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ABSTRACT 
CRISPR/Cas9 technologies can be used to disrupt genes in specific murine cell types which 

express Cas9 and a gRNA against the gene of interest. However, proper gRNA delivery and 

the genetic lesions induced by Cas9 cannot be monitored in vivo yet, and there might be off 

target effects of excessive Cas9/gRNA in the cell type. To this end, a ROSA26 locus-driven, 

self-destructing sCas9-P2A-AAVR-E2AtdTOMATO construct has been developed that can be 

activated by Cre- and Dre-mediated recombination. Cre/Dre-mediated excision of loxP- and 

rox-flanked stop cassettes lead to the compound expression of sCas9, AAVR, and tdTOMATO 

in cells expressing both recombinases. Specific gRNAs against sCas9/tdTomato and gene of 

interest are delivered via adeno-associated viruses (AAV) that will be efficiently bound by the 

AAV receptor AAVR co-expressed with sCas9 and tdTOMATO. Moreover, delivery of AAVs 

carrying U6-driven gRNAs against sCas9/td tdTomato and the gene of interest as well as Cre, 

Dre or Cre/Dre inducible ZsGreen cassettes indicates Cas9 activity via a red to green switch 

in fluorescence, owing to the self-destruction of sCas9/tdTOMATO and activation of ZsGreen 

expression. This novel traffic light system allows for monitoring gene editing using sCas9 to be 

restricted to specific cell types and to limit the off-target effects of Cas9 on the genome by self-

destructing the Cas9 (sCas9) protein. 

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a growing health problem 

in many countries. The first stage of MASLD is characterized by excessive fat accumulation in 

hepatocytes, the main cell type of the liver followed by the second stage of inflammation, which 

is the stage of metabolic dysfunction-associated steatohepatitis (MASH) that can further 

progress to the third liver fibrosis stage. However, the molecular mechanisms driving the 

development of MASH are not completely understood. We investigated the role of STAT5 in 

MASH by analyzing hepatocyte-specific STAT5-specific knockout mice on metabolic and 

fibrotic MASH diets. Our data suggest that independent under which dietary regimen, hepatic 

STAT5-deficient (STAT5LKO) mice exhibited increased lipid droplet deposition and 

inflammatory cell infiltration in the liver compared with the STAT5fl/fl mice. Interestingly, under 

fibrotic diet-fed condition, the expression of genes was markedly reduced in the STAT5LKO mice. 

On the contrary, under NCD and MASH-Ctrl conditions, STAT5LKO mice showed elevated 

fibrosis gene expression compared with Ctrl mice. Thus, hepatic STAT5 silencing may play a 

dual role in different dietary interventions during the development of liver disease. 
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1. ZUSAMMENFASSUNG 
CRISPR/Cas9-Technologien können verwendet werden, um Gene in bestimmten murinen 

Zelltypen zu zerstören, die Cas9 und eine gRNA gegen das interessierende Gen exprimieren. 

Die ordnungsgemäße gRNA-Abgabe und die durch Cas9 induzierten genetischen Läsionen 

können jedoch noch nicht in vivo überwacht werden, und es kann zu unerwünschten 

Auswirkungen übermäßiger Cas9/gRNA im Zelltyp kommen. Zu diesem Zweck wurde ein 

ROSA26-Locus-gesteuertes, selbstzerstörendes sCas9-P2A-AAVR-E2AtdTomato -Konstrukt 

entwickelt, das durch Cre- und Dre-vermittelte Rekombination aktiviert werden kann. Die 

Cre/Dre-vermittelte Entfernung von loxP- und rox-flankierten Stoppkassetten führte zur 

zusammengesetzten Expression von sCas9, AAVR und tdTomato in Zellen, die beide 

Rekombinasen exprimieren. Spezifische gRNAs gegen sCas9/tdTomato und gegen das Gen 

von Interesse werden über Adeno-assoziierte Viren (AAV) übertragen, die effizient an den 

AAV-Rezeptor AAVR gebunden werden, der zusammen mit sCas9 und tdTomato exprimiert 

wird. Darüber hinaus weist die Lieferung von AAVs, die U6-gesteuerte gRNAs gegen 

sCas9/tdTomato und das interessierende Gen sowie Cre-, Dre- oder Cre/Dre-induzierbare 

ZsGreen-Kassetten tragen, auf Cas9-Aktivität über einen Rot-Grün-Schalter in der 

Fluoreszenz aufgrund der Selbstzerstörung von hin sCas9/ tdTomato und Aktivierung der 

ZsGreen-Expression. Dieses neuartige Ampelsystem ermöglicht es, die Überwachung der 

Genbearbeitung mithilfe von sCas9 auf bestimmte Zelltypen zu beschränken und die Off-

Target-Effekte von Cas9 auf das Genom durch Selbstzerstörung des Cas9 (sCas9) -Proteins 

zu begrenzen. 

Die metabolische Dysfunktion-assoziierte steatotische Lebererkrankung (MASLD) ist in vielen 

Ländern ein wachsendes Gesundheitsproblem. Das erste Stadium der MASLD ist durch eine 

übermäßige Fettansammlung in Hepatozyten, dem Hauptzelltyp der Leber, gekennzeichnet, 

gefolgt vom zweiten Stadium der Entzündung, dem Stadium der metabolischen Dysfunktions-

assoziierten Steatohepatitis (MASH), das sich weiter auf die dritte Leber ausbreiten kann 

Fibrosestadium. Allerdings sind die molekularen Mechanismen, die die Entwicklung von MASH 

vorantreiben, nicht vollständig geklärt. Wir untersuchten die Rolle von STAT5 bei MASH, 

indem wir Hepatozyten-spezifische STAT5-spezifische Knockout-Mäuse unter metabolischer 

und fibrotischer MASH-Diät analysierten. Unsere Daten deuten darauf hin, dass Mäuse mit 

hepatischem STAT5-Mangel (STAT5LKO) unabhängig von der Ernährungsweise im Vergleich 

zu STAT5fl/fl-Mäusen eine erhöhte Ablagerung von Lipidtröpfchen und eine Infiltration 

entzündlicher Zellen in der Leber aufwiesen. Interessanterweise war die Expression von 

Genen bei STAT5LKO-Mäusen unter fibrotischer Ernährung deutlich reduziert. Im Gegenteil, 

unter NCD- und MASH-Ctrl-Bedingungen zeigten STAT5LKO-Mäuse im Vergleich zu Ctrl-

Mäusen eine erhöhte Fibrose-Genexpression. Daher kann die hepatische STAT5-
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Stummschaltung bei verschiedenen diätetischen Eingriffen während der Entwicklung einer 

Lebererkrankung eine doppelte Rolle spielen. 
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2. INTRODUCTION 
This doctoral thesis is divided into two parts. 

Part I: Generation of conditional CRISPR/Cas9 mediated knockout mice without off-target 

effects using the novel traffic light system 

Part II: Investigating the role of STAT5 in MASH 

2.1. Genetic Engineering 
Conditional mutagenesis based on the Cre/loxP system has enabled researchers to define the 

function of specific genes in a cell type and/or inducible manner1. The Cre/loxP system was 

the gold standard provided by expert researchers to investigate gene function until recently, 

when the novel, revolutionizing technology called clustered regularly interspaced short 

palindromic repeats (CRISPR)/CRISPR-associated (Cas) was developed. This technology 

enables the easy editing of the genome and learning more about specific gene functions in 

health and disease. 

2.1.1. Cre/loxP and Dre/rox System 
In the Cre/loxP system, P1 bacteriophages express the Cre recombinase capable of 

recombining specific loxP sites2. The Cre/loxP system plays an important role in regulating the 

life cycle of bacteriophage P1. This system was successfully used to edit genes in vivo in mice 

by the generation of countless Cre-driver mice and mice carrying loxP-flanked essential exons 

of genes (floxed mice)3. In detail, two components of this system must be assembled to 

produce a conditional knockout mouse: First, mice in which the loxP sites are inserted on both 

sides of a specific locus, usually flank one or several exons in the gene of interest (GOI). 

Secondly, to excise the sequence between the loxP sites, the cells or animals must 

simultaneously express the Cre recombinase. Both Cre-driver and floxed mouse lines have 

been separately generated by conventional embryonic stem cell (ES) targeting or conventional 

transgenesis approaches4, 5. Finally, knockout mice for the respective GOI are generated by 

intercrossing Cre and floxed mice. A tissue-specific or inducible promoter can control the Cre 

gene to generate tissue-specific conditional knockout mice4, 6, 7. 

Dre (D6 site-specific DNA recombinase) is also a tyrosine recombinase discovered from a 

phage that recognizes a 32bp DNA sequence rox consisting of two 14bp reverse palindromic 

sequences and a 4bp intermediate spacer sequence8, 9. Dre recombinase and Cre 

recombinase are specific, Dre recombinase cannot recognize the loxP site, and Cre 

recombinase cannot recognize rox site. So Cre-loxp and Cre-rox are independent and 

complementary systems. We can use them to edit two different genes in the same cell 

simultaneously or separately. 
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One way to control the expression of the GOI in a tissue-specific way is to introduce a loxP-

flanked stop cassette before the GOI that can be excised by Cre recombinase in a tissue-

specific way. The ROSA 26 locus, ubiquitously expressed but not translated into a protein, is 

commonly used as a safe harbor to introduce genes or foreign transgenes10-12. Moreover, other 

recombinase systems have been developed upon successfully using the Cre/loxP system, 

among which the Dre/rox system has demonstrated similar efficiency13. Combination of these 

recombinase systems allows for more cell type-specific activation of transgenes by utilizing 

overlapping promoters that drive expression of Cre and Dre with effector transgenes whose 

expression is prevented by two STOP cassettes that are flanked by loxP and rox sites, 

respectively14. Thus, Cre/loxP and Dre/rox technology are powerful tools for studying gene 

functions in vitro and in vivo. However, introducing the specific genetic manipulation to 

generate Cre, Dre, or loxP, rox sites via ES cell gene targeting is time- and resource-

consuming and can last for several months.  

2.1.2. CRISPR/Cas9 System 
The CRISPR/Cas9 system is derived from the immune systems of bacteria and archaea, which 

protect them against bacteriophage infections by cleaving foreign DNA15. In detail, it consists 

of short, repeated, conserved sequences, separated by unique spacers, which are usually 

derived from viral or plasmid DNA and the Cas9 nuclease16, 17. When infected with viral DNA, 

Cas recognizes and cleaves the foreign DNA at specific protospacer adjacent motifs (PAM) 

within the viral genome18, 19. Afterward, the cleaved protospacers are incorporated into a 

CRISPR array without the PAM sequence and are referred to as spacers. In addition, the 

spacers are transcribed into CRISPR RNA precursors (pre-crRNA) and hybridize with 

transactivating CRISPR RNA (tracrRNA)18, 19. In the next step, endogenous RNase II cleaves 

the pre-crRNA-tracrRNA complex, resulting in mature crRNA18, 19. The mature crRNA binds to 

the Cas9 protein, guiding it to the complementary foreign DNA. Cas9 mediates the cleavage 

of the DNA double-strand, preventing virus replication and activity16, 20. As of 2013, the 

CRISPR/Cas system has been engineered for genome editing21. However, the CRISPR Cas9 

system can also be utilized in mammalian cells, providing an easy and fast effort to disrupt 

genes in vivo. For this purpose, Cas9 nuclease and guide RNA (gRNA), which consists of 

crRNA and tracrRNA, are expressed or delivered into the target organism22. It is easy, quick, 
and resource-saving to clone the gRNA since it is only around 20 bp in size. By expressing 

both Cas9 and gRNA, double-strand breaks are facilitated at gRNA-defined, specific locus of 

the GOI23. Then, double-strand breaks are repaired by nonhomologous end joining (NHEJ) or 

homology-directed repair (HDR) (Fig.1). It is common for NHEJ to result in the insertion of 

mismatches, which ultimately can cause the knockout of the targeted gene24, 25. 

On the other hand, HDR is a precise DNA repair mechanism that requires a DNA template for 

proper repair, which is why it is limited to the G2 and S phases of the cell cycle, where a 
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homologous DNA sequence is present in the nucleus. Using CRISPR/Cas9, knock-ins are 

created by adding pre-designed DNA repair templates containing homologous arms. HDR then 

uses these templates to repair DNA double-strand lesions induced by Cas924. Thus, inserting 

the desired DNA sequence into the target locus is possible. However, the creation of targeted 

knock-in via CRISPR/Cas9 remains challenging due to the low efficiency with which large DNA 

inserts can be properly inserted22, 26, 27. It has been demonstrated that the CRISPR/Cas system 

can generate knockouts and knock-ins and modulate processes such as gene regulation, 

epigenetic modifications, and chromatin remodeling19. In combination, the CRISPR/Cas 

system represents a powerful tool for editing genomes. This system is particularly 

advantageous because it allows rapid generation of mutants without time-consuming and 

resource-intense ES-cell targeting. 

 

 

 
Figure 1: Schematic of CRISPR Cas9/gRNA genome editing. Base pairing between the 

gRNA and DNA directs Cas9 to its DNA target. A PAM motif downstream of the gRNA-binding 

region is required for Cas9 recognition and cleavage. Cas9/gRNA cuts both strands of the 

target DNA, triggering endogenous DSB repair. During a knockout experiment, the DSB is 

repaired using the error-prone NHEJ pathway, which introduces an inDel at the DSB site, which 

knocks out the gene's function. In a knock-in experiment, the DSB is repaired by HDR using 

the donor template, resulting in the donor DNA sequence integrating into the site of the DSB. 

2.2. Conditional CRISPR Cas9 Mediated Gene Inactivation in Vivo Using 
ROSA26 Cas9 Mice  

Recently, conditional Cas9-expressing mouse strains have been generated that allow for easy 

gene inactivation in a cell type and/or inducible manner28. For, Cas9 was targeted into the 
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rosa26 locus, but a loxP prevents its expression flanked stop cassette (Fig.2). Thus, 

intercrossing with Cre mouse strains will result in cell type specific Cre mediated excision of 

the stop cassette and Cas9 expression in these cells. Subsequently, the gene-specific gRNA 

must be delivered in vivo so that both components Cas9 and the gRNA are in these cells. This 

will result in the guidance of Cas9 to the specific genomic site targeted by the gRNA to induce 

a double strand break to disrupt gene function ultimately. Thus, such a CRISPR/Cas9 

approach of conditional gene inactivation is relatively easy to perform and much faster than 

generating a loxP-flanked gene of interest mouse line intercrossed to homozygosity together 

with the Cre strain, etc.  

 

 
Figure 2: Zhang-ROSA26 Cas9 targeting vector. CAG = chicken beta-actin promoter, 

triangle = loxP sites, IRES= Internal Ribosome Entry Site, GFP= Green Fluorescent Proteins. 
 

However, the conditional CRISPR/Cas9 approach has several limitations: 1. Viral delivery will 

result in high gRNA expression that increases the risk of off-target effects. 2. The genetic lesion 

induced by Cas9 composes only single nucleotides that will be difficult to monitor. 3. Delivery 

of the gRNA is difficult, there have been attempts to use viruses for gRNA delivery, but not all 

cell types can be infected. 

When Cas9 and gRNA expression are high, the specificity of CRISPR Cas9 is diminished, and 

Cas9 protein might cleave other targets, known as off-target effects. A first report used 

ROSA26 fl Cas9 IRES GFP mice crossed to AgrP Cre and AAV mediated delivery of gRNA to 

knock out the leptin receptor in AgrP neurons. In contrast to a previous report that described 

unaltered bodyweight gain using classical Cre/loxP approach to inactivate leptin receptor (Lepr) 

in AgrP neurons, such CRISPR Cas9 mediated conditional Lepr knock-out mice were morbidly 

obese29 (Fig.3 A, B, C). Thus, this discrepancy might be derived from off-target effects of the 

CRISPR/Cas9 system in Agrp neurons that cannot be monitored even after sacrificing the 

animals (Fig.3 D). 
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A                                                           B 

      
C                                                          D 

               

 
Figure 3: Off-target effects in Lepr KO mouse. (A) Schematic diagram of AAV pU6-

sgRNALepr: pEF1α-FLEX-mCherry (AAV-sgLepR) injected bilaterally into the ARC of Agrp-

IRES-Cre: LSL-Cas9-GFP mice and mCherry: GFP co-immunostaining. (B) Representative 

littermates. (C) body weight and analysis of fat mass. (D) off-target effects occurred. 
 

