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Abstract

Protein arginine methyltransferase 5 (PRMT5) cooperates with methylosome protein 50 (MEP50) to arginine methylate 
histone H3 and H4 to silence gene expression, and increased PRMT5 activity is associated with enhanced cancer cell 
survival. We have studied the role of PRMT5 and MEP50 in epidermal squamous cell carcinoma. We show that knockdown 
of PRMT5 or MEP50 results in reduced H4R3me2s formation, and reduced cell proliferation, invasion, migration and tumor 
formation. We further show that treatment with sulforaphane (SFN), a cancer preventive agent derived from cruciferous 
vegetables, reduces PRMT5 and MEP50 level and H4R3me2s formation, and this is associated with reduced cell proliferation, 
invasion and migration. The SFN-dependent reduction in PRMT5 and MEP50 level requires proteasome activity. Moreover, 
SFN-mediated responses are partially reversed by forced PRMT5 or MEP50 expression. SFN treatment of tumors results 
in reduced MEP50 level and H4R3me2s formation, confirming that that SFN impacts this complex in vivo. These studies 
suggest that the PRMT5/MEP50 is required for tumor growth and that reduced expression of this complex is a part of the 
mechanism of SFN suppression of tumor formation.

Introduction
PRMT5 is a protein arginine methyltransferase which cata-
lyzes formation of symmetrically dimethylated arginine on 
a number of targets to modulate intracellular events (1,2). 
PRMT5 modulates EGFR-mediated ERK activation (3) and 
is required for p53 expression and induction of p53 targets 
(4). PRMT5 also binds to death receptor 4 (5), and is a com-
ponent of the androgen receptor cofactor complex where it 
positively modulates androgen receptor-driven transcription 
(6,7). PRMT5 also controls RNA processing, signal transduc-
tion and transcription (8–15), and participates in the assembly 
of repressor complexes on various eukaryotic promoters (16). 
Histones H3 and H4 are important PRMT5 targets and PRMT5-
dependent histone methylation is associated with increased 
cancer cell survival (11,17).

PRMT5 functions in conjunction with methylosome pro-
tein 50 (MEP50), a WD repeat (tryptophan-aspartic acid)-con-
taining protein cofactor, that is required for PRMT5 activity 
(18,19). Elevated MEP50 and PRMT5 expression is associated 
with cancer development (20–24). We have shown that PRMT5 
inhibits MAPK-dependent differentiation in normal human epi-
dermal keratinocytes (25), a phenotype consistent with a role 
in enhancing cell survival. However, the impact of PRMT5 on 
epidermal squamous cell carcinoma has not been adequately 
explored.

Sulforaphane (1-isothiocyanato-4-(methylsulfinyl) butane, 
SFN) is a natural isothiocyanate derived from cruciferous veg-
etables and is an important cancer prevention agent (26). SFN 
is particularly appealing as a cancer prevention and treatment 
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agent, as it is highly bioavailable in blood and tissues and has no 
known side effects (27–31). SFN suppresses skin cancer devel-
opment and is regarded as an important potential skin cancer 
prevention/treatment agent (32–37). SFN is known to suppress 
activity of several epigenetic regulators leading to reduced cell 
survival, but its impact on PRMT5/MEP50 has not been explored.

In the present study, we examine the role of PRMT5 and 
MEP50 in epidermal squamous cell carcinoma. We show that 
PRMT5 or MEP50 knockdown reduces cell proliferation, invasion 
and migration, and tumor formation. SFN treatment reduces 
PRMT5 and MEP50 level via a mechanism that involves protea-
some degradation and this reduction is required for suppression 
of cancer cell proliferation and invasion. Moreover, treatment of 
tumor xenografts with SFN reduces MEP50 level and H4R3me2s 
formation, showing that SFN impacts this complex in vivo. These 
studies suggest that the PRMT5/MEP50 is required for optimal 
squamous cell carcinoma formation and that a reduction in 
level/function of these proteins occurs in response to SFN treat-
ment. Thus, PRMT5/MEP50 is an important epigenetic cell sur-
vival regulatory complex that may be a SFN cancer prevention 
target.

