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Abstract 

 

ZNF644 (Zinc Finger Protein 644) is a C2H2 zinc finger gene encoding a putative 

transcription regulator, of which a point mutation (S672G) is associated with inherited high 

myopia in humans. It is also described to be a partner of the G9a/GLP (G9a- euchromatic histone-

lysine N-methyltransferase 2, EHMT2; GLP - euchromatic histone-lysine  

N-methyltransferase 1, EHMT1) complex, known for its essential role in histone methylation, 

specifically H3K9me1and H3K9me2. It was reported that another transcription factor, WIZ 

(Widely-Interspaced Zinc Finger-Containing Protein), can bind to this complex and cooperate  

in gene silencing simultaneously.  

In order to study Zfp644 impact on myopia, we generated a mouse model, Zfp644S673G that 

mimics human mutation. In addition, a mouse with a persuasive truncated form of the protein, 

Zfp644Δ8 was created. Both mouse models went through an examination of retinal function and 

morphology. Moreover, with use of ultrasonography, different ocular parameters were examined. 

We conclude, that Zfp644 gene is causative for myopia in mice. Further examinations of Zfp644Δ8 

animals show severe symptoms in metabolism and female fertility. To describe the impact  

of Zfp644 in mouse fertility we performed various experiments including analysis of expression 

of Zfp644 in reproductive organs, breeding performance, ovarian morphometry and estrus cycle. 

Additionally, a full knockout mouse model named Zfp644-/- was prepared and analyzed together 

with Zfp644Δ8 in the fertility study. The levels of hormones crucial for correct estrus cycling,  

in each of the phases, was analyzed. We also followed the development of mammary gland growth 

during puberty and during pregnancy. We found striking differences in Zfp644Δ8 females, when 

compared to Zfp644-/- and control animals. The studies were complemented by the mammary gland 

organoids assays. Furthermore, a transplantation of ovaries from Zfp644Δ8 homozygous to control 

animal; and vice-versa was performed. We rescued homozygous Zfp644Δ8 ovaries transplanted  

to control animals. Ovaries were fully functional and females were able to successfully breed and 

deliver multiple litters. However, Zfp644Δ8 homozygous females after transplantation of ovaries 

remain sub-fertile. To fully rescue the subfertility phenotype in Zfp644Δ8 females, we decided  

to apply hormone replacement therapy. We were able to successfully breed Zfp644Δ8 homozygous 

females and generate the viable offspring when applying progesterone therapy. Taken together, 
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our most recent data shows strong aberration in female sex hormone homeostasis, which seems  

to be the cause of the female infertility we observed. 

To complement our study by further exploration of G9a/GLP complex function,  

we expanded our research by another transcription factor, working simultaneously with G9a/GLP 

complex and ZNF644, WIZ protein. Similar to Zfp644 studies, we investigated a role of Wiz 

knockout in mouse. Unlike Zfp644, functional ablation of Wiz causes late embryonic lethality. 

However not as early as G9a nor GLP knockout mice. That might suggest higher importance  

of Wiz protein when compared to Zfp644 in the methylation complex but not crucial for 

methylation in early embryonic stages. Morphological changes were deeply analyzed in embryos 

between E14.5 to E18.5. The most severe malformations include a shorter snout, cleft palate and 

cleft eyelids. Moreover, we analyzed the histone methylation to understand the impact of Wiz 

knockout on G9a/GLP function. Based on the data, we conclude that the histone methylation 

pattern is suppressed. Our data strongly suggest, that Wiz plays an important role  

in the G9a/GLP methylation complex, especially in craniofacial development.   

Taken together, this work presents a novel data that could be valuable for further studies  

on ZNF644, WIZ and G9a/GLP complex. The close similarity between human and mouse Zinc 

Finger Protein 644 implies the possibility for translation of our study on myopia to human 

medicine in the future. Further research on the G9a/GLP methylation complex and its action in the 

organism, influenced by ZNF644 and WIZ is necessary, however, we believe that presented data 

might shed a light on molecular mechanism of this complex.  

 

 

 

 

 

 

Key words: Zfp644, ZNF644, WIZ, G9a, GLP, histone methylation, transcription factor, vision, 

fertility, development 
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Abstrakt 

 

Gen ZNF644 kóduje transkripční regulátor Zinc Finger Protein 644 patřící do podrodiny  

Cys2-His2 zinc finger proteinů. Mutace lidskeho ZFN644 (S672G) způsobuje vážnou dědičnou 

myopii. Výzkum ukázal, že ZFN644 ovlivnujě expresi podřízených genů prostřednictvím 

interakce s komplexem G9a/GLP (G9a - euchromatic histone-lysine N-methyltransferase 2, 

EHMT2; GLP - euchromatic histone-lysine N-methyltransferase 1, EHMT1), který  

hraje významnou roli při methylaci histonů, konkrétně H3Kme1 a H3K9me2. Dále tento komplex 

může vázat transkripční factor WIZ (Widely-Interspaced Zinc Finger-Containing Protein) a tím 

současně regulovat umlčení jemu podřízených genů. 

Abychom mohli studovat dopad mutace ZFP644 na vývoj myopie, vytvořili jsme myší 

modely, jeden mimikující lidskou mutaci - Zfp644S673G a druhý se zkrácenou formou proteinu 

Zfp644Δ8. Oba modely byly podrobeny důkladné vyšetření funkce a morfologie retiny. S využitím 

ultrasonografie, byly u těchto modelů odhaleny fenotypy v podobě poruchy retiny. Měření 

potvrdilo spojitost mutace Zfp644 a myopie v obou modelech, navíc byly odhaleny vážné poruchy 

metabolismu a fertility samic u Zfp644Δ8 modelu. Pro detailnější popis vlivu Zfp644 na plodnost 

byly provedeny experimenty zahrnujicí analýzu exprese Zfp644 v reprodukčních orgánech, 

morfometrie vaječníků, sledování reprodukční aktivity a estrálního cyklu. Paralelně byly měřeny 

hladiny hormonů řídcí estrální cyklus v každé jeho fázi,  a na závěr byl sledován vývoj mléčných 

žláz v průběhu puberty a těhotenství. Tyto experimenty byly doplněny studiem organoidů 

mléčných žláz ze zmíněných myších modelů. 

   Pro hlubší pochopení regulace fertility, byly provedeny transplantace vaječníků  

z mutantních homozygotů do kontrolních jedinců a naopak. Podařilo se plně obnovit funkci 

vaječníků mutantních zvířat po jejich tranplantaci do kontrolních zvířat. Homozygotní samice byly  

po transplantaci opět fertilní. Nicméně, u Zfp644Δ8 homozygotních samic k úplnému obnovení 

funkce nedošlo, samice zůstávaly subfertilní. K obnovení fertility mutantních samic, jsme 

experimentálně aplikovali hormonální terapii. To ukázalo, že lze obnovit fertilitu Zfp644Δ8  samic 

a dostat životaschopné mláďata za pomoci terapie progesteronem. Naše data dále ukazují,  

že Zfp644 ovlivňuje homeostázu pohlavních hormonů v samicích a jeho mutace vede  

k neplodnosti.    
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 Výzkum byl dále rozšířen o studium funcke WIZ proteinu v rámci G9a/GPL komplexu. 

Podobně jako v případě Zfp644, byl pozorován negativní dopad aberace Wiz genu  

v myším modelu. Wiz knockoutní myši umírají v pozdním embryonálním vývoji. Nicméně, 

umírají později než G9a nebo GLP knockoutní myši. Proto byly všechny morfologické změny 

mutantních myší studovány v emryonálních stadiích od E14.5 po E18.5. Mezi nevýznamější 

fenotypy patřilo zkrácení čumáku, rozštěp patra a očních víček. Dále jsme analyzovali methylace 

histonů pro bližší pochopení role Wiz proteinu v interakci s G9a/GLP komplexem. Na základě 

našich zjištění, lze odvodit že Wiz hraje důležitou roli v G9a/GLP methylačním komplexu, 

konkrétně ve vývoji kraniofaciálních struktur. 

 Tato práce představuje nová data, aplikovatelná pro další výzkum funkce a interakce 

ZFN644, WIZ proteinů a G9a/GLP komplexu. Vysoká podobnost myšího a lidského ZFP44 

naznačuje translační potenciál myšího modelu. Je potřeba detalnějšího výzkumu methylačního 

komplexu G9a/GLP a jeho součinnosti s ZNF644 a WIZ proteiny. Niméně veříme, že tato práce 

pomohla odhalit některé molekulární mechanismy studovaných proteinů. 
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1. Introduction  

 

1.1. Zinc finger protein 644 

 Zinc finger protein 644 is a protein encoded by the ZNF644 gene in human, located  

on chromosome 1; or the Zfp644 gene in mouse, located on chromosome 5. ZNF644 has two 

isoforms, from which the longest is the main focus. Zinc finger protein 644 is ubiquitously 

expressed in tissues (both human and mouse). It is known to be a transcription factor. Location  

of the protein is in the nucleus [www.ncbi.nlm.nih.gov]. 

The protein is quite large, containing of over 1300 AA.  It contains 8 zinc finger binding 

motifs from which one is atypical. It has an ability to bind to a TAD domain (A topologically 

associating domain) by its N-terminus site (G9a binding1). The secondary structure of the protein 

remained highly unknown for a long time. It is predicted to be in highly intrinsic disordered state 

(Fig.1.1). To simplify, this means that the protein does not usually have one, fixed 3-D structure,  

in the absence of their binding partners. The intrinsic disorder protein can be full or partial,  

as in case of ZNF644. Many of these proteins can fix their structure when bound to an interacting 

partner (proteins, RNA etc.) to fulfil their biological function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Intrinsic disorder profile of ZNF644 protein created with RaportX software,2-4  
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Recently the structure was revealed in AlphaFold database however with low confidence 

in large parts of the sequence, due to a lack of similarity with other, known structures.  

To complement this study by3-D modeling, we analyzed the AlphaFold database (Fig.1.2.). Parts 

with higher confidence, mostly corresponds to protein binding regions presented on Figure 1.1. 

and predicted C2H2 domains [uniprot.org]. The disordered state was mostly predicted with  

low confidence. 

 

  

 

 

Figure 1.2. 3D model of full length Zfp644 protein; analysis were done with AlphaFold database 5 
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So far not much is known about the function of ZNF644. The first systematic description  

of ZNF644 function in humans were analyses from a GWAS study (A genome-wide association 

study) that found multiple point mutations in ZNF644 gene, predicted to be causative of high 

myopia. In total 12 point mutations in humans were found and described6-10 (Fig.1.3.). 

Interestingly, most of them are located in 3rd exon. Among them, presented in the red rectangle,  

is a point mutation S672G, which became our focus in the vision study described in detail  

in further chapters.   

 

 

Figure 1.3. Mutation spectrum of ZNF644 in patients with high myopia up to now. Mutation locations  

in the ZNF644 DNA sequence. The mutations colored blue were found by Shi et al., the mutation colored red  

was identified by Tran-Viet et al., and the mutations colored green were identified in this study. Xiang et al. 2014 

 

Further studies on ZNF644 brought interesting insights based on a cell work.  

Two publications mentioned ZNF644 as an important player of G9a/GLP methylation  

machinery11 1. In HEK293T cells, knockdown of ZNF644 reduces proliferation. It also make the 

cell more sensitive to replication stress and increases DNA damage in replicating cells. It was also 

shown that ZNF644 in complex with G9a is present in Active Replication Forks11. It was proven 

that ZNF644 in complex with G9a/GLP consist of one more protein that simultaneously bind  

to GLP, called WIZ. It is a transcription factor, previously described as a binding partner  

of G9a/GLP complex. It was proven that both WIZ and ZNF644 bind to G9a/GLP complex  

and are targeting it to specific DNA loci that are crucial for the regulation of G9a function during 

replication.1 Further studies of ZNF644 in complex with G9a/GLP were conduct  

in zebrafish. Experiments on the morphants proved that ZNF644 with the G9a/GLP complex  

are responsible for histone methylation and are crucial for gene silencing during retinal neuronal 

differentiation12.   
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1.2. Binding partners of ZNF644 

 

1.2.1. WIZ 

Wiz is a ubiquitously expressed transcription factor, described as a binding partner  

of G9a/GLP already in 200613. Two spliced variants of WIZ were identified, WizS and WizL.  

The name, Widely-Interspaced Zinc Finger-Containing Protein, has its source in the protein 

architecture. WIZ protein contains 12 Zinc Finger motifs. Usually, C2H2 – type zinc finger motifs 

are separated by seven amino acids, however in Wiz protein, this distance is in a range from 16  

to 258 amino acids, and up to 263 in the longest human variant14.  

WIZ was also described as a factor important for G9a protein stability, with ability  

to bind both G9a and GLP proteins. Binding to GLP is direct and occurs between the C-terminus  

of WIZ and the TAD domain; binding to G9a occurs with the catalytic domain1 (Fig.1.4.).  

The same domain in necessary for GLP – G9a binding, therefore, binding of WIZ to G9a seems  

to be indirect. WIZ knockdown leads to an H3K9me2 loss, but not as a result of GLP or G9a 

protein degradation. WIZ was also reported to be important for the retention of G9a  

on chromatin15.   

 

 

Figure 1.4. ZNF644 and WIZ binding through TAD domains to G9a and GLP respectively. The consensus DNA 

binding motif of ZNF644 and WIZ proteins 1 
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 WIZ was reported as a potential docking molecule to link G9a/GLP HMTases (histone 

methyltransferases) to CtBP (C-terminal-binding protein) – co repressor machinery13. CtBP  

is known as a transcriptional co-repressor, important for development and ontogenesis, and was 

shown to interact with various transcriptional molecules. A knockout mouse model of Wiz, 

WizmommeD30 was proposed in 2013 and described as an early embryonic lethal model16.  

To complete our study, we decided to expend the analysis by a complementary project  

to understand the role of WIZ protein in the G9a/GLP complex by creating Wiz knockout mouse 

with use of CRISPR/Cas9 technology. The results of experiments can be find in Results Chapter.  

 

1.2.2. G9a/GLP complex 

Histone lysine methylation is one of the crucial histone post translational modifications. 

Suv39h1, the first described histone lysine methyltransferase (HKMT) including a SET domain 

(Su(var)3-9–Enhancer of zeste–Trithorax domain) (Fig.1.5.), was just a beginning for further 

research in histone methylation.17 In mammals, primary HKMTs are EHMT1 and EHMT2, 

responsible for mono-, and demethylation of Lysine 9 on histone 3 (H3K9me1, H3K9me2).  

This highly similar proteins exist predominantly as a G9a-GLP heteromeric complex (Shinkai). 

Loss of either of them results in a high decrease in either mono- or demethylation of H3K9 

(Tachibana, Peters, Rice). Both genes are ubiquitously expressed in human and mouse. G9a was 

recognized also for methylation of H1 and other non-histone proteins, including itself18,19 20 21 22 

Binding of H3K9me1 and H3K9me2 products of G9a and GLP occurs via ankyrin repeat  

domains23,24. The domains contain a hydrophobic cage present in methyllysine binding modules 

of diverse folds, which serves well for binding H3K9me1/2, but not H3K9me3.  

Knockout mice were analyzed for both GLP and G9a and both were diagnosed with pre 

weaning lethality (https://www.mousephenotype.org/data/genes/MGI:1924933#phenotypesTab; 

https://www.mousephenotype.org/data/genes/MGI:2148922#phenotypesTab). Moreover, studies 

on mice knockout cells showed, that depletion of one of the enzymes results in degradation  

of the remaining partner protein25 26. Restructuring of these cells with a complex consisting  

of either G9a or GLP catalytic mutant showed, that the catalytic activity of GLP, but not G9a,  

is dispensable for methylation25. Cells with knockout of GLP or G9a lost their DNA methylation 

activity and binding to euchromatin25-27.  
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Both EHMT1 and EHMT2 are ubiquitously expressed and are a major complex responsible 

for H3K9 mono- and demethylation. The role of G9a and GLP in various biological systems was 

proposed. As explained above, they play a crucial role in mouse development. Moreover,  

G9a seems to play a role in imprinting of some genes28 29. Further roles in germ cells development 

and meiosis, brain function, drug response or immune response was described30. The most widely 

studied role of G9a/GLP complex is tumorigenesis. Multiple evidences pointed its role in different 

types of tumors, e.g. lung, breast, bladder, colon, cervical, gastric, skin cancers, hepatocellular 

carcinoma and hematological malignancies31. The mechanism behind G9a role in cancer 

development is based on epigenetic dysregulation. Increased methylation caused by G9a 

upregulations results in the downregulation of significant tumor suppressor genes in various 

cancers32.  

G9a and GLP enzymes are involved in a variety of biological processes and demonstrate 

both co-activator and co-repressor function23,24,30,33. They interact with other SET –domain 

proteins, such as SETDB1, Suv39HI and PRC complex34 35. The protein structure and domain 

organization of both G9a and GLP is crucial for their specificity for H3K9. Thanks to selective 

recognition of the residues flanking K9 in the histone H3 N-terminal tail they are able to fulfil their 

role in histone methylation36. Post-translational modifications of residues proximal  

to Lysine 9 in histone 3, such as R8me, S10ph, T11ph abolish methylation by G9a, whereas 

modification distal to K9 has no effect on specificity of G9a20 18. The ankyrin domains of G9a and 

GLP also play a role in H3K9 methylation. They function via a trans mechanism  

of interactions between ankyrin domains of G9a and GLP and existing H3K9me1 or H3K9me2 

that recruits these enzyme to chromatin and direct the methylation of unmodified H3K9  

in adjacent nucleosomes. In conclusion, these findings illustrate distinct mechanisms by which the 

methyllysine binding domains of G9a and GLP target these enzymes to chromatin substrates.  

