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ABSTRACT 

 

Female mammals inactivate one of the two X chromosomes in each somatic cell in 

order to balance the X-linked gene dosage between females and males (X 

chromosome inactivation, XCI). This process is mediated by non-coding RNA X 

inactive specific transcript (Xist). Here, I show that, when embryonic stem (ES) 

cells were cultured under undifferentiated condition, inducible Xist was sufficient to 

silence genes in vitro. Furthermore, the induced XCI was counteracted by the 

endogenous capability of X chromosome reactivation (XCR) in the pluripotent ES 

cells. Thus, perturbing XCR players should tip the balance towards stronger gene 

silencing effects. Using this experimental system, we show that shRNA knock-

down of histone acetyltransferase Kat8 and its associated protein from Male 

Specific Lethal (MSL) complex, Msl2, significantly enhanced the gene silencing 

effect of induced XCI in undifferentiated ES cells. Interestingly, Kat8 and Msl2 are 

involved in Drosophila dosage compensation by up-regulating X-linked gene 

expression from the single X chromosome in males. Through immuno-RNA FISH, 

we also show that induced XCI caused Kat8 exclusion from the X chromosome 

territory. Moreover, the exclusion also occurred to Histone 4 Lysine 16 

hypoacetylation (H4K16ac), the histone modification associated to Kat8 enzyme 

activity. Taken together, our results show that Kat8 and Msl2 are involved in 

mammalian XCR. 

 
 
 
 
 



	 1	

INTRODUCTION  

 

Eutherian mammals, such as mice or human, have evolved over the course of 

evolution to have different number of X chromosomes between the two sexes. This 

bias is however balanced by epigenetically inactivating one of the X chromosomes 

in female cells through a process called X chromosome inactivation (XCI) (Lyon, 

1961).  

Since XCI was first proposed in 1961 (Lyon, 1961), the field has been much 

advanced (Gendrel and Heard, 2014; Lessing et al., 2013). There are two rounds of 

XCI and X chromosome reactivation (XCR) during mouse embryogenesis (Huynh 

and Lee, 2003; Okamoto et al., 2004) (Fig 1). First wave of XCI takes place at 4-

cell stage. During this process, paternal X is always inactivated due to the genetic 

imprints inherited from the parents (Kay et al., 1994). Therefore, this form of XCI 

is called imprinted XCI. At the late blastocyst stage between embryonic day 3.5 

(E3.5) and E4.5, the epiblast cell lineage, which eventually forms the embryo 

proper, undergoes paternal XCR, whereas the cell lineages, which eventually form 

the extra-embryonic tissues, continuously maintain the imprinted XCI (Mak et al., 

2004; Okamoto et al., 2004). Shortly after implantation between E5.5 and E6.5, a 

second wave of XCI occurs in the epiblast cell lineage (Rastan, 1982; Takagi et al., 

1982). During this process, one X is randomly silenced in each cell. Once the 

random XCI is established, the XCI status is clonally maintained in all progenies. 

The second wave of XCR occurs between E8.5 and E12.5 in the primordial germ 

cells (PGCs) that eventually become the germline cells (Chuva de Sousa Lopes et 

al., 2008; Sugimoto and Abe, 2007). 
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Figure 1. XCI and XCR events during embryonic development. 

First wave of XCI takes place at 4-cell stage and the imprinted Xi are reactivated 

at blastocyst stage (first wave of XCR). Shortly after implantation between E5.5-

6.5, second wave of XCI is initiated at the epiblast cell lineage. Second wave of 

XCR occurs in PGCs that eventually develop into oocytes. Abbreviations: XCI, 

X chromosome inactivation; XCR, X chromosome reactivation; PGC, primordial 

germ cell 
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In the mouse, a 18 kb long non-coding RNA (lncRNA) called Xist (X 

inactive specific transcript) (Borsani et al., 1991; Brockdorff et al., 1991), plays an 

important role in XCI. The Xist gene resides at a X-linked locus named X 

inactivation center (Xic) (Rastan, 1983; Rastan and Robertson, 1985). As its name 

suggests, Xic contains other regulators of XCI in addition to Xist. One of the 

important regulators is the antisense transcript of Xist, Tsix, which functions as Xist 

repressor (Debrand et al., 1999; Lee et al., 1999; Mise et al., 1999). Upon XCI 

initiation, Tsix on the future Xi is allele specifically downregulated, which, in 

consequence, leads to Xist upregulation. Xist transcripts then coat the X 

chromosome territory in cis and trigger XCI (Brockdorff et al., 1992). Xist RNA 

coating is essential for establishing XCI (Marahrens et al., 1997; Penny et al., 

1996). The coating of Xist RNA along Xi can be visualized as a “cloud” signal (the 

Xist cloud) by RNA fluorescence in situ hybridization (FISH). Recent studies have 

begun to identify a few Xist-binding proteins which shed light on the mechanism of 

epigenetic silencing triggered by Xist (Chu et al., 2015; McHugh et al., 2015; 