Materials and methods

Chemicals and reagents
R, S-Sulforaphane (SFN, #S8044) was purchased from LKT Laboratories 
(St. Paul, MN) and dimethyl sulfoxide was purchased from Sigma. SFN 
was dissolved in DMSO at a stock concentration of 100 mM and stored 
at −20°C. Matrigel (354234) and BD Biocoat cell inserts (353097) were pur-
chased from BD Biosciences. Rabbit monoclonal antibody specific for p44/
MEP50 (2823) was purchased from Cell Signaling Technology (Danvers, MA) 
and mouse polyclonal antibody specific for PRMT5 (sc-376937) was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-H4R3me2s 
(ab5823), anti-H3 (ab12209) and anti-H4 (ab10158) were purchased from 
Abcam (Cambridge, MA). Anti-H3R8me2s was obtained from Thermo 
Scientific (PA5-27039, Rockfored, IL). Peroxidase-conjugated anti-mouse 
IgG (NXA931) and peroxidase conjugated anti-rabbit IgG (NA934V) were 
obtained from GE Healthcare. Mouse monoclonal β-actin antibody (A5441) 
and lactacystin were purchased from Sigma. Control-siRNA (D-001206-13-
05), MEP50-siRNA (M-006895-01-0005) and PRMT5-siRNA (M-015817-02-
005) were obtained from Dharmacon.

Cell culture, plasmids and viruses
Human squamous cell carcinoma cell line SCC-13, epidermoid carci-
noma cell line A431 and HaCaT cells were purchased from American Type 
Culture Collection (ATCC, Rockville, MD). The cells were maintained in 
high glucose DMEM (Gibco, 11960-044) supplemented with 2  mM l-glu-
tamine, 1  mM sodium pyruvate, 100 U/ml penicillin, 100  μg/ml strepto-
mycin and 5% fetal bovine serum (Sigma, St.Louis, MO). All cell lines were 
authenticated.

PRMT5 and MEP50 knockdown cell lines
SCC-13 cells (1  ×  105) were allowed to attach overnight in 24-well clus-
ter plates and then infected with PRMT5- or MEP50-shRNA encoding len-
tivirus in serum-free growth media for 24 h at 37°C. The PRMT5 shRNA 
(TRCN0000303447) and MEP50 shRNA (TRCN00000727810) lentiviral 
transduction particles were obtained from Sigma–Aldrich. The serum-
free growth media contained 8 μg/ml polybrene. The medium was then 
replaced with 5% fetal calf serum supplemented with growth media and 
near-confluent cells were harvested, plated at low density in 100  mm 
dishes and selected for 2 weeks in the presence of 1  μg/ml puromycin. 

These cells were then infected a second time with the same virus and 
reselected. The resulting cells are a nonclonal population of cells called 
SCC13-PRMT5-shRNA2 and SCC13-MEP50-shRNA2. A  control cell line 
(SCC13-Control-shRNA) was derived by double infection with control-
shRNA (scrambled) lentivirus (Sigma–Aldrich, SHC001V).

Electroporation and cell proliferation assay
The AMAXA electroporator and VPD-1002 nucleofection kit were used 
for keratinocyte electroporation. Cells were harvested with trypsin and 
replated 1 day prior to electroporation. The cells were then re-harvested 
with trypsin, and 1 million cells were electroporated by suspension in 
100 μl of keratinocyte nucleofection solution containing 3 μg of control-, 
MEP50-, or PRMT5-siRNA. The mixture was gently mixed, transferred to 
the electroporation cuvette and electroporated using the T-018 setting. 
Warm DMEM (500 μl) was added, followed by transfer to a 55 cm2 dishes 
containing 10 ml of DMEM. The cells were maintained for various time 
points before the extracts were prepared for mRNA or protein analysis. 
This method achieves electroporation efficiencies of >90% (38). In some 
cases, cells were double-electroporated. This involved an initial electropo-
ration with 3 μg of appropriate siRNA, recovery in culture for 48 h, a repeat 
electroporation with 3 μg of siRNA, and 24 h of recovery in culture. In some 
experiments, cells were electroporated with 1–3  μg of empty vector or 
expression plasmids encoding MEP50 or PRMT5.

Immunoblot analysis
Subconfluent cultures of SCC-13, A431 and HaCaT cells were treated with 
0 or 20 μM SFN and after 24 h washed with PBS followed by lysis in 20 mM 
Tris–HCl (pH 7.5) containing 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% 
Triton X-100, 2.5  mM sodium pyrophosphate, 1  mM glycerophosphate, 
1 mM sodium vanadate, 1 μg/ml leupeptin (Cell Signaling, 9803) and 1 mM 
phenylmethylsulphonylfluoride. Protein concentration was determined 
by Bradford assay. Equal amounts of protein were electrophoresed on a 
10% denaturing polyacrylamide gel and transferred to nitrocellulose. The 
membranes were blocked with 5% skimmed milk in Tris-buffered saline 
(pH 7.5) containing 0.1% Tween 20 for 1 h. Subsequently, the blots were 
incubated overnight with primary antibody (p44/MEP50 1:1000, PRMT5 
1:1000, β-actin 1:1000) followed by an appropriate horseradish peroxidase-
conjugated secondary antibody for 2  h. Antibody binding was detected 
using chemiluminescence (Amersham Biosciences).

