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SUMMARY

Somatic progenitors sustain tissue self-renewal
while suppressing premature differentiation. Protein
arginine methyltransferases (PRMTs) affect many
processes; however, their role in progenitor function
is incompletely understood. PRMT1 was found to be
the most highly expressed PRMT in epidermal pro-
genitors and the most downregulated PRMT during
differentiation. In targeted mouse knockouts and
in long-term regenerated human mosaic epidermis
in vivo, epidermal PRMT1 loss abolished pro-
genitor self-renewal and led to premature differ-
entiation. Mass spectrometry of the PRMT1 protein
interactome identified the CSNK1al kinase, which
also proved essential for progenitor maintenance.
CSNKial directly bound and phosphorylated
PRMT1 to control its genomic targeting to PRMT1-
sustained proliferation genes as well as PRMT1-
suppressed differentiation genes. Among the latter
were GRHL3, whose derepression was required for
the premature differentiation seen with PRMT1 and
CSNK1a1 loss. Maintenance of the progenitors thus
requires cooperation by PRMT1 and CSNK1a1l to
sustain proliferation gene expression and suppress
premature differentiation driven by GRHLS3.

INTRODUCTION

Self-renewing somatic tissue is maintained by the continuous
cycling of progenitors and by the restricted activation of terminal
differentiation. Premature differentiation leads to progenitor
depletion and tissue failure (Himes and Raetzman, 2009; Schus-
ter-Gossler et al., 2007; Sen et al.,, 2010). In the case of
epidermis, a stratified epithelial tissue, the progenitors reside in
the basal layer adherent to the basement membrane. Upon dif-
ferentiation, cells exit from the progenitor compartment to form
suprabasal layers in concert with activation of terminal differen-
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tiation genes that mediate epidermal barrier function. Recent
studies identified essential roles of several protein methylation
regulators in progenitor maintenance in epidermal tissue. These
regulators include JMJDS3, Setd8, CBX4, Jarid2, and Polycomb
complex proteins (Driskell et al., 2012; Ezhkova et al., 2009;
Luis et al., 2011; Mejetta et al., 2011; Sen et al., 2008). However,
the majority of these current studies have focused on regulators
of lysine methylation.

In addition to lysine methylation, arginine methylation is a
common feature of eukaryotic proteins. This post-translational
modification directly affects protein-protein, protein-DNA, and
protein-RNA interactions by removing hydrogen bonds and
changing the shape of the arginine residue (Bedford and Clarke,
2009). There are ten protein arginine methyltransferases
(PRMTs) identified in mammals. They function as critical modu-
lators of various processes, including RNA splicing, transcription
regulation, and DNA repair. Aberrant expression and activity of
these PRMTs are implicated in oncogenesis (Yang and Bedford,
2013). The roles of these PRMTs in mammalian tissue homeosta-
sis, and the mechanisms of their action in gene regulation, are
incompletely understood.

PRMT1 is highly conserved from yeast to human and is
ubiquitously expressed in a variety of mammalian tissue types.
Although PRMT1 is not required for the viability of yeast and
mouse embryonic stem cells, PRMT1 loss leads to lethality at
embryonic day 6.5 (E6.5) during mouse embryonic development
(Pawlak et al., 2000; Yu et al., 2009), indicating that PRMT1
actions extend beyond housekeeping function to affect devel-
opmental processes. Over the last 30 years since the initial
discovery of mammalian PRMT1 (Gary et al., 1996), dozens of
PRMT1-interacting proteins and substrates have been isolated
from various cell lines, including proteins involved in transcrip-
tion regulation, DNA repair, and RNA processing. How PRMT1
might interface with its interactome to influence specific cellular
states remains incompletely understood.

Using epidermis as a prototype of a self-renewing mammalian
tissue, here we demonstrate a role for PRMT1 in progenitor
maintenance. PRMT1 was found to be enriched in epidermal
progenitors and significantly downregulated during epidermal
differentiation, suggesting a role in the undifferentiated cell
state. PRMT1 loss in both murine and human epidermal tissue
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Figure 1. PRMT1 Is Enriched in Progenitors and Is Required for Progenitor Maintenance
(A) Bar graph representing the mRNA abundance of PRMTs in undifferentiated primary human keratinocytes based on RNA sequencing (RNA-seq) data. The
x axis represents reads per kilobase per million reads (RPKM).
(B) Heatmap comparing the relative PRMT mRNA expression levels between undifferentiated and differentiated human keratinocytes based on RNA-seq data.
(C) gqRT-PCR quantification of relative PRMT1 mRNA expression among undifferentiated state (UD), differentiation day 2 (DF_Day2), and differentiation day 4
(DF_Day4). PRMT1 mRNA is downregulated during keratinocyte differentiation in vitro (error bars represent mean + SD).
(D) Immunoblots demonstrating PRMT1 protein levels decrease during human keratinocyte differentiation. p-Tubulin was used as loading control.
(E) Immunostaining of PRMT1 in human skin section. PRMT1 protein localizes primarily to nuclei in the basal progenitor epidermal layer (PRMT1, green; collagen
VIl basement membrane marker, orange; nuclear stain with Hoechst 33342, blue). Note that rabbit antiserum tends to cross-react with stratum corneum.
Scale bar, 100 pm.
(F and I) Immunoblots demonstrating the knockdown efficiency of four independent shRNAs targeting PRMT1 in primary human keratinocytes. CTRL, control.
(G and J) Clonogenic assays of human keratinocytes with PRMT1 RNAi or control (CTL).

(legend continued on next page)
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profoundly impaired progenitor function in a cell-autonomous
fashion. Using tandem affinity purification, the CSNK1a1 kinase
was identified as an essential PRMT1-interacting protein in
epidermal progenitor maintenance. CSNK1a1 depletion phe-
nocopied PRMT1 loss in impairing progenitor self-renewal and
derepressing terminal differentiation. CSNK1a1 directly inter-
acted with PRMT1, mediated PRMT1 phosphorylation, and
controlled PRMT1 genomic targeting to sustain expression of
proliferation genes. PRMT1 also suppressed premature progen-
itor differentiation, in part, by repressing ectopic expression of
GRHLS, an essential activator of terminal differentiation, with
the importance of PRMT1-CSNK1a1 suppression of GRHL3 in
this setting confirmed by genetic rescue. These data establish
an essential role for PRMT1 and CSNK1a1 in progenitor mainte-
nance in murine and human tissue in vivo, and show that their ac-
tion in this setting involves CSNK1a1 control of PRMT1 genomic
targeting to genes that promote progenitor self-renewal and
suppress premature differentiation driven by GRHL3.

