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Abstract

Abstract

Lung cancer is one of the most common malignancies worldwide, with lung
adenocarcinoma (LUAD) being the most common subtype. There is growing
evidence that epigenetics plays a critical role in cancer initiation and development,
including the key regulator lysine-specific demethylase 1 (LSD1). LSD1 regulates
gene expression by demethylating histone 3 lysine 4 and lysine 9, and its high
expression correlates with poor prognosis in cancer patients. Several alternative
LSD1 splice variants of exon 2a and 8a are expressed, but the regulatory
mechanisms are unclear. Because splicing may compete with back-splicing
processes that generate circular RNAs (circRNAs), in my thesis | focused on LSD1
splice variants and circRNAs from the LSD1 gene in LUAD.

According to data from the TCGA database, the levels of LSD1+2a variants
containing exon 2a differed but compared with total LSD1 transcripts - only slightly
between LUAD and adjacent non-tumor tissues. Among the most highly regulated
circRNAs from LUAD cells PC9 and normal lung epithelial cells PSAE, two circRNAs
originating from the LSD1 gene were identified. PCR studies using different primers
of exon 2 identified circRNAs derived from LSD1 (circRNA 3_2 2a, circRNA 3_2,
and circRNA 2a_2). Fluorescence in situ hybridization (FISH) and qPCR revealed
that circRNA 3_2 2a, circRNA 3_2, and circRNA 2a_2 were presented in the
nucleus and cytoplasm. Silencing of circRNA 2a_2 by siRNA but not circRNA
3_2 2a and circRNA 3_2 resulted in a linear LSD1+2a mRNA decrease in A549 and
PC9 cells. In addition, overexpression of circRNA 3_2_ 2a and circRNA 3_2 resulted
in upregulation of LSD1+2a in PC9 cells, and overexpression of circRNA 3 2 2a
and circRNA 2a_2 increased LSD1+2a levels in PSAE cells. Pull-down experiments
with S9.6 antibody recognizing R-loops showed that R-loops are formed in response
to circRNA 3 _2 2a and circRNA 2a_2 overexpression and that they bind to the
paternal genomic DNA locus of LSD1. RNase H/R treatment of the purified RNA
confirmed our findings on circRNA interaction. In particular, knockdown and
overexpression of circRNA 8a_2, newly identified in the present study, affected the
expression of the LSD1+8a alternative splice variant carrying exon 8a. The
neurospecific LSD1+8a isoform was found to be specifically expressed in small cell
lung cancer (SCLC) cells and its suppression impaired SCLC cell viability.
Importantly, overexpression of circRNA 8a_2 induced LSD1+8a expression even in
normally LSD1+8a-negative LUAD cells.
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In summary, these results show that circRNA originating from the exon 2/2a region
or from the 8/8a region affect the alternative splicing of the respective exons in the
linear LSD1 transcript by R-loop formation. Because the alternative splice variants
differ in LSD1 demethylation activity, circRNA expression is hypothesized to affect
LSD1 function in cancer.
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Lungenkrebs ist eine der haufigsten bosartigen Erkrankungen weltweit, wobei das
Adenokarzinom der Lunge (LUAD) der haufigste Subtyp ist. Es gibt immer mehr
Belege dafur, dass die Epigenetik eine entscheidende Rolle bei der Entstehung und
Entwicklung von Krebs spielt, darunter auch der wichtige Regulator Lysin-spezifische
Demethylase 1 (LSD1). LSD1 reguliert die Genexpression durch Demethylierung
von Histon 3 Lysin 4 und Lysin 9. Seine hohe Expression korreliert mit einer
schlechten Prognose bei Krebspatienten. Es werden verschiedene alternative LSD1-
SpleilRvarianten von Exon 2a und 8a exprimiert, aber die Regulationsmechanismen
sind unklar. Da das Spleien mit Back-Splicing-Prozessen konkurrieren kann, die
zirkulare RNAs (circRNAs) erzeugen, habe ich mich auf LSD1-Splei3varianten und
circRNAs aus dem LSD1-Gen bei LUAD konzentriert.

Den TCGA-Daten zufolge unterschieden sich die Spiegel der LSD1+2a-Varianten,
die das Exon 2a enthalten, im Vergleich zu den gesamten LSD1-Transkripten
zwischen LUAD und angrenzenden Nicht-Tumorgeweben nur geringfugig. Unter
den am starksten regulierten circRNAs von LUAD-Zellen PC9 und normalen
Lungenepithelzellen PSAE wurden zwei circRNAs identifiziert, die vom LSD1-Gen
stammen. PCR-Studien mit divergenten Primer von Exon 2 identifizierten circRNAs,
die von LSD1 abgeleitet sind (circRNA 3_2 2a, circRNA 3_2 und circRNA 2a_2).
Durch Fluoreszenz-in-situ-Hybridisierung (FISH) und qPCR wurde festgestellt, dass
circRNA 3_2 2a, circRNA 3_2 und circRNA 2a_2 im Zellkern und im Zytoplasma
exprimiert wurden. Das Silencing von circRNA 2a_2 durch siRNA, aber nicht von
circRNA 3 2 2a und circRNA 3 2 fuhrte zu einer linearen LSD1+2a mRNA-
Abnahme in A549- und PC9-Zellen. Darliber hinaus resultierte die Uberexpression
von circRNA _2_2a und circRNA 3_2 zu einer Hochregulierung von LSD1+2a in
PC9-Zellen und die Uberexpression von circRNA 3_2 2a und circRNA 2a_2 erhdhte
die LSD1+2a-Spiegel in PSAE-Zellen. Pull-Down-Experimente mit dem S9.6-
Antikorper, der R-Loop-Bildungen erkennt, zeigten, dass als Reaktion auf die
circRNA 3_2 2a- und circRNA 2a-2-Uberexpression R-Loops gebildet werden und
dass sie an den paternalem genomischen DNA-Locus des LSD1 binden. Die RNase
H/R-Behandlung der gereinigten RNA bestatigte unsere Ergebnisse zur circRNA-
Interaktion. Insbesondere der knockdown und die Uberexpression der circRNA 8a_2,
die in der vorliegenden Studie neu identifiziert wurde, beeinflusste die Expression
der alternativen LSD1+8a-Spleilvariante, die Exon 8a tragt. Es wurde festgestellt,
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dass die neurospezifische LSD1+8a-Isoform spezifisch in kleinzelligen
Lungenkrebszellen (SCLC) exprimiert wird und dass ihre Unterdrickung die
Lebensfahigkeit von SCLC-Zellen beeintrachtigt. Wichtig ist, dass die
Uberexpression der circRNA 8a_2 die Expression von LSD1+8a sogar in
normalerweise LSD1+8a-negativen LUAD-Zellen induzierte.

Zusammenfassend zeigen diese Ergebnisse, dass circRNA, die aus der Exon 2/2a-
Region oder aus der 8/8a-Region stammen, das alternative Splei3en der jeweiligen
Exons im linearen LSD1-Transkript durch R-Schleifenbildung beeinflussen. Da sich
die alternativen Spleil3varianten in der LSD1-Demethylierungsaktivitat unterscheiden,
wird angenommen, dass die circRNA-Expression die LSD1-Funktion bei Krebs
beeinflusst.
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1. Introduction

1.1 Lung cancer

Lung cancer is among the most prevailing malignancy and the primary reason for
fatalities from cancer in all countries, with an estimated 2.1 million new cases and
1.8 million deaths in 2018 [1, 2]. In Germany, 57,000 new lung cancer cases were
detected in 2018 [3]. In China, it was anticipated that there will be 870,982 new
cases of lung cancer in 2022 with 766,898 estimated deaths [4]. While it was
projected that there will be approximately 238,032 new cases with 144,913
estimated deaths in the USA [4]. Thus, understanding the mechanisms of the

initiation and development of lung cancer is urgently needed.

1.1.1 Epidemiology of lung cancer

Uruguay, Argentina, eastern Asia, Europe, and North America have the greatest
incidence rates of lung cancer in males, whereas sub-Saharan Africa has the least
incidence rates [2] (Figure 1). Indeed, the incidence and fatality rate of lung cancer
are consistently lower in women compared with men [5]. The incidence of lung
cancer is falling at a rate that is twice as rapid in males as it is in females, which
reflects the historically slower rate of tobacco use and quitting among females [6].

Lung cancer is responsible for nearly a quarter of all cancer-related deaths [7].

ASR (World) per 100 000

40.3-50.1
30.4-40.3
20.6-30.4

10.7-20.6 I ot applicable
0.88-10.7 No data

Figure 1: Lung cancer incidence per 100,000 individuals in 2020. Figure and Data from
GLOBOCAN 2020 (http://globocan.iarc.fr/Default.aspx). ASR, age-standardized incidence rates.
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1.1.2 Pathophysiology

Lung cancer is classified broadly as non-small cell lung cancer (NSCLC) (85% of
total diagnoses) [8] or small cell lung cancer (SCLC) (15% of total diagnoses) [9, 10].
Adenocarcinomas are the most predominant subtype of lung cancer under the
NSCLC category, followed by squamous cell carcinoma and large-cell carcinoma
[11]. The lung is an intricate but delicate organ that is made up of several different
kinds of cells, each of which performs a specific role that enables gas exchange [12].
This intricate collection of cells may experience a buildup of cell-autonomous and
microenvironmental adaptive responses, which might shift the equilibrium of cell
division as well as death and allow cancer to progress by avoiding immune detection
[13]. Exposure to smoke may result in a well-defined sequence of morphological
alterations to the bronchial epithelium, beginning with basal cell hyperplasia and
advancing through metaplasia, severe dysplasia, carcinoma in situ, and eventually
frank carcinoma [14, 15]. Such progression of alterations is most often related to the
squamous subtype of NSCLC [16]. However, adenocarcinomas are widely accepted
to be the predominant subset among never-smokers who have minimal exposure to
carcinogens even though they may also develop under severe carcinogenic
exposure long with established lung injury [17]. The onset and advancement of
adenocarcinomas are linked to precancerous lesions known as atypical
adenomatous hyperplasia, which isless well-elucidated [18]. SCLCs likewise
frequently emerge in presence of substantial carcinogenic exposure [19, 20];
however, they originate from uncommon pulmonary neuroendocrine cells and lack

well-defined preneoplastic lesions [21].

Due to the lack of clinical signs and efficient screening systems, the vast majority of
cases of lung cancer are diagnosed at a late stage [22]. Accurate lung cancer
staging is crucial because it determines available treatment choices and patient
outcomes. The International Association for the Study of Lung Cancer staging
committee revised the Tumor-Node-Metastasis (TNM) classification framework used
as the foundation for cancer staging after reviewing the findings derived from a
global patient database [23]. This histological categorization of lung cancer is
constantly evolving, and precise terminologies and parameters are employed to

differentiate squamous cell carcinoma and adenocarcinoma, especially in tumors
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with poor differentiation. In the most recent few years, determining the specific
histopathological subtypes of lung cancer is becoming increasingly significant due to
the advent of an overwhelming number of therapeutic drugs that target certain

variants.

1.1.3 Genetic mutations and pathways

There are diverse types of lung cancer with its distinct features, spanning from
surgically resectable NSCLCs to highly aggressive metastatic SCLCs. The
identification of mutations in the driver gene in a subgroup of lung malignancies was
a major advance toward comprehending these differences. These inherited genetic
mutations in kinases cause constitutive signaling, resulting in the neoplastic
transformation that is almost completely independent effects of other modifications.
Oncogenes associated with the initiation and development of NSCLC include
activating mutations in the Kirsten rat sarcoma viral oncogene homologue (KRAS)
gene and epidermal growth factor receptor (EGFR) genes. There is marked
geographical EGFR mutation in prevalence, ranging from 15% in Europe to 62% in
Asia [24]. Exon 19 deletion (AE746—A750), L858R mutation in exon 21, as well as
mutations in codon 719 of exon 18 (G719A, G719S, G719C), are the most prevalent
EGFR mutations, which are all responsive to therapy [25]. KRAS mutations occur in
about one-quarter of all LUAD cases and is the most frequent gain-of-function
mutations in Europe. The majority of KRA genetic mutations are found in codon 12 of
exon 2, with some also being found at codon 13 and hardly ever found at codon 61
of exon 3 [26]. The mutations of KRAS compromise the GTPase activity, blocking
the protein in a persistent GTP-bound state and initiating LUAD. Deletion of p53 and
RB1 is a common variation in SCLC, which has been recognized for many decades
[27]. Additional previous investigations indicated the amplification of genes belonging
to the MYC family (MYCN, MYCL, and MYC) in a subtype of SCLC [28]. Loss-of-
function occurrences in RB family member p107 and p130 (encoded respectively by
RBL1 and RBL2) [29], the tumor suppressor phosphatase and tensin homolog
(PTEN) [30], neurogenic locus notch homolog protein (NOTCH) receptors [31] and
the chromatin regulator CREB binding protein (CREBBP) [32] were among the few

factors that have been experimentally verified in vivo or in vitro.
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1.1.4 Etiology

The key factor in the onset of lung cancer is long-term cigarette smoking behavior
[33]. The continuous inhalation of tobacco smoke is responsible for the onset and
progression of a substantial proportion (80%) of lung cancer cases [8]. The chance
of developing lung cancer among nonsmokers who were exposed to tobacco smoke
was much greater than never smokers [34]. A modest contribution is made by
secondhand smoking to the etiology of lung cancer [35]; a more extensive study may
be necessary to establish a clear causal link between the two factors.

Even though smoking is by far the most prominent risk indicator for developing lung
cancer, there is mounting evidence to suggest that genetic predisposition could also
cause susceptibility to lung cancer onset as well as its progression [36]. As |
described in the former part, mutations and single nucleotide polymorphisms (SNP)
enhance the risk of lung cancer [37]. In SCLC, the deletion of p53 and RB1 is a
common phenomenon, which has been recognized for many years [38]. Several
early investigations reported the amplified expression of genes belonging to the MYC
family (MYCN, MYCL, and MYC) in a subset of SCLC tumors [39]. A history of
respiratory disease, viral infections, occupational and environmental exposure to
carcinogens including radon, asbestos, and arsenic, as well as air pollution, all
perform an extremely essential part in the development of lung cancer, either on
their own or in combination with other factors whose impacts are additive or

synergistic [40-43].

1.1.5 Therapy of LUAD

Among patients who are in a healthy state to receive surgical treatment and have
operable early-stage lung cancer, lobectomy is still the recommended therapeutic
option and patients with an inadequate physiological reserve may benefit from
radical radiotherapy as an alternate treatment option with a decreased risk of
morbidity [44]. The advent of stereotactic ablative radiotherapy (SABR) for
treating peripheral tumors in a new era for early-stage lung cancer [45]. Surgical
interventions with adjuvant (postsurgical) chemotherapy or combined chemotherapy
and radiotherapy are two alternative treatments that are currently recommended by
NICE 28 for patients who suffered from locally advanced lung cancer with lymph
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nodes in the hilar or mediastinal regions [46]. Immunotherapy for different immune
checkpoints (cytotoxic T-lymphocyte—associated protein 4 receptor (CTLA4),
programmed death (PD-1) receptor, and programmed death-ligand 1 (PD-L1)) has
led to unprecedented prolonged survival for some LUAD patients [47].
Chemotherapy is the primary treatment option for individuals diagnosed with
metastatic SCLC and consolidation chest radiation is a helpful treatment option for
people who respond well to chemotherapy [48]. Notably, due to the critical
involvement of lysine-specific demethylase 1(LSD1) in carcinogenesis, the inhibitors
for LSD1 (GSK2879552) are also an emerging option for SCLC [49]. Several
inhibitors of LSD1 undergo clinical evaluation for cancer treatment (NCT02875223,
NCT04081220 and EudraCT no.: 2018000482-36) [50].

