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Arginine methylation is a ubiquitous posttranslational modification
that regulates critical cellular processes including signal transduction
and pre-mRNA splicing. Here, we report that the tumor-suppressor
PTEN is methylated by protein arginine methyltransferase 6 (PRMT6).
Mass-spectrometry analysis reveals that PTEN is dimethylated at
arginine 159 (R159). We found that PTEN is mutated at R159 in cancers,
and the PTEN mutant R159K loses its capability to inhibit the PI3K-
AKT cascade. Furthermore, PRMT6 is physically associated with PTEN,
promotes asymmetrical dimethylation of PTEN, and regulates the
PI3K-AKT cascade through PTEN R159 methylation. In addition, using
transcriptome analyses, we found that PTEN R159 methylation is in-
volved in modulation of pre-mRNA alternative splicing. Our results
demonstrate that PTEN is functionally regulated by arginine methyl-
ation. We propose that PTEN arginine methylation modulates pre-
mRNA alternative splicing and influences diverse physiologic processes.

PTEN | arginine methylation | PI3K-AKT cascade | pre-mRNA splicing | PRMT6

In human cancers, the PTEN tumor-suppressor gene is fre-
quently mutated (1, 2). PTEN germline mutations result in
inherited cancer susceptibility syndromes, including Cowden
syndrome and Bannayan-Riley—Ruvalcaba syndrome, that are
collectively referred to as PTEN hamartoma tumor syndrome (3—
5). Although PTEN is primarily considered to be a tumor sup-
pressor, it is well established that PTEN loss also leads to path-
ologic phenotypes, including developmental defects (6, 7), neural
dysfunction (8-10), heart disease (11, 12), dysregulation of the
immune system (13-17), and metabolic disorders (18-20). PTEN
dephosphorylates phosphatidylinositol-3,4,5-trisphosphate (PIP;)
and thus serves as a pivotal cellular antagonist of the PI3K-AKT
pathway (21-23). PTEN also functions in multiple cellular pro-
cesses independent of PI3K-AKT signaling to maintain physio-
logic homeostasis (24). Posttranslational modifications are critical
for regulation of PTEN function. PTEN protein is modified by
phosphorylation (25-30), oxidation (31-33), acetylation (34-36),
ubiquitination (37-39), SUMOylation (40, 41), and PARylation
(42), and these modifications regulate PTEN-AKT signaling or
AKT-independent PTEN functions. However, arginine methyl-
ation of PTEN has not been reported.

Protein arginine methylation is a common posttranslational
modification involved in cellular signaling transduction, mRNA
splicing, cell-fate decision, DNA replication, DNA-repair epigenetic
regulation, and gene transcription (43-45). Arginine methylation
that involves the addition of methyl groups to nitrogen atoms is a
modification as common as phosphorylation and ubiquitination.
Three forms of methylated arginine have been identified in eu-
karyotes, based on whether one or both nitrogens in arginine are
methylated and whether each is methylated once or one twice
and the other not at all. Thus, there are three forms of arginine
methylation, including monomethylated arginine (MMA), symmetrical
dimethylated arginine (sSDMA), and asymmetrical dimethylated
arginine (aDMA) (44). Protein arginine methyltransferases (PRMT5s)
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are divided into three types based on catalytic activity. Type I consists
of PRMT1, PRMT2, PRMT3, PRMT4/CARM1, PRTM6, and
PRMTS that catalyze MMA and aDMA. Type II includes PRMTS5
and PRMT? that catalyze MMA and sDMA (44, 46). PRMT7 is
categorized as type III and functions only as a MMA methyl-
transferase for histones (47). PRMT6 is a type I PRMT primarily
recognized as an oncogene that inhibits p53, p21, and p16 func-
tions involved in regulation of cell-cycle arrest and apoptosis (48—
52). Previous observations suggest that PRMT6 is overexpressed in
breast (53), prostate (54), bladder, and lung cancer (55). PRMT6
depletion in PTEN-null prostate cancer cell lines represses the
PIBK-AKT cascade (54). In the present study, we found that PRMT6
promotes asymmetrical dimethylation at PTEN R159, which is
essential for activation of PTEN to oppose the PI3K-AKT
cascade. In cancers, higher levels of PRMT6 predict better
prognoses. Based on these findings, we propose that PRMT®6 is an
important cellular regulator of the PTEN-AKT axis and likely
functions as a tumor-suppressor gene under certain conditions.
Recent evidence suggests that PI3K-AKT signaling is involved
in modulation of pre-mRNA alternative splicing (56). Moreover,
PTEN interacts with hnRNPK to regulate G6PD pre-mRNA
splicing, which is independent of the PI3K-AKT signaling (57).
In view of these observations, we employed transcriptome analysis
to study the relationship of PTEN methylation and pre-mRNA
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splicing. Our data suggest that PTEN modulates pre-mRNA splicing
in a methylation-related manner as well as in a methylation-
unrelated manner, providing insight into the multifaceted roles
of PTEN in diverse biologic processes.

