
CARM1-mediated methylation of protein arginine
methyltransferase 5 represses human �-globin gene
expression in erythroleukemia cells
Received for publication, May 22, 2018, and in revised form, September 10, 2018 Published, Papers in Press, September 26, 2018, DOI 10.1074/jbc.RA118.004028

Min Nie‡, Yadong Wang‡, Chan Guo‡, Xinyu Li‡, Ying Wang‡, Yexuan Deng‡, Bing Yao‡, Tao Gui‡, Chi Ma‡,
Ming Liu‡, Panxue Wang‡, Ruoyun Wang‡, Renxiang Tan‡§, Ming Fang¶, Bing Chen‡, Yinghong He�,
David C. S. Huang**, Junyi Ju‡1, and X Quan Zhao‡2

From the ‡State Key Laboratory of Pharmaceutical Biotechnology, Department of Hematology, the Affiliated Drum Tower Hospital
of Nanjing University Medical School, China-Australia Center for Translational Medicine, School of Life Sciences, Nanjing
University, Nanjing 210023, China, §State Key Laboratory Cultivation Base for TCM Quality and Efficacy, Nanjing University of
Chinese Medicine, Nanjing 210046, China, ¶Institute of Life Sciences, Southeast University, Nanjing 210096, China, �School of Basic
Medicine, Dali University, Yunnan 671003 China, and **Department of Medical Biology, The Walter and Eliza Hall Institute of
Medical Research, University of Melbourne, Melbourne, Victoria, 3010 Australia

Edited by Joel Gottesfeld

Protein arginine methyltransferase 5 (PRMT5) is a member of
the arginine methyltransferase protein family that critically
mediates the symmetric dimethylation of Arg-3 at histone H4
(H4R3me2s) and is involved in many key cellular processes,
including hematopoiesis. However, the post-translational mod-
ifications (PTMs) of PRMT5 that may affect its biological func-
tions remain less well-understood. In this study, using MS anal-
yses, we found that PRMT5 itself is methylated in human
erythroleukemia Lys-562 cells. Biochemical assays revealed that
coactivator-associated arginine methyltransferase 1 (CARM1)
interacts directly with and methylates PRMT5 at Arg-505 both in
vivo and in vitro. Substitutions at Arg-505 significantly reduced
PRMT5’s methyltransferase activity, decreased H4R3me2s en-
richment at the �-globin gene promoter, and increased the expres-
sion of the �-globin gene in Lys-562 cells. Moreover, CARM1
knockdown consistently reduced PRMT5 activity and activated
�-globin gene expression. Importantly, we show that CARM1-me-
diated methylation of PRMT5 is essential for the intracellular
homodimerization of PRMT5 to its active form. These results thus
reveal a critical PTM of PRMT5 that represses human �-globin
gene expression. We conclude that CARM1-mediated asymmetric
methylation of PRMT5 is critical for its dimerization and methyl-
transferase activity leading to the repression of �-globin expres-
sion. Given PRMT5’s crucial role in diverse cellular processes,
these findings may inform strategies for manipulating its methyl-
transferase activity for managing hemoglobinopathy or cancer.

Post-translational modifications (PTMs)3 of histone proteins
play important roles in defining chromatin structure and con-
trolling gene activities such as globin gene expression (1–6).
Among the various modifications, arginine methylation is par-
ticularly critical for several cellular processes, including signal
transduction, DNA repair, transcription, protein subcellular
localization, and RNA processing (7, 8). In eukaryotes, arginine
methylation is catalyzed by a family of enzymes called protein
arginine methyltransferases (PRMTs). In humans, this family
currently consists of nine members subdivided into three cate-
gories based on differences in primary sequences and substrate
specificity: Type I PRMTs, which catalyze monomethyl argi-
nine formation and the asymmetric dimethylation (me2a) of
arginine residues (PRMT1, 2, 3, 4, 6, and 8); type II PRMTs,
which catalyze monomethyl arginine formation and the sym-
metric dimethylation (me2s) of arginine residues (PRMT5 and
9); and type III PRMTs, which catalyze only the monomethyla-
tion of arginine residues (PRMT7) (9, 10). Although some of the
PRMTs appear histone specific, many have now been found to
modify both histone and nonhistone proteins (10).