RESULTS

PRMT1 Is Enriched in Progenitors and Is Required for
Progenitor Function

To explore a potential role for PRMTs in human tissue homeosta-
sis, we first examined their transcript levels during keratinocyte
differentiation. PRMT1 was the most abundant PRMT in undiffer-
entiated cells and was also the most downregulated PRMT dur-
ing differentiation (Figures 1A-1C). This mRNA downregulation
was reflected in PRMT1 protein levels as well, which were strik-
ingly decreased during differentiation (Figure 1D). Within intact
tissue, PRMT1 protein was likewise most strongly expressed in
the undifferentiated progenitor-containing layer adjacent to the
epidermal basement membrane (Figure 1E). PRMT1 expression
is thus downregulated in differentiating epidermal cells in vitro
and in tissue.

The enrichment of PRMT1 in progenitors raised the possibility
that PRMT1 may contribute to progenitor function. To explore
this, we first tested PRMT1 loss in undifferentiated human kera-
tinocytes. We selected four independent short hairpin RNAs
(shRNAs) that efficiently knocked down PRMT1. PRMT1 loss
mediated by each of these shRNAs led to decreased clonoge-
nicity and impaired proliferation in keratinocytes (Figures 1F-
1K and S2A). We next investigated the role of PRMT1 in
epidermal tissue using a mosaic progenitor competition assay
in vivo. In this approach, two groups of keratinocytes expressing
either PRMT1 shRNA or control were respectively marked with
GFP and dsRed. To exclude that differential fluorescent protein
toxicity accounted for these findings, we also performed the
reverse color-label experiment. Equal numbers of these kerati-
nocytes expressing PRMT1 shRNA or control were mixed to
regenerate epidermal tissue on immunodeficient mice. Regener-
ated epidermal tissues were collected and analyzed on day 10

post grafting after initial tissue establishment and on day 40 after
completion of a full epidermal turnover cycle. PRMT1-depleted
cells contributed roughly equal numbers of cells as control at
day 10, confirming their viability and capacity to contribute to
tissue generation. However, by day 40 these cells were largely
lost (Figure 1L-1N), suggesting that PRMT1 is required to sustain
the presence of progenitor cells in this setting.

To confirm this observation in an orthogonal mammalian sys-
tem, we performed targeted PRMT1 knockout in mice. A floxed
PRMTT1 allele was excised in mouse epidermis using Cre recom-
binase driven by the epidermal basal layer keratin 14 (K14) pro-
moter during embryonic development (Huelsken et al., 2001).
Compared with heterozygous littermate controls, epidermal
PRMT1 deletion led to smaller mice with clinically thin epidermis
who died before birth (Figure S1A). PRMT1-deficient mouse
epidermis at E17.5 was hypoplastic, with a striking presence of
differentiating cells immediately adjacent to the epidermal base-
ment membrane (Figures S1B-S1D). This PRMT1-knockout
epidermal tissue was also characterized by dysregulated cell-
cycle progression as well as increased 53BP1 levels (Figures
S1E-S1J), consistent with previous findings with PRMT1 loss
in murine embryonic fibroblasts (Yu et al., 2009). Therefore,
PRMT1 deletion in murine epidermis also leads to signs of
impaired progenitor function.

PRMT1 Sustains Proliferation Genes and Suppresses
Differentiation Genes

Given these observations indicating that PRMT1 is essential in
epidermal tissue development and homeostasis, we set out to
identify the downstream target genes controlled by PRMT1 in
progenitors. mMRNA expression profiling was performed on undif-
ferentiated human epidermal keratinocytes treated with two in-
dependent PRMT1 shRNAs. PRMT1 depletion altered a total
of 644 genes (326 [50.6%] induced, 318 [49.4%] repressed,
Table S1). These PRMT1-regulated genes displayed a significant
(p <2 x 10728, Fisher’s exact test) overlap of 434 genes with the
published calcium-induced epidermal keratinocyte differentia-
tion profile (Sen et al., 2010) (Figure 2A). The 326 genes upregu-
lated with PRMT1 loss were enriched with gene ontology (GO)
terms such as “epidermal differentiation” and “development
and wound healing” while downregulated genes were enriched
with terms such as “proliferation” (Figure 2B). To further confirm
the findings from transcriptome profiling, we performed gRT-
PCR on a representative panel of PRMT1-regulated targets
involved in progenitor proliferation as well as keratinocyte differ-
entiation genes that are normally repressed in progenitors. Both
PRMT1 knockdown and PRMT1 pharmacologic blockade sup-
pressed progenitor-associated proliferation genes and promi-
nently derepressed specific well-characterized differentiation
genes (Figures 2C-2F). Similar to the phenotype observed in
knockout mice, PRMT1 knockdown also led to hypoplasia in
regenerated human epidermal tissue (Figure S2B). However,

(H and K) Colonies >1 mm? in clonogenic assays were quantified. Error bars represent SD (n = 2/group, p < 0.001, ANOVA).

(L) Progenitor competition assay. Human epidermal tissue was regenerated on immunodeficient mice with equal number of GFP-expressing keratinocytes with
PRMT1 loss as well as dsRed-expressing control keratinocytes. Tissues were harvested on day 10 and day 40 post grafting. Scale bar, 100 um.

(M) Progenitor competition assay at the time point of day 40, with PRMT1 loss labeled using GFP and control cells labeled using dsRed. Scale bar, 100 pm.
(N) Fold change of PRMTTi cell percentage relative to scrambled control percentage. Four mice were grafted at each time point (day 10 and day 40). Significant
reduction of PRMTT1i cells was observed on day 40 as compared with day 10 (p < 0.01, two-tailed Student’s t test, error bars represent mean + SD).
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Figure 2. PRMT1 Sustains Proliferation Genes and Suppresses Differentiation Genes

(A) Heatmap (right) and Venn diagram (left) illustrating the overlap between expression changes identified with PRMT1 loss and calcium-induced differentiation
(p <2 x 102'8, Fisher’s exact test). Genes induced are colored red and repressed genes are colored green.

(B) Gene ontology (GO) analysis of the 644 PRMT1 target genes, demonstrating that PRMT1 loss suppresses proliferation-associated genes and induces

differentiation-associated genes.

(C—F) gRT-PCR verification of array data showing mRNA levels of differentiation- or proliferation-associated genes with PRMT1 knockdown or PRMT1 inhibition

using AMI-1 (error bars represent mean + SD).

reduced PRMT1 levels in human keratinocytes did not result in
increased DNA damage or apoptosis (Figures S2C-S2F), indi-
cating that the altered differentiation and proliferation gene
expression was not a consequence of a DNA damage response.
Fluorescence-activated cell sorting (FACS) analysis revealed
no substantial alteration of cell-cycle distribution (Figure S2G),
consistent with reduced overall cell growth. Overexpression of
PRMT1 also increased clonogenic capacity (Figures S2H-S2I).
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These data suggest that the enrichment of PRMT1 in epidermal
progenitors may function to sustain proliferation and to repress
premature differentiation.