The described domain organization of G9a and GLP can be appreciated on the presented figure 

(Fig.1.5.). 
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Figure 1.5. Graphical explanation of domains organization in G9a and GLP, Collins R et al. 2010 

 

 

Although crucial, G9a and GLP proteins lack the DNA recognition motifs to target specific 

genes. However, two proteins described in previous chapters, ZNF644 and WIZ were reported  

to lead the G9a/GLP complex to specific target loci. Very likely, they function together  

to recognize specific DNA sequences. Double recognition may stabilize and precise the histone 

methylation in a specific loci1.   

More partners of either G9a, GLP or complex in general were described. Among the others, 

DNMT1, that plays a role in the histone methylation together with G9a. Many nonhistone 

substrates that are methylated by G9a/GLP were described, including p53 (K372), Wiz (K305), 

CDYL1 (K135), ACINUS (K654), and Reptin (K67)20,22,37,38. As described by Shinkai et al. many 

other molecules have been reported as partners of G9a. Most of them are either repressive 

chromatin protein or multi zinc finger protein30. An interesting example seems to be a STAT3 

transcription factor, another described partner of G9a39-41. STAT3 is a member of the STAT  

protein family. It responds to cytokines and growth factors, is phosphorylated by Janus kinase 
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(JAK) and then translocates to the cell nucleus where it acts as a transcriptional activator. Recently 

STAT3 was described as a player in female reproductive tract42-44 and reproduction45,46. 

 

1.3. Histone methylation 

Each human cell has almost two meters in length of DNA, if it would be completely 

stretched out. Thanks to histones, and more specifically the way DNA can be wound about them, 

the actual size is as little as 90 µm47. Histones are divided into five families and two groups: linkers 

(H1, H5) and core (H2, H3, H4). Histones undergo many PTMs (post-translational modifications) 

regulating the structure and functions of chromatin. Histone methylation  

is involved in DDR (DNA damage response), regulated by histone methyltransferase or histone 

demethylase48. Common histone mark, histone methylation is an addition of methyl group  

(-CH3) to an arginine or lysine amino acid residue49,50. Both lysine and arginine can be methylated 

(me) by adding one (mono, me), two (de, me2) or, only in case of lysine, three  

(tri, me3) methyl groups. Moreover, to arginine groups (me2) can be added symmetrically (me2s) 

or asymmetrically (me2a). The situation is visible on the scheme below (Fig.1.6.). Currently, 

HMTs are divided into three groups, however as the purpose of this literature review we will focus 

on enzymes that include SET domain.    

 

Figure 1.6. Schematic representation of chromatin structure as well as histones and DNA available to 

epigenetic marks. www.whatisepigenetics.com 
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 When describing H3K9me2 and H3K9me3 in mammalian system, large broad domains 

cannot be omitted, as they are often found there51 52 53. H3K9me2 domains, or LOCKs (Large 

Organized Chromatin K modifications), conserved between mouse and human, emerge and spread 

upon differentiation and a majority depend on G9a53. LOCKs might play a role  

in regulating the expression in differentiated cell types. Many genes contained in these domains 

are developmentally regulated54. Moreover, Lamin B1 might be involved in these processes 

through lamin-associated domains (LADs)53,55 and correlated with LOCKs and further with 

H3K9me2 in C-elegans56 suggesting, that H3K9me2 domains may be important determinants  

of higher order chromosome structure and nuclear architecture. The data taken together suggest, 

that H3K9 through the large domains, might be an important determinant of 3D nuclear 

architecture and chromatin arrangement in nucleus.  

Histone methylation plays a crucial role in genomic functions57. In particular, histone 

lysine modifications have a great impact on various chromatin-associated functions, for example 

transcription regulations, heterochromatin formation and DNA repair or recombination57,58. 

Histone lysine methylation controls protein (histone) – protein interactions, each methylated lysine 

residue of H3 or H4 recruits different functional molecules involved in different chromatin-

associated processes13. The most studied and described are histone modification  

to H3, therefore in this review, we will focus on H3K9 methylation, the main target of G9a/GLP 

and concurrent, ZNF644. Regularly H3K9 is methylated by proteins contains the SET-domain,  

as described above G9a and GLP proteins or SUV39H1, SETDB1 or PRDM2. H3K9 methylation 

plays a crucial role in heterochromatin formation and heterochromatic gene silencing59 60.  

It is also an important histone mark in DDR. Epigenetic regulations have a great impact on many 

biological system therefore, for purpose of this review, we will focus on the role of methylation  

in development and fertility.  
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Histone methylation in animal development plays an incredibly important role.  

Any arrest or unspecific behavior of this epigenetic process can result in very severe developmental 

malformations and lead to problems in organs in mature animals or caused embryonic lethality. 

Histone 3 methylation on different lysine residues is widely connected and supported by studies, 

with many diseases. An example could be Kleefstra syndrome (KS; OMIM 610253) which  

is characterized by intellectual disability, childhood hypotonia, and distinctive facial features61,62. 

Another examples is Siderius X-linked mental retardation syndrome (MRXSSD; OMIM 300263) 

- an X-linked intellectual disability condition. Patients display mental retardation, a long face and 

broad nasal tip, and cleft lip and palate which are connected to H3K9 methylation63,64. Another 

example can be H3K9me3 showed to be responsible for the earliest embryonic lethality, occurring 

before embryo implantation65, however, both mono- and demethylation of histone 3 lysine 9 

imprecisions might result in embryonic lethality. Histone methylation marks are generally 

ubiquitously expressed, however, studies have shown that there are certain cell-type-specific and 

tissue-specific differences in the activity of histone methylation regulators66. As in adult organism 

and in different biological systems, H3K9 methylation is also responsible for gene silencing  

in embryonic development. As already described, H3K9 gene silencing is physically associated 

with nuclear lamina, which suggests the occurrence of progressive heterochromatinization during 

development and lineage specification.  

Histone methylation plays also an important role in the development of reproductive 

system. Kdm3a, H3K9 demethylase knockout results in fraction of XY mice to develop into 

females67. Moreover, Suv39h1 and Suv32h2 double knockout result in deficits  

in spermatogenesis68. Liu69 have demonstrated that H3K9 histone methylation tightly controls 

oocyte growth, a necessary step for further correct follicle maturation required for female fertility. 

Studies on histone methylation were performed also on patients with infertile polycystic ovary 

syndrome (PCOS). The syndrome features an imbalance in luteinizing hormone (LH), follicle-

stimulating hormone (FSH) and some factors involved in the inappropriate progression  

of folliculogenesis, and arrest of the follicle development toward the dominant stage70. Analysis 

of H3K9me2 marks showed a correlation between differential occupancy of methylation  

in cumulus cells of PCOS patients when compared with control group as well as promotion  

of different binding of ER-β71.  
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1.4. Disease related to Zfp644 mutations 

 

1.4.1. Myopia 

Myopia is the most common vision disease, despite the fact that scientists warned about 

near work without sufficient pauses already more than 400 years ago72. It is predicted to affect  

up to 5 billion people by year 205073. Currently it affects as much as 90% of high school students  

in East Asia74-76. Myopia is a disease caused by a refractive error based on elongation of the axial 

length of eyes77-79 (Fig.1.7.). In a normal, healthy eye, the light is focused on retina.  

In myopia, the eye is enlarged and the light is not able to reach retina. It means, that close object 

appears normal, but objects in the distance appear blurry. Therefore, another, common name  

of myopia is near-sightedness. The disease often progresses with age however the symptoms can 

be relieved by spectacles, contact lenses or refractive surgery. Nevertheless, myopia might 

improve the risk of other severe diseases, like retinal detachment, myopic macular degeneration, 

cataracts or glaucoma and even lead to blindness associated with high myopia80-83.  

 

 

 

 
 

Figure 1.7. Comparison of normal and myopic eye. Britanica.com 
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Myopia can be divided into Primary, Secondary and Pseudomyopia. Primary myopia can 

be further brunched to simple myopia (D from -0,5 to -7,75) and high myopia (D ≥ - 8)84. Myopia 

might be caused by environmental factors but also by diet or even the education level74,81,85-87. 

Many cases of the disease has a genetic background. To date more than 100 genes in 20 loci were 

identified to be associated with myopia or related by experimental analysis  

in GWAS studies, NGS or candidate genes analysis88-91. Parental myopia studies showed,  

a significant association with occurrence of myopia, especially high myopia, in children92. Also, 

large twin studies showed high (~90%) heritability of myopia93,94. Nevertheless, the current state  

of knowledge of genetic mechanisms of myopia development is very limited. High heritability and 

high prelevance to myopia in different populations shows the importance of studying the genetic 

background and impact of the disease. The mechanism of the disease is very complicated and only 

few individual genes were proven as predisposition of myopia in individuals95. Therefore, even 

more important for understanding the disease, seems to be research on animal models. To date 

scientists still use induced myopia (e.g. with goggles). Genetic models are very limited. By now, 

besides the models created by us Zfp644 transgenic mice, only 4 mouse models are being used  

in myopia studies 79,96-101.  

Nevertheless, at the time of writing, the COVID-19 pandemic and the related so called 

“lockdown” or a quarantine around the world might also have very strong influence  

on number of myopia patients in the future. Due to a higher number of activities like reading, 

watching TV or playing video games and other near work that requires overstimulating 

accommodative effort might represent a greater risk of myopia for individuals with 

accommodative defects102. This shows that research on prevention but also on factors causative  

to myopia is very important.   

 

1.4.2. Female infertility and health status during pregnancy 

The female reproductive system is made up of internal (uterus, fallopian tubes and ovaries) 

and external organs (genitals).  Ovaries are the source of ova (eggs) and sex hormones: 

progestogens and estrogens. Through the fallopian tubes the ovaries are connected with the uterus. 

The uterus is a muscular organ, with a granular lining called the endometrium.  

The endometrium is responsible for correct implantation of a blastocyst and further it creates the 

placenta. For the correct functioning of the female reproductive system the influence  
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of hormones cannot be underestimated. The secretion of hormones in hypothalamus and pituitary 

is as important as releasing of sex hormones in ovaries. Only precise hormone secretion during  

the estrus cycle and pregnancy leads to successful birth and manger (Fig.1.8.). 

 

 

Figure 1.8. Schematic explanation of female reproductive system, Britanica.com 

 

The female gonads, two ovaries, contains ovarian follicles, with primitive ovum  

or oocyte in their center. From the hundreds of thousand follicles, which a girl is born with, most 

degenerate in childhood or after puberty. From puberty, cyclically, one or more follicles maturate. 

The crucial role in this process is played by hormones. Respectively, follicle-stimulating hormone 

(FSH), luteinizing hormone (LH), estrogens and later on also progesterone and prolactin.  

The liberation of the ovary is called ovulation and, together with formation of the polar body,  

it is necessary for successful fertilization.  

In mouse, the estrous cycle is also observed. Unlike in human, it takes only 5 days. 

Hormone circulation play a crucial role in maturating of the follicles and changes during the estrus 

phases (Fig.1.9.). The main hormones involved in estrus cycle in mouse are LH, FSH, 

Progesterone, Prolactin and 17-β-estradiol.  Irregularities in secretion of any of the hormones 
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results in disruptions in estrus cycle and might lead to semi – or infertility in females. Moreover, 

distortion in levels of ovarian oestrogen and progesterone might lead to implantation failure.  

 

 

 

Figure 1.9. Vaginal smear cytology reflects underlying endocrine events. McLean AC, Valenzuela N, Fai S, 

Bennett SA. Performing vaginal lavage, crystal violet staining, and vaginal cytological evaluation for mouse estrous 

cycle staging identification. J Vis Exp. 2012 Sep 15;(67):e4389. doi: 10.3791/4389. PMID: 23007862; PMCID: 

PMC3490233. 
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Hormonal circulation during puberty, estrus cycle or pubertal influence also the mammary 

gland (Fig.1.10.). It is not part of the reproductive system however an indispensable organ, 

especially during pregnancy and manger periods. Its incredible function to nourish and 

immunologically support new borns becomes possible also through hormonal signaling. 

Mammary gland development in mouse starts already during embryonic development103.  

It continues with puberty (in mouse around 4 weeks of age), and is highly dependent on ovarian 

hormones, pituitary hormones and local growth factors and cytokines104. Mammary gland 

development during puberty starts with accelerated elongation of ducts and branching. At this time 

we can observe terminal end buds (TEBs) as large club-shaped structures at the tip of duct.  

They contain both body cells and cap cells. TEBs are highly proliferative and drive the ductal tree 

extension, what will further create a transport channel for milk at lactation103.  

 

 

Figure 1.10. Representative comparison of lactiferous ducts morphology and hormonal profile in different 

stages in female mice. Joshi PA et al.; Trends in Endocrinology & Metabolism; 2012 
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During the pregnancy, cells undergo numerous divisions. Also during this stage hormones 

play a crucial role. Not only estrogen and progesterone release by corpus luteum but also  

by placenta seems to be crucial at the beginning of pregnancy. The next players are the pituitary 

hormones prolactin and adrenocorticoids from adrenal glands. Functional differentiation  

is completed at parturition when milk is being produced and secreted during lactation.  

This process is tightly controlled by balanced progesterone and prolactin signaling 105. Receptors 

are also necessary for correct growth of the glands during the pregnancy. Progesterone receptors 

are necessary for the ductal growth106-108 and prolactin receptors for lobuloalveolar differentiation 

and lactogenesis106,107. After weaning cells undergo involution and mammary glands are back  

to a much resembled virgin – like morphology109,110.  

Among the others, two important factors involved in described above hormonal regulation 

and mammary gland function need to be addressed in this literature review.  

One of them is the already described G9a protein. As mentioned before, the epigenetic regulations 

of H3K9 have an influence on hormonal regulations. Independently of histone methylation, G9a 

acts as a coactivator of endogenous oestrogen receptor α (ER- α)111. G9a influences also mammary 

ductal tree formation and the loss of H3K9 methylation was shown  

to result in loss of tissue function112. G9a is highly correlated with STAT3 protein. STAT3 – G9a 

crosstalk was repeatedly described, especially in cancer research. STAT3 and G9a was not only 

described in HER3 positive cancer40, but also with breast cancer41, where another factor in the 

pathway, LEPR, was introduced39. Moreover, when analyzing the impact of STAT3  

in reproduction and fertility, it is worth to mention a study reporting STAT3 and PR crosstalk  

is required for successful implantation in the mouse uterus113. The STAT3 protein function  

in reproductive tract of females was shown to be a transducer of signaling by hormones, growth 

factors and cytokines identified in the female reproductive tract from oocytes and granulosa cells 

of the ovary to uterine epithelial and stromal cells. Its significant impact on uterine stromal cells, 

causing a significant reduction in number of viable fetuses on gestational day 18, increased fetal 

resorptions and disrupted placental morphology was identified as evident causes of the reduced 

fertility45. Interestingly, STAT3 and its inhibitor PIAS3 seems to be a major factor included  

in endometriosis, an inflammatory disease of endometrium114, and both were found to interact with 

ZNF644 (PIAS3) and G9a (STAT3) in a ChipSeq studies on HEK293T cells1.  
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 In case of a failure in any of the mentioned systems (development of reproductive system  

or mammary gland, hormone release or follicle maturation) the ability to get pregnant and 

successfully carry the pregnancy to live birth might decrease or became impossible. Infertility  

is an inability of a couple to conceive and reproduce. It is also defined as the inability of woman  

to carry the pregnancy to live birth. This problem affects 10% to 15 % of population (Britanica). 

Subfertility can be used as a synonym to fertility 115, or as a term defining any form or grade  

of reduced fertility 116. Normal female fertility depends on correct implantation of the fertilized 

ovum and further maturation of embryos in utero. The process, from the very beginning,  

is highly affected by multiple factors, like alcohol, tobacco or drug abuse, sexually transmitted 

disease or general medical history. The main cause of female infertility is ovulation failure and 

further causes include tubal damage, endometriosis, cervical mucus defects or dysfunction and 

uterine abnormalities117. However, we cannot forget that not only correct development  

of reproductive system is necessary for fertility. At the foundation of female fertility the egg was 

laid maturated and correctly secreted. Endocrinology of female fertility was investigated already 

over 40 years ago118. The data showed that failure of any of the menstrual cycle components will 

lead to ovulation failure and hence infertility. Normal follicular and luteal phases, divided  

by ovulation, prepare the female organism for a successful fertilization119.  

Progress in the reproduction field was made in last two decades and multiple examples  

of studies based on mouse models can be presented. Numerous genetic malformations were found 

to be causative of infertility in mice when researchers were able to analyze over 400 mouse 

models120 in relation to fertility. Thanks to progress in sequencing, 25 inbred mouse strains were 

analyzed for SNPs related to infertility in female mice121. Genome-wide associated mapping  

of female infertility in inbreed mice was analyzed. A majority of SNPs found in genes were related 

to signal transduction, developmental processes and cell organization and biogenesis.  Among the 

others, a study showed Sorbs1 as a candidate gene for female infertility and further analysis 

showed its possible correlation with early pregnancy loss. 

