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Abstract

As mammalian X and Y chromosomes evolved from autosomes, they slowly lost

the ability to recombine with each other. As a result, there has been a gradual loss of Y

linked genes overtime. To equalize sex linked gene expression between male and

females, mammals evolved X-chromosome inactivation (XCI), a mechanism by which

one of two X chromosomes is silenced during female embryogenesis through the use of

the long non-coding (lnc)RNA Xist.

Since X and Y chromosomes evolved from regularly recombining autosomes,

they share a set of homologous genes, many of which escape inactivation on the X

chromosome. One such X linked gene, Kdm5c, which encodes for the histone

demethylase enzyme KDM5C, has been shown to upregulate Xist expression in therian

mammal epiblast cells. Ectopic expression of this gene induced Xist RNA in ~15-20% of

male mouse embryonic stem cells (mESCs). Further study of Kdm5c gene expression

in epiblast-like cells (EpiLCs) found that the loss of the KDM5C enzyme in mutant cells

reduced Xist RNA expression significantly when compared to non-mutant lines. Xist

RNA expression in EpiLCs and ESCs therefore appears to be dosage dependent on

KDM5C levels. My research focuses on the effects that mutated Kdm5c gene

expression has on Xist induction and regulation in extraembryonic endoderm (XEN) and

trophoblast stem (TS) cells using biophysical methods such as RT-qPCR and RNA

Fluorescent in Situ Hybridization (FISH).
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Introduction

X Chromosome Inactivation (XCI)

X chromosome inactivation (XCI) is a method of dosage compensation that

equalizes sex linked gene expression between male and female therian mammals. This

became an evolutionary necessity as mammalian sex chromosomes evolved, due to the

lack of genetic recombination between the X and Y chromosomes, and in turn the

gradual loss of Y-linked genes overtime. During early embryogenesis, the X-inactive

specific transcript (Xist) gene, which encodes for a long non-coding (lnc)RNA, is

upregulated on the soon to be silenced X chromosome. Once upregulated, Xist forms

an RNA coating in cis around the X chromosome, effectively blocking transcriptional

factors, thus silencing it. Studies have shown that increased Xist expression is

necessary for the initiation of X inactivation. Xist RNA additionally recruits other

cofactors which together create and preserve histone modifications that maintain X

inactivation during further embryonic development.

In mice, two forms of XCI occur (Figure 1). First, during the two cell stage of

female embryogenesis, all cells in the zygote initiate imprinted X inactivation, where

exclusively the paternally inherited X chromosome (Xp) is silenced. As the blastocyst

develops, cells that will differentiate into the embryo proper lose the epigenetic markers

that maintain Xp silencing, reactivating this chromosome. It is important to note that

extraembryonic tissues maintain their imprinted X inactivation at this stage and

throughout later development. During the late blastocyst stage, cells of the inner cell

mass begin to initiate random X inactivation, where each cell arbitrarily silences either
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the maternally inherited chromosome (Xm) or the Xp. After this, X inactivation is stably

maintained in extraembryonic tissues and the embryo.

Figure 1: Depiction of imprinted and random X inactivation for 2 cell, 8 cell, early blastocyst, late
blastocyst, and post-implantation stages of mouse embryo development.

XY Homologous Genes

Despite differentiating from each other nearly 100 million years ago, some genes

that remain on the Y chromosome still have a homologous gene present on the X

chromosome. It is interesting to note that these X linked homologs almost invariably

escape XCI, and are still expressed on the female inactive X chromosome (Xi). One

possible reason for this, is that a dosage compensation method is not necessary for

these homologs as the X copy and the Y copy could serve the same function. Whether

an individual is XY or XX, they will still receive and express two copies of these traits

and therefore do not need to be silenced on the X chromosome.
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However, these homologs have had ~100 million years to evolve independently

of each other. Since the X and Y chromosomes are so disparate, no genetic

recombination can occur between them, meaning sex linked genes often maintain

non-lethal amino acid substitutions. As a result, XY homologs could be functionally

distinct from one another. If that is the case, then these genes may escape X

inactivation because they evolved a female-specific role. The theory that we explore

here hypothesizes that these genes escape X inactivation because they play some role

in inducing and/or stabilizing XCI in mammalian females.