Tandem Affinity Purification of PRMT1-Interacting
Proteins Identified CSNK1a1

In undifferentiated human primary keratinocytes, we observed
that PRMT1 protein present in higher molecular weight



complexes using fast protein liquid chromatography (FPLC) frac-
tionation (Figure 3A), raising the possibility that PRMT1’s role
in progenitors may require additional interacting proteins. To
search for such PRMT1-interacting proteins in epidermal pro-
genitor populations, we undertook tandem affinity purification
of PRMT1 from undifferentiated keratinocytes (Figure 3B).
When expressed at near-endogenous levels, tagged TAP-
PRMT1 distributed in complexes with sizes similar to those of
endogenous PRMT1 (Figure 3C). Purification enriched both
TAP-PRMT1 and endogenous PRMT1 from keratinocyte lysates
(Figure 3D), consistent with prior work showing that PRMT1
forms homodimers (Zhang and Cheng, 2003). TAP-PRMT1
purification captured discrete protein bands absent in control
(Figure 3E). Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) identified 38 unique PRMT1-interacting proteins.
Among these were previously identified PRMT1 interactors,
such as histone H4, CHTOP, TAP15, EWSR1, HNRNRA1,
HNRNPR, and SYNCRIP, as well as 29 other PRMT1 interactors
(Table S2). PRMT1-interacting proteins are associated with bio-
logical functions such as transcription regulation, RNA binding,
cell cycle, kinase, apoptosis, and chromosome organization
(Figure 3F). To search for interacting proteins that cooperate
with PRMT1 in progenitor maintenance, we conducted loss-of-
function analysis of nine PRMT1 interactors with no known
basic impact on overall cellular viability using multiple small inter-
fering RNAs/shRNAs targeting each candidate. Among the
nine PRMT1 interactors tested, only CSNK1a1 depletion phe-
nocopied PRMT1 loss in human keratinocytes (Figure 3G).

Similar to PRMT1, CSNK1a1 depletion by four independent
shRNAs impaired clonogenic function of undifferentiated
keratinocytes (Figures 4A-4F and S3A). Also like PRMT1, im-
pairing CSNK1a1 function genetically and pharmacologically,
via CSNK1a1 knockdown and enzymatic inhibitors of CSNK1a1
kinase activity, respectively, derepressed differentiation genes
and suppressed proliferation genes (Figures 4G-4J). CSNK1a1
depletion induced modest signs of increased DNA damage and
apoptosis as well as altered cell-cycle progression (Figures
S3B-S3F). CSNK1a1 target genes were then compared with
the PRMT1 target gene set using transcriptome profiling.
CSNK1a1 loss altered a total of 1,036 genes (Table S3), among
which 243 genes overlapped with the gene set controlled by
PRMT1 (p < 1.5 x 107""). These 243 genes controlled by
both PRMT1 and CSNK1al were highly enriched for GO
terms associated with proliferation (suppressed by loss of
PRMT1-CSNK1a1) and epidermal differentiation (induced by
their loss) (Figures 4K-4L). Among these 243 overlapped genes,
216 (89%) also overlapped with the known calcium-induced
epidermal keratinocyte differentiation profile (Figure S4). Thus,
intact function of both PRMT1 and CSNK1al is required to
sustain genes associated with keratinocyte proliferation and
to repress premature expression of genes associated with
terminal differentiation.

CSNK1a1 Directly Interacts with PRMT1 and Controls
PRMT1 Phosphorylation

In light of the overlap of CSNK1a1l’s effects with PRMT1 in
progenitor assays and gene regulation, the nature of the
CSNK1a1-PRMT1 physical interaction was next examined. First,
CSNK1a1’s interaction with endogenous PRMT1 was assessed

by co-immunoprecipitation. PRMT1 antibody immunoprecipi-
tated CSNK1a1 from keratinocyte lysates, and the reverse was
also true in that CSNK1al antibody immunoprecipitated
PRMT1 (Figures 5A and 5B). To test whether these two proteins
interact directly, we next performed far-western analysis using
purified recombinant proteins. Purified recombinant CSNK1a1
associated specifically with maltose binding protein (MBP)-
PRMT1 but not with MBP (Figures 5C and 5D), suggesting that
the interaction between CSNK1a1 and PRMT1 may be direct.
To localize this interaction within intact cells, we performed a
proximity ligation assay (PLA) in undifferentiated keratinocytes.
Strong proximity signal overlapping with DAPI nuclear staining
was observed with the two antibodies recognizing PRMT1 and
CSNK1a1. This PLA signal was abolished by knockdown of
either PRMT1 or CSNK1a1 (Figure 5E), confirming its specificity.
These data indicate that PRMT1 and CSNK1a1 associate with
each other within the nucleus.

The observed interaction between the PRMT1 arginine meth-
yltransferase and the CSNK1a1 kinase raised the possibility that
one protein might modify the other. To test this, we first per-
formed kinase assays using purified recombinant proteins
in vitro, which demonstrated strong phosphorylation of PRMT1
by CSNK1a1 (Figure 5F). To extend this finding to intact cells,
we performed a PLA using a pair of antibodies recognizing
PRMT1 and phosphoserine/threonine in undifferentiated kerati-
nocytes, in an approach that permits localization of proteins
with specific post-translational modifications within the cell.
Specific PLA signal was observed in the nucleus, and this PLA
signal was abolished by CSNK1a1 kinase inhibitor (Figure S5A).
In parallel with kinase assays, we performed methylation assays
for PRMT1 in vitro. Although PRMT1 methylated its known sub-
strate histone H4, it did not methylate CSNK1a1, suggesting
that CSNK1a1 is not a substrate of PRMT1. We also compared
H4R3 methylation mediated by PRMT1 with or without CSNK1a1
phosphorylation. No obvious difference was observed in
these two conditions (Figure S5B). We further tested whether
CSNK1a1l may regulate PRMT1 activity in keratinocytes using
the antibody ASYM24, which recognizes asymmetric arginine
dimethylation on a subset of arginine-glycine-rich proteins (Bois-
vert et al., 2003). While PRMT1 knockdown strongly decreased
the methylation levels on many substrates detectable by
ASYM24, CSNK1al knockdown did not alter the methylation
levels (Figure S5C). Taken together, these data established
PRMT1 as a substrate of CSNK1a1, although CSNK1a1 does
not appear to alter PRMT1’s methylation efficiency toward a
subset of known substrates.

