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melanomagenesis through the SKI/SOX10 regulatory axis.

Introduction

Concerted regulation of posttranslational protein modification is
central to the maintenance of cellular homeostasis, and not sur-
prisingly, such modification is often deregulated in pathophysi-
ological conditions, including cancer. Ubiquitination and meth-
ylation are two of the many posttranslational modifications that
define the spatial and temporal regulation of cellular signaling.
Although we have a good mechanistic understanding of ubiquiti-
nation and methylation as individual modifications, the extent to
which they may control protein function by acting in concert is
poorly understood.

The linear ubiquitin chain assembly complex (LUBAC) is com-
posed of 3 structurally related proteins: HOIL-1 interacting protein/
RNF31 (HOIP), heme-oxidized IRP2 ligase 1L/RBCK1 (HOIL-1L),
and SHANK-associated RH domain-interacting protein (SHARP-
IN). LUBAC forms linear-type ubiquitin chains through methionine
1-glycine 76 linkages (1-3). Linear ubiquitination has been impli-
cated in the regulation of canonical NF-«B signaling; accordingly,
defects in this process are associated with inflammatory immune
disorders and cancer (4, 5). Similarly, altered expression of HOIP
or OTULIN, a linear ubiquitin chain-specific deubiquitinase, plays
a role in autoimmunity and lymphomagenesis (4, 6). Intriguingly,
SHARPIN is known to affect the activity of key signaling pathways,
as shown for glioma and prostate cancer cells (7). Given the high
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SHARPIN, an adaptor for the linear ubiquitin chain assembly complex (LUBAC), plays important roles in NF-kB signaling and
inflammation. Here, we have demonstrated a LUBAC-independent role for SHARPIN in regulating melanoma growth. We
observed that SHARPIN interacted with PRMTS5, a type |l protein arginine methyltransferase, and increased its multiprotein
complex and methyltransferase activity. Activated PRMT5 controlled the expression of the transcription factors SOX10

and MITF by SHARPIN-dependent arginine dimethylation and inhibition of the transcriptional corepressor SKI. Activation

of PRMT5S by SHARPIN counteracted PRMTS5 inhibition by methylthioadenosine, a substrate of methylthioadenosine
phosphorylase, which is codeleted with cyclin-dependent kinase inhibitor 2A (CDKN2A) in approximately 15% of human
cancers. Collectively, we identified a LUBAC-independent role for SHARPIN in enhancing PRMTS5 activity that contributes to

expression of SHARPIN in prostate, breast, and lung cancer, this
finding points to a potential LUBAC-independent role for SHARP-
IN in the growth and progression of certain cancer types (8, 9).

We identified PRMT5, a type II protein arginine methyl-
transferase, as a SHARPIN-binding protein. PRMT5 catalyzes
the monomethylation and symmetric dimethylation of arginine
(SDME-RG) in diverse substrates such as histones and nonhis-
tone proteins involved in transcription, splicing, and translation
as well as other cellular processes. PRMT5 was previously shown
to affect TP53, the eukaryotic translation initiation factor eIF4E,
the androgen receptor, and the epidermal growth factor receptor,
pointing to a potentially important role in cancer biology (10-12).
PRMTS5 is inhibited by 5'-O-methylthioadenosine (MTA), the sub-
strate of methylthioadenosine phosphorylase (MTAP), which is a
key enzyme in the methionine salvage pathway. Notably, MTAP is
codeleted with cyclin-dependent kinase inhibitor 2A (CDKN2A) in
approximately 15% of human tumors, resulting in MTA accumula-
tion and suppression of PRMTS5 activity. As a result, MTAP/CD-
KN2A-deleted tumors are sensitive to agents that inhibit residual
PRMTS5 activity (13-15).

Here, we investigated the significance and the implications of
SHARPIN-PRMTS5 binding for human melanoma. Our findings
strongly suggest a role for SHARPIN-PRMTS5 in the transcriptional
regulation of SOX10, PAX3, and MITF, 3 transcription factors that
play pivotal roles in melanomagenesis.

Results

SHARPIN expression and importance in melanoma. We examined
the expression of LUBAC components in multiple cancer types
and found that SHARPIN was upregulated in many cancers,
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Figure 1. SHARPIN is upregulated in melanoma. (A) Upper panel: SHARPIN transcript levels in diverse cancer types (red dots, n = approximately 169-
998, TCGA) and normal tissue (green dots, n = approximately 0-155) (2-tailed Mann-Whitney U test). Lower panel: HOIP, HOIL-1L, and SHARPIN transcript
levels in normal tissue (n = 7), benign nevi (n = 18), and melanoma (n = 45) (GDS1375 data set). One-way ANOVA with Dunnett’s test. (B) Immunoblot
(upper panel) and gPCR (lower panel) analysis of LUBAC components in melanocytes (NHEM) and the indicated melanoma cell lines. Tubulin was probed
as a loading control. gPCR data are presented as relative mRNA levels compared with NHEM cells. Data are representative results from 2 experiments.

**P < 0.005; ***P < 0.0005. NA, not applicable.

including melanoma, compared with normal or benign tissues
(Figure 1A and Supplemental Figure 1, A and B; supplemental
material available online with this article; https://doi.org/10.1172/
JCI95410DS]1). In addition, expression of SHARPIN, but not HOIL-
1L or HOIP, was elevated in most (13 of 16) human melanoma cell
lines examined compared with normal human melanocytes (Fig-
ure 1B and Supplemental Figure 1C), pointing to a possible role for
SHARPIN in melanomagenesis. Indeed, shRNA-mediated knock-
down (KD) of SHARPIN, and to a lesser extent HOIL and HOIP,
attenuated the growth of many but not all melanoma cell lines
(Figure 2, A and B, and Supplemental Figure 1D). The growth inhi-
bition was rescued by SHARPIN reexpression (Figure 2D and Sup-
plemental Figure 1G). Notably, KD of SHARPIN, but not of HOIP
or HOIL-1, further enhanced the inhibition of melanoma survival
and growth by etoposide treatment, even though NF-«B relocal-
ization and phosphorylation were equally inhibited by KD of each
protein (Supplemental Figure 1, E, F and H). These data support
a potential LUBAC/NF-kB-independent contribution of SHARP-
IN to melanoma growth, which was further substantiated by the
finding that expression of IkBaAN, a superrepressor of NF-«B, had
no effect on melanoma growth despite attenuating NF-kB activa-
tion (Supplemental Figure 1I). Importantly, melanoma growth in
vivo was also markedly attenuated by SHARPIN KD (Figure 2C
and Supplemental Figure 1J). Collectively, these observations sug-
gest that a LUBAC/NF-kB-independent function of SHARPIN is
important for the growth of a subset of melanomas.
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SHARPIN affects key melanoma signaling pathways. Ectopic
expression of SHARPIN led to upregulation of MITF, the master reg-
ulator of melanocyte biogenesis, as well as its upstream regulators
SOX10 and PAX3 and its downstream pigmentation gene targets
SILV,DCT, TYR,and MLANA (Figure 3A). Conversely, SHARPIN KD
in both human and mouse melanoma cells attenuated the expression
of these genes (Figure 3, B and C, and Supplemental Figure 2A), but
had no effect on CREB or ATF2 transcription factors, which have also
been implicated in the regulation of MITF (Supplemental Figure 2B)
(16, 17). Reexpression of SOX10 (Figure 3D), but not of PAX3 (data
not shown), in SHARPIN-depleted melanoma cells partially restored
colony formation and attenuated the reduction of MITF expression
(Supplemental Figure 2C), implicating SOX10 in SHARPIN-mediat-
ed control of melanoma growth. Our attempts to evaluate the effect
of MITF reexpression in SHARPIN KD melanoma cell lines were
inconclusive because MITF overexpression inhibited cell growth, as
observed previously (18). The effects of SHARPIN are unlikely to be
mediated via its reported regulation of PTEN (7), since SHARPIN
expression levels do not correlate with AKT activation and SHARP-
IN KD does not affect AKT activity in melanoma cells regardless of
their PTEN mutation status (Supplemental Figure 2, D and E). Thus,
SOX10 regulation represents a previously unknown mechanism of
SHARPIN-mediated control of melanoma cell survival and growth.