Results

Dimethylation of PTEN R159 Within a Non-RG-Rich Motif Is Critical for
Suppression of the PI3K-AKT Cascade. The Sanger COSMIC (Cat-
alogue of Somatic Mutations in Cancer) database includes PTEN
gene-sequencing data derived from >65,000 sporadic human cancer
samples. In surveying somatic missense mutations of the PTEN
gene, we found that arginine residues are the most frequently
mutated PTEN residues (Fig. 14; analysis of raw data from
Sanger COSMIC database), suggesting that modification of argi-
nine residues is particularly important for PTEN function. PTEN
does not contain the canonical RG-rich motif that was previously
considered to be a characteristic feature of protein arginine
methylation (58). However, a recent proteomic study has shown
that arginine methylation is as common as phosphorylation, and
PRMTs target RG-rich and non-RG-rich motifs with similar
frequency (59). This prompted us to determine whether PTEN
arginine residues are modified by methylation. Ectopically ex-
pressed FLAG-tag-PTEN protein was purified from an extract of
HEK293FT cells by using anti-FLAG affinity gel. Purified PTEN
protein was subjected to mass-spectrometry analysis, which
showed dimethylation of PTEN residue R159 (SI Appendix, Fig.
S14). PTEN R159 shows a high degree of evolutionary conser-
vation and is found in invertebrates and vertebrates (Fig. 1B).
Consistent with this degree of evolutionary conservation, PTEN
germline mutations R159T and R159G have been found in pa-
tients with PTEN hamartoma tumor syndromes (60), suggesting
that the R159 residue is important for PTEN anticancer activity.
Arginine-to-lysine mutation is often used as a nonmethylated
mimic to analyze the function of protein arginine methylation (46,
61). The methylation-defective PTEN R159K mutant has been
found in somatic human cancers, including glioma, melanoma,
and thyroid cancer (SI Appendix, Fig. S1B; from the COSMIC
database). This supports use of the R159K mutant as a model for
study of the role of PTEN R159 methylation in tumor suppression.
R159 is located in the N-terminal phosphatase domain of PTEN
(SI Appendix, Fig. S1C). This raises the question as to whether the
methylation-defective PTEN R159K mutant loses its phosphatase
activity. PTEN mutations C124S and G129E are the most famous
pathogenic mutations that cause spontaneous tumorigenesis in
mice (62, 63). The PTEN G129E mutant only loses lipid phospha-
tase activity (3), while the PTEN-C124S mutant loses both protein
and lipid phosphatase activity (64). We thus used these PTEN
mutants as controls in some of our analyses. PTEN~'~ U20S cells
were infected with lentivirus expressing control S-tag, wild-type
PTEN, PTEN R159K, PTEN C124S, or PTEN G129E and were
then lysed for purification of wild-type or mutant PTEN proteins.
In vitro evaluation of phosphatase activity showed that PTEN
R159K failed to dephosphorylate PIP3, which is comparable to the
PTEN C124S and G129E mutants (Fig. 1C). PTEN R159K pro-
tein purified from SF9 insect cells failed to dephosphorylate PIP;
(SI Appendix, Fig. S1D) or phospho-GluTyr (4:1) peptides (S
Appendix, Fig. S1E), indicating that both its lipid- and protein-
phosphatase activities were lost. In PTEN™~ U20S cells and
PTEN-null cancer cells, including U-87 MG, H4, and PC-3, eval-
uation of phospho-AKT (Ser-473) levels showed that PTEN R159K,
C124S, and G129E mutants failed to efficiently repress phospho-
AKT (Ser-473), compared with wild-type PTEN (Fig. 1 D-G,
lanes 3-5 vs. lane 2). These results argue that methylation of
PTEN R1509 is critical for PTEN phosphatase activity and is thus
critical for opposing the PI3K-AKT cascade.