Current approaches using ROSA26 Cas9 mice and viral gRNA delivery cannot determine the 

efficacy of CRISPR/Cas9 in single cells, since the genomic lesion only composes single 

nucleotides and even these might be different between the cells. While antibody staining of 

tissues will be the gold standard for determination of gene inactivation using this technique, 

the single nucleotide deletions mediated by the double strand break repair might even not 

impact mRNA stability such that researchers are unable to examine gene inactivation on RNA 

level using qPCR or RNAscope. 

gRNAs can be delivered to cell type specific Cas9 expressing mice by viruses such as adeno 

or adeno-associated viruses. However, the viruses are unable to infect every cell with the same 

efficiency. Thus, researchers went back and isolated primary B cells from cas9 expressing 

mice and infected them ex vivo with adenoviruses to knock out specific genes. On the other 

hand, AAVs with different tropisms might help to deliver gRNAs to specific tissues or cells of 

Cas9 expressing mice in vivo. This might be effective in the brain since AAV viruses are used 
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quite commonly there to deliver transgenes. Nevertheless, there is no universal way to deliver 

gRNAs to Cas9 expressing mice. 

Taken together, there is urgent technical need to clarify universal delivery of gRNAs, to reduce 

potential off-target effects and to investigate whether CRISPR/Cas9 has worked using 

ROSA26 Cas9 mouse lines. 

2.2.1.  Generation of Conditional CRISPR Cas9 Mediated Knock-Out Mice 
Without Off-Target Effects Using the Traffic Light System 

In our previous work, we generated a self-destructing Cas9 (sCas9) ROSA26 targeting vector 

that contained a ROSA26 short and a long arm of homology, a CMV early enhancer/chicken 

beta-actin promoter (CAG), and two STOP cassettes, of which one was flanked by loxP flanked, 

and the other flanked by rox sites. These two STOP cassettes allow for tissue-specific 

intersectional expression of sCas9. In addition, a E2A driven tdTOMATO reporter gene is 

inserted downstream of the sCas9, and a woodchuck hepatitis virus posttranscriptional 

regulatory element, which enhances gene expression (Fig.4 A). Thus, upon Cre and Dre 

mediated excision of stop cassettes, sCas9 and tdTomato are expressed in the defined cell 

type. sCas9 on the genomic level is defined such that in 5’ of Cas9 cDNA, there is 20 nt +PAM 

inserted specific for and copied from the tdTomato cDNA. These 20 nt + PAM allowed us to 

generate a gRNA against tdTomato and sCas9 (gRNATomato) to be included into dual U6 

driven gRNA cassettes (one against tdTomato sCas9 the other against a specific gene of 

interest) that upon delivery by AAV will not only destroy the gene of interest but also Cas9 and 

tdTomato to ultimately reduce off target effects (Fig.4 B). Therefore, this technical gimmick will 

solve problem 1. E.g. reduce off target effects of CRISPR/Cas9 described in the previous 

paragraph. Furthermore, using this gimmick, upon successful CRISPR/Cas9 mediated 

genomic editing, cells will lose tdTomato red fluorescence and cannot be monitored by 

fluorescence microscopy. 

2.2.2. Generation of gRNAs and gAAVs  
To circumvent this, we modified the AAV carrying the dual U6gRNA cassettes such that we 

included ZsGreen reporter cDNAs driven by the CAG promoter whose expression was 

prevented by loxP, rox or loxP and rox-flanked mini stop cassettes (Fig.4 C). Thus, our novel 

sCas9 mouse line, combined with the generated AAV, forms the traffic light system that 

visualizes gene editing in vivo by switching red fluorescent sCas9 cells to green, as well as 

AAV-infected knockout cells in small populations where other methods fail to detect gene 

editing. Moreover, the genomic effects of constant Cas9-mediated cleavage, which normally 

affect off-target sites, are reduced in this system when using sCas9. An enhanced specificity 

Cas9 (espCas9 1.1) was used and modified here to generate a mouse line with the highest 

Cas9 specificity and efficiency30. Unfortunately, when we examined the Cre, Dre or Cre/Dre 

activatable ZsGreen AAVs in vivo, we observed that the mini stop cassettes failed to prevent 



 

21 

ZsGreen expression, e.g. all infected cells were green fluorescent independent whether they 

expressed Cre, Dre, or Cre and Dre. Thus, we urgently need to conditionally activate ZsGreen 

from AAVs by other ways to visualize specific gene editing using our traffic light system. 

 

A  R26 fl rx sCas9 tdTomato 

 
 

B  Cellular subpopulation specific sCas9 expressing mouse 

 
 

C  Melanie’s gAAV constructs 

 
Figure 4: sCas9 ROSA26 targeting vector and gRNA plasmids built by Melanie. (A) R26 

fl rx sCas9 tdTomato mouse line. (B) sCas9 mouse that expresses sCas9 and tdTomato in the 

cellular subpopulation of interest. (C) gAAV containing ZsGreen, gRNA against the GOI, and 

gRNA against the tdTomato/sCas9. SAH = short arm of homology, CAG = chicken beta-actin 

promoter, triangle = loxP sites, diamond = rox sites, Neo = neomycin, red bock = self-

destructing element, 2A = self-cleaving, WPRE = woodchuck hepatitis virus posttranscriptional 

regulatory element, PA = poly A peptide, LAH = long arm of homology, GOI = gene of interest, 

PGK = mouse phosphoglycerate kinase 1 promoter. 
 

To monitor the effectiveness of CRISPR/Cas9, we created the traffic light system: Cre and 

Dre-mediated excision of the two stop cassettes leads to the expression of sCas9 and tomato. 

Making cells that express sCAS9 also emit red fluorescence. In addition, a 20 nt sequence 

from tomato was inserted 5’ to the sCas9 gene. This allows for the inactivation of both the 

tomato and sCAS9 genes when the gRNA of the tomato is expressed. 
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2.3. NAFLD is Now MASLD in 2023 
As a result of a multi-year consensus process involving professional associations, patient 

advocacy groups, and other stakeholders, the name NAFLD has been changed to MASLD28. 

There has been a push for a change to reduce stigma among patients. It is now more evident 

from scientific research that the pathogenesis of obesity is driven by metabolic dysfunction and 

steatosis (fat accumulation) rather than inflammation31, 32. According to genetic studies, 

steatosis is one of the major causes of this disease33. It was for this reason that a more 

biologically accurate name was requested. 

When other potential causes of fatty liver disease have been excluded, MASLD applies to all 

types of fatty liver disease involving metabolic dysfunction. It includes obesity, diabetes, 

hypertension, and lipid disorders34. Specific diagnostic criteria are provided for adults and 

children when defining “metabolic dysfunction.” The term “steatotic” emphasizes the 

importance of fat accumulation as an underlying pathology. The basis for this is the enhanced 

understanding of how steatosis contributes to disease progression. The term "metabolic 

dysfunction" also emphasizes the metabolic roots instead of a primary inflammatory disorder. 

Alcohol-related liver disease and other specific forms of fatty liver retain their distinct names 

and are not called MASLD32.  However, the transition still has challenges: The long name is 

cumbersome. Shorthand versions like “metabolic liver disease” may be needed for practical 

use. Despite attempts to reduce stigma, the words “fatty” and “steatotic” may still carry negative 

connotations in some sociocultural contexts. Updating medical coding, medical education, and 

clinical systems like Epic will take years. MASLD will likely persist in documents and systems 

for some time. Measuring the impact of stigma will require further study. Surveys on patient 

perceptions should be repeated in the MASLD era. 

2.4. Metabolic Dysfunction Associated with Steatotic Fatty Liver Disease and 
Metabolic Dysfunction Steatohepatitis 

Metabolic Dysfunction Associated with Steatotic Liver Disease (MASLD) is a growing health 

problem in developing and developed countries. The first stage of MASLD is characterized by 

excessive fat accumulation in hepatocytes, the main cell type of the liver, to the extent of more 

than 5% liver fat, called liver steatosis35. Signs of the second stage are inflammation, which – 

if non-alcohol abuse is diagnosed – is the stage of metabolic dysfunction associated with 

steatohepatitis with hepatic necroinflammation and underlying fibrosis (MASH); it can progress 

to a third stage in which liver fibrosis is added to liver fat accumulation and subsequent 

inflammation36. Finally, the disease can progress to liver cirrhosis, which is irreversible damage 

caused by ongoing fibrosis and inflammation and loss of functional liver tissue due to changes 

in tissue architecture. MASH is a form of MASLD in which the patients have metabolic 

dysfunction associated with steatotic liver disease with hepatic necroinflammation and 

underlying fibrosis. About 20% of all MAFLD patients progress to MASH37. Pharmaceutical 
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therapies for MASLD or MASH are limited, but clinical trials are conducted. However, diet 

intervention in the first stage of MASLD can reverse fatty liver and the progression of MASLD37, 

38.  

2.5. The Molecular Mechanisms Driving the Development of MASH 
There is still a lack of understanding of the mechanisms contributing to MASH's development. 

A key event in the progression from fatty liver to MASH is the death of hepatocytes due to 

excessive fat accumulation. The increase in hepatocyte fat content will induce different cellular 

stressors, e.g., ER stress and/or lipotoxicity, which induce hepatocyte cell death. Hepatocyte 

death leads to the recruitment and activation of immune cells such as macrophages. The 

recruited immune cells will release pro-inflammatory cytokines, further enhancing hepatocyte 

cell death39. The release of cytokines further stimulates hepatic stellate cells to differentiate 

into activated hepatic stellate cells (AHSC), which are responsible for extracellular matrix 

buildup by secreting collagens and other molecules leading to scar formation40. Thus, AHSCs 

are responsible for fibrosis during MASH and the development of liver cirrhosis.  

2.5.1. TWEAK- NIK- (Non-Canonical NF- κB) Pathway  
Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) is increased during MASLD41. 

TWEAK activates the non-canonical NF-κB pathway, one of the main inflammatory pathways, 

by binding to its receptor Fn14. Thereby NF-κB, inducing Kinase (NIK, also known as 

MAP3K14), is activated, leading to the expression of NF-κB signaling controlled genes42. NIK 

induces p100 phosphorylation via the activation of the kinase IKKα10,1343, 44. Comparatively 

to the rapid and transient activation of the canonical NF-κB pathway, the non-canonical NF-κB 

pathway is characteristically slow and persistent. Typical Inducers of the non-canonical NF-B 

pathway are ligands of members of the tumor necrosis factor receptor superfamily (TNFR). As 

originally believed to be an important signaling pathway for lymphoid organ development and 

B cell maturation, that pathway has been recently shown to play a role in different aspects of 

innate and adaptive immunity. It is also believed that the pathogenesis of inflammatory 

conditions can also be attributed to dysregulated non-canonical NF-κB activation. 

2.5.2. Growth Hormone- JAK-STAT Pathway  
Several extracellular signals, including cytokines, hormones, and growth factors, are rapidly 

transduced into cellular and molecular responses through the evolutionarily highly conserved 

Janus kinase (JAK) / STAT signaling pathway45, 46. Unbalanced JAK/ STAT signal transduction 

is associated with developing various pathologies, from inflammatory diseases to cancer. In 

mammals, four JAK tyrosine kinases (JAK1-3 and TYK2) and seven STAT transcription factors 

(STAT1-4, 5A, 5B, and 6) are involved in the transduction of signals from transmembrane 

receptors, which lack intrinsic tyrosine kinase activity 45, 47. 
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One of the molecules signaling through the JACK-STAT pathway is the growth hormone (GH). 

This single-chain peptide is synthesized and released into the bloodstream by the anterior 

pituitary somatotrophs. Additionally, GH may be expressed in other tissues, possibly acting in 

an autocrine or paracrine manner in the surrounding environment. GH's important negative 

feedback mechanism that regulates its secretion involves its main downstream effector, IGF-

1, which stimulates hypothalamic somatostatin secretion and directly affects pituitary 

somatotrophs48. Several additional factors have been reported to counteract GH release, such 

as obesity and hyperglycemia. At the same time, dietary restriction/fasting, hypoglycemia, 

acute stress, and exercise have been associated with an increase in GH production49, 50. GH’s 

metabolic functions include optimization of body composition and adaptation to energy 

shortage, enhancing adipose tissue lipolysis and overall fatty acid oxidation while promoting 

protein synthesis or decreasing protein breakdown depending on the actual energy status49, 51. 

Furthermore, GH directly and indirectly influences systemic glucose metabolism by 

antagonizing insulin function, inhibiting glucose oxidation, and stimulating hepatic 

gluconeogenesis. 

Several signaling pathways have been demonstrated to mediate GH's diverse functions at the 

cellular level. An initial step in the signaling process involving GH binds to the widely expressed 

GH receptor (GHR), which then activates the receptor-associated kinase JAK2 (Fig. 6). Upon 

activation of JAK2, downstream signaling molecules such as ERK, JNK, and STATs are 

activated52, 53. It has been shown that GHR activates STAT1 and STAT3. However, STAT5 

appears to be the major downstream target of GHR54, 55. In several body parts, homeostatic 

processes are regulated by the transduction of signals through STAT5. As a result of these 

processes, the immune system, breast, and liver epithelial cells are most significantly 

affected56, 57.  

STAT5 is composed of two isoforms, STAT5A and STAT5B. STAT5A is the predominant. 

STAT5A is the predominant isoform in the mammary glands58. Alternatively, STAT5B is more 

abundant in liver epithelial cells, which confers many of GH's functions and supports the 

expression of several GH-controlled sexual dimorphic genes59. It has been demonstrated that 

the Janus-activated kinase (JAK)-signal transducer and activator of transcription (STAT) 

pathway is an extremely rapid membrane-to-nucleus signaling system that mediates cytokine 

signals in mammals60, 61. STAT5 (STAT5a and STAT5b) are highly homologous proteins 

encoded by two genes and activated by Janus-activated kinases (JAK) downstream of cytokine 

receptors. Many hematopoietic and nonhematopoietic cytokines and growth factors activate 

STAT5 proteins via the JAK-STAT pathway. There is a crucial role for STAT5 proteins in 

regulating vital cellular functions, such as proliferation, differentiation, and survival62. STAT5a 

is the major STAT5 isoform in the mammary gland, whereas STAT5b is the major STAT5 

isoform in the liver, and it is 91% similar in the human STAT5a and STAT5b63. 
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Hepatic STAT5 indirectly regulates systemic GH availability and liver sensitivity to GH by 

expressing IGF-1 and SOCS264-66. Recent studies using liver-specific STAT5 knockout mice 

have further provided substantial evidence that GH-activated STAT5 has important functions 

in controlling hepatic lipid metabolism and hepatocyte regeneration64, 67. In this way, STAT5 

may contribute to developing fatty liver diseases. 

2.5.3. Crosstalk between GH /JAK2/ STAT5 and TWEAK/NIK Signals in 
Human HCC 

We have previously conducted GH and GH/TWEAK stimulation experiments in HepG2 cells 

derived from human HCC, revealing that GH-induced STAT5 activation is blunted when 

TWEAK is activated, as well as NIK expression at the mRNA and protein levels in human HCC. 

