, Q3, and Q4). All statistical analyses and visualizations were conducted using R 
(version 4.3.2). Survival analyses, including the cutpoint determination and Kaplan-Meier plot generation, were 
performed using the survminer (version 0.4.9), survival (version 3.7.0) and ggsurvfit (version 1.0.0) packages.  
For tumor mutational burden (TMB) analysis, TCGA patients were kept in the quartiles described above. Patients 
with available TMB data were included in the comparison. All groups were filtered for mutations in major DNA repair 
genes, which led to the exclusion of two patients in UBQLN1 Q1 due to a mutation in RAD50, or MRE11 and 
BRCA2, respectively.  

CODEFACs analyses 
The LUAD scRNA-Seq dataset used as reference signature matrix for cell type deconvolution is publicly available 
(GSE131907)47. The reference signature matrices containing 22 cell types were applied to the TCGA-LUAD public 
datasets using CODEFACs21. A total of 506 LUAD patients with RNA-Seq data for FFPE tissue samples were 
imputed to estimate the cellular abundances and gene expression profiles in each cell type. Patients were stratified 
based on the median value of UBQLN1 mRNA levels before deconvolution into high-UBQLN1 and low-UBQLN1 
groups. OS and DFS were evaluated by using Kaplan-Meier methods and significant differences were assessed 
using the Log-rank test using the R package survival (3.5-7) and survminer (0.4.9). 

Licensing of animal experiments 
The mouse experiments were licensed by the State Agency for Nature, Environment and Consumer Protection 
(LANUV) under the licenses 81-02.04.2021.A097, 81-02.04.2019.A335, and 81-02.04.2020.A281. Breeding of 
mouse lines was permitted by the State Agency for Nature, Environment and Consumer Protection (LANUV) under 
the license VSG 81-02.04.2019.A009 and 2024-225. 

Mouse Colony Statistics 
The Python-based Relational Animal Tracking software (PyRat, Scionics Computer Innovation GmbH) was used 
for animal documentation. The colony data was exported, plotted, and analyzed using the GraphPad Prism9 
software.  
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C57BL/6J Ubqln1c.377delC 
The Ubqln1c.377delC mouse line was generated by the CECAD Transgenic Core Unit using EEZy-CRISPR/Cas9 
genome editing48. The deletion of cytosine 377 of the Ubqln1 cDNA (c.377delC) was acquired with the crRNA 
ACCAGACGTGGGGTTGCTAT and the repair template  
ATTGTTATTTAATTATTTACACTAGGCCGCAAGATAATTCAGCTCAGCAAACAAATGCCCCTGGAAGCACTGT
GACCAGCTCACCAGCTCCAGATCGAACCCCACGTCTGGTTCTGCTGCTAACAGCTCCTT to recapitulate the 
human UBQLN1 patient mutation. The deletion was designed to induce a frameshift that results in a change of the 
amino acid sequence after residue D125 and a premature STOP codon at Aa140 of exon 3 
(ENSMUST00000058735); p.Ser126ArgfsTer15. For genotyping, the primers Ubqln1_c.377delC_1fwd 
(ATGCTCAGTCATTTCAGGCAAAG) and Ubqln1_c.377delC_1rev (AACTGCTCTTGGAGGAAGAGAAC) were 
used. The PCR product was used in RFLP analysis with a DpnII digestion for 2h. Genotyping resulted in a wildtype 
band of 324 bp for wildtype animals, two bands (114+209 bp) for animals that were homozygous for the deletion, 
or all three bands in case of heterozygous animals. Positive founder mice were backcrossed once to eliminate 
mosaicism and reduce the risk of potential unintended mutations. The F1 generation was used to generate 
homozygous animals. F6 animals were used for phenotyping experiments. 

C57BL/6J Rosa26LSL.HA-Ubqln1/wt;ACTBCre/wt

Animals with a conditional Ubqln1 expression (Rosa26LSL.HA-Ubqln1.IRES.GFP) were crossed to the ACTBCre/wt strain, 
harboring a random insertion of a human beta-actin promotor constitutively expressing nuclear localizing Cre for 
constitutive overexpression of HA-Ubqln1.IRES.GFP.  

C57BL/6J K-RasLSL.G12D/wt ; Trp53fl/fl and C57BL/6J Rosa26LSL.HA-Ubqln1.IRES.GFP; K-RasLSL.G12D/wt ; Trp53fl/fl  
We employed the K-rasLSL.G12D/wt;Trp53fl/fl mouse line as described previously 22 . Animals with a conditional Ubqln1 
(Rosa26LSL.HA-Ubqln1.IRES.GFP) were combined with the KP mouse line to obtain the Rosa26LSL.HA-Ubqln1.IRES.GFP; K-
rasLSL.G12D/wt ; Trp53fl/fl (KPU1) C57BL/6J mouse line. The Rosa26 insertion was genotyped using the primers 
Rosa26_fwd (GCAGGAAGCACTTGCTCTC), Rosa26_CAGS_rev (CGACAAGGCGTCTAGTTTATGTG), and 
Rosa26_rev (GATAAAGGCTGCAGAAGGAGC).  