1.2 LSD1

In recent decades, epigenetics has played vital roles in the initiation and
development of cancer including LUAD [51]. LSD1, commonly referred to as KDM1A
is one of the key regulators in epigenetics [52]. It was the first histone lysine
demethylase observed, having the capability of demethylating H3K4me1/2 and
H3K9me1/2 at target loci in a way that is reliant on the context [52]. LSD1 is very
well conserved and has three protein domains, which are as follows: a C-terminal
amine oxidase (AO) domain, a central protruding tower domain, and an N-terminal
SWIRM (Swi3p/Rsc8p/Moira) structural domain [53]. Interaction between the SWIRM
and AO domains results in the formation of a core structure that functions as the
enzymatic domain and binds FAD in a non-covalent manner; a surface platform for

engagement with partners is provided by the tower domain [54].

1.2.1. Variants of LSD1

Among the splice variants of LSD1, identified in the human genome database on the
Ensembl Genome Server (https://www.ensembl.org) a full-length human LSD1
variant (KDM1A-202) (transcript ID: ENST00000400181.9) is a LSD1 isoform that
contains two additional peptides from exon 2a and 8a, whereas KDM1A-201
(ENST00000356634.7) contains no additional peptides (Figure 2). Considering the
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combinatorial retention of exons 2a and 8a, there are four main alternative splicing

variants of LSD1 in humans.
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Figure 2: Schematic image of human LSD1 splicing variants. SWIRM, TOWER and AOD are
three domains of LSD1. Exon 2a was shown in the red rectangle, and exon 8a was revealed in the
green one. It is primarily composed of 3 main domains: a C- terminal amine oxidase like domain

(AOD), an N- terminal SWIRM domain, and a protruding tower domain.

1.2.2. Roles of LSD1 in cellular processes

In both normal and malignant cells, LSD1 exerts an essential function in various
fundamental biological functions, notably metabolism, epithelial-to-mesenchymal
transition, cell motility, differentiation, and stemness control [55-57]. LSD1 acts as a
context-dependent coregulator capable of both co-repressor and co-activator
functions by its existence in multiprotein complexes [58].

1.2.21 LSD1 leads to repression or activation of transcription

Inthe early stages of embryogenesis, LSD1 is responsible for regulating the
expression of critical developmental modulators and the right timing of their actions.
Silencing of LSD1 led to the death of mouse embryos on or before the sixth day of
embryogenesis [569]. As a result of enhanced cell death, delayed cell cycle
progression, and abnormalities in differentiating, embryonic stem cells (ESCs)
generated from LSD1 knockout mice experienced severe growth limitation [59].
In the differentiation process, the levels of LSD1 are reduced from the high levels in
undifferentiated human ESCs [60]. By controlling the fine-tuned equilibrium between
H3K27 and H3K4 methylation in the regulatory regions of key genes including
Forkhead Box A2 (FOXA2) and Bone morphogenetic protein (BMP2), LSD1
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contributes to the suppression of lineage-specific developmental events and is
crucial for the maintenance of pluripotency [61]. The process of epithelial—
mesenchymal transition (EMT), which is the acquisition process by epithelial cells of
the phenotype of mesenchymal cells, is necessary for cancer cell invasion and
metastasis [62]. LSD1's role in controlling EMT has been confirmed in breast cancer
[63]. LSD1 binds to SNAI1, which in turn suppresses the production of E-cadherin, a
key EMT marker [64]. In addition, silencing LSD1 reduces cancer cell motility and

invasiveness regardless of tumor types [64].

Through demethylation of repression-related monomethyl- and dimethyl-histone
H3K9 (H3K9me1/2) markers, LSD1 may also perform a remarkable function as a co-
activator in androgen receptor (AR) and estrogen receptor (ER)-regulated
transcription [65]. Proline glutamate and leucine rich protein 1 (PELP1), a protein
that interacts with the ER, changes the substrate selectivity of LSD1, shifting it from
H3K4 to H3K9 [66]. The demethylation of histone H3K9 by LSD1 was discovered to
be crucial for AR target gene activation in a study by Metzger et al [67]. In response
to hormonal treatment, promoters for AR and LSD1 are colocalized in both the
normal and tumorous human prostate, where they activate H3K9 demethylation
without altering the enrichment of H3K4 methylation and stimulating the transcription
of AR target genes by ligands, causing increased growth of tumor cells [67]. Both the
downregulation of the protein levels of LSD1 and the silencing of LSD1 inhibits the
transcriptional activation and cell proliferation stimulated by AR [67].

1.2.2.2 LSD1 in cancer

LSD1 has various oncogenic functions since it is expressed at a high level in many
different types of cancer cells [68, 69]. In our previous studies, the levels of LSD1
from 182 cases of LUAD samples revealed the correlation between LSD1
overexpression and the progression and metastasis of LUAD. LSD1 has a unique
function in an invasive phenotype of NSCLC cells by modulating the non-canonical
integrin pathway [70]. Self-renewal is promoted by LSD1 via the regulation of the
integrin 3-KRAS-NF-B pathway [70]. Suppression of LSD1 led to the arrest of tumor
growth in LUAD independently of driver mutations [71]. In other solid tumors like
gastric cancer, it is determined that high expression of LSD1 is implicated in various
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pathogenic mechanisms behind the development of proliferation, apoptosis, and
metastasis of gastric cancer cells [72]. Furthermore, the presence of aggressive and
undifferentiated neuroblastoma is associated with overexpression of LSD1.
Suppression and ablation of LSD1 led to an enhancementin global H3K4
methylation, resulting in the stimulation of genes related to differentiation and as a
direct consequence, neuroblastoma cell development was slowed down both in vitro

and in vivo [73].

LSD1 is upregulated in acute myeloid leukemia (AML) subgroups with less
differentiation (including the M1 subtype, based on FAB classification) as opposed to
other subgroups hallmarked by a greater extent of morphological differentiation [74].
A substantial correlation was found between LSD1 silencing and the absence of LSC
capacity in AML cells, which was achieved by the stimulation of differentiation and
apoptosis [75]. A deficiency of LSD1 in leukemic cells renders them incapable of
forming colonies in vitro (AML-CFC) or transferring leukemia into subsequent mouse
recipients [76]. Collectively, these findings provided evidence that LSD1 has the
tumorigenic potential of AMLs, indicating a viable target for cancer therapy [76]. In
Notch-mediated T-ALLs, LSD1 can serve as a repressor or an activator. In the
absence of Notch, LSD1 functions as a co-repressor in combination with the CSL-
repressor complex by removing histone H3 lysine 4 demethylation (H3K4me2)
markers from Notch targets [77]. Nonetheless, upon Notch activation, LSD1 acts as
a co-activator of NOTCH1 by facilitating efficient demethylation of H3K9me2 [77].

One important variant LSD1+8a, which includes the exon 8a, is specifically
expressed throughout the neural development of mammals [78]. There is no innate
demethylation capacity in this neuronal isoform for H3K4me2 although it
demethylates the restrictive mark H3K9me2 in conjunction with its partner
SVIL/supervillain, thereby promoting the transcription of neuronal-specific genes
upon differentiation [79]. In vitro neuronal development may be hindered by targeting
precisely the LSD1+8a isoform and knocking it down and, accordingly mice lacking
LSD1+8a exhibit cognitive impairments and have trouble learning their environments
spatially [80]. Strikingly, LSD1+8a is abundantly expressed in various SCLC cell
lines, which is consistent with the feature that SCLC is an invasive neuroendocrine
tumor [81]. Enhanced expression of LSD1+8a was associated with chemoresistance
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to cisplatin (CDDP) and LSD1 inhibitors [82]. The inhibition of LSD1+8a was shown
to suppress cell proliferation, which suggests that it exerts an important function in
SCLC [82].

1.2.3. Therapeutic option in cancer

Targeting demethylase is becoming a desirable alternative as a treatment for cancer
patients because of the essential role performed by LSD1 in the process of
tumorigenesis and because of the numerous ways where it interacts with a multitude
of signaling pathways [31, 83]. Some of the LSD1 inhibitors that have been identified
are the following: ORY-2001 (vafidemstat), INCB059872, CC-90011, IMG-7289
(bomedemstat), GSK-2879552, ORY-1001 (iadademstat), and tranylcypromine (TCP
or PCPA) [84]. As a new therapeutic anticancer target, pharmacological inhibition of
LSD1 was proven to suppress the capacity of cancer cells to differentiate, proliferate,
migrate, and invade, especially in acute myeloid leukemia [85] and SCLC [86]. In
recent years, a multitude of distinct LSD1 inhibitors has been combined with a
variety of other substances to test various combinatorial treatments [55]. According
to the findings of Fiskus and his colleagues, coordination toxicity in cultured primary
AML blasts was observed when the reversible LSD1 antagonist SP2509 was used
together with the pan-HDAC antagonist panobinostat (synergistic effect) [87].
Presently, combination treatments of LSD1 inhibitors (CC-90011, IMG-7289,
INCB059872, and TCP) with chemotherapy (etoposide, cisplatin, azacitidine,
cytarabine, and ATRA), histone deacetylase (HDAC) inhibitors, the inhibitor of
indoleamine  2,3-dioxygenase-1 (IDO1) (epacadostat), monoclonal antibody
(pembrolizumab) [88], and the NEDDS8-activating enzyme (NAE) inhibitor
(pevonedistat) [71] are now being researched for potential application in the
treatment of cancer. Consequently, LSD1 is proposed as a viable target for the

treatment of cancer as a result of its prominent function in cancer.
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1.3 Circular RNAs (circRNA)

Since LSD1 is alternatively spliced and alternative splicing is often accompanied with
back splicing mechanisms, my presented work focused on the roles of circRNAs
derived from the alternatively spliced LSD1 locus. In recent decades, it has been
established that circRNAs function as crucial regulators in epigenetics.
CircRNAs were originally identified in 1976 in a virus isolated from a plant [89], and
in 1979, electron microscopy revealed their presence in human HelLa cells [90].
CircRNAs are single-stranded transcripts that have a covalently closed loop and are
generated via the alternative splicing process of back splicing from a precursor
mRNA (pre-mRNA) [91, 92], giving them an innate defense against degradation by
exonucleases of their RNA. Nonetheless, with the advent of bioinformatics and high-
throughput sequencing, circRNAs are found to be highly expressed and
evolutionarily conserved across species [93-95] that are known to exhibit
tissue/development-specific expression. There is mounting evidence to suggest that
circRNAs are intimately implicated in the pathogenesis of a myriad of distinct
illnesses, which include Alzheimer’s disease [96], osteoarthritis [97], diabetes [98],
cardiovascular disease [99] and cancer [100].

1.3.1 Metabolism of circRNAs

1.3.11 Biogenesis

Even though back splicingis deemed to be a kind of alternative splicing, the
molecular process that underlies it is different from that of linear alternative splicing
[101]; Nevertheless, the processes that underlie the formation of circRNA are not yet
completely elucidated. The 3' untranslated region (UTR), introns, exons, the 5' UTR,
or even antisense sequences may all be potential sources of circRNAs [102].
CircRNAs have been classified into the following four groups: tRNA intronic
circRNAs (tricRNAs), exon-intron RNAs (elciRNAs), circular intronic RNAs (CiRNAs),
and exonic circRNAs (ecircRNA) (Figure 3) [103]. It is hypothesized that an RNA-
binding protein (RBP)or an intronic complementary sequence is the driving
molecular regulating this back splicing process [104]. Another mechanism of their
formation is through a model of biogenesis based on lariat-driven back-splicing
involving the cutting off of the RNA sequence after the pre-mRNA is spliced,

10



Introduction

resulting in a lariat structure that can be subsequently spliced to form a circular
structure [105].

DDX39A
DDX39B

ICS-driven RBP-driven
N 0 Z

Pre-mRNA —{_[H 7 A

Lariat-driven

Figure 3: Biogenesis of circRNAs. (A) Intronic complementary sequences (ICSs) are paired and
closely connected sequences that stimulate back-splicing to generate a circular morphology in the
ICS-driven back-splicing biogenesis model. (B) The splicing domains at both terminals of the exon are
directly coupled and stimulate back-splicing in the back-splicing biogenesis model mediated by RNA-
binding protein (RBP). (C) The RNA sequence that is discarded in the linear RNA splicing generates a
lariat structure in the lariat-driven back-splicing biogenesis model before being back-spliced into a
circular morphology. Maturate circRNAs are transported from the nucleus to the cytoplasm by the
proteins DDX39A and DDX39B.

1.3.1.2 Regulation

CircRNA biogenesis depends on canonical splicing machinery, including splice
signal sites and spliceosomes [106]. Nevertheless, blocking the pre-mRNA
processing machinery redirects gene output to circRNAs [107], which suggests that
circRNAs and the linear versions of their counterparts engage in a competition.
Recently, it was discovered that N6-methyladenosine (m6A) plays a role in affecting
the biogenesis of circular RNA [108]. Depletion of either YTH domain-containing 1
(YTHDCA1) or methyltransferase-like 3 (METTL3) regulates around 20 percent of a
subset of circRNAs, but there are no considerable variations in the linear isoforms
[108]. YTHDF3, in the meantime, is the factor that identifies the m6A-modified start

codon and facilitates the beginning of translation [109]. Nonetheless, how mG6GA
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deposition regulates the choice between back and canonical splicing is not well

known.

1.3.2 Localization

Visualizing circRNAs in cells is vital for discovering their functions [110]. The majority
of circRNAs are normally transported from the nucleus into the cytoplasm shortly
following their biogenesis, except for those circRNAs that contain introns [111]. It has
been found that the nucleus contains a significant amount of both intronic elciRNAs
and circRNAs [112]. Accumulating literature data suggested that circRNA shuttling is
controlled by RNA length as well as modifications [113, 114]. Huang and colleagues
discovered a length-dependent evolutionarily conserved pathway to control nuclear
export of circRNAs [113].

1.3.3 Function of circRNAs

It is well determined that circRNAs serve diverse activities, which included
functioning as sponges for miRNA, communication, producing pseudogenes,
influencing alternative splicing and transcription, translation, transportation,
and interfacing with RBPs [110].

1.3.31 MiRNA sponges

An extensive research has proven that circRNAs exert important biological functions
as miRNA or ceRNAs sponges [115, 116]. In addition, microRNAs are a kind of small
RNAs that are below 20 nucleotides in length [117]. Because highly abundant
circRNAs with numerous competing binding domains have a greater likelihood of
possessing competing endogenous RNA functions, the stoichiometric connection
between the mIiRNA binding domains of the circRNA must be taken into
consideration when estimating miRNA sponge functionalities to circRNAs [116]. For
example, the antisense transcript of cerebellar degeneration-related protein 1 (cdR1),
also known as cIRS7, which is the first reported miRNA sponge produced from the
cdR1 gene, can regulate miR7 in a negative manner [111], found in hepatocellular
carcinoma (HCC) and gastric cancer [118]. Moreover, circFAT1 is overexpressed in
papillary thyroid carcinoma (PTc) cells and tissues and acts as a miRNA sponge to
remarkably lower the expression level of miR-873. Consequently, the activity of the
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zinc finger E-box binding homeobox 1 was enhanced, which eventually led to the
stimulation of PTc cells’ ability to proliferate, migrate, and invade [119]. Wang and
colleagues illustrated that circPTK2 (hsa_circ_0008305) acted as a miR-429 sponge,

resulting in the promotion of the cell invasion of NSCLC [120].

1.3.3.2 Protein interaction

In addition to acting as a sponge for miRNA, one of the most significant functions
that circRNAs perform is interacting with proteins [121]. RNA binding proteins
(RBPs) are some of the most well-known proteins because of their roles in the
control of RNA metabolism in a variety of disciplines, particularly formation,
transportation, translation, and localization [122]. The cMYc protein, which shares
consensus sequences with other RNA binding proteins, may interface with
circAmotl1, facilitating nuclear translocation of cMYc, thus improving its stability and
increasing the expression cMYc targets [123]. Additionally, a similar
connection exists between circ-Amotl1 and the nuclear translocation of signal
transducer and transcription 3 activators [124]. It has been shown that
circRNA_102171, which is expressed at a high level in PTc tissues, binds precisely
with B-catenin interacting protein 1 (cTNNBIP1) and impedes its link to the
B-catenin/T cell factor (TCF)3/TCF4/lymphoid enhancer factor 1 complex, hence
promoting the advancement of PTc [125]. The research demonstrates that certain
circRNAs are capable of interacting with a variety of proteins [126], while some
proteins are also capable of dynamically binding to distinct circular RNAs [127].