The analysis of pSTAT5 showed that STAT5 activation is significantly blunted in HCC grade 3, 

along with the highest degree of NIK immunoreactivity68. Furthermore, we analyzed the global 

gene expression of samples obtained from matched non-tumor and tumor (HCC) biopsies. We 

found that 43.7% of the overlapping genes had STAT5 binding motifs in their promoters, 

including the genuine STAT5 targets IGF1, SOCS2, Onecut1, etc. As a result, we assume that 

the inhibition of JAK2/STAT5 by NIK is conserved between mice and humans68. The results of 

our study suggest that hepatic NIK deficiency may be explained by improved STAT5 signaling, 

proving that NIK is an inhibitor of STAT5. While the inhibitory function of NIK was not directly 

responsible for affecting STAT5, it did inhibit JAK2 upstream. As a result of the phosphorylation 

of JAK2 S633 by NIK, STAT5 signaling is impaired, but not those of STAT3 or STAT1. NIK's 

specificity on the JAK2/STAT5 axis could be explained by the limited signaling capacity of the 

growth hormone receptor (GHR), which is exclusively dependent on JAK2 activity to activate 

STAT569, 70. Therefore, the specific inhibitory effects of NIK on GH-induced STAT5 could result 

from the critical dependency of the GHR on JAK2. 
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Figure 5. Hepatocyte-specific NIK Knock-out prevents MASH (previous findings of our 
lab). Hepatocyte-specific NIKLKO mice protect these mice from MASH if fed MASH-inducing 

diets. This is due to inhibitory phosphorylation carried out in NIKfl/fl animals on JAK2 by NIK, 

which renders JAK2 inactive and thereby inhibits the following phosphorylation of STAT5, 

which is then unable to induce hepatoprotective gene expression. 

2.6. Objectives 
Even if the CRISPR/Cas9 system is highly specific, high expression of both proteins will lead 

to off-target effects where unspecific cleavage might occur and destabilize the mouse genome 

or inactivate other genes. These off-target effects have often been reported, and they cannot 

be neglected since additional unwanted cleavage of the mouse genome might mask or alter 

the phenotype of CRISPR/Cas9-mediated knock-out mice. Thus, it would be highly desirable 

to have a mouse strain that enables Cre/loxP and Dre/rox mediated expression of Cas9 with 

self-inactivating capacity. To circumvent off-target effects and monitor the effectiveness of 

CRISPR/Cas9, we have previously created the traffic light system to visualize gene editing of 

targeted gene. However, the previous approach that contained min stop cassettes in front of 

ZsGreen failed/was leaky. My first aim was to generate Cre, Dre and Cre/Dre activatable 

ZsGreen cassettes into the AAV carrying the dual U6 driven gRNA cassettes. Upon successful 

generation and testing in vitro in MEFs, I realized that my modified AAVs were able to infect 

MEFS, but not ES cells in vitro. Therefore next, I aimed to modify the previous R26-fl-rx-

sCas9E2AtdTomato construct such that I inserted a receptor for AAV2 (AAVR) to be expressed 

in addition to sCas9 and tdTomato to enable efficient AAV2 uptake. The novel R26-fl-rx-

sCas9P2A-AAVR-E2AtdTomato targeting vector had been successfully cloned and will be 

transfected soon. 

Moreover, in previous work, our lab investigated the role of NIK during MASH and found that 

a hepatocyte-specific knockout of NIK in mice protects from MASH development. Single-

nucleus RNA seq(snRNA-Seq) of the hepatocytes of NIK knockout mice revealed an 

upregulation of JAK-STAT signaling. Further investigations revealed that in NIKfl/fl animals, NIK 

phosphorylates JAK2 and thereby inhibits JAK2 kinase activity, preventing the phosphorylation 

and activation of downstream STAT568. Thus, my next aim was to investigate whether the role 

of STAT5 is consistent with NIK observed during MASH via examining hepatocyte specific 

STAT5 knock out mice in dietary models of MASH. 
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3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Chemicals 
Table 1: Chemicals 

Chemical Supplier 

β-Mercaptoethanol Applichem, Darmstadt, Germany 

0.9% saline (sterile)  Berlin Chemie, Berlin, Germany 

Acetonitrile (ACN) Sigma-Aldrich, Seelze, Germany 

Agarose (ultrapure) Invitrogen, Karlsruhe, Germany 

Ampicillin Applichem, Darmstadt, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, Seelze, Germany 

Chloroform Merck, Darmstadt, Germany 

Dimethylsulfoxide (DMSO) Merck, Darmstadt, Germany 

1,4-Dithiothreitol (DTT) Applichem, Darmstadt, Germany 

Eosin Applichem, Darmstadt, Germany 

Ethanol, absolute  Applichem, Darmstadt, Germany 

Ethidium Bromide- solution 1% Applichem, Darmstadt, Germany 

Ethylenediaminetetraacetate (EDTA) Applichem, Darmstadt, Germany 

Formic Acid Sigma-Aldrich, Seelze, Germany 

Glucose (20%) Bela-Pharm, Vechta, Germany 

Glycerol Serva, Heidelberg, Germany 

Glycine Applichem, Darmstadt, Germany 

Hematoxylin Applichem, Darmstadt, Germany 

HEPES Applichem, Darmstadt, Germany 

Insulin Sanofi, Frankfurt, Germany 

Isopropanol Roth, Karlsruhe, Germany 

Kanamycin Applichem, Darmstadt, Germany 

LB, Medium and Agar Applichem, Darmstadt, Germany 

Magnesium chloride Merck, Darmstadt, Germany 
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Memanol Roth, Karlsruhe, Germany 

Mitomycin C Sigma-Aldrich, Seelze, Germany 

N-Nitrosodimethylamine Sigma-Aldrich, Seelze, Germany 

Nitrogen (liquid) Linde, Pullach, Germany 

Paraformaldehyde (PFA) Sigma-Aldrich, Seelze, Germany 

Phenol Roth, Karlsruhe, Germany 

Sodium chloride Applichem, Darmstadt, Germany 

Sodium citrate Merck, Darmstadt, Germany 

Sodium dodecyl sulfate (SDS) Applichem, Darmstadt, Germany 

Sodium hydroxide  Applichem, Darmstadt, Germany 

Tissue freezing medium Jung, Heidelberg, Germany 

Tris Hydroxymethyl Aminomethane (Tris) Applichem, Darmstadt, Germany 

Tween 20 Applichem, Darmstadt, Germany 

Western blocking reagent Roche, Mannheim, Germany 
 

3.1.2. Buffers and Solutions 
Table 2: Buffers and solutions 

Buffer/Solution  Composition/Supplier 

Anode buffer 1 0.3 M Tris 
20% (v/v) Methanol 

Anode buffer 2 25 mM Tris 
20% (v/v) Methanol 

Antibody Solution 5% (v/v) Roche Western Blocking Reagent in 
TBS-T 

Buffer A 0.1% Formic acid 
Milli-Q water 

Buffer B 80% Acetonitrile 
0.1% Formic acid 

Cathode buffer 
40 mM 6-Aminohexanoic acid 
0.01% (v/v) SDS 
20% (v/v) Methanol 

Cell freezing medium 10%DMSO in FCS 

Cell lysis buffer 

10 x Cell Lysis Buffer (Cell signaling) 
1 mM PMSF 
Protease inhibitor tablets, 1 in 10 ml (Roche) 
PhosStop, 1 in 10 ml (Roche) 

ES-cell culture medium 
DMEM with L-glutamine (Gibco) 
15% FCS (Biochrom AG) 
1 mM Sodium pyruvate (Gibco) 
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1 x Non-essential Amino Acids (Gibco) 
100U/ml Pen-Strep (Gibco) 
10 U/ml LIF 
0.1 mM p-Mercaptoethanol 
2 mM L-Glutamine 

ES-cell lysis buffer  

10 mM Tris, pH 7.5  
10 mM EDTA 
0.5% Sarkosyl 
10 mM Sodium chloride 
1/25 Proteinase K 

Laemmli Sample Buffer (4x) Bio-Rad,#1610747  
10% β-Mercaptoethanol 

MACSQuant running buffer Miltenyi Biotech,#130-092-747 

MEF-culture medium 

DMEM with L-Glutamine (Gibco)  
10%FCS (Biochrom AG) 
1 mM Sodium pyruvate (Gibco) 
1x Non-essential Amino Acids (Gibco) 
100 U/ml Pen-Strep (Gibco) 

meRIP Elution Buffer 
5 mM Tris-HCL pH 7.5  
1 mM EDTA 
0.05% SDS 

Opti-MEM Gibco#31985062 

Double phosphate buffered saline (DPBS) Gibco,#14190169 

Prehybridization buffer 

M Sodium chloride  
50 mM Tris HCL 
10% Dextran Sulfate%SDS 
250 ug Salmon spermidine in ddH₂O 

RIPA Buffer 

10x RIPA Buffer (Cell signaling)  
1 mM PMSF 
Protease inhibitor tablets, 1 in 10 ml (Roche) 
PhosStop, 1 in 10 ml (Roche) 

SCC, 20x 3 M Sodium chloride 
0.3 M Tris sodium citrate dihydrate in ddH₂O 

SDS-PAGE electrophoresis buffer (10x) 
0.25 M Tris 
2M Glycine 
35 mM SDS 

Stripping Solution 0.7% β-Mercaptoethanol 
2%(v/v) SDS 

TAE (50x) 2 M Tris 
50 mM EDTA 

Tail-Lysis-Buffer 

100mM Tris-HCI, pH 8.5 
200 mM NaCI 
5 mM EDTA 
0.2%(w/v)SDS 
1:100 Proteinase K 

TBS (10x) 1.47 M NaCI 
0.2 M Tris, pH 7.4 

TBS-Tween (1x) 1x TBS 
0.1%Tween20 

TE-Buffer 
10 mM Tris-HCL, pH 7.4 
10 mM EDTA, pH 7.8 
RNaseA (1:1000) 
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Trypsin 0.5% Gibco, #15400054 

Trypsin 2.5%  Gibco, #15090046 

Western Blot blocking solution 10%(v/v) Roche Western Blocking  
Reagent in TBS-T 

3.1.3. Kits  
Table 3: Kits 

Kit Supplier 

DreamTaq Green PCR Master Mix (2X) Thermo Scientific, Schwerte, Germany 

PrimeScript™ RT Master Mix (Perfect Real 
Time) 

#RR036A, Takara Bio,Shinga, Japan 

Ladderman DNA labeling kit Takara Bio,Shinga, Japan 

Magnetic mRNA isolation kit NEB,Frankfurt am Main, Germany 

MAX Efficiency Stbl2™ Competent Cells Thermo Scientific,Schwerte, Germany 

Invitrogen™ One Shot™ Stbl3™ Chemically 
Competent E. coli 

Thermo Scientific,Schwerte, Germany 

NucleoBond® Xtra Midi/Maxi kit Macherey-Nagel, Düren, Germany 

PeqGold, Plasmid Miniprep kit Peqlab, Erlangen,Germany 

Pierce® BCA Protein assay kit Thermo Scientific,Schwerte, Germany 

QIAEX II gel extraction kit Qiagen, Hilden,Germany 

RNeasy extraction kit Qiagen, Hilden, Germany 

Lipofectamine®2000 DNA Transfection  
Reagent kit 

Thermo Scientific, Schwerte, Germany 

3.1.4. Enzymes 
Table 4: Enzymes 

Enzymes Dilution Buffer Supplier 

Proteinase K 1:100 Tail Lysis Buffer Roche 

RNaseA 1:1000 TE-Buffer Peqlab 

Trypsin 1:100 ABC Sigma-Aldrich 

3.1.5. Marker and Ladder  
Table 5: Protein and DNA Ladder 

Standard Company 

GeneRuler™ DNA ladder mix ThermoScientific, SchwerteGermany 
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PageRuler™ Protein ladder ThermoScientific, SchwerteGermany 

3.2. Methods 

3.2.1. Molecular Biology 

3.2.1.1. Isolation of Genomic DNA 
Tail or ear biopsies were taken at postnatal day (p) 18-25 and digested at 56 °C overnight in 

500 pl tail lysis buffer containing 180 pg/ml proteinase K. To precipitate the DNA, 500 μl 

isopropanol was added, subsequently, samples were vortexed briefly and centrifuged for 10 

minutes at 17,000 g. The DNA pellet was washed in 500 μl 70% ethanol and dried at room 

temperature (RT). The DNA was resuspended in a TE buffer containing 10 μg/ml RNaseA and 

stored at RT. 

3.2.1.2. Polymerase chain reaction 
Genomic DNA isolated from biopsies was used to perform polymerase chain reaction (PCR). 

Primers are listed in Table 6. DNA polymerase and DreamTaq PCR MasterMix 

(ThermoScientific) were used to perform the PCR. For each reaction (25 μl), 50 ng DNA, 25 

μM dNTP mix, 25 pMol of respective primers, and 1 unit DNA polymerase were used. PCR 

programs were adjusted to primer and amplicon length. The different PCR programs are listed 

in Table 7. Amplified DNA was separated according to the molecular mass using 1-2% agarose 

gels containing Ethidium Bromide or peqGREEN dye. 

 

Table 6: Genotyping Primer  

Mouse Line Primer  Sequence  

Alfp-Cre 

AlfpCre_831 
AlfpCre_699 
OMPC1 
OMPC2 

5'-TCC AGA TGG CAA ACA TAC GC-3' 
5'-GTG TAC GGT CAG TAA ATT GGA C-3' 
5'-GTG TAC GGT CAG TAA ATT GGA C -3' 
5'-AAA GGC CTC TAC AGT CTA TAG-3' 

STAT5fl/fl Stat5-1 
Stat5-2 

5'-AGC AGC AAC CAG AGG ACT AC-3' 
5'-AAG TTA TCT CGA GTT AGT CAG G-3' 

ROSA-CAGs 
5Rosatyp 
TyprevcAGs 
Typ forwrev 

5'-CGT TTG CGG GGA TGG GCG GCC-3' 
5'-TGT CGC AAA TTA ACT GTG AAT C-3' 
5'-GAT AAC AAC TCA GAG CGA CTT T-3' 

sCas9 
fl;rx/fl;rx 

5Rosatyp 
TyprevcAGs 
Typ forwrev 

5'-CGT TTG CGG GGA TGG GCG GCC-3' 
5'-TGT CGC AAA TTA ACT GTG AAT C-3' 
5'-GAT AAC AAC TCA GAG CGA CTT T-3' 
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Table 7: PCR-Programs 

PCR Temperature Time 

Alfp-Cre 

94 °C 
94 °C 
60 °C 
72 °C 
72 °C 
4 °C 

3 min 
30 sec 
30 sec 
30 sec 
10 min 
∞ 

Stat5 fl/fl 

94 °C 
94 °C 
56 °C 
72 °C 
72 °C 
4 °C 

5 min 
30 sec 
30 sec 
1min 
5 min 
∞ 

ROSA-CAGs 

94	°C 
94	°C 
60	°C 
72	°C 
72	°C 
4	°C 

3 min 
30 sec 
45 sec 
1.5 min 
10 min 
∞ 

sCas9 
fl;rx/fl;rx 

94	°C 
94 °C 
54 °C 
72	°C 
72	°C 
4	°C 

4 min 
30 sec 
30 sec 
45 sec 
10 min 
∞ 

3.2.1.3. Quantitative Real-Time PCR (qRT-PCR) 

3.2.1.3.1. mRNA Isolation 
From mice liver tissue: + 1 ml Trizol, homogenized in 2 ml eppis. Homogenize Tissue: Use 

beads (one per sample) and tissue homogenizer; frequency: 300 1/s; time 2 min if necessary, 

longer. After homogenizing the centrifuge full-speed for 10 mins at 4°C to pellet cell debris, 

transfer to new eppis and incubate 5 min, then add 200 µl Chloroform, vortex thoroughly, and 

incubate 2 min at RT, Centrifuge 12.000g, 4°C. Take 250 µl from the aqueous phase and 

transfer to the new eppis; add 250 µl (or the same amount) of 70% Ethanol in DEPC-Water. 

Vortex thoroughly and incubate for 10 min at RT. Transfer to spin columns and centrifuge 

8000g 15 sec, then wash with 350 µl RW1 and centrifuge 8000g 15 sec, Incubate each column 

with DNAse I (DNAse I + 550 µl dH2O), then combine DNAse I with RDP-Buffer in a ratio of 

(1:7), add 80 µl DNAse I solution per sample, incubate 30 min at  RT, wash with 350 µl RW1 

and centrifuge 8000g 15 sec, wash twice with 500 µl RPE and centrifuge 8000g 15 sec, then 

change column receptor tubes and centrifuge 2 min full-speed, change to normal 1.5 ml eppis, 
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add 30 µl RNAasefree-Water and Incubate 2 min then centrifuge 1min full-speed and measure 

concentration at NanoDrop 

3.2.1.3.2. cDNA synthesis and qRT-PCR 
RNA samples were diluted to 200 ng/µl. Then, use the PrimeScriptTM RT Master Mix (Perfect 

Real Time) kit to prepare the reverse-transcription reaction solution on ice: 

 
 
1. <Per reaction> 

Reagent                                                                           Volume       Final conc. 