Role of Kdm5c in XCI

One homologous gene pair, X linked gene Kdm5c and its Y linked homolog

Kdm5d, encode the enzyme Lysine Demethylase 5C (KDM5C) and 5D (KDM5D),

respectively. Both KDM5C and KDM5D demethylate the histone H3 di- and

tri-methylated lysine 4 (H3K4me2 and H3K4me3) modifications, transforming them into

H3 mono-methylated lysine (H3K4me1), a marker associated with gene enhancers.

Because Kdm5c escapes X inactivation, our lab decided to investigate if Kdm5c plays a

role in Xist induction by studying how Xist RNA levels change in response to altered

Kdm5c expression.

Previous research has shown that Xist activators are expressed at a higher level

in female derived cell lines than male derived ones. When our lab tested Kdm5c gene

expression in wildtype mouse epiblast stem cells (EpiSCs) and embryonic stem cells

(ESCs), this trend continued, as Kdm5c RNA levels were significantly higher in female

derived lines than male lines, consistent with this gene having a possible role in Xist
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induction. This same study conducted by our lab found that ectopically expressing

Kdm5c, but not Kdm5d, in mouse ESCs resulted in increased Xist RNA expression in

~15-20% of XY male cell lines. These data show that Kdm5c has a dose-dependent

function, separate from Kdm5d, in inducing Xist RNA expression. This further supports

the theory that Kdm5c plays a female specific role in inducing XCI. The dose dependent

role of Kdm5c in Xist expression was further tested using epiblast-like cells (EpiLCs)

that were mutant for Kdm5c. This work from our lab showed that Kdm5c is necessary

and sufficient to enhance Xist RNA expression in a dose-dependent manner: Namely

that increased KDM5C increased Xist RNA levels, while mutant or enzymatically

inactive KDM5C enzymes reduced Xist RNA levels.

The results above lend support to the theory that Kdm5c escapes X inactivation

because of the female specific role it plays in initiating said process. Importantly though,

this study only focused on cell lines derived from the inner cell mass. As stated above,

these cells undergo random X inactivation where either the Xm or the Xp can be silenced.

To expand upon this research, my project focuses on the role Kdm5c plays in initiating

imprinted X inactivation.

7



Results

Previous research I conducted through this lab focused on studying the effects

Kdm5c mutations had on imprinted X inactivation in mouse blastocysts. My work used

microscopy and RNA fluorescent in situ hybridization (FISH) to quantify RNA levels in

cell nuclei. Kdm5c-/- mouse blastocysts were stained and the number of Xist coats they

expressed counted. These values were then compared to blastocysts that were

Kdm5c-/+ and Kdm5c+/+ to see if Kdm5c expression had an impact on Xist RNA levels.

We hypothesized that reducing levels of KDM5C in the embryos would reduce the

number of nuclei showing Xist RNA coating of the inactive X chromosome, similar to the

results found by our lab in ESCs and EpiLCs. When quantifying these data however, no

significant changes in Xist RNA levels could be seen between the different groups. One

possible reason for this is that the embryos were derived from Kdm5c-/- oocytes, so the

deletion occurred too early in development. As a result, the embryo was able to adjust

to the change in gene expression by compensating with other factors responsible for

inducing X inactivation. This in turn leads to similar signals between the three genotypes

by the embryo (E) day 3.5 stage (Figure 2).
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Figure 2: Kdm5c-/+ (a) and Kdm5c-/- (b) E3.5 mouse blastocysts. Cell nuclei are represented by DAPI
(blue). Xist RNA coats are represented by FITC (green pinpoints).