Quantitative RT-PCR
Cells were treated with vehicle or SFN as described above. After 24 h, total 
RNA was isolated using Illustra RNAspin Mini Kit (GE Healthcare) and 1 μg 
RNA was used for cDNA synthesis. Gene expression was measured by 
real time PCR using Light Cycler 480 SYBR Green I Master Mix (04-707 516 
001)  from Roche Diagnostics. The signals were normalized using cyclo-
phillin A control primers. The gene specific primers used for detection of 
mRNA levels were as follows: p44/MEP50 (forward, 5′-TTG CTC AGC AGG 
TGG TAC TGA GTT; reverse, 5′-AAT CTG TGA TGC TGG CTT GGG ACA), 
PRMT5 (forward, 5′-TGA GGC CCA GTT TGA GAT GCC TTA; reverse, AGT 
AGC CGG CAA AGC CAT GTA GTA) and cyclophilin A (forward, 5′-CAT CTG 
CAC TGC CAA GAC TGA; reverse, 5′-TTC ATG CCT TCT TTC ACT TTG C).

Immunostaining
SCC-13 cells, on coverslips, were fixed for 20 min in phosphate-buffered 
saline containing 4% paraformaldehyde. The cells were then permeabi-
lized with −20°C methanol and incubated with the appropriate primary 
and secondary antibody for 1  h each. The cells were 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 microscope was used to visualize fluorescence. The skin 
malignant tissue array BC21014 was obtained from Biomax. MEP50 anti-
body (catalog no. ab5772) staining was detected using an appropriate bioti-
nylated secondary antibody obtained as part of the mouse IgG Vectastain 
ABC kit (catalog no. PK-6102, Vector Laboratories, Burlingame, CA).

Cell invasion assay
Matrigel was diluted in 0.01  M Tris–HCl/0.7% NaCl, filter sterilized and 
0.1 ml was added to the BD BioCoat cell inserts and permitted to solidify 
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for 2 h. For assay, the matrigel-coated wells were seeded with 25 000 cells 
in growth media supplemented with 1% FCS. Growth media, contain-
ing 10% FCS, was added to the lower chamber as an attractant, and the 
cells were incubated for 0–24 h at 37°C. The following day, cells that had 
migrated to the bottom of the membrane were fixed with 4% paraform-
aldehyde for 10 min, and then stained in 1 μg/ml DAPI for 10 min. The 
underside of the membrane was photographed with an inverted fluores-
cent microscope to count the number of nuclei per ×10 field.

Cell migration assay
SCC-13 cells (2 million) were plated on 10 cm dishes in growth media and 
allowed to attach overnight. Once confluent, a 10 μl pipette was used to 
create a wound and the released cells were removed. Fresh growth media 
was added and the cells were treated with an appropriate concentration 
of SFN and images were taken at 0–20 h (×10 magnification) to determine 
the extent of wound closure.

Tumor xenograft assays
Monolayer-derived cells were harvested with trypsin to prepare a single 
cell suspension. These cells were resuspended in phosphate buffered 
saline containing 30% Matrigel and 100 μl containing 0.4 million cells was 
injected subcutaneously at the two sites in each front flank of each of five 
female 6-week old NOD scid IL2 receptor gamma chain knockout mice 
(NSG mice) per group using a 26.5 gauge needle. Tumor growth was moni-
tored by measuring diameter and calculating the tumor volume using the 
formula, volume = 4/3π × (diameter/2)3. Tumors were photographed and 
samples were harvested for immunostaining and immunoblot. Animal 
studies were conducted with approval of the Institutional Animal Care 
and Use Committee. Statistics were calculated using the t-test.

