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(Background: Keratinocytes cease proliferation during differentiation, and the mechanism that mediates these events is not
Results: PRMT5/MEP50 control p21<P! promoter methylation to silence gene expression, and this is reversed by PKC8/p388
Conclusion: PRMT5/MEP50 and PKC8/p388 signaling produce opposing actions to control keratinocyte proliferation during

Significance: This study describes cross-talk between MAPK signaling and epigenetic mechanisms to control cell proliferation.
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Protein arginine methyltransferase 5 (PRMT5) is a key epige-
netic regulator that symmetrically dimethylates arginine resi-
dues on histones H3 and H4 to silence gene expression. PRMT5
is frequently observed in a complex with the cofactor methylo-
some protein 50 (MEP50), which is required for PRMT5 activity.
PKCé/p386 signaling, a key controller of keratinocyte prolifer-
ation and differentiation, increases p21<'P! expression to sup-
press keratinocyte proliferation. We now show that MEP50
enhances keratinocyte proliferation and survival via mecha-
nisms that include silencing of p21<"! expression. This is asso-
ciated with enhanced PRMT5-MEP50 interaction at the p21<?!
promoter and enhanced arginine dimethylation of the promot-
er-associated histones H3 and H4. It is also associated with a
MEP50-dependent reduction in the level of p53, a key controller
of p21P! gene expression. We confirm an important biological
role for MEP50 and PRMTS5 in regulating keratinocyte prolifer-
ation using a stratified epidermal equivalent model that mimics
in vivo epidermal keratinocyte differentiation. In this model,
PRMTS5 or MEP50 knockdown results in reduced keratinocyte
proliferation. We further show that PKC8/p384 signaling sup-
presses MEP50 expression, leading to reduced H3/H4 arginine
dimethylation at the p21“'P! promoter, and that this is associ-
ated with enhanced p21©P! expression and reduced cell prolif-
eration. These findings describe an opposing action between
PKCo/p386 MAPK signaling and PRMT5/MEP50 epigenetic
silencing mechanisms in regulating cell proliferation.

PKCd and p386 are key components of a cascade that con-
trols keratinocyte differentiation and proliferation (1-7). PKC6
activates a MEKK1/MEK3/p384 signaling cascade that triggers
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events that enhance keratinocyte differentiation and suppress
proliferation (4, 6, 8, 9). Downstream events include activation
of AP1, Sp1, and Kruppel-like transcription factors, leading to
activation of differentiation and suppression of proliferation (1,
3, 10-18). This cascade has an important role in controlling
differentiation-associated gene expression (15-17), which has
been confirmed by transgenic mouse experiments, demon-
strating a key role for specific transcription factors and gene
response elements in this regulation (15-17, 19).

A recent study indicates that PRMT5, an arginine methyl-
transferase that symmetrically dimethylates arginine residues
on target proteins, acts to antagonize PKC6/MEK3/p386 sig-
naling (20). In this context, PRMT5 acts to enhance keratino-
cyte survival (20). PRMTS5 associates with a coactivator called
MEP50 (21, 22), an interaction that is required for PRMT5 acti-
vation (21, 23). This complex then functions to dimethylate
specific arginines on target proteins, leading to altered protein
function. Loss of either PRMT5 or MEP50 reduces this activity
(21, 22). Histones are important PRMT5 targets. PRMT5 pro-
duces changes in histone dimethylation that are part of the
epigenetic code that controls gene expression (24, 25). Histones
3 and 4 are important PRMTS5 targets. The PRMT5-MEP50
complex symmetrically dimethylates arginine 3 of histone H4
(H4R3me2s),” and arginine 8 of histone H3 (H3R8me2s), and
these modifications are associated with silencing of gene
expression (26 —28).

Keratinocyte proliferation and differentiation are important
processes in the keratinocyte life cycle that must be balanced to
produce a stratified tissue that functions as an appropriate bar-
rier (29). Delayed cessation of keratinocyte proliferation, for
example, can lead to epidermal disease (19, 30). In this study, we
examine the role of MEP50 as a controller of keratinocyte pro-
liferation. We show that MEP50 enhances keratinocyte prolif-

2 The abbreviations used are: H4R3me2s, symmetrical dimethylation of argi-
nine 3 of histone H4; H3R8me2s, symmetrical dimethylation of arginine 8
of histone H; TPA, 12-O-tetradecanoylphorbol-13-acetate; KERn, keratino-
cyte(s); KSFM, keratinocyte serum-free medium.

JOURNAL OF BIOLOGICAL CHEMISTRY 13521



MEP50 Regulation of Keratinocyte Proliferation

eration. To understand the mechanism, we study the impact of
MEP50 expression on p21<'P! gene expression, a key controller
of keratinocyte proliferation (2, 31). We show that MEP50 has a
role in stimulating dimethylation of histones associated with
key regulator elements in the p21<?! gene promoter and that
this is associated with silencing of p21<'P* expression. We fur-
ther show that PKC&/p386 antiproliferation signaling reduces
PRMT5 and MEP50 expression and PRMT5-MEP50 associa-
tion with the p21<'P* gene. This leads to reduced H3R8me2s
and H4R3me2s formation at the p21<"** promoter, leading to
derepression. We propose that PRMT5-MEP50 silencing of
antiproliferation genes is an important mechanism of survival
and that PKC8/p386 signaling pathways reduce the expression
of this PRMT5-MEP50 dimethylation complex as a mechanism
to induce p21“"P* expression and suppress proliferation during
keratinocyte differentiation.