1.3.3.3 Encoding proteins/ peptides

Despite the common assumption that circRNAs do not code for proteins, numerous
research reports have proven that circRNAs are translated into proteins [128].
Researches have illustrated that circMbI3 [129] and circZNF609 [130] may be
translated into proteins in a cap-independent and internal ribosome entry site (IRES)-
dependent way. N6-methyladenosine (m6A) was also discovered to be a critical
RNA base modification for efficient circRNAs translation initiation [131]. Even though
some circRNA-derived proteins have been associated with malignancies, a variety of
circRNA-derived proteins' functions are yet unknown [132]. CircSHPRH (hsa_circ_
0001649) was found to encode a peptide consisting of 146 amino acids (SHPRH-
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146aa) [133]. The E3 ubiquitin ligase DTL may be implicated in the interaction with
both the full-length SHPRH protein and SHPRH-146aa. Stabilized SHPRH functions
as an E3 ubiquitin ligase, resulting in successive ubiquitination of proliferating cell
nuclear antigen (PCNA), thus contributing to the attenuated proliferation of cells as

well as tumorigenicity [134].
1.3.3.4 Regulation of the expression or the alternative splicing

Prior research has demonstrated that elciRNA is capable of interacting with U1
snRNA, which results in the formation of the complex cIciRNA-U1 snRNP [135].
This complex facilitates the expression of the host gene via its interactions with the
Polll transcription complex [135]. Lu et al. discovered in their study of plants that
circular RNAs as well as their linear isomers were capable of suppressing the host
gene post-transcription expression via the mechanism of building a genetic
transformation system of rice that resulted in upregulation [136]. CircRNAs may
modulate the alternate splicing that is present in host genes [137]. CircRNA
can tightly bind to the host gene DNA locus in Arabidopsis thaliana, which results in
the formation of an R-loop configuration of RNA: DNA heterozygote [138]. The
structure of an R-loop may block transcription from occurring in this region. The
flowering phenotype is altered because of the presence of a cross-exon alternative
splicing event, which in turn favors the development of an alternative splicing

transcript variation known as SEP3.3 [138].

1.3.3.5 Oncologic biomarkers

The clinical application of biological markers is essential throughout all stages of
carcinogenesis, and it has emerged as one of the primary strategies for diagnosing
and determining the prognosis of cancer [139]. CircRNASs' patterns of expression and
their individual characteristics (specific expression, highly conserved, high stability,
and high and selective abundance) might help explain, at least in part, why circRNAs
have such promise as prospective biological markers and therapeutic targets [140].
The existence of circRNAs may be identified by the analysis of tissue cells [141],
exosomes [142], plasma [143], serum [114], cerebrospinal fluid (CSF) [144], urine
[143], saliva [145] , along with a variety of other bio-specimens. When pathological

circumstances are present, the normally occurring expression of a vast number of
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circRNAs alters in a significantly aberrant way [146]. In HCC tissues, several studies
have illustrated the upregulation of hsa_circ_0000798 [147], and hsa_circ_0058124
[148] and the attenuated expression of circRNAs such as circSMARCAS [149] and
hsa_circ_0076251 [150]. Such circRNAs are being evaluated for their use as
possible biological indicators of HCC [147, 148]. Moreover, the TNM stage in gastric
cancer was shown to correlate with the hsa_circ_0000467 expression levels, which
were observed to be elevated in the gastric cancer cells and tissues as well as
plasma, in contrast with the healthy controls [151]. When compared to other
established biological markers, the hsa_circ_0000467-related area under the curve
(AUC) of 0.799 was remarkably higher [151]. The specificity and sensitivity of the
hsa_circ_0000467 test were, correspondingly, 64.8 and 70.5 percent [151]. In
patients with colorectal cancer, some circRNAs may also act as biological markers.
Elevated plasma levels of hsa_circ_0000370 [152] were substantially linked to lymph
node metastasis, whereas the overexpression of hsa_circ_0004585 was linked to
the patient's tumor size [153].

1.3.4 Potential therapeutic targets

It has been revealed that circRNA 100146 is overexpressed in NSCLC samples
[154]. SIRNA against circRNA 100146 suppressed tumor growth in vivo and inhibited
the capacity to proliferate, migrate, and invade in vitro, and enhanced the rate of
apoptosis [154]. Meanwhile, NSCLC tissues showed downregulation of circPTPRA,
which served as a miR-96-5p sponge and had tumor-suppressing properties [155].
According to research done by Liu and his colleagues, a synthetic circRNA that
contains many carcinogenic miR-21 binding sites is capable of efficiently
suppressing the capacity of gastric cancer cells to proliferate by functioning as a
miR-21 sponge [156]. Therefore, numerous studies confirmed the potential
therapeutic values of circRNAs in cancer therapy.
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1.4 Aims of the study

LSD1 regulates gene expression by demethylating histone 3 lysine 4 and lysine 9,
and its high expression correlates with poor prognosis in cancer patients. Several
alternative LSD1 splice variants of exon 2a and 8a are expressed, but the regulatory
mechanisms are unclear. Because splicing may compete with back-splicing
processes that generate circRNAs, in the presented thesis | focused on LSD1 splice
variants and circRNAs from the LSD1 gene in LUAD.

Firstly | aimed to study the splice variant of LSD1 including exon 2a (LSD1+2a) in
different lung cancer types using TCGA datasets. Furthermore, LSD1+2a and
circRNA originating from the LSD1 gene 2a locus should be investigated in the lung
adeno cancer and non-cancer cells as well as in clinical samples with lung
adenocarcinoma (LUAD). Finally, circLSD1-RNA, the function of identified in lung
cancer cells in splicing of the paternal gene locus should be analyzed. To this end
the expression of circLSD1-RNA including the alternative spliced exons should be
manipulated by siRNA technology and transgenic overexpression using circRNA
encoding plasmids.
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3. Materials and Methods

2.1 Materials

2.1.1 List of software

Materials and Methods

Listed below are the software used during the study.

Application Name Developer
Excel 2010 Microsoft, Redmont, USA
GraphPad Prism 8 GraphPad Software, Inc.,
La Jolla, USA
Data analysis .
CLC Sequence Viewer | QIAGEN

8.0

Chromas

Technelysium Pty. Ltd.

BioRad 1Q5

BioRad, Munchen, GER

Lightcycler®480 SW 1.5

Roche, Mannheim, GER

Real-Time PCR analysis

Stratagene MxPro 3000P
V4.00

Stratagene, La Jolla, USA

Imaging

Image Lab BioRad, Munchen, GER

CellP Olympus Soft Imaging
Solutions, Munster, GER

Adobe photoshop CC | Adobe, Dublin, Ireland

2018

Image J Open Source

2.1.2 List of devices

Listed below are the mechanical devices used during this study.

Name

Manufacturer

BioRad CFX96 Real-time PCR Cycler

Bio-Rad, Munich, GER

Olympus Fluoview FV 1000 (Confocal

microscope)

Olympus, Hamburg, GER

Countess |l FL Automated Cell Counter

Thermo Fisher

Scientific, Waltham,
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GER

Eppendorf centrifuge Type 5417R

Eppendorf, Hamburg, GER

Nanodrop 1000 Spectrophotometer

Peqlab, Erlangen, GER

Water bath

Dr. Hirtz & Co, Cologne, GER

2.1.3 List of kits

Listed below are the kits used during this study.

Name

Manufacturer

CellTiter 96® AQueous One Solution
Cell Proliferation Assay

Promega, Madison, USA

GoTaqg® gPCR Master Mix Kit

Promega, Mannheim GER

RNA purification kit

MACHEREY-NAGEL, Duren, GER

DNA purification kit

MACHEREY-NAGEL, Duren, GER

Maxwell® LEV simplyRNA Tissue Kit
AS1280

Promega, Madison, USA

2.1.4 Plastic materials

Name Standard Manufacturer
Plastic-ware Sarstedt, NuUmbrecht,
6cm, 10 cm, 15 cm
GER
TPP, Horstel, GER or

Multi-well plates

6-well, 12-well, 24-well, 96-well

Nunc, Wiesbaden, GER

Falcon tubes 15 ml, 50 ml

Greiner Bio-One

Eppendorf tubes 0.5ml,1.5ml, 2ml, 5ml Biozym, Oldendorf, GER
Pipette tips 10 pl, 200 pl, 1 ml Biozym, Oldendorf, GER

Sigma-Aldrich,
Cryo-vials 2 mi

Taufkirchen, GER
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2.1.5 List of cell lines

Materials and Methods

Cell line Origin | Characteristics Medium Source

A549 Human | Lung adenocarcinoma DMEM Roman Thomas'

PC9 Human | Lung adenocarcinoma DMEM Roman Thomas'

H82 Human | Small cell lung cancer RPMI Roman Thomas'

GCL8 Human | Small cell lung cancer RPMI Roman Thomas'

H187 Human | Small cell lung cancer RPMI Roman Thomas'

SHP77 Human | Small cell lung cancer RPMI Roman Thomas'

HCT15 Human | Colorectal cancer DMEM DSMZ?

HCT16 Human | Colorectal cancer DMEM DSMZ?

LS174T Human | Colorectal cancer DMEM DSMZ?

EPCA1 Human | Epithelial cell DMEM Alex Hillmer®

EPC2 Human | Epithelial cell DMEM Alex Hillmer®

OE21 Human | Esophageal cancer DMEM Sterner-Kock*

OE33 Human | Esophageal cancer DMEM Sterner-Kock*

ESO26 Human | Esophageal cancer DMEM Alex Hillmer®

BE2C Human | Neuroblastoma DMEM Mathias Fischer®

KYSE 140 Human | Esophageal squamous DMEM Sterner-Kock*
cell carcinoma

MD- Human | Breast cancer DMEM DSMZ?

MBA231

Huh7 Human | Hepatocellular DMEM DSMZ?
carcinoma

HepG2 Human | Hepatocellular DMEM DSMZ?
carcinoma

PSAE Human | primary small airway | SABM+SA | ATCC PCS-301-
epithelial GM 010

HEK293T Human | Embryonic kidney cells DMEM DSMZ?

1. Prof. Dr. Roman Thomas: Department of Translational Genomics, University of

Cologne

2. DSMZ: Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,

Germany

3. Prof. Dr. Axel Hillmer: Institute of Pathology, University Hospital of Cologne
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4. Prof. Dr. Anja Sterner-Kock: Institute for Experimental Medicine, University
Hospital of Cologne
5. Prof. Dr. Mathias Fischer: Department of Experimental Pediatric Oncology,

University Hospital of Cologne

2.1.6 Antibodies

Primary antibody Host- Dilution Manufacturer
species
LSD1 Rabbit WB: 1:2000 Abcam, Cambridge, UK
H3K27me3 Rabbit WB: 1:2000 Abcam, Cambridge, UK
GAPDH Mouse WB: 1:2000 Abcam, Cambridge, UK
We Rabbit ChiP: 3 .pg for 10 pg | Cell Signalling Technology,
chromatin Massachusetts, USA

21.7 Enzymes

Name Manufacturer

RNase R Biozym, Oldendorf, GER

RNase H Biozym, Oldendorf, GER

SYBR Green Promega, Mannheim, GER

GoTagq® G2 DNA Polymerase Promega, Mannheim GER

GoTagq® QPCR Master Mix Promega, Mannheim GER
2.1.8 Primer list

Primer Sequence Species
HPRT-F GACCAGTCAACAGGGGACAT Human
HPRT-R GTGTCAATTATATCTTCCACAATCAAG Human
Total LSD1-F GAAACTGGAATAGCAGAGACTCC Human
Total LSD1-R TTCTTCCTCAGGTGGGGCTT Human
LSD1+2a-F GAAACTGGAATAGCAGAGACTCC Human
LSD1+2a-R CGTCTCCATACCCTCCAGAA Human
LSD1+8a-F GGCTGTGGTCAGCAAACAAG Human
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LSD1+8a-R GGAACCTTGACAGTGTCAGC Human
circRNA 2a_2-F CAAGCATCAGGTAGAGTACAG Human
circRNA 2a_2-R TTCTTCCTCAGGTGGGGCTT Human
circRNA 3_2-F GAAACCGCACAGTAGAGTACAG Human
circRNA 3_2-R TTCTTCCTCAGGTGGGGCTT Human
circRNA 8a_2-F AAGCCAACGGACAAGCTGAC Human
circRNA 8a-2-R TTCTTCCTCAGGTGGGGCTT Human
circRNA 8_2-F GCCCACTTTATGAAGCCAACG Human
circRNA 8_2-R TTCTTCCTCAGGTGGGGCTT Human

2.1.9 Probe list

Name Sequence

U6 TTTGCGTGTCATCCTTGCG
circRNA 2a_2 GCCGGTTCGTAGTCGTAGA
circRNA 3 _2,circRNA 3 2 2a | CTTTGGCGTGTCATCTCAT

2.1.10 Small interfering RNA (siRNA) list

Name Sequence

siRNA for circRNA 2a_2 GCCGGUUCGUAGUCCAuUCU
siRNA for circRNA 3_2 CUUUGGCGUGUCAUCUCAU
siRNA for circRNA 2a_2 control | GCCGGUUCGUAGUCGUAGA

siRNA for LSD1+8a

CGGACAAGCUGACACUGUCAAGGUU

siRNA for circRNA 8a_2

UGUGACAGUUCCAUCUCAUGU

2.1.11 Solutions

Solutions for cell fractionation
HMKE buffer

Component Amount
HEPES pH 7.2 200 ul of 1 M Hepes
KCI 100 ul of 1M KCI
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MgCl2 50 ul of 1M MgCI2
EDTA 100 ul of 100 MM EDTA
Sucrose 2,5 ml of 1 M succrose
PIC-ROCHE 1 tablet

PMSF 100 ul of 100 MM PMSF
Digitonin 2 mg digitonin

H20 6950 ul

Glycerol buffer

Component Amount

Tris-HCL pH 7.5 100 ul of 1 M Tris-HCL
NaCl 375 ul of 1 M NaCl
EDTA 25 ul of 100 mM EDTA
DTT 42,5 ul of 100 mM DTT
PMSF 6,25 ul of 100 mM PMSF
glycerol 3,617 g of 85% Glycerol (2,94 ml)

Phosphatase inhibitor

1 tablet

Protease inhibitor 1 tablets

H20 1511,25 ul

Nucleic lysis buffer

Component Amount

HEPES pH7.5 100 ul of 1 M HEPES
DTT 100 ul of 100 MM DTT
MgCl2 750 ul of 100 mM
EDTA 20 ul of 100 MM EDTA
NaCl 3000 ul of 1 M NaCl
UREA 5000 ul of 1 M UREA
Triton X-100 500 ul of 20 % Triton
H20 530 ul

Buffer C (with/without Trition-X-100)
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Component Amount

Tris-HCL pH7.5 200 ul of 1 M Tris-HCL
MgCI2 15 ul of 1M MgCI2
NaCl 1500 ul of 1M NaCl
Triton X-100* 250 ul of 20 % Triton
Phosphatase inhibitor 1 tablet

Protease inhibitor 1 tablet

H20 8035 ml

Solutions for fluorescence in situ hybridization (FISH)

Fix buffer

Component Amount
Glacial acetic acid 1 ml
16% paraformaldehyde 5 mi

1.5 M NaCl 2 mi
H20 12 ml
K-Phosph buffer, pH 7.0

Component Amount
1M K2HPO4 61.5 ml
1M KH2PO4 38,5 ml
Hybrid buffer

Component Amount
Formamide from -20 C 250 pl
20 x SSC 100 pl
50x Denhard 100 pl
DNA 10 mg/ml 10 pl

1M K-Phosph buffer, pH 7.0 50 i
0.5 M EDTA 1l

Solutions for agarose gel electrophoresis

TAE buffer 10X
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Reagent Amount

EDTA (pH 8.0) 1 mM

Sodium acetate (CH3COONa) 5mM
Tris-acetate (pH 7.8) 40 mM
Solutions for immunoblotting

Running buffer 10X

Reagent Amount

Tris 30.3 g (250 mM)
Glycine 187.7 (2.5 M)
10% SDS 1%

ddH:20 Add up to 1000 ml

Transferring buffer 12.5X

Reagent Amount

Tris 759 (312.5mM)
Glycine 356 g (2.4M)
Methanol 20%

ddH20 Add up to 2000 ml
PBS 5X

Reagent Amount
Na2HPO4 36 g (0.05M)
NaCl 200 g (0.68M)
KH2PO4 6 g (8.8 mM)
KCI 59 (0.013M)
ddH20 QSto5L

Adjust solution to desired pH (typically pH = 7.4)

PBST 1X

PBST was made with 0.05% (v/v) solution of Tween-20 in PBS.
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TBS 10X

Reagent Amount

Tris 12.114 g (0.2 M)
NaCl 43.83g(1.5M)
ddH20 QS to 500 ml

Adjust solution to desired pH 7.2-7.4
TBST 1X

TBST was made by 0.05% (v/v) solution of Tween-20 in PBS.