Results

MEP50 expression in squamous cell carcinoma

Recent studies show that MEP50 is expressed in cancer cells and 
is present in both the cytoplasm and nucleus (39,40). To localize 
MEP50 in squamous cell carcinoma tumor sections, we stained 
paraffin embedded squamous cell carcinoma tumor specimens 
and stained with anti-MEP50. Figure 1A identifies MEP50 as pre-
sent in both the cytoplasm and nucleus in sections from a scalp-
derived epidermal squamous cell carcinoma. Moreover, elevated 
MEP50 expression was observed in a large panel of squamous 
cell carcinoma sections derived from the Biomax Skin Tumor 
Array (not shown). The epithelial cells of the tumor display 
intense staining as compared to surrounding connective tissue. 
We next assessed the distribution in cultured cells. Figure  1B 
identifies MEP50 in both nuclear and cytoplasmic locations in 
SCC-13 epidermal squamous cell carcinoma cells, a distribution 
that is consistent with that observed in lung cancer cells (39,40).

MEP50 regulation of SCC-13 cell proliferation, 
invasion and migration

To assess the functional role of MEP50, tumor cells were double-
electroporated with control-, MEP50- or PRMT5-siRNA to reduce 
levels of these targets. Figure  1C shows that MEP50 or PRMT5 
knockdown reduces cell number. H4R3me2s is a biological marker 
of MEP50/PRMT5 action (2,41). As anticipated, knockdown of MEP50 
or PRMT5 reduces H4R3me2s formation (Figure  1D). To test the 
effect of long-term PRMT5 and MEP50 silencing, we created stable 
knockdown cells using MEP50- or PRMT5-shRNA encoding lenti-
viruses. Figure 1E confirms the reduction in MEP50 and PRMT5 in 
the respective cell lines and an associated reduction in H4R3me2s 
formation. Interestingly, formation of H3R8me2s, another histone 
mark associated with PRMT5 activity, is not altered. We next exam-
ined the impact of reduced MEP50 or PRMT5 on biological endpoints. 
Figure  1F confirms that MEP50 and PRMT5 knockdown cell lines 
proliferate at a slower rate compared to the control-shRNA cells.

Enhanced tissue invasion/metastasis and migration are hall-
marks of cancer cells (42). We therefore examined the impact 
of MEP50 and PRMT5 knockdown on invasion and migration. 
Figure 1G and H shows that transient or stable MEP50 or PRMT5 
knockdown reduces matrigel invasion. To monitor the impact of 
PRMT5 and MEP50 on migration, uniform wounds were created 
in confluent cell monolayers and ability of the cells to migrate 
to close the wound was monitored. Figure 1I shows that loss of 
PRMT5 or MEP50 reduces wound closure. These studies suggest 
that MEP50 and PRMT5 are required for optimal cancer cell pro-
liferation, invasion and migration.

PRMT5 and MEP50 impact on tumor formation

We next assessed whether PRMT5 and MEP50 are required 
for tumor formation. Control or PRMT5 or MEP50 knockdown 
cell lines were injected into each front flank in NSG mice and 
tumor formation was monitored over 3 weeks. PRMT5 or MEP50 
knockdown produced a remarkable 80–90% reduction in tumor 
volume (Figure 2A). The tumor images reveal a marked reduc-
tion in vascularization as evidenced by the reduced redness. 
Immunoblot reveals that MEP50 knockdown cells, derived from 
tumors, show the expected reduction in MEP50 and a substan-
tial reduction in H3R8me2s formation (Figure  2B). In contrast, 
the PRMT5 knockdown cells show a partial reduction in PRMT5 
level accompanied by substantial reduction in MEP50 level, and 
H3R8me2s and H4R3me2s formation.

PRMT5 and MEP50 are novel SFN targets

SFN is an important diet-derived cancer prevention agent 
(26,43–45). We have previously shown that SFN reduces skin 
cancer cell survival (32); however, it is not known whether 
reduced MEP50 and PRMT5 activity are associated with or 
required for SFN reduction of tumor formation. Figure  3A 
and B shows that SFN suppression of SCC-13 cell number is 
associated with reduced PRMT5 and MEP50 level, and reduced 
H4R3me2s formation. In contrast, SFN treatment does not 
markedly reduce H3R8me2s formation (Figure  3B). To gain 
insight regarding the mechanism of MEP50 and PRMT5 reduc-
tion, we studied the impact of SFN treatment on MEP50 and 
PRMT5 mRNA. SFN treatment did not result in any substan-
tive change in MEP50 or PRMT5 mRNA levels, suggesting an 
absence of regulation (Figure 3C). Thus, SFN regulates PRMT5 
and MEP50 at the protein level. To assess this further, we 
treated cells with SFN in the presence of 0 or 0.75 μM lactacys-
tin, an inhibitor of proteasome activity. Lactacystin stabilizes 
PRMT5 and MEP50, suggesting that SFN promotes proteasome-
dependent degradation of these proteins (Figure 3D). We next 
examined the impact of SFN treatment on biological end-
points, including cell invasion and migration. Figure 3G shows 
that SFN treatment reduces PRMT5 and MEP50 level and that 
this is associated with reduced tumor cell invasion and migra-
tion (Figure 3E and F).