Now, many forms of treating the female fertility have been proposed; from hormonal 

treatment to IVF (in vitro fertilization) and ART (Assisted reproductive technology). Nevertheless, 

there is a rapidly growing demonstration of predisposition of infertile woman,  

or woman with infertility –associated diagnosis, to develop other health problems122, exhibiting  

a further need of female fertility research.  
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2. Aims of the study 

ZNF644 is a transcription factor, working with the G9a/GLP methylation machinery.  

Until now, a detailed role of ZNF644 has not been described. Limited studies on ZNF644 have 

been carried out and pointed towards it being a potential factor in human high myopia.  

Here, we try to reveal not only the impact of Zfp644 in mouse vision and high myopia but also  

its biological function using in vivo models. We were next trying to reveal the role it plays  

in cooperation with G9a and the molecular mechanism behind it. We decided to complement our 

study by additionally describing WIZ and its role in the G9a/GLP methylation complex. 

 

Aims were set as followed:  

 Clarify the role of Zfp644 in the development of myopia disease in vivo using  

murine models.  GWAS studies were systematically reporting mutations  

in ZNF644 protein involved in developing of high myopia in humans. Two mouse 

models of Zfp644 protein were created to prove that Zfp644 is causative  

for developing the high myopia. 

 

 Reveal the physiological role and a molecular function of Zfp644 in mouse 

organism and explain the role of the transcription factor in female 

reproduction. Zfp644 was described previously as a part of G9a/GLP complex. 

 As the role of interactions of the G9a were previously described in female fertility  

we investigated in vivo the interaction pathway between Zfp644 and G9a  

in female fertility in cell lines and murine models. 

 

 The aim of a complementary project was to describe a role of Wiz  

in G9a/GLP complex. G9a/GLP complex was described to work with, among  

the others, two zinc finger proteins simultaneously, ZNF644 and WIZ. The main 

interest of this thesis is the role of Zfp644, however, we would like to complement 

it with the findings on Wiz impact on murine development.  
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3. Materials and methods 

 

3.1. Experimental approach 

 

To reveal the function of Zfp644 in mouse organism, we decide to create several mouse 

models. We mainly focused on investigating two phenotypes in Zfp644 mutant mice: high myopia 

and female subfertility. Both required detailed analysis and use of sophisticated methods  

for evaluations of results. Taking advantage of accessibility to specialists and theirs equipment  

in Czech Center for Phenogenomics we were able to deeply analyze the phenotypes. We started 

the analyses from following the expression patter in adult animals and embryos in both qualitative 

(in situ hybridization) and quantitative (qPCR) way. The investigation of myopia  

in mice was focused on analysis of morphology and function of retina and analysis of ocular 

parameters by ultrasound. Analyses of fertility phenotype were more complex. We performed 

several breeding experiments on both males and females. Morphology and morphometry  

of ovaries as well as morphology of uterus were performed. Estrus cycle in mice as well as levels 

of hormones crucial for correct cycling in female mice were analyzed. Moreover, analysis  

of endometrium in pre- and post-implantation state were done. Finally, we proposed two strategies 

for rescue the subfertility phenotype in female mice.  

In this study we also investigated the role of another transcription factor, working with 

G9a/GLP complex and ZNF644 simultaneously. Similar to Zfp644 studies,  

the investigation of the role of Wiz was based on knockout mouse model. The CRISPR technology 

was used to create the Wiz knockout mouse line. Next, after noticing that homozygous Wiz mice 

are embryonically lethal, further analysis on embryos between E14.5 and E18.5 were done. After 

the analysis of embryos with microCT, the fluorescent microscopy and proliferation assay were 

performed. The changes in methylation pattern in Wiz knockout embryos were followed, 

implicating necessity of WIZ protein presence for correct function of G9a/GLP complex.  
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3.2. Mouse models generation 

All animal models and experiments used in this study were ethically reviewed  

and performed in accordance with European directive 2010/63/EU and were approved by the 

Czech Central Commission for Animal Welfare. All animal models were kept on a C57/Bl6N 

background and were created at Institute of Molecular Genetics, Prague.  

For Zfp644S673G and Zfp644Δ8 mouse models we used TALEN technology. TALENs 

targeting exon 3 of Zfp644 gene were designed using TAL Effector Nucleotide Targeter 2.0 

(https://talent.cac.corne ll.edu/)123,124 design tool and assembled using Golden Gate cloning 

method. Left TALENs were designed with 16 RVDs (NN NN NI NG HD NI NI NN HD NG HD 

NI HD NI NN NG) followed by 16 nt spacer region and right TALENs with 15 RVDs (NN NG 

NN NN HD HD NN HD NG NG NI NG NN NI NI NI NG). Both TALEN plasmids were used for 

production of TALEN encoding mRNA as described previously125.   

TALENs mRNA was mixed with a synthetic oligodeoxynucleotide encoding mutated 

Zfp644 sequence (5′AGG ATG CTA AAC GGA CAT TTG GAT CAT CCA GCC AGA GCG 

GTA ACT TCA GCA AGT TCC ACA AGA GAC CAC ATA GAA TAC AAA AAG CCCGG 

3′). Targeting constructs were microinjected into male pronuclei of zygotes from C57BL/6N mice.  

Both Zfp644-/- and WIZ mouse models were created by CRISPR/Cas9 technology. Crispr 

targeting exon 3 of Zfp644 gene (transcript Zfp644-205 ENSMUST0000011269) and exon 4  

of Wiz gene (transcript Wiz-001 ENSMUST00000087703) were used. Selected gRNAs for 

microinjections had following sequences: WIZ forward 5’-

TGTAATACGACTCACTATAGGCCTGCTTTGAGACACGAAAGTTTTAGAGCTAGAAAT

AGC-3’ and WIZ reverse 5’-

TGTAATACGACTCACTATAGGCCGCAGATGTGAACGTGCGGTTTTAGAGCTAGAAAT

AGC-3’.  Zfp644 forward 5’ TATGACTAGTGAAGAGACGG (TGG) 3’ and Zfp644 reverse 5’ 

ATTAAAGTGCGAGTATGAAC (AGG) 3’, where () is the PAM sequence. gRNAs were 

introduced to the fertilized oocytes of C57Bl/6N strain and transferred into pseudo pregnant foster 

mice.  
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The introduced mutations led to: 1/desired point mutation in Zfp644S673G mice  

and 2/Zfp644Δ8; Zfp644-/-; Wiz-/- allele with the frame shift mutation (caused by deletion  

of desired sequenced) leading to a STOP codon.  

All animals were further maintained on C57BL/6N background. For genotyping DNA 

extracted from tails of 3 weeks old C57BL/6N mice using the Quick Extract DNA Extraction 

Solution 1.0 Kit (Illumina, USA) was used as template for PCR with following primers: forward 

primer for Zfp644Δ8: 5′-ATC AAG CTC ACA GTC AAG TAA TTT T-3′; forward primer  

for Zfp644S673G: 5′-TCA GCA AGT TCC ACA AGA GACC-3′; reverse primer for both alleles: 

5′-TTG TTG GTC AGT GCT GCT CTT AAC -3′; forward primer for Zfp644 5’- 

TAAGTGGAGGCCAGTCTGCT -3; reverse primer for Zfp644: 5‘-

GAGCACTTCTGCCTTCATCC -3‘; revers primer for Zfp644 (to distinguish wild type from 

heterozygote) 5‘-TCTCCTCGTTTTGCCCTAGA-3‘; forward primer for Wiz:  

5’-CTTCTCTGAGCCTCAGTTTCC-3’, reverse primer for Wiz:  

5’-GATGGCTTTGTTGACAGCAGG-3’. 

 

3.3. Microscopy and expression analysis  

 

Histology 

The mice were euthanized by cervical dislocation. Organs were sampled immediately, 

inserted into labelled histological cartridges, eyes and testes were fixed in Davidson’s solution  

for 24 h, remaining organs and embryos were fixed in 4% PFA for 24h, next put into 70% ethanol 

solution to process using an automated tissue processor (Leica ASP 6025, Leica Microsystems, 

Germany), and embedded in paraffin blocks using a Leica EG 1150H paraffin embedding station 

(Leica Microsystems, Germany). Sections of  3-5 μm for organs were cut using a microtome (Leica 

M2255, Leica Microsystems, Germany) on standard glass slides (Waldemar Knittel, GmbH, 

Germany) or on a salinized slides (Thermo Scientific, USA) if used for immunohistochemical 

staining. Eyes samples were cut under the stereomicroscope view control and only medial cuts 

with optic nerve were selected for morphometry. 
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 Representative organ’s sections were stained with haematoxylin–eosin and mounted using 

Ventana Symphony H&E Slide Stainer (Ventana Medical Systems, Inc., USA).  

Samples for Zfp644 studies were evaluated using a light-microscopic images obtained 

using a Carl Zeiss Axio Scope A1 (Zeiss, Germany) and the Axio Scan Z1 slide scanner (Zeiss, 

Germany). 

For embryos 10-μm thick frontal sections through the palate area were mounted  

on Superfrost Plus slides. Embryonic sections were then deparaffinized in 100% Xylene and 

rehydrated using an alcohol range (100% - 70% - 30%) for immunofluorescence or in situ 

hybridization staining. For the immunofluorescence staining of embryonic samples, after 

deparaffinization, the antigen retrieval was performed with HIER Citrate buffer pH6 (Zytomed) 

for 15 min at 110°C. Next washing with Phosphate-buffered saline (PBS), permeabilization  

in 0,1% Triton-X at room temperature  and blocking with 2, 5% ready to use Normal Goat Serum 

(Vector Laboratories) for 1 hour were performed. Primary antibodies were diluted  

in EnVision FLEX Antibody Diluent (Agilent) and applied overnight at 4°C. The dilutions  

of primary antibodies used: Ab Anti-Histone H3 (mono methyl K9) antibody - ChIP Grade 

(Abcam, ab9045) and Anti-Histone H3 (di methyl K9) antibody [mAbcam 1220] - ChIP Grade 

(Abcam, ab1220) were used at 1:250 dilution. Primary Ab WIZ Antibody (Novus Biologicals, 

NBP1-80586) was used at 1:200 dilution. Following PBS wash, secondary antibodies were applied 

to sections for 1 hour.(Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 488 (Thermofisher, A-21206) was used at dilution 1:1000 as well as Goat 

anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 594 

(Thermofisher, A32742)). Sections were mounted with Dako Fluorescence Mounting Medium 

(Agilent) and kept in 4°C until microscopic images were taken in Axio Image Z2.  

RNA in situ hybridization  

Digoxygenin-labeled RNA probes (DIG RNA labeling Kit, Roche, Germany) for In Situ 

Hybridization (ISH) were generated by in vitro transcription from plasmid contained fragment  

of murine Zfp644, G9a, GLP or Wiz. Procedure were carried out according to standard protocol 

126 on E9.5 after fixation in 4% PFA in whole-mount and 2 μm paraffin section for E12.5, E13.5, 

E14.5 and E15.5. Solutions used: Blocking solution (Roche, Germany), DIG-antibody (Roche, 

Germany), FastRed (SigmaAldrich, USA), DAPI mounting media (Molecular Probes, USA).  
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For fluorescence and bright-field imaging, Zeiss ImagerZ2 (Zeiss, Germany) was used,  

for whole-mount Zeiss Apotome (Zeiss, Germany) was used. 

qPCR analysis 

RNA was isolated and used as a template for reverse transcription into cDNA with  

M-MLV Reverse Transcriptase (Promega, USA). Quantative PCR (qPCR) reactions of Zfp644, 

G9a, GLP and WIZ on adult samples were performed using the TATAA SYBR ® GrandMaster 

® Mix (TATAA Biocenter Sweden) in Cycler LightCycler® 480 Instrument II (Roche, Germany). 

For embryonic studies and leptin expression analysis qRT-PCR was performed  

in The LightCycler® 480 (Roche, Germany).  For leptin receptor expression analysis we used 

TaqMan probes (For leptin receptor expression analysis we used TaqMan probes (Lepr (all) 

Mm00440181_m1 Lepr (a) Mm01262070_m1 Lepr (b) Mm01265583_m1, B2m 

Mm00437762_m1,Sigma, USA) Sigma, USA). Expression levels of the genes of interest was 

estimated by the ΔΔCt method 127 and normalized to levels of housekeeping reference genes 

(available upon request) and are presented as levels relative to wild type control (set as 1). Primers 

sequences are available upon request. All experiments were performed independently  

in triplicates on three different specimens (n ≥ 3) per group; for embryonic studies, experiments 

were performed on four specimens per group. 

Western blotting 

Organs for Zfp644 protein expression analysis were collected from adult male mice and 

homogenized using beads in Tissue Lyzer II (Qiagen, Germany) in NETN400 Lysis buffer (0.5% 

NP-40, 50 mM Tris–HCl pH 8.0, 2 mM EDTA, 400 mM NaCl, 10 mM NaF, 50 mM β-

glycerophosphate) containing protease inhibitors. Protein lysates were centrifuged at 4 °C at 3000 

rpm for 5 min. The supernatant was carefully removed and pellets containing large plasma 

membrane pieces, DNA and nucleoli were diluted with NETN0 Lysis buffer (no containing salts) 

to 100 mM NaCl.  

Embryonic tissue and adult tissues for remaining protein expression were harvested into 

RIPA buffer (150mM NaCl, 1% Nonidet P-40, 0.5% Sodium deoxycholate, 0.1% SDS, 1mM 

EDTA, 50mM Tris/HCl pH8) with phosphatase and protease inhibitors PhosSTOP (Roche, 
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Germany) and cOmplete Tablets, mini (Roche, Germany) and dissociated in Tissue Lyser II 

(Qiagene).  

Protein concentration of samples were determined by Pierce BCA Protein Assay Kit 

(Thermo Scientific, USA). Samples were loaded on a 8% SDS-PAGE gel for Zfp644 protein 

analysis, 7% SDS-PAGE gel for embryonic samples and a gradient gel 4-12% (BioRad, USA) for 

remaining protein expression studies. Next, transferred onto nitrocellulose membrane (GE 

Healthcare Life Science, Germany). Membranes were blocked for at least 1 h in 5% milk in 0,05% 

Tween20 in TBS solution before incubating overnight at 4°C with the appropriate primary 

antibody. The following day, membranes were washed with TBS-T, incubated with appropriate 

secondary antibody (Sigma-Aldrich, USA) at room temperature for 1h and then washed again with 

TBS-T. Membranes were developed using Pierce™ ECL Western Blotting substrate (Thermo 

Scientific™, USA) for Zfp644 analysis and SuperSignal West Pico PLUS Chemiluminiscent 

Substrate (Thermo Scientific, #34580) for remaining analysis. Images were captured using  

a ChemiDoc™ detection system (Bio-Rad). Antibodies used: anti-GAPDH (G9545, Sigma-

Aldrich, USA), anti-ZNF644 (raised against N-terminus AA50-602) was kindly provided by 

Xiaochun Yu, WIZ Antibody (Novus Biologicals, NBP1-80586), LEPR Antibody (ab5593, 

Abcam, USA), anti-G9a (ab185059, Abcam, USA), anti-H3K9me2 (D85B4, Cell Signalling, 

USA). 

 

3.4. In vivo experiments for vision analyses 

 

Optical coherence tomography (OCT) 

The method was described in detail by Szczerkowska et al. 2019. Briefly, total of 15 

Zfp644S673G and 21 Zfp644Δ8 homozygous mice with 25 respective controls retinal fundi of 16 

weeks old animals were examined. After anesthesia with 20% Zoletil–tiletamin 0.03 g/kg and 

zolazepam 0.03 mg/g (Virbac, France) and dilatation of pupils of eyes (Atropin-POS 0.5%; 

Ursapharm, Czech Republic). PMMA contact lens (Cantor&Nissel, UK) were placed on the eyes 

subsequently with the aqueous eye gel Vidisic 1 × 10 mg (Dr. Gerhard Mann Pharma, Germany). 

For the image acquisition of the retinal fundus, optical coherence tomography (OCT 

Spectralis™Plus, HRA Spectralis System Heidelberg Engineering GmbH, Heidelberg, Germany) 
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with a 30° lens was used. Mice were placed and fixed on a platform in front of the OCT camera 

and the eye horizontally directed toward the camera; the fundus was focused and cross sectional 

images were taken. The segmentation of retinal layers, retinal thickness, optic disc position and 

blood vessels pattern were analyzed from the high-resolution cross-sectional images using 

HRA/Spectralis Calculation Data Manager. The average of retinal thickness was calculated from 

values measured in the medial cross-section in the distance of 2 mm to the nasal and temporal side 

of fundus from the optic disc. 

Electroretinography (ERG) 

The method was described in detail by Szczerkowska et al. 2019. Briefly, ERG was 

performed under general anesthesia and protection of drying of eyes as described above.  

All measurements were done on the right eye 10 min after application of 0.5% solution  

of atropine (Ursapharm, Czech Republic). The ERG stimulation and recording setup (RETI-port 

for animal, Roland Consult, Germany) allowed single-flash stimuli to be applied to the whole 

retina by ganzfeld equipped with LED diods and Xenon lamp, luminances were logarithmically 

distributed between 0.003 and 100 cd s/m2. A golden ring (3 mm in diameter) was placed on the 

cornea as the active electrode, a golden wire inserted in the animal’s mouth served as the reference 

electrode. Each stimulus was repeated 7–10 times and an averaged signal was saved. The signal 

was band-pass filtered between 1 and 300 Hz and digitized with 2 kHz sampling frequency.  

