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The Cohesin Complex is Necessary for Epidermal Progenitor
Cell Function Through Maintenance of Self-renewal Genes

Maria Noutsou, Jingting Li, Ji Ling, Jackson Jones, Ying Wang, Yifang Chen, and George
L. Sen*

Department of Dermatology, Department of Cellular and Molecular Medicine, UCSD Stem Cell
Program, University of California, San Diego, La Jolla, CA 92093-0869

Summary

Adult stem and progenitor cells are critical to replenishing lost tissue due to injury or normal
turnover. How these cells maintain self-renewal and sustain the tissue they populate is an area of
active investigation. Here we show that the cohesin complex, which has previously been
implicated in regulating chromosome segregation and gene expression, is necessary to promote
epidermal stem and progenitor cell self-renewal through cell autonomous mechanisms. Cohesin
binds to genomic sites associated with open chromatin including DNase | hypersensitivity sites,
RNA polymerase 1, and histone marks such as H3K27ac and H3K4me3. Reduced cohesin
expression results in spontaneous epidermal differentiation due to loss of open chromatin structure
and expression of key self-renewal genes. Our results demonstrate a prominent role for cohesin in
modulating chromatin structure to allow for enforcement of a stem and progenitor cell gene
expression program.
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Introduction

Cohesin is a multiprotein complex composed of heterodimers of SMC1A and SMC3 and
additional subunits including RAD21 and STAG1/STAG2 which wrap around chromatin
(Uhlmann, 2016). This complex forms a ring-like structure necessary for holding together
sister chromatids during cell division allowing for proper chromosome segregation and DNA
repair (Uhlmann, 2016). More recently, cohesin has been found to regulate gene expression
during interphase. This includes regulation of developmental genes such as Runxand
Ultrabithorax in zebrafish and Drosophila respectively (Horsfield et al., 2007, Rollins et al.,
1999). Its role in regulating gene expression has been attributed to cohesin's ability to
promote chromatin looping such as stabilization of enhancer and promoter interactions.
Cohesin's role in regulating higher order chromatin has been found to be mediated through
interactions with the DNA binding protein CTCF as genome wide mapping has shown high
degrees of overlap between their binding sites(Parelho et al., 2008). However, cohesin has
also been shown to mediate chromatin looping independent of CTCF(Kagey et al., 2010).
Cohesin can also serve as docking sites for transcription factors after cell division to regulate
transcription(Yan et al., 2013). Lastly, cohesin may control gene expression by regulating
chromatin accessibility. In mammalian cells, a subset of cohesin binding sites overlaps with
DNase | hypersensitive sites and global chromatin accessibility is diminished in cohesin
mutant cells(Yan et al., 2013, Parelho et al., 2008, Mazumdar et al., 2015).
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While the role of cohesin during cell division and regulating gene expression has been well
studied, it is still unclear its role in regulating adult mammalian stem cell self-renewal and
differentiation. Investigation into this has been hampered by embryonic lethal phenotypes in
mouse models where cohesin genes have been knocked out thus limiting its use in
deciphering a role in adult tissue maintenance(Remeseiro et al., 2012a). In embryonic stem
cells, cohesin is necessary for stem cell self-renewal as loss of complex members results in
abolished enhancer-promoter stabilization of key self-renewal genes such as Oct4 and
Nanog leading to spontaneous differentiation(Kagey et al., 2010). Recently, through the use
of knockdown, haploinsufficient, or mutant cohesin mouse models the importance of the
cohesin complex in hematopoiesis was deciphered(Viny et al., 2015, Mullenders et al., 2015,
Mazumdar et al., 2015). Insufficient levels of these components resulted in increased self-
renewal of hematopoietic stem and progenitor cells due to enhanced site specific chromatin
accessibility allowing for transcription factor reinforcement of the stem cell gene expression
program(Mazumdar et al., 2015). Whether cohesin acts to promote self-renewal (embryonic
stem cells) or inhibit it (hematopoietic stem cells), its mechanism of action in other adult
tissues is currently unknown.