Experimental Procedures

Antibodies and Reagents—Rabbit polyclonal antibodies for
MEP50 (catalog no. 2823), PRMT5 (catalog no. 2252), and
p21<P! (catalog no. 2947) were obtained from Cell Signaling
Technology (Danvers, MA), and mouse monoclonal anti-3-ac-
tin (catalog no. A-5441), anti-FLAG antibody (catalog no.
8592), and anti-FLAG M2-FITC (catalog no. F4049) were pur-
chased from Sigma-Aldrich. Normal rabbit IgG was obtained
from Cell Signaling Technology (catalog no. 2729). Rabbit poly-
clonal antibodies for histone H4 symmetrically dimethylated
arginine 3 (H4R3me2s) (catalog no. ab5823) and histone H3
symmetrically dimethylated arginine 8 (H3R8me2s) (catalog
no. PA5-27039) were obtained from Abcam (Cambridge, MA)
and Thermo Fisher Scientific (Rockford, IL). Mouse anti-
MEP50 was purchased from Abcam (catalog no. ab5772). Rab-
bit anti-PKC8 (catalog no. sc-937), goat anti-PRMT5 (catalog
no. sc-22132), and mouse monoclonal anti-p386 (catalog no.
sc-271292) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The secondary antibodies included peroxi-
dase-conjugated sheep anti-mouse IgG (catalog no. NXA931,
GE Healthcare) and peroxidase-conjugated donkey anti-rabbit
IgG (catalog no. NA934V, GE Healthcare). Peroxidase-conju-
gated donkey anti-goat IgG (catalog no. sc-2033) was obtained
from Santa Cruz Biotechnology. Phorbol ester, 12-O-tetradec-
anoylphorbol-13-acetate (TPA), was obtained from Calbi-
ochem (Billerica, MA; catalog no. 524400). We report results
using control (catalog no. D-001206-13-05), MEP50 (catalog
no. M-006895-01-0005), and PRMTS5 (catalog no. M-015817-
02-0005) siRNA reagents from Dharmacon Inc (Lafayette, CO).
Key findings were confirmed using additional siRNAs that tar-
get MEP50 (catalog nos. D-006895-01-0002 and D-006895-02-
0002) and PRMT5 (catalog nos. D-015817-01-0002 and D-
015817-04-0002).

Cell Culture, Plasmids, and Viruses—Keratinocyte (KERn)
serum-free medium (KSFM), 0.25% trypsin, and Hanks’ bal-
anced salt solution were purchased from Invitrogen. Foreskin
epidermis, obtained from newborn infants, was separated from
the dermis by overnight dispase treatment, and KERn were
obtained after dispersal with trypsin and maintained in KSFM
supplemented with epidermal growth factor and pituitary
extract (6, 7). p21-2326, encoding the human p21<** promoter
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linked to luciferase, was obtained from Dr. Bert Vogelstein
(32). The wild-type p21<?* promoter and promoter mutants
encoding mutant p53 transcription factor binding sites were
constructed in pBluescript II KS (+) (2). PG13-Luc was
obtained from Dr. Nancy Colburn (33). The human MEP50-
encoding plasmid was constructed by primer amplification using
plasmid p-OTB7-FLAG-MEP50 (pOTB7-WDR77, MHS1011-
202830316) from Open Biosystems (Huntsville, AL) as a tem-
plate. FLAG-MEP50 was amplified as a BamHI/NotI fragment
using 5'-GATC GGA TCC ATG GAC TAC AAG GAC GAC
GAC GAC AAG ATG CGG AAG GAA ACC CCA (forward)
and 5-GATC GCG GCC GCC TAC TCA GTA ACA CTIT
GCA GG (reverse) primers. The ATG start codon is shown in
boldface, and the FLAG epitope is underlined. The product was
then cloned into pcDNA3 to produce pcDNA3-FLAG-MEP50.
Adenoviruses encoding HA-p388, PKC§, and empty control
virus (tAd5-HA-p386, Ad5-PKC8, Ad5-FLAG-p385, and Ad5-
EV) were prepared by propagation in HEK293 cells and fol-
lowed by cesium chloride gradient centrifugation. For experi-
ments involving adenoviral infection, KERn were treated with
adenovirus (multiplicity of infection 15) in KSEM containing 6
pg/ml Polybrene. Tetracycline-inducible viruses (tAd-EV,
tAd5-PKC8, and tAd5-HA-386) were coinfected with Ad5-TA-
encoding virus to induce PKC4 and p386 expression (1).

Promoter Luciferase Assay—p21“"P' promoter reporter plas-
mid (0.5 ug) and 1 ug of pcDNA3 or pcDNA3-FLAG-MEP50
were mixed with 4.5 ul of FUGENE6 (Promega) diluted in 95.5
wul of KSFM. After a 20-min incubation, this mixture was added
to 2 ml of KSFM in dishes containing 50% confluent KERn
cultures. After 24 h, cell lysates were collected and processed
for the luciferase activity assay (1).