5X PrimeScript RT Master Mix (Perfect Real Time)         2 µl              1X 

total RNA* 

RNase Free dH2O                                                     up to 10 µl                          

2. Perform the reverse-transcription reaction after gently mixing the reaction solution. 

37 °C 15 min (reverse-transcription) 

85 °C 5 sec (for heat inactivation of reverse transcriptase) 

4 °C 

 
Afterwards, RNA was reversely transcribed into cDNA, and qRT-PCR was performed. Next, it 

was amplified using Takyon Low Rox Probe 2x Master Mix dTTP Blue with the respective 

TaqMan Probes listed in Table 8. Target mRNA expression was measured with the 

QuantStudioM 7 Flex Real-Time PCR System (Applied Biosystems), and the samples were 

normalized to a housekeeping gene. The calculations were performed using the comparative 

method71. 

 
Table 8: TaqMan Probes for qRT-PCR 

Probe Order number 

Arg1 Mm00475988_m1 

Bcl6 Mm00477633_m1 

Cd36 Mm00432403_m1 

Cdkn1a Mm01303209_m1 

Cdkn1b Mm01257348_m1 

Cdkn2a Mm01257348_m1 

Cdkn2b Mm07295536_m1 

Clec4f Mm00443934_m1 
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Cish Mm00515488_m1 

Col1a1 Mm00801666_m1 

Col1a2 Mm00483888_m1 

Ctgf Mm01192932_g1 

Egfr Mm00433023_m1 

Emr1 Mm00802530_m1 

Fabp1 Mm00444340_m1 

Fasn Mm00662319_m1 

G6pc Mm00839363_m1 

Igf1 Mm00439560_m1 

IL1b Mm01336189_m1 

IL6 Mm00446190_m1 

Ifng Mm00801778_m1 

Mmp2 Mm00439506_m1 

Mmp9 Mm00442991_m1 

Nos2 Mm00440502_m1 

Onecut Mm00839394_m1 

Pck1 Mm00451023_m1 

Ppara Mm00440939_m1 

Scd1 Mm00772290_m1 

Socs2 Mm01236704_m1 

Srebf1 Mm00550338_m1 

Tgfb1 Mm01178820_m1 

Timp1 Mm00441818_m1 

TNFα Mm00443258_m1 

3.2.2. Biochemistry 

3.2.2.1. Protein Extraction 

3.2.2.1.1. Protein Extraction from Cells 
To extract the sCas9 protein with RIPA buffer. Frozen sCas9-ES cells were resuspended in 

100 µl cell lysis buffer, frozen in liquid nitrogen, and thawed on ice thrice. To remove the cell 
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debris, the samples were centrifuged at 17,000 g for 10 min at 4 °C. The supernatant was 

transferred into a fresh tube, and the protein concentration was determined (3.2.2.1.2) 

3.2.2.1.2. Bicinchoninic Acid Solution Assay (BCA) 
To determine protein concentration, a bicinchoninic acid solution assay was performed 

according to the manufacturer’s instructions (Pierce BCA Protein Assay Kit, #23225). 

Absorptions were measured at 595 nm using a plate reader (FilterMax F5 Multi-Mode 

Microplate Reader, Molecular devices), and an Albumin standard curve was used to determine 

sample concentration. 

3.2.2.2. Western Blot Analysis 

3.2.2.2.1. Sodium Dodecyl/Sulfate-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) 

Proteins were separated according to their molecular mass using SDS-PAGE.4x Laemmli 

buffer containing 10% β-Mercaptoethanol was added to 10-50 µg of total protein and boiled at 

95 °C for 10 minutes.Afterwards,protein lysates were loaded on 10%,12%,or 4-15% gradient 

gel (casted or precast SDS Criterion™ TGX™, Bio Rad). Gel electrophoresis was performed 

in 1xSDS running buffer at 80-200 V for 1-2 hours. PageRuler Prestained Protein Ladder 

(ThermoScientific) was used as the marker. 

3.2.2.2.2. Immunoblotting 
Separated proteins were transferred to PVDF-membranes (Bio-Rad) at 100 mA for 1 hour by 

using a semi-dry blotting system (peqlab) or by using a fast-blot chamber for 7 minutes (Trans-

Blot* Turbo, Bio-Rad). After transfer, the membrane was blocked in either a 5% blocking 

solution (Roche) or 5% nonfat milk in 1x TBS-T for 1 hour at RT. Primary antibody incubation 

was performed overnight at 4 °C. Subsequently, the membrane was washed three times in 1x 

TBS-T for 5-10 minutes at RT and incubated with a secondary antibody for 1 hour at RT. Next, 

the membrane was washed three times with 1x TBS-T (5-10 min at RT) and incubated for 1 

min with SuperSignal West Dura Extended Duration Substrate (ThermoFisher). The 

luminescence detection was performed using a fusion image (Vilber). Membrane stripping was 

done in 1x stripping solution for 30 minutes at 56C. Antibodies used in this study are listed 

below (Table 9). 

 
Table 9: Antibodies 

Antibodies Type Dilution Supplier 

Calnexin Mouse, monoclonal 1:10000 Sigma-Aldrich, 
Seelze Germany 

FLAG (F7425) Rabbit, polyclonal 1:1000 Sigma-Aldrich, 
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Seelze Germany 

FLAG M2 (F3165) Mouse, monoclonal 1:1000 Sigma-Aldrich, 
Seelze Germany 

FLAG clone SIG 1-25 
(F2555) 

Rabbit, monoclonal 1:1000 Sigma-Aldrich, 
Seelze Germany 

3.2.3. Cellular Biology 

3.2.3.1. Cell Culture 
Cells were maintained in an incubator with 95% humidity, 37 °C, and 5% CO2 saturation. For 

sustaining culture, cells were split when confluent monolayers were formed by washing with 

PBS and subsequently treating with 0.5% Trypsin for 5 min. The culture medium was used to 

stop the trypsin reaction, and cells were centrifuged at 1200 rpm. Cell pellets were 

resuspended in a culture medium, and cells were seeded as required. Cells were frozen in the 

cell freezing medium containing 10% DMSO and stored at -80 °C. For long-term storage, cells 

were transferred to liquid nitrogen. All procedures were performed under a sterile hood. 

3.2.3.1.1. Transient plasmid transfection and AAV infection  
Before transfection, 2x105 tdTOMATO positive MEFs were seeded on 6-well plates. Cells were 

approximately 80% confluent on the day of transfection. According to the manufacturer's 

instructions, PGK-Cre/and PTE-Dre were performed with Lipofectamine™ 2000 Transfection 

Reagent (Invitrogen). The transfection mixture was removed after 24 hours of incubation and 

replaced with the normal MEF culture medium. Next, 2 µl AAVs (2a, 2b, 2c) were added to the 

plates severally. After 24 hours of incubation, cells were observed with the fluorescence 

microscope and took photos. 

3.2.3.1.2. Embryonic stem cell culture 
Cell culture plates were coated with 0.2% gelatin (Merck Darmstadt) in PBS for 30 min at 37 °C. 

Afterward, Mitomycin C (Merck Darmstadt) treated MEFs were seeded on coated cell culture 

plates in a confluent monolayer. Subsequently, Bruce4 embryonic stem (ES)-cells were 

seeded on non-dividing MEFs to maintain ES-cell pluripotency. ES-cell culture medium was 

changed daily, and cells were passed at 80% confluency. 

3.2.3.1.3. Embryonic stem cell transfection and clonal isolation 
Before transfection, the 40 μg ROSA26 sCas9-AAVR targeting vector was linearized with Asisl 

(ThermoScientific), precipitated with isopropanol, washed with 70% ethanol, and resuspended 

in 400 μl PBS. 4 hours before transfection, the culture medium was exchanged. Subsequently, 

107 cells were harvested using 0.5% trypsin, and the pellet was resuspended in 400 μl PBS. 

ES-cells and linearized vectors were transferred into an electroporation cuvette and 

electroporated with 230 V and 450 μFd in a GenePulser (Bio-Rad, München, Germany). 
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Transfected ES-cells were seeded on 10 cm dishes and screened for successful targeting via 

G418 selection (300 μg/ml) for 10 days. 

After the G418 selection, colonies were picked. Therefore, ES-cells were washed twice with 

PBS, and each clone was transferred to a separate well of a 96-well plate containing 25 μl 

trypsin. Clones were incubated for 5 minutes at 37 °C to separate the colony into single cells. 

100 μl culture medium was added to stop the trypsin reaction, and cells were split on three 96-

well plates.  

3.2.3.2. Immunohistochemistry and Staining 

3.2.3.2.1. H&E Staining 
Before dewaxing the 4 μm thick paraffin-embedded liver sections into the 70 °C incubator for 

15 min, Next, xylene and alcohol (from high to low concentration) were dewaxed, and tap water 

was washed. The slices into hematoxylin staining for 3 min and washed with tap water the 

slices were stained in eosin staining solution for 1 min and washed with tap water. For 

dehydration and sealing, put the slices in 95% alcohol for 2 min in turn; Anhydrous ethanol for 

2 min; Xylene for 2 min is dehydrated and transparent, and dried slightly, in the end, sealed 

with a resinous medium.  

3.2.3.2.2. Sirius Red Staining 
De-wax and hydrate paraffin liver sections. Stain nuclei with hematoxylin and wash the slides 

for 10 minutes in tap water. Stain in micro-Sirius red (Solution A) for one hour. Then, wash the 

slides in two changes of acidified water (Solution B). Remove most water from the slides by 

shaking. Dehydrate in three changes of 100% ethanol. Clear in xylene and mount in a resinous 

medium. 

3.2.3.2.3. Oil Red O Staining 
Cryosections of livers were fixed in formalin and washed in tap water for 10 min. Next, liver 

sections were rinsed with 60% isopropanol and stained for 15 min with an Oil red O working 

solution. After rinsing with 60% isopropanol, hematoxylin and eosin staining were performed 

to visualize nuclei and cytoplasm. 

3.2.4. Mouse Experiments 

3.2.4.1. Animal Care 
The experiments were authorized by the local government authorities and overseen by the 

animal welfare committee of the University of Cologne. EU guidelines kept mice (Mus 

musculus Genetic Background C57B//6N). 

The mice were exposed to a 12-hour light/12-hour dark cycle and housed at 22-24 °C in a 

specific-pathogen-free animal facility. The access to water and food was unlimited. Depending 

on the experimental set-up, mice were fed one of the following diets: 
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1.Normal chow diet (NCD, Ssniff, R/M-H low phytoestrogen) 

2.CDAA diet (Ssniff, E15666 CDAA, Choline free, LARD+1% Cholesterol ¦ Low Met) 

3.MASH control diet (Ssniff, E15767-040 low sugar) 

4.MASH diet (Ssniff, E15766-340, 20 kJ% Fructose, High trans FA). 

The body weights of experimental animals were monitored weekly. 

3.2.4.2. Insulin Tolerance Test (ITT) 
Insulin sensitivity was determined by an insulin tolerance test. Before the experiment, blood 

glucose levels were determined by punctuating the tail vein using a Contour-NextR blood 

glucose meter and Contour-Next® test stripes. Afterward, mice were injected i.p. with insulin 

(0.75 U insulin/g BW), and blood glucose was measured at 15, 30, and 60 minutes after 

injection. 

3.2.4.3. Glucose Tolerance Test (GTT) 
To analyze the reaction of mice to hyperglycemic stimuli, a glucose tolerance test was 

performed. Before the experiment, the mice were fasted for 6 hours. Fasted blood glucose was 

determined by punctuating the tail vein using a Contour-NextR blood glucose meter and 

Contour-Next® test stripes. Next, mice were injected i.p. with glucose (2 mg/g BW), and blood 

glucose levels were measured 15, 30, 60, and 120 minutes after injection. 

3.2.4.4. Cheek Bleeding and Serum Analysis 
Blood samples were collected from the submandibular vein by using a lancet. Subsequently, 

blood was centrifuged for 30 minutes at 17000 g at 4 °C, and serum was stored at -20 °C. 

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were 

determined to monitor liver damage in the serum. Additionally, serum triglyceride and 

cholesterol levels were analyzed. Therefore, the serum was diluted 1:10 in 0.9% saline and 

analyzed by the central lab of the University Hospital in Cologne. 

3.2.4.5. Micro-CT System 
Total fat and lean mass were measured using a Micro-CT (AL-R307-IVIS) 

3.2.4.6. Organ Preparation 
Mice were sacrificed at the end of the experiment using the Decapitation method. First, 

epididymal white adipose tissue (WAT) and liver weights were determined. Carotid artery blood 

was taken, and the liver, WAT, hypothalamus, and pituitary were snap-frozen in liquid nitrogen. 

The organs were stored at -80 °C until further analysis. 

3.2.5. Genetic Engineering 
To amplify DNA sequences, a high-fidelity PCR Master mix was used. High-fidelity PCR was 

performed with 50 pmol of each primer and 50 ng of DNA template in a total volume of 50 μl. 

Primers used for amplification and sequencing are listed below in (Table 10). The PCR 
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program was adapted to primer melting temperature and the size of the amplicon (1 min 

elongation time/kb of amplicon). Amplified sequences were inserted into the pGEM-T-Easy 

vector system (PromegaMadison, WI USA) and sequenced by GATC (Eurofins, Hamburg, 

Germany). The sequencing reaction contained approximately 500 DNA (20 ng/pl). 20 μl of 10 

μM custom sequencing primers were sent separately to GATC. 

If not stated otherwise, restriction enzymes used in this study were obtained from NEB. Before 

gel extraction, 10 μg of DNA was digested in a total volume of 50 pl for vector linearization or 

restriction digestion. To analyze correct fragment insertion,100-500 pg DNA was digested in a 

total volume of 10 pl. Subsequently, vectors were dephosphorylated using shrimp alkaline 

phosphatase (NEB). 0.8-1% agarose gels (UltraPure Agarose, Life Technologies) containing 

Ethidium Bromide were run in 1xTAE buffer to separate DNA fragments. Fragments with the 

correct size were isolated, and gel extractions were performed using the QIAEX II gel 

extraction kit according to the manufacturer's instructions. Ligation was performed with T4 

ligase for 1 h at RT or overnight at 4 °C. Generated vectors were introduced into self-made, 

competent E coli cells (Stbl2/C3019H) via heat shock for 25 or 45 seconds at 42 °C. Bacteria 

were cultured in LB-medium or on LB-agar plates containing respective antibiotics for selection 

(Ampicillin 50 μg/ml, Kanamycin 25 μg/ml) at 30 °C or 37 °C. Mini-and maxi-preparations of 

plasmids from bacterial cultures were performed according to the manufacturer's instructions 

(PeqGold, Plasmid Miniprep Kit on NucleoBond®Xtra Midi/Maxi). 