SHARPIN interacts with PRMT5. We performed liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) to identify
proteins that interact with SHARPIN in melanoma cells. These
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Figure 2. SHARPIN plays a role in melanoma growth. (A) Colony-forming efficiency (CFE) assay of melanoma cell lines expressing scrambled (Scr) or HOIP-,
HOIL-1L-, or SHARPIN-specific shRNA. Cells were seeded at 10°/well and incubated for 14 days. Upper panels show representative images on day 14, and
lower graph shows quantification of CFE (Image]). KD efficiency of each gene was confirmed with immunoblotting (see Supplemental Figure 1D). (B) CFE
assay of melanoma cell lines expressing scrambled or SHARPIN-specific sShRNAs (nos. 1, 2, and 3). Cells were seeded at 2.5 x 10°/well and analyzed as in

D. (C) Growth of WMT115 cells (4 x 10° cells) expressing scrambled or SHARPIN-specific sShRNA after subcutaneous injection into female nude mice. Tumor
volumes were measured at the indicated time points. Data are presented as mean + SD. n = 8 mice/group. Statistical significance was calculated using 2-way
ANOVA. (D) CFE assay of WM793 and WM35 cells treated as indicated in C except that SHARPIN was reexpressed (+ rescue) as indicated. Upper panel shows
representative images of colonies on day 14 after seeding at 10°/well. Lower graph shows CFE quantification on day 14. All quantitation data are presented
as mean + SD (n = 3). (A, B, D) Statistical significance was calculated using 1-way ANOVA and Dunnett’s test. *P < 0.05; **P < 0.005; ***P < 0.0005 (2-tailed

Student’s t test). (A and B) Data are representative of 3 experiments.

experiments identified not only HOIP and HOIL-1, which was
expected, but also a number of unreported proteins, including
PRMT5/MEP50 (Supplemental Table 1). SHARPIN binding to the
PRMTS5/MEP50 complex was confirmed through a series of coim-
munoprecipitations of endogenous proteins in melanoma cells
(Figure 4A and Supplemental Figure 3A). In addition, SHARPIN
coeluted with the PRMT5/MEP50 complex and with HOIP in gel
filtration fractions of melanoma cell lysates (Figure 4B and Sup-
plemental Figure 3B). Two-dimensional PAGE analysis also con-
firmed that SHARPIN was present in PRMT5 complexes (Figure
4C). To map the interacting domains in SHARPIN and PRMTS5,
we coexpressed V5-tagged PRMT5 with Flag-tagged SHARPIN

WT protein or mutants lacking 1 of the 3 major SHARPIN domains
(ubiquitin-binding domain [UBL], coiled-coil domain [CC], or
Npl4 zinc finger domain [NZF]). Coimmunoprecipitation experi-
ments showed that the SHARPIN UBL domain, but not the NZF or
CC domains, was required for interaction with PRMTS5 (Figure 4D
and Supplemental Figure 3C). Full-length HOIL-1L did not bind
to PRMTS5, despite the sequence similarity of the SHARPIN and
HOIL-1L UBL domains (Supplemental Figure 3D). These observa-
tions confirm that the SHARPIN UBL-PRMTS5 interaction is spe-
cific and suggest that it may depend on a conformation dictated by
proximal domains or by specific posttranslational modifications
(19) (Supplemental Figure 3D). HOIP, which is known to interact
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Figure 3. SHARPIN affects melanoma growth and survival through regulation of SOX10, PAX3, and MITF expression. (A) Pigmentation (upper panels),
immunoblot (lower panels), and gPCR (right panel) analysis of MITF and upstream/downstream regulatory proteins in WM115 or WM35 melanoma cells
overexpressing SHARPIN or a control empty vector (EV). qPCR data are presented as relative mRNA levels compared with control cells. (B) Immunoblot
(left panel) and gPCR (right panels) analysis of WM115 cells expressing scrambled or SHARPIN-specific siRNAs or shRNAs. Statistical significance was
calculated using Student’s t test (unpaired, 2 tailed, siRNA) or 1-way ANOVA and Dunnett's test (shRNA). (C) Immunoblot analysis of WM35, WM793
and WMT115 cells expressing scrambled or SHARPIN-specific sShRNAs. Arrow and NS indicate SHARPIN and nonspecific bands, respectively. (D) Immu-
noblot analysis and CFE assay of WM115 melanoma cells expressing scrambled or SHARPIN-specific sShRNA and ectopically expressing control or SOX10
(rescue). Middle and right panels show representative images of colonies and quantification of CFE 14 days after cells were seeded at 10°/well. CFE (ratio
to scrambled/control) was presented as mean + SD, and statistical significance was calculated using 2-way ANOVA and Tukey's test (n = 6 from 2 inde-
pendent experiments). All gPCR data are presented as mean + SD (n = 3).*P < 0.05; **P < 0.005; ***P < 0.0005 (2-tailed, Student’s t test). (A-D) Data

are representative of 2 experiments.

with the SHARPIN UBL domain, did not compete with PRMTS5 for
binding to SHARPIN (Supplemental Figure 3E). Experiments with
cells expressing differentially tagged N and C termini of PRMT5
demonstrated that both portions interacted with the UBL domain
of SHARPIN (Figure 4E and Supplemental Figure 3F). Notably,
these experiments also revealed that SHARPIN increases the
interaction between the N and C termini of PRMTS5, pointing to a
possible effect on intramolecular interactions in the PRMT5 com-
plex (20, 21) (Supplemental Figure 3G).

SHARPIN regulation of PRMT5 activity affects SOX10 and
MITF. Protein arginine methylation by PRMT5/MEP50 plays an
important role in epigenetic regulation of histones and transcrip-
tion factors (10). Although PRMTS5 has previously been shown to
affect MITF expression and melanoma growth (22), the under-
lying mechanisms were unknown. Therefore, we investigated
whether PRMTS5 plays a role in SHARPIN-mediated control of
SOXI10 and PAX3 transcription and melanoma growth. We first