Keratinocyte Electroporation and Cell Proliferation Assay—
The AMAXA electroporator and VPD-1002 nucleofection kit
was used for keratinocyte electroporation. KERn were har-
vested with trypsin and replated 1 day prior to electroporation.
The cells were then reharvested with trypsin, and 1 million cells
were used per electroporation. The cells were suspended in 100
ul of keratinocyte nucleofection solution containing 3 ug of
control, MEP50, or PRMT5 siRNA. The mixture was mixed by
gentle pipetting, transferred to the electroporation cuvette, and
electroporated using the T-018 setting. KSFM (500 ul) was
added, and the mixture was transferred to a 55-cm? dishes con-
taining 10 ml of KSFM. The cells were maintained for various
time points before the extracts were prepared for mRNA or
protein analysis. This method achieves electroporation effi-
ciencies of >90% efficiency (1).

Cells used for proliferation experiments were double-elec-
troporated. This involved an initial electroporation with 3 ug of
appropriate siRNA, recovery in culture for 72 h, a repeat elec-
troporation with 3 ug of siRNA, and 24 h of recovery in culture.
The cells were then harvested and seeded at low density (15,000
cells/well) in 35-mm dishes, and the cells were counted at 48,
72, and 96 h.

Immunoblot—Cell extracts were prepared in cell lysis buffer
(Cell Signaling Technology, catalog no. 9803) containing pro-
tease inhibitor (Calbiochem, catalog no. 539134). Equivalent
amounts of protein were electrophoresed on 12% denaturing
polyacrylamide gels and transferred to nitrocellulose mem-
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branes. The membranes were blocked with 5% skimmed milk in
Tris-buffered saline containing 0.1% Tween 20 and incubated
overnight with primary antibody and horseradish peroxidase-
conjugated secondary antibody for 2 h. B-actin served as a gel
loading control.

Quantitative RT-PCR—Total RNA was isolated using the
RNAspin system (GE Healthcare) and reverse-transcribed
using Superscript II reverse transcriptase (Invitrogen). RNA (1
pg) was used for cDNA preparation. Light Cycler 480 SYBR
Green I master mix (Roche Diagnostics) was used to measure
mRNA levels. The signals were normalized to the level of cyclo-
phillin A mRNA. The gene-specific primers used for detection
of mRNA levels were as follows: p21<"P*, 5'-AAG ACC ATG
TGG ACC TGT CAC TGT (forward) and 5'-AGG GCT TCC
TCT TGG AGA AGA TCA (reverse); MEP50, 5'-TTG CTC
AGC AGG TGG TAC TGA GTT (forward) and 5'-AAT CTG
TGA TGC TGG CTT GGG ACA (reverse); p53,5'- TAA CAG
TTC CTG CAT GGG CGG C (forward) and 5'- AGG ACA
GGC ACA AAC ACG CAC C (reverse); and cyclophilin A,
5'-CAT CTG CAC TGC CAA GAC TGA (forward) and
5"-TTC ATG CCT TCT TTC ACT TTGC (reversed).

Immunostaining—Cells maintained on coverslips were fixed
for 20 min in phosphate-buffered saline containing 4% parafor-
maldehyde and permeabilized with methanol chilled at —20 °C.
The coverslips were subsequently incubated with the appropri-
ate primary and secondary antibodies for 1 h each. Cells were
then incubated with Hoechst 33258 (1:2000) for 5 min, washed,
and mounted on glass slides using Fluoromount (Sigma, catalog
no. F4680). An Olympus OX81 spinning disc confocal micro-
scope was used to collect fluorescent images. Paraffin-embed-
ded and formalin-fixed foreskin sections were immunostained
as described previously using the fluorescence or peroxidase
methods. MEP50 antibody (catalog no. ab5772) staining was
detected using an appropriate fluorophore-conjugated or bioti-
nylated secondary antibody. Biotinylated secondary antibody
was obtained as part of the mouse IgG Vectastain ABC kit (cat-
alog no. PK-6102, Vector Laboratories, Burlingame, CA).

ChIP—ChIP assays were performed using the Diagenode
Low Cell ChIP assay kit (C01010073: kch-maglow-G48). 0.5 X
10° cells were infected with empty adenovirus (multiplicity of
infection 15) or adenoviruses encoding HA-p386 or PKC$, and,
after 48 h, 1 million 1 X 10° cells were used for shearing and
0.1 X 10° cells were used for immunoprecipitation per anti-
body. Enrichment of MEP50-, PRMT5-, H4R3me2s, and
H3R8me2s-associated DNA sequences in immunoprecipitated
samples were detected by quantitative RT-PCR using se-
quence-specific primers and LightCycler 480 SYBR Green I
master mix. Primers were designed to detect the human p21<"P*
promoter p53 binding site located at nucleotides —1426/
—1310 (forward, 5'-CCG AGG TCA GCT GCG TTA GAG G;
reverse, 5'-AGA ACC CAG GCT TGG AGC AGCQ).