 
Table 10: Cloning and sequencing primers 

Primer Name Sequence 

CAG-Flex-mcherry-seq AAT-AAA-CAA-GTT-AAC-AAC-AAG-AG 

 
Table 11: Synthesized fragments 

Double U6 gRNA 
Catgtcaattggagggcctatttcccatgattccttcataatttgcatatacgatacaaggctgttagagagataattgga 

attaatttgactgtaaacacaaagatattagtacaaaattacgtgacgtagaaagtaataatttcttgggtagtttgcagt 

tttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtgga 

aaggacgaaacaccgggtcttcgagaagacctgttttagagctagaaatagcaagttaaaataaggctagtccgtt 

atcaacttgaaaaagtggcaccgagtcggtgcttttttgagggcctatttcccatgattccttcatatttgcatatacgat 

acaaggctgttagagagataattggaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtaga 

aagtaataatttcttgggtagtttgcagttttaaaattatggttttaaaatggactatcatatgcttaccgtaacttgaaagtat 

ttcgatttcttggctttatatatcttgtggaaaggacgaaagctcgRNATOMATOgttttagagctagaaatagc 

aagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttggccaggtacc 
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STAT3 gRNA 
CAC-CGG-AGC-GAC-AGC-TTC-CCC-A-5’ 

AAA-CTA-GGG-AAG-CTG-TCG-CTC-TAC-C-3’ 

POMC gRN 
CAC-CGA-GAT-TCT-GCT-ACA-GTC-GCT-C-5’ 

AAA-CGA-GCG-ACT-GTA-GCA-GAA-TCT-3’ 

Lox-STOP-lox-rox-STOP-rox zsGreen 

cATAACTTCGTATAGCATACATTATACGAAGTTATGACCCTGGAAGGTGCCACT 

CCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCGACCCTGGAAGGTGCCAC 

TCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATAACTTCGTATAGCATA 

CATTATACGAAGTTATTAACTTTAAATAATTGGCATTATTTAAAGTTAgccaccatg 

AAVR 

ATGGAGAAGAGGCTGGGAGTCAAGCCAAATCCTGCTTCCTGGATTTTATCAGGATATT

ATTGGCAGACATCTGCGAAGTGGTTGAGAAGCCTGTACCTGTTTTATACTTGCTTTTG

CTTCAGCGTTCTGTGGTTGTCAACAGATGCCAGTGAGAGCAGGTGCCAGCAGGGGAA

GACACAATTTGGAGTTGGCCTGAGATCTGGGGGAGAAAATCACCTCTGGCTTCTTGA

AGGAACCCCCTCTCTCCAGTCATGTTGGGCTGCCTGCTGCCAGGACTCTGCCTGCCA

TGTCTTTTGGTGGCTAGAAGGGATGTGCATTCAGGCAGACTGCAGCAGGCCCCAGAG

CTGCCGGGCTTTTAGGACACACTCCTCCAATTCCATGCTGGTGTTTTTAAAAAAATTC

CAAACTGCAGATGATTTGGGCTTTCTACCTGAAGATGATGTACCACATCTTCTGGGGC

TAGGTTGGAACTGGGCATCTTGGAGGCAGAGCCCACCCAGAGCTGCACTCAGACCT

GCTGTATCTTCCAGTGACCAGCAGAGCTTAATCAGGAAGCTTCAGAAGAGAGGTAGT

CCCAGTGACGTAGTTACACCTATAGTGACACAGCATTCTAAAGTGAATGACTCCAACG

AATTAGGTGGTCTGACTACCAGTGGCTCTGCAGAGGTCCACAAGGCGATTACAATTTC

CAGTCCCCTAACCACAGACCTGACTGCAGAGCTGTCTGGTGGGCCAAAGAATGTATC

AGTGCAACCTGAAATATCAGAGGGTCTTGCTACTACGCCCAGCACTCAACAAGTAAAA

AGTTCTGAGAAAACCCAGATTGCTGTCCCCCAGCCAGTGGCTCCCTCCTACAGTTAT

GCTACCCCTACCCCCCAGGCCTCTTTCCAGAGCACCTCAGCACCATACCCAGTTATA

AAGGAACTGGTGGTATCTGCTGGAGAGAGTGTCCAGATAACCCTGCCTAAGAATGAA

GTTCAATTAAATGCATATGTTCTCCAAGAACCACCTAAAGGAGAAACCTACACCTACG

ACTGGCAGCTGATTACTCATCCTAGAGACTACAGTGGAGAAATGGAAGGGAAACATT

CCCAGATCCTCAAACTATCGAAGCTCACTCCAGGCCTGTATGAATTCAAAGTGATTGT

AGAGGGTCAAAATGCCCATGGGGAAGGCTATGTGAACGTGACAGTCAAGCCAGAGC

CCCGTAAGAATCGGCCCCCCATTGCTATTGTGTCACCTCAGTTCCAGGAGATCTCTTT

GCCAACCACTTCTACAGTCATTGATGGCAGTCAAAGCACTGATGATGATAAAATCGTT
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CAGTACCATTGGGAAGAACTTAAGGGGCCTCTAAGAGAAGAGAAGATTTCTGAAGATA

CAGCCATATTAAAACTAAGTAAACTCGTCCCTGGGAACTACACTTTCAGCTTGACTGT

AGTAGACTCTGATGGAGCTACCAACTCTACTACTGCAAACCTGACAGTGAACAAAGCT

GTGGATTACCCCCCTGTGGCCAACGCAGGCCCCAACCAAGTGATCACCCTGCCCCAA

AACTCCATCACCCTCTTTGGGAACCAGAGCACTGATGATCATGGCATCACCAGCTATG

AGTGGTCACTCAGCCCAAGCAGCAAAGGGAAAGTGGTGGAGATGCAGGGTGTTAGA

ACACCAACCTTACAGCTCTCTGCGATGCAAGAAGGAGACTACACTTACCAGCTCACA

GTGACTGACACAATAGGACAGCAGGCCACTGCTCAAGTGACTGTTATTGTGCAACCT

GAAAACAATAAGCCTCCTCAGGCAGATGCAGGCCCAGATAAAGAGCTGACCCTTCCT

GTGGATAGCACAACCCTGGATGGCAGCAAGAGCTCAGATGATCAGAAAATTATCTCAT

ATCTCTGGGAAAAAACACAGGGACCTGATGGGGTGCAGCTCGAGAATGCTAACAGCA

GTGTTGCTACTGTGACTGGGCTGCAAGTGGGGACCTATGTGTTCACCTTGACTGTCA

AAGATGAGAGGAACCTGCAAAGCCAGAGCTCTGTGAATGTCATTGTCAAAGAAGAAAT

AAACAAACCACCTATAGCCAAGATAACTGGGAATGTGGTGATTACCCTACCCACGAGC

ACAGCAGAGCTGGATGGCTCTAAGTCCTCAGATGACAAGGGAATAGTCAGCTACCTC

TGGACTCGAGATGAGGGGAGCCCAGCAGCAGGGGAGGTGTTAAATCACTCTGACCA

TCACCCTATCCTTTTTCTTTCAAACCTGGTTGAGGGAACCTACACTTTTCACCTGAAAG

TGACCGATGCAAAGGGTGAGAGTGACACAGACCGGACCACTGTGGAGGTGAAACCT

GATCCCAGGAAAAACAACCTGGTGGAGATCATCTTGGATATCAACGTCAGTCAGCTAA

CTGAGAGGCTGAAGGGGATGTTCATCCGCCAGATTGGGGTCCTCCTGGGGGTGCTG

GATTCCGACATCATTGTGCAAAAGATTCAGCCGTACACGGAGCAGAGCACCAAAATG

GTATTTTTTGTTCAAAACGAGCCTCCCCACCAGATCTTCAAAGGCCATGAGGTGGCAG

CGATGCTCAAGAGTGAGCTGCGGAAGCAAAAGGCAGACTTTTTGATATTCAGAGCCT

TGGAAGTCAACACTGTCACATGTCAGCTGAACTGTTCCGACCATGGCCACTGTGACT

CGTTCACCAAACGCTGTATCTGTGACCCTTTTTGGATGGAGAATTTCATCAAGGTGCA

GCTGAGGGATGGAGACAGCAACTGTGAGTGGAGCGTGTTATATGTTATCATTGCTAC

CTTTGTCATTGTTGTTGCCTTGGGAATCCTGTCTTGGACTGTGATCTGTTGTTGTAAGA

GGCAAAAAGGAAAACCCAAGAGGAAAAGCAAGTACAAGATCCTGGATGCCACGGATC

AGGAAAGCCTGGAGCTGAAGCCAACCTCCCGAGCAGGCATCAAACAGAAAGGCCTTT

TGCTAAGTAGCAGCCTGATGCACTCCGAGTCAGAGCTGGACAGCGATGATGCCATCT

TTACATGGCCAGACCGAGAGAAGGGCAAACTCCTGCATGGTCAGAATGGCTCTGTAC

CCAACGGGCAGACCCCTCTGAAGGCCAGGAGCCCGCGGGAGGAGATCCTGTAG 
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4. RESULTS 

Our previous attempt to establish the traffic light system failed where red sCas9 and tomato 

expressing cells switch their color to green upon successful AAV infection and gene editing 

due to inefficient prevention of ZsGreen expression in the AAV independent of Cre and/or Dre 

mediated recombination. Most probably, the loxP and rox flanked stop mini cassettes were 

leaky since all AAV infected cells were green. Furthermore, these mini stop cassettes were 

chosen since for AAV packaging, the DNA fragment limitation should not proceed more than 

5 kb between ITRs. To circumvent the usage of large stop cassettes that prevent ZsGreen 

expression in our traffic light system, we made use of the Flex and frex systems, where ORF 

of ZsGreen is placed in opposite orientation to the CAG promoter. To this end, we generated 

three AAV constructs 2a, 2b and 2c: the construct 2a contain Cre activatable CAG promoter 

driven inverted ZsGreen gene flanked by mutant and wt loxP site as well as an U6 promoter-

driven gRNA of tdTomato and a U6 driven gRNA against the gene of interest (can be cloned 

by Bbs1). When expressed in cells that express the sCas9 and tomato in addition to Cre, the 

construct 2a will deliver the gRNA against the gene of interest (GOI) and the gRNA against 

tdTomato / sCas9. These gRNA will induce inactivation of the GOI as well as tdTomato and 

sCas9 gene thereby preventing the emission of red fluorescence. In addition, the ZsGreen 

gene will flipped be the CRE recombinase, thereby emitting green fluorescence. This switch 

from emitting red fluorescence to green is termed the traffic light system and allows for quick 

control of CRISPR Cas9 efficiently (Fig.6). For the construct 2b the inverted ZsGreen gene 

had been flanked by mutant and wt rox sites whereas in construct 2c the complete ZsGreen 

cassette is flexed but in addition the ZsGreen is divided into two parts separated by an intron 

containing frex sites such that proper ORF of ZsGreen can be only achieved upon Cre and 

Dre mediated inversion. 

 
Figure 6: Generation of reporter AAV2 expressing gRNAs (2a, 2b, 2c) 2a=CAG 

FlexNLSZsGreenwprepAU6gRNAU6tomato,2b=CAGfrexNLSZsGreenwprepAU6gRNAU6to
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mato, 2c=CAGFlexfrexNLSZsGreenwprepAU6gRNAU6tomato, CAG=chicken-beta-actin 

promoter, PGK= human phosphoglycerate kinase promoter 

4.1. Generation of Cre-, Dre- and Cre/Dre-activatable AAV viruses with double 
U6 gRNA cassettes   

2a, 2b and 2c constructs were described earlier and were purchased from thermos fisher gene 

arts company (Fig.6). To insert those three plasmids in pAAV backbone, the pAAV plasmid 

was digested with BamH I and Mfe I restriction enzymes (Fig.7 A). The 3,9 kb band 

corresponding to the digested backbone containing the CAG promoter, iTRs, the AmpR gene 

and plasmid sequence was then isolated. In parallel, plasmid 2a’ was also digested with 

restriction enzymes Bam I, Mfe I, and Sca I. The 2,46 kb band corresponding to 2a was then 

inserted into the digested AAV backbone using conventional T4 ligase mediated cloning 

techniques (Fig.7 B, C). The construct and presence of ITRs was validated by digestion with 

Sma I, successful constructs showing 2.58, 2.57 and a 1.1 kb band (Fig.7 C). This 2a plasmid 

(Fig.7 D) was used as backbone upon restriction enzyme mediated release of flex ZsGreen to 

generate 2b and 2c from 2b’ and 2c’ (Fig.7 E, F). In short, 2a, 2b’ and 2c’ were digested with 

EcoR I and BamH I (Fig.7 G). Digested 2b’ and 2c’ were inserted in digested 2a using T4 

ligase to generate 2b and 2c plasmids. The constructs were validated by digestion with Sma I, 

successful constructs showing a 1.1 kb band (Fig.7 H). Plasmids 2a, 2b and 2c were sent to 

Vector Biolabs company for packaging into AAV2 capsids. 

 

 

A                                                     B 
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C                                                                       D 

 
E                                                               F 

 
G                                                                             H 

 
Figure 7: Generation of 2a, 2b, and 2c and checked the plasmids with Sma I. (A) pAAV 

backbone constructs (B) 2a’ constructs (C) Digestion pAAV and 2a’of different restriction 

enzymes to obtain target bands (D) Sma I checked the 2a plasmid has the correct bands (E) 

2b’ constructs (F) 2c’ constructs (G) EcoR I and BamH I digested 2a, 2b’ and 2c’ obtain target 

bands (H) Sma I checked the 2a, 2b and 2c plasmids have the correct bands.2a= CAG 

FlexNLSZsGreenwprepAU6gRNAU6tomato(6378bp),2b=CAGfrexNLSZsGreenwprepAU6gR

NAU6tomato (6275bp), 2c= CAG FlexfrexNLSZsGreenwprepAU6gRNAU6tomato (6743bp). 
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4.1.1. Test the AAV2s (2a, 2b, 2c) in tdTOMATO MEFs 
To ensure the previously generated viruses are functional, mouse embryonic fibroblasts MEFs) 

derived from the Ai9 line carrying a CAG driven loxP flanked stop cassette preventing 

tdTomato expression were transfected with plasmids expressing Cre, Dre or Cre and Dre using 

Lipo2000 method (Fig.8 A). 48h later, those cells were infected with AAV2 of 2a, 2b, or 2c 

types. 

Red fluorescence was only observed when cells were transfected with Cre or Cre/Dre plasmids. 

Green fluorescence was observed upon infection of 2A AAV of Cre transfected (Fig.8 B) 
whereas green fluorescence of Dre transfected cells was observed only upon infection with 

AAV2b. Strikingly, the green fluorescence of AAV 2c infected cells was only found when they 

were transfected with Cre and Dre expressing plasmids. Thus, this indicates that all three 

plasmids and AAVs are functional. 

 

A                                                                                                                                     

 
B 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Examination of AAV functionalities using floxed tomato MEFs. (A) Schematic 

picture of Ai9 construct in MEFs. (B) Ai9 derived MEFs were transfected with either PGKCre, 

pTEDreNLS or with both. 48h after transfection, cells were infected with 2 µl of 2a, 2b, and 2c 

AAVs. 
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4.1.2. Examination of Traffic Light System in ES Cells 
In the next step, we aimed at examining whether the traffic light system works in ES cells. 

Patrick Jankowski, technician in our group, had transiently transfected ES cells containing the 

sCas9 construct in their R26 locus with Cre and Dre expressing plasmids to excise the loxP 

and rox flanked stop cassette. While A1 and G4 clones showed no red fluorescence. A3 ES 

cells showed sCAS9 and tomato expression as revealed by fluorescence microscopy and 

western blot analysis (Fig.9 A, B). Thus, A3 ES clone was used for further AAV infection 

procedures.  

 

A                                                                                       B 

 
Figure 9: Successful expression of sCAS9 and tomato in ES cells upon Cre and Dre-
mediated excision of STOP cassettes. (A) fluorescence microscopy (B) Western Blot using 

lysates from WT, G4 A1 and A3 clones with Cas9 and calnexin antibodies. This revealed that 

A3 clone has sCas9 expression. 

4.1.3. Investigate AAV2 (2a) Efficiency in A3 sCas9 Tomato Expressing ES 
Cells 

Our goal is to generate mouse lines that enables Cre/loxP and Dre/rox mediated expression 

of Cas9 with self-inactivating capacity. To ensure that the traffic light system works, we added 

HTNCre to A3 ES clone emitting red fluorescence. One day later, we infected these cells with 

the Cre activatable 2a virus. However, only the MEFs turned green, whereas the ES cells kept 

emitting red fluorescence, indicating that the infection was successful in MEFs but not in ES 

cells. (Fig.10 A). 
 
 
 
 
 



 

47 

A                                                                            B 

              
Figure 10: AAV2 (2a) infected sCas9 expressing A3 ES cells. (A) Only the MEFs were 

infected. (B) Efficiency of infection of ES cells by different serotypes of AAVs.  

 
Our difficulties in infecting ES cells with AAV2 (2a) could be due to the choice of the AAV 

serotype. AAV2 (0.3%) is known to have a particularly low infection rate toward ES cells 

whereas AAV1 (25%) is the most effective serotype to transduces cells (Fig.10 B)72.  