Because of this, we decided to focus instead on replicating this experiment in a

cell culture model using a transient Kdm5c deletion. The use of a transient deletion in

cell lines allows for precise time point collections that are not possible when working

with blastocysts. This allows for data to be recorded mere hours after a deletion occurs.

For my research, having these precise data points could allow us to see changes in Xist

RNA levels before the cells are able to compensate for the change in Kdm5c gene

expression. Since cell lines can adapt to environmental changes quickly, they can

develop non-canonical methods of Xist expression and X inactivation not typically seen

in vivo, in an attempt to survive in culture for as long as possible. By instead inducing a

deletion and collecting results from early timepoints, we can study the immediate effects

a Kdm5c deletion has on Xist RNA expression before a cell line has time to adapt to the

change: thus recording data more reflective of the processes occuring in vivo.

Additionally, a major benefit to cell culture that embryos lack, is the amount of

data that can be collected for relatively little work. For one, cell lines are much easier to

derive and reproduce experiments in than embryos. They can be treated for RNA FISH,

as well as collected for RNA extraction and real time quantitative polymerase chain

reactions (RT-qPCRs): two techniques that rely quite heavily on biophysical methods to

work.

My research this year focused on trophoblast stem (TS) cells and extraembryonic

endoderm (XEN) cells that were Kdm5cfl/fl or Kdm5cfl/y. Both of these cells are derived

from the extraembryonic tissues in embryos which undergo imprinted XCI. The flox (fl)
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allele of Kdm5c will phenotypically behave the same as a wild-type allele, but upon the

addition of Cre recombinase the lox sites present in the gene will recombine, leading to

the excision of the intermediate sequence, in this case the Kdm5c gene. These cell

lines also carry an ERT2 Cre transgene. This form of Cre is induced when exposed to

the drug Tamoxifen in high enough concentrations, creating the Kdm5c deletion. Using

PCR and gel electrophoresis, derived TS and XEN cells were genotyped to ensure that

all cell lines carried the Kdm5c flox alleles and the ERT2 Cre gene. Using this system,

we are able to engineer transient Kdm5c mutations in cell lines by treating them with

Tamoxifen. After a deletion occurs, Xist RNA expression is compared between treated

and untreated cells to see the impact Kdm5c has on inducing Xist.

Since Tamoxifen is a powder that is reconstituted in 100% Ethanol, a drug toxic

to cells in high concentrations, an initial test was conducted on TS and XEN cells to

determine what concentration of Tamoxifen was necessary to ensure the deletion of

Kdm5c without exposing cells to harmful levels of ethanol. A line of Kdm5c+/+ cells were

plated in six well plates and treated with Tamoxifen at 0, 3, 5, 7, 9 and 10 μM

concentrations. These concentrations were picked based on previous research done in

Xistfl/+ TS cells which used a Tamoxifen concentration of 9μM. After treatment with

Tamoxifen, the cell death and morphology for derived cell lines were compared to a

control group which received no treatment to determine Tamoxifen toxicity.

Based on the results of the above experiment, a final concentration of 2.5 μM of

Tamoxifen was decided upon. To confirm that the Tamoxifen was actually inducing

ERT2 Cre, cells were treated with the drug over a time course of 0-3 days. Both TS and

XEN cells were plated at ~70% confluency into four 24-well plates. One well received
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media mixed with ethanol to act as a vehicle control while the others were treated with

media containing tamoxifen. DNA lysates from the cells and media were collected from

one well every 24 hours for 3 days. Media in the other wells was replaced every 24

hours and cells were retreated with either tamoxifen or ethanol. The media in the well

was collected because it contained dead cells. This was one way to assess if cells with

the Kdm5c deletion were dying and would not be present in the cell lysate. After

collecting lysates from each time point, cells were genotyped to confirm a Kdm5cfl/fl to

Kdm5c-/- mutation.

