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The protein arginine methyltransferases (PRMTs) include a family of proteins with related putative meth-
yltransferase domains that modify chromatin and regulate cellular transcription. Although some family
members, PRMT1 and PRMT4, have been implicated in transcriptional modulation or intracellular signaling,
the roles of other PRMTs in diverse cellular processes have not been fully established. Here, we report that
PRMT2 inhibits NF-�B-dependent transcription and promotes apoptosis. PRMT2 exerted this effect by
blocking nuclear export of I�B-� through a leptomycin-sensitive pathway, increasing nuclear I�B-� and
decreasing NF-�B DNA binding. The highly conserved S-adenosylmethionine-binding domain of PRMT2
mediated this effect. PRMT2 also rendered cells susceptible to apoptosis by cytokines or cytotoxic drugs, likely
due to its effects on NF-�B. Mouse embryo fibroblasts from PRMT2 genetic knockouts showed elevated NF-�B
activity and decreased susceptibility to apoptosis compared to wild-type or complemented cells. Taken together,
these data suggest that PRMT2 inhibits cell activation and promotes programmed cell death through this
NF-�B-dependent mechanism.

NF-�B is sequestered in the cytoplasm by an I�B complex
(5, 8, 26, 45, 52), and phosphorylation of I�B in this complex by
two inducible kinases, I�B kinase 1 (IKK1) and IKK2, leads to
subsequent ubiquitination and degradation of these proteins
by the 26S proteasome (58, 59). The released NF-�B then
translocates to the nucleus, where it stimulates the synthesis of
genes involved in immune and inflammatory responses (25) by
formation of a higher-order transcription complex involving
two key multiple coactivators, histone-acetyltransferase p300
and its homolog, the CREB-binding protein (CBP) (1, 19, 22,
35, 36, 39). These coactivators promote the rapid formation of
the preinitiation and reinitiation complexes by bridging NF-�B
to the basal transcriptional machinery and facilitating multiple
rounds of transcription (20). NF-�B DNA binding and NF-�B-
dependent transcription are attenuated by newly synthesized
I�B-� in the nucleus, where it associates with NF-�B/RelA
complexes. As newly synthesized I�B-� accumulates in the
nucleus, there is a progressive reduction of both NF-�B
DNA binding and NF-�B-dependent transcription (4), pre-
sumably by export of NF-�B-I�B-� complexes from the nu-
cleus (3, 42, 49).

N-methylation of proteins at arginine residues is catalyzed
by the protein arginine methyltransferase (PRMT) family (18).
PRMTs can be divided into two major classes, based on the
type of dimethyl arginines they generate: type I PRMTs cata-
lyze the formation of asymmetric dimethyl arginines, while
type II PRMTs form symmetric dimethyl arginines. Among the
seven arginine methyltransferases (10, 16, 21, 29, 32, 40, 43,
50), only PRMT5 and PRMT7 are known to catalyze the for-
mation of symmetric dimethyl arginines. PRMT1, -2, and -3
are similar to one another (Fig. 1A, left) and share an S-
adenosylmethionine (Ado-Met)-binding motif related to those
found in nucleic acid and small-molecule methyltransferases
(24) and in other less homologous protein methyltransferases.
Some of these protein methyltransferases have now been im-
plicated in RNA processing and/or nucleocytoplasmic trans-
port, receptor-mediated signaling, and transcriptional regula-
tion (2), for example, by methylation of coactivators or
histones (6, 55, 57).

PRMT2 was shown to be an estrogen receptor alpha coac-
tivator (41), although the substrates of PRMT2 methylation
are still unknown (43, 50). Recently PRMT4 (CARM1) was
shown to synergistically coactivate NF-�B-mediated transcrip-
tion by forming a complex with p300 and NF-�B in vivo (12).
Since PRMT4 is capable of forming a complex with NF-�B, we
tested whether PRMT1, PRMT2, and PRMT3 participate in
NF-�B-dependent gene activation. Here, we show that, in con-
trast to PRMT4, PRMT2 inhibits NF-�B-dependent transcrip-
tion. PRMT2 exerts this effect by causing nuclear accumulation
of I�B-�, which concomitantly decreases nuclear NF-�B DNA
binding. Mouse embryo fibroblasts (MEFs) from PRMT2 ge-
netic knockouts show decreased levels of nuclear I�B-�, in-
creased NF-�B activity, and decreased susceptibility to apop-
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tosis compared to wild-type (WT) or complemented PRMT2-
transfected knockout cells. These findings indicate that
PRMT2 negatively regulates cell activation and promotes pro-
grammed cell death.