SFN reduces MEP50 and H4R3me2s level in vivo

If loss of MEP50 or PRMT5 function is required for SFN suppres-
sion of tumor formation, than SFN treatment should reduce the 
level of these proteins in tumors. To test this, SCC-13 cells were 
injected into each front flank in NSG mice and treatment was 
initiated with 0 or 10  μmole SFN per treatment administered 
by oral gavage on three alternate days per week. Tumor volume 
was monitored at 1, 2 and 3 weeks. Figure 3H and I shows that 
SFN treatment reduces tumor growth. To assess the impact of 
SFN treatment on MEP50 and PRMT5 levels, we prepared tumor 
extracts for immunoblot. Figure  3J shows that SFN treatment 
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Figure 1. MEP50 and PRMT5 are required for SCC-13 proliferation and migration. (A) Skin cancer tissue array was stained with anti-MEP50 and binding was visualized 

using a peroxidase-conjugated secondary antibody. The section shown is from a scalp squamous cell carcinoma. Bar = 10 μm. Similar staining patterns were observed 

in 50 distinct cancer samples (not shown). (B) SCC-13 cells were seeded on coverslips and localization of endogenous MEP50 was visualized. The cells were fixed and 

co-stained with DAPI (blue) and anti-MEP50 (green). Similar results were observed in each of three experiments. The staining indicates distribution in the nucleus and 

cytoplasm. (C) SCC-13 cells were double electroporated with control-, MEP50- or PRMT5-siRNA, and then 15 000 cells were plated per well. After an overnight attach-

ment, cell number was determined (day zero) and at the indicated times thereafter. The values are mean ± SEM (n = 3). The asterisks indicate a significant difference 

(P < 0.005). (D) Immunoblot confirms a reduction in MEP50 and PRMT5 and reduced H4R3me2s level in cultures treated with the indicated siRNA. (E) SCC-13 cell lines 

stably expressing control-, MEP50- and PRMT5-shRNA were tested for detection of MEP50, PRMT5, H4R3me2s, H3R8me2s and the total histone. Similar results were 

obtained in each of the three experiments. (F) The stable cell lines were plated at a low density of 15 000 cells/well. After overnight attachment, cell number was deter-

mined (day 0) and at the indicated times thereafter. The values are mean ± SEM (n = 3). The asterisks indicate a significant difference (P < 0.005). (G) SCC-13 cells were 

double electroporated with the indicated siRNA and 25 000 cells were seeded on a matrigel layer in the upper well of a Transwell chamber and cell migration to the 

lower chamber was monitored over a 24 h period. Values are mean ± SEM (n = 3, P < 0.001). (H) The indicated cell lines were seeded on a matrigel layer in the upper well 

of a Transwell chamber (20 000 cells per well) and cell migration to the lower chamber was monitored at 24 h. Values are mean ± SEM, n = 3 (P < 0.001). (I) The cell lines 

were grown to confluence, uniformly wounded, and migration to close the wound was monitored over 0–18 h.
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does not impact PRMT5 or H3R8me2s level, but that it does sub-
stantially reduce MEP50 level and H4R3me2s formation.

PRMT5 and MEP50 can partially reverse the 
SFN effect

If SFN reduction of tumor cell function requires loss of PRMT5/
MEP50, maintaining expression of these proteins in SFN-
challenged cells should partially reverse SFN biological activity. 
To test this, we forced maintenance of PRMT5 and then treated 
with SFN. Figure 4A shows that it is difficult to elevate PRMT5 
level using an expression vector in SFN-treated cells, probably 
because SFN produces a strong proteasome-related stimulus 
to decrease the level of these proteins. However, PRMT5 level 
is slightly elevated and this is associated with increased MEP50 
level and increased H3R8me3s and H4R3me2s formation.

As shown in Figure 4B, forced expression of PRMT5 does not 
reverse SFN suppression of cell proliferation. However, forced 
expression did partially reverse the SFN suppression of invasion 
and migration. Figure  4C and D shows that forced MEP50 and 
PRMT5 expression partially attenuates SFN suppression of cell 
invasion and migration, and that combined MEP50/PRMT5 expres-
sion is more effective. These findings suggest that PRMT5/MEP50 
reduction is required for SFN to suppress invasion and migration.