Minajigi et al., 2015; Moindrot et al., 2015). For example, Spen/SHARP was 

identified to interact with the co-repressors to deacetylate X chromosome as well as 

exclude RNA polymerase II (Pol II) (McHugh et al., 2015). Subsequently, more 

chromatin-modifiers are recruited to establish multi-layer epigenetic modifications 

to achieve chromosome-wide gene silencing. Once the XCI is established, Xi 

displays various heterochromatin markers including enrichment of H3K27me3, 

H2AK119ub and macroH2A that can be visualized by immunofluorescence 

(Costanzi and Pehrson, 1998; Fang et al., 2004; de Napoles et al., 2004; Plath et al., 

2003).  
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 The random XCI process can be recapitulated in vitro by in vitro 

differentiation of mouse embryonic stem cells (ESCs). ESCs are derived from the 

inner cells mass of E3.5 to E4.5 blastocysts. Similar to the epiblast cell lineage, 

female mouse ESCs have two active X chromosomes (Xa). When cultured in 

medium containing inhibitors to ERK1/ERK2 and GSK3β signaling (termed 2i + 

LIF conditions) (Nichols and Smith, 2009; Ying et al., 2008), ESCs are capable of 

indefinite self-renewal and maintain the potential to differentiate into different types 

of cells. Upon removal of 2i and LIF from the medium, the ESCs undergo in vitro 

differentiation and lose the pluripotency. Random XCI occurs during this process. 

Therefore, mouse ESCs is a useful tool for studying the process of XCI.  

XCR, on the other hand, had been shown to be coupled with nuclear cloning 

(Eggan et al., 2000) and cell fusion (Ying et al., 2002) when pluripotency is 

artificially achieved. The milestone discovery of induced pluripotent stem cells 

(iPSCs) in mice (Takahashi and Yamanaka, 2006) and later in human cells (Park et 

al., 2008; Takahashi et al., 2007) not only grants regenerative medicine great 

promises, but also open a door for the XCR field. By forced expressing certain 

pluripotent factors such as Oct4, Sox2, Klf4 and c-Myc (OSKM), somatic cells can 

be dedifferentiated back to the naïve pluripotency state. It is no coincidence that the 

random XCI in somatic cells is reversed during this reprogramming process, 

showing XCR status is tightly linked to the pluripotency state of the cells (Maherali 

et al., 2007; Pasque and Plath, 2015). Therefore, XCR study has become 

increasingly important as studying XCR benefit the clinical application of iPSCs.  

XCR, however, remains largely unknown as compared to XCI due to the 

absence of tools to recapitulate the two XCR events during embryogenesis in vitro 



	 5	

(Ohhata and Wutz, 2013). Although iPSC culture protocols are established, the 

process of iPSCs formation is a slow, stochastic and highly heterogeneous process 

(Hanna et al., 2009), making it a less favorable tool for XCR study. Nonetheless, 

recent study on single cell reveals that during the iPSCs reprogramming, several 

epigenetic events occur in the inverse order of XCI (Pasque et al., 2014). In fact, 

Tsix and Prdm14, two genes previously known to repress Xist, were confirmed to be 

involved in XCR (Payer et al., 2013). PRDM14 was shown to indirectly repress Xist 

by silencing the Xist activator RNF12. However, both Tsix and PRDM14 do not 

possess epigenetic enzyme activities. How does the Xi coated with multi layers of 

heterochromatin mark get reactivated remains largely mysterious. Thus, more effort 

is required to unearth other players and the detailed mechanism of XCR.  

Understanding XCR could provide insights in the epigenetic reprogramming 

that is useful for the regenerative medicine. Xi reactivation could also be potential 

treatment for various X-linked diseases (Franco and Ballabio, 2006). Therefore, in 

this project, we aim to establish a ESC system that can be used to identify XCR 

players.  
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MATERIALS AND METHODS 

 

Plasmids 

shRNA Plasmid Construction using pSUPER RNAi system 

Forward and reverse oligos targeting Kat8 (5'-GTGATCCAGTCTCGAGTGA-3'), 

Msl1 (5'-GTACCTTTCCACCACAGAAAT-3'), Msl2 (5'-

CCCAGTCTCTTAGCCATAATG-3'), Msl3 (5'-

GCTGCGTTCAAGAAAGGAAAT-3') and Kat7 (5'-

CCTCGAACTCCAACCGGAAAT-3') were designed following pSUPER RNAi 

system manual (OligoEngine). Oligos were annealed and ligated to the BglII 

linearized pSUPER vectors. Ligated products were transformed into DH5α E. coli 

and individual colonies were picked and shRNA targeting sequences were 

confirmed by sequencing.   

 

Cell Culture 

ES medium contains 15% Fetal Bovine Serum (FBS) (Hyclone), DMEM (Gibco), 

penicillin streptomycin (Gibco), sodium bicarbonate, HEPES (Gibco), Glutamax 

(Gibco), β-mercaptoethanol (Sigma-Aldrich), nonessential amino acids (Gibco). 