The epidermis is an ideal system to study factors that impact self-renewal and differentiation
because it is a stratified tissue that is well defined and characterized with the deepest layer
containing undifferentiated stem and progenitor cells (basal layer) and the superficial layers
containing the most differentiated cells(Watt, 2014). Due to the high turnover rate of the
tissue, the stem and progenitor cells must constantly balance self-renewal, proliferation, and
differentiation to maintain homeostasis(Donati and Watt, 2015). As a progenitor cell
differentiates, it migrates upwards from the basal layer and progresses through the
differentiated layers including the suprabasal layer and granular layer. It terminally
differentiates upon reaching the stratum corneum where the enucleated corneocytes are shed
off the surface of the skin(Sen, 2011, Blanpain and Fuchs, 2009). Epidermal self-renewal is
mediated by both transcriptional and post-transcriptional mechanisms(Sen, 2011, Li and
Sen, 2016). Transcriptional regulation involves both transcription and epigenetic factors
including p63, SNAI2, UHRF1, EZH2, DNMT1, ING5, ACTL6A, SMARCAS5, and
HDAC1/HDAC?2 that promote epidermal stem and progenitor cell self-renewal (Mistry et al.,
2014, Mistry et al., 2015, Bao et al., 2013, Mulder et al., 2012, Sen et al., 2010, LeBoeuf et
al., 2010, Ezhkova et al., 2009, Yang et al., 1999). Factors such as SNAI2, UHRF1, EZH2,
DNMTL, and ACTL6A are necessary for epidermal self-renewal by suppressing the
expression of differentiation genes in stem and progenitor cells. While it has been
established that these key factors play a critical role in promoting epidermal self-renewal, it
is not known what regulates and keeps the expression of these transcriptional regulators high
in epidermal stem and progenitor cells.

Here, we determine the role of cohesin in adult human epidermis and found it to be
necessary for maintaining epidermal progenitor cell self-renewal while blocking premature
differentiation. Cohesin does this by promoting the expression of known epidermal self-
renewal genes through maintaining chromatin accessibility at their genomic sites. These
findings highlight the importance of the cohesin complex in maintaining adult tissue
homeostasis and define mechanisms that promote the expression of self-renewal genes.
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Results

The Cohesin Complex Promotes Self-renewal of Epidermal Progenitor Cells

To determine potential roles for the cohesin complex in epidermal self-renewal and
differentiation, the core ring components of the complex (SMC1A and SMC3) were knocked
down. To avoid being misled by off-target RNAI effects, two distinct ShRNAs targeting
different regions of SMC1A and SMC3 were generated and delivered via retroviruses to
primary human keratinocytes (SMC1Ai, SMC1A-Bi, SMC3i, and SMC3-Bi) (Figures 1A
and S1A). Notably, knockdown of one component did not impact the mRNA levels of the
other (Figures 1A and S1A). Knockdown of SMC1A or SMC3 resulted in the spontaneous
differentiation of primary human epidermal progenitor cells with increased expression of
differentiation protein transglutaminase | and differentiation genes (SBSN, TGM1, FLG,
IVL, S100P, LCE3D, GRHL3, and SCEL)including those that have been implicated in
human skin diseases (Figure 1A-C and Figure S1A-B)(Schmuth et al., 2007). Loss of
cohesin also impaired epidermal cell proliferation compared to control (CTL) ShRNA
transduced cells (Figures 1D and S1C). While not statistically significant, cohesin
knockdown increased the percentage of apoptotic cells (Figure 1E). In clonogenic assays,
SMC1Ai and SMCa3i cells failed to proliferate into large colonies and produced only small
colonies (Figure 1F-G). Regenerated organotypic human skin with cohesin knockdown also
showed a hypoplastic epidermis compared with controls (Figure S1D-E). Importantly, the
basal layer was much smaller in the SMC1A and SMC3 knockdown tissue with around one
cell layer whereas in control tissue there were several layers of undifferentiated basal layer
cells (Figure S1D).