SFN impact on MEP50 and PRMT5 in other skin-
derived cell lines

In order to assess the impact of SFN dependent regulation of 
MEP50 and PRMT5 in other skin-derived immortalized and trans-
formed cells, we treated A431 and HaCaT cell lines with SFN. It is 
interesting that SFN does not regulate PRMT5 and MEP50 mRNA 
level in SCC-13 cells (Figure 3C), but it does suppress mRNA level 
in HaCaT and A431 cells (Figure 5A and B). This is associated with 
reduced MEP50, PRMT5 and H4R3me2s levels in HaCaT cells, 
and reduced MEP50, PRMT5, H4R3me2s and H3R8me2s levels in 

A431 cells. We also show that inhibition of proteasome activity 
partially reverses the SFN-dependent reduction in MEP50 and 
PRMT5 (Figure 5C). As shown in Figure 5D, forced expression of 
MEP50 or PRMT5 partially reverses SFN suppression of A431 and 
HaCaT cell invasion, and combined expression of MEP50/PRMT5 
is the most effective. Figure 5E shows that MEP50/PRMT5 com-
bined expression also reverses SFN suppression of cell migra-
tion. These findings suggest that loss of PRMT5 and MEP50 is 
required for SFN to suppress invasion and migration.

Discussion

PRMT5/MEP50 and cancer

Protein arginine methyltransferases transfer methyl groups from 
S-adenosylmethionine to the guanidine nitrogen of arginine in 
proteins (1). PRMT1, 2, 3, 4, 6 and 8 are Type I, while PRMT5 is a 
type II enzyme. Type I enzymes catalyze asymmetric dimethyl-
arginine formation, and type II enzymes catalyze formation of 
symmetric dimethylarginine (46). Many of these enzymes display 
a limited tissue-specific distribution, but PRMT5 is expressed in 
many cell types (2). PRMT5 catalyzes symmetric dimethylation 
of arginine 3 on histone H2A and H4 (H2AR3me2s, H4R3me2s), 
and arginine 8 on histone H3 (H3R8me2s) (8,11,47), and these 
events are associated with silencing of gene expression (48).

PRMT5 and MEP50 have been established as having an 
important role in cancer cell survival, suggesting that they rep-
resent important cancer prevention targets. MEP50, a WD40 
repeat-containing protein, directly binds and activates PRMT5 
methyltransferase activity by enhancing affinity of the complex 
for substrate (18,19). The PRMT5/MEP50 complex is implicated in 
cancers including ovarian, lung, lymphoid, lymphoma, glioblas-
toma, melanoma, colon, gastric, bladder cancer and germ cell 
tumors (15,21,49–57). For example, decreased patient survival is 
associated with elevated PRMT5 in ovarian cancer (51), elevated 

Figure 2. PRMT5 and MEP50 impact tumor formation. (A) 0.4 million cells from each of the control-, MEP50- and PRMT5-shRNA cell lines were injected subcutaneously 

in the two front flanks in NSG mice. Tumor growth was monitored by measuring the diameter over 3 weeks. The values are mean ± SEM (n = 3). The asterisks indicate 

a significant difference (P < 0.005). Representative tumors from each group were photographed at 3 weeks. (B) The tumors were harvested at 3 weeks for immunoblot 

detection of the indicated markers.
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Figure 3. PRMT5 and MEP50 are SFN targets. (A) SFN reduces proliferation in SCC-13 cells. SCC-13 cells were treated with increasing doses of SFN for 24 h. The values 

are the mean ± SEM, n = 3. The asterisks indicate a significant difference (P < 0.005). (B) SFN suppresses MEP50 and PRMT5 protein levels and activity. SCC-13 cells were 

treated with 0–20 μM SFN for 24 h. Lysates were then collected for immunoblot. (C) SFN does not regulate MEP50 or PRMT5 mRNA level. SCC-13 (0.5 million) were treated 

with 20 μM SFN for 48 h and RNA was isolated for qRT-PCR detection of MEP50 and PRMT5 mRNA. The values are mean ± SEM, n = 3. (D) SFN reduces MEP50 and PRMT5 

level via a proteasome-dependent pathway. SCC-13 cells were treated with 0 or 20 μM SFN with or without 0.75 μM lactacystin for 24 h, and lysates were prepared 

for detection of PRMT5 and MEP50. Similar results were obtained from three independent experiments. (E) SCC-13 cells were harvested and plated (25 000 cells) on a 

matrigel-coated membrane, in a Millicell chamber, and 0 or 20 μM SFN was added. After 24 h, the membrane was collected and cell migration to the lower membrane 

surface was monitored using an inverted fluorescent microscope (mean ± SEM, n = 3, P < 0.005). (F) Confluent cultures of SCC-13 cells were uniformly wounded using 

pipette tip and then treated with 0 or 20 μM SFN and wound closure was monitored from 0 to 16 h. (G) SFN suppresses MEP50 and PRMT5 protein level. SCC-13 cells 

were treated with 0 or 20 μM SFN for 24 h. Lysates were collected for immunoblot detection of MEP50 and PRMT5. (H, I) SFN treatment reduces tumor volume growth. 