MATERIALS AND METHODS

Plasmids. The human immunodeficiency virus type 1 (HIV-1)–luciferase
(Luc) reporters, WT and mutant, have all been described previously (17, 31, 34,
37). The Rous sarcoma virus (RSV) expression plasmids containing the p50 and
p65 cDNAs have also been previously described (15). The human PRMT1,
PRMT2, and PRMT3 cDNAs were cloned by reverse transcription-PCR using
total RNA extracted from Jurkat cells. PRMT2-A, an alternative splice variant of
PRMT2 (27), was cloned by PCR using a human B-cell library as template. The
following primer pairs were used for PCR: 5�-AAGTCGACGCCATGGCAAC
ATCAGGTGACTGT-3� and 5�-AAGCGGCCGCTTATCTCCAGATGGGGA
AGACTT-3� for human PRMT2, 5�-AAGGATCCGCGAACTGCATCATGG
AGAA-3� and 5�-AAAAGCTTAAACCGCCTAGGAACGCTCA-3� for human
PRMT1, 5�-AAGATATCGCCATGGACGAGCCAGAACTGTCGGACAGC
GGGGACGAGGCCGCCTGGGAGGATGAGGACGAT-3� and 5�-AATCTA
GATTACTGGAGACCATAAGTTTGAGTTG-3� for human PRMT3, and 5�-
AAGTCGACGCCATGGCAACATCAGGTGACTGT-3� and 5�-AATCTAGA
TTAAAATGAATCACGCACGACCCTT-3� for PRMT2-A. All these coding
regions of cDNA were subcloned into the pVR1012 mammalian expression
vector (13) with a hemagglutinin (HA) tag at the C terminus. The four-alanine
mutant of PRMT2 (PRMT2-4A) was generated from the wild-type pVR1012
PRMT2 construct using the Stratagene QuikChange site-directed mutagenesis
kit according to the manufacturer’s directions. The sequence of the sense mu-
tagenic oligonucleotide used is 5�-AATAAAGAATCCCTGACGGATAAAGC
CGCAGCCGCGGTGGGCTGTGGGACTGGGATCATC-3�. This mutation
introduced a unique SacII site within the PRMT2 sequence. Mutant clones were
identified by restriction of the isolated plasmid DNA with SacII and verified by
sequencing. The PRMT2-N (PRMT2, 1 to 95 amino acids) mutant was generated
from the wild-type pVR1012 PRMT2 construct by PCR using the primer pairs
5�-GCGCGCGATATCGCCATGGCAACATCAGGTGACTGT-3� and 5�-GC
GCGCTCTAGACTAGGCATAGTCAGGCACGTCATAAGGATAGGGGT
CGTACTCATCCACGT-3�. Wild-type PRMT2-A was subcloned into pGEX-6P
(Amersham Pharmacia) for the generation of glutathione-S-transferase (GST)
fusion proteins. The luciferase reporter 5�B-Luc was purchased from Stratagene.
The expression vector for the I�B-� mutant (S32A/S36A) was described previ-
ously (56).

A wild-type IKK2 expression plasmid was used as a template to create a
constitutively active mutant by replacement of two serine residues at amino acids
177 and 181 by glutamic acid by site-directed mutagenesis (Stratagene): 5�-GA
GCTGGATCAGGGCGAGCTCTGCACAGAATTCGTGGGGACCCTG-3�
and 5�-CAGGGTCCCCACGAATTCTGTGCAGAGCTCGCCCTGATCCAG
CTC-3� (47). The resulting constitutively active IKK2 fragment was amplified by
PCR and cloned into an RSV expression vector. The RSV expression vector was
created by replacing the cytomegalovirus promoter in the pVR1012 vector with
an RSV promoter.

Cell culture, transfection, and reporter gene assays. The E1A-transformed
human kidney cell line 293 and NIH 3T3 cells were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal calf serum (FCS) and
penicillin-streptomycin at 37°C in 5% carbon dioxide in tissue culture dishes.
prmt2�/� MEFs (unpublished data) and wild-type MEFs were prepared from
day 13.5 embryos and maintained in Dulbecco’s modified Eagle medium sup-
plemented with 10% FCS. MEFs at passage 4 were used in the experiment
described in this paper. Lipofectamine Plus reagent (Boehringer Mannheim) was
used to transfect both 293 and NIH 3T3 cells according to directions from the
manufacturer. The transfection efficiency of both 293 and NIH 3T3 cells using
Lipofectamine Plus reagent was found to be constant and reproducible, with
standard deviations of �10% as assayed by �-galactosidase assays and fluores-
cence-activated cell sorter analysis of a cotransfected CD2 expression vector.
Tumor necrosis factor alpha (TNF-�) stimulation of cells was done using recom-

FIG. 1. PRMT2 inhibits HIV-1 transcription in contrast to other
arginine methyltransferases and requires its methyltransferase domain.
(A) PRMT2 inhibits transcription in contrast to other methyltrans-
ferases. (Top) Human PRMT1, -2, and -3 structures share a core
arginine methyltransferase region, composed of an Ado-Met-binding
domain (blue) and divergent C-terminal domain (yellow). (Bottom
left) 293T cells were transfected with 100 ng of 5�B-luciferase reporter
and 1 �g of methyltransferase expression constructs as indicated, and
luciferase activity was measured (Materials and Methods). (Bottom
right) A total of 15 �g of protein from each extract was run on a 4 to
15% polyacrylamide gel and transferred to a PVDF membrane. West-
ern blotting was performed with a mouse anti-HA antibody. (B) De-
letion of the methyltransferase domain abolishes PRMT2 inhibition of
transcription. (Top) Schematic representation of PRMT2 and PRMT2
mutants. Amino acids 141 to 144 (ILDV) represent the Ado-Met
consensus site in all PRMT family members. The Ado-Met consensus
site in PRMT2 was mutated and replaced by four alanines (PRMT2-
4A). PRMT2-A is an alternative splice variant of PRMT2 and lacks the
divergent COOH terminus found in other PRMT family members.
PRMT2-N contains the first 95 amino acids of PRMT2. (Bottom left)
293T cells were transfected with 1 �g of HA-tagged PRMT2,
PRMT2-A, PRMT2-4A, and PRMT2-N and 100 ng of 5�B-luciferase
reporter. Cell lysates were collected 48 h after transfection, and lucif-

erase activity was assayed (Materials and Methods). (Bottom right) A
total of 15 �g of protein from each extract was run on a 4 to 15%
polyacrylamide gel and transferred to a PVDF membrane. Western
blotting was performed with a mouse anti-HA antibody.
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binant human TNF-� (200 U/ml; Peprotech) for 12 h. Transfected cells were
harvested at 36 h for luciferase assays. To analyze the �B reporter activity in
MEFs, cells were transfected with the reporter (5�B-Luc) and PRL-TK vector
(Promega) using FuGENE6 transfection reagent (Roche). Luciferase activity
was analyzed with the luciferase reporter assay system (Promega). The results of
all luciferase experiments are an average of three independent experiments, each
conducted in triplicate; values are corrected for transfection efficiency.