To determine whether cohesin is necessary for progenitor cell function in-vivo as well as
whether cohesin is acting through cell or non-cell autonomous mechanisms we used the in-
vivo progenitor cell competition assay that we previously developed (Sen et al., 2010, Mistry
etal., 2012, Wang et al., 2015). Epidermal cells were first infected with retroviruses
expressing GFP or dsRED. dsRED expressing cells were then knocked down for SMC1A or
SMC3 and mixed with CTL GFP cells at a 1:1 ratio. Conversely to rule out impacts from the
fluorescent proteins, GFP expressing SMC1Ai or SMC3i cells were also mixed with CTL
dsRED cells. These cell mixtures were then used to regenerate human epidermis on immune
compromised mice. Initially, regenerated epidermis from CTL-GFP cells mixed with either
SMC3i-dsRED or SMC1Ai-dsRED cells were present in the epidermis at similar
percentages (Figure S1F-G). Similar results were also obtained when the epidermis was
regenerated with CTL-dsRED cells mixed with SMC1Ai-GFP or SMC3i-GFP cells (Figure
S1F-G). However by 4 weeks post-grafting, epidermis regenerated from CTL-GFP cells
mixed with SMC1Ai-dsRED or SMC3i-dsRED cells showed that the dSRED cells were
depleted from the epidermis (Figure 1H:top panel and Figure 11). Similarly when CTL-
dsRED cells were mixed with SMC1Ai-GFP or SMC3i-GFP cells, the GFP cells were
depleted after 4 weeks in-vivo (Figure 1H:bottom panel and Figure 11). The SMC1Ai or
SMC3i expressing cells that remained in the epidermis (white arrowheads) were all found in
the upper more differentiated layers suggesting that cohesin is necessary to prevent
premature differentiation as well as promote self-renewal of progenitor cells. Cohesin did

Cell Rep. Author manuscript; available in PMC 2017 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Noutsou et al.

Page 5

this through cell autonomous mechanisms since the CTL cells could not rescue the loss of
SMC1Ai or SMCa3i cells.

Cohesin Regulates a Gene Expression Program that Blocks Premature Differentiation
while Promoting Proliferation

To assess the impacts of cohesin on epidermal growth and differentiation, global gene
expression profiling was performed on control (CTL) and cohesin (SMC1Ai and SMC3i)
knockdown cells. 1,798 genes significantly changed in SMC1A.i cells with 780 genes
upregulated and 1,018 genes downregulated (Table S1). Comparison with our previously
generated dataset (Sen et al., 2010) of genes that changed during calcium-induced
differentiation (CTL DM: Differentiation medium) revealed a significant overlap of 1,075
genes (Figure 2A, Left Panel). The vast majority (91%: 983/1,075) of the genes in the
overlapped SMC1A. gene signature (SMC1AI) were regulated in the same direction as cells
undergoing calcium-induced differentiation suggesting that loss of SMC1A triggers the
epidermal differentiation program (Figure 2A, Right Panel). Upregulated genes were
enriched for gene ontology (GO) terms such as epidermal cell differentiation, cornified
envelope, and keratinization while downregulated genes were involved in cell cycle and
mitosis (Figure 2B-C). Knockdown of SMC3 had similar effects as SMC1A with 1,305
genes changing and 840 genes overlapping with the differentiation signature (Figure 2D and
Table S2). Again the vast majority of the genes (89%: 744/840) in the overlapped SMC3i
gene signature changed in the same direction as the differentiation signature (Figure 2D,
Right Panel). Upregulated genes were enriched in GO terms associated with epidermal
differentiation while downregulated genes were associated with proliferation (Figure 2E-F).
Overlap of the SMC1Ai and SMC3i gene expression signatures demonstrated that a
preponderance of the genes are co-regulated (88%: 1,147/1,305) (Figure 2G). These results
suggest that the cohesin complex is necessary to sustain epidermal proliferation while
inhibiting premature differentiation.