SCC-13 cells were injected into each front flank in NSG mice and treatment was initiated with 0 or 10 μmoles SFN per treatment administered by oral gavage on three 

alternate days per week. The values are mean ± SEM, n = 3. The asterisks indicate significant differences, P < 0.005. The tumors from the control and the SFN treated 

group were photographed at 3 weeks. (J) SFN regulates tumor levels of MEP50 and PRMT5. Extracts were prepared from control- and SFN-treated tumors at 3 weeks for 

immunoblot detection of the indicated proteins. Two representative tumors from each group are shown.
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PRMT5 and MEP50 expression is associated with reduced sur-
vival in nonsmall cell lung cancer (58), and MEP50 and PRMT5 
enhance lung cancer tumorigenesis (59). Mouse studies also 
support a role in cancer, as overexpression of PRMT5 in immune-
compromised mice causes tumor formation (55), and PRMT5 
knockdown reduces cell proliferation in breast and lung cancer 
(4,11,54) and melanoma cells (52).

PRMT5/MEP50 and histone arginine dimethylation

In the present study, we examine the role of PRMT5 and MEP50 in 
epidermal squamous cell carcinoma. PRMT5 catalyzes formation 
of H4R3me2s and H3R8me2s chromatin marks that are associated 
with silencing of gene expression (41). For example, PRMT5 cata-
lyzed H4R3me2s and H3R8me2s formation results in silencing of 
the RB1 gene (49). However, the literature indicates that it is not clear 
whether H3R4me2s and H4R8me2s formation always go hand-in-
hand or if the marks can be independently applied. For example 
PRMT5 catalyzes formation of H3R8me2s at the ST7 and NM23 gene 

promoters leading to repression; however, changes in H4R3me2s 
formation at these loci could not be detected (11). We monitored 
both marks and found that H4R3me2s and H3R8me2s formation 
depended upon environment. For example PRMT5 or MEP50 knock-
down in cultured SCC-13 cells results in reduced H4R3me2s for-
mation, but no change in H3R8me2s level. When SCC-13 cells are 
placed in mice for tumor formation, PRMT5 knockdown resulted in 
reduced H4R3me2s and H3R8me2s levels. In contrast, MEP50 knock-
down resulted in no change in H4R3me2s formation but a reduc-
tion in H3R8me2s level. Finally, SFN treatment of SCC-13 cell tumors 
resulted in a reduction in MEP50 and H4R3me2s, but no change in 
PRMT5 or H3R8me2s levels. These findings suggest that H4R3me2s 
formation is more frequently impacted, but that the level of either 
mark can be modulated in a context-dependent manner.

SFN control of PRMT5 and MEP50

SFN is an important candidate diet-derived cancer preven-
tion agent (44). It is a particularly important agent for this 

Figure 4. PRMT5 and MEP50 expression partially reverses SFN action. (A) SCC-13 cells were electroporated with empty vector (EV) or PRMT5 expression plasmid, plated 

in 100 mm dishes in growth medium and treated for 24 h with 0 or 10 μM SFN. Lysates were prepared for detection of the indicated proteins. (B) SCC-13 cells were 

electroporated with empty (EV) or PRMT5 expression vector and plated in 35 mm dishes in growth medium. The cells were then treated with 0 or 10 μM SFN and cell 

number was counted at 0 and 3 d. (C) SCC-13 cells were electroporated with empty (EV), MEP50 or PRMT5 expression vector and 25 000 cells were plated on matrigel 

in Millicell chambers and treated with 0 or 10 μM SFN. Migrated cells were counted at 24 h. (D) SCC-13 cells (2 million) were electroporated with empty, MEP50 and/or 

PRMT5 expression vector and then plated as confluent monolayers followed by addition of 0 or 10 μM SFN, and wound closure was monitored over 0–18 h.
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purpose, as it does not produce any known side effects, is readily 
ingested, and displays high bioavailability in mice and humans 
(27,29,60). Moreover, it has been shown to reduce skin cancer 
formation in several types of models (35,44,61). However, the 
mechanism of action is not well understood, and there is an 
ongoing effort to identify key molecular targets (26,32,61–63). 