PRMT6 Suppresses PI3K-AKT Signaling. Previous studies have
demonstrated the impact of PRMTs on the PI3K-AKT pathway.
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PRMT1 methylates ERa on R260, and methylation of ERa
promotes AKT activation, resulting in cell proliferation and mi-
gration in a subset of breast cancers (65). It has been reported that
PRMTS represses PTEN expression at the transcription level and
thus activates the PI3K-AKT pathway (66). Conversely, PRMT1
also methylates downstream targets of AKT, such as FOXO1 (67)
and BAD (68), and therefore represses AKT signaling.

Because PTEN R159 methylation is critical for repression of
the PI3K-AKT cascade, we evaluated the individual effect of
each PRMT in this cascade to determine which PRMT acts on
PTEN R159. In PTEN™~ U20S cells, PRMTG6, but not other
PRMT family members, strongly repressed the level of phospho-
AKT (S473) in the presence of ectopically expressed S-tagged
PTEN (Fig. 2 A, Left, lane 7). For controls, each PRMT protein
was individually overexpressed in PTEN ™~ U20S cells expressing
S-tag, and phospho-AKT (5473) levels were determined. PRMT6
did not influence the level of phospho-AKT (S473) on this PTEN-
deficient background (Fig. 2 A, Right, lane 7), indicating that
regulation of the PI3K-AKT pathway by PRMT6 is PTEN-
dependent. In PTEN~~ U20S cells, PRMT6 repressed the level
of phospho-AKT (S473) in the presence of ectopically expressed
wild-type PTEN (Fig. 2 B, lane 6 vs. lane 5), but not in the
presence of control-tag, PTEN R159K, C124S, or G129E mutants
(Fig. 2 B, lane 2 vs. lane 1; lane 10 vs. lane 9; lane 14 vs. lane 13;
and lane 18 vs. lane 17). However, the methyltransferase dead
mutant PRMT6 E155/164A (52) and the cancer-derived mutant
PRMT6 E155Q [bladder urothelial carcinoma (The Cancer Genome
Atlas; TCGA) from the International Cancer Genome Con-
sortium] both lost the capacity to suppress PI3K-AKT signaling
(Fig. 2 B, lanes 7 and 8 vs. lane 6), indicating that PRMT6 function
in the PTEN-AKT axis is dependent on its methyltransferase ac-
tivity. The CRISPR-Cas9 system (69) was utilized to induce PRMT6
deficiency in PTEN-proficient U20S and SF763 cells (ST Appendix,
Figs. S2 A-C). PRMT6 deficiency resulted in activation of PI3K-
AKT signaling (SI Appendix, Fig. S2D, lane 2 vs. lane 1; and lane
4 vs. lane 3). These data suggest that PRMT6, by virtue of its
methyltransferase activity, acts as a regulator of PTEN-AKT signaling.