Mapping of SMC1A Binding Sites Across the Genome

To gain an understanding of the direct targets of cohesin, chromatin immunoprecipitations
(Chl1P) followed by deep sequencing (ChIP-Seq) was performed using a SMC1A antibody
on epidermal progenitor cells. 23,097 peaks were enriched with SMC1A binding with
33.59%, 23.42%, and 21.42% of the peaks binding within intronic, intergenic, and promoter
regions respectively (Figure 3A and Table S3). Lower percentages of binding were found in
the 5"UTR (9.76%), CDS (5.62%), and 3" UTR (2.25%). The peaks mapped back to 7,517
genes which were enriched for GO terms such as alternative splicing, cell adhesion, and
regulation of epidermal proliferation and differentiation (Figure 3B and Table S3). Mapping
of SMC1A bound peaks from -5kb to +5kb from the transcriptional start site (TSS) of genes
showed that SMC1A binding is localized primarily to the TSS (Figure 3C-D). Prior studies
have suggested that cohesin regulates chromatin accessibility and occupies a subset of
DNase I hypersensitive sites to control gene expression (Parelho et al., 2008, Mazumdar et
al., 2015, Yan et al., 2013). To determine if this type of regulation is true in keratinocytes,
the DNase | hypersensitive genome wide data set for primary human keratinocytes from the
ENCODE consortium was compared to our SMC1A ChlIP-Seq data (Gerstein et al., 2012).
The SMC1A binding sites overlapped with the DNase | hypersensitive sites at the majority
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of the sites and co-localized at or near the TSS (Figure 3C-D). Comparison of the SMC1A
binding sites with the ENCODE data set for histone marks of active transcription and open
chromatin such as H3K27ac and H3K4me3 (Kimura, 2013) also showed substantial overlap
(Figure 3D). A majority of the SMC1A sites across the TSS of genes also showed overlap
with RNA Polymerase Il binding suggesting that SMC1A correlates with open chromatin
and active transcription (Figure 3D). Consistent with this, histone marks for closed
chromatin/heterochromatin such as H3K9me3 and H3K27me3 (Kimura, 2013) were
significantly depleted from SMC1A bound sites in primary human keratinocytes (Figure
3D). Since SMC1A regulation of chromatin accessibility near the TSS may potentially
impact epidermal growth and differentiation gene expression, the genes bound by SMC1A
were overlapped with the genes that are differentially expressed upon SMC1A knockdown.
692 genes were found in the overlap which were enriched in GO terms such as cell cycle,
epithelial cell differentiation, and epidermis development (Figure 3E-F, Table S1 and S3).

Several of the genes in the overlap have previously been demonstrated by our group and
others to be necessary for epidermal self-renewal including ACTL6A, UHRFI, and SNA/2
whose loss in expression may contribute to the SMC1Ai premature differentiation phenotype
(Mistry et al., 2014, Mistry et al., 2015, Bao et al., 2013, Mulder et al., 2012, Sen et al.,
2010). Analysis of SMC1A binding to these genes revealed enrichment at gene promoters,
introns, and at the TSS (Figure S2A-B). Knockdown of SMC1A decreased binding to those
regions demonstrating the specificity of SMC1A binding to the genomic regions of
ACTL6A, UHRFI1, and SNA/2 (Figure S2B). Furthermore, loss of SMC1A binding to those
genes also resulted in their decreased mRNA expression (Figure S2C, Table S1 and S3).
Comparison of the SMC1A knockdown gene expression signature with the previously
published knockdown signatures of ACTL6A, UHRF1, and SNAI2 showed significant
overlap between SMC1A and each of the three self-renewal genes suggesting that SMC1A
promotes self-renewal of the epidermis through maintaining the expression of these genes
(Mistry et al., 2014, Mistry et al., 2015, Bao et al., 2013, Mulder et al., 2012, Sen et al.,
2010) (Figure S2D).