ESCs were cultured in ES medium with 2 inhibitors, namely CHIR99021 

(Stemgent) and PD0325901 (Stemgent), plus leukemia inhibitory factor (2i + LIF) 

as described (Ying et al., 2008). For differentiating culture condition used in the 

immuno-RNA FISH, ESCs were cultured in ES containing 50 µg/mL ascorbic acid 

(AA) (Sigma-Aldrich).  
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Cell Lines 

Ainv15, iXist and shRNA Knock-down Cell Lines 

Ainv15 was a gift from Dr. Chen from Nankai University, China. Our former 

colleague, Rosi Chelliah, established iXist, originally named as Av3.1.12, by co-

transfecting a plasmid containing full length Xist, tdTomato and a promoter-start 

codon together with pSALK-CRE, a CRE recombinase-expression plasmid, into 

Ainv15 cells. To knock down Kat8, Msl1, Msl2, Msl3 and Kat7 in iXist, iXist cells 

were transfected with shRNA plasmids targeting Kat8, Msl1, Msl2, Msl3 and Kat7 

respectively using Lipofectamine 2000 (Life Technologies) following the 

manufacturer’s instructions. Selection was begun 48-hour post transfection using 2i 

+ LIF medium with 300 µg/mL Hygromycin B (Gibco) and lasted up to two weeks. 

Surviving colonies were picked and expanded followed by quantitative real time 

PCR (qPCR) to confirm the knock-down level.  

 

Induction and Differentiation Cell Surviving Assay 

ESCs colonies were dissociated into single-cell suspension and 1.0 x 106 cells were 

plated in a bacteria petri dish in ES medium containing 50 µg/mL AA and 400 

µg/mL G418 (Gibco) in the presence or absence of 2 µg/mL Dox (Clontech) 

starting from day 0 (D0). Embroid bodies (EBs) started to form and they were 

transferred to a new petri dish on the following day. Forty-eight hours later, EBs 

were transferred to a T75 flasks coated with 0.2% gelatin (Sigma-Aldrich). Medium 

was refreshed when necessarily thereafter. Cells were harvested and counted on D6 

to assess the percentage of cells survived.  
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Induction Cell Surviving Assay 

ESCs were cultured until 60- 70% confluency. After trypsinization, 1.0 x 105 cells 

were seeded into each well of the 6-well plate. In addition, 1.0 x 104 cells were 

seeded into each well of another 6-well plate as the control. The next day, on D0, 

culture medium was changed to 2i + LIF medium containing 2 µg/mL Dox and 400 

µg/mL of G418. For the control plate, 2i + LIF medium containing 400 µg/mL 

G418 without Dox was used. Medium was refreshed daily. On D6, the cells were 

harvested and counted to determine the number of surviving cells. Cells were 

stained with Trypan Blue and counted using the CountessTM Automated Cell 

Counter (Invitrogen).  

For p300 inhibition, experimental design was similar except inhibitors for 

p300, 10 µM of L002 (Sigma) or 25 µM of C646 (Sigma) was added into the 

medium in addition to Dox and G418.   

 

Induction Cell Surviving Assay with Alkaline Phosphatase (AP) Staining  

ESC colonies were trypsinized and 10 x 103 cells were seeded into each well of the 

12-well plate on D-1. On D0, medium was changed to 2i containing 300 µg/mL 

G418 in the presence or absence of 1 µg/mL Dox. Cells were fixed on D4 in 4% 

PFA for 10 min followed by AP staining (Vector Laboratories) following 

manufacturer’s manual. The plates were then scanned at 1200 dpi (Epson) and 

individual wells were cropped out from the scanned images. The cropped images 

were then subjected to the CellProfiler (Carpenter et al., 2006) pipeline for 

analyzing the number of surviving colonies.   
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Cytospin and Immuno-RNA FISH 

Cytospun slides were prepared and Immuno-RNA FISH was carried out as 

described previously (Lai et al., 2013). In brief, colonies were trypsinized and 

resuspended in PBS at 8 x 105 cells/mL. 100 µL of cell suspension was loaded into 

each cytofunnel and were cytospun onto glass slide at 1000 rpm for 10 min using 

cytofunnels in a Shandon Cytospin 4 centrifuge (Fisher Scientific). Slides were then 

dried for 3 min followed by a wash in PBS for 5 min. Subsequently, slides were 

fixed in 4% PFA at RT for 5 min. Slides were subjected to permeabilization in PBS 

0.5% Triton for 30 min before immunostainings were carried out.  

Immunostainings were performed with antibodies diluted in PBS containing 

0.2% Tween-20 and 0.5% Bovine Serum Albumin (BSA). Primary incubations 

were carried out at 4°C overnight. After incubation, slides were washed in PBS 

containing 0.2% Tween-20 for 5 min, three times, at RT. Secondary incubations 

were performed at RT for 1 hr followed by three times of PBS plus 0.2% Tween-20 

washes at RT. Primary antibodies used were: rabbit anti-Kat8 (1:1500, Abcam, 

Cat# ab200660) and rabbit anti-H4K16ac (1:400, Abcam, Cat# ab109463). Goat 

anti-rabbit Alexa 488 (1:1000) (Abcam, Cat# ab150077) was used as secondary 

antibody.  