SDS Stacking gel (2X)

Reagent Amount (%/VImass)

0.5M TRIS pH 6.8 1.26 ml

10% APS 50 pl

10% SDS 50 pl

Acrylamide (30%) 830 ul

TEMED 5ul

ddH20 2.74 mi

Reagents for cell culture

Reagent Manufacturer

DMEM (Dulbecco’s Modified Eagle |

Medium) GibcoBRL, Karlsruhe, GER

DMSO Sigma-Aldrich, Taufkirchen, GER

Doxycycline Sigma-Aldrich, Taufkirchen, GER

Fetal Bovine Serum (FBS) Pan Biotech, Aidenbach, GER

GSK2879552 Xcessbio, San diego, USA

HCI-2509 Xcessbio, San diego, USA

HCI-2577 (SP-2577) Salarius Pharmaceuticals, Houston,
USA

GSK 690 Sigma-Aldrich, Taufkirchen, GER

OptiMEM GibcoBRL, Karlsruhe, GER

Phosphate buffered saline (PBS)

GibcoBRL, Karlsruhe, GER

Poly-L/D-Lysine

Sigma-Aldrich, Taufkirchen, GER
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Puromycin

Sigma-Aldrich, Taufkirchen, GER

Reagents for molecular experiment

Reagent

Manufacturer

Acetic acid

Sigma-Aldrich, Taufkirchen, GER

Acrylamide/bis-acrylamide, 30%

Sigma-Aldrich, Taufkirchen, GER

Agarose

Biozym, Oldendorf, GER

Ammonium peroxodisulfate (APS)

Carl Roth, Karlsruhe, GER

B-Mercaptoethanol

Carl Roth, Karlsruhe, GER

Chloroform (99%)

Sigma-Aldrich, Taufkirchen, GER

Dipotassium hydrogenphosphate

Carl Roth, Karlsruhe, GER
(K2HPO4)
Disodium hydrogenphosphate

Carl Roth, Karlsruhe, GER
(Na2HPO4)

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth, Karlsruhe, GER

Ethanol (99%)

Carl Roth, Karlsruhe, GER

Formaldehyde (4%)

Carl Roth, Karlsruhe, GER

Glycine

Sigma-Aldrich, Taufkirchen, GER

Glycogen Blue

Thermo Scientific, Waltham, USA

Isopropanol (99%)

Carl Roth, Karlsruhe, GER

Laemmli buffer 2x & 4x

Biorad, Hercules, USA

Magnesium chloride (MgCl2)

Carl Roth, Karlsruhe, GER

Methanol (99%)

Carl Roth, Karlsruhe, GER

Milk powder

Carl Roth, Karlsruhe, GER

NEB cell lysis buffer 10x

New England Biolabs, Frankfurt, GER

Phenylmethanesulfonyl fluoride (PMSF)

Sigma-Aldrich, Taufkirchen, GER

Potassium chloride (KClI)

Carl Roth, Karlsruhe, GER

Potassium dihydrophosphate (KH2PO4)

Carl Roth, Karlsruhe, GER

Prestained protein standard (11-245
kDa)

New England Biolabs, Frankfurt, GER

Protease inhibitor tablets

Roche, Grenzach-Wyhlen, GER

RIPA buffer

Thermo Scientific, Waltham, USA
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Silencer Select SIRNA against LSD1

(s619)

Thermo Scientific, Waltham, USA

Sodium dodecyl sulphate (SDS)

Carl Roth, Karlsruhe, GER

Sodium chloride (NaCl)

Carl Roth, Karlsruhe, GER

Sodium acetate (NaCH3COOH)

Carl Roth, Karlsruhe, GER

Sodium hydroxide (NaOH)

Carl Roth, Karlsruhe, GER

Tetramethylethylenediamine (TEMED)

Thermo Scientific, Waltham, USA

TRIS-HCI

Carl Roth, Karlsruhe, GER

Trizol

Thermo Scientific, Waltham, USA

Tween-20

Sigma-Aldrich, Taufkirchen, GER

Random primer

Thermo Scientific, Waltham, USA

dNTPs

Thermo Scientific, Waltham, USA
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2.2 Methods

2.2.1 Cell culture

Medium used for cell culture included DMEM or RPMI 1640 with heat-inactivated 10 %
(v/v) fetal calf serum (FCS) at 37°C (5% CO2). When 80% cell confluence was
attained, cells were routinely passaged.

2.2.2 Passaging cells

Following the withdrawal of the cell culture medium, the cell monolayers were rinsed
in 1x PBS and an appropriate amount of trypsin was added to the plates or wells.
Cells were kept at 37°C until they were observed to be floating in the plate. A fresh
growth medium was used to stop the trypsinization and cells were gently separated
by pipetting. Cells in suspension were transferred to a falcon and centrifuged at
1,000 rpm for 5 minutes. This was followed by immediate resuspension of the cell
pellet in the growth medium before being divided between three plates to continue
the culture.

2.2.3 Determination of cell numbers

After trypsinization, cells were separated in the suspension. Ten pl of cell
suspension was removed from the well of Countess chamber slides. The cell
counter-related slide port was used to insert the slides. The cell counting process

was carried out following the manufacturer's guidelines.

2.2.4 Cryopreservation and thawing of cells

Cell cryopreservation was performed when the cells reached 90% confluence. A
plate was trypsinized as described above. Cells were centrifuged and resuspended
in 10% DMSO (0.9ml DMEM+0.1mlI DMSO), then transferred into a cryo-tube. Cryo-
tubes were stored overnight at -80°C before being placed in liquid N2 for long-term
storage. To cultivate cryopreserved cells, a water bath maintained at 37°C was used
to thaw the cells for one minute (which was long enough to allow the ice to melt).
The cell suspension was mixed with 3ml fresh medium in a falcon and then added to

culture plates in 37°C incubators with 5% CO..

28



Materials and Methods

2.2.5 Mycoplasma testing

When the confluence was 80%, 100 pl culture medium was collected and heat-
inactivated for 10 min at 95°C. Real-time PCR (qPCR) performed with the aid of a
Venor®GeM mycoplasma PCR Detection Kit was used to identify mycoplasma

contaminations as per the recommendations of the manufacturer.

2.2.6 Data Acquisition and analysis from TCGA

The Cancer Genome Atlas (TCGA) database was searched for RNA expression in
cancer and non-cancer tissues and the corresponding clinical characteristics of
patients. The expression of all LSD1 transcripts was combined and analyzed as the
levels of total LSD1, while the levels of the transcript ENST00000400181.8 was
considered as LSD1+2a levels.

2.2.7 Extraction of total RNA preparation from clinical samples

Tissues were shredded in the Precellys 24 (Peglab) (1: 6500 — 2x 20 — 005 and five
ceramic beads per sample). For isolation, RNA Tissue Kit for Maxwell 16® was used
and the manufacturer’'s protocol was followed. The RNA concentrations were
measured by spectrophotometry using a NanoDrop TM 1000. Every RNA sample

was frozen at -80 °C until further use.

2.2.8 Compounds treatment

LSD1 inhibitors HCI-2509, SP-2577, GSK 2879552, and GSK690 were first
suspended in DMSO before being stored in the refrigerator. Both the control and the
experimental groups had their cells seeded at an equivalent density one day prior to
the treatment, to reach a confluency level of 40 % in the following day. Following a
single wash using 1xPBS, the cells were placed in a new medium containing the
drugs, correspondingly and cultured for a total of 72 hours, followed by result

analysis.

2.2.9 SiRNA transfection

The cells were passaged a day before transfection and platted on required plates to
achieve a 60% confluency and the siRNA transfections were carried out with the use
of Lipofectamine 2000 with the instructions provided by the manufacturer. The
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concentration of siRNA to be used was determined by performing pre-experiments
using 4 different siRNA concentrations to achieve downregulation of the specific
gene. Both the scrambled and gene-specific sSiRNAs had their respective transfection
processes carried out concurrently. At 6 hours following transfection, the cells were
subjected to wash once using 1x PBS and then placed in anew cell medium.
Afterward, the cells were grown for 48-72 hours depending on the requirement of the
experiment. Cells were harvested and RNA and protein isolation were performed

depending on the experiments.

2.2.10 Quantitative analysis of mMRNA expression levels

2.2.10.1 RNA extraction

An Ambion PureLink® RNA Mini Kit (Life Technologies) was used for cellular
RNA extraction as instructed by the manufacturer. Following cell lysis, DNA was
digested in a series of steps using DNase. The lysate was then filtered through a
filter column consisting of a silica membrane, where RNA gets bound and the
residual filtrate is filtered out. Next, nuclease-free water was used to elute the RNA
before being stored at -80 °C for subsequent use. For the cell line array, the RNA
was isolated with the aid of the Maxwell® LEV simplyRNA Tissue Kit AS1280 kit

from Promega in line with the recommendations of the manufacturer.

2.2.10.2 RNA reverse transcription

By applying the TagMan Reverse Transcription Kit from Applied Biosystems, mRNA
was converted into cDNA following the guidelines stipulated by the manufacturer for
real-time PCR. In all the aforementioned investigations, cDNA was prepared using
500ng of RNA in a maximum of 15ul of reaction mix for PCR analysis. On a thermal
block, the reaction was carried out in two steps, primer annealing at 25°C for 10
minutes and cDNA synthesis at 37°C for 2 hours. In case of low availability of
sample and less RNA concentration, the amount of RNA and reagents used were
scaled down proportionally.
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2.2.10.3 Real-time PCR

QPCR was carried out with the use of GoTaq qPCR Master Mix (Promega),
respective primer sets (forward and reverse), and 2-10ng DNA as per availability of
sample. A single reaction mix consisted of 2-10ng DNA, 50% by volume GoTaq
gPCR Master Mix, and 10mM of each forward and reverse primer and nuclease-free
water to make up the volume (10ul/15 pl). New primers were always tested for their
efficiency of amplification by plotting a standard curve by making a dilution series
using three different DNA concentrations and observing the Ct (cycle threshold)
values to change proportionally as per the used concentrations. Below are the
parameters that were used for a typical PCR run:

1. 95°C 2min

2. 95°C 30sec

3. 60°C 30sec

4. 72°C 30sec

5. Steps 2 to 4 repeated for 49 cycles
6. 72°C 5min

7. Melting curve 65°C to 95°C

We used either a BioRad CFX96 Real-time PCR Cycler, an Mx3000P Cycler, or a
Roche Lightcycler 480 to conduct the real-time PCR process. The primer list in the
materials section includes annealing temperatures for each primer if they vary from
those described above. Unless stated, the mRNA expression level for every gene
quantified by real-time PCR was normalized to those of the hypoxanthine
phosphoribosyltransferase 1 (HPRT) gene.

2.2.11 Fluorescence in situ hybridization (FISH)

Cell medium was removed, and cells were washed once with PBS. Cells were fixed
and incubated for 15 min at room temperature. Ice-cold 70% ethanol was added, and
the coverslips were stored overnight at —20 °C. On the second day, fixed cells were
removed from —20 °C and recovered in PBS for at least 5 min at room temperature.
Depending on the expected localization of the circRNA, a method is decided to be
performed for the permeabilization. For preservation of the cytoplasm, a
permeabilization step with 0.5% Triton X-100/0.5% saponin for 5-10 min is

recommended. The coverslips were washed once with PBS before post-fixation. For
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post-fixation, 3.7% formaldehyde in PBS is added to the cells for 5 min at room
temperature, followed by one 10-min wash in PBS. Next, cells are dehydrated prior
to hybridization by the addition of 70, 90, and 100% ethanol (3 min every time), and
then coverslips are air-dried. The probe was diluted with the hybridization mix. The
probes were denatured at 90 °C for 10 min and placed immediately on ice. Fifteen pl
of the hybridization mix was placed in the middle of a clean glass slide and a dried
coverslip was inversed onto the drop using forceps. The coverslip is sealed using
rubber cement, placed in a humid chamber sealed with parafilm, and incubated at
37 °C overnight. The rubber cement seal is carefully removed, and coverslips are
placed back into a tissue culture dish to be washed three times for 10 min at 37 °C
with 2x SSC. On the third day, the slides were washed once with RNase-free water
before DAPI staining for 5 min at room temperature. Finally, coverslips were dried by
touching the edge on a clean tissue and mounted onto clean glass slides. The slides
were observed by the confocal microscope.

2.2.12 Cytoplasmic lysis

Cells were washed twice with cold PBS and then trypsinized. Cells were
resuspended with HMKE buffer and left on ice for 10min. Cells were centrifuged at
500 g for 10 min at 4°C to separate cytosol from membranes, nuclei, organelles and
cytoskeleton. Pellets were washed with HMKE buffer once. Nuclei were
resuspended in equal volumes of glycerol buffer and nucleic lysis buffer, vortexed 2
seconds twice and then incubated on ice for 2 min. Cells were spined at 700 g for 2
min at 4°C. The supernatant was nuceloplasmic fraction. Then chromatin fraction
was resuspended and sheared 20 min sonication in biorupter (30 sec max 30”,30").

Chromatin fraction was centrifuged 5 min at 16.000 g at 4°C.

2.2.13 Western blot

For protein analysis, western blots were performed using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). First, a separating gel and then a running gel was
loaded in a cast along with a plastic comb for the creation of wells for sample loading.
Protein samples (10-15ug) were used depending on sample availability and the
requirement of the experiment. Before sample loading, protein denaturation was
performed using 2X or 4X laemmli buffer supplemented with Bmercaptoethanol and
heated for ten minutes at 95 °C, after which the sample was loaded onto the gels in

32



Materials and Methods

a direct manner. To estimate the sizes of the proteins, a prestained protein ladder
(New England Biolabs in Frankfurt, Germany) was continuously loaded alongside the
protein samples. Running the gels via the Bio-Rad Mini protein gel equipment
allowed the protein samples to be separated into their constituent parts. After
performing electrophoresis at 90V for the first 15 minutes to better separate the
proteins, the voltage value was elevated to 120V for the remaining 60 minutes of the
experiment. The Bio-Rad blotting chamber was then used to transfer the proteins
that had been separated from the gel onto a 0.2-micron PVDF membrane. The
transfer was carried out at 90V for 60 minutes. To observe the successful transfer of
the proteins to the membrane, the proteins were first visualized by incubating the
membrane with the ponceau stain. A blocking solution (5% milk in PBST) was added
to incubate the membranes for an hour at RT on a rocking platform. After incubation
with certain primary antibodies, various-sized proteins could be visualized after being
sliced from the blots using the protein ladder as a reference. The blocking solution
was used to dilute the primary antibodies, and the final concentrations of each
antibody are listed in the antibody list in the Materials section. The blots were
allowed to incubate with the primary antibody mixture throughout the nightat 4 C
while being gently shaken. After three 10-minute washes using 1X PBST, the
membranes were treated for 1 hour with HRP-labeled secondary antibodies diluted
in blocking solution at RT. After another rounds of washing, the membranes were
exposed to treatment for one minute with Pierce™ ECL western blotting substrate for
1 minute before being visualized in the ChemiDoc ™ Imaging System. Image lab
and photoshop were used to process the captured images.