PRMT4, more commonly known as CARM1 (coactivator-
associated arginine methyltransferase 1), was originally identi-
fied through its binding to GRIP1, the p160 steroid receptor
coactivator in a yeast two-hybrid screen (11). CARM1 is a type
I arginine methyltransferase that asymmetrically dimethylates
proteins at arginine residues involved in the regulation of tran-
scription, pre-mRNA splicing, cell cycle progression, and the
DNA damage response (9). CARM1 methylates histone H3 at
Arg-17, Arg-26, and Arg-42, which is normally linked to gene
activation (12, 13). CARM1 can also methylate nonhistone sub-
strates acting as gene coregulators, such as the transcription
factors p/CIP, pRB, SOX2, and the NF-�B subunit p65 (14 –17);
the transcriptional coactivators CBP/p300 and SRC3 (18, 19);
the chromatin remodeling factor BAF155 (20), PAX7 (21); the
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mediator Med12 (22); the RNA-binding proteins PABP1 and
HuD (23, 24); the splicing factors CA150, SAP49, U1C, and
SmB; and RNA pol II (25, 26).

PRMT5 is a type II arginine methyltransferase that can sym-
metrically methylate histone H2A/H4 N-terminal arginine res-
idues to modulate chromatin structure and to epigenetically
regulate the transcription of target genes in cells (8). In partic-
ular, PRMT5 is essential for embryonic stem cell function, adult
hematopoietic cell maintenance, and globin gene switching
(27–29). Similar to CARM1, PRMT5 can also methylate nonhi-
stone protein substrates to regulate ribosome biogenesis; the
assembly of the Golgi apparatus; cellular differentiation; and
cell growth, migration, and development (8, 9). Of note,
PRMT5 dysfunction or alteration (including amplification,
aberrant expression, deletion, and mutation) has been associ-
ated with various cancers and other diseases, such as gastric,
colorectal, lung, and prostate cancer; lymphoma; leukemia;
renal and cardiovascular disease; Huntington’s disease; and
Alzheimer’s disease (9, 30 –33). Thus, the screening of func-
tional PRMT5 inhibitors as potential chemotherapeutics has
been a highly pursued and promising strategy for preventing
cancers and other diseases (34).

Although the crystal structure of PRMT5 was resolved 6
years ago (35), the PTMs affecting its functions, including is
enzymatic activities, remain poorly understood. Thus far, there
have only been reports that phosphorylation or ubiquitination
of PRMT5 affects its activity (36, 37). Whether methylation
of PRMT5 is involved in its functional modulation remains
unknown. In the current study, we found that PRMT5 could be
methylated by CARM1 at the highly conserved residue arginine
505 (Arg-505). CARM1 repressed human �-globin gene expres-
sion indirectly through the methylation of PRMT5, which
increased histone H4R3me2s enrichment at the �-promoter in
Lys-562 cells. We have demonstrated that methylation at Arg-
505 of PRMT5 is essential for its dimerization and is required
for its optimal methyltransferase activity in Lys-562 cells. Our
study thus reveals a novel post-translational modification of
PRMT5 by CARM1 that modulates human �-globin gene
expression.

Results

PRMT5 is dimethylated at Arg-505

In previous studies, we have shown that the PRMT5-medi-
ated symmetric dimethylation of H4R3 induces the direct bind-
ing of DNMT3A, resulting in the methylation of adjacent CpG
dinucleotides and in �-globin gene silencing in erythroid cells
(6, 29). In the current study, we used an anti-FLAG antibody
conjugated to Sepharose beads to precipitate PRMT5 and its
associated proteins from cellular extracts of human Lys-562
cells stably overexpressing FLAG-tagged PRMT5; in immuno-
precipitation experiments, we found that LYAR (human homo-
logue of mouse Ly-1 antibody reactive clone) interacts with
PRMT5, acting as a novel transcription factor that binds the
�-globin gene, and is essential for silencing �-globin gene
expression (Fig. 1A) (38 –40). Other potential PRMT5-interact-
ing proteins identified are shown in Table S1. Interestingly,
after the protein band corresponding to PRMT5 was cut out

and subjected to MS analysis, we found a polypeptide with the
sequence EKDRDPEAQFEPYVVR (positions 489 to 505 of
PRMT5) in which the last arginine was dimethylated (Fig. 1, A
and B). This last arginine residue corresponds to Arg-505 in
human PRMT5. Alignment of PRMT5 sequences from differ-
ent mammal species showed that this Arg-505 site is evolution-
arily well-conserved (Fig. 1C).