In the present study, we show that SFN treatment reduces 
PRMT5 and MEP50 level, and that this is associated with a con-
sistent reduction in H4R3me2s formation. This reduction was 
observed in three independent cell lines, SCC-13, HaCaT and 
A431. However, it is interesting that the mechanism varied. In 
SCC-13 cells, SFN treatment reduced PRMT5 and MEP50 level 

Figure 5. SFN impacts MEP50 and PRMT5 level and activity in other skin-derived cells lines. (A, B) HaCaT and A431 cells were treated with 0 or 20 μM SFN for 48 h and 

protein and RNA samples were prepared for detection of the indicated mRNA and proteins. The values are mean ± SEM, n = 3, P < 0.005. (C) SFN suppression of MEP50 

and PRMT5 requires proteasome activity. A431 and HaCaT were treated with lactacystin (0.75 μM) and/or SFN (20 μM) and after 24 h, extracts were prepared for detec-

tion of the indicated proteins. (D) A431 or HaCaT cells were electroporated with empty (EV), MEP50 or PRMT5 expression vector, and 25 000 cells were plated on matrigel 

in Millicell chambers and treated with 0 or 10 μM SFN. Migrated cells were counted at 24 h. The values are mean ± SEM. The single asterisk indicates a significant 

reduction in EV + SFN treated versus EV cultures. The double asterisks indicate a significant increase as compared to the EV + SFN group (n = 3, P < 0.005). (E) A431 and 

HaCaT cells (2 million) were electroporated with empty (EV) or MEP50 + PRMT5 vectors, and then plated as confluent monolayers followed by addition of 0 or 10 μM 

SFN and wound closure was monitored over 0–18 h. 
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is a proteasome-dependent mechanism. In contrast, in HaCaT 
and A431 cells, SFN treatment reduced the level of PRMT5- and 
MEP50-encoding mRNA, suggesting a transcriptional regulatory 
mechanism, although a proteasome-dependent mechanism 
is also involved. We also confirm that forced vector-mediated 
PRMT5 or MEP50 expression partially reverses the impact of 
SFN, which suggests that loss of these proteins is required for 
optimal SFN suppression of cell survival. This is consistent with 
recent studies in other cell types, showing that these proteins 
influence multiple cellular processes (64).

PRMT5/MEP50, SFN and tumor formation

The results of in vitro experiments are always more compelling 
when confirmed by in vivo studies. We were particularly inter-
ested in the role of MEP50 in tumor formation, because, as noted 
below, our studies revealed a reduction in MEP50 in SFN-treated 
tumors. To study the role of MEP50 in vivo, we monitored the 
impact of MEP50 knockdown on tumor formation. These stud-
ies reveal a substantial reduction in tumor size for tumors 
derived from MEP50 knockdown cells, suggesting that MEP50 is 
required for maximal tumor growth. Moreover, this was asso-
ciated with a reduction in PRMT5 level and H3R8me2s, but no 
change in H4R3me2s formation. In contrast, PRMT5 knockdown 
resulted in a marked loss of MEP50 and a substantial reduction 
in H4R3me2s and H3R8me2s formation.

Another important finding is that SFN treatment reduces 
tumor size and that this is associated with reduced MEP50 level 
and reduced H4R3me2 formation. It is interesting that SFN treat-
ment does not reduce PRMT5 level. However, since MEP50 and 
PRMT5 form a heterotetramer of four MEP50 and four PRMT5 
subunits, and MEP50 is required for PRMT5 activity, the loss 
of MEP50 will clearly lead to reduced activity of the complex. 
This is evidenced by the reduction in H4R3me2s formation. SFN 
treatment also reduces PRMT5 and MEP50 levels in HaCaT and 
A431 cells. As in SCC-13 cells, MEP50 and PRMT5 loss is required 
for optimal SFN suppression of invasion and migration. This 
confirms that MEP50 and PRMT5 are SFN targets in multiple 
cell lines.

In conclusion, these studies suggest that the PRMT5/MEP50 
complex is required for optimal growth and survival of epi-
dermal squamous cell carcinoma cells and for optimal tumor 
formation. Additionally, the PRMT5/MEP50 complex is targeted 
as part of the mechanism responsible for SFN suppression of 
tumor formation. We further propose that PRMT5 inhibitors (65) 
may be useful for the treatment of epidermal squamous cell 
carcinoma.
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