2.2.14 Immunoprecipitation (IP) of R-loops

Lysis was performed on the cells in lysis buffer followed by sonication for 6 cycles of
20 seconds with a 10-second gap between each cycle. After that, the lysate from the
cells was centrifugated for 15 minutes at4 °C and at a rate of 12000 rpm. The
antibody-linked beads were then treated with cell lysate for four hours at 4 ° C. After
three times of washing continuously with lysis buffer and ice-cold PBS, 100ul 2 x
Laemilli buffer (Bio-Rad, GER) was added, and beads were heated at 95°C for 5min
to elute proteins. RNA and DNA were isolated for subsequent experiments.
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2.2.15 MTT assay

To perform the MTT test, the cells were plated in a 96-well plate 24 hours before the
treatment at a density of 30,000 cells per well. Inhibition or siRNA transfection was
performed on cells for 72 hours and the CellTiter 96® AQueous One Solution Cell
Proliferation Kit was employed to conduct the MTT test in compliance with the
directions provided by the manufacturer. There were three biological replicates of
each experiment. Mean absorbance was calculated for each. The background
absorbance (medium only) was subtracted from both the control and inhibitor-treated
cells. The percent of viable or proliferating cells was calculated as follows: For
control: mean OD control/mean OD control *100= 100% and inhibitor-treated: mean
OD treatment/mean OD control *100=_%.

2.2.16 RNA purification

Buffer RA1 and 3-mercaptoethanol (3-ME) were added to the cell pellet and
vortexed vigorously. A NucleoSpin® Filter was placed in a collection tube, and the
mixture was added into the tube and centrifuge for 1 min at 11,000 x g. Seventy
percent ethanol was added to the homogenized lysate and mixed by pipetting up and
down (5 times). Pipette lysate up and down 2-3 times and load the lysate to the
column and centrifuged for 30 s at 11,000 x g. (Membrane Desalting Buffer was
added and centrifuged at 11,000 x g for 1 min to dry the membrane. DNase reaction
mixture was directly applied onto the center of the silica membrane of the column
and incubated at room temperature for 15 min. Buffer RAW2 was added to the
NucleoSpin® RNA Column (centrifuged for 30 s at 11,000 x g) for the first wash and
Buffer RA3 was applied (30 s at 11,000 x g) for the second wash and Buffer RA3
was added (2 min at 11,000 x g) to dry the membrane completely. RNA was eluted
in RNase-free H20, and centrifuged at 11,000 x g for 1 min.

2.2.17 Statistical analysis

GraphPad Prism was employed for the quantitative PCR statistical analysis. The
significance level was determined using the Holm-Sidak t-test. A p-value < 0.05
denoted a significant level. * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Results

3.1 LSD1 splice variant 2a expression pattern in cancer and non-cancer

There are four types of LSD1 isoforms (LSD1, LSD1+2a, LSD1+8a and
LSD1+2a+8a) in humans (Figure 2, introduction). However, the ratios and functions

of distinct variants of LSD1 remain unclear in cancers.

3.1.1 LSD1 +2a expression in cancer and non-cancer cell lines

First, | explored the levels of LSD1+2a variant in several cell lines including cancer
and non-cancer cells. The proportion of LSD1+2a in total LSD1 ranged from 20% -
50% in human cell lines (Figure 4). The highest proportion of LSD1+2a in total LSD1
was in HCT15, a colorectal cancer (CRC) cell line, while the lowest proportion was in

OE21, which is a cell line derived from esophageal adenocarcinoma (EAC). In
NSCLC cells (A549 and PC9), the proportion was about 30%. In non-cancer cells
including primary small airway epithelial (PSAE) cells and human embryonic kidney
(HEK293T) cells, the proportion was about 20% - 30%.

[ other LSD1 variants
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Figure 4: Proportion of LSD1+2a in cancer and non-cancer cell lines. NSCLC, non-small cell lung
cancer. SCLC, small cell lung cancer. CRC, colorectal cancer. EAC, esophageal adenocarcinoma.
NB, neuroblastoma. ESCC, esophageal squamous cell carcinoma. HCC, hepatocellular carcinoma.
PSAE, primary small airway epithelial. Total LSD1, quantified by qPCR using primers recognizing all
transcript isoforms, was set to 100%.
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3.1.2 LSD1 +2a expression in different cancer types

To explore the levels of LSD1+2a in the non-tumor and LUAD tissues, | investigated
the expression of total LSD1 and LSD1+2a variant from TCGA database. The
expression of total LSD1 including four variants significantly differed in cancers
(Figure 5A). Among 21 types of cancer, the highest expression of total LSD1 was in
uterine corpus endometrial carcinoma (UCEC) and the lowest expression was in liver
hepatocellular carcinoma (LIHC). In lung adenocarcinoma (LUAD), the mRNA levels
of total LSD1 were much higher than those in the non-tumor tissues. To explore the
roles of LSD1+2a in cancers, | analyzed the expression of LSD1+2a in TCGA cohort
(Figure 5B). The highest levels of LSD1+2a was in bladder cancer (BLCA) while the
lowest levels of LSD1+2a was also in LIHC. There was a significant expression
difference between LUAD tumor and non-tumor samples. Collectively, | found that
the levels of total LSD1 and LSD1+2a in LUAD samples were much higher than

those in the non-tumor samples.
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Figure 5: Expression of total LSD1 and LSD1+ 2a in cancers from TCGA database. (A)

Expression of total LSD1 in tumor and non-tumor tissues from TCGA. (B) Expression of LSD1+2a in

tumor and non-tumor tissues from TCGA. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001, ns, not

significant. TPM, transcript per million.
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| extracted from a total of 46 clinical LUAD and the matching adjacent non-tumor
tissues and explored the levels of LSD1 variants. Importantly all tumors were
controlled by a senior pathologist (Yuri Tolkach, Institute of Pathology, University
Hospital of Cologne) and only tumors with more than 70% of tumor cells in the tumor
areal were considered. RNA extracted from the macrodissected tumor areal was
analyzed for expression of different LSD1 isoforms. The levels of LSD1+2a
normalized to total LSD1 did not differ significantly between non-tumor and LUAD
tissues (n = 46) (Figure 6).
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Figure 6: Expression of LSD1+2a in paired adjacent non-tumor ((n = 46, left) and tumor tissues
(right) from LUAD patients. RNA was extracted from 46 pairs of LUAD and non-tumor tissues and
gPCR was performed to measure the levels of LSD1+2a which is normalized to total LSD1. ns, not

significant.

| next investigated the prognostic values of total LSD1 and LSD1+2a in LUAD.
Overall survival is widely used as the most significant endpoint for cancer patients. |
found that patients with low total LSD1 had prolonged overall survival compared to
patients with high total LSD1 expression (p = 0.004; Figure 7A). However, | found no
difference in overall survival between patients with high and low LSD1+2a levels (p =
0.16; Figure 7B). In addition, progression-free interval (PFl), suggested to replace
the phrase progression-free survival with a less ambiguous term [157], was also
analyzed in our study. There was a better PFI| for the patients with low total LSD1
than those in the high total LSD1 group (p = 0.009; Figure 7C), while no difference
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was found in PF| between the patients with high and low LSD1+2a levels (p = 0.17;

Figure 7D). All above data indicated that high expression of total LSD1 was highly

correlated with the prognosis of LUAD and no correlation was found between the

expression of LSD1+2a and the prognostic values for LUAD patients from TCGA-

LUAD cohort.
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Figure 7: Prognostic values of total LSD1 and LSD1+2a in TCGA-LUAD cohort. (A) Kaplan-Meier

curves of overall survival of patients between high and low (A) total LSD1 and (B) LSD1+2a levels in

TCGA-LUAD cohort; Progression-free survival of patients between high and low (C) total LSD1 and
(D) LSD1+2a levels in TCGA-LUAD cohort. The yellow curve stands for the survival of patients with

high expression; the blue curve is for the survival of patients with high expression. The number under

the curves are the patients at the risk.
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3.2 CircRNAs from LSD1 gene

Splicing is often correlated with back-splicing and circRNA synthesis, therefore |
analyzed how circRNAs derived from LSD1 are expressed in cancer and non-cancer
cells. First, | screened circRNA sequencing data from lung adenocarcinoma cells
and lung epithelial cells, kindly provided from the Odenthal team (Institute of
Pathology, University Hospital of Cologne). Mr. Xinlei Zhao (Institute of Pathology,
University Hospital of Cologne) kindly helped me to analyze the data. In Figure 8A
the differently expressed circRNAs from PC9 lung adenocarcinoma and PSAE lung
epithelial cells are shown. The top 30 upregulated and downregulated circRNAs
were selected to show in Figure 8B and supplementary Table 1. Interestingly, among
605 differently expressed circRNAs, some derived from LSD1 locus, were found to
be higher expressed in PC9 cells such as hsa-circ-737 and hsa-circ-733 (Figure 8B).
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Figure 8: Identification of differently expressed circRNAs between PC9 and PSAE cells by
circRNA sequence. (A) A volcano visualizing differently expressed circRNAs between PC9 and
PSAE cells. (B) A heatmap showing the 50 upregulated and downregulated circRNAs. Each row
denoted one circRNA and each column represented one sample. The color changed from red to blue

indicated the dysregulation from up to down.

3.2.1 Identification of circRNAs generated from LSD1 gene

| sought to uncover circRNAs arising from LSD1 gene and explore their involvement
in LUAD development. To validate this RNA species harbors a cyclic structure,
RNase R was used to specifically degrade linear RNAs but not circRNAs (Figure 9A).
| primarily focused on circRNA deriving from the exon 2/exon2a locus. Therefore, |
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used divergent primers from exon 2 to amplify circRNAs from this locus (Figure 9B).
The housekeeping gene HPRT and the parental LSD1 gene were used as controls,
to show the activity of RNase R and successful degradation of linear RNAs. Indeed,
the gel electrophoresis of the respective amplicons revealed that HPRT and LSD1
were totally degraded with RNase R in NSCLC PC9 and A549 cells. However,
putative circRNAs derived from LSD1 gene were resistant to RNase R treatment,
validating these RNAs as circRNA forms (Figure 9C).
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Figure 9: Characterization of circRNAs from LSD1 in cancers. (A) Flow chart of RNase R
treatment. The red icon indicates the RNase R. Whereas linear RNA such as polyadenylated mRNA
is degraded by RNase R, the circRNA is stable during RNase R treatment. (B) Verification of
circRNAs using divergent primers. Northern blots showed validation and resistance of transcripts in (C)
PC9 and A549, (D) H82 and GCL8 and (E) other non-cancer (HEK293T, epithelial cell) and cancer
cells (HCC and EAC). HPRT and LSD1 linear mRNA was amplified with convergent primers as the
negative controls for RNase R treatment. CircRNAs from LSD1 locus were amplified with divergent
primers. -, no RNase R treatment. +, RNase R treatment.
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Interestingly, | found four different circRNA deriving from LSD1 2a locus. The similar
results were found in SCLC H82 and GCLS8 cells (Figure 9D). Moreover, the four
circRNAs were also amplified in HEK293T, HCC, epithelial cells (EPC1 and EPC2)
and esophageal adenocarcinoma (OE33 and ESO26) and resistant to the digestion
with RNase R exonuclease (Figure 9E). Thus, four circRNAs from LSD1 locus were

found in different cell lines including non-cancer and cancer cells.

To identify the circRNAs deriving from the LSD1 exon 2 locus, the amplified products
of circRNA were sequenced by sanger sequencing (Figure 10A). Using the circBase
database annotation (http://www.circbase.org/) | identified them as circRNA 3_2 2a,
circRNA 3_2 and circRNA 2a_2. CircRNA 3_2_2a is formed by the circularization of
exon 3, 2a and 2 of the LSD1 gene, which has a length of 360 nt according to
circBase (Figure 10B). CircRNA 3_2 is derived from exon 3 and 2 with a length of
300nt (Figure 10C), while circRNA 2a_2 with 222nt is generated from the back-
splicing of exon 2a and 2 of the LSD1 gene (Figure 10D). The characteristics of

three circRNAs are shown in Table 1.

Table 1: Characteristics of circRNAs from LSD1.

. Exon | Exon No. and | Length
Chromatin Isoform name No. of circRNA
count | size (nt)
rcRNA hsa_circ_733 Exon 3 (134),
circ
23030468- | ENST00000400181 | 1o e 0000061 | 3 Exon 2 (60), | 360
3_2 2a | 23050520 )
(circBase) Exon 2a (134)
circRNA Exon 3 (134),
23030468- | ENST00000465864 hsa_ circ_ 733 5 (134) 300
3.2 23050520 Exon 2 (60)
ircRNA | 23030468 Exon 2a
circ -
vap | 23044486 ENST00000400181 | o circ 33057 | 2 (134), Exon 2 | 226
a (60)
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Figure 10: Identification of circRNA from LSD1 gene. (A) CircRNAs resistant to RNase R
treatment had apparent molecular weights of circRNA from the LSD1 exon 2-2a-3 locus as shown in
Table 1. The bands, which highlighted by three arrows, were taken and sequenced by means of
junction flanking primers. Sequencing of the junctions of (B) circRNA 3_2_2a, (C) circRNA 3_2 and (D)
circRNA 2a_2. The back splicing was determined by the red arrow. Exon 2 was revealed in dark blue;

exon 2a was showed in green and exon 3 was in orange.

3.2.2 Levels of circRNAs in cancer and non-cancer cell lines

To determine the levels of circRNAs in cancer and non-cancer cell lines, | performed
gPCR in NSCLC (A549 and PC9), SCLC (H82 and GCL8) and non-cancer cells
PSAE. The primers for circRNA 2a_2 and circRNA 3_2 2a are very specific while
the primers covering the junction exon 3 and exon 2 can recognize both circRNA 3_2
and circRNA 3_2 2a (Figure 11A). CircRNA 3_2_ 2a was much highly expressed in
PC9 cells (Figure 11B) while the levels of combination of circRNA 3 2 2a and
circRNA 3_2 were most elevated in PC9 cells (Figure 11C). Additionally, the levels of
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circRNA 2a_2 in non-cancer cells PSAE were higher than those in lung cancer cells
(NSCLC and SCLC) (Figure 11D).
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Figure 11: Levels of circRNAs from LSD1 gene in cancer and non-cancer cell lines. (A)
Designed primers targeting the back-splicing junction for qPCR to detect the expression of circRNAs.
Expression of (B) circRNA 3_2 2a, (C) circRNA 3_2 2a, circRNA 3_2 and (D) circRNA 2a_2 in
NSCLC, SCLC and PSAE cells.

3.2.3 Levels of circRNAs in LUAD and non-tumor tissues

To explore the expression of circRNAs from LSD1 in clinical LUAD samples, | used
the samples from a total of 46 patients as described in the part (result 3.1.2) and
compared the levels of circRNAs between adjacent non-tumor and LUAD tissues by
gPCR. The levels of circRNA 3_2 and circRNA 3_2 2a did not differ in adjacent non-
tumor and LUAD tissues (Figure 12).
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Figure 12: Expression of circRNA 3_2 and circRNA 3_2 2a between paired non-tumor and
LUAD tissues. RNA was extracted from 46 pairs of LUAD and non-tumor tissues and qPCR was

performed to measure the levels of circRNAs which is normalized to total LSD1. ns, not significant.