Methylation of PRMT5 at Arg-505 is essential for its
methyltransferase activity

To examine the role of Arg-505 in PRMT5, we constructed
two PRMT5 mutants, PRMT5-R505A and PRMT5-R505K, by
mutagenesis and generated stable FLAG-tagged Lys-562 cell
lines overexpressing these mutants as well as cell lines express-
ing WT PRMT5 and PRMT5� (the methyltransferase-dead
mutant form of PRMT5 in which five amino acids in the
S-adenosyl-L-methionine– binding motif have been deleted)
using lentiviral vectors (6, 41). PRMT5 protein levels were
assessed by Western blotting, and PRMT5 gene expression in
the cells was quantified from total RNA by Q-RT-PCR. PRMT5
expression levels were significantly increased in these cell lines
compared with the vector controls (Fig. 2, A and B). Subse-
quently, we performed Western blot analyses to measure the
pancellular levels of the histone mark H4R3me2s, which is
mediated by PRMT5. We found that the levels of H4R3me2s
were significantly reduced in cells overexpressing either
PRMT5-R505A or PRMT5-R505K compared with cells
expressing WT PRMT5 and were similar to the levels of
H4R3me3s in PRMT5�-expressing cells (Fig. 2C). Because
MEP50 is a key component in the PRMT5-containing complex
and is essential for the methyltransferase activity of PRMT5
(35), we tested whether the PRMT5 mutants bound MEP50
differently than the WT PRMT5. We found that PRMT5
mutants could immunoprecipitate MEP50 as well as the WT
PRMT5 (Fig. S1), excluding the possibility that the mutants
exhibited a decreased MEP50-binding capability in Lys-562
cells. Previously, we have found that the repressive H4R3me2s
mark triggered by PRMT5 is enriched at the �-globin gene pro-
moter to repress �-globin expression in Lys-562 cells (29).
Thus, we analyzed the enrichment of the histone mark
H4R3me2s at the �-promoter in these cells by ChIP analysis.
We found that the levels of H4R3me2s enrichment at the
�-promoter in cells overexpressing mutant PRMT5 were signif-
icantly lower than in the cells overexpressing WT PRMT5 (Fig.
2D). Consistently, �-globin gene expression was significantly
increased in cells overexpressing the two mutant forms of
PRMT5 compared with the WT cells (Fig. 2E). Therefore, these
results suggest that the methylation of PRMT5 at Arg-505 is
essential for its methyltransferase activity in cells and is impor-
tant for the repression of �-globin gene expression in Lys-562
cells.

CARM1 methylates PRMT5 in vitro

Although we found that PRMT5 was dimethylated at Arg-
505 in MS analysis, whether the dimethylation was symmetric
or asymmetric could not be determined. To identify the meth-
yltransferase responsible for the methylation of PRMT5, we
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purified three major arginine methyltransferases—the recom-
binant fusion proteins GST-PRMT1 and GST-CARM1 from
Escherichia coli, and the FLAG-tagged PRMT5 (PRMT5-f)
from Lys-562 cells (Fig. 3, B–D, left)—as well as their potential
substrate, the recombinant PRMT5 protein (rPRMT5) from
E. coli (Fig. 3A). Of note, the recombinant PRMT5 protein from
E. coli has never been observed to exhibit methyltransferase
activity in vitro (35). We used free histones as substrates to
confirm the enzymatic activity of GST-PRMT1, GST-CARM1,
and PRFT5-f in Western blot analysis using specific antibodies

against histone H4R3me2a, H3R17me2a, and H4R3me2s,
respectively (Fig. 3, B–D, left). Subsequently, the purified
recombinant PRMT5 protein from E. coli was incubated
with each methyltransferase independently in the presence of
3H-SAM, the methyl donor. After SDS-PAGE and autoradiog-
raphy, we found that there was a 3H-labeled protein band cor-
responding to the size of PRMT5 only when the recombinant
PRMT5 was incubated with GST-CARM1 (Fig. 3C, right). No
signals were detectable after incubation with GST-PRMT1 or
PRMT5-f (Fig. 3, B and D, right). These results demonstrate

Figure 1. PRMT5 is dimethylated at Arg-505. A, SimplyBlue SafeStain of an SDS-PAGE gel of FLAG antibody immunoprecipitates from Lys-562 cells stably
overexpressing PRMT5-FLAG before analysis by MS. Protein bands corresponding to PRMT5 and LYAR (with peptide sequences: KKGQEADLEAGGEEVPEANGSAGKR;
VHNESILDQVWNIFSEASNSEPVNKEQDQRPLHPVANPHAEISTK) are indicated. B, ESI MS/MS spectrum of the tryptic peptide EKDRDPEAQFEmPYVVR## (where m is
oxidized methionine and R## represents dimethylated arginine). All y ions in the dimethylated peptide spectrum have a mass shift of�28 Da compared with the y ions
from the nonmethylated peptide spectrum. C, amino acid sequence alignment of PRMT5 proteins among mammals. The Homo sapiens PRMT5 amino acid sequence
from residues 486 to 530 is indicated on the top, and the conserved arginine (Arg-505 in Homo sapiens) is indicated by an asterisk.