It is interesting to note that in TS cells, the tamoxifen treatment seemed to have

no effect, even when the treatment dosages were increased to 5, 10 and 15 μM. We

also tested multiple Kdm5cfl/fl cell lines to ensure that these results were not because of

a spontaneous mutation in one cell line. A similar test in a line of Eedfl/fl TS cells,

another gene proven to play a role in regulating X inactivation, also showed no signs of

an Eed deletion occurring. Because of the lack of response to Tamoxifen treatment in

TS cells, further research looking at these cells was halted. Instead, the Tamoxifen

treatment must be optimized further before experiments can proceed. The rest of my

research this semester focused only on inducing the transient deletion in XEN cells,

which were receptive to the tamoxifen treatment at a 2.5 μM concentration (Figure 3).

After the Tamoxifen deletion was confirmed to work in two lines of XEN cells, a

Kdm5cfl/fl and Kdm5cfl/y line, further experimentation could proceed. Cells from each

XEN line were plated into two 6-well dishes to be treated in triplicate with either 2.5 μM

Tamoxifen or an equivalent volume of 100% Ethanol (as a control) for 1 or 2 days.
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Figure 3: PCR results to confirm Kdm5cfl/fl transient deletion in XEN cell line for 0, 1, 2, and 3 days of
treatment with Tamoxifen.

These cells were then treated in cytoskeletal buffer (CSK) and stained for RNA FISH

microscopy. An additional 6-well dish was plated down to collect RNA lysates for 1, 2

and 3 days of either Tamoxifen or ethanol treatment to be used for RNA extractions and

RT-qPCR.

RNA FISH staining is a biophysical technique that uses fluorescent probes that

bind to specific nucleic acids to visualize gene expression in cells. This research

method is especially important in genetics research where the majority of studies focus

on changing gene expression. FISH can be used to confirm changes in DNA or RNA

levels, it can be combined with immunofluorescence, and it can be used to stain both

embryos or cells on a coverslip giving it a vast range of biological applications. The

main physical principle used in FISH is fluorescent excitation and emission. First, a
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fluorescent microscope illuminates the sample with light to excite the fluorophores in the

FISH probe (Figure 4). Once excited, these fluorophores will relax to a lower energy

level, releasing light of a longer wavelength as they do so. The emitted photons can be

detected by the eye or a camera and quantified. Cells are stained with DAPI (a

fluorescent dye which binds to DNA) to help visualize the nucleus, while the precipitated

probe binds to specific mRNA transcripts; In this case Xist coats appear as green

through the FITC microscope channel and Atrx pinpoints can be seen as red dots on

the Cy3 microscope channel (Figure 2, Figure 5).

Figure 4: Spectral output of LED8 color spectrum. Different outputs can be used to excite fluorophores
which can then be detected and quantified using the Leica Microscope camera

One potential area of study for this experiment uses a new Leica microscope

containing the LED8 lightsource, with 8 possible outputs. This is an additional four

spectrums that can be used compared to what the older Nikon microscope was capable

of. The availability of these additional wavelengths of light will allow for more complex
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experiments to be done and allow us to multiplex more genes with RNA FISH and also

stain proteins localized to the inactive-X at the same time.

CSK treated cells were stained for RNA FISH and visualized using a Nikon

Eclipse TiE inverted microscope (Figure 5). Similar to the results seen in the Kdm5c

mutant embryos, after 2 days of Tamoxifen treatment, there was little to no change in

Xist coat expression levels when compared to the ethanol treated controls. On both

coverslips, Xist coats can be seen clearly in the nuclei surrounding the Xi. The red Atrx

pinpoint can also be clearly seen in the nuclei which confirms the presence of a second,

active X chromosome in these cells. The absence of an Atrx pinpoint overlapping with

the Xist RNA coat confirms successful inactivation of the Xist-coated X chromosome.

Figure 5: Day 2 treated Ethanol (a) and Tamoxifen (b) Kdm5c-/- cell nuclei stained with DAPI (blue). Xist
RNA coats are represented by FITC (green pinpoints). Atrx RNA is represented by Cy3 (red pinpoints).