PRMT6 Promotes PTEN Arginine Methylation. PRMT6 did not re-
duce the level of phospho-AKT (S473) in the presence of ectopic
expression of the methylation-defective PTEN R159K mutant
(Fig. 2 B, lane 10 vs. lane 9), raising the possibility that PRMT6
acts as an antagonist of the PI3K-AKT pathway through meth-
ylation of PTEN R159. PRMT6 promotes monomethylation and
asymmetrical dimethylation (70), and mass-spectrometry analysis
revealed dimethylation of PTEN R159 (SI Appendix, Fig. S14).
This strongly suggests that PRMT6 specifically asymmetrically
dimethylates PTEN R159 (designated PTEN R159me2a). To
confirm the mechanism of this methylation, in vitro methylation
assays were carried out. Wild-type PRMT6, but not the methyl-
transferase dead mutant PRMT6 E155/164A or the cancer-derived
mutant PRMT6 E155Q, promoted asymmetrical dimethylation of
PTEN (Fig. 3 A4, lane 2 vs. lanes 1, 3, and 4). PRMT6 promoted
PTEN asymmetrical dimethylation in a dose-dependent manner
(Fig. 3 B, lanes 24 vs. lane 1), but did not influence symmetrical
dimethylation or monomethylation (Fig. 3 4 and B, lanes 6-8 vs.
lane 5). We generated a polyclonal antibody specific for PTEN
R159me2a and found that overexpression of PRMT6 increased the
level of PTEN R159me2a in wild-type PTEN and the PTEN C124S
and G129E mutants (Fig. 3 C, lane 4 vs. lane 3; lane 8 vs. lane 7; and
lane 10 vs. lane 9; Fig. 3 D, lane 6 vs. lane 5). However, this modi-
fication was disrupted in the PTEN R159K mutant (Fig. 3 C, lanes
5 and 6; Fig. 3 D, lanes 9-12). In addition, PRMT6 mutants failed to
increase levels of PTEN R159me2a (Fig. 3 D, lanes 7 and 8 vs. lane
6). Physical interaction of PTEN with PRMT6 was shown in PTEN-
proficient U20S cells by coimmunoprecipitation (Fig. 3 E, Right,
lane 2 vs. lane 1). Consistent with the role of PRMT6 in suppression
of PI3K-AKT cascade, PRMT6 physically interacted with PTEN in
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Fig. 1. Dimethylation of PTEN R159 is required for repression of PI3K-AKT signaling. (A) Raw data for missense mutations of the PTEN gene in sporadic
cancer samples were derived from the COSMIC database. There were a total of 2,271 clinical samples with missense mutations of the PTEN gene (updated on
August 22, 2018), and the mutation rate of each type of amino acid was analyzed (A, Left). (A, Right) The analysis was also normalized to the amino acid
constitution of PTEN protein. (B) Evolutionary conservation of the PTEN R159 residue was analyzed with ClustalX. Sequence data of PTEN from different
species were derived from the UniProt database. (C) S-tagged PTEN proteins were precipitated from cell lysates with S-protein beads and subjected to PTEN
enzyme reactions (PIP3 substrate). ODgzonm reflects the quantity of PO, released in the reaction. Data were analyzed by using the paired two-tailed Student’s
t test. Error bars indicate SEM (n = 3). ns, no significant difference; ***P < 0.001. (D-G) pAKT (5473) levels in PTEN~"~ U20S (D), PTEN-null U-87 MG (E), H4 (F),
and PC-3 (G) cells expressing S-tag control, wild-type PTEN (PTEN-WT), PTEN R159K, PTEN C124S, or PTEN G129E were analyzed by using immunoblotting.
Levels of pAKT (S473) and total AKT expression were analyzed. GAPDH served as a loading control.
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plasmic extracts, and HDAC1 served as a loading control in the nuclear extracts.
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U20S cells were immunoprecipitated with anti-PTEN agarose resin. The