Figure 2. Methylation of PRMT5 at Arg-505 is essential for its methyltransferase activity. A, Western blot analysis of extracts from Lys-562 cells containing
vector or overexpressing PRMT5-WT, PRMT5-R505A, PRMT5-R505K, or PRMT5� using FLAG and PRMT5 antibodies. GAPDH was used as a loading control. Blots
are representative of three independent experiments. B, quantitative real-time PCR analysis of PRMT5 mRNA normalized to �-actin in Lys-562 cells containing
vector or overexpressing PRMT5-WT, PRMT5-R505A, PRMT5-R505K, or PRMT5�. The results are shown as the mean � S.D. from three independent experi-
ments. C, Western blot analysis of extracted histones from Lys-562 cells containing vector or overexpressing PRMT5-WT, PRMT5-R505A, PRMT5-R505K, or
PRMT5� using H4R3me2s antibody. Histone H4 was used as a loading control. Blots are representative of three independent experiments. D, ChIP analysis of
H4R3me2s enrichment at the �-promoter in Lys-562 cells containing vector or overexpressing PRMT5-WT, PRMT5-R505A, PRMT5-R505K, or PRMT5�. The
results are shown as the mean � S.D. from three independent experiments. Two-tailed Student’s t-tests were used to compare means. *, p � 0.05, **, p � 0.01
compared with the vector control. E, quantitative real-time PCR analysis of �-globin mRNA normalized to �-actin in Lys-562 cells containing vector or
overexpressing PRMT5-WT, PRMT5-R505A, PRMT5-R505K, or PRMT5�. The results are shown as the mean � S.D. from three independent experiments.
Two-tailed Student’s t-tests were used to compare means. **, p � 0.01 compared with the vector control.
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that PRMT5 may be methylated by CARM1 in vitro and that
there is no automethylation of PRMT5.

CARM1 directly interacts with PRMT5

To test whether CARM1 and PRMT5 interact in vitro, a GST
pulldown experiment was performed. As shown in Fig. 4A,
GST-CARM1 could readily pull down the purified recombi-
nant PRMT5, whereas GST did not interact with PRMT5. Fur-
ther PRMT5 fragmentation pulldown assays demonstrated that
only amino acids 454 – 637 of PRMT5 interacted with CARM1
(Fig. 4B). Of note, Arg-505 is located in this region (Fig. 1C),
which is consistent with its methylation by CARM1. Indeed, we
found that PRMT5 coimmunoprecipitated with CARM1 pro-
tein from a Lys-562 cellular extract (Fig. 4C). Thus, these results
indicate that PRMT5 and CARM1 interact in cells and provide
support for CARM1-mediated PRMT5 methylation.

CARM1 represses globin gene expression through methylation
of PRMT5

To examine whether Arg-505 in PRMT5 is asymmetrically
dimethylated, we used the peptide MPYVVR (me2a) LHNFH,

which corresponds to amino acids 500 –510 of the human
PRMT5 protein, where arginine is asymmetrically demethy-
lated, as an antigen to generate a rabbit polyclonal antibody.
Dot blot and peptide competition assays confirmed that this
anti-PRMT5-R505me2a antibody specifically recognized the
peptide in which Arg-505 was asymmetrically dimethylated,
not the nonmethylated peptide (Fig. S2, A and B).

To determine the role of CARM1 in the methylation of
PRMT5, we generated two stable CARM1 knockdown
(CARM1-KD) Lys-562 cell lines using lentiviral vectors con-
taining specific shRNAs. CARM1 protein levels were assessed
by Western blotting (Fig. 5A), and gene expression in these cells
was quantified from total RNA by Q-RT-PCR (Fig. 5B).
CARM1 expression levels were reduced in these two cell lines
to �30% of the expression in the scrambled control. Indeed, the
methylation of PRMT5 was greatly reduced in CARM1-KD
Lys-562 cell lines compared with scrambled cells as revealed by
Western blot analysis using the PRMT5-R505me2a antibody
(Fig. 5A). Interestingly, this reduction was accompanied by sig-
nificantly decreased levels of the histone mark H4R3me2s,
which is triggered by PRMT5, although the total levels of cellu-
lar PRMT5 were not changed (Fig. 5A). We consistently
observed significantly elevated expression of �-globin in
CARM1-KD cells compared with Scr Lys-562 cells (Fig. 5C).
ChIP experiments demonstrated that the enrichment of the
histone mark H4R3me2s at the �-promoter was significantly
decreased in CARM1-KD cells compared with Scr Lys-562
cells, whereas the enrichment of H3R17me2a, which is nor-
mally triggered by CARM1, remained unchanged (Fig. 5D).