jci.org  Volume128  Number1  January 2018

determined how binding to SHARPIN affects the methyltrans-
ferase activity of the PRMT5/MEP50 complex. KD of SHARP-
IN attenuated the enzymatic activity of PRMT5, as measured by
symmetric dimethylation of arginine (SDME-RG) on a histone
4 peptide substrate (Supplemental Figure 3H). Consistent with
this, expression of the PRMT5-regulated genes ST7 and RBL2,
but not NM23, was elevated upon SHARPIN KD. The increase in
ST7 expression was accompanied by reduced SDME of histone 4
arginine 3 (H4R3me2s) at the enhancer/promoter region (23, 24)
(Figure 4F). Of note, we did not observe global changes in SDME-
RG in histone H4 upon SHARPIN KD (Supplemental Figure 3I),
suggesting that SHARPIN regulation of PRMTS5 affects a selected
subset of target genes (e.g., ST7 but not NM23). Consistent with
this, SHARPIN KD and overexpression significantly decreased
and increased, respectively, SDME-RG of a subset of nonhistone
proteins (Figure 4G and Supplemental Figure 3J). In vitro assays
confirmed that methylation of H4 protein and H4 peptide by
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Figure 4. SHARPIN facilitates PRMT5 complex formation and enhances PRMT5 methyltransferase activity. (A) Immunoblot analysis of WM115 cell
lysates immunoprecipitated with normal rabbit 1gG, anti-PRMTS5, or anti-SHARPIN antibodies and blotted for PRMTS or SHARPIN. (B) Immunoblot
analysis of gel filtration fractions from WM793 lysates (3 mg protein). (C) 2D Blue Native-PAGE/SDS-PAGE analysis of WM793 lysates (40 pg/lane).
Asterisks indicate SHARPIN and PRMTS in the complex. (B) Immunoblot analysis of V5-immunoprecipitates from HEK293T cells expressing empty vector
or V5-tagged PRMTS5 and coexpressing Myc-tagged SHARPIN full-length (FL), NZF-deleted (ANZF), UBL deleted (AUBL), or Flag-tagged CC-deleted (ACC)
proteins. (E) Immunoblot analysis of Myc immunoprecipitates from HEK293T cells expressing empty vector or Myc-tagged full-length SHARPIN and
coexpressing Flag-tagged full-length PRMTS5, N terminus (N-term), middle region (middle), and C terminus (C-term). (F) gPCR analysis (left) of SHARPIN
and the PRMTS target genes ST7, RBL2, or NM23 in WM35 cells expressing scrambled or SHARPIN-specific ShRNA. ChIP analysis (right) of arginine-meth-
ylated histone H4 at the enhancer/promoter of ST7 or NM23 genes. WM35 cells expressing scrambled or SHARPIN-specific ShRNA were immunoprecipi-
tated with an anti-H4R3me2s antibody, and coimmunoprecipitated ST7 or NM23 promoter sequences were quantified by gPCR. (G) Immunoblot analysis
of WM793 or WM35 cells expressing scrambled or SHARPIN-specific ShRNAs (nos. 1and 3). (H) In vitro methylation of histone 4 by PRMT5/MEP50 after
preincubation with buffer or purified full-length or AUBL SHARPIN proteins. (1) Blue Native-PAGE gel of lysates from WM793 cells expressing scrambled or
SHARPIN-specific shRNAs (nos. 1and 3). Forimmunoblot/immunoprecipitation analyses, input indicates 5% of lysate. gqPCR data are presented as mean
+SD (n = 3). *P < 0.05; **P < 0.005; ***P < 0.0005, 2-tailed Student’s t test. (A-1) Data shown represents results of at least 2 independent experiments.

recombinant PRMT5/MEP50 was induced by full-length SHARP- PRMTS5 activity is regulated through various mechanisms,

IN, but not by the AUBL mutant protein (Figure 4H and Supple-
mental Figure 3, K and L). SOX10, PAX3, and MITF expression
were elevated upon ectopic expression of WT SHARPIN, but not
by expression of AUBL SHARPIN (Supplemental Figure 3M).

including multimerization, subcellular localization, association with
MEP50 and other cofactors, and posttranslational modification (20,
21). Since SHARPIN interacts with MEP50, but does not cooperate
or compete with it for binding to PRMT5 (Supplemental Figure 3,
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and MITF expression in WMT115 cells expressing empty vector (control), SHARPIN, or PRMTS expression plasmids and treated with TGF-f (20 ng/ml) for

0, 24, or 48 hours. (C) Immunoblot and gPCR analysis of WM115 cells transfected with scrambled (control) siRNA or SKI-specific SMARTpool siRNA. (D)
ChIP analysis of WMT115 cells expressing empty vector, SHARPIN, or PRMTS and treated with vehicle (Veh) or TGF-B (20 ng/ml) for 18 hours. ChIP analysis
was performed with anti-SKI antibody, and coimmunoprecipitated SOX10 or PAX3 promoter sequences were quantified by gPCR. (E) Immunoblot analysis
of SKI and p53 in WM115 cell lysates immunoprecipitated with normal rabbit serum (NRS) or SYM10 antibody. (F) Analysis as in E except WM115 cells
expressed scrambled or PRMT5-specific shRNA. (G) Immunoblot analysis of anti-Flag immunoprecipitates of A375 cells coexpressing WT, Arg8 mutated
(R8K), or Arg658/660 mutated (RR/KK) SKI with either PRMT5 or SHARPIN. Asterisks and arrowhead indicate SHARPIN and tubulin, respectively. (H)
Immunoblot analysis of anti-Myc immunoprecipitates of HEK293T cells expressing Myc-tagged SHARPIN and Flag-tagged WT, R8K mutant, or RR/KK
mutant SKI proteins. (1) Immunoblot analysis of IgG or anti-SKI immunoprecipitates of SK-Mel-28 cells. (J) ChIP analysis as in D of WM115 cells expressing
WT or R8K mutant SKI proteins. Lysates were immunoprecipitated with indicated antibodies. For immunoprecipitation analyses, input indicates 5% of
lysates. Statistical significance was calculated using 2-way ANOVA (Dunnett’s test, A and B) or 2-tailed Student's t test (C, D, J). Data are presented as

mean + SD (n = 3). *P < 0.05; **P < 0.005; ***P < 0.0005.

N-P) or affect PRMTS5 expression levels or cellular localization (Sup-
plemental Figure 3, Q and R), we asked whether SHARPIN influenc-
es the formation of PRMT5/MEP50 multiprotein complexes. In sup-
port of this possibility, there is biochemical and structural evidence
that PRMTS5 activity can be elevated by multiprotein complex forma-
tion (20, 21). This is consistent with our observation that SHARPIN
enhanced intramolecular interactions between the PRMT5 N and C
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termini (Supplemental Figure 3G) and that endogenous SHARPIN
coeluted with the endogenous PRMT5 complex (~500 kDaj; Figure
4, B and C, and Supplemental Figure 3B). Ectopic expression of
full-length SHARPIN, but not the AUBL mutant, in HEK293T cells
increased the levels of an approximately 500-kDa PRMT5-SHARP-
IN complex (Supplemental Figure 3S). Moreover, SHARPIN KD and
overexpression decreased and increased, respectively, levels of the
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Figure 6. SHARPIN regulation of PRMTS5 activity controls SOX10 expression and growth in MTAP-deleted human melanomas. (A) Expression of MTAP
and CDKN2A genes in melanoma patients (TCGA, n = 472). Green and red vertical lines indicate the cutoffs for classification as low-MTAP (n = 70) and
high-MTAP (n = 50) melanomas, respectively. The green horizontal line indicates the expression level in normal tissue (TCGA, n = 1). (B) Pearson’s correla-
tion coefficients for SHARPIN and SOX10 or SHARPIN and PAX3 expression in all (n = 472, blue), MTAP-low (n = 70, green), and MTAP-high (n = 50, red)
melanoma samples. (C) Immunoblot analysis of the indicated proteins in melanoma cells with high, medium, or low sensitivity to growth inhibition by
SHARPIN KD. (D) Immunoblot analysis (left upper) and colony-forming efficiency (lower) assay of WM35 cells expressing empty vector (control) or overex-
pressing SHARPIN. Cells were treated with vehicle (DOMSO) or MTA (100 uM) for 72 hours. For CFE, cells were seeded at 10%/well and colonies were visual-
ized and quantified (lower right) after 14 days in culture. PRMTS activity (upper right) was assessed in anti-PRMT5-immunoprecipitated cell lysates. The
guantitation data are presented as mean + SD. n = 3 (lower right). n = 6 (upper right). Statistical significance was calculated using 2-way ANOVA (Tukey’s
test). *P < 0.05; ***P < 0.0005. (C and D) Data shown represent at least 2 independent experiments.