PRMT6 methylates PTEN in vitro and in cells. (A) PRMT6 promotes PTEN dimethylation in vitro. Four micrograms of purified His-PTEN was incubated
with 8 pg of purified His-tagged wild-type PRMT6, PRMT6 E155/164A, or PRMT6 E155Q mutant in 50 uL of HMT buffer for 2 h at 37 °C. Methylation of PTEN
protein was analyzed by immunoblotting with antibodies including anti-MMA motif (a-MMA), anti-sDMA motif (a-sDMA), and anti-aDMA motif (a-aDMA).
Loading of purified His-PTEN and -PRMT6 proteins is shown. (B) PRMT6 asymmetrically dimethylates PTEN in vitro in a dose-dependent manner. Two mi-
crograms of purified His-PTEN was incubated with different amounts of purified His-PRMT6 (0, 2, 4, or 8 pg) in 25 pL of HMT buffer for 2 h at 37 °C.
Methylation of PTEN protein was analyzed with immunoblotting with antibodies including anti-MMA motif (a-MMA), anti-sDMA motif (a-sDMA), and anti-
aDMA motif (a-aDMA). Loading of purified His-PTEN and -PRMT6 proteins is shown. (C) S-tagged PTEN, PTEN R159K, PTEN C124S, or PTEN G129E was
coexpressed with FLAG-tagged PRMT6 in PTEN~~ U20S cells and purified with S-protein beads. Purified proteins were analyzed by Western blotting with
PTEN R159me2a and PTEN antibodies. Levels of exogenous PRMT6 are shown, and GAPDH served as a loading control. (D) S-tagged PTEN or PTEN R159K was
coexpressed with FLAG-tagged wild-type PRMT6 or PRMT6 mutants as indicated in PTEN~'~ U20S cells and purified with S-protein beads. Purified proteins
were analyzed by Western blotting with PTEN R159me2a and PTEN antibodies. Levels of indicated exogenous PRMT6 proteins are shown, and GAPDH served as
a loading control. (E) Lysates from PTEN** and PTEN™~ U20S cells were immunoprecipitated with a PTEN mouse monoclonal antibody (sc-7974) and subjected
to Western blotting with a PRMT6 antibody. * indicates IgG heavy chain. In E, Left, the expression levels of PTEN and PRMT6 were analyzed, and GAPDH served
as a loading control. (F) Cytoplasmic and nuclear extracts from PTEN™* and PTEN
immunoprecipitates were eluted by glycine-HCl (pH 3.5), neutralized with Tris:HCl (pH 8.8), and subjected to Western blotting using anti-PTEN, anti-PTEN
R159me2a, and anti-PRMT6 antibodies. In F, Left, the expression levels of PTEN and PRMT6 were analyzed. p-tubulin served as a loading control in the cyto-
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cytoplasm but not in nucleus (Fig. 3F, Right, lane 2 vs. lane 4). We
therefore conclude that PRMT6 asymmetrically dimethylates PTEN.

Loss of PTEN R159 Methylation Impairs PTEN-Mediated Tumor Suppression.
To better demonstrate the biologic importance of PTEN R159me2a
as an antagonist of tumorigenesis, PTEN-null U87-MG cells with
reexpression of S-tag control, wild-type PTEN, PTEN R159K, PTEN
C124S, or PTEN G129E were assayed by using mouse xenograft
models. Xenograft-derived tumors were weighed 15 d after s.c.
injection. Cells expressing the PTEN R159K mutant yielded sig-
nificantly larger tumors than those expressing wild-type PTEN, with a
growth enhancement comparable to those expressing control tag,
PTEN C124S, or G129E mutants (Fig. 44). Consistent with the

promotion of PTEN R159me2 by PRMT6, PRMT6-deficient U20S
and SF763 cells gave rise to larger tumors in xenograft models (Fig. 4
B and C). These findings indicate that PTEN R159me2a is required
for suppression of tumorigenesis.