We further identified putative serine/threonine phosphoryla-
tion sites on PRMT1 by MS, using PRMT1 purified from kerati-
nocytes as well as recombinant PRMT1 incubated in a kinase
reaction with recombinant CSNK1a1 (Figure 5G and Table
S4). Two phosphorylated regions identified from keratinocyte
extracts coincide with the regions identified by in vitro kinase
assay with recombinant proteins, suggesting that these two
regions of PRMT1 may be phosphorylated by CSNKia1l
in primary human keratinocytes. To characterize the bio-
logical function of these phosphorylation sites, we expressed
either wild-type or S/T-to-A mutant PRMT1 in keratinocytes
while depleting endogenous PRMT1 using shRNA. S/T-to-A
mutations in three regions impaired PRMT1’s function in
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Figure 3. Tandem Affinity Purification of PRMT1-Interacting Proteins Identified CSNK1a1

(A) Western blots detecting the distribution of endogenous PRMT1 in fractions of human keratinocyte nuclear lysate from FPLC analysis using a Superose 6 10/
300GL column. The 669-kDa marker thyroglobulin was detected in the fraction #12.5.

(B) Schematic representation of TAP-PRMT1 fusion protein.

(C) Western blots detecting the distribution of TAP-PRMT1 and endogenous PRMT1 in fractions of human keratinocyte lysate from FPLC analysis using a
Superose 6 10/300GL column. TAP-PRMT1 distributed in the same fractions as the endogenous PRMT1.

(D) Western blots showing the efficiency of PRMT1 TAP purification, comparing control (left) with TAP-PRMT1 (right). TAP-PRMT1 was efficiently eluted by
imidazole and captured by streptavidin beads.

(E) Colloidal blue staining showing the proteins co-purified with either TAP-PRMT1 or tag-only control.

(F) Network of PRMT1-interacting proteins identified by MS, grouped by functional category.

(G) Table of raw LC-MS/MS spectral counts and knockdown phenotype of PRMT1-interacting proteins.
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suppressing premature differentiation: amino acids (aa) 284-
289 (strongest effect), aa 55-57 (mild effect), and aa 102-105
(mild effect). The T-to-A mutations at T122, T179, and T183
did not disrupt PRMT1’s function in suppressing differentiation
(Figure S5D). These data suggest that phosphorylation medi-
ated by CSNK1a1 may be required for the intact function of
PRMT1 in this setting.

CSNK1a1 Controls PRMT1 Genomic Targeting

The nuclear localization of the observed PRMT1-CSNK1a1 as-
sociation suggests that they might have some impact on progen-
itor gene regulation by binding to the genome, a possibility
strengthened by prior reports of PRMT1 interactions with several
chromatin-associated proteins, including histone H4 and nuclear
receptors. To assess this, we performed PRMT1 chromatin
immunoprecipitation sequencing (ChlP-seq) in undifferentiated
keratinocytes with and without CSNK1a1 inhibition. PRMT1
ChIP-seq, using two different antibodies, identified a total of
14,392 ChlP-seq peaks shared in both conditions (Figure 6A).
PRMT1 peaks were enriched in open chromatin regions, with
98% of the peaks overlapping with the ENCODE DNase | hyper-
sensitivity sites in human keratinocytes (Figures S6A and S6B).
A total of 37.7% of these peaks localized to promoters and
intergenic distal regulatory regions (Figure S6C), and 60.9%
of PRMT1-regulated genes from our transcriptome analysis
correlate with PRMT1 genomic binding using GREAT analysis
(McLean et al., 2010) (Figure S6D). These data are consistent
with a potential role for PRMT1 target gene regulation at these
genomic features.

The impact of inhibiting CSNK1a1 enzymatic activity on this
pattern of PRMT1 genomic binding was assessed. CSNK1a1 in-
hibition selectively reduced PRMT1 binding at 2,144 genome
sites to <50% (Figure 6B), but not all PRMT1 binding sites (Fig-
ure S6E). Analysis of these CSNK1a1-dependent PRMT1 bind-
ing sites using GREAT (MclLean et al., 2010) demonstrated an
enrichment for genes related to epidermal differentiation and
development (Figure 6C). Intersection of these CSNK1ai-
dependent PRMT1 binding site-associated genes with the 243
PRMT1-CSNK1a1 co-regulated genes further revealed an over-
lap of 47 genes that are candidates for direct PRMT1-CSNK1a1
regulation (Figures 6D and 6E). These 47 genes represented
PRMT1-bound and regulated genes dependent on CSNK1a1
function, and included both proliferation genes, such as AURKB,
as well as epidermal differentiation genes, such as the pro-differ-
entiation transcriptional activator, GRHL3 (Figures 6F and 6G).

GRHL3 is normally suppressed in undifferentiated state, and
was upregulated by both PRMT1 and CSNK1a1 loss. To test
whether the upregulation of GRHL3 could be partially respon-

sible for the premature differentiation observed in both
PRMT1 and CSNK1a1 loss, we performed double knockdown.
GRHL3 depletion in conjunction with either PRMT1 or CSNK1a1
knockdown impaired ectopic induction of differentiation genes,
including S100A8 and SPRR1a (Figures 6H and 6l). Both genes
have been demonstrated as GRHLS3 target genes in published
transcriptome profiling data (GenBank: GSE37049). These
data indicate that GRHL3 is a key downstream transcription
factor whose repression is required for PRMT1 and CSNK1a1
to maintain progenitor function. Taken together, these data
suggest a model in which CSNK1a1 phosphorylates PRMT1
to facilitate its genomic targeting to sustain proliferation genes
involved in cell proliferation and to repress GRHL3 and other
pro-differentiation genes to sustain the epidermal progenitor
state (Figure 7).

DISCUSSION

Here we present data indicating that both PRMT1 and CSNK1a1
are required for progenitor maintenance in self-renewing
mammalian tissue, specifically in human and murine epidermis.
PRMT1 expression is enriched in progenitor cells, where it
sustains cellular proliferation genes and represses premature
differentiation. In progenitors, PRMT1 directly associates with
the CSNK1a1 kinase in the nucleus, and loss of CSNK1a1 phe-
nocopies PRMT1 inhibition. CSNK1a1 controls PRMT1 phos-
phorylation and regulates PRMT1’s genomic targeting. PRMT1’s
genomic targeting to proliferation genes, such as Aurora
Kinase B, and the differentiation activator, GRHLS3, requires
intact function of CSNK1a1. Taken together, these data support
a provisional model in which CSNK1a1 directs PRMT1 to
genomic targets that promote self-renewal and suppress termi-
nal differentiation.