PRMTS5 complex (Figure 41 and Supplemental Figure 3, T and U).
Thus, binding of SHARPIN to PRMT5 through the SHARPIN UBL
domain appears to enhance the formation or stabilization of PRMT5
multiprotein complexes, thereby increasing PRMTS5 activity and /or
substrate-specific methylation in melanoma cells.

We next determined whether SHARPIN regulation of PRMT5
activity affects the expression of SOXI10 and PAX3 genes. SOX10,
PAX3, and MITF expression were significantly reduced by PRMT5
KD (Supplemental Figure 3V) and upregulated upon ectopic expres-
sion of WT PRMT5, but not a catalytic mutant (E444Q) (Supplemen-
tal Figure 3X). Furthermore, PRMTS5 depletion inhibited the growth

of SHARPIN-sensitive WM35 cells (Supplemental Figure 3W), indi-
cating that PRMT5 KD phenocopies SHARPIN KD (Figure 2, A and
B). These observations suggest that the interaction between SHARP-
IN and PRMT5/MEP50 facilitates formation of multimeric com-
plexes. In turn, the increase in PRMTS5 activity upregulates SOX10
and PAX3 expression and promotes melanoma growth.
SHARPIN-PRMTS effect on SOX10 signaling is mediated by SKI.
To identify the protein or proteins that may mediate the PRMT5
effect on PAX3 and SOX10 expression, we examined the possible
involvement of the TGF- signaling pathway, which has been impli-
cated in the negative regulation of PAX3 and SOX10 (25, 26). Con-
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Figure 7. MTAP expression determines sensitivity to SHAPIN-mediated growth inhibition of melanoma.
(A) Immunoblot analysis and CFE assay of WM35 cells stably expressing empty vector or MTAP expression
plasmids plus scrambled or SHARPIN-specific ShRNA. Cells were seeded at 10°/well and colonies were visu-
alized and quantified after 14 days in culture. (B) Growth of WM35 cells (2.0 x 10° cells) injected subcutane-
ously into female nude mice. Stable WM35 transfectants expressing empty vector or MTAP were subjected
to KD with scrambled or SHARPIN-specific shRNA. Tumor volume (upper panel) and weight (lower panel)
were measured at the indicated time. Immunoblot analysis (right panel) was performed using represen-
tative tumor lysates from each group. Data are presented as mean + SD (at the end point of experiment).

n = 8 mice/group. Two-way ANOVA test (tumor volume) or Welch's test (tumor weight). (C) Cell growth/
viability (ATPlite, left panel) of A375 cells expressing scrambled or SHARPIN shRNA, and then treated with
indicated amount of MTA for 5 days. KD efficiency of SHARPIN was analyzed with gPCR (right panels). (D)
As in C, gPCR analysis (left) and growth/viability assay (ATPlite, right) of A375 cells expressing shRNAs,
scrambled, shSHARPIN, and/or shMTAP. (E) CFE assay of A375 cells expressing scrambled, SHARPIN, or
MTAP (nos. 1and 5) shRNAs. Cells (2.5 x 10°/well) were seeded and cultured for 14 days. Colonies were
visualized and quantified (Image)). All quantitation data and gPCR data are presented as mean + SD (n =
3). Statistical significance was calculated using 1-way (D, left) or 2-way (A and B, D, right, E) Tukey's test. *P
< 0.05; **P < 0.05; ***P < 0.0005. (A, C-E) Data represent results from 2 to 3 independent experiments.
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sistent with earlier reports, treatment of melanoma cells with TGF-f
reduced SOX10 and PAX3 expression in a dose-dependent manner
(Supplemental Figure 4A). KD of SHARPIN, but not of HOIP or
HOIL-1L, reduced the activity of a TGF-p-driven (CAGA)9-lucif-
erase reportet, suggesting that SHARPIN may negatively regulate
TGF-B-dependent signaling (Figure 5A). Indeed, ectopic expres-
sion of either SHARPIN or PRMT5 overcame the TGF-p-mediated
repression of SOX10, PAX3, and MITF (Figure 5B). Because the
TGF-B pathway components SKI and SNO are thought to regulate
SOX10 and PAX3 expression and have been shown to interact with
PRMTS5 (25, 27), we examined SKI/SNO involvement in SHARP-
IN-PRMTS5 regulation of gene expression. SKI KD increased the
basal expression levels of SOX10, PAX3, and MITF (Figure 5C), and
conversely, ectopic expression of WT SKI, but not SKI carrying a
defective nuclear localization signal (28), decreased SOX10, PAX3,
and MITF mRNA and protein levels (Supplemental Figure 4B).
Consistent with these findings, ectopic expression of SHARPIN and
PRMTS5 inhibited SKI recruitment to SOX10 and PAX3 enhancers/
promoters following TGF- stimulation (Figure 5D).

To determine whether SKI mediates the PRMT5-dependent
effects on SOX10 and PAX3, we first examined their interactions.
SKI was present in PRMT5 immunoprecipitates from HEK293T
cells (Supplemental Figure 4C) and coeluted with the PRMT5 com-

plex and SHARPIN upon gel filtration of cell lysates (Supplemental
Figure 4D). Immunoprecipitation of melanoma cells with antibod-
ies specific for SDME-RG-containing proteins detected SKI (Fig-
ure 5E) and p53, consistent with previous reports (11). Moreover,
arginine methylation of SKI was decreased following PRMT5 KD
(Figure 5F). Although ectopic expression of PRMT5 in HEK293T
cells slightly increased SKI methylation, we could not detect SKI
methylation by PRMTS5 in vitro (Supplemental Figure 4E). Howev-
er, methylated SKI was detected in immunoprecipitates from cells
expressing both SKI and SHARPIN, supporting a role for SHARPIN
in SKI methylation (Supplemental Figure 4F). PRMT5 methylates
arginine residues located in GRG motifs, of which 2 are present in
SKI (R8 and R658/660, Supplemental Figure 4G) (29). Mutation of
R8, but not of R658/660, attenuated SKI methylation in melanoma
cells expressing SKI and SHARPIN, but not SKI and PRMTS5 (Figure
5G). Although SHARPIN can bind to SKI regardless of its arginine
mutation status (Figure 5, H and I), we observed that coexpression
of SHARPIN with the R8 SKI mutant, but not with WT or R658/660
mutant SKI, decreased SOX10 and, to a lesser degree, PAX3 expres-
sion (Supplemental Figure 4, H and I).

Since super-enhancer marks (H3K27ac) have been demon-
strated at the SOXI0 gene in zebrafish and human melanoma
cells (30), we tested whether arginine mutations could affect

jci.org  Volume 128  Number1 January 2018



RESEARCH ARTICLE

SKI repressor activity. For this, we expressed WT or R8 mutant
SKI and examined (i) their recruitment to the SOX10 and PAX3
enhancers, (ii) HDAC activity, (iii) histone acetylation (H3K27ac),
and (iv) cooccupancy of BRD4 (31-33). These studies revealed
that, compared with WT SKI, R8 mutant SKI displayed enhanced
recruitment at the SOX10 and PAX3 enhancers, increased HDAC,
reduced H3K27ac, and reduced BRD4 recruitment (Figure 5J).
These observations suggest that PRMTS5 affects SOX10 and PAX3
expression by altering SKI repressor function.