Epidermal Equivalent Cultures—Freshly isolated foreskin
keratinocytes (1.5 X 10°) were electroporated with 3 ug of con-
trol, MEP50, or PRMT5 siRNA. After 72 h of recovery, the cells
were harvested, and 2 X 10° cells from each group were elec-
troporated again with 3 pg of the same siRNA. The cells were
then seeded onto Millicell-PCF chambers (0.4 wm, 12 mm, cat-
alog no. PIHP01250) in KSEM. After 24 h, the cells were shifted
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to Epilife medium containing 1.4 mm calcium chloride and 5
pg/ml vitamin C and cultured at the air-liquid interface (3, 34).
Fresh Epilife medium was added every 2 days. After 5 days, the
epidermal equivalents were harvested for preparation of RNA
and protein and histology. Total RNA was isolated for quanti-
tative RT-PCR using the Illustra RNAspin mini kit (GE Health-
care). For protein lysates, the inserts were washed twice with
phosphate-buffered saline, and the cells were harvested in
0.0625 M Tris-HCI (pH 7.5) containing 10% glycerol, 5% SDS,
and 5% B-mercaptoethanol. Then the cells were sonicated and
centrifuged at 10,000 rpm for 5 min, and the supernatant was
collected for immunoblot analysis (34).

Results

MEPS50 Distribution in the Epidermis—MEP50 localizes in
the nucleus or cytoplasm in a tissue- and cell type-dependent
manner that also depends upon the environment (35-37). To
assess MEP50 localization in keratinocytes, we stained paraffin-
embedded sections of foreskin epidermis with anti-MEP50. Fig.
1A identifies MEP50 as being present in all epidermal layers.
Cytoplasmic localization predominates in the basal and spinous
layers, whereas nuclear distribution is prominent in the granu-
lar layers. We next compared the distribution of endogenous
and FLAG-tagged expressed MEP50 in cultured normal epider-
mal foreskin keratinocytes. Fig. 1B shows a mixed cytoplasmic
and nuclear distribution in these cultures and that expressed
FLAG-MEP50 assumes a similar distribution as endogenous
MEP50. This is consistent with a previous report showing that
MEP50 localizes in the nucleus and cytoplasm in lung cancer
cell lines (38). These data also show that vector-expressed
FLAG-MEP50 colocalizes with endogenous MEP50.

MEP50 Regulation of Cell Proliferation—A previous study
showed that PRMT5 acts to enhance keratinocyte survival and
proliferation (20). Because MEP50 is frequently engaged as a
PRMTS5 cofactor required for PRMTS5 activation, we examined
whether altering MEP50 expression regulates keratinocyte pro-
liferation. Cells were treated with control, MEP50, or PRMT5
siRNA. Fig. 24 shows that MEP50 or PRMT5 knockdown
reduces cell proliferation. Fig. 2B confirms a reduction in
MEP50 expression in MEP50 siRNA-treated cells. It also shows
that PRMTS5 levels are reduced. The reduction in PRMT5 is not
surprising considering that these proteins are part of a coregu-
lated complex (2, 21, 23). Simultaneous knockdown of both
proteins does not further reduce proliferation, as would be
expected if both proteins are a necessary part of the MEP50/
PRMTS5 complex (data not shown).

MEPS50 Control of p21<"* Expression—To gain insights into
the mechanism of MEP50 regulation of proliferation, we exam-
ined the effect of MEP50 expression on p21<"P* expression.
p21<'P! is an important cell cycle control regulator in keratino-
cytes (2, 31). We have shown previously that p21<"P" is
increased when keratinocyte proliferation is inhibited (2) via a
mechanism that involves p53 interaction at the p21<'P! gene
promoter (31). Fig. 3A shows that increased MEP50 expression
is associated with reduced p21<'P* mRNA and protein expres-
sion. To examine the impact of MEP50 on p21<'P* gene expres-
sion, KERn cells were transfected with constructs encoding var-
ious p21“"P* promoter segments fused to the luciferase reporter
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FIGURE 1. MEP50 is expressed in the human epidermis and in cultured
keratinocytes. A, foreskin tissue sections were stained with anti-MEP50, and
binding was visualized with peroxidase-conjugated secondary antibody (top
panels). The control is IgG. The arrows indicate MEP50 nuclear localization in
suprabasal keratinocytes. Foreskin tissue sections (bottom panels) were fixed
and stained with anti-MEP50, and antibody binding was visualized using a
FITC-conjugated secondary antibody. The arrows indicate nuclear MEP50
accumulation. Scale bars = 10 um. B, colocalization of endogenous and
expressed MEP50. KERn were electroporated with 3 ug of pcDNA3 or
pcDNA3-FLAG-MEP50. After 48 h, protein lysates were tested by immunoblot
using anti-FLAG and anti-MEP50. B-actin was used as the loading control.
After 48 h, the cells were fixed and costained with anti-FLAG (green) and
anti-MEP50 (red). Similar results were observed in each of three experiments.
The staining indicates MEP50 distribution in the nucleus and cytoplasm. Scale
bars = 10 um.

gene (2, 31) in the presence or absence of the FLAG-MEP50
expression vector. Fig. 3B shows the structure of the p21<P!
promoter, which includes a cluster of six Sp1 binding sites in
the proximal promoter and two p53 response elements (p53-1
and p53-2) in the distal promoter (2, 31). Fig. 3B shows that
MEP50 expression reduces the activity of the full-length
p21<"P! promoter by 70%. As a control, we show that mutation
of one or both p53 transcription factor binding sites attenuates
the MEP50 impact by reducing the overall promoter activity.
These findings indicate that MEP50 and p53 produce opposite
effects on p21“"P* gene expression and that MEP50 expression
can antagonize the action of p53.