Cohesin Promotes Progenitor Function by Maintaining Open Chromatin to Allow for
Expression of Self-renewal Genes Such as SNAI2

Since the SNAI2 knockdown gene expression signature had the highest number of genes
shared with the SMC1A.i signature, the regulation of SNAI2 expression by SMC1A was
explored. SMC1A bound to three distinct regions within the SMA/2 genomic locus at -2.1kb
(peak C), -351bp (peak B), and around the TSS (peak A) which correlated with marks of
open chromatin and gene transcription (Figure 4A). To test if SMCL1A is necessary to sustain
the open chromatin structure, DNase | was used to digest DNA isolated from CTL and
SMCI1Aii cells. Loss of SMC1A resulted in a 3-5 fold (Sites SNA/2 A-C) increase in DNase
| resistance/chromatin compaction of the SA/A/2locus with no changes in the control B-
actin (ACTB) gene locus (Figure 4B). SMC1A knockdown also decreased RNA Pol 11
loading on to the promoter and TSS of SAVA/2as well as decreased H3K27Ac which
resulted in decreased protein expression of SNAI2 (Figure 4C-E). To determine if SMC1A
blocks premature differentiation of progenitor cells through the expression of SNAI2, a
retrovirus was used to express exogenous SNAI2 in SMC1A.i cells. Restoration of SNAI2
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expression in SMC1Ai cells (SMC1Ai + SNAI2) blocked the expression of differentiation
genes that is seen with SMC1Ai cells (SMC1Ai + LACZ) and partially rescued the
premature differentiation phenotype similar to control levels (CTL +LACZ) (Figure 4F).
Interestingly, expression of SNAI2 didn't restore the proliferative capacity of the SMC1Ai
cells suggesting that SMC1A regulation of other self-renewal genes such as ACTL6A or
UHRF1 may potentially mediate its impacts on proliferation (Figure 4G, 4H, S2). It is also
unlikely that the full SMC1A knockdown phenotype can be fully rescued by any one factor
due to the vast number of genes it regulates.

Cohesin Prevents Premature Differentiation Through SNAI2 Mediated Repression of
GRHL3 Expression

SNAI2 is a transcriptional repressor that is necessary to prevent premature epidermal
differentiation in progenitor cells by binding to the TSS of GRHL3and suppressing its
expression (Figure S3A)(Mistry et al., 2014). GRHL3 is a Grainyhead-like transcription
factor that is critical for turning on the differentiation signature with knockout mice lacking
the skin barrier (Ting et al., 2005, Hopkin et al., 2012). Since SNAI2 expression is reduced
in SMC1A knockdown cells, it may impact SNAI2's binding at the GRHL 3 locus (Figure
4E). ChIP was performed using a SNAI2 antibody on control and SMC1A knockdown cells.
Loss of SMC1A resulted in a 3-fold decrease in SNAI2 binding to the TSS of GRHL3which
led to a dramatic increase in RNA Pol 11 binding (Figure S3B-C). This loss of SNAI2
binding and increased RNA POL 11 led to increased GRHL3 mRNA and protein levels in
SMCI1Aii cells (Figure S3D-E). To determine if the premature differentiation seen in SMC1A
knockdown cells is due to the increased expression of GRHL3 levels, double knockdown
experiments were performed. Double knockdown of GRHL3 and SMC1A rescued the
increased differentiation phenotype seen in SMC1Ai cells to levels similar to control (Figure
S3F). These results suggest that SMC1A inhibits differentiation gene expression in part
through SNAI2 blockade of GRHL3expression (Figure 4H).