Slides were post-fixed in 4% PFA for 10 min before RNA FISH. After 

fixation, slides were rinsed in PBS containing 0.2% Tween-20 for 3 times, 5 min 

each. Slides were then dehydrated through 80%, 90% and 100% ethanol 

sequentially for 2 min each and dried for 2 min at RT. Denatured probe was applied 

onto slides and hybridization was carried out at 42°C for 3 hr in a humid and dark 

environment. Afterwards, slides were washed in 50% formamide, 2 x SSC at 45°C 
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for three times, 5 min each followed by three washes in 2 x SSC at 45°C, 5 min 

each. Slides were mounted in Vectashield Antifade Mounting Medium with DAPI 

(Vector Laboratories) and coverslips were sealed with nail polish. Mouse Xist DNA 

probe was generated using Sx9, a P1 DNA construct containing a 40 kb genomic 

fragment covering the mouse Xic region via nick translation (Roche) following 

manufacturer’s manual. 

 

Reverse Transcription PCR and qPCR 

Total RNA was isolated using 1 mL of Trizol (Life Technologies) following the 

manufacturer’s instructions. RNA was dissolved in nuclease-free water followed by 

DNase I (Promega) treatment at 37°C for 1 hour. Subsequently, phenol chloroform 

was added in 1:1 ratio for phenol chloroform extraction followed by precipitation 

using LiCl at a final concentration of 0.5M. One microgram of total RNA was 

reverse-transcribed using iScript cDNA synthesis kit (Bio-rad). For qPCR, 1 µL of 

cDNA from reverse transcription was used as template in each qPCR reaction for 

gene expression profiling following SsoAdvancedTM Universal SYBR® Green 

Supermix’s protocol (Bio-Rad, USA) in the Bio-Rad CFX Connect Real Time PCR 

Detection System. Primers used were as follow: Actb (F:5’- 

ACTGCCGCATCCTCTTCCTC-3’, R: 5’-CCGCTCGTTGCCAATAGTGA-3’); 

Gapdh (F:5’-CCAATGTGTCCGTCGTGGAT-3’, R: 5’-

TGCCTGCTTCACCACCTTCT-3’); Nanog (F:5’-

TCGAATTCTGGGAACGCCTC-3’, R: 5’-GTCTTCAGAGGAAGGGCGAG-3’); 

Sox2 (F:5’-TTCGAGGAAAGGGTTCTTGCTG-3’, R: 5’-

TCCTTCCTTGTTTGTAACGGTCCT-3’); Oct4 (F:5’-
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TGTTCCCGTCACTGCTCTGG-3’, R: 5’-TTGCCTTGGCTCACAGCATC-3’); 

Gata4 (F:5’-CCTGGAAGACACCCCAATCTC-3’, R: 5’-

GGTAGTGTCCCGTCCCATC-3’); Fgf5 (F:5’-CCTTGCGACCCAGGAGCTTA-

3’, R: 5’-CCGTCTGTGGTTTCTGTTGAGG-3’); Kat8 (F:5’-

AACCAGAAGTCACCGTGGAG-3’, R: 5’-TCCTGGTCATTCACTCGAGAC-

3’); Msl2 (F:5’-CCCGGTGACTCTCTTTTGCT-3’, R: 5’-

GCTTCCAAGTTTGGCTGCAA-3’).  

 

Microscopy and Image Collection 

Phase contrast and fluorescence images of cells were collected on Eclipse Ti 

microscope (Nikon) equipped with non-oil (4x, NA0.13 and 20x, NA0.50) and oil 

objective lens (60x, NA1.40) and a digital camera Clara Series model C01 (Andor). 

Dichroic mirrors and filters in filter turrets were optimized for DAPI, Cy2/Alexa 

Fluor 488 and Cy3. Images were captured using NIS Elements AR imaging 

software (Nikon) and contrast of images was processed in Photoshop (Adobe).  

 

Image Analysis 

Image analysis was performed in NIS Elements AR imaging software. The 

exclusion pattern of Kat8 or H4K16ac was determined by examining the signal 

through all the collected focal planes in a z-series. Any ambiguous “exclusion”, will 

be scored as no exclusion in order to avoid bias to increase the significance level of 

exclusion. 
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Statistical Analysis 

Student’s t-test was used in Microsoft Excel for statistical significance analysis. 

Statistical significance level was set at p-value < 0.05.  
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RESULTS  

 

Establishing a System for XCR Study 

Previous study reported that induction of a Xist cDNA transgene on the X 

chromosome in a male mouse ESC line was sufficient to cause X-linked gene 

silencing (Wutz and Jaenisch, 2000). A male mouse ESC line, named iXist, 

carrying an inducible full length Xist transgene on the X chromosome was 

generated from Ainv15 cells in our lab previously. Ainv15 cells harbors reverse 

tetracycline transactivator (rtTA) at the Rosa26 locus of Chromosome 6 and a 

tetracycline responsive element (TRE), loxP site and a neomycin gene without 

promoter and start codon at the Hprt locus of Chromosome X (Kyba et al., 2002). 