DNA-binding assay. Electrophoretic mobility shift assays (EMSAs) were con-
ducted on 10 �g of nuclear extract protein from 293 cells transiently transfected
with pRSV p50/p65 expression constructs and pVR1012 PRMT2/PRMT2-N
expression constructs. A modified Dignam procedure (14) was used to prepare
nuclear extracts from 293 cells (39). NF-�B DNA binding was assayed with a
double-stranded 32P-labeled �B probe (Geneka Biotechnology). DNA-binding
assays were performed as described previously (39). Supershifting was done
using NF-�B p65 (C-20) and NF-�B p50 (H-119) (Santa Cruz). GST-PRMT2
fusion proteins were expressed in BL21(DE3) cells, and extracts were prepared
as described previously (46).

To determine if PRMT2 interfered with the dimerization of p50/p65, immu-
noprecipitations were carried out in immunoprecipitation (IP) buffer (20 mM
HEPES, 150 mM KCl, 100 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40, 1 mM
dithiothreitol, protease inhibitor cocktail [Complete; Boehringer Mannheim])
using �-p65 antibody-conjugated beads (p65 AC; Santa Cruz) from 293 nuclear
extracts that had been transfected with either PRMT2 or PRMT2-N. The com-
plexes were resolved by 4 to 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. p50 was detected by Western blotting with a p50 antibody
(H-119; Santa Cruz).

Small-scale preparation of nuclear extracts. A modified Dignam procedure
(14) was used to prepare nuclear extracts from 293 cells. Cells were harvested,
washed with phosphate-buffered saline (PBS), resuspended in l ml of Dignam
buffer A, and transferred to prechilled microfuge tubes, which were spun at 1,000
rpm for 1 min. The supernatant was aspirated thoroughly, and pellets were
carefully resuspended to avoid frothing, in 60 �l of modified Dignam buffer A
containing 0.1% NP-40. Samples were incubated at 4°C for approximately 10
min, and microcentrifuged for 10 min at 4°C. The cytoplasmic extract superna-
tant was diluted in 3 volumes of modified Dignam buffer D and frozen quickly.
The pellets were resuspended in 40 �l Dignam buffer C. Samples were incubated
for 15 min at 4°C on a tumbler and centrifuged again for 5 min at 4°C. The
supernatant was diluted with 6 volumes of modified Dignam buffer D. Samples
were frozen quickly in aliquots and stored at �70°C.

Fusion proteins. GST proteins were expressed in BL21(DE3) cells, and ex-
tracts were prepared in accordance with previously published methods (46). GST
fusion proteins were purified using glutathione-Sepharose beads (Pharmacia)
and washed three times with IP buffer.

Western blotting. Proteins resolved by SDS-PAGE were transferred to PVDF
membranes. Membranes were blocked with 5% nonfat dry milk and 2.5% bovine
serum albumin (BSA) in Tris-buffered saline (TBS) containing 0.5% Tween 20
(TBS-Tween) for 10 min at room temperature and then incubated with primary
antibody in TBS-Tween–milk–BSA for 1 to 2 h at room temperature or overnight
at 4°C. Following three 15-min washes in TBS-Tween, membranes were incu-
bated for 1 h with the appropriate horseradish peroxidase-conjugated secondary
antibody (Santa Cruz) in TBS-Tween–milk–BSA. After two more washes in
TBS-Tween and a rinse in PBS, the immunoreactive proteins were visualized by
enhanced chemiluminescence (Amersham).

In vitro association assay. To determine whether PRMT2 interfered with the
dimerization of p50/p65, immunoprecipitations were carried out in IP buffer
using �-p65 antibody-conjugated beads (p65AC; Santa Cruz) from 293 nuclear
extracts that had been transfected with either PRMT2 or PRMT2-N. The com-
plexes were resolved by 4 to 15% SDS-PAGE and transferred to PVDF mem-
branes. p50 was detected by Western blotting with a p50 antibody (H-119; Santa
Cruz). For binding of p65 to p300/TAFII250, immunoprecipitations were carried
out using either a p300 NH2-terminal antibody (NM11; Pharmingen) or the
TAFII250antibody (6B3; Santa Cruz) from 293 nuclear extracts that had been
transfected with either PRMT2 or PRMT2-N. p65 was detected by Western
blotting with a p65 antibody (Santa Cruz).

For binding of GST-methyltransferase proteins to NF-�B, pBluescript con-
structs of p50/p65 were transcribed and translated in vitro with the TNT-T7-
coupled reticulocyte lysate system (Promega) with [35S]methionine (Amersham
Pharmacia) in accordance with the manufacturer’s instructions. A 10-�l volume
of the reaction product was incubated in IP buffer with purified GST-methyl-
transferase proteins. Typically, 0.5 �g, 1 �g, and 2 �g (each) of GST and
GST-PRMT2 are used in these assays. After incubation at 4°C for 1 h, the beads

were washed three times with IP buffer. The bound proteins were solubilized in
SDS sample buffer, subjected to SDS-PAGE, and visualized by autoradiography.