Cells plated down for RT-qPCR were collected and their RNA extracted.

RT-qPCR is another powerful biophysical method, as it detects changes in a gene’s

RNA levels. During RT-qPCR, RNA extracted from the cell lysates is first reverse

transcribed into complementary (c)DNA, then amplified using DNA polymerase. DNA
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levels are measured during the amplification process by their fluorescent signal due to

the presence of a fluorescent intercalating dye used to stained nucleotides. The level of

DNA expression is then compared to a housekeeping gene, in this case Tbp, and CT

values generated. As seen in Figure 6a below, Kdm5c was successfully deleted in XEN

cells after one day of Tamoxifen treatment, and this deletion was maintained through

days 2 and 3. This is to be expected since a Kdm5c deletion occurred within the first 24

hours of Tamoxifen treatment according to gel electrophoresis data. Relative Xist RNA

levels on the other hand showed no significant change between the ethanol control

groups and the Tamoxifen treatment groups (Figure 6b).
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Figure 6: RT-qPCR for Kdm5c (a) and Xist (b) relative RNA levels

The results of both the RNA FISH and the RT-qPCR data are consistent with

what was seen in the Kdm5c mutant embryos. One possible reason for this is the time

course chosen for these cells was too long; The cells would have had enough time to

adapt to the changed RNA levels and induce X inactivation by compensating with other

mechanisms. Research I am currently conducting is focused instead on replicating

these experiments for shorter time scales, using 8, 16 and 24 hours. DNA lysates have

confirmed a transient Kdm5c deletion for these timepoints (Figure 7). Additionally, CSK

treated coverslips for RNA FISH have already been made and RNA has been extracted

for further RT-qPCR quantification.

Figure 7: PCR results to confirm Kdm5cfl/fl transient deletion in XEN cell line for 8, 16 and 24 hrs of
treatment with Tamoxifen.
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Discussion

In this study I analyzed the effects a transient Kdm5c deletion has on Xist RNA

levels in TS and XEN cells. Most of the experiments I have conducted thus far have

focused on deriving cell lines and utilizing biophysical methods such as RT-qPCR and

RNA FISH to study changes in gene expression and RNA levels. While some

optimization must still be done, especially in TS cell lines which are not currently

inducing a Kdm5c deletion when exposed to Tamoxifen, much of the groundwork has

been laid for future studies.

As mentioned above, I am currently working on replicating these experiments for

a shorter time course, using 8, 16 and 24 hr collection times instead of 1, 2 and 3 days.

There is some promising data which indicates that this will be a more effective time

course. Using PCR and gel electrophoresis, a Kdm5c deletion was shown to occur

overtime for these collection times. As seen in Figure 7, the Kdm5cfl band begins to fade

at the 8 hr mark before completely disappearing at the 24 hr mark. The 24 hr media

DNA lysate sample shows some presence of the Kdm5cfl band in the gel likely due to

the presence of dead cells found in the media that died before a deletion could be

induced.

The gradual change in Kdm5c expression is the reason we wanted to induce a

transient deletion with Tamoxifen. Our previous research in ESCs and EpiLCs indicates

a dosage dependence of Xist RNA levels on Kdm5c gene expression where Xist RNA

levels increased with ectopic Kdm5c expression, and were reduced when the enzyme

KDM5C was enzymatically inactive. When replicating these experiments in embryos, TS

and XEN cells, to look at the role Kdm5c plays specifically in inducing imprinted X
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inactivation, we would expect to see similar results. Namely, that as Kdm5c is deleted in

the cells, Xist RNA levels will slowly decrease. Most of our research so far has likely

focused on a time scale too long to properly display this effect however. Cells and

embryos are able to adapt to changes in gene expression, and can compensate for

Kdm5c gene deletion with other biological processes responsible for inducing and

maintaining X inactivation. We hope that with these new collection time points, it would