In the context of transcription regulation, PRMT1 has been
generally considered as a transcriptional co-activator. The
most well-characterized PRMT1 substrate is histone H4R3,
which cooperates with histone acetylation to promote transcrip-
tion (An et al., 2004; Huang et al., 2005; Strahl et al., 2001).
PRMT1 can also associate with other transcription activators
such as estrogen receptor a, PGC1a, HNF4, and p160 co-acti-
vator (Barrero and Malik, 2006; Koh et al., 2001; Métivier et al.,
2003; Teyssier et al., 2005). A few recent studies in other cell
types suggest that PRMT1 may also function as a repressor.
PRMT1 methylation of PIAS1 is essential for PIAS1 targeting to
and repressing STAT1 target genes. PRMT1 also methylates
RelA on the DNA binding region and decreases RelA transcrip-
tional activity. Hence, the role of PRMT1 in transcription regula-
tion depends on its interacting proteins.

Figure 4. CSNK1a1 Loss Phenocopies PRMT1 Loss in Epidermal Progenitors

(A and D) gqRT-PCR analysis of CSNK1a1 shRNA knockdown efficiency in primary human keratinocytes.

(B and E) Clonogenic assays of human keratinocytes with CSNK1a1 RNAI or control.

(C and F) Colonies >1 mm? in clonogenic assays were quantified. Error bars represent SD (n = 2/group, p < 0.001, ANOVA).

(G-J) qRT-PCR verification of array data showing mRNA levels of differentiation- or proliferation-associated genes with CSNK1a1 loss via CSNK1a1 knockdown

or by the D4476 CSNK1a1 enzymatic inhibitor (error bars represent mean + SD).

(K) Heatmap (right) and Venn diagram (left) illustrating the overlap between expression changes identified with PRMT1 loss and CSNK1a1 loss (p < 1.5 x 10717,
Fisher’s exact test). Genes induced are colored red and repressed genes are colored green.
(L) GO analysis demonstrating that the shared genes controlled by CSNK1a1 and PRMT1 are associated with differentiation (upregulated) and proliferation

(downregulated).
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(A) Co-immunoprecipitation assay using PRMT1
antibody, detected with CSNK1a1 antibody.

(B) Co-immunoprecipitation assay using CSNK1a1
antibody, detected with PRMT1 antibody.

(C) Far-western analysis demonstrating the direct
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(D) Ponceau S staining demonstrating the input for
far-western analysis.
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251 SPFCLQVKRN DYVHALVAYF NIEFTRCHKR TGFSTSPESP YTHWKQTVFY L ) .
300 MEDYLTVKTG EEIFGTIGMR PNAKNNRDLD FTIDLDFKGQ LCELSCSTDY purification not only confirmed multiple
351 RMR known interactors but also revealed a
number of undercharacterized PRMT1-
s: phosphorylation sites from primary keratinocyte affinity purification interacting proteins. Although PRMT1 is
S: phosphorylation sites from in vitro kinase assay ) . .
S: phosphorylation sites detected from both assays required for pro.genltor.functlon, 8 out of
S: Ambiguous sites the 9 PRMT1-interacting proteins that

Although PRMT1 loss impaired epidermal progenitor function
in both mouse and human models, a couple of differences
in gene expression were observed. First, the upregulation of
53BP1 in PRMT1 knockout mouse tissue was not detected in hu-
man keratinocytes with PRMT1 knockdown. Second, the down-
regulation of Ki-67 mRNA expression by PRMT1 knockdown in
human keratinocytes was not reflected by staining in knockout
mouse tissue. The discrepancy of 53BP1 levels was likely due
to the differences between knockout and knockdown. The
remaining 10%-20% of PRMT1 level from knockdown could still
be sufficient to prevent DNA damage and the associated 53BP1

Ponceau S staining

CSNK1at:
PRMT1:

Phospho-

anti-GST

action between PRMT1 and CSNK1a1 in human
keratinocytes.

(F) Kinase assay. Recombinant CSNK1a1 and
PRMT1 were incubated together in kinase assay
buffer with ATP. Anti-phosphoserine antibody was
used to detect phosphorylation on PRMT1. Anti-
GST antibody was used to demonstrate protein
input.

(G) Phosphorylated serines and threonines on
PRMT1 protein detected using MS.

upregulation. Regarding the Ki-67 level,
one possibility could be the differential
gene regulatory mechanism between em-
bryonic development and adult tissue
homeostasis. It is also possible that the
gene regulatory networks controlled by
PRMT1 may not be 100% conserved
between mouse and human.

we screened did not phenocopy PRMT1
loss. One possibility to account for this
lack of phenotype is functional redundancy; another is that total
target knockout may be required to unmask the impacts of some
PRMT1-associated proteins. Regarding potential redundancy,
YBX1 has 62% similarity to YBX3, and may functionally compen-
sate for the loss of YBX3. Future efforts at simultaneous
multiplex disruption of multiple PRMT1-interacting proteins
may identify additional functionally important interactors from
among this pool of candidates.
Casein kinases are a group of highly conserved serine-threo-
nine kinases that have been shown to modify substrates impli-
cated in several signaling pathways, including those involving
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Figure 6. CSNK1a1 Controls PRMT1 Chromatin Localization to Co-regulate Gene Expression

(A) Venn diagram showing the overlap between the PRMT1 ChIP-seq peaks using two different antibodies to epitope-tagged PRMT1.

(B) Summit-centered heatmap (+1 kb from ChIP-seq peak summit, 50-bp resolution) comparing PRMT1 ChIP-seq enrichment between CSNK1a1 inhibition and
control conditions. PRMT1 enrichment is decreased >2-fold in 2,144 regions.

(C) GO terms of the genes associated with the 2,144 PRMT1 ChlIP-seq peaks that were decreased >2-fold with CSNK1a1 inhibition.

(D) Pie chart showing the association percentage of the 243 PRMT1 and CSNK1a1 target genes with altered PRMT1 ChIP-seq peaks.

(E) GO analysis of the 47 target genes associated with CSNK1a1-dependent PRMT1 ChIP-seq peaks and the percentage of genes for each term.

(F) UCSC genome browser tracks of the AURKB gene locus showing PRMT1 binding in both control and CSNK1 inhibition conditions with two different
antibodies.

(G) UCSC genome browser track of the GRHL3 gene locus showing PRMT1 binding in both control and CSNK1 inhibition conditions with two different antibodies.
(H) gPCR analysis of differentiation gene expression with PRMT1-GRHL3 double RNAi (error bars represent mean + SD).