3.2.4 Localization of circRNAs in cells

To explore the localization of circRNAs in cells, | performed Fluorescence in situ
hybridization (FISH) examination on one hand and studied the nuclear and
cytoplasmic fractions in different cells for the presence of the circLSD1 variants. To
check the efficiency of FISH, | first used a Cy3 fluorochrome labeled probe for U6
RNA, which among small nuclear RNAs (snRNAs) in the nucleus is very conserved
one. The red fluorescence signals of the U6 probe showed a good probe penetration
into the nucleus and the efficient detection of U6 in nuclei of both A549 and PC9
cells.

After the treatment of RNase R, the red signal was totally gone in A549 and PC9
cells (Figure 13A), indicating the red signals were from the linear RNA UG6. As a
negative control scramble cy3 RNA probe (scr-cy3) was used. As shown in Figure
13B, there was no red signal.
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Figure 13: RNA FISH analysis for U6 in A549 and PC9 cells. Three independent experiments were
carried out with similar results. (A) U6 (red) was stained as a postive control. -, no RNase R treatment.
+, RNase R treatment. (B) Nuclei (blue) was stained with DAPI. (B) Scr-cy3 was stained as a negative

control to detect the background signal in cells. Scale bar = 20 um.

To present the localization of circRNAs in the cells, the probes targeting the back-
splicing junction of circRNAs were designed. For fluorescence microcopy they
were fused to the cy3 fluorochrome. The probe, targeting the junction of exon 3 and
exon 2, recognizes both the circRNA 3_2 2a and circRNA 3_2 while the probe,
binding the junction of exon 2a and exon 2, specifically recognizes circRNA 2a_2
(Figure 14A). CircRNAs 3_2 and 3_2_2a were predominantly located in the
cytoplasm (Figure 14B). Importantly, after RNase R treatment, the red signals were
not changed in A549 and PC9 cells demonstrating that circRNAs resistant to RNase
R was recognized. Additionally, | also conducted FISH with the probe for circRNA
2a_2. Similar to the results of circRNA 3_2 and circRNA 3_2 2a, circRNA 2a_2 was
detected in red signal and mainly presented in cytoplasm and the signals were
resistant to RNase R treatment (Figure 14C). All above data demonstrated that
circRNA 3_2, circRNA 3_2 2a and circRNA 2a_2 was predominantly located in the
cytoplasm.
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Figure 14: Localization of circLSD1 RNAs. (A) Design of the probes for circRNAs from LSD1,
recognizing the junction region of circRNA 3_2 2a, circRNA 3_2, and circRNA 2a_2. RNA FISH
analysis for (B) circRNA 3_2_2a, circRNA 3_2 and (C) circRNA 2a_2 in A549 and PC9 cells. Three
independent experiments were carried out with similar results. -, no RNase R treatment. +, RNase R

treatment. Recognized circRNA are stained by cy3 red fluorescence. Scale bar = 20 um.
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To quantify the enrichment of circRNAs in the fractions of cells, we prepared the
fractions of the cytoplasm, nucleus and chromatin from cells. GAPDH protein levels
were taken as a marker for the cytoplasm fraction and H3K4me2 was used as a
marker for the chromatin fraction. Western blot showed that the distinct fractions
were well isolated (Figure 15A). Moreover, | performed qPCR to explore the levels of
circRNAs after subcellular fractionation, and | found that circRNA 2a_2 (Figure 15B)
and circRNA 3_2 2a, circRNA 3_2 (Figure 15C) was expressed in the nucleus and
cytoplasm in NSCLC (A549 and PC9) cells. Therefore, subcellular fractionation as
well as FISH examination revealed that circRNAs from LSD1 locus (circRNA 3_2 2a,

circRNA 3_2 and circRNA 2a_2) were localized in the nucleus and cytoplasm.

A

PC9 A549 H&2 GCLS8
LSDI1 -“” — —a —— . e — i . —110kDa
GAPDH | " - —_— — |
38kDa
H3K4me2 Pa—y R &d S — | 7kDa
N\ S > <> S : S S : > S :
A o> & N o o> N o S N N N
Q A\ Q N S R X S Q X 0
d\O ‘\\\0 c:&o d\O & 0\\‘0 o‘\\ ™ a‘\‘oé‘ d\O & a&o\
B 100+ , C 100+ ,
chromatin © chromatin
80 B nuclear fraction :| 80 B nuclear fraction
N ~
o Bl cytoplasm o' ' Il cytoplasm
: 60 < < 60—
z Z
4 r e
T 40 g8 4
‘o 0 0O
20— 20
0- 0-
D O VD D O D
O7 D QY AV (G SR AR,
RV RO RV R L

Figure 15: Quantitative analysis of circRNA 3_2_2a, circRNA 3_2 and circRNA 2a_2 in lung
cancer cells. (A) Protein levels of GAPDH, LSD1 and H3K4me2 in the subcellular fractions in the
indicated cells. GAPDH was used as the marker for the cytoplasm and H3K4me2 was treated as the
marker for the chromatin fraction. RNA levels of (B) circRNA 2a_2 and (C) circRNA 3_2 2a and
circRNA 3_2 in the subcellular fractions of NSCLC (A549 and PC9) and SCLC (H82 and GCLS8) cells.
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3.3 CircRNAs regulate alternative splicing of LSD1 by R-loop formation

Recent data provided evidence that in plants circRNA can interact with the parental
genes and affect splicing [138]. However, in mammals, this was not yet observed. In
order to investigate the function of circLSD1-RNA deriving from the exon 2 locus, |

studied R-loop formation and splicing.

3.3.1 Knockdown of circRNA 2a_2 inhibited the expression of LSD1+2a

To explore the possible roles of circRNAs from LSD1, siRNAs were designed to
knockdown the levels of circRNAs by targeting specifically the junctions of circRNAs
from LSD1 (Figure 16A and B). After the transfection of siRNA, the levels of circRNA
2a_2 and circRNA 3_2_2a and circRNA 3_2 were significantly downregulated in
A549 cells (Figure 16C and E) and in PC9 cells (Figure 16D and F). Interestingly, the
linear LSD1+2a mRNA was also downregulated in response to circRNA 2a_2
knockdown in A549 (Figure 16C) and PC9 cells (Figure 16D). However, the levels of
LSD1+2a were not decreased after the knockdown of circRNA 3_2 2a and circRNA
3_2in A549 (Figure 16E) and PC9 cells (Figure 16F). Therefore, we suggested that
the knockdown of circRNA 2a_2 suppressed the expression of the linear LSD1+2a
isoform. However, to validate this repressive interaction, it has to be validated that
siRNA targeting the circRNA 2a_2 does not also recognize the sequence of the exon
2a of the linear LSD1 2a isoform.
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Figure 16: Downregulation of circRNA 2a_2 suppressed the expression of LDS1+2a variant.
The siRNAs targeted on (A) circRNA 2a 2, (B) circRNA 3_2 2a and circRNA 3_2 at junction
sequences. The purple and orange sequences indicated the sequences forming the junction. Exon
3_2 siRNA can target the common junction from circRNA 3_2_2a and circRNA 3_2. Levels of LSD1
after knockdown of circRNA 2a_2 in (C) A549 and (D) PC9 cells, circRNA 3_2 2a and circRNA 3_2 in
(E) A549 and (F) PC9 cells. ***p < 0.001.

3.3.2 Decrease of LSD1+2a was regulated by circRNA 2a_2 knockdown not by
siRNA for circRNA 2a_2

To confirm that the siRNA 2a_2 does only target the circ2a_2 and not the linear
LSD1+2a isoform, the circRNA 2a_2 control siRNA was designed. Importantly,
corresponding to siRNA 2a_2 recognizing circRNA 2a_2, this control siRNA covered
a sequence of 14 bases which was complementary to the exon 2a junction in
circRNA2a_2 and in addition to the exon 2a in linear LSD1+2a. However, the region
recognizing the exon 2 of the circRNA 2a_2 junction was replaced and transfected
into A549 and PC9 cells (Figure 17A and B). Notably, after transfection of circRNA
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2a_2 siRNA control into A549 and PC9 cells, the levels of circRNA 2a_2 and
LSD1+2a were not downregulated (Figure 17C). After validation of the specify siRNA
2a_2 for inhibition of circRNA 2a 2 and not of the linear LSD1+2a variant, |
concluded that the decrease of LSD1+2a was regulated by the knockdown of
circRNA 2a_2.
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Figure 17: siRNA 2a_2 does not target LSD1+2a. (A) CircRNA 2a_2 siRNA control targeted partly
the junction of circRNA. Mismatched sequences are shown in black. (B) A cartoon revealed the
mismatching of siRNA control for circRNA 2a_2. (C) Levels of LSD1+2a after transfection of circRNA
2a_2 siRNA and siRNA control. * p < 0.05.

3.3.3 Overexpression of circRNAs from LSD1 upregulated the levels of
LSD1+2a

To determine the functions of circRNAs after overexpression, according to plasmid
construction described by Barrett and the colleagues [158], Dr. Maria Anokhina (RG
Odenthal, Institute for Pathology, University of Cologne) established plasmids,
harboring the expression cassettes for the different circRNAs deriving from the
exon 2 locus (Figure 18A) . CircGFP was used as the control of transgenic circRNA
expression. After the transfection of plasmids, the levels of LSD1+2a were

upregulated after circRNA 3_2 2a and circRNA 3_2 overexpression in PC9 cells
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(Figure 18B). Moreover, the levels of LSD1+2a were increased after circRNA
3_2 2a and circRNA 2a_2 overexpression in PSAE cells (Figure 18C).
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Figure 18: Overexpression of circRNAs upregulated the levels of LSD1+2a. (A) Scheme of
structure and function of plasmids carrying the circRNA expression cassettes. (B, C) Levels of total
LSD1 and LSD1+2a after transfection of plasmids in PC9 and PSAE cells.

3.4 CircRNA 3_2_2a formed R-loops with the parental gene

After showing that circRNA 3_2 2a and circRNA 3_2 overexpression increased the
levels of LSD1+2a variant, | analyzed the mechanisms of circRNA 3_2 2a and
circRNA 3_2 for the regulation. Given the circRNA and pre-mRNA are derived from
the same strand and lack predicted complementary binding sites that could mask the
splicing donor/acceptor sites, | hypothesized that this circRNA might bind genomic
DNA to form an RNA: DNA hybrids, or R-loops. | performed Immunoprecipitation (IP)
with the antibody of R-loops S9.6 recognizing R-loop formations and purified RNA
from the pulled down fraction and performed PCR with divergent primers to amply
circRNAs (Figure 19A). These experiments were performed under the guidance of
Dr. M. Anokhina (RG Odenthal, Institute for Pathology, University Hospital of
Cologne). GAPDH was used as the control to show equal input. The gel
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electrophoresis of the respective amplicons indicated that circRNA 3 2 2a was
much higher enriched in the R-loop S 9.6 precipitate compared to the IgG elution
fraction (Figure 19B). Importantly, this findings provided evidence that circRNA
3_2_2a and circRNA 2a-2 bind to the genomic DNA locus of the LSD1.
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Figure 19: CircRNA 3_2_2a formed R-loops. (A) Scheme of the workflow. (B) PCR results showing
the products from the RNA fraction purified from immunoprecipitation (IP) prepared from chromatin of
PC9. The S 9.6 R-loop antibody was applied to IP. RNA input of the chromatin fraction was used as

reference. The pull-down from the IgG was taken as a negative control, showing the background of IP.

To identify the purified RNA is circRNAs forming R-loops, the purified RNA was
treated with RNase H or RNase H/R (Figure 20A). Pre-treatment with RNase H
which degrades RNA in RNA: DNA hybrids and RNase R ablated the signal,
suggesting the signal was R-loop-specific (Figure 20B). This finding confirmed the
results that circRNA 3_2 2a bound to genomic DNA forming R-loops.
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Figure 20: Overexpression of circRNA 3_2 2a and R-loop formation. (A) A scheme of workflow.
(B) PCR results showing the products from the RNA fraction purified from immunoprecipitation (IP)
prepared from chromatin of PC9 after circRNA overexpression. After the purification of RNA, we

treated it with RNase H and R. Then the divergent primers were used to amply circRNAs.

| suggested that the circLSD1-RNA formed the R-Loop with DNA of the parental
gene at the locus from which they are deriving, because there are complementary
sequences. To further confirm the R-loop with the parental genes we transfected
PC9 cells with the plasmids to overexpress circRNAs, then conducted IP and purified
DNA from IP and performed qPCR to measure the enrichment of LSD1 exons
(Figure 21A). We designed several pairs of primers covering the regions from exon 2
to 5 of LSD1 (Figure 21B). The overexpression of circRNA 2a_2, circRNA 3_2 and
circRNA 3_2_ 2a upregulated the enrichment of exon 2a and 3 in PC9 cells (Figure
21C). This results revealed that circRNAs interacted with genomic DNA of its

parental gene to form R-loops in LUAD cells.
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Figure 21: CircRNAs interacted with its parental gene to form R-loops. (A) Flow chart of workflow.
(B) Designed primers for qPCRs targeting different exons of LSD1. (C) gPCR showing the enrichment
of exons of LSD1 after circRNAs overexpression. The levels of exons of LSD1 were normalized to the
input and circGFP control.

55



Results

3.5 LSD1+8a

LSD1+8a, a neurospecific splice variant of LSD1, contains the additional exon 8a
and expressed specifically during mammalian neuronal development [78]. The
alternative splicing mechanism regulating inclusion of exon 8a is fundamental for the
regulation of specific expression programs that promote neuronal differentiation and

is strictly regulated during mammalian brain development.

3.5.1 LSD1+8ain SCLC

Strikingly, Jotatsu et al. found that LSD1+8a is also expressed in SCLC cell lines and
cells with high LSD1+2a is resistant to cisplatin (CDDP), suggesting the potential

therapeutic target for treatment of SCLC chemoresistance [82].

3.5.2 LSD1+8a expression in SCLC cell lines

To determine the roles of LSD1+8a in SCLC, | performed qPCR for 8 human lung
cancer cell lines including 6 SCLC and 2 NSCLC cell lines. The levels of total LSD1
(Figure 22A) and LSD1+8a (Figure 22B) was much higher in SCLC cells compared
to that in NSCLC cells. Notably, the levels of total LSD1 (Figure 22A) and LSD1+8a
(Figure 22B) were highest in H82 cells than those in other cells. It was indicated that

LSD1+8a was higher expressed in SCLC cells.
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Figure 22: Levels of (A) total LSD1 and (B) LSD1+8a in SCLC and NSCLC cell lines.
Absolute quantification was used to measure the levels of total LSD1 and LSD1+8a which were
normalized to HPRT.
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In order to explore the possible correlation between the levels of LSD1+8a and the
cell viability to LSD1 inhibitors, | performed MTT assay and measured the OD values
of cells after treatment of LSD1 inhibitors. NSCLC cells PC9 were sensitive to HCI-
2509 with an IC50 of 1.5 uM in vitro, which has been validated by the former
colleague Dr. Macheleidt [71]. GCL1 (Figure 23A), H187 (Figure 23E) and H82
(Figure 23G) cells were resistant to any LSD1 inhibitors.
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Figure 23: Effect of LSD1 inhibitors on cell viability in lung cancer cells. (A) PC9; (B) GCL1; (C)
H69; (D) SHP77; (E) H187; (F) GCL8 and (G) H82. Cells were treated with LSD1 inhibitors for 48 h

and cell viability was determined by MTT assay.
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Meanwhile, SHP77 (Figure 23D) and GCL8 (Figure 23F) cells were sensitive to HCI-
2509 and SP-2577 but resistant to GSK2897552 and GSK690. H69 cells were
sensitive to HCI-2509, SP-2577 and GSK2879552. Therefore, this table showed the
characteristics of cell lines and LSD1 inhibitors (Table 2). Considering the levels of
total LSD1 and LSD1+8a in distinct SCLC cells, no strong correlation was found
between the levels of LSD1+8a and the effect to LSD1 inhibitors.