The scotopic and photopic responses were inspected offline using a custom-made script in Matlab 

(MathWorks), a-wave parameters were measured in the original recording whereas b-wave 

parameters were quantified after removal of the oscillatory potentials from the recordings  

by low-pass filtering with 80 Hz cut-off frequency. 

Ultrasound imaging (USG) 

The method was described in detail by Szczerkowska et al. 2019. The method was also used  

for evaluation of pregnancy in mice.  

Briefly, ultrasound imaging was acquired by a Vevo 2100 Imaging System (FUJIFILM 

VisualSonics, Inc., Toronto, ON, Canada) equipped with a MS-550S transducer operating  

at a center frequency of 44 MHz. The MS550S has axial resolution of 40 μm at its focal depth. 

Care was taken to place the subjects in similar postures to ensure similar orientation. Sterile 
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hypoallergenic ultrasound gel without any air bubbles was applied between the eye  

(or abdominum –for pregnancy evaluation) and the transducer and subsequently eyes (embryos) 

were imaged. The eye structures were measured by manually delineating margins using Vevo 

®LAB V1.7.0. Software. The software then calculated the corresponding length of each eye. 

3.5. In vivo methods for fertility and metabolism studies 

 

Fertility study 

Mice of both sexes, of each genotype (wild type, heterozygotes, homozygotes), 

in reproductive age, were mate with wild type mouse for the period of four months. The breeding 

performance was evaluated for each mouse. Mice were kept in the same facility, in 12h/12h 

light/dark cycle and in regular conditions with access to food and water.   

Mammary gland organoids  

Female’s mammary gland were collected after sacrificing the animals by cervical 

dislocation. The procedure was carried as previously described128. Briefly, female mice of age  

6 – 9 weeks were sacrificed by cervical dislocation, and mammary gland were collected, then 

minced, shake up to 40 min in 370C in collagenase/trypsin solution in DMEM/F12 (GIBCO, USA), 

0.1 g trypsin (GIBCO, USA), 0.1 g collagenase (Sigma C5138, USA), 5 ml fetal calf serum, 250 

μl of 1 μg/ml insulin, and 50 μl of 50 μg/ml gentamicin (all University of California, San Francisco 

Cell Culture Facility, USA). Next the solution was centrifuged several times and resuspended  

in 4ml DMEM/F12 + 40 μl DNase (2U/μl) (SigmaAldrich, USA). After shaking  

by hand and centrifugation organoids were separated from single cells through centrifugation. The 

final pellet was resuspended in the desired amount (usually 50 μl) of Matrigel (Corning 356231, 

USA). The organoid assay was performed in 24-well plates (Corning, USA) at 37 oC  

in culture medium (DMEM/F12, 1% v/v insulin, transferrin, selenium (SigmaAldrich, USA) and 

1% v/v penicillin/streptomycin (100× stock) or FGF2/branching medium (minimal medium  

+ 2.5 nM FGF2 (Sigma F0291, USA).  

Mammary gland whole mount staining 

Mammary gland whole mount staining was performed according to a standard protocol. 

Briefly, mammary glands were isolated, spread on a glass slide and shortly air dried. Then, fixed 



37 
 

o/n in Carnoy’s solution in 4oC. Next samples were rehydrate in 70% and then 50% ethanol and 

stain o/n with Carmine red. Following day, samples were dehydrate with 70%, 95% and 100% 

ethanol and moved to xylene for at least 2h. Samples were evaluated using a fluorescent images 

obtained using a Carl Zeiss Axio Scope A1 (Zeiss, Germany). Quantitative evaluation of size  

of the mammary gland was analyzed by AngioTool129. 

Measurement of endometrium thickness 

Uterus thickness was analyzed based on H&E stained, scanned slides with use of Ventana 

Symphony H&E Slide Stainer (Ventana Medical Systems, Inc., USA). Samples were evaluated 

based on average of 3 measurements from each animal on both transversal and sagittal planes 

using a light-microscopic images obtained using a Axio Scan Z1 slide scanner (Zeiss, Germany). 

Estrus cycle analysis  

Estrus cycle was analyzed based on vaginal smears as described previously130,131. Briefly, 

vaginal smears were prepared from cells collected through vaginal lavage (20 ul of PBS in room 

temperature). Collected samples were centrifuged directly on a glass slide (Rotofix 32A, Hettich, 

Germany) for 10 minutes in 8 000 rpm. Next, samples were air-dryed and standard Giemsa staining 

was performed. Samples were evaluated with Axio Scan Z1 slide scanner (Zeiss, Germany).  

Transplantation of ovaries  

Donor mouse was sacrificed by cervical dislocation and ovaries were collected into PBS, 

next ovaries were divided into half with lancet. Recipient mouse was anesthetized with 20% 

Zoletil–tiletamin 0.03 g/kg and zolazepam 0.03 mg/g (Virbac, France).  The ovary and uterus were 

surgically exposed, small incision in the bursa was made by scissors. With watchmaker’s forceps 

ovarian fragment was placed through the incision into the bursal sac.  

Ovary and the uterus were gently placed back into the body cavity and suture with one stich.  

The skin was suture with wound clip. Mouse was kept on a heating pad in the temperature  

of 37oC until fully recovered from anesthesia and then placed into a clean cage. Breeding started 

four weeks later.  
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Blood collection from the orbital sinus and plasma isolation 

Blood collection for the regular analysis as well as terminal blood collection was performed 

from the orbital sinus as describes previously 132.  Collected blood was for 10 min kept at a room 

temperature and then kept on ice. To isolate plasma, blood sample was centrifuge at 3000 g for 10 

minutes at 4oC (Centrifuge 5430R, Eppendorf, Germany). Plasma was aliquoted and stored  

in -80oC.  

Measurements of hormone concentration 

ELISA test were used to measure following hormones concentrations in plasma: Leptin 

(Mouse Leptin DuoSet ELISA; R&D Systems); 17-β-estradiol (Estradiol ELISA; LSBio  

LS-F5297) and progesterone (Progesterone Mouse/Rat ELISA; BioVendor RTC008R) according  

to manufacturer’s protocol with use of Epoch™ Microplate Spectrophotometer (BioTek, USA). 

Levels of FSH, LH and prolactin in plasma were measured with Endocrine Multipex Assay 

(Milliplex Mouse Pituitary Panel Merck Millipore MPTMAG-49K-03) according  

to manufacturer’s protocol with use of Bio‐Plex® 200 system (Bio Rad, USA). The results were 

analysed by Mixed ANOVA Interactions with Prism GraphPad 9. 

Hormonal replacement therapy 

Adult females in reproductive age were mated with control males overnight. If the mating 

occurs, females were injected with pellet with hormones (SP-131 Progesterone 15mg/pellet,  

SE-121 17ß-Estradiol 15mg/pellet) or placebo (SC-111 Placebo/Control 15mg/pellet) (all pellets 

were order from Innovative Research of America, USA). Application by injection, was performed 

under low concentration of isoflurane (1-3%). If case of a cut of a skin, stiches would be provided. 

After at least 7 days, pregnancy control was done by ultrasound imaging, under similar conditions 

of anesthesia. In case of pregnancy, females were observed until birth.   

Indirect Calorimetry 

The system used to perform the indirect calorimetry was a PhenoMaster (TSE Systems, 

Bad Homburg,Germany). The software used in the PhenoMaster PC was (TSE PhenoMaster 

v.7.1.2). Prior to the start the indirect calorimetry measurements, a complete calibration protocol 

for the gas analysers according to the manufacturer’s recommendations using normal air 

compressed, CO2 1% and N2 100% was performed. Mice were weighted before introducing them 
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into the calorimetric system. Every cage ad libitum was provided to access to water and food, 

standard chow diet (Altromin 1314). Bedding volume was limited to approximately 150 ml during 

indirect calorimetry measurements to properly detect locomotor activity of the mice  

by infrared beam breaks frame surrounding the cage in the horizontal plane. 

The mice were individually housed in a multiplex system with 8 cages plus reference cage. 

Sampling frequency to measure the CO2 and O2 gas measurements was every 15 min.  

The environmental conditions inside the climatic chamber were 23 degrees centigrade, 55% 

relative humidity and a light cycle of 12 hours of light and 12 hours of darkness synchronized with 

the animal facility where the mice were previously housed. The following 48 h period was used 

for measurements of the CO2 production and O2 consumption, where Energy Expenditure (EE) 

and Respiratory exchange ratio (RER) is calculated, and measurements for locomotor activity, and 

food and water intake. After 48h of experimental recording data, the experiment was stopped and 

the mice were weighted and placed to their original cages.  

   Non-invasive whole-body imaging  

 Non-invasive whole-body imaging was used to analyze the body composition (ratio  

of fat, muscle and skeleton) of experimental animals in-vivo. The aim was to provide multimodular 

information about the condition of the experimental animal. The expected benefit were to obtain 

the information on the physiological state of the animal in parallel with three-dimensional 

information on fat deposition in a non-invasive way enabling further experimental work according 

to relevant experimental projects.  

 The examination was performed under intraperitoneal induction. Zoleti (zolazepam, 

tiletamine) (20mglml) and xylazine (1 mg / ml) in dosage 5Omglkg zoletil, 3.2mg / kg xylazine 

were injected. The mouse was placed in a physiological position on the scanner bed (Bruker 

Skyscan1176) and launch tomographic scanning. Scanning takes 10-15 minutes, scanner chamber 

was heated to 37°C. Mouse was placed on a heated pad (37°C) until it wakes up from anesthesia 

and returned into the original cage afterwards.  

 The data were analyzed by SkyScan1176 with parameters: resolution 35 µm voxel;  

filter: Al 0.5 mm; exposure 200 ms; source voltage: 50 kV and source current:160 µA. NRecon 

1.7.1.0. (Bruker, USA) was used for reconstructions and CT Analyser (Bruker, USA) 1.17.7.2+ 

was used for the analysis.  
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 RNAseq 

 The RNA was isolated and the quality was analyzed. The RNA libraries were prepared 

with poly-A selection (SENSE Total RNA-Seq Library Prep Kit, Lexogen, USA). Then the 

sequencing was performed (NextSeq® 500/550 High Output Kit v2 and NextSeq PhiX Control 

Kit, Illumina, USA).  

 

Statistical analyses 

Statistical analyses from ultrasonography examination, hormonal plasma examinations and 

mammary gland analyses, breeding performance analyses were performed using GraphPad Prism 

software version 7.0 (GraphPad, USA); data were analyzed with one-way ANOVA. Data from 

OTC examination was performed in R software version 3.3 (R Core Team, Austria) using linear 

mixed model. Data from qPCR were analyzed using Genex 6.1 (MultiD, Sweden); qPCR statistic, 

analysis and graphs were performed in R software version 3.3 (R Core Team, > Austria). The 

statistical analysis of weight and results from bioimaging (aging experiment) were performed with 

use of linear mixed model using R (version 4.0.2), package lme4 (Douglas 2015) and multcomp 

(Torsten 2008). Data from indirect calorimetry was analyzed by CalR Version 1.2 133. RNAseq 

data was preprocessed by salmon (https://combine-lab.github.io/salmon/). Differential expression 

analysis were performed by DESeq 

(https://www.bioconductor.org/packages//2.10/bioc/html/DESeq.html). The RNAseq heatmaps 

were performed by pheatmap package (https://cran.r-

project.org/web/packages/pheatmap/pheatmap.pdf) in R (version 4.0.2). If not stated otherwise, 

graphs were created with Excel 2016. 

  



41 
 

3.6. Embryonic studies 

 

Embryo viability 

The embryo viability was analyzed in two main steps: 1) successful weaning of knockout 

offspring from crosses of heterozygous pair, 2) viability observation, genotyping and systematic 

harvesting of embryos at E12.5, E14.5 and E18.5. For the study total of 4 litters at E12.5  

(30 embryos), 6 litters at E14.5 (35 embryos) and 6 litters at E18.5 (36 embryos) were harvested.  

MicroCT – samples preparation and scanning 

 The method was described in detail by Bukova et al. 2021. Briefly MicroCT analysis  

of embryos included scanning with incubation in contrast agent. Embryos were fixed for 7 days  

in 4% PFA, next stained for at least 10 days (E14.5) and 2 weeks (E18.5) with Lugol’s Iodine 

solution. The stock solution (10g KI and 5g I2 in 100ml H2O) was diluted to a 25% working 

solution in H2O to achieve neutral osmotic pressure and avoid tissue distortion.  SkyScan 1272 

high-resolution microCT (Bruker, Belgium) was set up for voxel size 2-3, 5µm, and 1 mm Al filter. 

A 360° scan with 0.200° rotation step and 3 frames averaging setup was used for scanning. In total 

5 Wiz-/- and 5 WT embryos were scanned at E18.5 and 4 Wiz-/- and 2 WT embryos at E14.5. 

Crown Rump Length (CRL) was measured on 5 Wiz-/- and 5 WT E18.5 embryos using ImageJ 

software. Frontal midline section from 3D reconstruction was used for the measurement.  
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4. Results  

 

4.1. Mouse models introduction and verification 

The main aim of this study was to reveal the molecular mechanism of Zinc finger 644.  

In order to answer the question, three different mouse models were created, each serving  

a different role in the study. First, two mouse models were created to serve the myopia study. One 

mimicking the human mutation (Zfp644S673G) and the second one, that we suggest,  

is a truncated form of Zfp644 protein (Zfp644Δ8). For further studies on the molecular mechanism, 

a full length knockout mouse was created, potentially working as a functional ablation of Zfp644, 

further called Zfp644-/-. We suggest, that the difference between Zfp644-/- and Zfp644Δ8 is crucial 

for understanding the molecular mechanism and function of Zfp644  

in G9a/GLP complex. We hypothesized, that the truncated form of Zfp644 maintains the ability  

to bind with G9a, as described previously, situated at its N-terminus1. It also preserve five out  

of eight zinc finger binding motifs, but not the atypical one. The functional ablation model does 

not retain any of these motifs. The stop codon placed much earlier than in the truncated variant 

(570 AA longer) allows the formation of only 102 amino acids which, we suggest, results  

in it inability to bind to the TAD domain of G9a protein. Created mutants are also graphically 

explained on a figure below (Fig.4.1).  

 

 

 

 

 

 

 

 

 

 

  

Figure 4.1. Graphical explanation of Zfp644 mutant models created in R. Sedlacek group. Cartoon was created 

with BioRender tool. 
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Additionally, the Wiz knockout mouse model was also created with use of CRISPR/Cas9 

technology. Targeting the fourth exon resulted in 32 nucleotide deletion and frame shift mutation 

that led to a STOP codon.  

On the figure below a detailed design of the knockout strategy for Zfp644 with use  

of TALENs (Fig.4.2.A upper panel) for the creation of point mutation mutant (Zfp644S673G) and  

a potentially truncated form of the protein (Zfp644Δ8). CRISPR/Cas9 method was used to create 

the full protein knockout (Zfp644-/-) by deleting of a large fragment (824 bp) of the third exon that 

results in a frame shift and introducing a STOP codon (Fig.4.2.A lower panel).  

A similar strategy was used for creation of the Wiz-/-  mouse model. Western blot analysis showed 

no expression of WIZ protein in homozygous embryonic sample (Fig.4.2.E) were provided. 

Verification of the design of Zfp644 mouse models was done by sequencing and western blot 

results (Fig.4.2.B, D). The expected size of the Zfp644 protein is 145 kDa, and is marked with the 

black arrow (Fig.4.2.D). Moreover, similarity between human and mouse amino acid sequence 

introduced in Zfp644S673G mouse model was presented (Fig.4.2.C).  

All of described mouse models were prepared by AFM of IMG, however the clear 

description of the design is crucial for understanding of the project. Presented sequencing and 

western blot of Zfp644 were performed by the author of the doctoral thesis.  
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Figure 4.2. Generation of mutant mice used in the study. (A) Schematic representation of murine Zfp644 gene with 

depiction of the targeted DNA sequence for TALEN and CRISPR targeting. Position of critical AGT nucleotides (red) 

in the exon 3 of murine Zfp644. TALEN binding sites are marked with blue underline, position  

of primers for PCR screening (For, Rev) are denoted. Sequence of Zfp644Δ8 with highlighted deletion of 8 nucleotides 

(black underline) and a STOP codon (red letters) is shown. Similar sequence is shown for CRISPR targeted Zfp644-/-

.  (B) All of Zfp644 mutations were confirmed by sequencing in both G1 and cDNA of adult mice eyes, brain and 

lungs of transgenic and control animals (C) Protein sequence alignment of human ZNF644 and mouse Zfp644 showing 

position of the single point mutation at the amino acid at position 673 (asterisk);   

(D) In every examined tissue of Zfp644Δ8animals no detectable protein expression of Zfp644 can be found, while the 

samples of Zfp644S673G and control animals show protein expression in every examined tissue. Black arrow 

indicates correct size of Zfp644 protein (145 kDa). (E) Western blot analysis from Wiz−/−, Wiz±, and WT embryonic 

lysate showing protein Wiz sized 130 kDa in WT sample, lower amount in heterozygous sample and none present in 

KO sample Figure is partially adapted from Szczerkowska et al. 2019, Western blot analysis for Wiz animals (E) are 

adapted from Bukova et al. 2021; CRISPR/Cas9 graph created by biorender.com 

 

4.2. Expression analyses 

The quantification analyses of all the components of the studied complex were provided.  