() gPCR analysis of differentiation gene expression with CSNK1a1-GRHL3 double RNAi (error bars represent mean + SD).
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tion factors, such as ZNF750, KLF4, and OVOLA1, are known to
function non-redundantly as activators for keratinocyte differen-
tiation. PRMT1, CSNK1a1, and GRHLS3 therefore only control
a subset of the epidermal differentiation program. The present
work thus identifies an essential mechanism of progenitor main-
tenance involving the interaction between the arginine methyl-
transferase, PRMT1, and the serine/threonine kinase, CSNK1a1.
CSNK1a1 modulates the genomic targeting of PRMT1 in asso-
ciation with its essential role in sustaining the expression of
proliferation genes and repressing pro-differentiation genes,
including GRHL3. Future studies on the functions of PRMT1
and its interacting proteins in different tissue types will further
enhance our understanding of arginine methylation in progenitor

/V \
Progenitor f)

Maintenance

Differentiation

Figure 7. Provisional Working Model of PRMT1-CSNK1a1 Regula-
tion of Progenitor Maintenance

PRMT1 is enriched in progenitors and associates with CSNK1a1 to maintain
progenitor state in epidermal tissue. CSNK1a1 promotes direct PRMT1 tar-
geting to proliferation genes to sustain self-renewal. CSNK1a1 also facilitates
PRMT1 to suppress the differentiation activator GRHL3 to inhibit premature
differentiation in progenitors.

Wnt, Ras, nuclear factor NF-kB, and p53 (Schittek and Sinnberg,
2014). CSNK1a1 is essential for development. Homozygous
deletion of CSNK1a1 in mice led to embryonic lethality before
E6.5 (Elyada et al., 2011). Recent studies further pointed out
non-redundant roles of CSNK1a1 in the progression of different
cancer types including melanoma, leukemia, and lung cancer
(Bowman et al., 2015; Jaras et al., 2014; Lantermann et al.,

maintenance.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-PRMT1 Millipore Cat# 07-404
RRID:AB_310588

Mouse anti-PRMT1 Santa Cruz Cat# sc-59648
RRID:AB_785301

Goat anti-CSNK1a1 Santa Cruz Cat# sc-6477
RRID:AB_637734

Rabbit anti-Krt1 Covance Cat# PRB-149P
RRID:AB_291572

Mouse anti-Krt10 Neomarkers Cat# MS611P1
RRID:AB_142591

Rabbit anti-Loricrin Covance Cat# PRB-145P
RRID:AB_292095

Mouse anti-CollagenVlI Millipore Cat# MAB2500
RRID:AB_9435

Rabbit anti-CollagenVII Calbiochem Cat# 234192
RRID:AB_211739

anti-GST Cell Signaling Cat# 2624
RRID:AB_2189875

phosphoserine pAb Invitrogen Cat# 61-8100
RRID:AB_2533940

phospho-threonine Invitrogen Cat# 71-8200
RRID:AB_2534000

Anti-phospho Histone H3 (Ser10) pAb Millipore Cat# 06-570
RRID:AB_310177

Anti 53BP1 pAb Novus Cat# NB100-904
RRID:AB_10002714

ASYM24 Millipore Cat# 07-414
RRID:AB_310596

Bacterial and Virus Strains

One Shot TOP10 ThermoFisher CAT# C404010

Chemicals, Peptides, and Recombinant Proteins

AMI-1 Sigma A9232

D4476 Tocris 2902

Recombinant MBP-PRMT1 Prospec ENZ-364

Recombinant MBP Prospec PRO-616

Recombinant CSNK1a1 ThermoFisher Scientific PV3850

GST-PRMT1 wild type Active Motif 31325

GST-PRMT1 E143Q Active Motif 31326

Histone H4 New England BiolLabs M2504S

Critical Commercial Assays

Duolink In Situ Detection Reagents Orange Sigma DUO092007

NEBNext ChIP-Seq Library Prep Master Mix Set New England BiolLabs E6240S

Deposited Data

PRMT1 transcriptome profiling
CSNK1a1 transcriptome profiling
PRMT1 ChlIP-seq with or without CSNK1a1 inhibition

GEO
GEO
GEO

GEO: GSE81942
GEO: GSE81942
GEO: GSE81942
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines
primary human keratinocytes Khavari Lab N/A
Experimental Models: Organisms/Strains
PRMT1-1loxP generous gifts from N/A

Dr. Stephane Richard

from McGill University
PRMT1-2loxP generous gifts from N/A

Dr. Stephane Richard

from McGill University
K14-Cre The Jackson Lab 004782
Oligonucleotides
List of primers See Table S5 N/A
ON-TARGETplus siRNA Smartpool targeting GRHL3 Dharmacon L-014017-02
Recombinant DNA
pBABE-HA-PRMT1 this study N/A
pBABE-NTAP-PRMT1 this study N/A
pGIPZ-CSNK1a1-shRNA OpenBiosystems N/A
pSMP-PRMT1-shRNA OpenBiosystems N/A

Software and Algorithms

GraphPad Prism 7
FlowdJo

Bowtie

MACS

GREAT

GraphPad Software
FlowJo

Langmead et al., 2009
Feng et al., 2012
McLean et al., 2010

https://www.graphpad.com/scientific-software/prism/
https://www.flowjo.com
http://bowtie-bio.sourceforge.net/index.shtml
http://liulab.dfci.harvard.edu/MACS/Download.html
http://great.stanford.edu

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Paul A.
Khavari (khavari@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

Primary human keratinocytes were isolated from fresh surgically discarded newborn foreskin. Keratinocytes from 3-5 donors
were mixed and cultured in complete Keratinocyte-SFM (Life Technologies #17005-142) and Medium 154 (Life Technologies
#M-154-500). To induce differentiation, 1 million keratinocytes were seeded into each well in a 6-well plate overnight in normal
medium. CaCl, was added to the final concentration of 1.2mM the next day when the cells reached confluency.

Knockout Mice

All mouse husbandry and experimental procedures were performed in accordance and compliance with policies approved by the
Stanford University Administrative Panel on Laboratory Animal Care (Khavari lab protocol #9863). PRMT1 floxed mice were generous
gifts from Dr. Stephane Richard from McGill University. K14-Cre Mice were ordered from the Jackson Laboratory. After cross-
breeding, 5 heterozygous mice and 5 homozygous knockout mice were analyzed. For genotyping, mouse toes or 3mm of tail tissue
were cut with clean surgical scissors and heat in 75uL of Reagent A (25mM NaOH, 2mM EDTA) at 95°C for 1 hour. After cooling down
to room temperature, tissue was mashed with pipette tip to aid the release of genomic DNA. 75uL of Reagent B (40mM of Tris-HCI,
pH7.5) were then added to neutralize. 1uL of each tissue genomic DNA extraction was used in a 20uL PCR reaction for genotyping.