4.1.4. Examination of Off-Target Effects in ES Cells Using STAT3 gRNA 
Since AAV1 is most effective in infecting ES cells, we aimed at investigating whether our traffic 

light system works with AAV1 serotype packed plasmids. Furthermore, we have used a new 

strategy. In addition to relying on color changes, we will rely on ES differentiation status as 

well. ES cells maintain their pluripotency via LIF/Stat3 axis – thus ES cells grow in media 

supplemented with LIF. When STAT3 is activated by LIF, ES cells cannot differentiate. On the 

other hand, when provided with gRNA against STAT3, ES cells differentiate even when 

stimulated with LIF, which is easily visible in the microscope. Three new plasmids are needed 

to apply this new strategy: 

1. Plasmid a containing gRNA against STAT3 and a flex mCherry reporter gene. When infected 

by this virus ES cells expressing tdTOMATO, Cre, and sCas9 should emit red fluorescence 

and be differentiated (Fig.11 A). 

2. Plasmid b (AAV2a with gRNA STAT3) contains gRNA against STAT3, gRNA against 

tdTOMATO, and a flex ZsGreen reporter gene. When infected by this virus ES cells expressing 

tdTOMATO, Cre, and sCas9 should stop emitting red fluorescence, start emitting green 

fluorescence, and be differentiated (Fig.11 B). 

3. Plasmid c (AAV 2a) containing gRNA against tdTOMATO and a flex ZsGreen reporter gene. 

When infected by this virus ES cells expressing tdTOMATO, Cre, and sCas9 should stop 

emitting red fluorescence, and start emitting green fluorescence but not be differentiated 

(Fig.11 C). 
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Plasmids A (without gRNA insertion) was obtained from Fenselau group. Plasmids A and B 

were digested with restriction enzyme Bbs I and the gRNA against STAT3 was inserted to 

create plasmids a and b. The ITRs of the three constructs were validated by digestion with 

Sma I, with successful constructs b and c showing a 1,1 kb band and successful construct a 

showing a 750 bp band (Fig.11 D). gRNA insertion was verified by sequencing. Subsequently, 

plasmids A, B, and C were sent to Vector Biolabs company for packaging into AAV1 serotype. 

 

 

Figure 11: Generation of AAV1 (a, b, c) expressing gRNA STAT3 or GOI. (A) a= CAG Flex-

mCherry-U6-gRNA STAT3- U6gRNAtomato=mCherry+STAT3 (B) b= CAG Flex-ZsGreen-U6-

gRNA STAT3-U6gRNAtomato=2a+STAT3 (C) c= CAG Flex-ZsGreen-U6-gRNA GOI (blank)-

U6gRNAtomato=2a (D) a=insert the STAT3 gRNA into the Bbs I sites of Flex-mCherry, b= 

insert the STAT3 gRNA into the Bbs I sites of 2a, c= 2a 

4.1.5. Test AAV1s (a, b, c) in ES Cells 
To examine whether the AAV1 packed plasmids worked, A3 ES cells expressing tdTomato, 

Cre, and sCas9 were infected. When infected with AAV1 (a) the ES cells remained not 

differentiated and emitted red fluorescence indicating that the infection was not successful 

(Fig.12 A). Of note, when infected with AAV1 a, MEFs but not ES cells expressed mCherry, 

whereas AAV1 b and c infected MEFs, emitted green light, indicating successful infection rates 

in MEFs but not es cells that remained tomato red and undifferentiated (Fig.12 B, C). Thus, 

even when packed with previously published AAV1 serotype, our traffic light system cannot be 

tested in ES cells since they are not infected by AAVs. 
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A                                                      B                                                       C 

Figure 12: AAV1s (a, b, c) infected sCas9 ES cells & tdTomato MEFs. (A) AAV1a (mCherry 
+STAT3), (B) AAV1b (2a+STAT3), (C) AAV1c (2a). 
 
Our difficulties to infect ES cells with AAV could be circumvent with a new strategy consisting 

of in over expressing AAV receptor (AAVR). Indeed, it has been described that overexpression 

of AAVR dramatically increases the infection rate by AAV2 (Fig.13) 73. So, our next step would 

be to generate a novel traffic light construct that in addition to sCas9 and tomato expresses 

the AAVR upon Cre and Dre mediated recombination. 
 

 
Figure 13: Cells that overexpress AAVR increase the susceptibility of AAV2. 

4.1.6. Modification of Conditional R26 Targeting Vector of 
sCas9E2AtdTomato with P2AAAVR Cassette  

Next, we wanted to generate a conditional R26 TV encoding sCas9 AAVR and tdTomato. A 

plasmid containing the 5’ end of the sCAS9 gene, a P2A peptide, and the AAVR gene was 

purchased from Thermo Fisher gene arts and inserted into the pre-existing R26 fl rx 

sCas9E2AtdTomato plasmid via digestion with restriction enzymes Kfl I and Fse I. This led to 

the generation of a plasmid expressing sCas 9, AAVR under the control of a CAG promotor, a 

rox-flanked stop cassette, and a loxP-flanked stop cassette (Fig.14 A). The construct was 

validated by digestion with EcoR I successful showing 8400, 4303, 3610, and 960 bp bands 

(Fig.14 B).  
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A                                                                                B 

 
 

Figure 14: sCas9E2A-AAVR Final ROSA26 targeting Vector. (A) Insert AAVR into the 

sCas92A-tomato plasmid. (B) EcoR I checked Miniprep sCas9-2A-AAVR Final Vector. Final 

Vector 1, 10, 11, 16, 21 have correct bands. 

 
In the future, we will transfect ES cells with this plasmid and infect them with our AAV2. 

AAVR is only for AAV2 viruses to hopefully create in vitro our traffic light system (Fig.15). 

 
Figure 15: Traffic lights system operation diagram in sCas9-2A-AAVR ES cells.  

4.2. The Role of STAT5 in MASH 
In previous work, our lab investigated the role of NIK during MASH and found that a 

hepatocyte-specific knock-out of NIK in mice protects from MASH development. Single-

nucleus RNA seq (snRNA-Seq) of the hepatocytes of NIK KO mice revealed an upregulation of 

JAK-STAT signaling in NIK KO mice68. Further investigations revealed that in NIKfl/fl animals, 

NIK phosphorylates JAK2 and thereby inhibits JAK2 kinase activity, preventing the 

phosphorylation and activation of downstream STAT5. This increases free fatty acid uptake, 

lipogenic gene expression, and MASH68. This mechanism is absent in NIK KO animals as NIK 
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does not phosphorylate JAK2 due to the knock-out. Thus, in NIK KO animals, STAT5 is activated 

and can inhibit free fatty acid uptake and lipogenic gene expression and instead induce 

hepatoprotective gene expression, leading to protection from MASH68.  

4.2.1. Alfp-Cre Expression is Sufficient to Deplete Hepatic STAT5 Expression 
STAT5fl/fl mice were obtained from “European Conditional Mouse Mutagenesis Program” 

(EUCOMM). To inactivate STAT5 specifically in the liver, STAT5fl/fl mice74 were intercrossed 

with Alfp-Cre expressing mice75, allowing for hepatocyte-specific Cre-mediated STAT5 

inactivation from the embryonic stage. Thereby, the STAT5 gene was specifically removed in 

hepatocytes (STAT5LKO). These hepatocyte-specific knock-out animals (STAT5LKO) will be 

compared to control animals with floxed STAT5 (STAT5fl/fl). MASH will be induced by feeding 

a MASH- or CDAA- (Choline deficient high-fat diet) diet to the animals for 20 weeks, starting 6 

weeks after birth. The MASH diet consists of 40% coming from lard with 2% cholesterol and a 

high sugar content (34.2%). Feeding this diet to mice leads to the development of histological 

and metabolic properties of human MASH with diffuse fibrosis but without cirrhosis. In contrast, 

the CDAA diet, enriched with 1% cholesterol and butter fat, induces macrovascular steatosis 

after 3 weeks and fibrosis after 16 weeks in mice. Both diets have their control counterparts 

against which they will be compared MASH or CDAA control diet, respectively (Fig.16). The 

experiment will be performed twice with each time 20 knockout and 20 control animals 

(STAT5fl/fl) resulting in 4 cohorts of 20 transgenic vs. 20 floxed animals to assess the role of 

STAT5 in hepatocytes. 

During the feeding period, insulin and glucose tolerance will be assessed by insulin and 

glucose tolerance tests (ITT, GTT) to monitor the progression of NASH. ITTs and GTTs will be 

performed at weeks 12 and 22 and weeks 13 and 23, respectively. Additionally, the blood of 

each mouse will be collected at weeks 5, 9, 14, 19, and 24 to measure the activity of liver 

transaminases (ALT, AST), which reflects the level of liver injuries and MASH progression. At 

week 25 micro computed tomography (MicroCT) will be performed to analyze the fat content 

and its distribution in the animals’ bodies. At week 26, the mice will be sacrificed. The liver will 

be harvested for further analysis. Furthermore, the hepatic immune cell population and their 

activation state will be analyzed by FACS. The organs will also be analyzed by qPCR and 

western blot analyses for the progression of MASH and expression of inflammatory cytokines 

like Tweak, IL6, and TNFa. In addition to this, we will perform transcriptomic analysis of the 

livers from control and experimental animals to investigate potential changes in signaling 

pathways, especially in the JAK-STAT signaling pathway. 
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Figure 16: Generation of hepatic STAT5 knock-out mice (STAT5LKO). (A) Generation of 

hepatic STAT5 knock-out mice. Hepatocyte-specific deletion of loxP flanked STATA5a/b was 

mediated by Alfp-Cre mediated recombination. (B) Timeline for cohorts with STAT5 KO in 

hepatocytes (ALFP-Cre). ITT = Insulin tolerance test, GTT = Glucose tolerance test, CDAA = 

Choline deficient high-fat diet, NASH = 40% kcal fat with 2% cholesterol and 34.2% sugar diet. 

4.2.2. STAT5LKO Mice are Smaller in Size and Suffer from Steatosis 
Our previous results point towards the role of STAT5 in hepatocytes, as it is affected by NIK 

activity via JAK2 phosphorylation68. To investigate whether STAT5 inactivation in the liver 

affects metabolism and fibrosis, we created STAT5LKO mice by intercrossing STAT5fl/fl mice 

with Alfp-Cre mice. STAT5LKO mice show impaired expression of STAT5 target genes in the 

liver (Fig.17 A, B). The NCD-fed mice with hepatic STAT5 deficiency showed a significantly 

reduced body length after 26 weeks of age (Fig.17 C). Serum ASAT, ALAT, triglyceride, and 

cholesterol levels were measured at 26 weeks of age. The triglyceride, cholesterol, and ASAT 

levels were the same in the two genotypes. In contrast, the serum levels of ALAT were 

significantly increased in STAT5LKO mice compared to STAT5fl/fl mice (Fig.17 D). 
A                                                                C 
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Figure 17: Hepatic STAT5 deficiency reduces STAT5 gene expression and body length 
and increases serum ALAT in NCD-fed mice. (A) Expression of STAT5 target genes in 

mice’s liver (n = 8-10). (B) Expression of Cell cycle STAT5 target genes in mice’s liver (n = 8-

10). (C) Representative images show the significantly reduced body length of STAT5LKO mice 

compared with those of STAT5fl/fl mice (n = 6-7). (D) Serum ALAT and ASAT levels of Ctrl 

and STAT5LKO mice at 26 weeks of age; triglyceride and cholesterol levels of Ctrl and STAT5LKO 

mice at 26 weeks of age (n = 8-10). (Two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 

0.01, p*** ≤ 0.001, p**** ≤ 0.0001). 

 

Next, we aimed to investigate whether hepatic stat5 deficiency affects steatosis. The HE and 

Oil red O Staining showed that compared with the control group, the hepatocytes of STAT5LKO 

mice were arranged loosely and showed many fat vacuoles, hepatocyte steatosis, and 

inflammatory cell infiltration (Fig.18 A, B) Oil-red O Staining quantitated by Fiji shows the liver 

of STAT5LKO mice had significantly more fat droplets than the control group (Fig.18 C). Liver 

qPCR showed that compared to the wild-type, fat-associated genes (CD36, Scd1, Fasn, 

Srebf1) expression was increased significantly in STAT5LKO mice (Fig. 18D). Thus, without 

further challenge, STAT5LKO mice are smaller and suffer from steatosis most probably via the 

impairments of negative pituitary/hypothalamic/liver feedback axis via GH/Igf1.  
A                                                                         B                                        
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C                                                D 

 
Figure 18: Hepatic STAT5 deficiency aggravates hepatocyte lipidosis and increase fat 
gene expression in NCD-fed mice. (A) HE stains in mice’s liver: STAT5fl/fl (WT) and STAT5LKO 

(TG) mice (26 weeks). NCD-WT: Normal hepatocytes were closely arranged in a strip shape 

and had no cell edema and steatosis; NCD-TG: hepatocytes were loosely arranged with mild 

edema and steatosis. (B) Oil red O staining in mice’s liver: normal chow diet (NCD) of STAT5fl/fl 

(WT) and STAT5LKO (TG) mice (26 weeks). NCDWT: A small number of punctated red-stained 

lipid droplets; NCD-TG: A portion of red-stained lipid droplets was blocky. (C) Oil-red O 

Staining Analysis by Fiji: 16bit, threshold from 0-142. (D) Expression of Fat genes in mice’s 

liver (n = 8-10). (Two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001, 

p**** ≤ 0.0001) 

 

Inflammatory genes (TNFα, IFNγ, IL1β) expression was significantly increased in STAT5LKO 

mice compared to control mice (Fig.19 A). Macrophage target gene (Clec4f, Nos2) expression 

was significantly increased in STAT5LKO mice compared to STAT5fl/fl mice (Fig.19 B). The 

expression of fibrosis (Timp1, Tgfb1, Col1a1, Col1a2) was significantly higher than in the 

control mice (Fig.19 C). taken together, these experiments demonstrate that hepatic STAT5 

inactivation promotes inflammation and fibrosis. 

A                                                  B                                         C 

   
Figure 19: Hepatic STAT5 deficiency increases some of inflammatory and fibrosis gene 

expression in NCD-fed mice. (A) HE stains in mice’s liver: STAT5
fl/fl

 (WT) and STAT5
LKO

 (TG) 
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mice (26 weeks). NCD-WT: Normal hepatocytes were closely arranged in a strip shape and 

had no cell edema and steatosis; NCD-TG: hepatocytes were loosely arranged with mild 

edema and steatosis. (B) Oil red O staining in mice’s liver: normal chow diet (NCD) of STAT5
fl/fl 

(WT) and STAT5
LKO 

(TG) mice (26 weeks). NCD-WT: A small number of punctated red-stained 

lipid droplets; NCD-TG: A portion of red-stained lipid droplets was blocky. (C) Oil-red O 

Staining Analysis by Fiji: 16bit, threshold from 0-142. (D) Expression of Fat genes in mice’s 

liver (n = 8-10). (Two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001, 

p**** ≤ 0.0001).  