Using CRE recombinase, a transgene cassette including a full length Xist, a red 

fluorescence protein tdTomato and a PGK promoter with start codon was 

recombined onto the loxP site. This resulted in the iXist cell line which carries an 

inducible X-linked, full-length Xist transgene, a red fluorescence reporter as well as 

the resistance to neomycin (Fig 2).  
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Figure 2. Design of iXist. 

Schematic drawings of the rtTA at the Rosa26 locus on the chromosome 6 and 

TRE-loxP site at the Hprt locus on the X chromosome of Ainv15 cells. Cre-

mediated recombination allows transgene to be specifically inserted downstream of 

a TRE, restoring the expression of G418-resistant gene (NEO). In iXist, a full 

length Xist, a tdTomato reporter were recombined into the Hprt locus. 

Abbreviations: rtTA, reverse tetracycline transactivator; TRE, tetracycline response 

element; ΔNEO, truncated neomycin resistance gene; pPGK, 

phosphoglycerokinase promoter; ATG, methionine initiation codon 
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We observed that when iXist was induced by Dox under differentiating 

condition for 6 days, almost 100% of the cells were killed as a result of ectopic gene 

silencing of the X chromosome (Fig 3A). This result is significantly different from 

the induction of Xist under undifferentiated condition, where the cell death effect 

was clearly not as severe as the cell death effect in differentiating cells (Fig 3A). 

Earlier studies on cell fusion of ESCs and somatic cells show that somatic cell 

could be dedifferentiate back to pluripotent state and the process is coupled with 

XCR of the Xi from the somatic cell (Cowan et al., 2005; Tada et al., 2001). 

Besides, under undifferentiated condition, gene silencing caused by the inducible 

Xist cDNA is reversible upon removal of Dox from the ESCs culture medium 

(Wutz and Jaenisch, 2000). These observations and studies show that ESCs possess 

endogenous XCR capacity and therefore the induced XCI status in ECSs is a 

balanced outcome of the XCI and XCR counteracting forces (Fig 3B). Thus, we 

proposed that induction of XCI in ESCs could be used as a unique tool to study 

both XCI and XCR. With the established experimental system, in this project, we 

aim to identify novel XCR players. Perturbing the XCR forces should tip the 

balance leading to a stronger cell killing effect (Fig 3B).  
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Figure 3. Experimental design for XCR study using iXist.  

(A) Cell survival rate of iXist cultured under undifferentiated condition versus 

differentiating condition in the presence of 2 µg/mL of Dox for 6 days followed 

by cell count. Cell survival rate was plotted as percentage of the cell number of 

+Dox over -Dox samples. P-value was calculated using one-tailed paired 

Student’s t-test (***, p < 0.001). Data are shown as mean ± SEM of biological 

replicates (n = 3).  (B) Schematic depiction of the experimental design. Under 

differentiating condition, induction of Xist leads to close to 100% cell death. 

Under undifferentiated condition, however, only some cell death was observed 

when Xist is induced as an outcome of the counteracting forces between XCI and 

XCR. Therefore, knocking down of XCR players should tip the balance towards 

XCI and lead to more cell death.  
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Spen/SHARP, an Xist-binding protein was shown to recruit SMRT and in 

turn activate histone deacetylase 3 (HDAC3) (McHugh et al., 2015). This had led to 

us to hypothesize that histone acetyltransferases (HATs) are involved in XCR. We 

shortlisted a few HATs which are expressed in ESCs to examine their role in XCR. 

One of the candidates,  Males absent on the first/Lysine acetyltransferases 8 

(MOF/Kat8)  is known to be the key member of the Male Specific Lethal (MSL) 

complex that is involved in the X chromosome dosage compensation in Drosophila 

(Kelley et al., 1995; Morales et al., 2005; Scott et al., 2000). Therefore, three Kat8 

associated proteins from the MSL complex were also included in this study.   

 

Knock-down of HAT Candidates Leads to More Cell Death Caused by Induced XCI 

in Undifferentiated ES cells  

To test whether the candidate HATs are involved in XCR, we inhibited or knocked 

down HATs in iXist cells in the presence of Dox. Due to the balance of XCI and 

XCR counteracting forces, knocking down of XCR players should tip the balance 

towards XCI therefore leading to more cell death. Inhibition of p300 using either 

L002 or C646 at high concentration did not lead to more cell death when compared 

to the control iXist which was treated with only DMSO (Fig 4A). For Kat8 and 

Kat7, we established stable knock-down cell lines using the shRNA approach. 