PTEN Modulates Methylation-Related and -Unrelated Pre-mRNA
Splicing. PTEN methylation was found in cytoplasm and nu-
cleus (Fig. 3 F, Right, lanes 2 and 4), suggesting that this modi-
fication may be involved in both cytoplasmic and nuclear
functions of PTEN. There is increasing evidence that PI3K-AKT
signaling plays a critical role in the regulation of pre-mRNA
splicing (56). In addition, nuclear PTEN modulates G6PD pre-
mRNA splicing in an AKT-independent manner (57). In view of
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Fig. 4. PTEN R159 methylation is important for PTEN tumor-suppressive function. (A) PTEN-null U-87 MG cells expressing S-tag control (Control-Tag), wild-
type PTEN (WT-PTEN), PTEN R159K, PTEN C124S, or PTEN G129E yielded tumors (Left). Two nude mice bearing tumors expressing PTEN R159K died significantly
earlier than the other nude mice, and their tumors were excluded from statistical analysis. (A, Right) Tumors shown in A, Left were weighed and analyzed. Data
were analyzed with the unpaired two-tailed Student’s t test. Error bars indicate SEM. *P < 0.05; **P < 0.01. ns, no significant difference. (B and C) PRMT6-
proficient and -deficient U20S (B) or SF763 (C) cells were injected into symmetrical sites on the back in the same nude mouse. Data were analyzed with the

paired two-tailed Student’s t test. Error bars indicate SEM. *P < 0.05.
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these observations, we hypothesized that PTEN R159 methylation
is involved in modulation of pre-mRNA splicing. To test this hy-
pothesis, we utilized deep RNA-sequencing (RNA-seq) to profile
the alternative mRNA splicing events in PTEN-null H4 glioma
cells expressing control tag, wild-type PTEN, or the methylation-
defective PTEN R159K mutant, as this mutant is found most
frequently in glioma. For replicate multivariate analysis of tran-
script splicing, we obtained RNA-seq data from three biological
replicates in each group. Three pairwise comparisons (PTEN vs.
control; PTEN R159K vs. PTEN; and PTEN R159K vs. control)
were performed among these three groups, showing differentially
expressed alternative splicing events (mainly skipped exons; Fig.
5A and Datasets S1-S3). We evaluated the regulatory pattern of
these differentially expressed alternative splicing events by inter-
section analysis and found that PTEN modulates pre-mRNA
splicing in multiple ways. These mainly include methylation-related,
methylation-unrelated, and nonmethylation dominant negative
manners (Fig. 5B). Functional annotation of the gene products
affected by the PTEN methylation status indicates that PTEN
methylation regulates important cellular processes such as DNA
repair and cell-cycle regulation through modulation of pre-mRNA
splicing (SI Appendix, Fig. S3 and Dataset S4). PTEN may also
influence cardiac muscle development, neuron development, an-
tigen presentation, metabolic homeostasis, signaling transduction,
and cellular transportation in methylation-unrelated and non-
methylation dominant negative manners (SI Appendix, Figs. S4
and S5 and Datasets S5 and S6).

We validated some interesting alternative spliced gene prod-
ucts that are regulated by PTEN in a methylation-related manner,
such as alternatively spliced RYR3 and MDM4. RYR3 is an in-
tracellular calcium release channel, located on the endo/sarcoplasmic
reticuli, widely expressed in many tissues including brain (71),
while MDM4 is a p53 regulator involved in suppression of cell-
cycle arrest and apoptosis (72). The PTEN R159K mutant lost
the capacity to regulate the alternatively spliced RYR3 and MDM4,
compared with wild-type PTEN (SI Appendix, Fig. S6 A and B,
lane 2 vs. lane 3), which is comparable to the control group and
the catalytically dead mutants PTEN C124S and G129E (SI Ap-
pendix, Fig. S6 A and B, lane 2 vs. lane 1, 4, or 5). The use of PI3K
inhibitor L'Y294002 mimicked regulation by wild-type PTEN (SI
Appendix, Fig. S6 A and B, lane 2 vs. lanes 6-10), further indi-
cating that the regulation of alternatively spliced RYR3 and
MDM4 by PTEN relies on suppression of the PI3BK-AKT cascade.
Since the catalytically dead mutants PTEN C124S and G129E can
be modified by R159me2a (Fig. 3 C, lanes 7-10), this regulation of the
alternatively spliced RYR3 and MDM4 is related to but not dependent
on PTEN methylation. Thus, PTEN methylation can modulate
pre-mRNA splicing through suppression of PI3K-AKT signaling.