In vitro methyltransferase reactions. In vitro methyltransferase reactions were
carried out as described previously (10). Mixed calf thymus histones (Boehringer
Mannheim) were incubated for 30 min at 30°C in 30-�l reaction mixtures con-
taining 20 mM Tris-HCl, 0.2 M NaCl, and 4 mM EDTA (pH 8.0); 10 pg mixed
histones; PRMT1 and/or PRMT2 immunoprecipitated from 100 �g transfected
293 whole-cell-extract protein; and 7 �M S-adenosyl-L-[methyl-3H]methionine
(specific activity,14.7 Ci/mmol). Reactions were stopped by the addition of SDS-
PAGE sample buffer. The reactions were then subjected to SDS-PAGE on 10 to
20% Tris-HCl gradient gels (Bio-Rad). Gels were stained with Coomassie blue
to visualize histone bands, and then the incorporated label was enhanced using
Enhance (NEN Life Sciences) and subjected to fluorography for 1 to 5 days at
�70°C on sensitized Kodak Biomax film. Film images were digitized using a
scanner equipped with a film-scanning unit. Bands were quantified using Image-
quant software.

Immunohistochemistry and confocal microscopy. prmt2�/� fibroblasts were
transfected with an HA-tagged PRMT2 expression vector. At 36 h after trans-
fection, the cells were treated with TNF-� for 30 min. The medium was then
removed, and cells were incubated for an additional 30 min in the presence or
absence of leptomycin B (LMB). Cells were fixed, permeablized with CytoFix-
CytoPerm (BD Biosciences) for 20 min, and washed with Perm/Wash buffer (BD
Biosciences). I�B-� (rabbit polyclonal antibody, 1:1000; Santa Cruz Biotechnol-
ogy) and HA (rat monoclonal antibody, 1:500; Roche) were diluted in Perm/
Wash buffer and incubated for 1 h. After two washes, cells were stained with
anti-rabbit Alexa 488 and anti-rat Alexa 564 (1:1,000; Invitrogen) for 30 min.
Cells were washed and mounted with Ultracruz mounting medium (Santa Cruz)
containing DAPI (4�,6�-diamidino-2-phenylindole). Confocal microscopy was
performed using a Leica confocal microscope.

Apoptosis analysis. Apoptosis in PRMT2-expressing 293 cells was analyzed as
follows. Cells were seeded at 2.5 	 105 per well in six-well plates. The next day,
empty vector, mutant I�B-� (S32A/S36A), or PRMT2 was cotransfected with
CD2 expression vector. Twenty-four hours after transfection, cells were stimu-
lated with TNF-� (1,000 U/ml) for 24 h. Both floating and attached cells in each
well were harvested by EDTA treatment. Cells were stained with antigen-pre-
senting cell-labeled anti-CD2 antibody (BD Biosciences) in SM buffer (PBS
containing 2% FCS). After being washed twice with PBS, cells were stained with
fluorescein isothiocyanate (FITC)-labeled annexin V and propidium iodide with
the Annexin V FITC Apoptosis Detection kit (Calbiochem) and analyzed by flow
cytometry (FACSCaliber, BD Biosciences).

Cell viability in prmt2�/� and prmt2�/� MEFs after etoposide exposure was
analyzed as follows. Cells were seeded at 2.5 	 105 per well in six-well plates and
12 h later were transfected with control PRMT2 expression plasmids. At 24 h
after transfection, cells were stimulated with etoposide (100 �M) for 24 h. Cells
were then treated with trypsin and stained with trypan blue (Invitrogen). Un-
stained surviving cells were counted with a hemocytometer. The net difference in
survival cell number between the untreated group and the etoposide group was
treated as dead cells, and cell death rate was calculated as a ratio of the number
of dead cells versus the number of untreated cells. Apoptosis caused by etoposide
was confirmed by microscopic observation by FITC-annexin V staining according
to the manufacturer’s instructions (Annexin V FITC Apoptosis Detection kit;
Calbiochem).

RESULTS

To determine whether PRMT1, -2, and -3 could affect
NF-�B function, their potential to regulate effects on �B tran-
scription was examined. Sequence comparison of the arginine
methyltransferases has revealed several motifs shared by these
proteins (Fig. 1A, top). Transient cotransfections were per-
formed using PRMT1, PRMT2, and PRMT3 expression plas-
mids with an HIV-1 reporter plasmid in the human renal
epithelial cell line 293T. While PRMT1 stimulated �B tran-
scription �10 fold, PRMT2 inhibited transcription �50 fold,
and PRMT3 did not affect transcription of the reporter plas-
mid (Fig. 1A, bottom left). These results suggest that PRMT2
is unique among the PRMTs in its ability to inhibit �B-depen-
dent transcription.

To map the domains responsible for inhibition of this tran-
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scription, truncation and point mutations were made in
PRMT2 (Fig. 1B, top) and cotransfected with an NF-�B re-
porter in 293T cells. PRMT2-A represents an alternatively
spliced form of PRMT2 found in the expressed sequence tag

database. This isoform contains the first 218 amino acids of
PRMT2 and differs from full-length PRMT2 by the absence of
the less-conserved COOH-terminal domain. PRMT2-N was
generated by introducing a stop codon after amino acid 95