Zfp644, Wiz, G9a and GLP genes are ubiquitously expressed in adult samples. Representative 

results, including testis, uterus, ovaries, prostate, eyes and liver are presented (Fig. 4.3. A-D).  

The analysis of wild type animals extended by two Zfp644 mouse models - Zfp644S673G and 

Zfp644Δ8 are presented on representative organs (Fig. 4.3. A-D). We found that quantitative 

expression of all examined genes was higher in testis and prostate than ovaries and uterus. 

Moreover, we found higher expression of Zfp644 in male eyes, when compared to females, which 

might partially explain the results of vision examination in following chapters (4.4). 

In a qualitative expression analyses Zfp644 and Wiz were also localized in murine embryos 

and embryonic organs in different stages of development. Zfp644 whole mount of wild type 

embryo at E9.5 is presented below (Fig.4.3.E) as well as in the developing eye at E12.5  

and E14.5 (Fig.4.3.G, H). Expression of Wiz in palatal sections of mouse embryos at stages E13.5, 

E14.5 and E15.5 were analyzed (Fig.4.27.A). Moreover, qualitative studies of Zfp644 expression 

in organs were performed on adult mice. Representative data in Figure 4.3 (F, I, J) shows the 

expression of Zfp644 gene in adult eye, ovaries and testis.   
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Figure 4.3. Expression analysis of Zfp644, Wiz, G9a and GLP in Zfp644 mouse transgenic models ( Zfp644S673G 

and Zfp644Δ8) and control animals. Results were normalized to control. No expression of Zfp644 was measured  

in Zfp644Δ8 samples. The results of expression of Zfp644, Wiz, G9a and GLP:  (A) testis and ovaries (B) eyes (C) 

liver (D) uterus and prostate are presented in the top panel. Qualitative expression analysis performed by in situ 

hybridization are presented in the bottom panel: (E) Expression of Zfp644 gene in embryonic eye at E9.5,; scale bar, 

500 μm. (F) Expression of Zfp644 gene in adult eye of E 12.5; scale bar, 50 μm. (G) Expression of Zfp644 gene in 

eye of E 14.5; scale bar, 50 μm. (H) Expression of Zfp644 in adult eye; scale bar, 500 μm. (I) Expression of Zfp644 

gene in ovary; scale bar 50 μm. (J) Expression of Zfp644 gene in testis; scale bar 50 μm.  Figure is partially adapted 

from Szczerkowska et al. 2019 

 

 

 

 

4.3. Physiological role of Zfp644 and Wiz mutations on mice and extended analyses 

of metabolism  

All four mouse models introduced in chapter 4.1 were phenotyped in the Czech Center  

for Phenogenomics (CCP). The CCP is led by my supervisor, Assoc. Prof. Radislav Sedlacek, 

Ph.D, and there is close cooperation between the Center and the Laboratory of Transgenic Models 

of Diseases. The phenotyping pipeline is performed on animals from nine weeks of age and 

finishes with histopathological, hematological immunological examinations at 16 weeks of age. 

The pipeline consists of profound analyses of the mouse organism. It includes analyses of main 

systems in mouse organism such as: behavior, vision, hearing, cardiovascular, metabolism or body 

composition. The results can be seen on the figure below (Fig.4.4). For the Wiz mouse model,  

the data comes from analysis of heterozygotes, as the model is embryonically lethal. 
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Figure 4.4. Graphical expression of phenotyping results of Zfp644 mutant mice and Wiz mouse model 

generated in Czech Center of Phenogenomics shows significant differences in numerous biological systems. 

The presented data, beside the Wiz mutants, were collected from homozygous animals of both sexes. The levels of 

significance are indicated by colors from yellow to red, starting from p value = 0,001 (yellow) to 0,000001 (red).  

 

  On the graph the results of phenotyping can be appreciated. All of the described models 

exhibit significance across a range of biological systems. As already described, all Zfp644 models 

show irregularities in vision, but also significant differences in biochemistry or body composition.  

To follow up with these findings, we performed the analysis of weight from weaning  

to adulthood of mice from transgenic Zfp644 lines. We found a significant difference in weight  

of both males and females of Zfp644Δ8 line during the whole measured period.  The difference  

in weight of Zfp644Δ8 animals (Fig. 4.5.) led us to hypothesize, that the metabolism of the animals 

might be affected.  
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Figure 4.5. Analysis of weight of Zfp644 transgenic mice shows sever weight decrease in Zfp644Δ8 animals. 
Comparison of weight between Zfp644Δ8, Zfp644-/- and control animals showed sever drop of weight in Zfp644Δ8 

animals, significant for both males and females when compared to wild type controls. The weight is also significantly 

different for Zfp644-/- males after 11 weeks of age, when compared to wild type controls. The grey area indicates the 

error bar.  

 

 

 

To analyze the transcriptome, we performed the RNAseq analysis of uterus and compared 

the results of Zfp644Δ8 females with their wild type controls. The choice of the examined organ 

does not make a clear connection with the phenotype however we were simultaneously 

investigating the subfertility phenotype in Zfp644Δ8 females. The limited finding for the 

experiment, made us to choose the more promising phenotype, therefore we decided  

to run with the analysis of uterus.  Among the others, we found the upregulation of LEPR  

(leptin receptor) in homozygous transgenic animals (Fig.4.6.).  
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Figure 4.6. RNAseq analysis of uterus of Zfp644Δ8 females shows upregulation of the leptin receptor.  

The RNAseq results were compared between Zfp644Δ8 female uterus samples (left panel) and control samples (right 

panels) and only statistically significant genes are present on the heatmap. The legend of the heatmap is presented on 

the top right corner, showing upregulated genes are red and downregulated genes as blue. The leptin receptor 

expression is marked with red rectangle.  
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 It was described previously, that leptin upregulation might result in lower body weight and 

a higher metabolism rate in mice 134. Moreover, we analyzed the publically available Chipseq data 

1 and found that both ZNF644 and G9a might interact and/or affect  

the expression level of LEPR. To evaluate the levels of leptin receptor in Zfp644Δ8 animals,  

we performed both gene (Fig.4.7.B) and protein expression (Fig.4.7.A) analysis as well as analysis 

of leptin level in plasma (Fig.4.7.C). However, no significant difference was found  

in any of measured parameters. This data suggests, that the difference observed  

on a transcriptome level, does not seem to affect the protein expression or leptin secretion in the 

examined animals. Taken together the analyses suggest that the difference in weight, found during 

the phenotyping examination, is not a result of upregulation of leptin receptor.  

 

 

Figure 4.7. Analysis of expression of the leptin receptor and leptin level in plasma shows no differences among 

genotypes. (A) The expression of protein level of leptin receptor was measured in liver protein lysate of Zfp644Δ8 
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homozygous males and compared to their wild type controls. The observed size of the protein is 125 kDa. A loading 

control used was GAPDH with observed size of 37 kDa. (B) Expression of lepr and both isoforms of leptin receptor 

– a and b were measured on a gene level. The tendency for upregulation was found in lepr and in isoform a were 

found, however the differences were not significant. (C) No significant difference in concentration of leptin in plasma 

was found in Zfp644Δ8 homozygous males when compared to their wild type control animals.  

 

 

To further test the hypothesis, whether the metabolism of Zfp644Δ8 animals could be 

affected, an aging experiment was designed. A large group of animals, 16 females and 15 males 

were included in the experiment. Animals were divided into four groups (by age) and examined 

for multiple parameters. The examination included: indirect calorimetry, weekly weight 

measurements, body composition examination by µCT and collection of plasma for further 

analysis of biochemical parameters. Both indirect calorimetry and the following plasma collection 

were repeated five times, every six weeks. The analysis started at 10 weeks of age  

of mice and finished at 41 weeks of age with terminal screen, including plasma collection and 

necropsy. Body composition was measured five times on a representative group of animals  

at age of 15, 25, 30, 35 and 40 weeks of age. Representative results of the performed examinations 

are presented on the figure below (Fig.4.8.).  
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Figure 4.8. Analysis of body composition parameters: lean mass, fat content and bone mass shows tendency for 

lower fat content in Zfp644Δ8 males. The measured parameters: (A) lean mass, (B) fat content and (C) bone mass. 

The parameters are presented in percentage, as average of all measured values. No significant difference was found 

between Zfp644Δ8 and control animals. However a tendency to lower the fat content can be notice in males of Zfp644Δ8 

line, when compared to control animals. The relative fat mass (D) shows the tendency for lower total fat mass  

in Zfp644Δ8 males in first time point. 

 

  

 Severe differences in weight of Zfp644Δ8 animals and a tendency for lower fat content  

in homozygous Zfp644Δ8 males and females (data not presented) when compared to their wild type 

controls, suggested a potentially higher metabolism rate in Zfp644Δ8 animals. Repeated 
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measurements of indirect calorimetry were performed in order to analyze it. Representative data 

of males collected during the first time point is presented on the figure below (Fig. 4.9.). It can be 

appreciated on a regression plot that no significant difference was found in energy expenditure  

in respect of body weight (Fig.4.9.B.), suggesting no metabolic differences between examined 

groups. Similar results were found in both males and females in each time point.  

 

 

Figure 4.9. Analysis of metabolic rate in Zfp644Δ8 homozygous males shows no differences between genotypes. 

(A) The average results collected during 48h of the first time point are presented. No significant difference was found 

in any of measured parameters. The water and food consumption as well as locomotor activity differs between light 

and dark phases, what shows that the parameters were measured correctly and mice behavior was not interrupted.  

(B) The regression plot shows the energy expenditure in respect of the body weight and shows no significant 

difference.  
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Profound analysis of metabolism was performed on Zfp644Δ8 homozygous animals and 

compared with wild type controls. The preliminary data collected from the phenotyping pipeline 

examination as well as analysis of unbiased data (RNAseq of uterus (Fig.4.6)  

and ChipSeq analysis performed on HEK293T cells (Fig.4.10) suggested an interaction between 

Zfp644, G9a and LEPR. However detailed examinations of Zfp644Δ8 homozygous mice did not 

confirmed the tested hypothesis. No differences were found in protein level of leptin receptor nor 

in the levels of leptin in plasma. Moreover, we were able to analyze the metabolic rate  

of Zfp644Δ8 homozygotes in repeated measures on aging animals from both sexes. We did not find 

any effect of mutation introduced in the transgenic mouse line on metabolic rate, when compared 

to wild type controls. This data suggests that the significant weight difference present  

in the transgenic animals is not a result of metabolic disorder.  

 

 

Figure 4.10. Schematic representation of ChipSeq data from HEK293T cells shows the leptin receptor binding 

in both G9a and ZNF644 analyses. Publically available data from ChipSeq analysis on HEK293T cells (Bian, 2015) 

were analyzed and are graphically explained on a Venn diagram. The enriched peaks of ZNF644 and G9a are 

significantly overlapping. Among the others, LEPR is common for both genes. The figure is inspired by Bian, 2015 

and created with online tool: visual-paradigm.com. 
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4.4. Role of Zfp644 in high myopia 

Myopia is the widest spread vision disease in the world. Among the others, also GWAS 

study were focused on finding the mutations present in high myopia patients. Interestingly,  

12 mutations related to myopia were found among one gene – Zinc finger protein 644. In this 

study, we were focused on understanding the impact of Zfp644 mutations on mouse vision.  

Two mouse models were studied in order to reveal if mutations in Zfp644 gene are causative for 

high myopia in mice. The first mouse model used in this study, Zfp644S673G, mimics one of the 

described mutations found in human, second model is a potentially truncated form of the protein, 

called Zfp644Δ8.  The design and details of these mouse models as well as expression studies were 

described in detail in previous chapters.  

 

Mutations in Zfp644 lead to myopia caused by enlargement of the optical axis 

Myopia is a disease caused by refractive error that occurs due to elongation of an axial 

length. Therefore, we asked the question if ocular parameters in Zfp644 transgenic mouse models 

were impacted by the introduced Zfp644 mutations. Different ocular parameters were analyzed  

in vivo by an ultrasound imagining technique. High-frequency ultrasound imaging 135-138 was used 

to image posterior structures of the eye, in particular, the retina and optical nerve  

(Fig. 4.11.C and Table 1 and 2). Ultrasound images of eyes allow the measurement the ocular 

parameters i.e. axial length (AL), vitreous chamber depth (VCD), lens diameter (LD) and lens 

thickness (LT). The performed examinations included homozygous and heterozygous Zfp644S673G 

mice (Fig. 4.11.A) Zfp644Δ8 mice (Fig.4.11.B), and the corresponding wild-type control mice  

at the age of 12–14 weeks.  
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Figure 4.11. Analysis of ocular parameters measurement with an ultrasound. Four different ocular length 

parameters were measured: AL (axial length; in red), VCD (vitreous chamber depth; in green), LD (lens diameter; in 

orange) and LT (lens thickness; in blue). Analysis of ocular length parameters between groups in (A) Zfp644Δ8 and 

(B) Zfp644S673G; Most prominent differences were detected in axial length and vitreous chamber diameter (C) Typical 

ultrasound image of the mouse eye; Four ocular length parameters are shown on a typical ultrasound image of an eye: 

AL (axial length; in red), VCD (vitreous chamber depth; in green), LD (lens diameter; in orange) and LT (lens 

thickness; in blue). The lens border is depicted by yellow dashed line. White arrows indicate anterior chamber (AC), 

optical nerve (ON) and retina (R). Figure is adapted from Szczerkowska et al. 2019 
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In Zfp644S673G animals (Fig. 4.11.A and Table 1), a significant difference in measured 

optical parameters was found only in males. Even more interestingly, heterozygous males exhibit 

a higher penetrance of the phenotype than homozygote males suggesting a weak dominant negative 

effect of S673G mutation with gender specific bias. Data from females, did not show significant 

difference in total axial length. The analysis of vitreous chamber depth showed  

a significant difference in both, the heterozygous and homozygous animals, without gender 

influence. 

Similarly, Zfp644Δ8 heterozygous animals showed the most significant changes in lens 

diameter. Moreover, alteration of the axial length is caused by morphological changes in vitreous 

chamber depth as well as in lens thickness and diameter (Fig. 4.11.B Table 2). To conclude,  

the presented analysis showed that each of the examine components of the optical axis is affected 

by the mutation. Differences in individual ocular parameters result in enlargement of the optical 

axis, meaning it results in the high myopia phenotype. The only parameter without observed 

significant difference, but only a tendency, was the lens thickness in heterozygous females from 

Zfp644Δ8 mice. 

To summarize, the effect of both mutations is clearly visible in presented analysis  

of ocular parameters. The stronger effect on phenotype was observed in Zfp644Δ8 animals. 

Interestingly, in the case of S673G mutation, the eye morphology was affected more  

in heterozygous constitution in multiple parameters. Altogether, these results suggest dominant 

negative behavior of the mutated form of Zfp644 and closely mimics the situation reported  

in human patients6. 
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Table 1. Summary of the results of ophthalmologic ultrasound measurements on Zfp644S673G eyes. For each sex, 

medians, first and third quartile and p-values were calculated by one-way ANOVA analysis comparing WT, HET and 

HOM eyes. Figure is adapted from Szczerkowska et al. 2019 

 

 

Table 2. Summary of the results of ophthalmologic ultrasound measurements on Zfp644Δ8 eyes. For each sex, 

medians, first and third quartile and p-values were calculated by one way ANOVA analysis comparing WT, HET and 

HOM eyes. Figure is adapted from Szczerkowska et al. 2019 
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Morphology and function of the retina remains unchanged in the mutant models 

 

It was previously described, that ZNF644 depletion in zebrafish has a severe impact  

on morphology and function of retina. Therefore, the murine eyes of Zfp644 transgenic animals 

were analyzed for morphology and function of retina. We examined both eyes in homozygous 

mutants of Zfp644S673G (n=15) and Zfp644Δ8 (n=21) with OCT at 16 weeks of age and compared 

them with 25 aged-matched control animals.  The in vivo imaging of retina by OCT showed that  

the retinal thickness of transgenic animals is thinner when compared to control animals  

(Figure 4.12 D). Retinal layer segmentation, optic disc position and blood vessel patterning was 

assessed. However, a tendency, and not significant differences were found in these parameters 

(Figure 4.12. A–C’).  
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Figure 4.12. Typical view of the fundus with the optic disc and blood vessels showed no differences among 

genotypes. Typical view of the fundus with the optic disc and blood vessels in the (A) WT, (B) Zfp644S673G and  

(C) Zfp644Δ8. The white spot is a reflected light. A typical view of the retinal cross-sections thru the optic disc, 

respectively (A‘-C‘). ILM – internal limiting membrane, BM – Bruch´s membrane. Scale bar; 200 μm. (D) Retinal 

thickness profile; Retinal thickness was measured as an average of five measurements on both temporal and nasal 

parts of fundus, starting from 0,5 μm from the middle of the optic disc, thru the nasal or temporal retina in 1,5 μm 

distance. Statistical analyses of retinal thickness distribution are showed in a box plot. Figure is adapted from 

Szczerkowska et al. 2019 
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Similar results were obtained with histopathological examination of retinal structure where 

no difference was found. Representative image of an eye from each mouse mutant line is presented 

in the figure below (Fig. 4.13).  