Discussion

Our results show that cohesin is necessary for epidermal self-renewal by maintaining the
expression of self-renewal genes such as SNMA/2. We found that loss of SMC1A resulted in a
reduction of open chromatin at the SMA/2genomic locus. This increased chromatin
compaction led to decreased RNA polymerase Il binding to the SAM/A/2locus and reduced
gene expression. This is similar to other studies where knockdown of cohesin leads to global
loss of open chromatin (Mazumdar et al., 2015, Yan et al., 2013). While there is genome-
wide loss of DNA accessibility in cohesin mutant and knockdown hematopoietic cells, the
stem cell program is enforced due to the actions of key hematopoietic transcription factors
ERG, GATA2, and RUNX1 (Mazumdar et al., 2015, Wang et al., 2007, Lichtinger et al.,
2012, Chen et al., 2013). Mazumdar et al. proposed that these pioneer factors are able to
bind DNA and drive the stem cell gene expression program even with global loss of open
chromatin(Mazumdar et al., 2015). This was evidenced by the increased accessibility of
chromatin with site-specific DNA binding motifs for ERG, GATA2, and RUNX1 in mutant
cohesin cells that had global chromatin compaction (Mazumdar et al., 2015). In contrast to
hematopoietic cells, epidermal cells have no defined pioneer transcription factors to
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reinforce the stem cell gene expression program due to cohesin loss. This makes epidermal
self-renewal gene exquisitely sensitive to closed chromatin and without cohesin to maintain
the open chromatin structure, genes such as SNA/Z2, UHRF1, and ACTL6A are
downregulated leading to loss of epidermal self-renewal.

Interestingly, cohesin mutations have also been linked to human disease such as Cornelia de
Lange syndrome which is characterized by cognitive defects, reduced body size, limb
defects, cleft palate, hearing loss, and organ abnormalities(Krantz et al., 2004, Tonkin et al.,
2004). Specifically, heterozygous mutations in the cohesin loader, NIPBL has been linked to
this disorder as well as mutations in SMC1A and SMC3(Krantz et al., 2004, Tonkin et al.,
2004, Deardorff et al., 2007). While no epidermal phenotypes have been reported in humans
with cohesin mutations, this is likely due to the mutations still producing functional
complexes (SMC1A/SMC3) that may alter their DNA binding sites or haplosufficient
(NIPBL) function (Krantz et al., 2004, Tonkin et al., 2004, Deardorff et al., 2007). The
altered chromatin binding sites in the cohesin mutants may still allow enough binding and
regulation of epidermal self-renewal genes to allow for skin homeostasis. In support of a role
for the cohesin complex in skin development and maintenance, STAG1 null mouse embryos
have extremely thin skin which could potentially be due to a depletion of skin stem
cells(Remeseiro et al., 2012b, Remeseiro et al., 2012a). It will be interesting to determine
the long-term physiologic impacts of loss of function cohesin in adult mouse skin using
conditional knockouts or through the inducible knockdown of grafted human skin. The
grafted human skin does have the limitation of not accounting for the immune system since
immune deficient mice must be used for the xenografts.

Here, we have addressed two major unresolved issues including determining the role of
cohesin in adult tissue homeostasis as well as defining cohesin as a master regulator of
epidermal self-renewal gene expression. These results point to the prominent role of cohesin
in maintaining adult stem and progenitor cell function.

Experimental Procedures

The Supplemental Experimental Procedures section which includes a detailed description of
the protocols as well as a list of retroviral constructs, siRNAs, antibodies, and primer
sequences is available online.

Tissue culture

Primary human epidermal keratinocytes were derived from neonatal foreskin and cultured in
growth medium (Life Technologies, KSFM) as previously described (Mistry et al., 2012,
Wang et al., 2015). Phoenix cells were cultured in DMEM with 10% fetal bovine serum.

Retroviral constructs

shRNA retroviral constructs to knockdown genes were generated by cloning oligos into the
pSuper retroviral vector as previously described (Mistry et al., 2012, Wang et al., 2015). The
full-length open reading frame of SNAI2 was cloned into the LZRS retroviral vector as
previously described (Mistry et al., 2014).

Cell Rep. Author manuscript; available in PMC 2017 November 13.
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Microarray analysis

Cells knocked down for SMC1A, SMC3, or control were harvested 10 days after puromycin
selection (selects for cells integrated with the pSuper retroviral construct). Microarray
analysis using Affymetrix HG-U133 2.0 plus arrays was performed on duplicate samples.
Significantly changed genes were identified as previously described (Sen et al., 2010, Mistry
etal., 2012, Mistry et al., 2015).