Table 2: Characteristics of cell lines and LSD1 inhibitors.

Total LSD1 LSD1+8a

Cell lines HCI-2509 SP-2577 GSK28759552 GSK690
levels levels
H69 low low + + + +
H82 very high very high - - - -
H187 very high high - - - -
GCL1 low high - - - -
GCL8 very high Low + + - -
SHP77 high low + + - -

3.5.3 Suppression of LSD1+8a repressed the cell viability in SCLC

To discover whether the expression of LSD1+8a affects the cell viability, |
transfected SCLC cells with scramble (scr) and siRNA for LSD1+8a and performed
MTT assay. The levels of LSD1+8a were downregulated as much as 50%, 80% and
60% in H82 (Figure 24A), H187 (Figure 24B) and GCLS8 (Figure 24C), respectively. It
suggested the levels of LSD1+8a was significantly downregulated with high
efficiency of siRNA for LSD1+8a. Meanwhile, | performed MTT assay to investigate
SCLC cell viability. In H82 (Figure 24D) and H187 (Figure 24E) cells, downregulation
of LSD1+8a led to the significant decrease of OD values, which was used for the
analysis of cell viability. However, there was no difference of OD values between scr
group and siRNA for LSD1+8a (Figure 24F). Thus, all above data revealed that
suppression of LSD1+8a inhibits cell viability in SCLC.
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Figure 24: Knockdown of LSD1+8a inhibited the cell viability in SCLC. Efficiency of siRNA for
LSD1+8a in (A) H82, (B) H187 and (C) GCL8 cells. MTT assay to detect cell viability of (D) H82, (E)
H187 and (F) GCL8 cells transfected with scr or siRNA for LSD1+8a at 24, 48 and 72h. * p < 0.05, ***

p < 0.001, ns, not significant.

3.5.4 Correlation between LSD1+8a and neuroendocrine markers

A prior study found the correlation of LSD1+8a and neuroendocrine markers. To
discover the regulation between LSD1+8a and several neuroendocrine makers
(CHGA, SYP, NCAM and ENO2) in SCLC, | transfected H82, H187 and GCLS cells
with scr or siRNA for LSD1+8a. After the transfection of siRNA for LSD1+8a, the
levels of CHGA and SYP did not change, and the levels of NCAM was increased and
the levels of ENO2 was downregulated in H82 cells (Figure 25A). In H187 cells, the
levels of neuroendocrine markers were not affected by knockdown of LSD1+8a
(Figure 25B). Notably, the levels of neuroendocrine markers were dramatically
downregulated by knockdown of LSD1+8a (Figure 25C).
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Figure 25: Knockdown of LSD1+8a affected the expression of neuroendocrine marker genes in
(A) H82, (B) H187 and (C) GCL8 cells. *p < 0.05, *** p < 0.001, ns, not significant.

3.5.5 CircRNA 8a_2 regulated the levels of LSD1+8a

3.5.5.1 Knockdown of circRNA 8a_2 led to the downregulation of
LSD1+8a

To explore whether circRNAs can regulate the levels of the novel variant LSD1+8a,
we purified RNA from IP and treated it with RNase R in PC9 and H82 cells (Figure
26A). After the pre-treatment with RNase R, we found a novel circRNA containing
the back-splicing junction of exon 8a and exon 2 from LSD1 (Figure 26B and C).

A B C
PC9 H82 PC9 H82 circRNA 83_2
- - + 8a 3
RNase R + 2 54 4
: S
— /
- o 8 7

Figure 26: CircRNA 8a_2 was identified in H82 cells. (A) Agarose gels indicating the circRNAs
after RNase R treatment. (B) CircRNA 8a_2 contains the back-splicing junction of exon 8a and exon 2.

(C) Cartoon showing the sequences of exons from LSD1.

To determine the function of circRNA 8a_2 in SCLC, we hypothesized whether
circRNA 8a_2 can regulate the levels of LSD1+8a isoform similar to circRNA 3_2_ 2a.
| transfected SCLC cells with siRNA to knockdown the levels of circRNA 8a_2. After
the transfection of siRNA for circRNA 8a_2, the levels of circRNA 8a_2 were
decreased and the levels of LSD1+8a were also significantly downregulated in H82
(Figure 27A), H187 (Figure 27B) and GCLS8 (Figure 27C).
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Figure 27: Knockdown of circRNA 8a_2 led to the downregulation of LSD1+8a in (A) H82, (B)
H187 and (C) GCL8 cells. *p < 0.05.

3.5.5.2 Overexpression of circRNA 8a_2 upregulated the levels of

LSD1+8a

The plasmids for circRNA 8_2 and 8a_2 overexpression were transfected to PC9
cells. The levels of circRNA 8_2 (Figure 28A) and circRNA 8a_2 (Figure 28B) was
dramatically upregulated in PC9 cells. In addition, the levels of LSD1+8a were

increased following the upregulation of circRNA 8a_2 (Figure 28C).
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Figure 28: Overexpression of circRNA 8a_2 upregulated the levels of LSD1+8a. Levels of (A)
circRNA 8_2 and (B) circRNA 8a_2 in PC9 cells after the transfection of plasmids. (C) Agarose gel

indicating the upregulation of LSD1+8a after circRNA overexpression.
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5. Discussion

In addition to playing crucial functionsin reprogramming throughout normal
development and maintaining tissue-specific transcription patterns, epigenetic
mechanisms including post-translational histone alterations and DNA
methylation also modulate gene expression. As one of the most well-studied
epigenetic regulators in cancers, the first identified histone demethylase,
LSD1, context-dependently demethylates H3K4me1/2 and H3K9me1/2 at target loci
[52]. LSD1 is expressed at a high level in many malignancies and performs a
fundamental function in tumorigenesis, cell differentiation, proliferation, and self-
renewal [159]. In the present thesis work, the expression of LSD1 isoforms and
circRNAs has been studied.

4.1 Identification of circRNAs from LSD1 isoforms

Numerous studies revealed the important roles of LSD1 in the tumorigenesis and
development of tumors. In our lab, former colleagues Lim et al. found that elevated
expression level of LSD1 was correlated with malignant lung tumors [70]. In another
study, overexpression of LSD1 was shown to be linked to prostate cancer
progression and recurrence [160]. Moreover, the elevated expression level of LSD1
was linked to unfavorable prognosis in NSCLC patients, which enhanced the
capacity of tumor cells to proliferate, migrate, and invade [161]. Even though the
roles of LSD1 are well-studied in cancers, the functions of LSD1 isoforms containing
exon 2a and/or exon 8a remained to be explored.

There are 19 exons in the LSD1 gene, all of which are well conserved among
vertebrates. Four distinct LSD1 variants may be produced by RNA alternative
splicing of two extra exons, exon 2a, and exon 8a. These variants include the
conventional LSD1, LSD1 plus exon 2a (LSD1+2a), exon 8a (LSD1+8a), or both
(LSD1+2a+8a). These four alternative splicing variants were also found in zebrafish
[162]. To investigate the roles of LSD1+2a in LUAD, | measured the proportion of
LSD1+2a/total LSD1. In most cancer and non-cancer cell lines, the proportion of
LSD1+2a in total LSD1 ranged from 20% - 50% in human cell lines while in NSCLC

cells, it was 30%. To compare the levels of LSD1+2a in the non-tumor and LUAD
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tissues, | analyzed the total LSD1 and LSD1+2a mRNA levels with the TCGA cohort.
Among 24 types of cancer, LSD1+2a is higher expressed in more than 10 types of
cancer including LUAD. However, the information about the ratio of LSD1+2a/ total
LSD1 variant is missing in the TCGA dataset. In clinical samples from University
Hospital of Cologne, there was no difference between LUAD tissue areas and
matching non-tumor tissues, which is different from the TCGA cohort data. The
possible reason might be the low quality of extracted RNA from clinical samples. In
particular, we found that in the peritumor tissue the degradation of the RNA was very
high. Therefore, and the linear RNA (HPRT and LSD1) was partial degradation but
circRNA was more stable for the degradation. More high-quality RNAs from samples
are needed to further quantify the levels of LSD1+2a in LUAD and adjacent non-

tumor tissues.

To identify the prognostic values of LSD1+2a for LUAD patients, | analyzed the
prognostic indicators (overall survival and progression-free survival) with the data
from the TCGA database. High levels of total LSD1 indicated a worse prognosis for
LUAD patients, which was similarly found in thyroid cancer [83], neuroblastoma [73],
endometrial adenocarcinoma [163] and breast cancer [164]. However, there was no
significant difference between high and low LSD1+2a patients on the prognosis. The
possible reason for the inconsistency was that the shortest LSD1-2a-8a which does
not carry the exon 2a and 8a demethylated H3K4 and H3K9 most efficiently. In
contrast, in this report it was shown that the variant LSD1+2a, carrying the exon 2a
had little demethylation activity for both targets H3K9 and H3K4 [165]. That might
differ in distinct functions. But the molecular mechanisms are not clear. The potential
reasons for the different prognostic values between total LSD1 and LSD1+2a need
to be explored by further experiments.

4.2 Expression of circRNAs, deriving from the LSD1 gene locus, in cancer

Due to the close association between back-splicing and circRNAs, | explored the
potential of the LSD1 gene to generate circRNAs. After circRNA sequencing, it was
found that two circRNAs (hsa_circ_737 and hsa_circ_733) derived from LSD1 were
higher expressed in lung adenocarcinoma PC9 cells than in lung epithelial cells
PSAE. To proof the expression of circRNAs from LSD1 in cells, | used divergent
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primers from exon 2 and amplified the four circRNAs. The circRNAs were resistant to
the degradation of RNase R, validating that they were circular RNA. Combining the
sequence of amplified products of circRNA, three circRNAs were identified from the
LSD1 locus named circRNA 3_2_2a (has_circ_0009061), circRNA 3_2 and circRNA
2a_2. To explore the roles in tumorigenesis, | measured the levels of three circRNAs
in NSCLC, SCLC and non-cancer cell lines. The combined levels of circRNA 3 _2 2a
and circRNA 3_2 and circRNA were much higher in PC9 cells than in the non-cancer
cells. However, in a recent study, it was reported that the levels of circRNA 3_2 2a
(has_circ_0009061) were lower in prostate cancer tissues than in the non-tumor
prostate tissues [166], which was not consistent with our results. However, the
difference between non-cancer and cancer-associated expression might be tissue,
cancer or mutation dependent. Indeed, my result showed a big difference between
PC9 and A549 cells, carrying both NSCLC relevant mutations. These cells show a
different LSD1 expression (own data, Lim et al) with high levels in EGFR mutated
PC9 cells, whereas A549 cells with a KRAS mutation have relatively low levels. The
circRNA 3_2 2a pattern is also different. Notably, a plenty of circRNAs such as
circHMGB2 (hsa_circ_0071452 [167]), has_circRNA_002178 [168],
circFAT1(hsa_circ_0001461 [169]) and circXPO1 (hsa_circ_0001016 [170]) were
significantly upregulated in LUAD tissues. However, circGSK3B (hsa_circ_0066903
[171]), circDCUN1D4 (hsa_circ_0007928 [172]), circKEAP1 (hsa_circ_102442 [173])
and circFBXW?7 [174] were found to be subjected to downregulation in LUAD tissues.
Therefore, the expression profiles of distinct circRNAs differed in LUAD tissues.

Moreover, the diagnostic values for circRNA 3_2 2a were found in a study for
prostate cancer. In the study of Song et al., the diagnostic values of circRNA 3 _2 2a
were measured by Receiver Operating Characteristic (ROC) curves [166]. The area
under the curve (AUC) for circRNA 3_2 2a was 0.711, suggesting a diagnostic
biological marker for the identification of prostate cancer. Combined with the
clinicopathological features of patients with prostate cancer, circRNA 3 2 2a was
found to be associated with the Gleason score and patients’ pathological stages,
demonstrating the clinical significance of circRNA 3_2_2a in this disease. In recent
studies, several circRNAs were also identified as biomarkers for the prognosis and
diagnosis of LUAD. It was revealed that has_circ_002178 existed in exosomes and
the AUC of the has_circ_002178 was 0.9956, serving as a novel diagnostic
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biomarker for LUAD [168]. Moreover, the link between hsa_circ_0056616 and the
diagnosis of lymph node metastasis of LUAD was detected based on the AUC of
0.812 [175]. The levels of hsa_circ_0056616 were found to be negatively linked to
the T stage, M stage, and TNM grade of LUAD [175]. Meanwhile, hsa_circ_0001715
was determined as a novel prognostic marker for LUAD [176]. LUAD patients with
high hsa_circ_0001715 levels suffered from worse OS than those with low levels.
Univariate Cox analysis and multivariate Cox analysis supported the prognostic
values [176]. Interestingly, the circRNA 3_2 2a was found to be downregulated in
LUAD cells with resistance to gefitinib [177]. Thus, circRNA 3_2 2a may play vital
roles in the chemoresistance in LUAD, but functional analysis of therapeutic
transgenic expression is missing. Reports have shown that circASK1
(hsa_circ_0007798) increases gefitinib sensitivity in LUAD cells while being
remarkably downregulated in gefitinib-resistant cells. Thus, subsequent experiments
are important to verify the chemoresistance of circRNAs from LSD1 in LUAD.

One remarkable feature of circRNA is subcellular distribution. Most circRNAs,
excluding those containing introns, are transported from the nucleus to the
cytoplasm shortly following their biogenesis [102, 178]. It has been shown that both
intronic circRNAs and elciRNAs are abundant in the nucleus [112, 179]. In my study,
three circRNAs are composed of exons from LSD1 and were visualized by FISH to
determine the subcellular localization. The specific probes for the backsplicing
junction of circRNAs revealed that circRNA 3_2 2a, circRNA 3_2 and circRNA 2a_2
were predominantly located in the cytoplasm. The fluorescence intensity was not
changed after RNase R treatment demonstrated the specificity of the red signal for
circRNAs respectively. In addition, | performed qPCR to analyze the levels of three
circRNAs in the fractions of cells, and three circRNAs were found in the cytoplasm
and nucleus, consistent with the findings by FISH.

The functional roles of circRNAs are important in the proliferation, invasion, migration
and chemoresistance of LUAD. Thus, knockdown of circFBXW7 enhanced the
proliferative capacity of LUAD cells in vitro, while the overexpression of circFBXW7
suppressed the tumor growth in vivo [174]. Moreover, the overexpression of
circASPH by lentivirus enhanced the proliferative, migratory, and invasive capacities
of A549 and PC9 cells, consistent with the data from in vivo experiments [180].
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Hsa_circ_0003998 is expressed at a high level in the docetaxel-resistant cell lines.
Silencing hsa_circ_0003998 made LUAD cells more sensitive to docetaxel,
indicating a link between the two [181]. In my study, the MTT assay demonstrated
that knockdown of circRNA 3_2_ 2a and circRNA 2a_2 did not affect the proliferation
of LUAD cells (PC9 and A549) (data was not shown). Though in the past the function
of many circRNAs in cancer was highlighted [182-185], the knowledge about the role
for circRNA from LSD1 was still missing.