FIG. 2. Transcriptional inhibition by PRMT2 is �B dependent, and IKK-2- or p65-induced NF-�B activation is blocked by PRMT2. (A) Tran-
scriptional inhibition by PRMT2 is promoter specific; the effect of PRMT2 on HIV and other enhancers by a CAT reporter assay was studied. 293
cells were transfected with 1 �g of the indicated reporter plasmids and 5 �g of either PRMT2 or pVR1012 plasmids. Cells were harvested 36 h
posttransfection, and CAT assays were performed. Data shown are the means (
standard error of the mean [SEM]) of fold inhibition in the
presence of PRMT2 over a vector control of three independent experiments. A statistically significant effect of PRMT2 on the HIV-1 promoter
was noted at 5 �g (*, P � 0.01 compared to vector control; Student’s t test). PRMT2 did not significantly inhibit transcription from the other
promoters tested. (B) PRMT2 inhibits gene expression in a �B-dependent manner. 293T human embryonic kidney cells were transfected with
HIV-luciferase reporter (WT) or ��B-luciferase reporter (��B) and PRMT2 or control vector plasmid. At 24 h after transfection, cells were
treated with vehicle (left) or with TNF-� (20 ng/ml) (middle) or PMA (10 ng/ml) (right) as indicated, and luciferase activity was measured 48 h
posttransfection. (C) PRMT2 inhibits expression of endogenous MHC-I, an NF-�B-dependent endogenous gene. 293T cells were transfected with
HA-PRMT2 or HA-PRMT2-N. Transfected cells were detached after 48 h and analyzed by flow cytometry for MHC-I and CD9 in HA-positive
cells in PRMT2-transfected (left) or PRMT2-N-transfected (right) cells. (D) NF-�B induction by IKK2 or p65 is efficiently blocked by PRMT2.
293T cells were transfected with plasmids as indicated, and the �B-luciferase reporter gene was used to monitor NF-�B activity 48 h after
transfection. Values are expressed as fold stimulation compared to the control vector.
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before the putative Ado-Met domain of PRMT2. To analyze
the role of the Ado-Met domain further, another mutant,
PRMT2-4A, was prepared in which the sequence 141ILDV144

was altered to four consecutive alanines to compare the effects
of point mutations in this highly conserved region. Under con-
ditions in which PRMT2, PRMT2-A, and PRMT2-4A inhib-
ited NF-�B activity, PRMT2-N did not (Fig. 1B, bottom left),
suggesting that a structural, but not necessarily a functional,
methyltransferase domain is required for transcriptional inhi-
bition.

The HIV-1 long terminal repeat contains two highly con-
served �B-binding sites that play an important regulatory role
in HIV-1 gene expression (37). To study the effect of PRMT2
on transcription, PRMT2 was cotransfected with HIV-1, HIV-2,

human T-cell lymphotropic virus type 1 (HTLV-1), or HTLV-2
reporter plasmids into 293 cells. Despite the presence of a
single �B site in HIV-2, its expression shows greater depen-
dency on Ets family transcription factors (30). No significant
reduction was seen with either HIV-2 or HTLV reporter plas-
mids, while HIV-1 chloramphenicol acetyltransferase (CAT)
expression was substantially inhibited, documenting the spec-
ificity of PRMT2 (Fig. 2A). To determine its dependence on
NF-�B, HIV-1 reporter plasmids with WT or mutant (��B)
sites were cotransfected transiently with control or PRMT2
expression plasmids. PRMT2 significantly inhibited both basal
and TNF-�-dependent HIV-1 transcription from the wild type
but not the �B-mutant reporter in 293 renal epithelial cell lines
(Fig. 2B, left and middle). The �B effect was dose dependent

FIG. 3. PRMT2 does not interfere with p50/p65 dimerization or DNA binding. (A) PRMT2 does not alter p65 expression or localization. A
total of 10 �g of cytoplasmic (CE) or nuclear (NE) extract from 293 cells transfected with vector and PRMT2 expression vectors was subjected
to 4 to 15% SDS-PAGE and transferred to a PVDF membrane. The membrane was probed with an antibody to RelA (p65). (B) The effect of
PRMT2 on NF-�B DNA binding was assayed by analyzing DNA-binding activity of nuclear extracts from 293 cells cotransfected with NF-�B1
(p50)/RelA (p65) and PRMT2 or PRMT2-N expression vectors (lanes 1 to 3). PRMT2 inhibited p50/p65 DNA binding in a dose-dependent
manner (lanes 5 and 6), and the shifted complex contained p50/p65 (lanes 8 and 9). At 36 h after transfection, nuclear extracts were made and
analyzed by EMSA with a 32P-labeled double-stranded oligonucleotide containing NF-�B-binding sites. NF-�B DNA-binding activity was
measured from nuclear extracts from 293 cells cotransfected with NF-�B1/RelA and vector control (5 �g) (lane 4) or increasing amounts (2.5 and
5 �g) (lanes 5 and 6) of PRMT2 expression vector. EMSAs were performed as before, but antibodies to NF-�B were included in the reaction
mixture to confirm the nature of the retarded complexes. The complex was supershifted by both p50 and p65 antibodies, confirming its identity
as NF-�B (lanes 7 to 9). (C) PRMT2 does not inhibit NF-�B DNA binding (left). Increasing amounts of GST (lanes 11 to 13) or GST-PRMT2
(lanes 14 to 16) were added to p52/p65-transfected 293 extracts prior to the addition of the labeled probe to the reaction mixture. EMSAs were
carried out as before. No inhibition of NF-�B DNA binding was seen in the presence of GST-PRMT2. PRMT2 does not disrupt p50/p65 complex
formation (lanes 17 and 18). Immunoprecipitations were carried out from PRMT2- or PRMT2-N transfected 293 whole-cell extracts with a p65
antibody. p50 coimmunoprecipitated with p65 was detected by Western blotting with an anti-p50 antibody. No difference was detected in the
amount of p50 brought down in the presence of PRMT2 or PRMT2-N, suggesting that PRMT2 does not disrupt p50/p65 complex formation.
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and was also observed with other inducers of NF-�B, including
phorbol myristic acid (PMA) (Fig. 2B, right). These results
suggested that PRMT2 could block NF-�B activation from
various stimuli. PRMT2 was also able to modulate the expres-
sion of endogenous �B-regulated genes. PRMT2 transfection
of 293T cells decreased endogenous major histocompatibility
complex class I (MHC-I) cell surface expression by flow cy-
tometry, in contrast to CD9, which is an NF-�B-independent
gene (Fig. 2C).