MEF Generation 
A heterozygous breeding pair was mated and the female mouse was plug-checked daily until plug detection. At 
E13.5, the mother was culled by cervical dislocation and the embryos were extracted from the mother. Embryos 
were placed in 10 cm cell culture dishes containing 1x DPBS. Placental and other maternal tissues were removed. 
Embryos were placed in new 10 cm dishes and covered with 1x DPBS. Further, the embryos were decapitated and 
the liver was removed. Head and liver were collected for genotyping of the respective embryo. The remaining 
embryo tissue was placed in a new 10 cm dish. 400 µl of 10x Trypsin was added and the tissue was minced using 
a sterile razor blade. The plates were incubated at 37 °C for 45 min. The trypsin was quenched with 10 ml of DMEM 
containing 10 % FCS and 1 % P/S. The medium was pipetted up and down to break up the tissue further. MEFs 
were grown to confluency, usually after 24-48h. Cells were frozen at P3 and freshly thawed for experiments. 

Animal Housing 
In the animal husbandry of the MPI for Biology of Ageing, gamma-irradiated (25 kGy) laboratory animal feed was 
used and drinking water was sterile-filtered. The light cycle in the enclosure was 12h light/12h dark phase, the 
humidity was 50 % (+/- 5 %) and the room temperature was 22 °C (+/- 1 °C). The air exchange rate in the room 
was 8-fold. The animals were kept in individually ventilated cages (IVC). 

Lung Cancer Induction in autochthonous mouse models 
To induce lung tumors in KP and KPU1 mice, 8–15-week-old mice were anesthetized via intraperitoneal injection 
of ketamine (100 mg/kg) and xylazine (10 mg/kg). Upon reaching adequate surgical tolerance, mice were 
administered 2.5×10⁷ PFU of replication-deficient adenovirus encoding Cre-recombinase (Adeno-CMV-Cre) 
intratracheally, and carefully monitored during recovery. Mice were scored for general and disease specific burden 
and dissection upon reaching heavy burden (score 20 on score sheet). 

In vivo Tumor Progression Monitoring with µCT 
Instilled mice underwent µCT scans to track tumor development using a Skyscan 1176 high-resolution µCT imaging 
system (Bruker). Mice were anesthetized with 3 Vol. % isoflurane through an isoflurane vaporizer (Dräger). Thoracic 
µCT images were acquired at 475 µA and 50 kV with a 35 µm resolution using a 0.5 mm aluminum filter. The 
images were reconstructed using NRecon software (Bruker) and analyzed in DataViewer software for presence of 
tumors (Bruker). 

In vivo Lung Cancer Treatment 
Mice were included into the survival monitoring upon identification of a tumor in µCT. Tumor bearing mice were 
randomly assigned to untreated and treated groups. Compounds were prepared by dissolving the PARP inhibitor 
Olaparib in dimethyl sulfoxide to 50 mg/ml, followed by dilution in a 10 % 2-hydroxy-propyl-beta-cyclodextrin/DPBS 
solution. Olaparib was administered daily at 50 mg/kg via intraperitoneal injection. The PD1 inhibitor RMP1-1450 
was diluted in DPBS to a concentration of 50 mg/ml and given bi-weekly at a dose of 10 mg/kg intraperitoneally. 
Mice were scored for general and disease specific burden and weighed weekly. 
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3D CT Image Processing 
For 3D visualization of mouse lungs and tumors, individual tumors were identified and marked as ROIs within each 
animal's µCT transverse image stack. Tumors were segmented using threshold values and interpolated in Bruker 
CTAn software, with 3D visualizations created in Bruker's CTVox software. The analyst was blinded to genotypes 
and treatments during tumor ROI identification. 

RNA-Sequencing of KP/KPU1 lung tumors 
RNA was extracted from snap frozen KP/KPU1 tumors using the RNeasy Mini Kit (Qiagen).  
3´mRNA libraries were generated from 500ng total RNA using the Lexogen QuantSeq kit. After validation 
(TapeStation; Agilent Technologies) and quantification (Qubit, Thermo Fisher Scientific) pools of cDNA libraries 
were generated. The library pools were quantified using the KAPA Library Quantification kit and the 7900HT 
Sequence Detection System (Applied Biosystems) and subsequently sequenced on an Illumina NovaSeq 6000 
sequencing instrument using a 1x100bp protocol. The resulting data were processed using the nf-core/rnaseq 
pipeline (version 3.14.0) executed with Nextflow (version 23.10.1), aligning reads to the mouse reference genome 
(GRCm39, Ensembl release 110) using STAR (version 2.7.9a)51. Quality assessment of raw reads was performed 
with FastQC (version 0.12.1), and adapter trimming was conducted using Trim Galore (version 0.6.7) incorporating 
Cutadapt (version 3.4). Transcript quantification was achieved with Salmon (version 1.10.1), and gene-level counts 
were generated using tximport (Bioconductor- version 1.12.0). Quality control metrics were compiled using RSeQC 
(version 5.0.2), Qualimap (version 2.3), and dupRadar (version 1.28.0). Duplicate reads were marked with Picard 
(version 3.0.0), and comprehensive quality metrics were summarized using MultiQC (version 1.19). Differential 
gene expression analysis was conducted using DESeq2 (version 1.48.0) within the R environment (version 4.3.2). 
Gene set enrichment analysis (GSEA) was done with clusterProfiler (version 4.16.0) using KEGG pathways 
retrieved with msigdbr (version 24.1.0) package. R26.Ubqln1 construct expression in KPU1 tumors was confirmed 
by detection of the 3´ EGFP sequence expression.  