SHARPIN-PRMTS5 effect is important in SOXI10 expression and
melanoma growth in tumor with MTAP deletion. PRMTS5 expression
is upregulated in human melanoma tissues, and high expression is
significantly associated with poorer overall survival (P = 0.00045;
Supplemental Figure 5, A and B). As mentioned, PRMTS5 activity
has been linked to the growth of tumors with deletion of MTAP (13,
34), leading to accumulation of its substrate MTA, which represses
PRMTS5 activity (13-15). As inhibition of the remaining PRMT5
activity in such tumors sensitizes them to cell death, we investi-
gated the correlation between SHARPIN and PRMTS5 activity in
MTAP-deleted human melanomas.

Analysis of SHARPIN and SOX10 mRNA levelsin alarge cohort
of human patient melanoma specimens (The Cancer Genome Atlas
[https://cancergenome.nih.gov/], n = 472) revealed that SHARPIN
expression correlated strongly with SOX10 expression (r = 0.572,
P < 0.0001, n = 472), but not with PAX3 expression (Figure 6, A
and B). Interestingly, when we analyzed subsets of melanoma cat-
egorized as having low (n = 70) or high (n = 50) MTAP expression
(Figure 6A), we found that SHARPIN expression was strongly cor-
related with both SOX10 and PAX3 levels in MTAP-low melanomas
(r=0.458, P < 0.0001; r = 0.267, P = 0.026, respectively), but not
in MTAP-high melanomas (v = 0.111, P = 0.444; r= 0.053, P= 0.717,
respectively, Figure 6B). Likewise, a strong correlation between
PRMTS5 and PAX3 expression was found in the MTAP-high group
(r = 0.576, P < 0.0001; Supplemental Figure 5C), but not in the
MTAP-low group (r = 0.131, P = 0.279). As PRMTS5 levels did not
correlate with SOX10 expression in any of the melanoma groups,
SOX10 and PAX3 expression may be differently regulated by
MTAP (Supplemental Figure 5C). High SHARPIN expression was
frequently observed in normal/low-MTAP melanomas, suggesting
an inverse relationship between SHARPIN and MTAP expression
and possibly PRMTS5 activity (Supplemental Figure 5D).

Since subsets of human melanoma cells showed differential
sensitivity to SHARPIN and PRMT5 KD (Figure 2, A and B), we
further assessed the relationship among SHARPIN, PRMT5, and
MTAP expression. In agreement with the in silico analyses of human
melanoma specimens, we found that 3 cell lines (WM115, WM35,
and UACC1389) that did not express MTAP exhibited low levels
of SDME-RG and were sensitive to SHARPIN KD (Figure 2, A and
B, and Figure 6C). Among the remaining SHARPIN KD-sensitive
melanoma lines, 3 (WM793, Lul205, and A375) exhibited reduced
expression of SOX10 upon SHARPIN KD (Figure 2, A and B, Figure
3C, and Figure 6C and Supplemental Figure 5E). SHARPIN-depen-
dent SOX10 expression was detected in all SHARPIN KD-sensitive
cells (Figure 2, A and B, Figure 3C and Supplemental Figure 5E).
These observations suggest that MTAP- and SHARPIN-dependent
SOX10 expression both define the susceptibility of melanoma cells
to SHARPIN KD-induced growth inhibition (Figure 6C).
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Coinhibition of SHARPIN and PRMT5 augments the melano-
ma growth inhibition. Ectopic expression of SHARPIN partially
rescued the inhibition of PRMTS5 activity (SDME-RG and activ-
ity assay) and melanoma growth by MTA (Figure 6D and Sup-
plemental Figure 5F). Thus, while PRMTS5 activity appears to be
independently regulated by MTA and SHARPIN, SHARPIN can
counteract the effect of MTA on PRMTS5 activity. Indeed, prein-
cubation of recombinant PRMT5/MEP50 complexes with puri-
fied SHARPIN protein increased the residual PRMT5 activity
observed in the presence of MTA without changing percentage of
inhibition of PRMT5 by MTA (Supplemental Figure 5G). In agree-
ment, ectopic expression of MTAP in MTAP-deleted cells (WM35)
increased PRMT5 activity (SDME-RG) and melanoma growth
and partially rescued SHARPIN KD-induced growth inhibition in
vitro and in vivo (Figure 7, A and B, and Supplemental Figure 5H),
indicating that MTAP status influences the outcome of SHARPIN
KD. Likewise, depletion of SHARPIN sensitized MTAP WT mel-
anoma (from 12% to 30% inhibition) to PRMTS5 inhibitor (Figure
7C), and double depletion of MTAP and SHARPIN caused a more
pronounced growth inhibition compared with depletion of either
gene alone (Figure 7, D and E).

Consistent with the in silico analysis of the TCGA data set
(Figure 6, A and B), immunohistochemical staining of melanoma
patient TMAs revealed a strong correlation between SOX10 and
SHARPIN expression (r = 0.586, P < 0.0001, n = 438), particu-
larly in MTAP-low samples (r = 0.712, P < 0.0001, n = 59; Figure
8, A and B, and Supplemental Figure 6). Moreover, high SOX10
expression correlated significantly with poor survival of patients
in both the TCGA (Figure 8C) and TMA (Figure 8D) data sets.
Interestingly, SHARPIN expression affected the survival only of
patients with reduced MTAP levels (Figure 8, C and D), support-
ing the important role of SHARPIN in the survival of patients with
MTAP-deleted melanomas.

Collectively, these results demonstrate that SHARPIN is a
bona fide regulator of PRMTS5 activity and that both proteins play
a critical role in controlling melanoma growth through regulation
of SOX10. Finally, SHARPIN-mediated PRMTS5 regulation is asso-
ciated with poor survival in patients with MTAP-deleted tumors.

Discussion
Deregulated protein methylation has been intimately linked to
aberrant transcription of a number of tumor regulatory genes,
including TP53. Here, we identified and characterized a new
layer of arginine methylation regulation and demonstrated its
implications for melanoma development. Our findings establish
(i) the regulation of methyltransferase activity by a LUBAC adap-
tor protein independently of its effect on NF-«B activity, (ii) the
implications of SHARPIN-PRMTS5 regulation for TGF- signaling
via inactivation of SKI, (iii) the mechanism underlying regulation
of SOX10 and PAX3, 2 key transcription factors in melanoma
development, (iv) the significance of the SHARPIN-PRMT5 regu-
latory axis in tumors with MTAP deletion, and (v) the association
between SHARPIN-PRMT5 regulation of SOX10-PAX3-MITF
expression and therapy-resistant melanoma.

The effect of SHARPIN on PRMTS5 is independent of HOIL-1L
and HOIP and is thus unrelated to its known function in LUBAC.
SHARPIN dimerization and its interaction with both the N and C
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termini of PRMTS5 are expected to facilitate formation of active
PRMTS5 multiprotein complexes, which may underlie the SHARP-
IN-mediated increase in PRMT5 activation. The interaction of
the SHARPIN UBL domain with PRMT5 (via the TIM barrel and
B-barrel domains) and HOIP (via the UBA domain) raises interest-
ing questions concerning the affinity of SHARPIN for the 3 com-
plexes of which it is a component: LUBAC, PTEN, and PRMTS5.
Since ectopic expression of PRMTS5 did not affect HOIP-SHARP-
IN interactions, we conclude that SHARPIN-PRMTS5 binding does
not disrupt the LUBAC complex. Nonetheless, the interaction
between HOIP and PRMTS5 has additional implications for cross-
talk between LUBAC and PRMT5 complexes.