The mechanism and site of action of PRMT2 in the NF-�B
signaling pathway was further defined by cotransfection of
PRMT2 and its mutants with different regulators in this path-
way with an NF-�B reporter in 293T cells (Fig. 2D). PRMT2
and PRMT2-A inhibited both IKK2- and p65-induced NF-�B
activity (Fig. 2D; see Fig. S1 in the supplemental material),
while PRMT2N was unable to block this effect (Fig. 2D),
suggesting that PRMT2 exerted its inhibitory action on nuclear
NF-�B rather than by modulation of cytoplasmic I�B or the
I�B kinase complex.

To investigate this mechanism further, p65 expression levels
and cellular localization of RelA and I�B were examined.
Immunoblotting for RelA in cytoplasmic and nuclear extracts
from 293 cells transfected with PRMT2 revealed no effect on
RelA protein levels or on its subcellular localization (Fig. 3A).
Thus, PRMT2 appeared to affect RelA function without alter-
ing its nuclear accumulation, for example, by interfering with
its DNA-binding activity. To determine whether PRMT2 could
affect nuclear NF-�B DNA-binding activity, PRMT2 was co-
transfected into 293 cells with the NF-�B1 (p50) and RelA
(p65) expression vectors. Analysis of nuclear extracts from
transfected cells by mobility shift assays, using a consensus
�B-binding site double-stranded oligonucleotide, showed that
PRMT2 inhibited DNA binding of the p50/p65 complex in a
dose-dependent manner (Fig. 3B, lanes 2, 5, and 6). In con-
trast, the inactive PRMT2-N mutant did not affect NF-�B
DNA binding (Fig. 3B, lane 3). The nature of these complexes
was confirmed by supershifts with antibodies directed against
p50 and p65 (Fig. 3B, lanes 8 and 9).

To examine whether PRMT2 directly affected NF-�B DNA
binding, a recombinant GST PRMT2 fusion protein, GST-
PRMT2, was added to the gel shift reaction mixture. No de-
crease in DNA binding over GST control was observed (Fig.
3C, lanes 14 to 16), suggesting that the inhibition of NF-�B
DNA binding in PRMT2-transfected extracts was indirect. Be-
cause p50/p65 dimerization is important for efficient NF-�B
DNA binding (44), PRMT2 might inhibit DNA binding by
antagonizing p50/p65 complex formation. To test this possibil-
ity, p50/p65 complexes were immunoprecipitated from PRMT2-
transfected 293 cell nuclear extracts with an anti-p65 antibody.
Western blotting for p50 showed that equal amounts of p50
coimmunoprecipitated with p65 from cells transfected with
PRMT2 or PRMT2-N (Fig. 3C, lanes 17 and 18), suggesting
that decreased NF-�B DNA binding in PRMT2-transfected
cell extracts was not due to interference with p50/p65 dimer-
ization. In this assay, PRMT2 also did not affect interactions of
p65 with p300 and the general transcriptional machinery (see
Fig. S2A in the supplemental material), nor did it catalyze the
methylation of histones (see Fig. S2B in the supplemental
material), p65, p50, I�B, hnRNPU, and CRM1 in both bacte-
rially purified and cell extract-immunoprecipitated PRMT2 by

an in vitro methyltransferase assay (data not shown). Whole-
cell hypomethylated extracts from PRMT2-transfected cells
showed minimal changes in methylation when incubated in
vitro with [methyl-3H]S-adenosyl-L-methionine over control,
while PRMT1-transfected extracts were hypermethylated (see
Fig. S2C in the supplemental material). Taken together, these
data suggest that the methyltransferase function of PRMT2 is
not necessary for inhibiting NF-�B activity.

Newly synthesized I�B-� can be detected in the cytoplasm
but also in the nucleus, where it associates with NF-�B/RelA
complexes. As newly synthesized I�B-� accumulates in the
nucleus, there is a progressive reduction of both NF-�B DNA
binding and NF-�B-dependent transcription (4), presumably
by export of NF-�B–I�B-� complexes from the nucleus (3, 42,
49). PRMT2 could therefore potentially affect nuclear I�B-�
levels, resulting in decreased NF-�B DNA binding. To exam-
ine whether PRMT2 increased nuclear I�B-� levels, nuclear
and cytoplasmic extracts were prepared from PRMT2 or inac-
tive, PRMT2-N-transfected 293 cells. Immunoblotting for
I�B-� and RelA proteins in the two fractions revealed no

FIG. 4. PRMT2 promotes nuclear accumulation of I�B-�. (A) Cells
were stimulated with TNF-� (200 U/ml) 24 h after transfection and
harvested at 36 h. A total of 10 �g of cytoplasmic extracts was resolved
by 4 to 15% SDS-PAGE and transferred to a PVDF membrane.
Immunoblotting was done with an anti-I�B-� antibody. The mem-
brane was then stripped and reprobed using an antibody to tubulin.
Cytoplasmic I�B-� levels remain unchanged in the presence of
PRMT2 or PRMT2-N (lanes 1 and 2). Increased I�B-� protein levels
in nuclear extracts from PRMT2-transfected cells were observed (lane
3). Little or no I�B-� in nuclear extracts from PRMT2-N-transfected
cells was seen (lane 4). (B) Blots were stripped and reprobed with
antibodies to RelA (p65), p50, or Sp1 (middle and lower right). Nu-
clear I�B-� protein levels are increased �8-fold in PRMT2-trans-
fected cells over the mutant control (Fig. 4A, right top). Film images
were digitized using a scanner, and the bands were quantified with
Imagequant software. Data are expressed as the means (
SEM) fold
increase in nuclear I�B-� from three independent experiments.
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significant changes in the levels of cytoplasmic I�B-� (Fig. 4A,
left, lane 1 versus lane 2) or nuclear p50 and RelA (p65) levels
(Fig. 4A, right, lane 3 versus lane 4), but a distinct increase in
the amount of nuclear I�B-� was observed with PRMT2-trans-
fected cells compared to the functionally inactive PRMT2-N
mutant control (Fig. 4A, right, lane 3 versus lane 4, and Fig.
4B; P � 0.01, PRMT2 compared to the mutant PRMT2-N
using Student’s t test) with cells that had been stimulated with
TNF-�. This increase in the nuclear accumulation of I�B-�
therefore appeared to be responsible for the PRMT2-medi-
ated inhibition of NF-�B DNA binding and NF-�B-dependent
transcription.