Statistical Analysis

Graph data are represented as mean + SEM. Statistical analysis were performed using
GraphPad Prism. Student's t-test were used comparing one parameter and significant
changes were defined as p<0.05. Number of biological experiments was performed as
indicated by n in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cohesin is necessary for epidermal progenitor cell function
(A) Epidermal progenitor cells were knocked down for control (CTL), SMC1A shRNAs

(SMC1Ai), or SMC3 shRNAs (SMC3i) through retroviral transduction. RT-QPCR was used
to determine the extent of SMC1A and SMC3 knockdown. QPCR results were normalized
to GAPDH levels. Mean = SEM, n=3. (B) Staining for differentiation protein
transglutaminase | (TGMI) is shown in red and hoechst staining in blue marks the nuclei.
Scale bar= 15mm. (C) RT-QPCR for differentiation gene expression in CTL, SMC1Ai, and
SMCai cells. QPCR results were normalized to GAPDH levels. Mean + SEM; n=3. (D)
Control and knockdown cells were seeded at 100,000 cells and counted 7 days later. Cell
number for each gene knockdown is represented as a percentage of control cell number.
Mean £ SEM, n=3. (E) Annexin V staining of CTL, SMC1Ai, and SMCa3i cells. The percent
of Annexin V positive cells (apoptotic cells) was determined by flow cytometry. Mean +
SEM, n=3. N.S.=Not significant, p>0.05 (t-test) comparing CTL with SMC1Ai or SMC3i
samples. (F) Clonogenic assay of CTL, SMC1Ai, and SMC3i keratinocytes plated at
limiting dilution (1,000 cells per plate) on mitomycin treated fibroblasts. Cells were stained
with crystal violet 4 weeks after plating. (G) Quantification of colonies > 4 mm? for samples
shown in (F) (n=3 per group), Mean £ SEM. (H) In-vivo human epidermal progenitor cell
competition assay. GFP expressing CTL keratinocytes were mixed at a 1:1 ratio with dsRed
expressing SMC1Ai or SMCa3i cells. The reverse experiment was also performed by taking
dsRed-CTL cells and mixing at a 1:1 ratio with GFP expressing SMC1Ai or SMCa3i cells.
The mixed cells were used to regenerate human epidermis on immune deficient mice. GFP
expressing cells are shown in green while dsRed cells are shown in red. Tissue was
harvested 4 weeks post-grafting on mice. Scale bar=20mm; n=3 grafted mice for each of the
4 groups. The dashed white lines denote the basement membrane zone. White arrowheads
mark remaining SMC1Ai or SMC3i cells in the epidermis. (I) Quantitation of GFP and
dsRED cells in the epidermis. 12 independent sections were quantitated using Image J per
group to determine percent of GFP and dsRED contribution to the epidermis. *=p<0.05 (t-
test) comparing CTL with SMC1Ai or SMC3i samples.
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Figure 2. Cohesin promotes epidermal growth and suppresses differentiation
(A) Overlap (left panel) of the differentiation gene signature (CTL DM: 3,304 genes) with