4.2.3. STAT5LKO Mice Exposed to the MASH Diet Show Largely Unaltered 
Phenotypic Changes 

Then, we wanted to investigate whether Stat5lko mice show worsened liver fat accumulation, 

inflammation, or fibrosis. Therefore, we exposed cohorts of STAT5LKO and ctrl mice to MASH 

and MASH-Ctrl diets. Liver qPCR showed that in STAT5LKO mice, the expression of almost all 

STAT5 target genes (Igf1, Onecut1, Cish, Cdkn1a) were significantly decreased compared 

with the control mice, except Bcl6, which is inversely regulated to STAT5 (Fig.20 A, B). When 

fed with the MASH-Ctrl diet group, the weight of STAT5LKO mice was not significantly different 

from control mice (STAT5fl/fl), though obviously with a tendency towards decreased BW (Fig.20 
C). Upon MASH diet feeding, the weight of STAT5LKO mice decreased significantly compared 

to that of control mice (STAT5fl/fl) (Fig.20 D). In MASH-Ctrl and MASH-fed mice, the final body 

was significantly decreased in STAT5 knockout mice (Fig.20 E). In addition, at 25 weeks of 

age, the µCT revealed that STAT5LKO mice showed a significant reduction in fat percentage 

under the MASH-Ctrl fed condition (Fig.20 F). Concordantly, the final WAT was significantly 

decreased in STAT5 knockout mice in MASH-Ctrl and MASH-fed mice (Fig.20 G). 
A                                                                              B 
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C                                                             D 

      
E                                           F                                              G 

          
Figure 20: The expression of STAT5 target genes decreased in mice’s liver, and body 
weight and fat distribution were reduced in STAT5LKO mice under MASH-Ctrl / MASH 
conditions. (A) Expression of STAT5 target genes in mice’s liver (MASH-Ctrl-fed mice: n = 3-

5, green column; MASH-fed mice: n = 8-10, red column). (B) Expression of cell cycle STAT5 

target genes in mice’s liver (MASH-Ctrl-fed mice: n = 3-5, green column; MASH-fed mice: n = 

8-10, red column). (C) Body weight curve of Ctrl and STAT5LKO mice in MASH-Ctrl cohort (n = 

3-7). (D) Body weight curve of Ctrl and STAT5LKO mice in MASH cohort (n = 10-11). (E) Final 

body weight of Ctrl and STAT5LKO mice in MASH-Ctrl -fed mice (n = 3-5, green column); mice 

in MASH-fed mice (n = 8-11, red column). (F) Fat percentage of Ctrl and STAT5LKO mice at 26 

weeks of age (MASH-Ctrl-fed mice: n = 3-5, green column; MASH-fed mice: n = 8-11, red 

column). (G) Final WAT weight of Ctrl and STAT5LKO mice in MASH-Ctrl -fed mice (n = 3-5, 

green column); mice in MASH-fed mice (n = 8-11, red column). (Ordinary two-way ANOVA; 

two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001, p**** ≤ 0.0001).  

4.2.4. Aminotransferase Reveal Largely Altered Upon MASH-Ctrl and MASH-
fed STAT5LKO Mice 

Upon sacrificing the animal cohorts, we investigated macroscopic appearance of livers of mice. 

In MASH-Ctrl-fed condition, STAT5LKO animals’ liver appeared bigger than STAT5fl/fl animals 
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(Fig.21 A). However, there was no significant difference in the appearance of mice livers 

between the STAT5fl/fl and STAT5LKO animals under MASH-fed condition (Fig.21 B). Under 

MASH-Ctrl-fed condition, compared with the control group, the hepatocytes of STAT5LKO mice 

were arranged loosely and showed hepatocyte steatosis, and inflammatory cell infiltration. 

However, mice fed the MASH diet developed hepatocyte necrosis and steatosis regardless of 

hepatocyte STAT5 inactivation (Fig.21 C). Serum triglyceride and cholesterol levels did not 

differ between MASH-Ctrl and MASH mice. However, under the MASH-Ctrl condition, serum 

ALAT concentration was significantly increased in STAT5LKO mice at 26 months of age 

compared to control mice, indicating increased liver damage in STAT5 deficient animals. In 

contrast, under MASH-fed conditions, serum ASAT and ALAT in STAT5LKO mice were 

decreased (Fig.21 D). 
Collectively, hepatic Stat5 inactivation increases steatosis and liver inflammation whose 

progression is not more pronounced when exposed to MASH diet feeding. 
 
A                                                                              B 

                        
C                                                                   D               

                                                                           
Figure 21: STAT5LKO mice’s liver shows oilier, aminotransferase revealed largely altered 
under MASH-Ctrl / MASH conditions. (A) Representative images show that under MASH-

Ctrl-fed condition, STAT5LKO mice’s liver is oilier than control mice. (B) Representative images 

show that MASH-fed mice livers from both genotypes did not differ significantly in appearance. 
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(C) HE stains in mice’s liver: MASH-Ctrl diet of STAT5fl/fl (WT) and STAT5LKO (TG) mice (26 

weeks); MASH diet of STAT5fl/fl (WT) and STAT5LKO (TG) mice (26 weeks). (D) Serum ALAT 

and ASAT levels of Ctrl and STAT5LKO mice at 26 weeks of age (MASH-Ctrl-fed mice: n = 3-5, 

green column; MASH-fed mice: n = 8-10, red column). Serum triglyceride and cholesterol 

levels of Ctrl and STAT5LKO mice at 26 weeks of age (MASH-Ctrl -fed mice: n = 3-5, green 

column; MASH-fed mice: n = 8-10, red column. (Ordinary two-way ANOVA; two-tailed unpaired 

t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01). 

 

4.2.5. STAT5LKO Mice Shows Significant Hepatic Steatosis Under MASH-Ctrl-
fed Condition 

In the MASH feeding group, there was no significant difference in the deposition of lipid 

droplets in hepatocytes of both genotypes of mice. However, STAT5LKO mice showed more red 

lipid droplets than the control mice under MASH-Ctrl-fed condition (Fig.22 A). This is consistent 

with the results of Fiji analysis (Fig.22 B). Liver qPCR showed that compared to the wild-type, 

fat-associated genes (Pparaγ, Scd1, Fasn, Srebf1) expression were increased significantly in 

STAT5LKO mice under MASH-Ctrl and/or MASH dietary conditions (Fig.22 C). 
These experiments reveal again that STAT5 deficiency under ctrl diet conditions increase 

ectopic fat deposition in the liver, that is not more pronounced when mice are exposed to 

MASH diet feeding. Conclusively, it seems that MASH diet feeding recapitulates STAT5 

deficiency under ctrl diet feeding or in other words: MASH diet decreases STAT5 activity. 

 

A                                                                            B  
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C 

 
 

Figure 22: STAT5LKO mice’s liver shows significant hepatic steatosis under MASH-Ctrl-
fed condition. (A) Oil red O staining in mice’s liver: MASH-Ctrl diet of STAT5fl/fl (WT) and 

STAT5LKO (TG) mice (26 weeks). MASH-Ctrl-WT: A small number of punctate, red-stained lipid 

droplets; MASH-Ctrl-TG: A part of the red-stained lipid droplets was blocky; MASH diet of 

STAT5fl/fl (WT) and STAT5LKO (TG) mice (26 weeks). Both genotypes showed large areas of 

massive, red-stained lipid droplets. (B) Oil-red O Staining Analysis by Fiji: 16bit, threshold from 

0-142 (C) Expression of Fat genes in mice’s liver (MASH-Ctrl-fed mice: n = 3-5, green column; 

MASH-fed mice: n = 9-10, red column). (Ordinary two-way ANOVA; two-tailed unpaired t-test. 

Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001, p**** ≤ 0.0001). 

 

4.2.6. STAT5LKO Mice Reveal Expression of Inflammatory and Fibrosis Genes 
Altered Upon MASH-Ctrl and MASH-fed Conditions 

Next, we aimed at investigating whether hepatic stat5 deficiency alters hepatic micromilieu. To 

this end, we performed qPCR for inflammatory mediators, macrophage specific and fibrosis 

genes. Inflammatory genes (IL6) expression was largely unaltered (Fig.23 A), but Nos2 

(marker for M1 inflammatory macrophages was increased in ctrl mash fed STAT5LKO mice as 

well as similarly in mash diet fed livers. Infiltrating Macrophage indicated by Cx3cr1 expression 

was comparably increased in MASH diet-fed livers when compared to MASH-Ctrl-fed mice 

(Fig.23 B). Moreover, the expression of fibrosis (Timp1, Mmp2, Col1a1) was increased in 

STAT5LKO livers than in the control mice (Fig.23 C). Conclusively, under the MASH diet, 

hepatic STAT5 deficiency might promote M1 macrophage polarization, which might affect 

hepatic stellate cells to increase fibrosis. 
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A                                                          B 

    
C 

 
Figure 23: Inflammatory, Macrophage target and fibrosis genes reveal altered under 
MASH-Ctrl / MASH-fed STAT5LKO mice. (A) Expression of Inflammatory genes in mice’s 

liver (MASH-Ctrl-fed mice: n = 3-5, green column; MASH-fed mice: n = 8-10, red column). (B) 

Expression of macrophage target genes in mice’s liver (MASH-Ctrl-fed mice: n = 3-5, green 

column; MASH-fed mice: n = 8-10, red column). (C) Expression of Fibrosis genes in mice’s 

liver (MASH-Ctrl-fed mice: n = 3-5, green column; MASH-fed mice: n = 8-10, red column). 

(Ordinary two-way ANOVA; two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, 

p*** ≤0.001, p**** ≤ 0.0001). 

 

4.2.7. STAT5LKO Mice Show Unaltered Insulin Sensitivity and Glucose 
Homeostasis 

Insulin tolerance (ITT) and glucose tolerance tests (GTT) were performed at 12, 13 ,22, and 

23 weeks76-78. The results show that ITT was unaltered between the genotypes (Fig.24 A). 
However, after 13 weeks and 23 weeks of age, the GTT data revealed slightly enhanced 

glucose tolerance in STAT5LKO mice compared to controls under MASH-Ctrl and MASH dietary 

conditions (Fig.24 B). In addition, liver qPCR showed that compared to the MASH-Ctrl diet, 

gluconeogenesis gene (Pck1) expression was decreased significantly in STAT5fl/fl and 
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STAT5LKO mice under MASH dietary condition, but G6pc expression in STAT5LKO mice was 

increased under MASH-Ctrl-fed condition (Fig.24 C). 
A 

 
B 

 
C 

 
Figure 24: ITT and GTT have hardly changed under MASH-Ctrl and MASH dietary 
conditions. (A) Insulin tolerance was determined at 12 and 22 weeks (MASH-Ctrl-fed mice: n 

= 3-5, black and green lines; MASH-fed mice: n = 8-10, grey and red lines). (B) Glucose 

tolerance was determined at 13 and 23 weeks of age (MASH-Ctrl-fed mice: n = 3-5, black and 
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green lines; MASH-fed mice: n = 8-10, grey and red lines). (C) Expression of gluconeogenesis 

genes in mice’s liver (MASH-Ctrl-fed mice: n = 3-5, black and green column; MASH-fed mice: 

n = 8-10, grey and red column). (Ordinary two-way ANOVA; two-tailed unpaired t-test. Mean ± 

SEM, p* ≤0.05, p** ≤ 0.01, p*** ≤ 0.001, p**** ≤ 0.0001). 

 
Taken together, it seems that hepatic STAT5 deficiency fails to alter the development of 

insulin resistance or changes in glucose homeostasis. 

4.2.8. Feeding STAT5LKO Mice a Fibrotic Diet Increases Premature Lethality 
Since we have observed affected fibrosis in hepatic stat5 deficient mice, we aimed at 

investigating fibrosis via dietary regimen. For, mouse cohorts were fed a choline deficient high 

fat diet that ultimately leads to fibrosis in ctrl mice. The expression of most STAT5 target and 

cell cycle STAT5 target genes in STAT5LKO mice, such as Igf1, Socs2, Onecut1, Cish, Cdkn1b, 

and Cdkn2b were significantly decreased compared with the control mice, except Bcl6 that is 

inversely correlated with stat5 (Fig.25 A, B). Thus, we conclude from this experiment that we 

have an efficient STAT5 knock out in the liver. The CDAA-fed STAT5LKO mice showed a 

significant reduction in body weight after 8 weeks of age. However, this experiment had to be 

terminated prematurely due excessive mortality and bodyweight loss in STAT5LKO mice (Fig.25 
C, D). The final body weight (BW) and white adipose tissue (WAT) weight were reduced 

significantly in CDAA-fed mice with hepatic STAT5 deficiency (Fig.25 E, F). 
A                                                               B 

                      
C                                                                  D 
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E                                                     F 

                      
Figure 25: Increased lethality and Body weight loss in CDAA-fed STAT5LKO mice. (A) 

Expression of STAT5 target genes in mice’s liver (n = 8-10). (B) Cell cycle STAT5 target genes 

are expressed in mice’s liver (n = 8-10). (H) Insulin tolerance was determined at 12 weeks (n 

= 6-7). (C) Survival curve of Ctrl and STAT5LKO mice (n = 10-11).  (D) Body weight curve of Ctrl 

and STAT5LKO mice (n = 10-11). (E) Final body weight of Ctrl and STAT5LKO mice in CDAA-fed 

mice (n = 8-11). (F) Final WAT weight of Ctrl and STAT5LKO mice in CDAA-fed mice (n = 8-11). 

(Ordinary two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001, p**** ≤ 

0.0001).  

4.2.9. STAT5LKO Mice Exposed to CDAA-diet Show Altered Liver Appearance 
and Blood Triglyceride/Cholesterol levels 

In contrast to control mice, STAT5LKO mice showed apparent evidence of steatosis (Fig.26 A). 
HE stains showed that mice fed the CDAA diets developed hepatocyte necrosis and steatosis 

regardless of hepatocyte STAT5 inactivation (Fig.26 B). In contrast, hepatic STAT5 deficiency 

failed to affect ALAT and ASAT in the serum of CDAA mice (Fig.27 C). However, triglyceride 

and cholesterol levels were both significantly increased in the serum of STAT5LKO mice (Fig.26 
D). These experiments demonstrate that feeding STAT5LKO mice a CDAA diet affects liver 

morphology and fat uptake. 

A                                                                  B 
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C                                                                           D 

                 
Figure 26: Body composition reveal largely altered upon CDAA-fed STAT5LKO mice. (A) 

Representative images show that under CDAA-fed condition, STAT5LKO mice liver is oilier than 

control mice. (B) HE stains in mice’s liver: STAT5fl/fl (WT) and STAT5LKO (TG) mice (8 weeks). 

(C) Serum ALAT and ASAT levels of Ctrl and STAT5LKO mice at 26 weeks of (n = 9-10). (D) 

Serum triglyceride and cholesterol levels of Ctrl and STAT5LKO mice at 26 weeks of age (n = 

8-10). (Ordinary two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001, 

p**** ≤ 0.0001). 
 

4.2.10. The Livers of Mice with Both Genotypes Had Significant Lipid Droplet 
Deposition Upon CDAA-fed Condition 

Furthermore, there was no significant difference in the deposition of lipid droplets in 

hepatocytes of both genotypes of mice (Fig.27 A, B). In addition, qPCR showed that compared 

to the wild-type, there was no significant difference in the expression of fat-related genes 

between STAT5fl/fl and STAT5LKO mice under the choline-deficient fed condition (Fig.27 C). 
A 

           
CDAA- Stat5 fl/fl -10X (8W)                       CDAA- Stat5 LKO -10X (8W) 

B                                                              C 

                      
Figure 27: There was no significant difference in the deposition of lipid droplets in 
hepatocytes of both genotypes of mice. (A) Oil red O stains in mice’s liver: STAT5fl/fl (WT) 
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and STAT5LKO (TG) mice (8 weeks).  (B) Oil-red O Staining Analysis by Fiji: 16bit, threshold 

from 0-142. (G1) Expression of Fat genes in mice’s liver (n = 8-10).  (C) Expression of Fat 

genes in mice’s liver (n = 8-10). (G2) Expression of Inflammatory genes in mice’s liver (n = 8-

10). (Ordinary two-tailed unpaired t-test. Mean ± SEM).  

4.2.11. STAT5LKO Mice Reveal Expression of Inflammatory Genes Altered 
Upon CDAA-fed Condition 

While the expression of hepatic inflammation genes such as TNFα, IFNγ, IL6, and IL1β was 

unaltered (Fig.28 A), it seemed that there were fewer infiltrating macrophages expressing 

Cx3cr1 in STAT5LKO mice, which in turn showed increased polarization towards the M2 Arg1-

expressing phenotype (Fig.28 B). Taken together, hepatic STAT5 deficiency in the fibrosis 

model seems to polarize macrophages towards M2, which might ameliorate fibrosis. 

A                                                                                  B 

                                     
Figure 28: Expression of fibrosis gene (Cx3cr1) altered upon CDAA-fed condition. (A) 

Expression of Inflammatory genes in mice’s liver (n = 8-10). (B) Expression of macrophage 

target genes in mice’s liver (n = 8-10). (Ordinary two-tailed unpaired t-test. Mean ± SEM, p* ≤ 

0.05, p** ≤ 0.01, p*** ≤ 0.001). 