A polyclonal antibody to recombinant PRMT2 was used to
examine the association between endogenous PRMT2 and

I�B-� in vivo. Immunoprecipitation of I�B-� from NIH 3T3
cell extracts with a control or anti-I�B-� antibody, followed by
immunoblotting with antibody to PRMT2, revealed that
PRMT2 interacted with endogenous I�B-� (Fig. 5A) but not
I�B-� (data not shown). The domain of I�B-� required for
association with PRMT2 was mapped by in vivo immunopre-
cipitation assays where HA-tagged PRMT2 was coexpressed
with truncation mutants of His-tagged I�B-� (Fig. 5B, top) in
293 cells. The ankyrin domain was necessary for this associa-
tion (Fig. 5B, bottom, lanes 1 and 2). The domain of PRMT2
that interacted with endogenous I�B-� was mapped by immu-
noprecipitation, following expression of HA-tagged PRMT2
truncation mutants (Fig. 5B, top). I�B-� interacted with
PRMT2 and PRMT2-A (Fig. 5B, bottom, lanes 10 and 11) but

FIG. 5. PRMT2 associates with the endogenous I�B-� complex. (A) Immunoprecipitation of endogenous PRMT2-I�B-� complex. NIH 3T3
cell extracts (2 mg) were immunoprecipitated with agarose-conjugated control IgG or I�B-� antibody, resolved by 10% SDS-PAGE, and
immunoblotted with antibody to PRMT2. (B) Mapping the region of I�B-� and PRMT2 interaction. A schematic representation of His-tagged
I�B-� deletions (top left) and HA-tagged PRMT2 deletions (top right) is shown. The I�B-� signal recognition domain is shown in black, ankyrin
repeats are shown in red, and the PEST domain is shown in yellow (top left). For PRMT2, the N-terminal domain is shown in green, and the
arginine methyltransferase region, composed of an Ado-Met-binding domain in blue and the divergent C-terminal domain in yellow (top right),
is shown. (Bottom) To map I�B-� domains that interacted with PRMT2, 293 cells were transfected with HA-tagged PRMT2 (top right) and
His-tagged derivatives of the indicated I�B-� expression vectors (top left) as indicated. After 24 h, cells were harvested in cell lysis buffer, and cell
lysates were immunoprecipitated with agarose-conjugated antibody to His (I�B-�) (lanes 1 to 4) and HA (PRMT2) (lanes 5 to 6), fractionated by
SDS-PAGE, and analyzed by immunoblotting with antibody to HA (PRMT2) (lanes 1, 2, 5, and 6) and His (lanes 3 and 4). To map the region
of PRMT2 that interacted with endogenous I�B-� and p65, 293 cells were transfected with HA-tagged PRMT2 (top right) derivatives as indicated.
Cells were harvested 24 h after transfection in cell lysis buffer, immunoprecipitated with agarose-conjugated antibody to HA (PRMT2 and
derivatives) (lanes 7 to 15), fractionated by SDS-PAGE, and analyzed by immunoblotting with antibody to p65 (lanes 7 to 9), I�B-� (lanes 10 to
12), or HA (lanes 13 to 15).
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did not associate with PRMT2-N (Fig. 5B, bottom, lane 12),
indicating that the Ado-Met domain is necessary to promote
I�B-� binding. When the ratios of PRMT2 or PRMT2-A bind-
ing to I�B-� were compared, both interacted with I�B-� with
similar affinity. PRMT2 or the mutants did not interact with
endogenous p65 (Fig. 5B, bottom, lanes 7, 8, and 9).

To determine whether similar effects would be observed in
nontransformed cell lines with physiological levels of protein,
NF-�B inducibility was analyzed in MEFs derived from
PRMT2 null mice (T. Yoshimoto et al., unpublished data). A
�B-luciferase reporter was transfected with control or PRMT2
expression plasmid into WT and prmt2�/� MEFs and incu-
bated in the presence or absence of TNF-�. Compared to
wild-type cells and consistent with the transfection results in
293 cells, prmt2�/� MEFs were more responsive to NF-�B
induction by TNF-� (Fig. 6A). Complementation of prmt2�/�

MEFs with PRMT2 completely abolished NF-�B induction by
TNF-� (Fig. 6A). I�B-� and p65 levels in cytoplasmic and
nuclear extracts from control and prmt2�/� MEFs were exam-
ined after TNF-� stimulation for 0, 15, 30, and 60 min. Immu-
noblotting for p65, p50, and I�B-� in the two fractions re-
vealed no significant changes in the levels of cytoplasmic I�B-�
at a representative 30-min time point (Fig. 6B, bottom left) or
p50 (Fig. 6B, middle), but a moderate increase in RelA (p65)
levels (Fig. 6B, top) and a distinct decrease in the amount of
nuclear I�B-� was observed with prmt2�/� compared to con-
trol MEFs (Fig. 6B, bottom right).