Besides, known members from the MSL complex, namely Msl1, Msl2 and Msl3 

were also included in the knock-down study. In the absence of Dox, no obvious 

growth defect or cell death was observed in the knock-down cell lines. In the 

presence of Dox, induction of Xist leads to gene silencing in iXist cells and 

knocking down of XCR candidates deteriorate the cell death. The preliminary 
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screening based on hemocytometer cell count shows that knocking down of Kat8 

and Msl2 leads to significantly more cell death although only Kat8 is significant 

(Fig 4B). We decided to further validate Kat8 and Msl2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Preliminary screening for HATs candidate as XCR players.  

(A) iXist cells were treated with DMSO (control) or p300 inhibitors, L002 or 

C646 in the presence or absence of 1 µg/mL of Dox for 4 days followed by cell 

count to access the cell survival rate. Cell survival rate was plotted as percentage 

of the cell number of +Dox over -Dox samples. P-value was calculated using two-

tailed paired Student’s t-test. Data are shown as mean ± SEM of biological 

replicates (n = 3). (B) iXist cells were stably transfected with shRNAs targeting 

different HATs or HAT-associated proteins. Cells were then cultured in the 

presence or absence of Dox for 4 days followed by cell count to access the cell 

survival rate. Cell survival rate was plotted as percentage of the cell number of 

+Dox over -Dox samples. P-value was calculated using two-tailed Student’s t-test 

with equal variance. Data are shown as mean ± SEM of biological replicates (n = 

3).   
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Decreased expression level of Kat8 and Msl2 in the knock-down cell lines 

were confirmed using qPCR. Results show that knock-down level of Kat8 and Msl2 

are at least 60% (Fig 5). To further confirm the roles of Kat8 and Msl2 in XCR, Xist 

was induced in both knock-down cell lines for 4 days followed by an AP staining in 

order to more accurately access the cell survival rate. Result confirms Kat8 and 

Msl2 knock-down significantly reduced the number of surviving colonies when 

XCI was induced in undifferentiated iXist cells (Fig 6A and 6B).  

 

 

 

 

 

Figure 5. Expression profile of Kat8 and Msl2 in the knock-down cell lines.  

Knock-down of Kat8 and Msl2 was confirmed by qPCR. Data are shown in relative 

fold expression and are normalized using Actb and Gapdh. P-value was calculated 

using two-tailed Student’s t-test with equal variance (***, p < 0.001). Data presented 

are mean ± SEM of three independent experiments.   
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To rule out the possibility that lower cell survival rate in the knock-down 

cell lines was caused by the loss of ES cell pluripotency, we investigated the 

pluripotency gene expression levels in the knock-down cell lines. Knocking down 

Kat8 and Msl2 did not affect the expression of key pluripotency-related genes in 

iXist cells (Fig 7). Consistent with the gene expression profile, there was also no 

obvious colony morphological changes observed in the knock-down cells (Fig 8).  

 

Figure 6. Cell survival assessment in the knock-down cell lines using AP 

staining.  

(A) Representative images from AP staining of the control and knock-down cell 

lines. (B) iXist and knock-down cell lines were induced for 4 days in 2i medium 

in the presence of 1 µg/mL of Dox followed by AP staining. Cell survival rate 

was plotted as percentage of the colony number of +Dox over -Dox samples. P-

value was calculated using one-tailed Student’s t-test with equal variance. Data 

presented are mean ± SEM of biological replicates (n = 3).   
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Figure 7. Pluripotency expression profile of the iXist shRNA Kat8 or 

shRNA Msl2 knock-down cell lines.  

Pluripotency of iXist carrying shRNAs against Kat8 or Msl2 was checked using 

qPCR targeting pluripotency markers Nanog, Sox2, Oct4. Gata4 and Fgf5 are 

expressed in low level in undifferentiated cells were included as negative 

control. Nanog expression level in iXist was plotted for a direct comparison. 

Relative fold of expression was shown and was normalized to Actb and Gapdh. 

Error bar indicate SEM of technical replicates (n = 3). No statistical analysis 

was performed as only one round of qPCR was performed.   
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iXist Excludes Kat8 and H4K16ac More Efficiently in Differentiating Cells  

Next, we performed immuno-RNA FISH to investigate the effect of induced Xist on 

the subcellular localization of Kat8 as well as the acetylation pattern of H4K16ac, a 

histone mark for active genes known to be specifically acetylated by Kat8, in the 

iXist cells. iXist cells were first cultured in undifferentiated condition (2i + LIF 

medium). Medium was switched to differentiating condition (ES + AA) or 

remained unchanged. Dox treatment was carried out for 3 days. Immunostaining of 

Kat8 followed by RNA FISH detecting Xist reveals that some Xist positive cells 

show Kat8 exclusion resembling an empty pocket where the Xist cloud resides (Fig 

Figure 8. Comparison of the morphological changes between iXist and iXist 

carrying shRNA against Kat8 or Msl2.  

Representative phase contrast images of iXist, Kat8 knock-down and Msl2 

knock-down cells. Cells were imaged in ES medium. Scale bar: 100 µM. 