It is important to note that, while we found that SHARPIN KD
or MTAP deletion reduced SDME-RG in nonhistone proteins, this
deletion did not globally affect histone SDME-RG. This implies
that global inhibition of histone methylation may require a more
pronounced inhibition of PRMT5. Indeed, we have found that
treatment with low doses of a PRMTS5 inhibitor attenuated SDME-
RG of nonhistone proteins but not of H4R3me2s (our unpublished
data). Thus, while SHARPIN does not affect arginine methyla-
tion of all histones, it does affect the expression of some gene
networks, as demonstrated here for SOX10 and PAX3, through
PRMT5-mediated methylation of R8 in the SKI repressor protein.
These observations suggest that SHARPIN might regulate multi-
ple aspects of PRMTS5, including complex assembly (i.e., associ-
ation with adaptor proteins such as Menin, pICln, RioK1), confor-
mation, and posttranslational modification. In turn, these changes
could influence the localization, substrate recognition and affini-
ty, and /or activity of PRMTS5 (35-37).

Our data favor the interpretation that SHARPIN modulates
the activity, rather than the stability, of PRMT5. Among plausi-
ble mechanisms is SHARPIN-mediated recruitment of a ubiqui-
tin ligase that mediates noncanonical ubiquitination of PRMTS5.
Since the effect of SHARPIN on PRMTS5 in melanoma cells was
only observed in cells with elevated SHARPIN levels, it is likely
that this occurs independently of its LUBAC-associated function.
Increased expression of SHARPIN has been reported in many oth-
er cancer types, suggesting that PRMT5 regulation might also be
altered in those tumors. It is not yet known whether the SHARP-
IN-PRMTS5 association is dependent on SHARPIN posttransla-
tional modifications distinct from those required for its associ-
ation with HOIL-1L and HOIP. In this context, it is possible that
AKT, which is upregulated by SHARPIN-mediated suppression of
PTEN, may contribute to its effects on PRMTS5 activity, although
this remains to be elucidated. We note that HIOL-1L or HOIP inhi-
bition did not affect PRMT5 activity, melanoma growth, or sen-
sitization to therapy, further supporting the independence of the
LUBAC- and PRMT5-related functions of SHARPIN.

The ability of SHARPIN to increase MITF transcription by
PRMT5-mediated inhibition of the SOX10 and PAX3 repressor
SKI is a previously unknown mechanism of MITF regulation.
Since MITF levels are crucial for determining melanoma devel-
opment, metastasis, and therapy resistance, identifying the
mechanisms that fine-tune the availability of SOX10 and PAX3
and, consequently, of MITF and pigmentation programs, has
been of major interest. In addition to transcriptional regulation of
SOX10 and PAX3 by SHARPIN, we observed an altered expres-
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sion of the SOX10/MITF protein by SHARPIN, independent of its
transcript levels, pointing to an additional regulatory mechanism
(Figure 2, A and B). Recently, transcriptomic analyses of PRMT5-
or MEP50-depleted lung cancer cells have suggested that these
proteins regulate the TGF-p-mediated epithelial-mesenchymal
transition through transcriptional regulation coupled to H3 and
H4 arginine methylation (38). Along these lines, our results imply
that PRMTS5 regulation of PAX3 and SOX10 could involve tran-
scriptional silencers other than SKI, such as SNO, which has also
been implicated in TGF-f signaling. SHARPIN-mediated control
of TGF-P signaling via PRMT5 regulation of SKI, which itself reg-
ulates TGF-p signaling (39), thus identifies an additional regula-
tory axis with anticipated effects on the growth of melanoma as
well as other tumor types.

SHARPIN-mediated activation of PRMT5 could override
PRMTS5 inhibition resulting from MTA accumulation in MTAP-
deleted tumors. This suggests a molecular mechanism for fine-tun-
ing PRMTS5 activity and influencing the properties of such tumors.
Suppression of the downstream PRMTS5 targets PAX3 and MITF has
been associated with therapy resistance, underscoring the advantag-
es conferred by elevated SHARPIN expression and PRMT5 activ-
ity. Such tumors should be more sensitive to PRMT5 or SHARPIN
inhibition, identifying a potential pathway for overcoming therapy
resistance. Consistent with this, the melanoma cell lines defined in
our study as sensitive to SHARPIN/PRMT5 KD express low levels
of MTAP. Notably, longer survival of patients with MTAP-deleted
tumors was correlated with lower SHARPIN expression levels. The
roles of SHARPIN in NF-kB signaling, which is commonly upregulat-
ed in cancer, and in fine-tuning of PRMT5 activity therefore suggest
that interventions that alter SHARPIN function may provide new
potential therapeutic modalities, either alone or in combination with
MTAP and/or PRMTS5 inhibitors.

Methods

Animal studies. For xenograft experiments, WM115 or WM35 melano-
ma cell lines were modified for SHARPIN or MTAP expression with
lentiviral vectors. Cells were injected subcutaneously (WM115, 4.0 x
10% WM35, 2.0 x 109) into the lower right flank of 6-week-old female
nude mice (Envigo). Tumor sizes were monitored using calipers up to
day 37 or 77 after injection.

Cell culture. HEK293T cells and the melanoma cell lines were
cultured in DMEM medium (HyClone) containing 10% FBS (Omega
Scientific), 100 IU/ml penicillin, and 100 pg/ml streptomycin. All
UACC melanoma cell lines were maintained in RPMI 1640 medium
(Corning) supplemented with 10% FBS and antibiotics as above. Cells
were maintained in growth phase and did not exceed 80% conflu-
ency. Melanoma cell lines were obtained from Wistar Institute (WM
series), TGen (UACC series), National Cancer Institute (NCI), and
ATCC. For cell line authentication, short tandem repeat (STR) anal-
ysis was performed on isolated genomic DNA with the GenePrint 10
System (Promega), and peaks were analyzed using GeneMarker HID
from Softgenetics. Allele calls were searched against STR databases
maintained by ATCC (www.atcc.org), DSMZ (www.dsmz.de), Tex-
as Tech University Children’s Oncology Group (cogcell.org), and the
Wistar Institute Melanoma Cell STR Profiles (http://www.wistar.org/
lab/meenhard-herlyn-dvm-dsc/page/melanoma-cell-str-profiles).
Authentication was last performed on August 24, 2015.
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Antibodies and reagents. Antibodies to the following proteins were
purchased or obtained as indicated: IkBa (L35A5), p-p65 (93H1), p65
(L8F6), H3K27me3 (C36B11), H3K27ac (D5E4), BRD4 (E2A7X), lamin
A/C (4C11), CREB (86B10), p-CREB (87G3), p-ATF2 (catalog 9225),
SDME-RG (catalog 13222), MEP50 (catalog 2823), SOX10 (D5V9L),
PAX3 (catalog 12412), and ATF2 (20F1, Cell Signaling Technology),
FLAG (F3165, Sigma-Aldrich), MITF (C5) and H4R3me2s (ab5823,
Abcam), PRMTS5 (730054), V5 (E10/V4RR, Life Technologies), tubu-
lin (D-10), SOX10 (N-20), PAX3 (N-19), MEP50 (FG-4), PRMT5
(A-11), GAPDH (6C5), B-actin (AC-15), p53 (DO-7), Smad2/3 (FL-425),
HDAC3 (H-99), SKI (H-329), Myc (4E10, Santa Cruz Biotechnology
Inc.), c-SKI (A303-518, Bethyl Laboratory), HOIP, HOIL-1L, SHARPIN
(gift from the Iwai laboratory), MTAP (11475-1-AP, Proteintech), and
SYM10 (07-412, Millipore). MTA was from Millipore.