To further confirm that CARM1 influences �-globin expres-
sion by affecting the methylation of histone H4R3 rather than
through direct enzymatic activity on histone H3R17, we ana-
lyzed �-globin expression in Lys-562 cells with WT or PRMT5

Figure 3. CARM1 methylates PRMT5. A, SDS-PAGE analysis of purified
recombinant PRMT5 (rPRMT5) from E. coli as the substrate for following in
vitro methylation assays. B, SDS-PAGE analysis of purified recombinant GST-
PRMT1 and GST control from E. coli (top left). SDS-PAGE analysis of free his-
tones stained by Coomassie Brilliant Blue (CBB) (middle left). Western blot
analysis of free histones from an in vitro methylation assay with H4R3me2a
antibody (bottom left). Autoradiographic image from an in vitro methylation
assay with GST-PRMT1 or GST control (right). C, SDS-PAGE analysis of purified
recombinant GST-CARM1 and GST control from E. coli (top left). SDS-PAGE
analysis of free histones stained by Coomassie Brilliant Blue (CBB) (middle left).
Western blot analysis of free histones from an in vitro methylation assay with
H3R17me2a antibody (bottom left). Autoradiographic image from an in vitro
methylation assay with GST-CARM1 or GST control (right). A gray asterisk
denotes the positive 3H-labeled PRMT5 band. D, SDS-PAGE analysis of IgG
control (top left) and of FLAG-PRMT5 immunoprecipitated from Lys-562 cells
overexpressing FLAG-tagged PRMT5. SDS-PAGE analysis of free histones stained
by Coomassie Brilliant Blue (CBB) (middle left). Western blot analysis of free his-
tones from an in vitro methylation assay with H4R3me2s antibody (bottom left).
Autoradiographic image from an in vitro methylation assay with FLAG-PRMT5 or
IgG control (right). Black asterisks denote the fusion proteins in assays.

Figure 4. CARM1 directly interacts with PRMT5. A, Western blot analysis of
PRMT5 binding to purified GST or GST-CARM1 using PRMT5 antibody (top).
SDS-PAGE analysis of purified GST or GST-CARM1 from E. coli stained by Coo-
massie Brilliant Blue (CBB) (bottom). B, Western blot analysis of CARM1
binding to purified GST, GST-PRMT5(1– 637), GST-PRMT5(1–354), GST-
PRMT5(355– 453) or GST-PRMT5(454 – 637) using CARM1 antibody (top). SDS-
PAGE analysis of purified GST, GST-PRMT5(1– 637), GST-PRMT5(1–354), GST-
PRMT5(355– 453), or GST-PRMT5(454 – 637) from E. coli stained by Coomassie
Brilliant Blue (CBB) (bottom). Black asterisks denote the GST fusion proteins in
assays. C, coimmunoprecipitation of PRMT5 and CARM1 from FLAG-PRMT5
overexpressing Lys-562 cell lysate. IgG was used as the negative control.
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mutants (PRMT5-R505A or -R505K) with or without CARM1
knockdown. The expression levels of CARM1 in these cells
were verified by Q-RT-PCR (from total RNA) and by Western
blot analyses (Fig. 6, A and B). PRMT5 levels and the methyla-
tion changes mediated by PRMT5, histone H4R3me2s, and
H3R17me2a were also confirmed by Western blotting with spe-
cific antibodies (Fig. 6B). As expected, �-globin expression was
significantly activated in cells overexpressing PRMT5 mutants
(PRMT5-R505A or -R505K) compared with those overexpress-
ing WT PRMT5, as determined by Q-RT-PCR (Fig. 6C), which
suggests that PRMT5 mutants (R505A or R505K) may confer
dominant negative effects on PRMT5 activity. Interestingly, no
further increases in �-globin expression were observed in
CARM1-KD Lys-562 cells overexpressing PRMT5 mutants
compared with native cells overexpressing the mutants (Fig.
6C). In contrast, there was a significant increase in �-globin
expression in CARM1-KD cells overexpressing WT PRMT5
compared with native cells or CARM1-KD cells overexpressing
PRMT5 mutants (Fig. 6C). The ChIP assay also indicated that
the enrichment of the histone mark H4R3me2s at the �-pro-
moter was negatively correlated with the expression of the
�-globin gene in these cells (Fig. 6D). However, the enrichment
of H3R17me2a at the �-promoter in those cells was not corre-

lated with �-globin gene expression (Fig. 6D). These results
further demonstrate that CARM1 methylates PRMT5 to
repress �-globin gene expression in Lys-562 cells.