	 23	

9A). Quantification shows that when cultured in differentiating condition, 75% of 

the cells (n = 51) with Xist clouds shows Kat8 exclusion compared to only 53% (n = 

56) when the cells were cultured in undifferentiated condition (Fig 9B). Similarly, 

the percentage of cells showing H4K16ac “hole” is higher in differentiating 

condition (90%) (n = 57) when compared to undifferentiated condition (63%) (n = 

43) (Fig 9B).  
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Figure 9. Immuno-RNA FISH targeting Kat8 or H4K16ac followed by Xist cloud 

detection in iXist.  

(A) Immuno-RNA FISH analysis shows Xist clouds with or without Kat8 or H4K16ac 

exclusion. The yellow arrowheads show the Kat8/H4K16ac hole. Focused images of 

merged z-series are shown. (B) Population of Xist cloud positive cells with or without 

Kat8/H4K16ac exclusion. Scale bar: 5 µM.  
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DISCUSSION 

 

Mouse ESCs has long been established as a useful tool for XCI study. Here, we 

have established an inducible ESCs system and extended the use of ESCs system to 

XCR study. In our preliminary screening for XCR players, two candidates appeared 

to be involved in XCR. We decided to confirm the two candidate genes by 

accessing the cell survival rate using AP staining after inducing the knock-down 

cell lines. Indeed, the result is reproducible despite different method was used. Our 

result shows that knocking down of Kat8 or Msl2 shifts the balance of the induced 

XCI force and the build in XCR force in iXist, thus leading to more cell death. 

Kat8, also known as Male absent on the first (Mof), belongs to the MYST family of 

HATs which is specific for H4K16ac (Akhtar and Becker, 2000; Smith et al., 2005; 

Taipale et al., 2005). Originally found in Drosophila to be responsible for X 

chromosome dosage compensation, Kat8 was found to be essential for embryonic 

development, normal chromatin architecture, DNA damage repair as well as stem 

cell pluripotency in mammals (Gupta et al., 2008; Li et al., 2012; Thomas et al., 

2008). Msl2 was given its name after Msl2 mutants in Drosophila were found to 

cause male-specific lethality. Together with other proteins namely Msl1, Msl3, Mle 

and Kat8, Msl2 form the MSL complex that is responsible for X chromosome 

dosage compensation in Drosophila (Kelley et al., 1995; Morales et al., 2004, 2005; 

Scott et al., 2000). Unlike eutherian mammals, Drosophila compensate the X-linked 

gene dosage by transcriptionally upregulating the single X in the males (Akhtar and 

Becker, 2000; Conrad et al., 2012; Larschan et al., 2011). This makes the complex 

an X chromosome “activator”. Although mammalian cells have adopted a 
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fundamentally different X chromosome compensation system, the MSL complex is 

conserved in mammals (Mendjan et al., 2006; Smith et al., 2005). Mammals retain 

the orthologs of MSL complex members but the function of the complex is less 

studied. Therefore, it would be interesting to find out the role of MSL complex in 

mammalian cells. Compared to Kat8, Msl2 knock-down has led to a more severe 

cell death when XCI was induced in iXist. This suggests that Msl2 has a more vital 

role in XCR than Kat8 despite the fact that Kat8 is the catalytic unit of the MSL 

complex. In fact, it was demonstrated that ectopic expression of Msl2 is sufficient 

to recruit other dosage compensation players to the female X chromosomes 

therefore showing that Msl2 is the key regulator for dosage compensation in 

Drosophila (Kelley et al., 1995). Msl2 consists of a cysteine-rich domain (CXC), a 

nucleic acid binding domain, which enables Msl2 to bind to X chromosome in 

Drosophila (Fauth et al., 2010). Msl2 then acts as a recruiter to assemble other 

members of the MSL complex. As Msl2 acts at the upstream of the dosage 

compensation process and is essential for MSL complex assembly in Drosophila, 

this may explain why knocking down Msl2 has a more severe effect in the iXist 

cells when compared to Kat8 knock-down. Nonetheless, these studies were done in 

Drosophila. Therefore, whether mammals employ similar mechanism to “activate” 

X chromosome remains to be investigated. Notably, the MSL complex in 

Drosophila specifically recognizes some high-affinity sites (HAS) on the X 

chromosomes (Alekseyenko et al., 2008; Straub et al., 2008). However, previous 

study shows that under undifferentiated condition, inducible XCI can also be 

reversed upon removal of Dox even if the Xist transgene was inserted into 

autosomes (Wutz and Jaenisch, 2000). This shows that the endogenous reactivation 
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force in mouse ESCs is a global effect and therefore is probably different from the 

X chromosome-specific hyperactivating force in Drosophila to a certain extent.  

It was previously reported that homozygous deletion of Kat8 disrupts ES 

cell self-renewal and pluripotency although heterozygous deletion resulted in a only 

moderate decrease in AP staining and the heterozygous mutant animals were 

phenotypically normal (Li et al., 2012). To rule out the possibility that the increased 

cell death in the knock-down cell lines was due to the disruption of pluripotency, 

we examined the pluripotency expression profile of the knock-down cell lines. Our 

result shows knock-down cell lines expressed comparable level of pluripotency 

markers compared to the control cell line iXist, indicating the cell death is indeed 

caused by disruption of XCR but not self-renewal.  