be difficult for cells to adjust to the change in gene expression and adapt new methods

of inducing Xist coats. Because of this, any RNA FISH staining and RT-qPCR data we

collect will then be representative of processes Kdm5c induces in vivo, and further

confirm that imprinted X inactivation is dose dependent on Kdm5c. This would also

confirm the female specific role that Kdm5c plays in inducing imprinted X inactivation,

and one potential explanation as to why this X homolog escapes XCI. The absence of a

change in Xist RNA expression upon deletion of Kdm5c in XEN cells might suggest a

different role of Kdm5c in imprinted vs random X-chromosome inactivation. As these

processes are thought to work through similar mechanisms, this would be a significant

finding worthy of further study.

Additionally, whether or not Xist RNA levels are depleted when a transient

Kdm5c deletion is induced in TS and XEN cell lines, this study is still significant because

it deepens our knowledge of X and Y linked homologs that escape X inactivation.

Understanding the role these genes play in inducing X inactivation, both imprinted and

random, helps us better understand the processes involved in gene induction,

maintenance and silencing in the human genome.
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Methods

Ethics Statement

This study was performed in strict accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

All animals were handled according to the protocols approved by the University

Committee on Use and Care of Animals (UCUCA) at the University of Michigan

(protocol #PRO00006455 and PRO00010233).

Embryo Dissections and Processing.

Pre-implantation embryonic (E) day 3.5 embryos were flushed from the uterine

limbs in 1X PBS (Invitrogen, #14200075) containing 6 mg/mL bovine serum albumin

(BSA; Invitrogen, #15260037). For fluorescence in situ hybridization (FISH) staining of

embryos, the zona pellucida surrounding E3.5 embryos were removed through

incubation in cold Acidic Tyrode’s Solution (Sigma, #T1788), followed by neutralization

through several transfers of cold M2 medium (Sigma, #M7167). Isolated embryos were

plated onto gelatin-coated glass coverslips in 0.25X PBS with 6 mg/mL BSA for RNA

(FISH) staining. For plated embryos, excess solution was aspirated, and coverslips

were air-dried for 15 min. After drying, embryos were permeabilized and fixed in 50 mL

solution of 0.05% Tergitol (Sigma, #NP407) and 1% paraformaldehyde (Electron

Microscopy Sciences, #15710) in 1X PBS for 10 min. Excess solution was tapped off

onto paper towels, and coverslips were rinsed 3X with 70% ethanol and stored in 70%

ethanol at -20oC prior to RNA FISH.
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XEN cells were derived as previously described (Kalantry et al., 2006). Briefly,

individual embryos were plated onto irradiated mouse embryonic fibroblasts (MEF) in

wells of a 4-well tissue culture dish with 750 μL of XEN cell derivation media (MEMα, 50

μg/ml penicillin/streptomycin (Life Technologies, # 15070), 20% ES qualified FBS (Life

Technologies, #10439), 1 mM sodium pyruvate, 100 μM β-Mercaptoethanol, 2 mM

L-glutamine, 100 μM nonessential amino acids (GIBCO, #11140), 1000 units/mL

Leukemia Inhibitory Factor (LIF, Millipore # ESG1107)). Following 6-8 days of growth,

blastocyst outgrowths were dissociated with 0.05% trypsin (Life Technologies, #25300).

Dissociated cells were plated into individual wells of a 96-well dish containing MEFs and

cultured to confluency. The cells were then split into a single well of a 4-well dish

containing MEFs. After confluency, the cells were trypsinized and plated into a

gelatinized well of a 6-well dish in XEN growth media (MEMα, 20% ES-FBS, 1 mM

sodium pyruvate, 100 μM β-Mercaptoethanol, 2 mM L-glutamine, 100 μM nonessential

amino acids). All cells in culture were grown at 37°C with 5% CO2.