Arg-505 methylation is essential for PRMT5 homodimerization

Post-translational modifications of proteins often affect
protein oligomerization. The crystal structure of the human
PRMT5-MEP50 complex has revealed that the PRMT5 sub-
units form a core tetramer, and the MEP50 subunits are
arranged peripherally in complex with PRMT5, which is critical
for methyltransferase activity (35). To investigate whether Arg-
505 methylation can affect the oligomerization of PRMT5, we
treated Lys-562 cells expressing either WT PRMT5 or PRMT5
mutants (R505A or R505K) with the “zero length” cross-linking
agent EDC/NHS (42, 43). As shown in Fig. 7B, a Western blot
assay with a PRMT5 antibody revealed that WT PRMT5 was
able to form a dimer or a tetramer in the presence of the cross-
linker, whereas PRMT5 mutants (R505A or R505K) were not
able to oligomerize under the same conditions. No dimers or
tetramers were detected in the PBS treatment (negative con-
trol; Fig. 7A). These results suggest that PRMT5 mutants
(R505A or R505K) confer dominate negative effects on PRMT5
homodimerization and that Arg-505 methylation may be
essential for PRMT5 tetramer complex and its optimal methyl-
transferase activity in Lys-562 cells.

Discussion

Protein post-translational modifications, including arginine
methylation, play important roles in determining protein func-
tions (1). Although PRMT5 is an arginine methyltransferase
whose function is, on most occasions, to methylate other pro-
teins, it can also be methylated by other methyltransferases. In
this study, we demonstrated that PRMT5 was methylated at
arginine 505 and that this modification affected the methyl-
transferase activity of PRMT5. CARM1 interacted with PRMT5
directly and resulted in the asymmetric dimethylation of
PRMT5 Arg-505. The methylation of PRMT5 by CARM1 facil-
itated the homodimerization of PRMT5 and repressed �-globin
expression in Lys-562 cells. Interestingly, we found that
PRMT5 is also methylated by CARM1 in two other cell lines,
SGC7901 and BGC823 (Fig. S3, A and B), which suggests that
PRMT5 methylation might be a general phenomenon.

PRMT5 is the most important type II protein arginine meth-
yltransferase in eukaryotes. Although regulation of PRMT5
expression may occur at various stages from transcription to
post-translation, the catalytic activity of PRMT5 can be modu-
lated by protein binding and post-translational modifications
(35–37). MEP50 is one of the important interacting partners of
PRMT5 and is essential for PRMT5-mediated histone methyl-
ation. Previously, two tyrosine residues (Tyr-304 and Tyr-307)
of PRMT5 were found to be phosphorylated by the JAK2
kinase mutant V617F, which disrupted the interaction between
PRMT5 and MEP50 and thus impaired the methyltransferase
activity of PRMT5 (36). However, our study shows that the
methylation of PRMT5 Arg-505 had no effect on the associa-
tion of PRMT5 with MEP50, indicating that Arg-505 may not
be located at the interface between PRMT5 and MEP50 or that
Arg-505 is not a key residue affecting the PRMT5-MEP50 inter-

Figure 5. CARM1 represses �-globin expression. A, Western blot analysis of
indicated protein levels in cell lysates from the scramble control (Scr), CARM1-
KD1, and CARM1-KD2 Lys-562 cells. GAPDH and histone H4 were used as
loading controls. Blots are representative of three independent experiments.
B and C, quantitative real-time PCR analysis of CARM1 (B) and �-globin (C)
mRNA level in Scr, CARM1-KD1, and CARM1-KD2 Lys-562 cells normalized to
�-actin mRNA. The results are shown as the mean � S.D. from three indepen-
dent experiments. Two-tailed Student’s t-tests were used to compare means.
**, p � 0.01 compared with the Scr control. D, ChIP analysis of H3R17me2a
and H4R3me2s enrichment at the �-promoter in Scr, CARM1-KD1, and
CARM1-KD2 Lys-562 cells. IgG was used as the negative control. The results
are shown as the mean � S.D. from three independent experiments. Two-
tailed Student’s t-tests were used to compare means. **, p � 0.01 compared
with the Scr control.
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action. Instead, we found that the Arg-505 methylation of
PRMT5 was essential for the homodimerization of PRMT5.
According to the resolved crystal structure of the PRMT5-
MEP50 complex, the complex is a hetero-octamer in which the

PRMT5 subunits form a core tetramer and four MEP50 sub-
units are arranged peripherally (35). In the current study, the
impairment of PRMT5 methyltransferase activity because of
mutations of PRMT5 at Arg-505 may be a consequence of the
disruption of PRMT5 dimerization. Interestingly, there was a
naturally occurring PRMT5 mutant, R505W (at position 505,
the residue Arg was mutated to Trp), in a melanoma patient
with a resistant tumor (44). It would be interesting to investi-
gate whether the R505W mutation of PRMT5 is associated with
reduced methyltransferase activity or altered target sequence
preferences and whether the mutation contributes to drug
resistance.