We next examined whether MEP50 expression reduces p53
as part of the mechanism that leads to reduced p21<"* pro-
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FIGURE 2. MEP50 and PRMTS5 are required for keratinocyte proliferation.
A, KERn were electroporated twice with control, MEP50, or PRMTS5 siRNA, and
15,000 cells/well were plated. After overnight attachment, the cell number
was determined (day 0) and at the indicated times thereafter. The values are
mean = S.E. (n = 3). ¥, p < 0.005. B, immunoblot detection of MEP50 and
PRMT5. The immunoblot confirms a reduction in MEP50 in MEP50
siRNA-treated cultures. PRMTS5 is also reduced.

moter activity. Fig. 3C shows that MEP50 expression reduces
the level of p53-encoding mRNA, and Fig. 3D shows that this is
associated with a reduction in p53 (PG13-Luc) promoter activ-
ity. Fig. 3F confirms that this is associated with loss of p21<*
promoter activity. These findings suggest that MEP50 sup-
presses p53 gene expression as part of the mechanism by which
MEP50 reduces p21<'P! expression.

MEP50 and PRMT Interact at the p21“"' Promoter—A
major role of the PRMT5-MEP50 complex is catalyzing the
formation of H4R3me2s and H3R8me2s (39). These modifica-
tions occur at histones associated with genes that are undergo-
ing silencing (22, 39). We therefore examined the role of
MEP50 in modifying H3 and H4 associated with the p21<"*
promoter. We selected the biologically important p21<"P* pro-
moter p53-2 binding response element as a target (2, 31, 32, 40).
This region is known to bind p53 as a requirement for increased
p21<P! expression (32, 40). Fig. 44 uses a ChIP analysis to show
that MEP50 knockdown reduces MEP50 and PRMTS5 associa-
tion with the p21<®* promoter. Further ChIP analysis (Fig. 4B)
shows that loss of MEP50 is associated with reduced p21<P*
promoter-associated H4R3me2s formation but no reduction in
H3R8me2s formation. These findings suggest that the increase
in p21<"P* expression observed in MEP50 knockdown cells is, in
part, due to loss of PRMT5 and MEP50 and reduced formation
of H4R3me2s in chromatin surrounding the p53-2 DNA
response element in the p21<"P! promoter. It is not clear why
H3R8me2s levels are not reduced.

PKCb and p388 Regulation of the MEP50 Level—The PKCS,
MEKK1, MEKS3, and p388 signaling cascade is a central control-
ler of keratinocyte proliferation. Activation of this cascade by
overexpression of PKCd or p385 suppresses proliferation and
enhances differentiation (9), which is associated with a specific
increase in p21Cipl gene expression (1, 2, 31). We wanted to
assess whether activation of this cascade results in reduced
expression of MEP50 or PRMT5. Keratinocytes were grown in
the presence of empty virus or PKC6- or p386-encoding ade-
novirus, and, after 48 h, extracts were prepared to assess the
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FIGURE 3. MEP50 regulation of p21P' promoter activity: a role for p53. A, MEP50 suppresses p21<P" expression. KERn were electroporated with the
indicated plasmid, and, after 24 h, extracts were prepared for quantitative RT-PCR detection of p21“P" mRNA and immunoblot detection of p21“P" and MEP50.
EV, empty vector. B, opposing action of MEP50 and p53. A schematic of the human p21“P" promoter shows the Sp1 and p53 transcription factor response
elements. The numbers indicate the distance in nucleotides relative to the transcription start site. KERn were transfected with 0.5 ug of p21-2316, which
encodes the full-length wild-type p21P' promoter, or the promoter harboring mutations at the p53-1 or p53-2 sites, linked to luciferase. After 24 h, extracts
were prepared for the luciferase activity assay. The values are mean = S.E. (n = 3). C-E, KERn were transfected with 0.5 ug of PG13-Luc (the p53 gene promoter
linked to luciferase) or p21-2326 and the indicated micrograms of pcDNA3 or pcDNA3-FLAG-MEP50. 48 h post-transfection, cell extracts were prepared and

assayed for promoter activity. The values are mean = S.E. (n = 3).*, p < 0.005.

impact on total MEP50, PRMT5, H4R3me2s, and H3R8me2s
levels. Fig. 5A shows that PKC& or p386 expression reduces
the total MEP50 and PRMTS5 levels and the total cellular lev-
els of H3R8me2s and H4R3me2s while increasing the p21<"*
level. We next assessed, by ChIP analysis, whether PKC3 or
P38 expression is associated with reduced MEP50 or PRMT5
interaction at the p21“"P* gene promoter p53-2 response ele-
ment. Fig. 5, B and C, shows that PKCd or p386 expression
results in reduced MEP50 and PRMTS5 interaction and reduced
H3R8me2s and H4R3me2s histone modification at the p21<'P!
promoter p53-2 site.