 

 

Figure 4.13. Morphology of retina showed no differences among genotypes. Morphology of retina remain 

unchanged in transgenic animals. Histological examination of retina, was done on 5 weeks old and 16 weeks old 

animals and compared between WT and transgenic animals. Representative image of eye sections of 5 weeks old 

animals are presented for (A) control animals, (B) Zfp644Δ8 and (C) Zfp644S673G animals; scale bar, 100 μm. (A’-C’) 

Zoom in on retina; scale bar, 100 μm; Positions of zooming are denoted with a black square. Figure is adapted from 

Szczerkowska et al. 2019 

 

 

In order to provide functional validation of morphological findings, electrophysiological 

measurements were performed. The electroretinography method allowed us to assess the response 

of photoreceptors and other neurons to light stimulation. Amplitudes and implicit times of scotopic 

and photopic wave a (response of photoreceptors) and wave b (response of bipolar cells) 

respectively, were measured. Similar to in vivo examinations performed by OCT  

and histopathological examination of eye structures, no abnormalities were found in the mutants 

(Fig.4.14.).  
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Figure 4.14. Functional analysis of retina showed no differences among genotypes. Function of retina was 

examined by ERG measurement in 21 weeks old animals and shows no difference between WT and transgenic 

animals. Example responses to single white flash (3.0 cd s/m2) are shown, arrows denote the time of stimulation. 

Scale bar 50 ms and 200 μV. Figure is adapted from Szczerkowska et al. 2019 

 

 

 

 

In addition, quantification of cell numbers in individual retinal layers (ganglion cells, outer 

layer cells and inner layer cells) did not reveal any significant differences (Fig.4.15.). These results 

suggest very low or no impact of Zpf644 on the function and morphology of retina. 

 

 

 

Figure 4.15. Evaluations of retina cell numbers showed no significant differences among genotypes. Cells were 

analyzed in four groups, in distance of 200 μm: (A) cells in outer layer; (B) cells in inner layer; (C) ganglion cells; 

(D) and a total cells number. No significant differences were found. Figure is adapted from Szczerkowska et al.2019 
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To summarize this part of the study, we focused on evaluating the role of Zfp644  

in vision. We created a mouse model mimicking human mutations associated with high myopia 

patients, as described previously. Additionally, we created a mouse model with a truncated form  

of the protein in order to analyze the impact of the protein in more detail. We carried out profound 

analyses of the eye and vision in these described models. We performed the expression analysis  

of an embryonic eye in crucial points of the eye development as well as in the adult organ.  

We then described the morphology of the eye as well as in the retina. We also analyzed the function 

of the retina by ERG analysis.  As expected, no differences were found during this analysis. 

Myopia is a disease caused by elongation of the axial length of an eye. Therefore,  

we decided to measure different ocular parameters with ultrasound imaging method.  

This experiment allowed us to measure four ocular parameters i.e. axial length (AL), vitreous 

chamber depth (VCD), lens diameter (LD) and lens thickness (LT). We found significant 

difference in all of these, proving the causative role of Zfp644 in myopia. 
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4.5. Role of Zfp644 in mouse fertility 

To further investigate the role of Zfp644 on mouse biological systems, we performed  

the analysis on already described Zfp644Δ8 mouse model and a novel full protein ablation mouse 

model, Zfp644-/- (fig 4.1.C). Analysis of expression of the Zfp644 protein in mouse reproductive 

system, performed in both a qualitative and quantitative way, revealed the expression in all parts  

of the murine reproductive system (Fig. 4.3).  

 

Zfp644Δ8 influence the correct estrus phasing in female mice, but not the female 

reproductive system development.  

To reveal the impact of Zfp644 on the mouse reproductive system, first, the breeding 

performance was investigated. Homozygous mice were bred with control animals (with previously 

confirmed breeding performance) for a period of four months. Data collected from that experiment, 

did not show any differences between males from neither of the created transgenic lines. Moreover, 

females from the Zfp644-/- line were also breeding successfully. However, when Zfp644Δ8 females 

where compared with control animals sever abnormalities were found. The breeding performance, 

size of the litter and viability of new born pups are highly reduced (Fig.4.16.E). Our analysis 

showed, that during the four months long breeding experiment, none of homozygous Zfp644Δ8 

female produced a living offspring, while their controls had an average of three litters in that time. 

Moreover, we noticed a higher number of unsuccessful matting in Zfp644Δ8 females. Finally,  

we were able to trace pregnancy in Zfp644Δ8 females, however it occurs very rarely and the liter 

size is dramatically reduced to one, rarely two embryos (compared to an average of 12 in wild type 

controls). We also noticed that the pregnancy is prolonged. Wild type controls in our facility 

usually delivers between 18 to 20 days after fertilization, but Zfp644Δ8 females deliver between  

20 to 22 days after fertilization. This observation suggests hormonal miss regulation in Zfp644Δ8 

females. We were able to follow the birth of a small number of litters (due to low number  

of successful matting), and noticed, that pups are born alive and milk was spotted in their stomach. 

However, shortly after birth, the female sacrificed the pups. Therefore,  

we hypothesized, that the observed phenotype might be related to either disrupted hormonal 

homeostasis in mice or a malformation in the reproductive system. To confirm our hypothesis,  

we decided that a profound analysis of uterus (Fig. 4.16.A) and ovaries (Fig.4.16.B) in transgenic 
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and control females was required. We did not find any malformations in these organs. To further 

investigate the basis of the described phenotype, we analyzed the maturation of ovarian follicles. 

Follicles were divided into five groups, from primordial (less maturated) to large antral follicles, 

which are the most maturated, which are the next to be potentially released during ovulation. 

Surprisingly, no difference was found in ovarian morphometry analysis, suggesting  

no developmental malformations are a cause of the phenotype. Taking into account that Zfp644Δ8 

females are subfertile, and in the case of pregnancy, the number of embryos is significantly lower, 

we decided to analyze the endometrium in pre- and post- implantation stages. We mated females 

with previously vasectomized males (to keep as much similarity between Zfp644Δ8 and control 

animals) and analyzed the size of the endometrium after three and four days after fertilization.  

Five femalesin each of three groups were analyzed, but no difference was observed (Fig.4.16.F, 

G).  Based on these findings, we decided to further analyze the estrus cycle  

in Zfp644-/- Zfp644Δ8 control females. As presented on a representative graph (Fig.4.16.D) Zfp644-

/- and control cycling does not differ much. However we can notice the high irregularity in Zfp644Δ8 

females. Not only the phases change in an unexpected order, but also their length  

is not consistent and does not correspond with a normal cycle length. This data suggests, that  

a potential cause of the observed phenotype might be irregular cycling and/or lack or rare ovulation 

occurrence. The data taken together highly suggests that the cause of Zfp644Δ8 female subfertility 

is not a developmental malformation, but rather an irregularity in hormonal homeostasis.  
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Figure 4.16. Strong abnormalities of estrus cycle and breeding performance were found in Zfp644Δ8 females. 

Morphological analysis of uterus (A) and ovaries (B) of Zfp644Δ8, Zfp644-/- and control animals showed no differences 

between genotypes. Scale bar 200 µm. No difference was found in morphological analysis. (C)  Morphometry of 

ovaries of Zfp644Δ8, Zfp644-/- and control animals showed no difference between genotypes. (D) Analysis of estrus 

cycle in both transgenic mouse models and control animals revealed strong dysregulation in Zfp644Δ8, females. (E) 

Breeding performance of Zfp644Δ8 females during 4 month long experiment showed sever drop in breeding 

performance in Zfp644Δ8, females. Comparison of endometrium thickness in pre- and post-implantation stadium in 

Zfp644Δ8, Zfp644-/- and control animals. (F) Analysis of endometrium thickness in preimplantation stage. No 

significant difference was found. (F’) Analysis of endometrium in post implantation stage. No significant difference 

was found. 



68 
 

Zfp644Δ8 subfertility can be partial rescue by ovarian transplantation  

To confirm our hypothesis of fully functional ovaries we decided to design an ovary 

transplantation experiment. The ovarian transplantation was performed in order to rescue  

the phenotype (Fig.4.17).  The experiment was performed in two groups. The first group consists  

of control animals as recipients of transplantation, and Zfp644Δ8 females as donors of ovaries.  

The second group, were Zfp644Δ8 females as recipients and control females as donors.  

The experimental set up is also presented on a scheme below. Breeding performance after  

the transplantation in each group is presented on bar plots.  

We were able to partially rescue the phenotype, by transplantation of Zfp644Δ8 ovaries and 

perform successful breeding and weaning of offspring. As could be expected based on data 

presented in the previous chapter, transplantation of control ovaries did not cause any improvement 

in breeding performance of Zfp644Δ8 females. The results of the transplantation experiment and 

the presented data taken together clearly suggest the causative effect of hormones and  

not developmental malformations of female reproductive system.  

Figure 4.17. Ovarian transplantation rescue the fertility phenotype in Zfp644Δ8 females.  Representative graph 

of rescue experiment; on the left side of the figure and results presented as an average on bar plots presented on the 

right side of the figure. Green color of control mouse represents the mouse with green fluorescent protein, 
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ubiquitously expressed, that could be visible on attached image. The fluorescence help to quickly identify the origin 

(donor or acceptor) of pups, further confirm by genotyping.  

 

Zfp644Δ8 disrupt correct prolactin circulating levels during estrus cycle and pregnancy.  

To further analyze the hormonal parameters in female mice, we examined the plasma levels  

of five female sex hormones necessary for correct phase changes in mice as well as successful 

fertilization. The examined hormones were: progesterone, 17-β-estradiol, LH, FSH and prolactin 

in each of the four estrus cycle phases. A significant difference was found between the genotypes 

and estrus cycle phases only in Zfp644Δ8 females, but not in Zfp644-/- or control animals. 

(Fig.4.17.A). Moreover, an interesting tendency in prolactin levels was found (Fig.4.17.B). 

Between proestrus and estrous phases, a peak of prolactin should be observed. This general rule, 

can be easily observed in both control and Zfp644-/- plasma analysis presented on the graph. 

However, Zfp644Δ8 female’s plasma levels suggest an opposite trend in prolactin cycling  

(Fig 4.17.B). These findings suggest dysregulation in release of the prolactin hormone. We decided  

to analyze the mammary gland, as this organ is influenced by prolactin the most during pregnancy. 

First the examination of the mammary gland of nulliparous female at 9 weeks of age was 

performed (Fig.4.17.C). Here we present a representative picture of Zfp644Δ8, Zfp644-/- and control 

females. Similar to analysis of morphology of uterus and ovaries, also mammary gland did not 

show any malformations between the groups. To further investigate if the observed dysregulation 

of prolactin levels in Zfp644Δ8 females might influence the role of mammary glands in pregnancy, 

we decided to examine the size of mammary gland in pregnant females.  

As presented before (Fig.4.17.E) Zfp644Δ8 females are, although rarely, able to get pregnant, 

therefore analysis of mammary glands at E18.5 was challenging but possible (Fig.4.17.D-E).  

The results, presented by the representative image of each examined group as well as quantitative 

representation of the phenotype are striking. We observed not only a significantly smaller area  

of mammary gland, but also a loss of the structure of the ducts. Moreover, expressed by color 

coding, depth of the ducts is severely depleted in Zfp644Δ8 female’s organs. It was previously 

described, that estrogen, progesterone and prolactin are the three main hormones influencing 

growth and development of mammary gland. Estrogen is almost exclusively crucial  

for development. However progesterone and prolactin, whose tight cooperation was reported  

not only in mammary glands, are more significant during the reproductive cycle and even more 
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during the pregnancy. The presented results might suggest a growing significance of progesterone 

during the pregnancy of Zfp644Δ8 mice and should be further examined. To fully exclude 

developmental malformations as a cause of mammary gland failure during the pregnancy, we 

prepared organoids from mammary gland of control and both Zfp644 transgenic mouse lines.  

In organoid culture, all conditions were kept the same. To simplify, we can say that in organoid 

culture, unlike mammary gland in vivo, all necessary substrates, such as hormones, were the same 

for each group. Therefore the growth of organoids is based only on the abilities of the organ itself. 

Analysis of growth, as well as the performed lactation assay did not reveal any changes between 

the groups, which might suggest the importance of prolactin inherence in the animals, which  

is impossible to observe in organoid culture (data not shown). 

  

 

Figure 4.18. Analysis of hormonal levels and mammary gland in pregnant females shows significant differences 

in Zfp644Δ8 animals. (A) Analysis of hormonal levels in different estrus phases. Data was analyzed with Mixed 
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ANOVA Interaction that for control p=0.0069; for Zfp644-/- p=0.0010 and for Zfp644Δ8 p=0.2593. (B) Detailed analysis 

of plasma level of prolactin during different phases of murine estrous cycle. (C) Representative images of mammary 

gland of nulliparous females at 9 weeks of age. Scale bar 500 µm. (D) Representative images of mammary gland 

collected from pregnant females 18 days after fertilization. Scale bar 200 µm. Depth of the ducts is color coded.  

(E) Analysis of quantification of size of mammary gland of pregnant females. Data analyzed with one way ANOVA 

showed significant difference between the means of examined groups p = 0.0067.  

 

 

   Progesterone replacement therapy rescues the subfertility phenotype in Zfp644Δ8 females.  

To further understand the impact of hormonal misbalance in Zfp644Δ8 females, we performed the 

rescue experiment with hormonal replacement therapy.  It was previously described that both 

prolactin and progesterone are highly connected, especially during pregnancy 105. Our promising 

data of mammary gland examination showing the potential influence of hormonal balance  

on a late pregnancy development of the glands directed us to further analyze the pregnancy 

suppression. The role of progesterone in maintaining the pregnancy and its significance  

in infertility treatment are commonly discussed and used in human medicine. Therefore,  

we decided to test progesterone and 17-β-estradiol (as a negative control) pellets with release  

in 60 days. Placebo pellets with same time release were used as controls. Moreover, combination 

therapy with both 17-β-estradiol and progesterone pellets simultaneously implanted were used.  

During this time females were mated at least twice and, in the case of pregnancy, monitored until 

weaning of a litter. The hormonal replacement therapy with use of progesterone resulted  

in a rescue of Zfp644Δ8 female sub-fertility. Results are presented on a scheme below (Fig.4.19).   
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Figure 4.19. Hormonal replacement therapy can be applies as a rescue of the fertility phenotype in Zfp644Δ8 

females. Experimental set up and results of mattings. The proposed rescue experiment by hormonal replacement 

therapy with progesterone (P4) resulted in successful mattings and weaning of the offspring. The effect was not visible 

when 17-β-estradiol (E2) nor placebo were used.  

       

Zfp644 depletion do not result in difference in H3K9 demethylation in mouse 

 Olsen et al.12 suggested that depletion of ZNF644 results in a decrease of H3K9 

demethylation, independently of G9a (expression not changed). Our experiments on cells proved 

that concept (data not shown). However, the analysis of methylation in cells could be translated  

to Zfp644 full knockout (Zfp644-/-) mouse model, however not to Zfp644Δ8 mice. Therefore,  

we decided to conduct a similar analysis of total demethylation level in MEFS cells derived from 

both the examined Zfp644 mutant mouse lines. The results did not show any difference in H3K9 

demethylation marker between Zfp644Δ8, Zfp644-/- and control cell lines. The data suggest, that 

the total expression of H3K9 demethylation in the examined mouse derived cell lines is not 

affected (Fig.4.20). These findings could support our hypothesis that Zfp644 is substituted  

by another factor in the living organism.  
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Figure 4.20. H3K9 demethylation pattern in MEFS cells derived from Zfp644 transgenic mouse models shows 

no differences between the genotypes. Data kindly provided by P.Kaspar.  

 

To examine if the observed trend remains visible also in adult animals, we tested  

the expression of H3K9me2 marker in testes samples from 16 week old males from each transgenic 

group (Fig.4.21.). We found the expression of H3K9me2 were similar in all samples; similarly  

as in MEFS cells.  

 

 

Figure 4.21. G9a protein expression and H3K9 demethylation pattern in testes samples from adult 

males from each of Zfp644 transgenic mouse models shows no differences between the genotypes. 
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Moreover, we examined the methylation pattern in samples collected from pregnant females nine 

days after mating occurred. Mammary glands from females were collected and methylation 

pattern marker was examined. Again, we did not find any differences  

in the expression of total H3K9 demethylation marker between examined groups. The slight 

differences that can be observed in H3K9me2 marker were caused by a different amount of 

loaded protein (visible on a GAPDH expression).  

 

 

Figure 4.22.  H3K9 demethylation pattern in mammary glands samples from pregnant females from each  

of Zfp644 transgenic mouse models shows no differences between the genotypes.  