Unfortunately, we show no evidence that PRMT5 is auto–
arginine methylated similar to PRMT6, PRMT7, PRMT8, and
CARM1 (45–48), although the biological roles of such modifi-
cations are currently unclear. We found that CARM1 asym-
metrically dimethylated Arg-505 of PRMT5 and indirectly reg-
ulated �-globin expression in Lys-562 cells. In fact, CARM1 has
been identified as a key regulator of fetal hematopoiesis and
thymocyte development (49). In addition, alternative splicing of

Figure 6. CARM1 methylates PRMT5 Arg-505 to repress �-globin expression. A and C, quantitative real-time PCR analysis of CARM1 (A) and �-globin (C)
mRNA levels normalized to �-actin in Lys-562 cells overexpressing PRMT5-WT, PRMT5-R505A, or PRMT5-R505K with or without CARM1 knockdown. The results
are shown as the mean � S.D. from three independent experiments. Two-tailed Student’s t-tests were used to compare means. **, p � 0.01, #, p � 0.05
compared with indicated controls. B, Western blot analysis of indicated protein levels in cell lysates from Lys-562 cells overexpressing PRMT5-WT, PRMT5-
R505A, or PRMT5-R505K with or without CARM1 knockdown. GAPDH and histone H3 were used as negative controls. D, ChIP analysis of H4R3me2s and
H3R17me2a enrichment at the �-promoter in Lys-562 cells overexpressing PRMT5-WT, PRMT5-R505A, or PRMT5-R505K with or without CARM1 knockdown.
The results are shown as the mean � S.D. from three independent experiments.

Figure 7. Arg-505 methylation is essential for PRMT5 oligomerization. A
and B, Western blot analysis using PRMT5 antibody to detect PRMT5 oligo-
merization in Lys-562 cells overexpressing PRMT5-WT, PRMT5-R505A, or
PRMT5-R505K treated with PBS control (A) or the cross-linker EDC�NHS (B).
The asterisk and the number sign indicate the PRMT5 dimer and PRMT5
tetramer, respectively.
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CARM1 is involved in regulating gene expression during termi-
nal erythropoiesis (50). Thus, CARM1 is a crucial epigenetic
modulator that contributes to proper differentiation of hema-
topoietic lineages. CARM1 is known as a transcriptional coacti-
vator because it heavily methylates histone H3 to deposit
H3R17me2a (12). We found that knockdown of CARM1
reduced global H3R17me2a levels but had no effect on the his-
tone mark enrichment at the �-globin gene promoter in Lys-
562 cells. These results suggest that CARM1-mediated histone
modifications in gene regulation may be context-dependent
and gene-specific. Our study unveils a novel role of CARM1 in
globin gene regulation as a transcriptional corepressor.

In conclusion, our study demonstrates that CARM1-medi-
ated asymmetric methylation of PRMT5 is critical for methyl-
transferase activity and for the repression of �-globin expres-
sion. Given that PRMT5 plays crucial roles in diverse cellular
processes, these findings may provide an alternative strategy for
manipulating the methyltransferase activity of PRMT5 in the
context of hemoglobinopathy or cancer.

Experimental procedures

Cell cultures, viral infection, and plasmids

Lys-562 cells and HEK293T cells were maintained as de-
scribed previously (6). Retrovirus or lentivirus production in
HEK293T cells and the infection of Lys-562 cells were also per-
formed as described previously (29). Transduced cells were
selected for GFP expression by fluorescence-activated cell sort-
ing (FACS).

PRMT5 or PRMT5� was inserted into the retroviral vector
MSCV-HA-IRES-GFP as described in a previous study (6, 41).
PRMT5 mutants were constructed using a site-directed
mutagenesis kit (SBS Genetech, Shanghai, China). The shRNA
target sequences for RNAi of CARM1 were inserted into the
XhoI/HpaI sites in the pLL3.7 lentiviral vector according to the
manufacturer’s instructions (American Type Culture Collec-
tion). The oligonucleotides used were as follows: Human
CARM1 shRNA KD1, 5�-AGAACATGATGCAGGACTA-3�;
human CARM1 shRNA KD2, 5�-ATTTCTGTTCCTT-
CTACAA-3�.