Recombinant proteins. Recombinant human TGF-B was pur-
chased from R&D Systems, and recombinant human PRMT5/
MEP50 was from Sigma-Aldrich. Human SHARPIN (full length
and AUBL mutant) proteins were produced using pET15b plasmid
(Novagen) transformed into BL21(DE3)pLysS competent cells (Agi-
lent). Cultured bacteria were incubated with lysis buffer (50 mM
NaH,PO,, 300 mM NaCl, 20 mM 2-mercaptoethanol, 5 mM imid-
azole, adjusted to pH 8.0) supplemented with 1x protease inhibitor
cocktail (Roche) and lysozyme (1 mg/ml) for 30 minutes on ice. The
samples were sonicated to reduce viscosity and centrifuged, and the
supernatant was collected and incubated with HisPur Ni-NTA Res-
in (Thermo Scientific) for 3 hours. Ni-NTA beads were washed with
lysis buffer containing 10 mM imidazole and then incubated with
elution buffer (200 mM imidazole) with gentle shaking at 4°C for
1 hour. The purified protein was dialyzed overnight in PBS using a
Slide-A-Lyzer cassette (Pierce).

Immunoblot analysis and gel filtration. Cells were lysed by incu-
bation in TBS-lysis buffer (consisting of TBS [50 mM Tris-HCl, pH
7.5, 150 mM NaCl] supplemented with 1% [v/v] Triton X-100 and 1x
protease inhibitor cocktail, Roche) for 20 minutes at 4°C. For immu-
noprecipitation, lysates were incubated overnight at 4°C with the
appropriate antibodies and then with protein A/G agarose beads (San-
ta Cruz Biotechnology Inc.). Proteins were eluted by the addition of
lysis buffer and boiled in Laemmli buffer before separation by SDS-
PAGE and transfer to a PVDF membrane. Membranes were incubated
for 1 hour at room temperature with blocking solution (TBS containing
0.1% Tween 20 and 5% nonfat milk) followed by incubation over-
night at 4°C with the appropriate primary antibody. Membranes were
washed with TBS and then incubated for 1 hour at room temperature
with secondary antibody (Alexa Fluor 680-conjugated goat anti-rab-
bit, goat anti-mouse, or donkey anti-goat [Life Technologies] or IRDye
800-conjugated goat anti-mouse [Rockland Immunochemicals]).
Protein bands were visualized and quantified using an Odyssey Infra-
red Imaging System (LiCor Biosciences).

For gel filtration, WM793 and WM115 cells were lysed in
lysis buffer (50 mM Tris, pH 7.5, 1 mM MgCl,, 1 mM dithiothreit-
ol, and protease inhibitor cocktail) by repeatedly passing through
a 27-gauge, 1/2-inch long needle. The cell lysates (3 mg, WM793;
1.5 mg, WM115) were cleared by centrifugation at 100,000 g for
60 minutes and loaded onto a Superdex 200 column operated by
a Pharmacia/GE AKTA FPLC (buffer: 50 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1 mM EDTA). Fractions (0.5 ml) were collected and ana-
lyzed by SDS-PAGE and immunoblotting.
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Luciferase assay. Cultures were transfected with the TGF-p report-
er plasmid (CAGA)9-Luc and the control plasmid p-CMV-Cypridina
and lysed 8 or 24 hours later. (CAGA)9 luciferase activity was mea-
sured using a Luciferase Assay system (Promega) with a Veritas micro-
plate luminometer (Promega). Cypridina luciferase activity was mea-
sured with a Luciferase Flash Assay Kit (Thermo Scientific).

Gene silencing. Gene-specific shRNA lentiviral vectors with a
pLKO.1 backbone were obtained from the La Jolla Institute for Aller-
gy and Immunology RNAi Center (La Jolla, California, USA). Lentivi-
ral particles were prepared using standard protocols. Briefly, shRNA
plasmid and the second generation of packaging plasmids AR8.2 and
Vsv-G (Addgene) were transfected into HEK293T cells. Viral superna-
tants were collected after 48 hours of culture and used with polybrene
(Sigma-Aldrich) for infection of melanoma cell lines. For SKI RNAI,
cells were transfected with 250 pmol of siRNA against SKI or the cor-
responding scrambled siRNA (SMARTpool reagents, Dharmacon)
using jetPRIME (Polyplus-transfection).

DNA constructs and transfection. DNA plasmids were transfected into
the indicated cell lines using jetPrime, except for WM115, which was elec-
troporated with an Amaxa Nucleofector II (Lonza) according to the manu-
facturer’s protocol. pLX304-SOX10, pLX304-PRMTS5, pLX304-MEP50,
and pLX304-MTAP lentiviral overexpression vectors were obtained from
DNASU (Arizona State University Biodesign Institute, Tempe, Arizona,
USA). pcDNA3.1-FLAG-SHARPIN and pcDNA3.2-Myc-SHARPIN were
generated by the Iwai laboratory, and pcDNA3-FLAG-SKI was a kind gift
from the Miyazawa Laboratory (University of Yamanashi, Kofu, Japan).
The SHARPIN ORF was inserted into pLENTI-puro (Addgene, 39481)
using BamHI and EcoRI sites to generate the lentiviral SHARPIN overex-
pression plasmid. pcDNA3.1-PRMT5-WT and mutant plasmids were pro-
duced from pLX304-PRMT5. pcDNA3-FLAG-SKI R8K and R658/660K
mutant plasmids were generated using the QuikChange II XL Site-
Directed Mutagenesis Kit (Agilent).

MS. WM115 cells were transfected with pcDNA3.1-Flag-SHARP-
IN or the control pcDNA3.1-Flag (empty vector) plasmids and lysed
in TBS-lysis buffer (described above). Lysates were precleared with
protein A/G beads (Santa Cruz Biotechnology Inc.) for 1 hour at 4°C
and immunoprecipitated with FLAG-M2-agarose beads (Sigma-
Aldrich) overnight at 4°C. Beads were washed with TBS-lysis buffer
and TBS containing 1x protease inhibitor cocktail and then subjected
to on-bead tryptic digestion followed by MS (40).

RNA extraction and quantitative PCR. Total RNA was isolated from
cells with GenElute (Sigma-Aldrich) and reverse transcribed using
high-capacity ¢cDNA synthesis kits (Applied Biosystems). Quantita-
tive PCR (qQPCR) was performed with CFX Connect Real-Time PCR
Detection System (Bio-Rad) using FastStart Universal SYBR Green
Master Mix (Life Technologies). GAPDH was amplified as a control.
Sequence-specific primers are shown in Supplemental Table 2.