 

Taken together all results suggest, that depletion of Zfp644 or it truncated form, do not 

influence total H3K9 demethylation rate. However, to elucidate the impact of the mutations  

on single genes further analysis would need to be completed. Currently, we are preparing mouse 

organ samples from both Zfp644 mouse transgenic lines for chromatin immunoprecipitation 

experiments. Until now, the experiment could not be performed due to lack of an anti- Zfp644 

antibody. Recently, the tagged recombinant protein of ZNF644 (full length and one imitating 

Zfp644Δ8 situation; explained in following chapter) was prepared following the cooperation with 

other laboratory. We plan to use both of these constructs for chromatin immunoprecipitation 

analysis. We believe, that results of this experiment could shed a light on a detailed methylation 

profile of single genes. The results of this analyses was not available before this thesis was 

submitted. 
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Zfp644Δ8 might interfere the protein-protein or protein-DNA interactions in mice 

To reveal the molecular mechanism behind the observed phenotype, we hypothesized that 

Zfp644Δ8 mutation in mice led to either a difference in methylation of a single or a couple  

of genes, but not the total methylation status or disruption in binding of a partner. We employed 

an in silico approach and analyzed publically available Chipseq data from HEK293T cells  

on G9a, ZNF644 1 and ER (estrogen receptor). Schematic representation of the results  

is presented on a Venn diagram (Fig.4.23). As presented before, a significant overlap between G9a 

and ZNF644 suggests the strong co-operation between the transcription factor and the methylation 

complex. Among others, a few genes from the overlapping area are highlighted. Disruption of their 

expression could be a potential cause of the observed phenotype. However, further experiments 

are necessary to reveal this. Interestingly, we found an overlap of peaks common for all three 

examined proteins. PPP5C and DHRS9 are both related to steroid hormones. Moreover, presented 

previously data from RNAseq (Fig.4.6) showed significant differences in genes related  

to hormonal balance or fertility, such as Gper1, Ghrh, Bcar1, Ovgp1. This data might support our 

hypothesis of disrupted expression and/or binding of a single or a small amount of genes  

due to Zfp644Δ8 mutation. 
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Figure 4.23. Analysis of ChipSeq data from G9a, ZNF644 and ER from HEK293T cells shows many genes that 

are impacted by all three investigated genes: G9a, ZNF644 and estrogen receptor. Moreover,  

we found that many genes are related to hormonal balance and fertility, suggesting possible co-operation between the 

genes and ZNF644 gene.  

 

 

Revealing of protein-protein interactions of Zfp644 was challenging due to the lack  

of antibody that could serve for immunoprecipitation. Currently, the recombinant proteins  

of both full length ZNF644 and one that mimics the Zfp644Δ8 mutation present in mouse were 

prepared. The preliminary results suggest that both proteins are the correct size and might serve 

for further studies on protein-protein interactions. The proteins have a tag on both the N- and  

C- termini. On the C-terminus there is streptavidin, and on the N-terminus either a GST or His tag 

is present. We plan to use these recombinant proteins for pull down studies that could help  

to elucidate the protein-protein interactions of ZNF644 and the differences between the full length 

and the potentially truncated form mimicking the Zfp644Δ8 mutation. The results of this analyses 

were not available before this thesis was submitted. What caught our attention, when analyzing 

the ZNF644Δ8 recombinant protein, a lot of complexes with DNA were observed. Knowing,  

that five out of eight zinc fingers remained in that construct, we could assume that many unspecific 

bindings to DNA occurred. This could explain why we observe the phenotype in Zfp644Δ8 and not 

in Zfp644-/- mice. However, further experiments to prove that would be necessary.  

 As the protein-protein interactions seems to be crucial for understanding of molecular 

mechanism behind the observed phenotype, we decided to perform immunoprecipitation  

by a G9a antibody (Fig.4.24). We used MEFS cells derived from both Zfp644 mutant mouse lines 

and compared them with control samples. Moreover, when analyzed, results from MEFS cells 

were compared to IgG controls to remove the unspecific bindings. Interestingly, we found 

overexpression of Cbx5 transcription factor in Zfp644-/- samples, when compared to wild type 

controls. This could suggest, in agreement with our hypothesis, that in the case of complete 

depletion of Zfp644 in mouse, another transcription factor is substituting and fulfilling the role  

of the missing Zfp644. However these findings are only preliminary results. It needs to be clearly 

stated that even though the method seems to be working correctly (G9a, GLP and Wiz were pulled 

down in all samples), the Zfp644 was not discovered in any of the samples. Moreover, almost  
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no zinc finger proteins were visible in the results of the experiments, suggesting that the condition 

of the experiment should be improved. Currently, we decided to use the same samples for RNAseq 

analysis, to see the differences between the groups with a more sensitive method. The results  

of this analyses were not available before this thesis was submitted.  

 

Figure 4.24. Significantly expressed genes found in immunoprecipitation by G9a antibody. Analyses were done 

on MEFS cells derived from Zfp644Δ8 (left side) and Zfp644-/- (right side) mutants. Proteins with significance 

difference in expression are presented in the boxes, the left side of the plot indicates the downregulation and the right 

side of the plot – the upregulation. The amount of differently expressed proteins is much lower in Zfp644Δ8 derived 

MEFS cells. Among the other proteins highlighted in Zfp644-/- analysis, Cbx5 seems to be the most promising for 

further investigation.  Data kindly provided by P.Kaspar. 

 

 

To summarize, this part of the study was focused on describing the infertility phenotype 

found in Zfp644Δ8 females and further analysis of the molecular mechanism behind it. We were 

able to describe an impact of Zfp644 and its mutation (Zfp644Δ8) on the development of the female 

reproductive system in mouse. Moreover, our profound breeding analyses showed severe decrease 

in breeding performance of female mice, potentially caused by hormonal misbalance, mainly  
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by prolactin and progesterone. Finally, we proposed two rescue experiments which helps to restore 

female subfertility in mouse. Our data taken together suggest, that the observed phenotype  

is caused not by malformations of the female reproductive system in mouse,  

but irregularities in hormonal homeostasis. Finally, we took multiple attempts to elucidate the 

molecular mechanism behind the observed phenotype. We did not find differences in total H3K9 

demethylation expression in MEFS cells, nor in adult mouse samples. In silico analyses and 

performed IP experiments were not enough to elucidate the role of truncation (Zfp644Δ8) and the 

difference between the truncation and full protein ablation (Zfp644-/-). This question remains open 

at the time of handing over the thesis and are further commented on in the Discussion section. 

Moreover, the manuscript of fertility study was prepared and include at the end of the thesis.  

It would be revised and filled with new data before possible submission in the future. 
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4.6. Role of WIZ in embryonic development 

Wiz is a transcription factor working with G9a/GLP complex simultaneously with,  

the main focus of this thesis, ZNF644. In this complement study, our aim was to elucidate the role 

of Wiz knockout on mouse development as well as the impact on methylation status  

in embryonic development. The data is fully presented in the attached publication  

(Bukova et al. 2021). Here, only the most relevant data is shown.  

 

Wiz deficiency causes growth retardation and craniofacial defects 

Novel Wiz knockout model was created by CRISPR/Cas9 technology and analyzed  

by a standardized search 139 for embryonic lethality, as suggested in previous studies16.  

The analyzed genotype distribution did not show any significant differences until E18.5, however 

dead Wiz-/- embryos were observed from stage E12.5. Moreover, strong growth retardation  

at E18.5 was observed, which results in almost 25% lower Crown Rump Length (CRL) before 

birth compared to WT embryos. 

The analysis of embryos revealed malformation visible from embryonic stage E14.5.  

The most striking abnormality was delayed horizontalization in Wiz-/- palatal shelves which 

remained lateral to the tongue (Fig.4.25.A), which was never observed even in later stages. 

Additional analyses of embryos at E18.5 revealed more severe craniofacial defects, including 

shorter snout morphology and the underdevelopment of eyelids. From the Wiz-/- embryos harvested 

at E18.5 approximately 60% showed full cleft palate and 40% showed incomplete palatal shelf 

fusion (Fig.4.25.B).  
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Figure 4.25. Wiz deficiency leads to developmental defects especially in craniofacial area, growth retardation, 

and embryonic subviability. MicroCT images of embryos at different embryonic stage: (A) E14.5 embryos. White 

arrows point to palatal shelves of WT embryo in proper horizontal position on top of the tongue. White asterisks 

indicate palatal shelves of Wiz−/− embryo remaining in vertical position along the tongue. (B) E18.5 embryos. White 

arrowhead points to the eyelids, properly developed in WT and cleft in Wiz−/− embryo. Detail of the eye is showed 

in the top right corner. White arrow points to fully fused and formed palate of WT embryo. White asterisks indicate 

severely hypomorphic palatal shelves of Wiz KO embryo. Figure is adapted from Bukova et al. 2021. 

 

WIZ is expressed in palatal shelves and overlaps with G9a/GLP and suppress  

the methylation pattern in developing palate epithelium.  

To study the impact of Wiz knockout on craniofacial development, analysis of expression 

of Wiz, G9a and GLP proteins with in situ hybridization on histological sections of developing 

palate at E13.5 and E14.5 were as performed. Nuclear localization of Wiz in palatal shelf was 

detected, both in neural crest derived mesenchyme and in palatal shelf epithelium with a stronger 

expression in the epithelial layer which later form the roof of oral cavity (Fig.4.26.A, arrows). 

Moreover, analysis of G9a and GLP expression showed an overlapping pattern with Wiz  

and an increased expression at the oral side of palatal shelves (Fig.4.26.B-C).  
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Figure 4.26. Expression pattern of Wiz, G9a and GLP on palatal sections shows an overlapping pattern  

of G9a/GLP expression with Wiz. In situ hybridization on palatal sections and immunofluorescent stained palatal 

sections of E13.5 WT (upper panels), E14.5 (middle panels), and E15.5 (lower panels) palatal sections. (A) strong 

expression of Wiz in the epithelia on oral side of palatal shelves (black and white arrows). Expression pattern of (B) 

G9a and (C) GLP showing an overlapping pattern of G9a/GLP expression with Wiz (black arrows). Scale bar 

represents 100 µm and applies for all images. Figure is adapted from Bukova et al. 2021. 

 

To further address, whether co-expression of components of the complex can affect  

the methylation pattern the following experiments were performed. Published data suggest that  

the main focus of the complex is mono- and demethylation of H3K9, thus histological sections  

of embryos between E13.5 and E15.5 were compared for the pattern, as this period is crucial  

for palatal development. Observations of stages E13.5 and E14.5 revealed a decrease of the signal 

in the Wiz-/-  epithelium compared to positive areas in WT (Fig.4.27.A,B, arrows) corresponding 

to the future oral surface of the shelves both before and after horizontalization. Observations  

of the epithelial layer of palatal roof after fusion in WT versus shelf epithelium  

of Wiz-/- embryos at E15.5 showed a severe reduction of mono- and demethylation marks 

(Fig.4.27.C, arrows). As presented on the expression analysis (Fig.4.3), stronger expression  

of the complex’s components in palatal shelf epithelium corresponds to a more severe decrease  

in methylation marks expression, suggesting the role of Wiz and G9a/GLP during palate 

development. Nevertheless, the precise molecular mechanism of this action needs further 

examination, likely at single cell level and by unbiased transcriptomics. 
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Figure 4.27. Analysis of H3K9 methylation pattern in palatal shelves suggests the role of Wiz and G9a/GLP in 

palate development. Immunofluorescent double stained palatal sections of (A) E13.5, (B) E14.5, (C) E15.5. WT 

(upper panels) and Wiz−/− (lower panels) embryos for mono- and dimethylated H3-K9. Second column for each 

staining displays detailed image from the first column labeled with white rectangle. In (B,C), last column represents 

magnified images from the area labeled with white rectangle in previous column. (A’) Quantification of methylation 

marks in E13.5 palatal sections. A schematic cartoon showing medial and lateral segments used for quantification can 

be appreciated on the left. Graphic representation of spectral intensity quantification for medial and lateral segments 

of mono- and dimethylated H3-K9, respectively are shown in the rest of panel. Figure is adapted from Bukova et al. 

2021 

 

 

 

 

In conclusion, the methylation pattern of H3K9 in the developing mouse craniofacial area 

was followed and showed its suppression in developing palatal shelves. Moreover, the impact  

of Wiz protein knockout on G9a/GLP complex action in craniofacial development was analyzed.  

Co-expression of G9a/GLP complex and Wiz protein in the palatal shelf was described. 

Furthermore, analysis of the embryo development in order of Wiz knockout in mice and reported 

malformations in orofacial areas, especially epithelia of developing palatal shelves were 

performed. The connection between epigenetic chromatin modification and craniofacial defects  

is very complex, therefore further research to reveal the detailed mechanism and the specific cell 

population involved in the palatal process would be interesting to provide. The data still provides  

an open door for further analysis of cleft palate mechanism and the involvement of methylation  

in the process.  
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5. Discussion 

5.1. Main results of the thesis 

Three mouse models were designed and produced to conduct the study into Zfp644 

function. We analyzed the expression profile of Zfp644 in both a quantitative and qualitative way. 

We found that Zfp644 is ubiquitously expressed in adult mouse samples derived from both sexes. 

We also reported the presence of Zfp644 in mouse embryos and the developing murine eye 

(Fig.4.3). Our first aim was to evaluate the impact of mutations in the Zfp644 gene on developing 

a high myopia phenotype. As described before, during GWAS studies, 12 mutations in ZNF644 

gene have been found and connected to patients with high myopia. To further elucidate the role  

of Zinc Finger Protein 644, we applied TALEN technology to create a mouse model mimicking 

one of the human mutations found in patients with high myopia. To complement the study,  

we also created a mouse model with a potentially truncated form of the protein. These are the first 

transgenic mouse models of Zfp644 to be described. Study of the impact of Zfp644 on an animal 

model has only been conducted previously on a zebrafish model deficient for znf64412.  

To investigate the molecular mechanism of ZNF644, Olsen et al.12 established two different 

morphant models (MO) of znf644, based on two znf644 isoforms (a and b) whose phenotype was 

severe and included changes in the developing retina, midbrain, and eye size. Both znf644a-MO 

and znf644b-MO showed signs of microphthalmia and disrupted midbrain morphology. Therefore, 

we conducted a profound study including the analysis of morphology and thickness of retina,  

as well as other in vivo examinations of eyes, e.g. OCT or ERG analysis. No impact of the 

mutations in Zfp644 on mouse was found in described examinations. The data suggest that Zfp644 

mutations the described in the study has a much milder or even no effect when compared  

to phenotype observed in lower animals.  
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As the main focus of the study was to elucidate the impact of Zfp644 mutations  

on the myopia development, we proceeded with detailed vision analysis. The most straight forward 

results of myopia examinations were obtained by in vivo analysis of ocular parameters  

by ultrasound imaging. Axial length (AL), vitreous chamber depth (VCD), lens diameter (LD) and 

lens thickness (LT) were analyzed in both models. We showed that both Zfp644 mouse models 

carry the signs of myopia and the phenotype is stronger in Zfp644Δ8 mice, than in the point mutation 

model. Moreover, we also showed that the measured ocular parameters are significantly different  

in heterozygote animals when compared to WT animals, which corresponds with genetic 

conditions reported previously6, 9.  

The created mouse models, seems to be an useful tool for further myopia studies,  

as the number of mouse models, that can be used for myopia studies is limited 97, 140, 98, 99, 100, 101.  

The myopia in mice could be studied also after induction by e.g. goggles 141, 142 but in contrast  

to the myopia presented by us in Zfp644 transgenic models, no developmental or genetic factors 

can be studied in that case. 

The presented data focused on visual examination, did not reveal the molecular mechanism 

of Zfp644. To further continue the study, we decided to create and include into the examinations 

third mouse model with functional ablation of Zfp644 protein. The difference between the models 

was described in detail in previous chapter and showed on figures (Fig.4.1 and Fig.4.2). There are 

two, suggested, main differences between the Zfp644Δ8 and Zfp644-/- models. The truncated form  

is longer and maintains five zinc finger motifs (none in Zfp644-/- model) and G9a binding that  

is not preserved in functional ablation model. It must be stressed that the described differences are 

still a prediction. We did confirm the sequence of Zfp644 in our mouse models by sequencing,  

and based on our prediction in available literature however not in an experimental way.  
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Moreover, a working antibody for Zfp644 is not available, making the experimental set up even 

more challenging. The troubleshooting will be discussed in further sections of the chapter.  

As the Laboratory of Transgenic Models of Disease of IMG remains in close  

co-operation with Czech Center for Phenogenomics, all described Zfp644 transgenic models went 

through the phenotyping pipeline described in chapter 4.3 and illustrated by Figure 4.4.  

Based on the results of the phenotyping and the observed severe decrease in weight in Zfp644Δ8 

animals, the possibility of a metabolic phenotype was examined. Based on unbiased data (RNAseq  

of uterus) we decided for examination of the leptin receptor. The data seemed even more 

promising, as a similar effect of upregulation of the leptin receptor in a mouse organism was 

described before by Lou and colleagues 134. However no significant differences in Zfp644Δ8 

animals were found in any of the examined parameters (leptin level in plasma, leptin receptor 

expression on a genetic and protein level), when compared with wild type or Zfp644-/- animals. 

Next, the profound analysis of metabolism were performed on a large group of animals and 

repeated at five time points. The analysis of the body composition of Zfp644Δ8 animals, that were 

part of the experiment, revealed striking differences in fat content in Zfp644Δ8 animals.  

However, the analysis of metabolic rate did not show any significant difference in Zfp644Δ8 

animals. We conclude that the weight decrease observed in Zfp644Δ8 animals is not caused  

by higher metabolic rate nor the leptin receptor upregulation in the animals.  