Splicing factors are coordinated to establish a series of complexes
to regulate alternative splicing (73, 74). Through coexpression
analyses with the TCGA dataset, we found that the expression
levels of splicing factors are exquisitely coordinated in normal
brain tissues and tissues adjacent to glioblastoma multiforme (GBM)
(Fig. 5 C, Left). In PTEN-proficient GBM samples, this coordination
is not as exacting as that in normal tissues and tissues adjacent
to GBM (Fig. 5 C, Center vs. Left), but is nonetheless impressive
compared with that in PTEN-deficient GBM samples (Fig. 5 C,
Center vs. Right). Together with RNA-seq analyses, these observa-
tions indicate a significant role of PTEN in modulation of pre-mRNA
splicing, which opens a window for understanding PTEN biology.

Discussion

Multiple types of PTEN posttranslational modification have
been identified (24). PTEN arginine methylation can now be
added to this list. Methylated arginine residues were previously
considered to be located in RG-rich motifs (58), which are absent
in PTEN protein. Recent mass-spectrometry analysis showed that
69% of methylation sites reside outside of RG-rich motifs (59).
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Our data reveal an important methylation site located in a non-
RG-rich motif in PTEN. We demonstrate that PTEN is asym-
metrically dimethylated on R159, which exhibits a high degree of
evolutionary conservation. Moreover, the methylation-dead mutant
PTEN R159K has been identified in multiple types of cancer (75—
78). The R159K mutant loses both lipid- and protein-phosphatase
activity, and its ability to oppose the PI3K-AKT cascade is thus
abolished. This mutant consequently fails to suppress tumorigenesis,
arguing that methylation at this site is required for the tumor-
suppression function of PTEN.

Arginine methylation by PRMT6 plays multiple roles in cel-
lular activities. It has been reported that PRMT6 methylates
p21 at R156, facilitating cytoplasmic localization of p21 and dys-
regulation of p21 function (51). In addition, PRMT6 inactivates
the p21 promoter independent of H3R2 methylation (H3R2me2a)
(49, 53). Similarly, PRMT6 inactivates p16 at the transcriptional
level (49) and methylates p16 protein to disrupt p16 function (50).
Mouse embryonic fibroblasts derived from PRMT6 knockout mice
exhibit p53 transactivation, with resultant growth defects and
cellular senescence (48). However, analysis of TCGA datasets
shows that high expression of PRMT6 is associated with improved
survival in patients with breast, colorectal, renal, or ovarian cancer
(79) (SI Appendix, Fig. S7; data from the Human Protein Atlas is
available from www.proteinatlas.org/), consistent with the concept
that PRMT6 functions as a tumor suppressor in these cancers. In
the presence of PTEN, we found that PRMT6 critically represses
the PI3K-AKT cascade, while other PRMTs are not involved in
repression of this cascade, and that PRMT6 deficiency results in
activation of the PI3K-AKT cascade, promoting tumorigenesis.
This contrasts with, but does not contradict, previous observations
that PRMT6 depletion in PTEN-null prostate cancer cell lines
represses the PI3K-AKT cascade (54), providing insight into the
mechanism by which PRMT®6 represses tumorigenesis. PRMT6
conventional knockout mice do not show any particular character-
istic phenotypic features (48). In the future, the role of PRMT6
in tumorigenesis and in other PTEN-related diseases can be
more specifically evaluated by using PRMT6 knockout mice with
additional genetic alterations or with conditional knockout and
inducible knockout mouse models.

Pre-mRNA splicing is a complicated multistep cellular process
that must be accurately regulated by an exquisite network to
maintain physiologic homeostasis (80). Recent proteomic studies
have shown that pre-mRNA splicing regulating factors are a
major subset of proteins modified by arginine methylation (59,
81). Here, we show that PTEN R159 methylation is important
for modulation of alternative mRNA splicing. The intersection
analysis reveals that PTEN regulates pre-mRNA splicing in
methylation-related, -unrelated, and nonmethylation dominant
negative manners. In addition, the coexpression analysis unveils
that the coordinated expression of splicing factors is influenced
by PTEN status. These findings suggest an important role of
PTEN in modulation of pre-mRNA splicing. Functional anno-
tation of the regulated gene products indicates that PTEN exerts
influence on multiple cellular and physiologic processes through
modulation of pre-mRNA splicing, thus providing insight into
the complexity of PTEN function.