the genes that change upon knockdown of SMC1A in cells cultured in growth medium
(SMC1Ai: 1,798 genes). The differentiation gene signature (CTL DM) is the differentially
expressed genes when epidermal cells are induced to differentiate in high calcium for 3
days. Heat map (right panel) of the 1,075 genes that overlap. Differentiated control cells
(CTL DM) were compared to control (CTL) and SMC1A knockdown (SMC1AI) cells
cultured in growth conditions. Heat map is shown in red (induced genes) and blue (repressed
genes) on a log 2-based scale. (B) Gene ontology analysis of genes with increased
expression that are co-regulated by SMC1Ai and CTL DM samples. Yellow mark in bar
graphs demark p-value= 0.05. (C) Gene ontology analysis of coregulated genes with
decreased expression. (D) Overlap (left panel) of the SMC3i (cells cultured in growth
medium) gene signature with the differentiation signature (CTL DM). Heat map (right
panel) of the 840 genes that overlap which shows CTL and SMC3 knockdown (SMC3i) cells
cultured in growth medium compared to differentiated cells (CTL DM). (E) Gene ontology
analysis of genes with increased expression that are co-regulated by SMC3i and CTL DM
samples. (F) Gene ontology analysis of co-regulated genes with decreased expression. (G)
Overlap between the SMC1A and SMC3 knockdown gene expression signatures.
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(A) Distribution of SMC1A hinding sites in human epidermal progenitor cells. Chromatin
immunoprecipitation followed by deep sequencing (ChlP-Seq) was performed using an
SMCI1A antibody. The total number of SMC1A bound peaks was identified and the
percentage of peaks found within various regions of the genome calculated. (B) The 23,097
SMC1A peaks were mapped back to there nearest genes (7,517 genes) and gene ontology
analysis performed to determine gene enrichment. Yellow mark in bar graphs demark p-
value= 0.05. (C) The distribution of SMC1A binding and DNase | hypersensitivity sites
(DNase | HSS) from +/-5kb to the transcriptional start site (TSS) of genes is shown. The x-
axis denotes position from TSS and y-axis shows signal strength (mean density of the reads).
(D) Heat map of genes bound by SMC1A. Each row shows the +/- 5kb regions centered
around the TSS binding for SMC1A, H3K27ac, H3K4me3, RNA polymerase 11 (RNA Pol
I1), H3K9me3, H3K27me3 and DNase | HSS. (E) Overlap between the SMC1A bound
genes (blue circle: 7,517 genes) with the SMC1A knockdown gene expression signature
(yellow circle: 1,798 genes). (F) Gene ontology analysis of the 692 gene found in the

overlap in (E).
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Figure 4. SMC1A promotes the expression of SNAI2 by maintaining open chromatin to prevent
premature epidermal differentiation

(A) Gene tracks showing SMC1A occupancy at the promoter and TSS of SMA/2. Binding of
RNA Pol Il, H3K27ac, and DNase | HSS along the same region is also shown. The x-axis
denotes genomic position and y-axis shows signal strength (RPM: reads per million). Black
bars over peaks indicate significantly bound peaks with FDR < 0.05. (B) DNase | was used
to treat DNA harvested from control (CTL) and SMC1A knockdown (SMC1Ai) cells.
QPCR was used to amplify genomic regions SNA/2 A-C with their locations shown in (A).
The promoter region of B-actin (AC7B) was used as a control. Increases in chromatin
compaction were calculated as the fold increase of resistance to DNase | digestion in
SMC1Aii cells compared to controls. Mean + SEM, n=3. (C) ChIP was performed on CTL
(white bar) and SMC1Ai (black bar) cells using an RNA Pol 11 antibody or IgG (grey bar).
RNA Pol 11 binding to respective SNA/2 genomic regions were calculated as a percent of
input. Mean £ SEM, n=3. (D) ChIP on CTL (white bar) and SMC1Ai (black bar) cells using
an H3K27ac antibody. (E) Western blot on SNAI2 expression in CTL and SMC1A
knockdown cells. Actin was used as a loading control. n=3. (F) LACZ or SNAI2
overexpressing cells were knocked down for CTL or SMC1A. Groups are defined as LACZ
expressing cells with control knockdown (CTL+LACZ), LACZ expressing cells with
SMC1A knockdown (SMC1Ai+LACZ), and SNAI2 expressing cells with SMC1A
knockdown (SMC1Ai +SNAI2). RT-QPCR was used to assay gene expression. Results were
normalized to GAPDH. Mean + SEM, n=3. (G) Samples in (F) were seeded at 100,000 cells
and counted 7 days later. Cell number for each gene knockdown is represented as a
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percentage of control (CTL+LACZ). Mean £ SEM, n=3. (H) Model of cohesin mediated
epidermal self-renewal. *=p<0.05 (t-test) comparing CTL with SMC1Ai samples.
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