4.2.12. STAT5LKO Mice Reveal Expression of Fibrosis Genes Altered Upon 
CDAA-fed Condition 

To test this, we performed Sirius red staining of livers of mice. Red-dyed collagen fibers can 

be seen in both STAT5LKO and the STAT5fl/fl mice, but reduced in STAT5LKO mice (Fig.29 A, 
B). Concomitantly, under choline deficient fed STAT5LKO mice compared to the control mice, 

the expression of all genes associated with fibrosis was remarkably reduced (Fig.29 C). Thus, 

these experiments clearly demonstrate that hepatic stat5 deficiency ameliorates fibrosis in 

CDAA diet fed conditions. 
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A 

                               

CDAA- Stat5 fl/fl -10X (8W)                             CDAA- Stat5 LKO -10X (8W) 
 

B                                                            C 

                      
 

Figure 29: Expression of fibrosis genes altered upon CDAA-fed condition.  (A)Sirius Red 

Stains in mice’s liver: STAT5fl/fl (WT) and STAT5LKO (TG) mice (8 weeks). (B) Sirius Red 

Staining Analysis by Fiji: 16bit, threshold from 0-156. (C) Expression of fibrosis genes in mice’s 

liver (n = 8-10). (Two-tailed unpaired t-test. Mean ± SEM, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001).  
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5. DISCUSSION 

5.1. Generation of the Novel, sCas9-2A-AAVR Mouse Line to Target Cellular 
Subpopulations Without Off-Target Effects 

Numerous studies have been conducted on the function of genes in vivo because of the ability 

to edit the mammalian genome conditionally. As a result of the characterization of conditional 

knockout and knock-in mice, scientists were able not only to unravel essential basic molecular 

mechanisms but also to translate these findings into human therapeutics79, 80. Genome editing 

is an important basic and translational research tool to investigate gene functions in health and 

disease. 

Currently, Cre/loxP and Dre/rox recombinase-based systems and the CRISPR/Cas9 system 

provide countless opportunities for specifically editing the mouse genome. Particularly, when 

these two systems are combined in a mouse with Cre-dependent Cas9 expression, it is 

possible to express Cas9 conditionally (Platt et al., 2014). Combination of these recombinase 

systems allows for more cell type-specific activation of transgenes by utilizing overlapping 

promoters that drive expression of Cre and Dre with effector transgenes whose expression is 

prevented by two STOP cassettes that are flanked by loxP and rox sites, respectively. it is also 

possible to generate conditional knock-out mice by combining Cre/loxP with CRISPR Cas9 

systems (REF). Here, expression of Cas9 transgene from the ROSA26 locus is prevented by 

a loxP-flanked stop cassette that can be excised by Cre recombinase in a cell type-specific 

manner. Crossing the ROSA26 fl Cas9 mice with Cre mice leads to cell type-specific 

expression of Cas9. Subsequently, delivery of specific gRNA via adeno-associated viral (AAV) 

vectors will lead to the compound expression of Cas9 and gRNA in cells of interest, thereby 

leading to gene inactivation. However, in the CRISPR/Cas9 system, in particular, high 

expression of both will lead to off-target effects where unspecific cleavage might occur to 

destabilize the mouse genome or to inactivate other genes. These off-target effects have often 

been reported, and they cannot be neglected since additional unwanted cleavage of the mouse 

genome might mask or alter the phenotype of CRISPR/Cas9-mediated knock-out mice. 

Furthermore, the genetic lesion induced by CRISPR Cas9 (which is only some base pairs) 

cannot be monitored, as well as that the efficiency of delivery of AAVs carrying the gRNA will 

depend on the cell type. All these limitations will be excluded when using our novel traffic light 

system. 1. Off-target effects will be reduced by inactivating sCas9, 2. Gene editing by Cas9 

will result in the cell fluorescence switch from red to green (like a traffic light), 3. The inclusion 

of AAVR into the construct will allow for similar infection efficiencies of all cell types expressing 

this receptor. 
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5.2. AAVR Expression May Increase the Probability of ES Cells Being 
Infected by AAVs. 

Moreover, AAV receptor (AAVR) is a universal receptor involved in AAV2 infection. It is like a 

protein capable of rapid endocytosis from the plasma membrane and trafficking to the trans-

Golgi network. In all AAVR-overexpressing cell lines compared to wt, the susceptibility of AAV2 

infection increased73. Therefore, we inserted AAVR into our sCAS9 tomato construct. Then, 

we will test it to see if the upgraded ES cells can be infected by the AAV (2a). The generated 

targeting construct will be inserted into the ROSA26 locus of mouse embryonic stem cells, 

which will then be injected into blastocysts to generate chimeric mice to acquire germline 

transmission in the F1 generation ultimately: the R26 fl rx sCas9P2A-AAVR E2tomato mouse 

strain. This mouse strain will be useful for the scientific community since it enables easy 

generation of knock out mice via CRISPR Cas9 without off target effects and monitoring of 

Cas9 gene editing. 

5.3. The Cre/Dre Activatable AAV2 (2c) ZsGreen Construct Worked Nicely in 
Vivo. 

Although AAV2s do not infect ES cells, AAV2 (2c) does infect neuron well (Fig.30 A, B, C). 
Rui Beleza (a postdoc in our lab), used intercrosses of POMC-Dre and Lepr-Cre, and Sox14-

Cre and Trh-Dre and performed ICV injections of the AAV2 (2c) virus. As expected from our in 

vitro data, only neurons expressing both recombinases were green fluorescent indicating that 

the traffic light system might work soon when R26 fl rx sCas9P2A AAVR E2Atomato mice are 

available (Fig.15). 
A                                                                 B 

 

C 
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Figure 30 AAV2 (2c) worked in mouse neuron. (A) AAV2 (2c) infected a Lepr-Cre POMC- 

Dre and a Sox14-Cre Trh-Dre mouse brain (B) A scanning confocal image of Lepr-Cre POMC- 

Dre mouse brain (C) A scanning electron microscopic image of Sox14-Cre Trh-Dre mouse 

brain. 

 

5.4. Disruption of Hepatic GH-STAT5 Signaling Causes a Pygmyism, 
Lipogenic Gene Expression Profile, and Steatosis 

Deficiency of STAT5 in the liver leads to depletion of the target gene for IGF-1. Since there is 

no negative feedback mechanism, endogenous GH levels are high. Following GH stimulation, 

liver-derived IGF-1 controls postnatal body growth81, 82. Our study found a significant reduction 

in postnatal body growth in STAT5 knock-out mice with reduced IGF- levels in their livers. 

Similarly, the literature has also reported human patients with STAT5B missense mutations 

who suffer from severe growth failure81, 82. In addition, impaired GH-STAT5 signaling results in 

complex modifications in lipid and carbohydrate metabolism, resulting in an early onset but 

stable MASLD-like phenotype. 

Our previous study revealed that in NIK knockout mice, STAT5 is activated and can inhibit free 

fatty acid uptake and lipogenic gene expression and instead induces hepatoprotective gene 

expression, leading to protection from MASH68. According to our experimental data, STAT5 

loss and its metabolic stress led to the sensitization of hepatocytes to damage and MASH 

transformation. Under NCD/ MASH/ MASH-Ctrl fed conditions, compared with STAT5fl/fl mice, 

the expression of genes related to lipid anabolism such as CD36, Scd1, Fasn, and Pparaγ was 

elevated in STAT5LKO mice, and subsequent histological sections of STAT5LKO mice liver also 

showed more lipid deposits and inflammatory cell infiltration. Thus, the data presented here 

are in line with the work previously published by our lab.  

5.5. Hepatocyte-specific STAT5 Deficiency Causes Insulin Resistance, 
Increased Gluconeogenesis, and Hepatic Collagen Accumulation in 
CDAA and MASH-diet Mice 

Glucose-6-phosphatase is a key enzyme in glucose homeostasis and plays a role in 

gluconeogenesis and glycogenolysis. G6PC gene expression increased significantly in 

STAT5LKO mice under CDAA-fed conditions. Its upregulation leads to increased 

gluconeogenesis, which can cause lactic acidosis, hypertriglyceridemia, and hyperuricemia83. 

This disorder of glycolipid metabolism is likely to be the cause of premature death of CDAA-

fed STAT5LKO mice with high triglycerides and hypercholesterolemia (Fig.26 D) but rapid 

weight loss (Fig.25 D, E). Deleting hepatic STAT5 silencing causes extensive lysis of 

peripheral fat depots and the release of free fatty acids, which are subsequently deposited in 

hepatocyte lipid droplets. Cx3cr1 and Clec4f are specifically expressed by macrophages/ 
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Kupffer cells. Two new types of research suggest that during short-term high-fat feeding, 

adipose tissue stem cells can induce macrophages to express a high level of Cx3cr1, thus 

activating the Stat3-Arg1-polyamine-EIF5a hypusination axis, which enhances autophagy of 

adipose-derived stem cells (ASCs) and alleviates cell senescence, hence maintaining the 

normal proliferation ability of adipose tissue. This interaction is disrupted by long-term high-fat 

feeding84. Moreover, Arg1 (arginase 1) is widely present in tumors, and its elevated activity is 

associated with advanced disease and poor clinical prognosis. Increased expression of Arg1 

is a key factor in rapid tumor growth and progression. ARG1, which is derived primarily from 

tumor-associated macrophages (TAMs), promotes T cell depletion by degrading the 

expression of arginine immune checkpoints (ICs)85. These results are consistent with our 

findings in CDAA-fed mice (Fig.27 B). In addition, excessive deposition of extracellular matrix 

(ECM) in the liver is a characteristic change of liver fibrosis. Various factors act on HSC and 

fiber-forming cells in the liver in different ways, leading to changes in their biology and function 

and liver fibrosis. Activated hepatic stellate cells (AHSC) are the central link of hepatic 

fibrosis86-88. While synthesizing ECM, HSC also secretes matrix metalloproteinases (MMPs) 

that degrade ECM and tissue inhibitors of metalloproteinases (TIMPs) that bind to MMPs to 

inactivate them. After liver injury, the continuous expression of TIMPs inhibited the activity of 

MMPs, while low expression of MMPs and high levels of TIMPs prevented the degradation of 

collagen fibers. The key enzyme in collagen fiber degradation is MMP1. Our qPCR results 

showed that the expressions of pro-fibrotic genes such as Timp1 and Col1as were significantly 

increased in NCD and MASH-Ctrl STAT5LKO mice, but Timp1, Mmp2 and 9 were significantly 

down-regulated under CDAA and/or MASH diet conditions, indicating that: in NCD and MASH-

Ctrl diet, STAT5LKO mice can inhibit ECM degradation and increase collagen fiber deposition. 

In addition, the expression of genes that promote and inhibit fibrosis is down-regulated under 

a high-fat and/or choline deficiency diet (simulating MASH caused by improper diet in humans), 

which may be the compensatory mechanism of MASH before it progresses to liver sclerosis, 

which also explains why clinically MASH patients can only show hepatocyte steatosis and 

chronic inflammation without complicated liver fibrosis. 

In general, liver fibrosis is a kind of injury-healing reaction caused by the imbalance of ECM 

deposition and degradation for various reasons, resulting in the change and increase of liver 

matrix composition and quantity. The mechanism of liver fibrosis is a complex regulatory 

system related to parenchymal and non-parenchymal cells and immune cells in the liver. 

Different causes of liver fibrosis mechanisms are different; only a comprehensive 

understanding of the formation of various liver fibrosis mechanisms is needed to maintain the 

dynamic balance of ECM better to delay or even reverse the process of liver fibrosis. 

Clinically, the main pathological changes of patients with MASH include hepatic steatosis 

(large amounts of lipid droplet deposition), hepatocyte ballooning, and lobular inflammation, 
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fibrosis is not part of the histological definition of MASH. However, the degree of fibrosis (stage) 

in liver tissue biopsy is used as a prognostic factor, whereas the grade of inflammation and 

necrosis is not. The disease can persist for years in an asymptomatic stage and may progress 

to cirrhosis or hepatocellular carcinoma (HCC). 

5.6. Hepatocyte-specific STAT5 Deficiency Upregulates the Expression of 
Clec4f in NCD and MASH-fed Mice. 

Kupffer cells (KCs), liver capsule macrophages (LCM), and Lipid-associated Macrophages 

(LAM) are resident macrophages of a healthy liver. KCs can mediate inflammation or 

regression by becoming plastic cells responding to stimuli. In any case, how KCs are activated 

is a question that needs to be answered.  

It was found that PCK1 could significantly up-regulate histone H3K9me3 modification of 

hepatoma cells under the catalysis of methyltransferase SUV39H1 and inhibit the proliferation 

and migration of hepatoma cells. It was confirmed that low expression of PCK1, low level of 

H3K9me3 modification, and high expression of S100A11 were closely related to the malignant 

progression of liver cancer in clinical liver cancer tissues. In a PCK1conditional knockout 

mouse model of liver cancer, it was verified that SAM supplementation or S100A11 knockout 

effectively inhibited liver cancer progression. 

G6PC is abnormally expressed in a variety of cancers and is involved in tumor proliferation 

and metastasis. 

Clec4f is identified as a specific marker for mouse KC. Still, it is only expressed late in KC 

development, making it challenging to recognize cells developing into KC, such as monocyte-

derived KC (moKC) in the liver with the disease. Moreover, Clec4f is not conserved in humans, 

so identifying real human KC is still lacking. In the diseased liver, other subtypes of 

macrophage populations are recruited, including LAM, which is recruited to the diseased area. 

In two distinct models of liver disease, MASLD/MASH and acetaminophen overdose (APAP), 

monocytes have been shown to localize to specific damage areas and differentiate into LAM89. 

In MASH, these cells replace dying KCs in areas of steatosis and fibrosis, while the few KCs 

lost from areas of less steatosis/fibrosis are replaced by MOKCs. In addition to KC death, LAM-

like KC phenotypes have also been reported in fibrosis models of MASH, suggesting that KCS 

may sense the same signals as infiltrating LAM before their death, resulting in a mixed LAM-

like KC phenotype. Similarly, LAM-like KC is present around the damaged area of the central 

vein of APAP, and LAM also develops around the central vein. It may interact with activated 

fibroblasts, necrotic hepatocytes, and other recruited cells such as neutrophils or CDCS. It is 

also suggested that LAM can be protective by promoting tissue repair90. In our STAT5LKO mice, 

the expression of Clec4f increased significantly compared with Ctrl mice (Fig.19 B). In 

conclusion, hepatocyte-specific STAT5 deficiency can significantly decrease body length and 

weight, causing mild liver hepatocyte damage, steatosis, and a small amount of collagen fiber 
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hyperplasia. CDAA-fed can easily cause dyslipidemia and insulin resistance. Interestingly, on 

a high fat, high cholesterol, and high fructose diet (MASH diet), hepatic STAT5 deficiency may 

promote M1 macrophage polarization, which in turn affects hepatic stellate cells to increase 

fibrosis. But the absence of hepatic STAT5 in the fibrosis model (CDAA diet) appears to 

polarize macrophages toward M2, which may alleviate fibrosis. The further pathogenesis and 

specific cell types will be explored in our next experiments. 

In our previous study, the NIKHKO mice were protected from MASH, and NIKHKO mice showed 

increased STAT5 signaling. NIKHKO mice show upregulation of multiple STAT5-related genes 

in AHSC and macrophages. Therefore, STAT5 may have a cell-type-specific role in AHSC and 

macrophages and might be regulated by NIK. In the future, STAT5/ NIK KO in Macrophages 

(Clec4f-Cre) and STAT5/ NIK KO in AHSC (Lrat-Cre) mice will be performed in our experiment. 

The function of STAT5 in activated hepatic stellate cells (AHSC) and liver resident 

macrophages will be investigated to identify the cell type-specific role of NIK and STAT5 during 

MASH. 

Given the limited number of current treatments in MASLD, there is an urgent need to clarify 

potential therapeutic targets and develop effective drug therapies. As a result of our studies, 

we will better understand the crosstalk between hepatocytes, macrophages, and AHSCs in 

glucose and lipid metabolism, as well as how MASH progresses to HCC. 
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