Emerging evidence highlights the potential of targeting pre-
mRNA splicing to provide therapeutic benefit in cancer (82). For
example, several independent studies have shown that PRMTS, a
master regulator of pre-mRNA splicing, is a promising therapeutic
target for certain types of cancer (83-85). Our study suggests the
possibility that targeting pre-mRNA splicing might be a therapeutic
strategy for PTEN-deficient cancers. To this end, further mech-
anistic details of how PTEN modulates pre-mRNA splicing should
be unraveled in future studies.

PRMT6 interacts with PTEN in cytoplasm, consistent with the
role of PRMT6 in suppression of PI3K-AKT signaling. However,
subcellular fractionation showed that PTEN R159K mutation
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Fig. 5. PTEN R159 methylation is involved in regulation of pre-mRNA splicing. (A) Quantification of differentially expressed alternative splicing events in
three pairwise comparisons (PTEN vs. control, PTEN R159K vs. PTEN, and PTEN R159K vs. control). A5SS or A3SS, alternative 5’ or 3’ splice site; MXE, mutually
exclusive exons; Rl, retained introns; SE, skipped exons. Significant events are listed in Datasets S1-S3. (B) Intersections of alternative splicing events among
three pairwise comparisons (Left) containing 18 combinatorial modes of change, as listed in Right. Alternative splicing events in 6 of the 18 combinatorial
modes account for about 96% of all intersected events and can be categorized into three regulatory modes, including those which are regulated by PTEN in a
methylation-related manner (majority in yellow), a methylation-unrelated manner (majority in pink), or a nonmethylation dominant negative manner
(majority in cyan). The IncLevelDifference index is important for understanding pairwise comparison, intersection analysis, and the related datasets. When the
expression level of the inclusive form of a splicing event in X group is higher or lower than in Y group, then the IncLevelDifference index is, respectively, >0 (+)
or <0 (-) in pairwise comparison of X vs. Y. For example, the regulatory pattern of methylation-related includes two conditions: (i) The expression level of the
inclusive form of a splicing event is higher in the PTEN group, compared with the control group or PTEN R159K group. In this condition, the splicing event does
not show a significant difference in pairwise comparison of PTEN R159K vs. control, the IncLevelDifference index is “+" in pairwise comparison of PTEN vs.
control, and is “—" in pairwise comparison of PTEN R159K vs. PTEN. (ii) The expression level of the inclusive form of a splicing event is lower in the PTEN group,
compared with the control or PTEN R159K group. In this condition, the splicing event does not show a significant difference in pairwise comparison of PTEN
R159K vs. control, the IncLevelDifference index is “—" in pairwise comparison of PTEN vs. control and is “+" in pairwise comparison of PTEN R159K vs. PTEN.
(C) Heatmap showing pairwise gene coexpression matrices for 220 known or putative splicing factors in normal brain tissues and tissues adjacent to GBM
(Left), PTEN-proficient GBM (Center), and PTEN-deficient GBM (Right).
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does not affect the subcellular localization of the PTEN protein
(SI Appendix, Fig. S8). In addition, PTEN R159me2a was found in
cytoplasm as well as in nucleus. These findings suggest that PTEN
is methylated by PRMT6 in cytoplasm, and methylated PTEN can
shuttle from cytoplasm to nucleus. Thus, methylated PTEN can
exert its influence in the cytoplasm and nucleus, which might be
not limited to suppression of PI3K-AKT signaling and modula-
tion of pre-mRNA splicing.

In summary, our study reveals a type of PTEN modification by
protein arginine methylation and provides perspective for un-
derstanding the mechanism underlying the complexity of PTEN
regulation and function.

Experimental Procedures
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