Further analysis of biological systems in Zfp644 transgenic animals revealed  

the subfertility in Zfp644Δ8 females. During the vision study, we noticed that Zfp644S673G mice have 

a stronger phenotype manifestation in males. The mechanism of this phenomenon is not easy  

to explain but we hypothesized, that it could suggest a potential role of steroid hormones signaling 

in regulation of ZNF644, although published human case reports suggested no gender specificity 
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in any of the mutation variants of ZNF644 6, 7, 8, 9. Nevertheless, the tight connection to female 

sex hormones in mice is supported by work of Davis et al.143, in which upregulated Zfp644 

expression was observed in 8 week-old ovariectomized mice, following treatment with estradiol, 

a steroidal sex hormone. Moreover, G9a protein and H3K9 methylation are tightly connected  

to fertility and hormonal balance as well111. Therefore, the cross talk between Zfp644  

and sex specific hormone homeostasis is the major interest of the following study on female 

fertility in the Zfp644 transgenic mice. The study included a comparison between Zfp644Δ8, 

Zfp644-/- and control animals. 

We performed a breeding performance analysis in Zfp644 transgenic mouse models,  

and revealed that Zfp644Δ8 homozygous females are subfertile. We conducted profound analysis  

of the female reproductive system in mice, and found no organs malformations in any of the 

examined mouse models. However, the performed analysis of female’s sex hormones revealed  

a significant difference  between the genotypes and estrus cycle phases only in Zfp644Δ8 females, 

but not in Zfp644-/- or in control animals. Moreover, we were not able to observe the peak  

of prolactin, visible in Zfp644-/- and control females, during estrus cycle examinations in Zfp644Δ8 

females. Based on the presented data, we suggested that the observed dysregulation of sex specific 

hormones results in an arrest of growth of mammary gland during pregnancy. Indeed, we observed 

loss of size and structure in mammary glands at 18 days after fertilization.  

Finally, we proposed two rescue experiments: 1) the transplantation of ovaries and 2) a hormonal 

replacement therapy. Both were successful, providing even stronger evidence supporting  

the hypothesis, that female specific sex hormones are the cause of the observed phenotype. 

Interestingly, analysis of publicly available ChipSeq data1 seems to support the hypothesis of G9a 

and H3K9 methylation involvement in the formation of the subfertility phenotype.  
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Both G9a and ZNF644 were analyzed in HEK293T cells and over 12 000 enriched peaks were 

identified for each protein. A majority of the peaks from both G9a and ZNF644 overlap. We were 

able to identify enriched peaks in prolactin (PRL), prolactin realizing peptide (PRLH)  

and prolactin receptor (PRLR) with both ZNF644 and G9a. However, we examined  

the methylation rate in adult male samples and samples from pregnant females, we did not find 

any differences between the genotypes. Nevertheless, we must take into consideration  

the possibility, that differences in methylation of a single or small number of genes might not be 

visible in an expression study of methylation marker. The problem is further commented  

in the troubleshooting chapter. 

Based on presented data we decided to suggest a molecular mechanism explaining  

the difference between Zfp644Δ8 and Zfp644-/- animals. As explained in previous chapters,  

the Zfp644Δ8 mouse model is a potentially truncated form of the protein. We hypostatize that  

it preserves the ability to bind to G9a and five out of eight zinc finger motifs present in full length 

protein. That might result in more promiscuous binding of DNA and potentially, also unspecific 

binding of DNA might occur. This could further result in silencing of nonspecifically bound 

targets. That could be one of possible explanations of the observed phenotype’s presence only  

in Zfp644Δ8 and not in the functional ablation mouse model.  

In contrast the Zfp644-/- model is suggested to serve as a functional ablation with  

no possibility to bind G9a. We hypothesize that in this situation, G9a/GLP complex preserve  

its possibility to bind with another interacting partner taking over or substituting for Zfp644,  

as many other G9a/GLP partners were described. This could not be possible in case of Zfp644Δ8 

because, as we hypothesize, this mutation still binds G9a simultaneously stopping the ability  

of other proteins to bind G9a in its presence. Schematic representation of the proposed molecular 
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mechanism is presented on a diagram below (Fig.6.1). Based on published data, we determine  

a potential Zinc Finger Protein, described to bind to the G9a/GLP complex and the Wiz protein144.  

The candidate is another transcription factor, ZNF518B. Its presence is related to cancer145,146,147 

however the mechanism was not fully described. Moreover, ZNF518B binds to the promotor 

region of multiple members of the STAT protein family (https://www.genecards.org/cgi-

bin/carddisp.pl?gene=ZNF518B&keywords=znf518b) known as influencers of female sex 

hormones and important players in female reproduction and mammary gland development.  

We also found during the analysis of ChipSeq data [Bian, 2015] that STAT3 is a common peak 

for both G9a and ZNF644. Moreover analysis showed PIAS3, the inhibitor of STAT3, as a protein 

related to G9a. All data taken together might support suggested molecular mechanism, however 

further experiments are necessary to confirm the hypothesis.  
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Figure 6.1. Illustration of potential molecular mechanism in Zfp644 transgenic mouse models.  

The top panel shows a physiological situation where full length Zfp644 protein is present, working in the complex 

and binding to DNA. Other zinc finger proteins are also present in the close proximity to the complex. The middle 

panel shows the hypothetical situation that might occur in Zfp644Δ8 mice. When truncated form of Zfp644 protein  

is present and still bound to the complex and DNA, other zinc finger proteins are present in close distance to the 

complex, however, not bound to it. The lower panel shows a hypothetical situation that might occur in Zfp644-/- mice. 

The missing Zfp644 is substituted by other zinc finger protein. Figure was created with BioRender tool. 
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5.2. The role of Wiz protein in G9a/GLP complex.  

The complementary project was focused on the role of Wiz in the G9a/GLP complex.  

The knockout mouse model of Wiz protein and impact of the mutation on a mouse organism  

was described.  

It was shown, that simultaneously with ZNF644, WIZ transcription factor binds  

to the G9a/GLP complex1,13. The G9a/GLP complex independently regulates both H3K9 and DNA 

methylation, resulting in transcriptional silencing25. It has been proposed that either WIZ  

or ZNF644 is sufficient for targeting the G9a/GLP complex to specific loci for H3K9 methylation1. 

However, multiple other G9a-associated molecules containing zinc finger motifs have been 

reported, such as PRDIBF1148 or ZNF217149 or, mentioned above ZNF518B144. This might explain 

why the functional ablation of Wiz is not embryonically lethal as early as G9a  

or GLP themselves. However, the role of WIZ seems to be more profound than the role  

of ZNF644 in the complex, as no lethality in Zfp644 knockout was reported. Moreover, double 

knockout mice of Wiz and Zfp644Δ8 were analyzed for embryonic lethality and the severity was 

not changed, when compared to Wiz embryos. On the other hand, as we suggested in the previous 

chapter, the possibility of substituting the Zfp644 in case of its absence by other proteins with G9a 

binding ability, however, no similar evidence for Wiz was found in available literature.  

The performed examinations of Wiz knockout embryos, in order to analyze the impact  

of the protein on methylation, suggest that Wiz deficiency causes disruption of methylation known  

to be driven by the G9a/GLP methylation complex. The analysis showed lethality at E18.5. 

Morphological malformations in Wiz knockout homozygous mice were revealed.  

Analysis of embryos between E14.5 to E18.5 showed that the most severe malformations include 

a shorter snout, cleft pellets and cleft eyelids. Moreover, the histone methylation pattern  
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was analyzed to understand the impact of Wiz knockout on G9a/GLP function. Based on presented 

data, we could conclude that the histone methylation pattern is suppressed. We suggest that Wiz 

plays a role in G9a/GLP methylation complex, especially in craniofacial development.   

5.3. Troubleshooting 

 The G9a/GLP machinery, seems to be one of the most described factors in epigenetic 

regulation. Recently described partner of the methylation complex, Zinc Finger Protein 644,  

is gaining interest not only as a factor in human myopia, but also in a broader view. Here we 

discussed the role of Zfp644 mutations on mouse vision, metabolism and female fertility. 

However, the molecular mechanism was not elucidated. 

We met many obstacles when conducting the research to reveal the Zfp644 molecular 

mechanism. First, we were missing the mouse antibody against Zfp644. We made the attempt  

to produce our own monoclonal antibody, however it was unsuccessful. The antibody possessed 

very strong unspecific binding, which we were not able to downscale and therefore the antibody 

was not useful. Thanks to Dr. Bian, we got the anti-ZNF644 antibody that he used in his study1. 

Unfortunately, we were able to only use the antibody for WB showing missing protein for Zfp644Δ8 

samples (Fig. 4.2.D). Shortly after the antibody we obtained had lost specificity and we were not 

able to use it for further experiments. In order to be able to do any kind of pull down experiment, 

expression studies or binding assays we decided to create the plasmid containing, 

for human cell lines, ZNF644 and tag (e.g. FLAGtag or Myctag).  We took several different 

attempts with ZNF644 tagged at the N-termini, starting from how it was described previously  

in ZNF644 studies, CMV promotor, through a lentiviral inducible system and ending up with 

transposon system. All the attempts endeds with higher or smaller failure. In conclusion  

not enough protein expression of ZNF644 was found in any of the experiments.  
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Currently, we are working on tagging the C-termini (as it was described previously) however  

we are concerned that it might disrupt the G9a binding ability of ZNF644. The results of these 

experiments are not available at the moment of submitting the thesis.  

 While facing the overexpression issue we worked on a different solution for revealing  

the differences between the full length protein, truncated form and the functional ablation.  

As described in chapter 5.4. we tried pull downs by G9a antibody from MEFS cells derived from 

different Zfp644 transgenic mouse lines. The method and experiment itself worked well,  

as we were able to see the G9a, GLP and Wiz proteins were all pulled down (but controls with 

IgG). However, the Zfp644 was not detected in any sample. Moreover, almost no zinc finger 

protein were visible in the obtained data analysis, suggesting harsh conditions for such experiment. 

Even though, we got a promising upregulation of Cbx5 protein in Zfp644-/- samples, that could 

suggest substitution for missing Zfp644 protein, we must be extremely careful with making 

conclusions based on only this experiment. We decided to proceed the samples to more sensitive 

method and sent them for RNA Seq analysis. At the moment, the results of the experiment are 

unknown. Simultaneously, we also cooperated with an external laboratory in order to create 

recombinant proteins of full length and truncated form of the protein. We hope that tags  

on N-termini would help us to perform pull-down experiments in mouse samples and put us closer 

to reveal the molecular mechanism behind the observed phenotype in Zfp644 transgenic animals.  

As suggested in Chapter 5.4, the total methylation rate in mouse samples do not seem to be 

affected. The natural next step would be performing ChipSeq experiment on the animals. 

Unfortunately, again the lack of antibody is a show stopper. We discussed the possibility  

of performing the ChipSeq using the G9a antibody, however the results would not be straight 

forward and would still raise further questions. We could take under consideration a situation, 
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where G9a is not the only partner of ZNF644, therefore the performed analysis would still not 

bring the answers for which we were hoping. Finally, we could also target the DNA bound  

by ZNF644 and check, if it is methylated, however for such analysis we would need strong, 

confirmed by different experiments and targets.  

Nevertheless, the project is still ongoing and we look forward for solving the molecular 

mechanism behind the observed phenotype in Zfp644Δ8 animals. Hopefully, the experiments that 

are being performed simultaneously with the thesis writing would bring us closer to revealing  

the role of Zinc Finger 644 in G9a/GLP complex.   
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6. Summary  

 

The presented work on Zfp644 and Wiz as two major zinc finger protein working with the 

G9a/GLP methylation machinery, was focused on revealing their biological function.   

Aims were set as followed:  

 Clarify the role of Zfp644 in the development of myopia disease in vivo using  

murine models.  Based on single point mutation selected from GWAS studies, we 

were able to conclude, that the mutations of Zfp644 are causative of myopia 

phenotype in mice.   

 

 Reveal the physiological role and a molecular function of Zfp644 in mouse 

organism and explain the role of the transcription factor in female 

reproduction. The physiological role of Zfp644 on a mouse organism was 

described. The female subfertility phenotype in Zfp644Δ8 animals was followed and 

described in details. Nevertheless, further experiments are necessary to reveal the 

molecular mechanism behind the observed phenotype.  

 

 The aim of a complementary project was to describe a role of Wiz  

in G9a/GLP complex. The function of Wiz in mouse development was described. 

The impact of the protein knockout on craniofacial development as well as on 

methylation pattern of H3K9 in the developing mouse craniofacial area was 

followed and described.  
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Table S1: Summary of the results of ophthalmologic ultrasound measurements on WT, HET and HOM Zfp644S673G eyes.  

For each sex, medians, first and third quartile and p-values were calculated by one-way ANOVA analysis comparing WT, HET 

and KI eyes. 

Parameter 

female male 
female male 

WT HET KI WT HET KI 

n=11 n=8 n=13 n=16 n=8 n=14 

p-value p-value median  

[25%, 75%] 

LT (mm) 

2.285 

[2.25, 

2.295] 

2.27 

[2.136, 

2.351] 

2.259 

[2.189, 

2.381] 

2.215 

[2.194, 

2.285] 

2.272 

[1.978, 

2.652] 

2.329 

[2.251, 

2.368] 

WT vs. HET 

ns 

WT vs. KI 

ns 

WT vs. HET 

ns 

WT vs. KI 

ns 

LD (mm) 

2.465 

[2.407, 

2.583] 

2.724 

[2.577, 

2.818] 

2.567 

[2.423, 

2.667] 

2.426 

[2.334, 

2.583] 

2.837 

[2.578, 

3.09] 

2.61 

[2.515, 

2.711] 

WT vs. HET 

p=0.0142 

WT vs. KI 

ns 

WT vs. HET 

p=0.002 

WT vs. KI 

ns 

AL (mm) 

3.096 

[3.047, 

3.125] 

3.213  

[3.102, 

3.269] 

3.208 

[3.056, 

3.286] 

3.129 

[3.036, 

3.166] 

3.35 

[3.289, 

3.526] 

3.237  

[3.141, 

3.3] 

WT vs. HET 

ns 

WT vs. KI 

ns 

WT vs. HET 

p=0.0001 

WT vs. KI 

p=0.0321 

VCD 

(mm) 

0.264 

[0.254, 

0.264] 

0.358 

 [0.322, 

0.387] 

0.366 

[0.323, 

0.405] 

0.2541 

[0.237, 

0.308] 

0.387 

[0.351, 

0.436] 

0.332  

[0.321, 

0.368] 

WT vs. HET 

p=0.0001 

WT vs. KI 

p=0.0001 

WT vs. HET 

p=0.0001 

WT vs. KI 

p=0.0001 

LT, lens thickness; LD, lens diameter; AL, axial length; VCD, vitreous chamber depth; ns, non-significant  



 
 

 

Table S2: Summary of the results of ophthalmologic ultrasound measurements on WT, HET and HOM  Zfp644Δ8 eyes. 

 For each sex, medians, first and third quartile and p-values were calculated by one-way ANOVA analysis comparing WT, HET 

and KO eyes. 

Parameter 

female male 
female male 

WT HET KO WT HET KO 

n=11 n=8 n=9 n=16 n=8 n=19 

p-value p-value median  

[25%, 75%] 

LT (mm) 

2.285 

[2.25, 

2.295] 

2.316 

[2.23, 

2.473] 

2.387 

[2.283, 

2.697] 

2.215 

[2.194, 

2.285] 

2.502 

[2.351, 

2.561] 

2.329 

[2.234, 

2.59] 

WT vs. HET 

ns 

WT vs. KO 

p=0.0149 

WT vs. HET 

p=0.002 

WT vs. KO 

p=0.0037 

LD (mm) 

2.465 

[2.407, 

2.583] 

2.745 

[2.708, 

2.968] 

2.642 

[2.545, 

2.908] 

2.426 

[2.334, 

2.583] 

2.797 

[2.705, 

3.054] 

2.58 

[2.535, 

2.655] 

WT vs. HET 

p=0.003 

WT vs. KO 

p=0.0192 

WT vs. HET 

p=0.0001 

WT vs. KO 

p=0.0309 

AL (mm) 

3.096 

[3.047, 

3.125] 

3.355  

[3.149, 

3.428] 

3.454 

[3.181, 

3.651] 

3.129 

[3.036, 

3.166] 

3.43 

[3.344, 

3.607] 

3.276  

[3.229, 

3.364] 

WT vs. HET 

p=0.0392 

WT vs. KO 

p=0.0007 

WT vs. HET 

p=0.0001 

WT vs. KO 

p=0.0002 

VCD 

(mm) 

0.264 

[0.254, 

0.264] 

0.443 

 [0.386, 

0.527] 

0.433 

[0.362, 

0.557] 

0.254 

[0.237, 

0.308] 

0.401 

[0.332, 

0.444] 

0.472  

[0.425, 

0.528] 

WT vs. HET 

p=0.0001 

WT vs. KO 

p=0.0001 

WT vs. HET 

p=0.0001 

WT vs. KO 

p=0.0001 

LT, lens thickness; LD, lens diameter; AL, axial length; VCD, vitreous chamber depth; ns, non-significant  



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 



 
 

 

 



 
 

 

 



 
 

 



 
 

 



 
 

 

 

 

 

 



 
 

 

 



 
 

 

 



 
 

 

 