Impact of TPA Treatment on Promoter Activity—We also
examined whether a known activator of the PKC8/p386 cas-
cade (4) alters MEP50 and PRMT5 expression. Fig. 64 shows
that TPA treatment reduces total cellular levels of PRMT5 and
MEP50. Moreover, the ChIP analysis in Fig. 6, B and C, shows
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that this treatment reduces MEP50 and PRMT?5 levels at the
p21<P! promoter p53-2 response element and confirms that
this is associated with reduced element-associated H4R3me2s
and H3R8me2s. Fig. 6D confirms that reduced modification of
methylation of histones at the p21“"?* promoter is associated
with an increased p21<"P* protein level.

Biological Relevance of PRMTS5 and MEP50 Regulation—To
further assess the biological relevance of this regulation, we exam-
ined the impact of altering the MEP50 and PRMT5 levels on pro-
liferation using a keratinocyte epidermal equivalent model. In this
model, keratinocytes are grown at the air-liquid interface to pro-
duce a stratified, multilayered, and differentiated epidermal equiv-
alent (41). This system is a faithful mimic of in vivo-like stratifica-
tion (41). Primary foreskin keratinocytes were electroporated with
control, MEP50, or PRMT5 siRNA and then transferred to Milli-
cell chambers for growth as epidermal equivalent cultures.
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FIGURE 4. MEP50 knockdown reduces MEP50 and PRMTS5 association at
the p21°®" promoter. A and B, KERn were electroporated with 3 ug of con-
trol siRNA or MEP50 siRNA. After 48 h, extracts were prepared for ChIP analy-
sis. DNA from 1 million cells was sheared, and 50,000 cell equivalents of DNA
were used for immunoprecipitation. The primers span the p21<P' promoter
region that includes the p53-2 site. The values are mean £ S.E. (n = 3).*,p <
0.005. C, extracts were prepared from the electroporated cells after 48 h to
confirm MEP50 knockdown.

To assess the biological impact of MEP50 or PRMT5 knock-
down on differentiation and proliferation, we monitored the
effect on morphology of the epidermal equivalent cultures. Fig.
7, A and B, shows that cultures expressing normal endogenous
levels of MEP50 and PRMT5 undergo appropriate proliferation
and differentiation to produce a normal multilayered tissue and
stable cornified layer. In contrast, knockdown of either MEP50
or PRMT5 produces a significantly thinner epidermal equiva-
lent. In particular, the viable middle layers are reduced relative
to the cornified (top) dead layers, suggestive of reduced prolif-
eration in the MEP50- and PRMT5-deficient cultures. To test
this, we generated epidermal equivalents from cells electropo-
rated with control, MEP50, and PRMT5 siRNA and then
stained with anti-Ki67 as a marker of cell proliferation (42). Fig.
7, C and D, shows that MEP50 or PRMT5 knockdown reduces
the number of Ki67-positive (proliferating) cells (green stain,
arrows).

Discussion

Keratinocytes constitute the major cell type of the epidermis
(29). These cells begin as proliferative cells in the epidermal
basal layer and undergo a highly orchestrated differentiation
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program leading to cornified envelope formation. The result is
the formation of a multilayered epidermis in which differenti-
ated cells are released from the surface (29). Decoding the
mechanisms that control epidermal homeostasis is an impor-
tant goal, as is understanding how deregulation of this process
leads to disease. Novel PKC isoforms play pivotal roles in the
regulation of epidermal homeostasis (5, 7, 43). They activate
MAPK signaling to direct specific transcription factors to
increase expression of differentiation-associated genes (4).
Simultaneously, they control keratinocyte proliferation by
increasing the expression of growth-suppressing genes, includ-
ing p21<'P! (2). Previous studies from our group have shown
that PKC4 activates a MEKK1/MEK3/p386 cascade that stim-
ulates KLF4, Sp1, and p53 transcription factor association with
the p21<'P! promoter, leading to increased p21<P! expression
and reduced cell proliferation (2, 34). However, less is known
about mechanisms that antagonize this action to maintain
keratinocyte proliferative potential.

Our recent mass spectrometry analysis identified PRMT5, a
type II symmetric arginine methyltransferase, as a novel com-
ponent of the PKC8/p386 regulatory complex (20). We further
showed that PRMTS5 acts to enhance cell survival by catalyzing
symmetric dimethyl arginine modification of target proteins in
this complex, leading to inhibition of p386 activity (20). This
represents a mechanism whereby PRMT5 acts to suppress
activity in a growth suppression signaling cascade.