A recent study on MSL complex links Msl2 to Xist repression by regulating 

Tsix expression (Chelmicki et al., 2014). Tsix is known to repress Xist by its 

antisense transcription through Xist (Luikenhuis et al., 2001; Shibata et al., 2004). 

In the iXist cell line, the Xist transgene was inserted at the Hprt locus that is ~50 

Mb away from the endogenous Tsix and the Xist transgene does not contain the 

promoter as well as the 5’ region of Tsix. Although we could not rule out Msl2’s 

indirect involvement in Xist repression thus plays a role in XCI repression or XCR, 

our results show that Kat8 and Msl2 are directly involved in XCR but not through 

the action of Tsix. We further investigated Kat8 and H4K16ac acetylation pattern 

between the undifferentiated cells and differentiating cells. Our results further 

demonstrate that under undifferentiated condition, iXist cells display lower 

percentage of Kat8 and H4K16ac exclusion from the Xist clouds region. This 

supports the notion that undifferentiated cells have the endogenous XCR capacity to 



	 28	

counteract with the induced XCI. However, the image analysis was done using 

simple scoring of presence or absence of exclusion. To improve the quality of 

image analysis, co-localization tools like Coloc from ImageJ or Colocalization 

pipeline from CellProfiler could be used in future studies.  

 Although our system successfully identified Kat8 and Msl2 as the potential 

XCR players, there are few things could be improved further. Firstly, we 

demonstrated the knock-down efficiency of the Kat8 and Msl2 via qPCR at mRNA 

level but not protein level. Although the same shRNAs were used and knock-down 

of Kat8 and Msl2 at the protein levels were confirmed via Western Blot in previous 

studies (Chelmicki et al., 2014; Zhou et al., 2009), our study has not performed 

Western Blot due to time constraint. Understanding that subsequent experiments 

and data interpretation are highly dependent on the successful silencing of protein 

expression, this knock-down level will be confirmed using Western Blot in future 

studies. Secondly, the lack of scrambled shRNA in our knock-down system which 

may raise the concern of target specificity. We argue that growth rate and 

pluripotency gene expression changes were not observed in the knock-down cell 

lines. Besides, knocking down of two different proteins from the same protein 

complex give rise to mutants with similar phenotypes. Thus, it is unlikely that these 

two candidates were picked up due to knocking down of non-specific genes that 

cause higher cell death. Nonetheless, it would be ideal to have a different shRNA 

targeting the same gene to address the off-target concerns. Lastly, our system was 

designed to fish out XCR candidates if there is more severe cell death as a result of 

tip of balance towards stronger cell killing effect. This is considered a stringent test 

and only individual genes that play more important roles in XCR may be picked up 



	 29	

by the screening. In other words, genes that are involved in XCR but require 

synergistic interactions may be overlooked by this system. As a result, knocking 

down of multiple “weak” XCR players simultaneously are required to achieve a 

significant increase in cell death but this may be technically cumbersome.     

  

Future Work 

iXist cell line enabled us to study XCR and suggests that Kat8 and Msl2 are 

involved in XCR. However, more work need to be done to provide direct evidence 

for their roles in XCR. Immediate experiment would be knocking down Kat8 and 

Msl2 using different shRNA sequences to address the off-target concern. We have 

demonstrated that knocking down the Kat8 or Msl2 will lead to more cell death in 

the iXist cells. Conversely, using the same system, overexpressing Kat8 or Msl2 in 

the knock-down cell lines should rescue the XCR and therefore revert the cell 

killing effect. Besides, our lab has established a system where proteins could be 

artificially tethered to the Xist. This is another useful tool to study the effect of XCR 

players when they are brought into the vicinity of the Xist. Similar tool has been 

utilized to rescue XCI gene silencing by artificially tether XCI effector to the Xist 

mutant (Chen et al., 2016; Patil et al., 2016). It is well established that various 

heterochromatin markers such as H3K27me3, H2AK119ub, macroH2A are 

enriched on Xi. We could compare various Xi markers in the knock-down cell lines 

to the iXist cells to gain further insights of the role of Kat8 and Msl2 in XCR. In 

addition, we could compare the X-linked genes expression between the knock-down 

cell lines and iXist cells to access level of XCI and XCR using RNA FISH to detect 

nascent transcripts.    
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Additionally, we could also make use of our fibroblast cell line that has a 

EGFP on the Xi (EGFP-negative cells). Following iPSC formation, we could check 

XCR efficiency by assessing the percentage of EGFP-positive cells via FACS by 

comparing the wildtype and the XCR knock-down or knockout cell lines.  
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CONCLUSION 

 

Using iXist cells, we have successfully established a system that allow us to study 

the XCR. With this system, our work suggests that the mammalian orthologs of 

Drosophila dosage compensation complex, Kat8 and its associated protein Msl2 are 

involved in the XCR.    
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