Mass spectrometry analysis

FLAG immunoprecipitates from Lys-562 cells expressing
PRMT5-FLAG were resolved as described previously (6). Pro-
tein bands of interest were excised and analyzed by electrospray
ion trap (ESI-IT) tandem mass spectrometry (MS/MS) (LCQ
Deca, Thermo Finnigan).

Western blot analysis and protein interaction studies

Cellular proteins were extracted by radioimmune precipita-
tion assay buffer (RIPA) lysis buffer at a high salt concentration
(420 mM NaCl), and Western blot analysis was performed as
described previously (6). The following antibodies were used
for Western blotting: FLAG (Sigma-Aldrich), PRMT5 (Sigma-
Aldrich), CARM1 (Cell Signaling Technology), GAPDH (MBL
International), H4R3me2s (Abcam), H4R3me2a (Active Motif),
H3R17me2a (Abcam), histone H4 (GenScript), and histone H3
(GenScript).

Human PRMT1, CARM1, and full-length or truncated
PRMT5 cDNA sequences were cloned into a pGEX6p-1 vector.
GST fusion proteins were induced in E. coli BL21 (DE3) by
isopropyl 1-thio-�-D-galactopyranoside (IPTG) and purified
with GST Sepharose beads (GenScript). Immunoprecipitation,
immunoblotting, and GST pulldown assays were performed as
described previously (6). We used the following antibodies in
the immunoprecipitations: FLAG (Sigma-Aldrich), PRMT5
(Sigma-Aldrich), and CARM1 (Cell Signaling Technology).

Generation of methylated PRMT5-specific antibody
(PRMT5-R505me2a)

The KLH (keyhole limpet hemocyanin)-conjugated PRMT5
peptide MPYVVR (me2a) LHNFH, with R asymmetrically dim-
ethylated, was synthesized by Abmart. This peptide, corre-
sponding to the human PRMT5 sequence from amino acids 500
to 510, was used to immunize rabbits. The IgG fraction from the
resulting serum was purified by Abmart.

In vitro methylation assay

Purified GST-PRMT1, GST-CARM1, and FLAG-PRMT5
were used as the enzyme sources for in vitro methyltransferase
assays as described previously (6). Briefly, we incubated these
enzymes with 5 �g of purified recombinant PRMT5 and 2 mCi
of the methyl donor, S-adenosyl-L-methyl-3H-methionine (3H-
SAM, PerkinElmer) in 20 �l of HMTase buffer (25 mM NaCl, 25
mM Tris-HCl, pH 8.8) for 2 h at 30 °C. Proteins were resolved
on a 10% (w/v) SDS-PAGE gel, dried, and then subjected to
autoradiography.

Cross-linking reactions

Lys-562 cell lysates were cross-linked using N-hydroxysuc-
cinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide hydrochloride (EDC) at final concentrations of 5 mM

and 10 mM, respectively (42, 43). After cross-linking with gentle
agitation at room temperature for 2 h, the reactions were
quenched with the addition of 20 mM DTT. The samples were
then analyzed with Western blotting assays.

RNA isolation, quantitative real-time PCR, and ChIP analysis

RNA was isolated from cells with TRIzol reagent (Life Tech-
nologies) according to the manufacturer’s instructions. cDNA
was synthesized with a HiScript 1st Strand cDNA Synthesis Kit
(Vazyme Biotech, China). Quantitative RT-PCR was performed
using FastStart Universal SYBR Green Master (Roche) in a
Rotor-Gene 6000 (Corbett Research) in a final volume of 20 �l.
Cycling conditions were 94 °C for 15 s, 60 °C for 30 s, and 72 °C
for 30 s. Each reaction was performed in triplicate. The primers
used are listed in Table S2.

ChIP assays were performed with Lys-562 cells as described
previously. The antibodies used were H3R17me2a (Abcam),
H4R3me2s (Abcam), and FLAG (Sigma-Aldrich). Normal rab-
bit IgG served as the control. The ChIP samples were analyzed
by quantitative RT-PCR using FastStart Universal SYBR Green
Master (Roche). A standard curve was prepared for each set of
primers using serial titration of the input DNA. The percentage
of ChIP DNA was calculated relative to the input DNA from the
primer-specific standard curves using the Rotor-Gene 6000
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Series Software 1.7. Each reaction was performed in triplicate.
The primers used are listed in Table S3.

Statistical analysis

Data analysis was performed with the statistical program
GraphPad Prism (v. 6.01, La Jolla, CA). The results are pre-
sented as the mean � S.D. Differences between two groups
were analyzed using two-tailed Student’s t-tests.
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