METHOD DETAILS

Gene Transfer and Knockdown

Gene transfer by viral transduction was performed as described (Sen et al., 2010). In brief, amphotrophic phoenix cells were
transfected with 3ug of DNA in 6-well plates. Viral supernatants were placed on keratinocytes for 1 hour with 5ug/mL polybrene
for viral transduction. shRNAs targeting PRMT1 and CSNK1a1 were ordered from Openbiosystems. Additional PRMT1 shRNA-C
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and shRNA-D were designed with BLOCK-it RNAi designer (Invitrogen) and cloned into pPSUPER. ON-TARGETplus siRNA smartpool
targeting GRHL3 were ordered from Dharmacon. For siRNA knockdown, 1x10° cells were electroporated with 1 nmol siRNA using
Amaxa Human Keratinocyte Nucleofector Kit (Lonza VPD-1002).

Progenitor Competition Assay

5x10° keratinocytes expressing control shRNA and one fluorescent protein were mixed with 5x10° keratinocytes expressing shRNA
targeting PRMT1 and a different fluorescent marker. These two populations of cells were mixed to firstly regenerate epidermal in or-
ganotypic culture *. The regenerated epidermis were further grafted on the back of immunodeficient mice 2. Tissues were harvested
on day 10 and day 40 post-surgery for imaging analysis. The reverse experiment was performed by switching fluorescent proteins to
exclude artifact due to the fluorescent protein used.

Protein Expression and Tissue Analysis

For immunoblot analysis, 20-50 ug of cell lysate was loaded per lane for SDS-PAGE and transferred to PVDF membranes. For immu-
nofluorescence staining, tissue sections (7 um thick) were fixed using either 50% acetone and 50% methanol, or 4% formaldehyde.
Primary antibodies were incubated at 4°C overnight and secondary antibodies were incubated at room temperature for 1 hour.
Images were taken using a Zeiss Observer Z1 fluorescence microscope, and the staining signals were quantified using Image J
software. The antibodies used in this study for western blotting and immunostaining include: pAb-anti-PRMT1 (Millipore),
ms-anti-PRMT1 (Santa Cruz), anti-CSNK1a1 (Santa Cruz), anti-Krt1 (Covance), anti-Krt10 (Neomarkers), anti-Loricrin (Covance),
ms-anti-CollagenVII (Millipore), pAb-anti-CollagenVIl (Calbiochem), GST (Cell Signaling), phosphoserine pAb (Invitrogen), phos-
pho-threonine Ab (Invitrogen), Anti-phospho Histone H3 (Ser10) pAb (Millipore), Anti 53BP1 pAb (Novus), ASYM24 (Millipore).

ChIP-Seq

Chromatin immunoprecipitation (ChlP) assays were performed essentially as previously described 3 with minor modifications.
Human keratinocytes expressing HA-PRMT1 were dual cross-linked with 2mM DSG for 30min and 1% formaldehyde for 10min at
room temperature. The chromatin was sonicated to achieve fragments with an average length between 200-500 bp. The sonicated
chromatin was immunoprecipitated overnight at 4°C with ms-anti-HA (Santa Cruz) and pAb-anti-HA (Abcam). Following reverse-
cross-linking, the samples were treated with RNase and Protease K, and the DNA was purified using the Qiagen PCR Purification
Kit. For ChlP-seq, 10ng of purified ChIP DNA were used to generate sequencing library using NEBNext ChIP-Seq Library Prep Master
Mix Set (New England BiolLabs).

Tandem Affinity Purification and LC-MS/MS

Keratinocytes were trypsinized, washed in PBS, and resuspended in 5 cell pellet volumes of hypotonic buffer (10 mM HEPES at
pH 7.6, 1.5 mM MgCI2, 10 mM KCI, 1x protease inhibitor cocktail (Roche)). Cells were lysed by addition of an equal volume of
hypotonic buffer with 0.4% NP-40 for 2 min. Nuclei were pelleted by centrifugation at 4000 rpm and lysed in three cell pellet volumes
of nucleus lysis buffer (50 mM Tris at pH 7.6, 0.05% igepal, 10% glycerol, 2 mM MgCl,, 250 mM NaCl, protease inhibitor cocktail).
Nuclei were sheared with a 27.5-gauge needle, and lysis proceeded for 30 min. Insoluble material was removed by centrifugation at
13,000 rpm for 10 min, and nuclear supernatant was used for purification. His beads (Sigma) were added to nuclear supernatant for
1.5 hours, and were washed four times with 20mM Imidazole). Proteins were eluted off beads with EDTA for 2 hours. His eluate was
diluted 4x, and was incubated with Myone Streptavidin (Invitrogen) for 1.5 hours. Purified proteins were boiled off from beads and
separated on SDS-PAGE, stained with colloidal blue (Life Technologies), and analyzed by the Harvard Mass Spectrometry Facility
by microcapillary reverse-phase high-pressure liquid chromatography (HPLC) nano-electrospray tandem mass spectrometry
(LLC/MS/MS) on a Thermo LTQ-Orbitrap mass spectrometer.

Proximity Ligation Analysis

Primary human keratinocytes were cultured in differentiation condition on chamber slides, fixed by 4% Formaldehyde Solution
(Thermo #28906) for 10 min at room temperature. Slides were blocked using blocking buffer (PBS with 0.3% TritonX-100, 3% normal
horse serum) for 1 hour at room temperature, followed by primary antibody incubation overnight at 4 degree. Slides were washed by
PBS three times the next day, and were subsequently incubated with the PLA probes anti-mouse and anti-rabbit (Sigma). Duolink In
Situ Detection Reagents Orange (Sigma) were used for ligation and signal amplification.

Colony Formation Assay

Mouse fibroblast 3T3 cells were treated with 15 ng/mL mitomycin C (Sigma) in DMEM for 2 hours, then trypsinized and plated at
8x10° cells per well in a 6-well plate. The media was changed to KGM 24 hours after plating. 300 keratinocytes were seeded onto
the feeder layer 24 hours after the media change. Media was changed every two days for 14 days. At the end of 14 days, the cells
were washed with PBS to remove the 3T3 cells, then fixed in 1:1 acetone/methanol for 5 minutes. The plate was allowed to air dry for
3-5 minutes and then colonies were stained with crystal violet.
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Enzymatic Inhibition Using Inhibitors
CSNK1at inhibitor D4476 (Tocris) * was dissolved in DMSO, and was added at the final concentration at 60uM for 48 hours in ker-
atinocytes. The PRMT1 inhibitor AMI-1 (Sigma) was dissolved in H20, and was used at 120uM for 48 hours in keratinocytes.