ChIP. Cells were fixed in 1% formaldehyde in PBS for 10 min-
utes at room temperature and then incubated with 0.125 M gly-
cine for 5 minutes. The cells were washed with PBS, incubated in
lysis buffer (50 mM Tris-HCI, pH 8.0, 1% SDS, 10 mM EDTA), and
sonicated on ice to shear the DNA into approximately 500-bp frag-
ments. The sonicate was centrifuged, and the supernatant was pre-
cleared by incubation with protein A/G beads (Santa Cruz Biotech-
nology Inc.) on a rotating platform at 4°C for 1 hour. Control IgG
or the appropriate primary antibody was added to the sample and
incubated overnight at 4°C. Protein A/G beads were added, and the
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mixture was incubated at 4°C for 2 hours. The beads were washed
sequentially with low-salt buffer (20 mM Tris-HCI, pH 8.0, 0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NacCl), high-salt buf-
fer (as for low salt except 500 mM NaCl), and LiCl wash buffer (10
mM Tris-HCI, pH 8.0, 0.25 M LiCl, 1% NP-40, 1% sodium deoxy-
cholate, 1 mM EDTA). Chromatin was eluted in 120 ul elution buffer
(1% SDS, 100 mM NaHCO,) for 15 minutes at 30°C. Samples were
centrifuged, and the supernatant was mixed with 4.8 pl of 5 M NaCl
and incubated overnight at 65°C. RNase A (2 pl of 10 mg/ml) and
proteinase K (2 pl of 20 mg/ml) were added, and the sample was
incubated with gentle shaking at 45°C for 1 hour and then extract-
ed with phenol/chloroform to isolate the DNA. The samples were
subjected to qPCR to detect the promoter region of the target gene
using the primers shown in Supplemental Table 2.

Blue native-PAGE. Cells were incubated in lysis buffer (20 mM
Bis-tris, pH 7.0, 500 mM g-aminocaproic acid, 20 mM NaCl, 0.2 mM
EDTA, 0.5% Triton X-100, 10% glycerol, and protease inhibitor cock-
tail) and then dialyzed against lysis buffer containing 0.1% Triton
X-100 overnight (41). Samples were loaded onto a 4%-15% gradient
gel and resolved for 3.5 hours at 150 V. The gel was transferred to a
PVDF membrane (30 V for 8 hours) using Tris-glycine buffer (pH 8.3).
The membrane was decolorized in 100% methanol, blocked with 5%
nonfat milk, and then incubated with the appropriate primary anti-
body overnight followed by horseradish peroxidase-conjugated sec-
ondary antibody (Cell Signaling Technology). Signals were developed
using Western Lightning Plus-ECL (PerkinElmer).

For 2D SDS-PAGE, the Blue Native-PAGE gel was sliced, incu-
bated in 2x SDS sample buffer for 10 minutes at room temperature,
and microwaved for 20 seconds. Treated gel slices were loaded onto
4%-20% gradient SDS-PAGE gels, resolved, and transferred to mem-
branes under standard conditions.

Cell viability/cell death assays. Cell growth was assayed using
ATPlite (PerkinElmer) according to the manufacturer’s instructions.
WM793 melanoma cells were seeded at 5 x 103 cells/well in 96-well
plates and incubated with etoposide (5 uM) or vehicle for 72 hours.
Cells were then incubated with ATPlite reagents, and viability was
quantified by monitoring luminescence intensity with FlexStation 3
(Molecular Devices). For flow cytometric live/dead cell discrimina-
tion, cells were stained with annexin V (Alexa Fluor 488) and propidi-
um iodide (PI) according to the manufacturer’s protocol (Life Technol-
ogies) and analyzed on a FACSCanto flow cytometer.

Colony-forming efficiency. Cells were seeded in 6-well plates at
10°%/well and cultured for 2 weeks. The colonies were stained with
crystal violet (PBS, pH 7.4, 0.2% [w/v] crystal violet, 4% [w/v] parafor-
maldehyde) and visualized. Colonies were enumerated using Image]
software (NIH).

Tumor microarray analysis. Melanoma TMA samples were
obtained from Yale University and stained by incubation with primary
antibodies to MTAP (1:50 dilution, Proteintech), SOX10 (1:50 dilu-
tion, Santa Cruz Biotechnology Inc.), and SHARPIN (1:25 dilution,
Sigma-Aldrich) and then with fluorescein-conjugated secondary anti-
bodies. Slides were counterstained with DAPI and the images were
scanned using an Aperio ScanScope. The relative staining intensity
was assessed in a blinded fashion by 2 independent investigators.

Immunocytochemistry. Cells were cultured on glass coverslips,
fixed in 4% paraformaldehyde for 10 minutes, washed in PBS, per-
meabilized with 0.25% Triton X-100 in PBS (pH 7.4) for 20 min-
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utes, and blocked in 3% BSA (w/v) in PBS at room temperature for
1 hour. Cells were incubated with the appropriate primary antibody
for 16 hours at 4°C and then with the corresponding Alexa Fluor
568-conjugated secondary antibody (Life Technologies) for 1 hour
at room temperature.

Subcellular fractionation. Cell lysates were prepared by incuba-
tion in hypotonic buffer (20 mM HEPES, pH 7.4, 250 mM sucrose,
0.2% Triton X-100, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM
EGTA, and protease inhibitor cocktail). The lysate was centrifuged for
10 minutes at 800 g, and the supernatant was designated the cytoso-
lic fraction. The cell pellet was resuspended in RIPA buffer (10 mM
Tris-HCl, pH 7.5, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.5%
deoxycholate, 0.1% SDS, 150 mM NaCl, and 1x protease inhibitor
cocktail), incubated for 20 minutes on ice, and sonicated (10 seconds,
20% amplitude) using a microtip (Misonix XL2020). The sample was
centrifuged for 20 minutes at 16,100 g, and the supernatant was desig-
nated the nuclear fraction.

In vitro methyltransferase assay and PRMTS5 activity assay. The
enzymatic activity of PRMT5 (recombinant protein, nuclear extracts,
or anti-PRMT5 immunoprecipitates) was measured using an Epi-
genase PRMT Methyltransferase (Type II-Specific) Activity/Inhibi-
tion Assay Kit (Epigentek) according to the the manufacturer’s proto-
col. The assay kit contained histone 4 peptide as a substrate and an
SDME-RG-specific antibody for detection.

In vitro methylation of histone 4 protein was performed as
described previously (42) with slight modifications. Histone 4 pro-
tein (3 pg) was incubated with 200 ng of PRMT5/MEP50, 250 ng
of SHARPIN full-length or 500 ng AUBL, and 2 pCi of S-adenos-
yl-L-methyl-*H-methionine (*H-SAM, PerkinElmer) in 20 pl of reac-
tion mixture with HMTase buffer (25 mM NaCl, 25 mM Tris, pH 8.8)
for 90 minutes at 30°C. The reactions were resolved on 4%-20% gra-
dient SDS-PAGE gels and transferred to PVDF membranes. The mem-
branes were treated with enhancing spray (PerkinElmer), air-dried,
and subjected to autoradiography.

Statistics. All data are expressed as mean * SD unless specified.
Group differences were analyzed using Student’s ¢ test (unpaired, 2
tailed). Statistical analyses of multiple groups within the experiment
were performed using 1- or 2-way ANOVA with appropriate multi-
comparison correction (Dunnett’s, Tukey’s test). All analyses were
performed using Prism 7.0 software (GraphPad). TCGA and gene
expression data are expressed as median * interquartile range. Differ-
ences were analyzed using Mann-Whitney U test (2 tailed) with Prism
7.0 software. Xenograft data were analyzed using 2-way ANOVA for
tumor volume analysis and Welch’s test (unpaired, 2-tailed Student
t test with Welch’s correction). P values < 0.05 were considered sta-
tistically significant. For patient survival analysis, data were analyzed
using log-rank test with Prism 7.0 software.

Study approval. Animal studies were approved (AUF 15-089 with
amendment 6649) by the Institutional Animal Care and Use Commit-
tee of Sanford Burnham Prebys Medical Discovery Institute. Animal
care followed institutional guidelines.
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