TS cells were derived similarly. Individual embryos were plated onto irradiated

MEFs in wells of a 4-well tissue culture dish with 750 μL of TS cell derivation media

(RPMI (0 μg/mL pen/strep), 20% ES qualified FBS, 1 mM Sodium Pyruvate, 100 μM

β-Mercaptoethanol, 2 mM L-Glutamine, 37.5 ng/mL FGF4, 1.5 μg/mL Heparin).

Following 4-5 days of growth, blastocyst outgrowths were dissociated with 0.05%

trypsin. Dissociated cells were plated into individual wells of a 96-well dish containing

MEFs and cultured to confluency. The cells were then split into a single well of a 4-well

dish containing MEFs. After confluency, the cells were trypsinized and plated onto

MEFs in a 6-well dish in TS growth media (RPMI, 20% ES FBS, 1 mM Sodium
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Pyruvate, 100 μM β-Mercaptoethanol, 2 mM L-Glutamine, 25 ng/mL FGF4, 1.0 μg/mL

Heparin). All cells in culture were grown at 37°C with 5% CO2.

Often while deriving TS cells, XEN cells are incidentally derived. To separate TS

and XEN cells growing in the same wells, TS colonies can be picked under a

microscope using a P20 set to 3 μL. Picked colonies are then dissociated in trypsin and

plated down in TS growth media. Cells are grown to confluency and split as described

above. This process is repeated until no XEN cells are present.

DNA Lysate Collection

Cells were lysed using 0.05% trypsin and spun down at 500 rcf (5 minutes) at

room temperature. Pellets were then resuspended in 15-20 μL of a DNA lysis buffer (50

mM KCl, 10 mM Tris-Cl pH 8.3, 2.5 mM MgCl2, 0.1 mg/mL gelatin, 0.45% NP-40,

0.45% Tween-20) and proteinase K mixture made at a 50:1 ratio and left in a 50°C

water bath overnight. After sitting overnight, samples were heated at 90°C for 5-10

minutes before being stored at 4°C for genotyping.

Polymerase Chain Reaction (PCR) and Gel Electrophoresis

Polymerase Chain Reactions (PCRs) were used to genotype and sex cell lines,

and to validate Kdm5c deletions in Tamoxifen-treated cells. 1 μL of extracted DNA was

mixed with 24 μL of master mix solution (Klenthern Buffer (10x: 670mM Tris HCl, pH

9.1, 160mM (NH4)2SO4, 35mM MgCl2, 1.5mg/ml BSA), dNTPs (Alkali Scientific Cat.#

C761), forward primers, reverse primers (Table 1), RadiantTaq (Alkali Scientific Cat#

C109)).
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RNA Fluorescent in Situ Hybridization (FISH) Probe

RNA FISH probes were labeled using the Bioprime Labeling kit (Invitrogen Cat.#

18094-011). Xist RNA accumulation was detected by FITC-dUTP labeled probe while

Atrx RNA was detected by Cy3-dCTP labeled probe.

RNA FISH was carried out essentially as described previously (Kalantry et al.,

2006).

Cells were split onto gelatinized glass coverslips and treated with either

(Z)-4-Hydroxytamoxifen (Tamoxifen, PeproTech Cat.# 6800637) or molecular grade

Ethanol at a concentration of 1.25 μM, and permeabilized after 24 or 48 hours. To

permeablize, cells were incubated at room temperature for 20-30 seconds in

cytoskeletal buffer 30 (CSK: 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM

PIPES pH 6.8), then for 20-30 seconds in CSK containing 0.4% Triton X-100, then

again for 20-30 seconds in CSK. Cells were then fixed for 10 minutes in 4%

paraformaldehyde, and stored at -20˚C in 70% ethanol or processed directly for RNA

FISH.