4.3 CircRNAs from LSD1 regulate the alternative splicing of the parental gene
LSD1

A novel study revealed SEPALLATA3 (SEP3) circRNAs, which are generated from
exon 6, remarkably enhance the abundance of the cognate exon-skipped alternative
splicing variation (SEP3.3, lacking exon 6), which in turn drives floral homeotic
phenotypes [138]. It was determined that the levels of SEP3.3 variant with exon-
skipping was significantly upregulated by overexpression of the circRNA derived
from exon 6. Therefore, we speculated that circRNAs from LSD1 locus may also
regulate the levels of the LSD1+2a variant, acting as a regulator for alternative
splicing of the parental gene. In my study, LSD1+2a was downregulated after the
transfection of siRNA for circRNA 2a_2 in A549 and PC9 cells. Meanwhile, siRNA for
circRNA 3_2 2a and circRNA 3_2 did not affect the levels of LSD1+2a. This data
shows that circRNA 2a_2 can regulate the alternative splicing of LSD1 to include
more exon 2a into the transcripts. To validate the regulation by circRNAs, we
established the transgenic expression approaches. Interestingly, the levels of
LSD1+2a were upregulated after circRNA 3_2 2a and circRNA 3_2 overexpression
in PC9 cells. The levels of LSD1+2a were elevated after circRNA 3 2 2a and
circRNA 2a_2 overexpression in PSAE cells. Thus, we found that the levels of
LSD1+2a were increased after the overexpression of circRNA 3_2 2a, circRNA 3_2
and circRNA 2a_2. Thereby, we found that circRNAs from LSD1 may modulate the

alternative splicing of the parental gene.
Evidence from many studies shows that circRNAs modulate host gene expression

[186, 187]. CircENO1 knockdown by siRNA resulted in the decrease of the protein
and mRNA levels of ENO1. CircENO1 binds to miR-22-3p through a classic ceRNA
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mechanism. Thus, in LUAD cells, circENO1/miR-22-3p/ENO1 modulated glycolysis,
which in turn influenced proliferation, migration, and EMT [188]. Moreover, COLG6A3-
derived circRNAs with an ORF (open reading frame) are involved in encoding a
unique 198-amino-acid (aa) functional peptide. By increasing COL6A3 mRNA
stability, circCOL6A3 (hsa_circ_0006401) peptides reduced the host gene's
expression at both the protein and mRNA levels. Nevertheless, circURI1 was also
shown to have the potential to regulate alternative splicing of genes. By directly
interfering with heterogeneous nuclear ribonucleoprotein M (hnRNPM) to control the
alternative splicing of genes implicated in the migration of cells, circURI1 suppressed
metastasis in gastric cancer [189]. Remarkably, circRNAs linked to R-loop were
shown to modulate alternative splicing of their parent genes in stem-differentiating
xylem (SDX)by a genome-wide profiling investigation. They confirmed that
overexpression of circlRX7 increased the enrichment of the R-loops. Overexpression
of circlRX7 was then hypothesized to reduce long transcript levels while
simultaneously increasing short transcript levels [137]. Taken together, our study
was the first one that detects the regulatory association between circRNAs from
LSD1 gene and the regulation of the LSD1 2a variant.

4.4 CircRNAs from LSD1 form R-loops with its parental gene

CircRNAs primarily serve as miRNA sponges as part of their functional mechanism,
in addition to regulating gene splicing or translation, transcription, and epigenetic
regulation via interactions with proteins [190]. CircPRKCI functioned as a sponge for
both miR-545 and miR-589, abrogating their suppression of the protumorgenic
transcription factor E2F7 in LUAD [191]. Nevertheless, However, circRNA 3_2 2a
was shown to act as a sponge for a total of five different miRNAs (miR-103a-2-5p,
miR-875-3p, miR-92a-5p, miR-608 and miR-518c-5p) [166]. However, further
experiments are required to confirm the possible mechanisms of binding to miRNAs.
CircXPO1 might interact with IGF2BP1, which would increase the stability of
CTNNB1 mRNA, and this would ultimately accelerate the development of LUAD
[170]. Additionally, it has been validated that circRNAs may sense translation
potential by binding to ribosomes. Also, endogenous circRNAs containing an internal
ribosome entry site (IRES) that directly recruits ribosomes [192], can also be
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translated [193]. The peptides that circRNAs code for are often shorter than their full-
length protein equivalents (circFBXW7-185aa [194, 195]), but they performed similar
activities. A new finding showed that a circRNA from SEPALLATAS controls the
splicing of its homologous mMRNA by forming R-loops [138].

We speculated whether circRNAs from LSD1 bind to genomic DNA directly and form
R-loops to regulate the expression of the host gene. Then we conducted
immunoprecipitation (IP) with the antibody of R-loops S9.6 and purified RNA from IP
and performed PCR with divergent primers to amply circRNAs. Interestingly, we
found that circRNA 3_2 2a and circRNA 2a_2 bound to genomic DNA. The bound
RNA was resistant to RNase H but sensitive to combined treatment of RNase H and
RNase R, validating that circRNAs from LSD1 transcript bound to genomic DNA
leading to R-loop formation. The functions of circRNA on alternative splicing were
reported in plants. By forming R-loops, circSEPALLATAS3 controls how its parent
mMRNA is spliced. SEP3 alternative splicing can be manipulated by circRNA exon 6
via the creation of a stable R-loop [138], which could physically delay transcription
elongation and so favor the formation of the exon-skipped alternative splicing
subtype [196, 197]. However, in our study, circRNAs from LSD1 were shown to
increase the inclusion of exon 2a, thus reducing the exon-skipping. Meanwhile, a
slower rate of elongation results in a greater level of exon inclusion. For instance,
Godoy Herz and colleagues found that controlling transcriptional elongation is one of
the mechanisms via which light affects AS in plants [198]. Here, in dark RNA
polymerase Il elongation is slower, resulting in exon inclusion [198, 199]. Although in
general R-loop formation and a reduced RNA polymerase Il kinetics leads to exon
skipping, in fact both fast and slow RNA Polymerase Il rates can affect both exon
inclusion or skipping [197, 200]. Taken together, the findings support our hypothesis
that circRNAs from LSD1 bind to the genomic DNA of LSD1 forming R-loops, that in
turn lead to slow transcriptional elongation by RNA polymerase Il and an increase of

exon 2a inclusion.

Furthermore, to investigate the genomic DNA bound to circRNAs from LSD1, we
designed the primers for exon 2, 2a, 3 and 5. RT-PCR was performed to amplify the
purified DNA from IP and we can find that the genomic DNA to form R-loops with

circRNAs from LSD1 are from exon 2a and exon 3. It has been validated that
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complexes of EICIRNA-U1 snRNP may also bind to the Pol Il transcriptional complex
at host gene promoters, resulting in increased expression of the target genes [135].
In this study, one probable mechanism is that circRNAs bind to the genomic DNA of
LSD1, which causes Pol Il to pause at exon 2a and 3 and increases the levels of the
alternative splicing variant LSD1+2a.

To explore the possible correlation between the levels of LSD1+8a and circRNA
deriving from this locus, we also studied the expression of this LSD1 transcript
isoform. The neuron-specific isoform LSD1+8a variant is crucial in the differentiation
in terminal differentiation and maturation of neurons [79, 80, 201, 202]. Additionally,
it has been identified in SCLC that LSD1+8a contributes to neural differentiation and
chemoresistance [82]. | investigated the levels of LSD1+8a in NSCLC and SCLC. It
was found that LSD1+8a was only expressed in some SCLC cell lines, confirming a
tissue-specific expression [82]. In addition, a previous finding indicated the LSD1+8a
variant is associated with neuroendocrine characteristics for SCLC [82]. To detect
the cell viability to LSD1 inhibitors, MTT assay was applied to detect cell viability, but
no strong correlation was confirmed between the levels of LSD1+8a and the cell
viability to LSD1 inhibitors. Then | conducted siRNA transfection to examine the
biological roles performed by LSD1+8a in SCLC. After the downregulation of
LSD1+8a, cell viability of SCLC was inhibited. Jotatsu et al. also validated that
suppression of LSD1+8a repressed the cell viability in SCLC cell lines, consistent
with our finding [82]. Moreover, | also found that the levels of neuroendocrine
markers ENO2 were dramatically downregulated by the knockdown of LSD1+8a.
Meanwhile, a strong association was determined between the expression of
LSD1+8a and neuroendocrine markers (CHGA, SYP, NCAM and ENO2). The
difference between our results and their findings might be the cell lines were not
totally same. To explore whether circRNAs can regulate the levels of the novel
variant LSD1+8a, a novel circRNA with the junction of exon 8a and exon 2 from
LSD1 was identified. CircRNA 8a_2 was not identified in other studies due to the low
expression in cells. Knockdown and overexpression of circRNA 8a_2 upregulated
and downregulated the levels of LSD1+8a respectively, revealing that circRNA 8a_2
regulates the levels of the LSD1+8a variant. However, more subsequent
experiments are needed to validate whether circRNA 8a_2 binds to the genomic
DNA of LSD1 acting like circRNA 2a_2 and circRNA 3_2 2a. Meanwhile, whether
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certain proteins are interacted with the R-loops composed of circRNA 8a_2 and DNA

is also worthy exploring.
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7. Abbreviations

LUAD lung adenocarcinoma

SCLC small cell lung cancer

NSCLC non-small cell lung cancer

LSD1 lysine-specific demethylase 1

circRNA circular RNA

FISH Fluorescence in situ hybridization

TNM Tumor-Node-Metastasis

EGFR epidermal growth factor receptor

KRAS Kirsten rat sarcoma viral oncogene homologue
PTEN phosphatase and tensin homolog
NOTCH neurogenic locus notch homolog protein
CREBBP CREB binding protein

SNP single nucleotide polymorphisms

SABR stereotactic ablative radiotherapy

PD-1 programmed death 1

PD-L1 programmed death-ligand 1

AO amine oxidase

ESC Embryonic stem cell

FOXA2 Forkhead Box A2

BMP2 Bone morphogenetic protein

EMT epithelial-mesenchymal transition

ER estrogen receptors

PELP1 proline. glutamate and leucine rich protein 1
AR androgen receptor

AML acute myeloid leukemia

H3K4me2 histone H3 lysine 4 demethylation
CDDP cisplatin

TCP tranylcypromine

HDAC histone deacetylase

IDO1 indoleamine 2,3-dioxygenase-1

NAE NEDD8-activating enzyme
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UTR untranslated region

tricRNA tRNA intronic circRNA
exon-intron RNA EIciRNA

circular intronic RNA ciRNA

exonic circRNA ecircRNA

RBP RNA-binding protein

M6A N6-methyladenosine

YTHDCA YTH domain-containing 1
METTL3 methyltransferase-like 3

cdR1 cerebellar degeneration-related protein 1
HCC hepatocellular carcinoma

PTc papillary thyroid carcinoma

TCF T cell factor

IRES internal ribosome entry site

CSF cerebrospinal fluid

AUC area under the curve

HPRT Hypoxanthine Phosphoribosyltransferase
siRNA Small interfering RNA

EDTA Ethylenediaminetetraacetic acid
KCI Potassium chloride

MgClI2 Magnesium chloride

PMSF Phenylmethanesulfonyl fluoride
NaCl Sodium chloride

SDS Sodium dodecyl sulphate
Na2HPO4 Disodium hydrogenphosphate
KH2PO4 Potassium dihydrophosphate
TEMED Tetramethylethylenediamine
DMEM Dulbecco’s Modified Eagle Medium
DMSO Tetramethylethylenediamine
FBS Fetal Bovine Serum

PBS Phosphate buffered saline
K2HPO4 Dipotassium hydrogenphosphate

TCGA The Cancer Genome Atlas
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Abbreviations

IP Immunoprecipitation

R-ME R-mercaptoethanol

CRC colorectal cancer

BLCA bladder carcinoma

BRCA breast cancer

CESC cervical squamous cell carcinoma and endocervical
adenocarcinoma

CHOL cholangiocarcinoma

COAD colon adenocarcinoma

ESCA esophageal carcinoma

GBM glioblastoma

HNSC head and neck squamous cell cancer

KICH kidney chromophobe

KIRC kidney renal clear carcinoma

LIHC liver hepatocellular carcinoma

LUSC lung squamous cell carcinoma

PAAD pancreatic adenocarcinoma

PCPG pancreatic adenocarcinoma

PRAD prostate adenocarcinoma

READ rectum adenocarcinoma

STAD stomach adenocarcinoma

THCA thyroid carcinoma

UCEC uterine corpus endometrial carcinoma

TPM transcript per million

SEP3 SEPALLATA3

ORF open-reading frame

COLGA3 collagen type VI alpha 3 chain

hnRNPM heterogeneous nuclear ribonucleoprotein M

SDX stem-differentiating xylem
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8. Supplementary information

Supplementary Table 1: Upregulated and downregulated circRNAs in PC9 cells
compared to PSEA cells

circRNAs Gene log2 Fold Change Regulation

hsa_circ_2083 PLOD2 -4.5334291 DOWN
hsa_circ_1027 LPAR3 -7.7279086 DOWN
hsa_circ_7445 THSD1 -5.8641796 DOWN
hsa_circ_5783 PSD3 -5.7414605 DOWN
hsa_circ_9896 KLHDC4 4.48542519 DOWN
hsa_circ_4266 VEGFC -6.8328792 DOWN
hsa_circ_10206 EHD2 -6.1292727 DOWN
hsa_circ_4647 EPHB4 -2.8921775 DOWN
hsa_circ_5288 SLC22A3 -5.820169 DOWN
hsa_circ_8327 ANXA2 -4.9385923 DOWN

hsa_circ_226 CYP24A1 -5.672415 DOWN
hsa_circ_3354 ADAMTS6 -4.101533 DOWN
hsa_circ_4267 VEGFC -5.4093809 DOWN
hsa_circ_6440 MICAL2 -4.5647774 DOWN
hsa_circ_10009 ANGPTL4 -5.0223579 DOWN
hsa_circ_9880 CDYL2 -4.9541867 DOWN
hsa_circ_5376 MIR31HG -5.0874522 DOWN
hsa_circ_4568 SEMA3C -2.7828992 DOWN
hsa_circ_4936 FKBP5 -3.9772741 DOWN
hsa_circ_6182 ZFY -4.9999896 DOWN
hsa_circ_3903 RELL1 -2.7062661 DOWN
hsa_circ_5324 UHRF2 -2.9475292 DOWN
hsa_circ_4397 MPP6 -3.1497433 DOWN
hsa_circ_7297 DOCK1 -3.0779989 DOWN
hsa_circ_6181 ZFY -4.8579701 DOWN
hsa_circ_3850 EVC2 -4.6724156 DOWN
hsa_circ_1424 LAMB3 -4.5849531 DOWN
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hsa_circ_3348 ADAMTS6 -4.5849531 DOWN
hsa_circ_4001 MTHFD2L -4.0588867 DOWN
hsa_circ_9896 KLHDC4 4.48542519 uP
hsa_circ_8758 FUT8 3.13537675 upP
hsa_circ_3034 ZDBF2 4.05889239 upP
hsa_circ_16144 AL117329.1 6.25737881 uP
hsa_circ_18536 GRHL2 6.17990004 uP
hsa_circ_10233 PPP1R12C 4.14974528 uP
hsa_circ_5846 RAB11FIP1 5.06608471 uP
hsa_circ_17344 AGAP1 5.93072843 upP
hsa_circ_668 DHRS3 3.47804636 upP
hsa_circ_2499 SRBD1 3.79701142 uP
hsa_circ_15889 JPH2 5.70043115 uUpP
hsa_circ_4984 TNFRSF21 2.69276577 uP
hsa_circ_519 CCDC134 2.77610386 upP
hsa_circ_3943 UCHL1 3.33628262 uP
hsa_circ_276 TIAMA1 3.74146529 uP
hsa_circ_17731 FSTL5 5.50778605 uUpP
hsa_circ_2309 HPCAL1 2.39045967 uP
hsa_circ_5782 PSD3 2.41192504 uP
hsa_circ_18633 PIR 5.32191979 uUpP
hsa_circ_6607 LRP5 3.92056322 upP
hsa_circ_16378 TMEM56 5.24791931 uP
hsa_circ_13643 FIRRE 3.67242352 uP
hsa_circ_18937 ME3 5.22881049 uUpP
hsa_circ_20474 TMEM38A 5.22881042 uP
hsa_circ_6177 RECQL4 4.60485694 upP
hsa_circ_16143 AL117329.1 5.10851635 upP
hsa_circ_1481 DNAH14 3.03562319 upP
hsa_circ_19431 NTN4 5.06608095 upP
hsa_circ_1564 AKT3 3.52356019 upP
hsa_circ_4454 COA1 2.71484246 uP
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