However, PRMTS5 is also known to act at the level of chro-
matin to increase histone arginine dimethylation as a mecha-
nism to silence gene expression (44). Silencing is mediated by
PRMT5-MEP50-dependent histone arginine dimethylation of
H4R3 and H3R8 to form H4R3me2s and H3R8me2s (21, 44, 45).
In this study, we examine the impact of PRMT5 on histone
arginine dimethylation of the p21<'P! promoter as a mechanism
of keratinocyte growth control. We focus on the role of MEP50,
a cofactor of PRMTS5 required for PRMTS5 catalytic activity. We
find that MEP50 is abundantly expressed in the foreskin epider-
mis and monolayer keratinocyte cultures, where it is present in
both the nucleus and cytoplasm. This localization is similar to
that observed in other cell types (38). We show that MEP50
knockdown leads to a substantial reduction in cell proliferation.
Moreover, the reduction is associated with increased expres-
sion of p21<'*!, a known inhibitor of keratinocyte proliferation
(2, 31). Knockdown studies show that the MEP50 level is
inversely correlated with the p21<"*' mRNA level and promoter
activity.

Previous studies show that the p53 transcription factor is a
key positive activator of p21<P! expression (40) and that it acts
by binding to two p53 response elements, p53-1 and p53-2, in
the distal region of the p21<"P* promoter. In an effort to dissect
the mechanism of MEP50 action, we manipulated MEP50
expression using siRNA and expression vectors and monitored
the impact on p21<'P! gene expression, promoter activity, and
modification of histone surrounding the p53-2 response ele-
ment in the p21<P* promoter. These studies showed an inverse
relationship between the MEP50 level and p21<'P* expression
and promoter activity. We further show that MEP50 interac-
tion at the p53-2 response element is associated with the acqui-
sition of the histone silencing marks H4R3me2s and H3R8m2s.
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FIGURE 5. PKC& and p386 regulate MEP50 and PRMTS5 level and activity. A, KERn were infected with tAd5-EV, Ad5-PKC3, or tAd5-HA-p3848 (multiplicity of
infection (MOI) 10), and, at 48 h, extracts were prepared for detection of PKC8, MEP50, H3R8me2s, and H4R3me2s. Similar results were obtained in three
different experiments. EV, empty vector. Band C, KERn were infected as above, and, at 48 h, extracts were prepared for ChIP using primers spanning the p21<P’
promoter region that includes the p53-2 site. The values are mean = S.E. (n = 3). *, p < 0.005).

This is a particularly important finding because the p53-2
response element (nucleotides —1393/—1374) in the p21<"*
promoter is a key positive regulatory element (31). This sug-
gests that MEP50, acting with PRMT5, inhibits p21<** by pro-
ducing silencing histone marks in this region of chromatin. We
have not assayed the impact of these manipulations on the argi-
nine dimethylation of histones H4 and H3 at the p53-1 site
(nucleotides —2281/—2261), but we assume that the results
would be similar.

Few studies have examined the interplay between cell cycle
regulators such as p21Cip and PRMT5-MEP50. However, one
study suggests that MEP50 is phosphorylated by CDK4 and that
this leads to increased PRMT5-MEP50 activity, which
enhances events leading to cyclin D1-dependent cell prolifera-
tion (46). A second study shows that PRMT5 accelerates cell
cycle progression through G, by up-regulation of CDK4, CDK6
and cyclins D1, D2, and E1 and that this was associated with
activation of PI3K/AKT activity (47). Therefore, our findings
are consistent with cell cycle regulation being a target of
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PRMT5-MEP50 activity and with PRMT5-MEP50 acting to
enhance cell proliferation.

A novel aspect of this work is identifying an opposing/antag-
onistic relationship between PKC8/p386 signaling and MEP50-
PRMTS5 action. We show that activation of PKC8/p3886 signal-
ing, by expression of either of these kinases or by treatment with
an activator of PKC8 (TPA) results in increased p21<'P! expres-
sion via direct transcriptional activation of p21<?* gene expres-
sion (2, 31). This study shows that PRMT5-MEP50 opposes this
regulation and that this is associated with symmetric dimethyl
arginine modification of histones on the p21<'P* promoter. There-
fore, this study establishes a new biochemical link that may help
explain the opposing actions of PKC8/p386 signaling and MEP50-
PRMTS5 as regulators of the p21<* locus. This would be consis-
tent with our previous report showing that PRMT5 dimethylates
proteins in a p386 complex, leading to reduced p388 phosphory-
lation and activity in this cascade (20). Together, these findings
suggest that PRMT5-MEP50 inhibits PKC&/p386 signaling in
keratinocytes via multiple mechanisms.
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FIGURE 6. TPA regulates MEP50 and PRMTS5 levels and activity. A, KERn
were treated with 50 ng/ml TPA for 48 h, and extracts were prepared for
detection of MEP50, PRMT5, H3R8me2s, and H4R3me?2s. Similar results were
obtained in three different experiments. B and C, KERn were treated with 50
ng TPA/ml, and, after 48 h, mRNA extracts were isolated for ChIP analysis and
detection of MEP50 and PRMTS5 interaction and H3R8-me2s and H4R3me2s
formation at the p21“P" promoter. Similar results were obtained in three
different experiments. D, cells were treated for 48 h with TPA, and p21<P’
levels were monitored.