For RNA FISH, cells underwent sequential incubations in 70% (5 min), 85%, 95%

and 100% (2 min each) ethanol. Following this, coverslips were air-dried for 10 min,

hybridized in a dsDNA probe labeled via random priming, and incubated overnight at

37˚C in a humid chamber. After incubation, coverslips were removed from the humid

chamber and washed successively in 50% formamide/2X SSC buffer and 2X SSC

buffer three times each for seven minutes and incubated at 39˚C. For the final 2X SSC

wash, 5μL of 1:500 DAPI was added per 2mL of buffer. Coverslips were then rinsed
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once in 1X SSC buffer to remove excess DAPI from the wells, before undergoing two

successive washes in 1X SSC buffer under the same conditions. After the final

incubation period, coverslips were mounted using Vectashield.

Microscopy

Images of all stained samples were captured using a Nikon Eclipse TiE inverted

microscope with a Photometrics CCD camera. The images were analyzed after

deconvolution using NIS-Elements software (version 5.20.02, Build 1453). All images

were processed uniformly.

RNA Extraction

After 24, 48, or 72 hours of Tamoxifen or Ethanol treatment, cells were

dissociated with 0.05% trypsin and spun down for 5 minutes at 1500 rpm. A vacuum

apparatus was then used to remove the supernatant, the pellet was resuspended in 1

mL of Trizol reagent (Invitrogen Cat.# 15596-018) and stored at -80॰C for extraction.

Total RNA was isolated from cells using a phenol-chloroform extraction. Briefly, 0.2mL of

chloroform was added to a sample per 1mL of Trizol reagent used. Samples were mixed

vigorously and left to incubate at room temperature for 2-3 minutes. Samples were then

centrifuged at 12,000 rcf at 4॰C (15 minutes). After centrifugation the RNA containing

aqueous phase was transferred to another tube and 0.5mL of isopropyl alcohol was

added per 1mL of Trizol reagent used for initial homogenization. After incubating for 20

minutes, the samples were again centrifuged (10 minutes) to pellet the precipitated
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RNA. If no RNA pellet was visible after this step, samples could be stored at -80॰C

overnight to increase the amount of extracted RNA.

A vacuum apparatus was then used to remove the supernatant and the pellet

was washed in 1mL of 75% ethanol. The sample was centrifuged at 7,500 rcf at 4॰C (5

minutes) and this process was repeated once. The supernatant was removed and the

sample placed in the SpeedVac vacuum centrifuge for 5 minutes to dry completely. The

RNA pellet was then resuspended in RNase-free water and its concentration and purity

measured using a nanodrop.

RT-qPCR and PCR primers

RT-PCR was performed using the Luna Universal One-Step RT-qPCR kit (New

England Biolabs) using total RNA.

Primer Sequence Use

qRTSmcxF TTTGGCAGCGGTTTCCCTGTCAGT RT-qPCR

qRTSmcxR AAGACCATTCCCACATACAGCC RT-qPCR

Xist1_RTqPCR F CTCCCAGCATTACTGAGAAATG RT-qPCR

Xist2_RTqPCR R CCAGGCAATCCTTCTTCTTGAG RT-qPCR

qRTtbpF TTCAGAGGATGCTCTAGGGAAGA RT-qPCR

qRTtbpR CTGTGGAGTAAGTCCTGTGCC RT-qPCR

Fabpi-SF TGGACAGAACTGGACCTCTGCTTTCCTA PCR

Fabpi-SR TAGAGCTTTGCCACATCACAGGTCATTC PCR

SmcxF2 TGGGTTTGAGGGATACTTTAGG PCR

SmcxF5 CAGGTGGCTTACTGTGACATTGATG PCR
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SmcxR1+- GGTTCTCAACACTCACATAGTG PCR

WUStL-Cre-F GCATTACCGGTCGATGCAACGAGTGATGAG PCR

WUStL-Cre-R GAGTGAACGAACCTGGTCGAAATCAGTGCG PCR

XX-XY-F CCGCTGCCAAATTCTTTGG PCR

XX-XY-R TGAAGCTTTTGGCTTTGAGC PCR

Table 1: List of primers used for RT-qPCR and PCR
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