Far Western

Recombinant MBP-PRMT1 and MBP proteins (Prospec) were spotted on nitrocellulose membrane. The membrane was blocked
with 5% milk, incubated with recombinant CSNK1a1 (ThermoFisher Scientific) at 1ug/mL, and detected by anti-CSNK1a1.
Ponceau S (Sigma) was used for loading control.

Kinase Assay

0.12ug of CSNK1a1 recombinant human protein (ThermoFisher Scientific) and 0.2ug of PRMT1 recombinant human protein
(SignalChem) were combined in 25uL of kinase assay buffer (50 mM Tris-HCI, 10 mM MgCl,, 0.1 mM EDTA, 2 mM DTT, 0.01%
Brij 35, 200 uM ATP, pH 7.5), and incubated for 60min at 30°C. The entire reactions were heat inactivated and separated on a
SDS-PAGE gel. Anti-phospho-Serine antibody (ThermoFisher Scientific) were used at 2ug/mL to detect serine phosphorylation.
Since both recombinant proteins have GST-tag, anti-GST (Cell Signaling 1:2000) were used to detect input.

Methylation Assay

Both wild-type and catalytic inactive (E143Q) recombinant GST-PRMT1 proteins were purchased from Active Motif. Histone H4 was
purchased from NEB. CSNK1a1 was purchased from ThermoFisher Scientific. GST was purified by expressing pGEX-6p1 vector in
BL21 and eluted from Glutathione beads (Sigma). For H4 methylation, 0.5ug H4 and 0.4ug PRMT1 were combined in 30uL of HMT
buffer (50mM Tris 8.0, 5mM MgCI2, 20mM KCI, 3mM DTT, 1mM PMSF, 1uL SAM[3H]) at 30°C for 70min. To test the effect of
CSNK1a1, 0.72ug CSNK1a1 and 0.5uL ATP were added to the reaction. GST alone incubated with H4 was used as negative control.
To test if CSNK1a1 is a substrate of PRMT1, 0.72ug of CSNK1a1 and 0.4ug PRMT1 were combined in the HMT buffer. The entire
reactions were heat inactivated and separated onto 15% SDS-PAGE. The gel was stained by commassie blue to visualize the input
proteins, and was further dried and exposed to X-ray film for autoradiography of the reaction.

Annexin Staining

Keratinocytes were seeded at low confluence in 50/50 media and allowed to expand for 24 hours. Cells were trypsinized in 0.05%
Trypsin+EDTA for 5 minutes then quenched with room temperature DMEM +10% FCS, centrifuged at 500xg and the pellet was
resuspended in Annexin V staining buffer (10mM HEPES, 140mM NaCl, 2.5mM CaCl,, pH 7.4) and again centrifuged at 500xg.
The pellet was resuspended in 50ul of Annexin V staining buffer supplemented with 2.5uL of Annexin V-APC (BD Phamingen) and
propidium iodide (Pl, BD Phamingen) for 15 minutes at room temperature as outlined in the BD Pharmingen Annexin V staining pro-
tocol. 200ul of Annexin V Staining buffer was then added to staining solution and the cells were interrogated on BD FACSCalibur.
Annexin-negative/Pl-Negative cells were counted as viable and Annexin-positive/Pl-positive cells were counted as dead. Analysis
was performed using FlowJo software (Tree Star, Oregon).

Cell Cycle Analyses

Keratinocytes were seeded at low confluence in 50/50 media and allowed to expand for 24 hours. Cells were pulsed with 10ul of 1mM
BrdU per 1 mL of culture media for 6 hours. Cells were trypsinzed in 0.05% Trypsin+EDTA for 5 minutes then quenched with ice-cold
DMEM + 10% FCS and centrifuged at 500xg at 4°C. The pellet was resuspended in PBS + 1% FCS and again centrifuged at 500xg
at 4°C. Fixation, permeabilization and anti-BrdU staining was performed as outlined in the BD Pharmingen APC BrdU Kit (BD Phar-
mingen). Stained cells were interrogated on BD FACSCalibur. Analysis was performed using FlowJo software (Tree Star, Oregon).

QUANTIFICATION AND STATISTICAL ANALYSIS

qRT-PCR Expression Analysis

For gRT-PCR, total RNA was extracted using the RNeasy Plus (Qiagen) and subsequently subjected to reverse transcription using
SuperScript VILO cDNA synthesis kit (Invitrogen). gRT-PCR analysis was performed using the Roche Lightcycler instrument with the
SYBR Green Master Mix (Fermentas). Samples were run in duplicate and normalized to levels of GAPDH mRNA or 18S ribosomal
RNA for each reaction. Primer sequences are listed in Table S5. Statistical analysis such as ANOVA and t-test was calculated using
GraphPad Prism7. Bar graphs and their associated error bars are represented as mean +/- standard deviation. All experiments were
repeated minimally two independent times, and representative images were shown in the figures.

Mouse Tissue Staining Quantification

Atotal of 10 images/condition were taken from control and knockout mouse tissue. Percentage of staining positive cells (positive/100
cells) were calculated based on all the cells in the epidermal tissue. Unpaired T-test were performed for statistical analysis using
Prism7 (GraphPad).
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Technical triplicates were conducted for 53BP1 and yH2AXx staining, TUNEL assay and FACS analysis for Annexin as well as Cell
Cycle. Bar graphs are represented as mean +/- standard deviation. Statistical analysis using ANOVA was performed using Prism7
(GraphPad). Only p<0.05 was considered as statistically significant.

mRNA Expression Profiling Analysis

Amplification and labeling of cDNA probes and hybridization to the HG-U133 plus 2.0 microarray chip (Affymetrix) were performed by
the Stanford PAN Facility. Data analysis was performed using R. Each data set for an experiment was filtered for probes that had an
expression value >100 in at least 1 of the samples along with a p-value < 0.05 based on SAM analysis. Pair-wise comparisons
between the RNAi-treated samples and the control samples were performed to find probes that showed > 2-fold expression change.

ChIP-Seq Analysis

ChIP-seq samples were sequenced by Stanford Functional Genomics Facility (SFGF) using lllumina NextSeq (1x74bp). Sequencing
reads were mapped to human genome build hg19 using Bowtie, and ChIP-seq peaks were called using MACS14 (-bw 200, -m 10,50,
FDR<0.05). GREAT analysis (great.stanford.edu) was used to correlate ChlP-seq peaks to their associated genes.

DATA AND SOFTWARE AVAILABILITY

ChIP-seq and transcriptome profiling data sets have been deposited with the accession number GEO: GSE81942.
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