An additional significant finding is that PKC&/p385-depen-
dent signaling reduces the MEP50 and PRMT5 protein level
and histone arginine dimethylation. Specifically, H3R8me2s
and H4R3me2s levels are reduced at key transcriptional ele-
ments in the p21“"P* promoter. This suggests that activity in
this prodifferentiation/antiproliferation cascade actively sup-
presses function of MEP50-PRMT5 pro-proliferation/prosur-
vival regulation. This, in theory, suggests that this combination
of events leads to a more efficient induction of gene (p21<"*)
expression. These findings are also interesting from the per-
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FIGURE 7. MEP50 and PRMT5 regulate differentiation and proliferation in
an epidermal equivalent model. KERn were electroporated twice with con-
trol or MEP50 or PRMT5 siRNA and seeded for epidermal equivalent culture.
After 4 days of exposure at the air-liquid interface, the equivalents were har-
vested and sectioned. Aand B, MEP50 and PRMTS5 are required for appropriate
skin equivalent formation. KERn were electroporated twice with control,
MEP50, or PRMT5 siRNA and seeded for epidermal equivalent culture. After 4
days of exposure at the air-liquid interface, the equivalents were harvested
and stained with hematoxylin and eosin. The nylon support membrane is
indicated by an asterisk, and the extent of the epidermis is indicated (E). Sim-
ilar results were observed in three separate experiments. The graph compares
epidermal equivalent thickness among control, MEP50, and PRMT5 siRNA
cultures. The values are mean = S.E. (n = 3).*,p < 0.005. Scale bars = 100 um.
C and D, MEP50 and PRMTS5 are required for cell proliferation. KERn were
electroporated twice with control, MEP50, or PRMT5 siRNA and seeded for
epidermal equivalent culture. After 4 days, the equivalents were stained with
Ki67 antibody and Hoechst. The membrane (asterisk) and extent of epidermis
(E) are shown. The graph quantitates the number of Ki67-positive cells in the
control, MEP50, and PRMT5 siRNA rafts. Similar results were observed in three
separate experiments. Significant differences were determined using
Student’s t test (¥, p < 0.005). Note that the blue-green spots are Ki67 staining
compared with the larger stained circular structures, which are nonspecific
staining to the nylon membrane.

spective that PRMT5 and MEP50 have been shown to be pro-
survival proteins in a variety of cancer models (35-38, 46,
48 -50), which supports the idea that these proteins are ele-
vated under conditions where cells need to retain proliferative
potential.

To better assess the biological relevance of MEP50, we used
an epidermal equivalent model that efficiently mimics in vivo
keratinocyte differentiation (41). Our study shows that knock-
down of MEP50 or PRMT5 results in a significant reduction in
thickness of the epidermis. This is in agreement with the obser-
vation that MEP50 or PRMT5 knockdown decreases keratino-
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FIGURE 8. Proposed regulatory model: a balance between transcriptional
and epigenetic regulation. Arrows indicate a stimulus, and flat-headed bars
inhibition. TPA stimulation or PKCS overexpression activates MEKK1, MEK3,
p388, and p53 to increase p21<P" expression, which leads to reduced kerati-
nocyte proliferation. PRMT5/MEP50 arginine dimethylates proteins in the
p3886 complex to inhibit p388 (20), and arginine dimethylates histones
H3R8me2s and H4R3me2s in the p21<P! promoter to reduce p21P' expres-
sion, leading to increased cell proliferation. We propose that the PKC8 signal-
ing is dominant in differentiated/non-proliferative cells and that PRMT5-
MEP50 is dominant in non-differentiated/proliferative cells. The dashed line
indicates that PKC8/p386 signaling can reduce PRMT5 and MEP50 expression
to suppress pro-proliferation signaling.

cyte cell number in studies of monolayer cultures. Additionally,
staining of sections from the control, MEP50, and PRMT5
knockdown epidermal equivalents show fewer Ki67-positive
cells in the basal layer of MEP50 or PRMT5 knockdown cells
compared with the control equivalents. These data strongly
suggest that MEP50 and PRMTS5 are likely to have a physiolog-
ically meaningful role in controlling keratinocyte proliferation
in vivo.

In summary, we have shown that a PKC&/p386 cascade acti-
vates p53 interaction at the p21<"** promoter p53 response ele-
ments to increase transcription of the p21<'P* gene (Fig. 8).
p21<®! inhibits cyclin-dependent kinase activity to suppress
cell cycle progression and reduce cell proliferation (2, 31).
PRMTS5 and MEP50 act to antagonize this action by arginine-
dimethylating proteins that are part of a p386 regulatory com-
plex to reduce p388 activity (20) and also act at the p21<"P* gene
level to arginine-dimethylate histones H3 and H4 to produce
closed chromatin and p21<®! gene silencing. This leads to
enhanced proliferation. We further show that activation of the
PKC&/p386 cascade by PKCo/p386 overexpression or TPA
treatment stimulates p21“"P* expression by three mechanisms
(Fig. 8). First, it acts by stimulating p53 binding to the p53
response elements in the p21<"P* promoter to increase tran-
scription. Second, it suppresses production of PRMT5 and
MEP50 mRNA and protein, leading to reduced arginine dimeth-
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ylation of histones H3 and H4 and derepression of p21<"P* gene
expression (Fig. 8). Third, loss of PRMT5-MEP50 reduces inhi-
bition of p38& kinase activity, strengthening the stimulus to
increase p21<'P! levels.
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