Whole-Genome-Sequencing of KP/KPU1 lung tumors 
Upon dissection of KP and KPU1 mice at humane endpoint according to animal scoring, lungs were extracted and 
left lung lobes were snap frozen in liquid nitrogen, while right lobes were fixed for histology analysis. For DNA 
extraction, tumors were separated from lung tissue on dry ice. For each lung, one tumor and one piece of visually 
healthy lung was acquired. DNA extraction was conducted with the DNeasy Blood&Tissue Kit. Concentrations were 
determined via NanoDrop and Qubit. DNA was submitted to CeGaT for whole-genome-sequencing. Library 
preparation was done with TruSeq DNA Nano (Illumina).  Samples were sequenced using the WGS Flex pipeline 
(CeGaT GmbH) on NovaSeq 6000 with 2x151 bp read length and 30X coverage.  

Somatic mutation analysis of murine tumor WGS data 
Whole genome sequencing data were used to identify somatic mutations in the KP and KPU1 tumors. Raw 
sequencing reads were aligned to the mouse reference genome (GRCm38 / mm10) using the BWA-MEM algorithm 
(version 0.7.13-r1126). SNV and INDEL mutation calling was performed using our data processing workflow 
‘peiflyne’ 52. Briefly, our workflow controls for PCR duplicates, local sequencing depth, and forward/reverse read 
sequencing bias to call somatic alterations. Specifically, concordant read pairs were identified and annotated to the 
alignment file as potential PCR duplicates, thus excluded for further analysis. Somatic alterations were then 
considered if 1) a variant position in respect to the reference genome was observed in the tumor sample but not in 
the healthy sample; 2) the forward–reverse score was below 0.2 (forward–reverse score is 1.0 if 50 % of variant 
reads are found on the forward or reverse read, and 0 if all variant reads are on one orientation); 3) the sequence 
coverage at the genomic position of the variant was > 15x for SNV and > 5x for INDELS; 4) the allelic frequency of 
the variant was above background sequencing errors and potential cross library contamination of the samples.40 
Finally, to exclude possible germline mutations, somatic alterations were retained if unique across all tumors.  

In silico prediction of mutant peptides based on WGS data 
The exonic partitions of a whole exome sequencing experiment was used to generate a library of mutant short 
peptides using a custom script which was programmed in R and employing the following packages within R studio. 
The mutant peptide library included information for missense, in-frame and frameshift mutations which can 
potentially generate neoantigens.49 For missense and in-frame mutations, mutant protein sequences were trimmed 
to short peptide sequences to contain the mutation in a centered position flanked by 3’ and 5’ short sequences of 
13 residues. Frameshift mutant sequences were trimmed only in 3’ direction while preserving the whole frameshift 
in the 5’ end. This trimming strategy keeps the sequence information of all possible mutant peptides (8mers-
14mers) which could be generated from each mutated sequence to bind the HLA-I peptide pocket.  

Colony Formation Assay 
Cells were plated on 6-well plates at a density of 1000 cells per well. Treatment of the cells started after 24h with 
3 µM Olaparib in 1 % DMSO or 1 % DMSO alone as vehicle control. The cells were fixed upon colony formation 
after 14 days. Cells were washed with 1x DPBS. Crystal violet solution (0.4 % crystal violet, 20 % methanol) was 
incubated for 10 min. The fixed plates were washed several times with ddH2O. The plates were dried and images 
were captured and analyzed using the GelCount cell colony counter (Oxford Optronix).  
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Histology analysis 
Mice with tumors were sacrificed upon reaching humane endpoint and tissues were fixed in 4% PFA for 24h. 
Formalin-fixed paraffin-embedded (FFPE) murine lung samples were cut into 3 μm–thick sections and mounted on 
slides. After staining with haematoxylin and eosin (H&E), the tumors were assessed by a board-certified pathologist 
to evaluate the relative tumor burden.  

Figures and Statistics 
Except where noted, figures were made with Adobe Illustrator (Adobe Systems, San José, CA, USA). BioRender 
was used for graphics (Biorender.com). Statistical analyses were performed with GraphPad Prism9 for MacOS. 
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