NF-�B DNA-binding and NF-�B-dependent transcriptional
activation is reduced by accumulation of newly synthesized
I�B-� in the nucleus (4). NF-�B–I�B� complexes are exported
from the nucleus to the cytoplasm by CRM1 (3, 42, 49), and
this nuclear export can be blocked by LMB (23, 38, 49). To
understand the role of PRMT2 in promoting nuclear I�B�
accumulation, prmt2�/� fibroblasts were transfected with an
HA-tagged PRMT2 expression vector. At 36 h after transfec-
tion, the cells were treated with TNF-� for 30 min. The me-
dium was then removed, and cells were incubated for an ad-

FIG. 6. Lack of NF-�B inhibition in prmt2�/� fibroblasts, reversal
by complementation through transfection of PRMT2, and dependence
on LMB-sensitive nuclear export. (A) NF-�B response in prmt2�/�

fibroblasts or prmt2�/� fibroblasts complemented with PRMT2.
prmt2�/� MEFs were transfected with a control vector or HA-tagged
PRMT2 expression vector and the NF-�B reporter (5�B-luciferase).
prmt2�/� MEFs transfected with control vector and the NF-�B re-
porter (5�B-luciferase) served as the control. Thirty hours after trans-
fection, cells with or without TNF-� treatment (1,000 U/ml for 6 h)
were harvested and analyzed with the Dual-Luciferase Reporter Assay
system (Promega). Renilla luciferase activity by PRL-TK was used as
an internal standard to control transfection efficiency, and the fold
increase in activity relative to unstimulated wild-type cells is shown.
Dark bars, unstimulated cells; open bars, TNF-stimulated cells.
(B) prmt2�/� MEFs have less nuclear I�B-�. Cells were treated with
TNF-� for 0, 15, 30, and 60 min. A total of 20 �g of cytoplasmic and

nuclear extracts at the 30-min time point, optimal for induction, from
prmt2�/� and prmt2�/� MEFs was resolved by 4 to 15% SDS-PAGE
and transferred to a PVDF membrane. Immunoblotting was done with
an anti-p65, anti-p50, and anti-I�B-� antibody. (C) PRMT2 affects
nuclear export of I�B-�. prmt2�/� fibroblasts were transfected with an
HA-tagged PRMT2 expression vector. At 36 h after transfection, the
cells were treated with TNF-� for 30 min. The medium was removed,
and cells were incubated for an additional 30 min in the absence (top)
or presence (bottom) of LMB. Cells were fixed, permeabilized, and
stained for I�B� (left) with Alexa 488 (green) and for HA (PRMT2)
(middle) with Alexa 564 (red). Overlay of I�B� and HA (PRMT2)
staining is also shown (right). The nucleus is stained with DAPI (blue).
(D) Leptomycin B does not alter nuclear I�B-� in the presence of
PRMT2. Experiments were done as described above. Quantification of
nuclear I�B� in individual cells from several fields was done as follows.
The outline of cell nuclei in a field was drawn with Leica confocal
software. I�B� pixel intensity from the nucleus of each individual cell
in the field was measured. The cells that had PRMT2 were distin-
guished by the presence of the HA tag (red). The nucleus was identi-
fied by DAPI staining. For each condition, the data from 10 fields were
compiled (approximately five to six cells per field; 30% of the cells
expressed PRMT2) and are presented on a graph (LMB�, left; LMB�,
right), with P values as indicated.
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ditional 30 min in the presence or absence of LMB. Cells were
fixed, permeabilized, and stained for I�B-� (Fig. 6C, left) and
HA (PRMT2) (Fig. 6C, middle). Confocal microscopy per-
formed on the cells showed I�B-� accumulation in the nucleus
in the presence of PRMT2 (Fig. 6C, top left and right), which
did not change in the presence of LMB (Fig. 6C, bottom left
and right).

To demonstrate the effect of PRMT2 further, nuclear I�B-�
(Fig. 6D) was quantified in prmt2�/� fibroblasts and prmt2�/�

fibroblasts complemented with PRMT2 in the presence or
absence of LMB. Briefly, to quantitate the effect of PRMT2 on
nuclear I�B-�, prmt2�/� fibroblasts were transfected with a
control or HA-tagged PRMT2. At 36 h after transfection, cells
were first treated with TNF-� for 30 min, washed, and then
treated with LMB or vehicle for 30 min. Cells were fixed,
permeabilized, and stained with I�B-� (green), PRMT2 (red),
and DAPI (blue). Outlines of nuclei of cells with or without
PRMT2 from each field of vehicle or LMB-treated cells were
drawn with Leica confocal software. I�B-� pixel intensity from
the nucleus of each individual cell in the field was measured
using this software. In each field, the cells with PRMT2 were
identified by the presence of the HA tag (red). The nuclear
outline was defined by DAPI staining (blue). For each condi-
tion, the data from 10 fields were compiled (approximately five
to six cells per field; 30% of the cells expressed PRMT2) and
presented graphically, with P values as indicated. Vehicle- and
LMB-treated cells are shown (Fig. 6D, left and right, respec-
tively). LMB promoted nuclear accumulation of I�B-� in the
absence of PRMT2, and transfection of PRMT2 exerted the
same effect. Together, these data are consistent with the hy-
pothesis that PRMT2 inhibits the nuclear export of I�B-�
through an LMB-sensitive CRM1 pathway. At the same time,
we cannot exclude the possibility that these effects are coinci-
dental and induced by an alternative mechanism yet to be
defined.

Since PRMT2 inhibits NF-�B activity, which can regulate
apoptosis in some cell types (7, 51, 54), the ability of PRMT2
to independently regulate programmed cell death was next
examined. Transfection of PRMT2 into 293 cells increased
their susceptibility to TNF-induced cell death, comparable to
levels observed with a mutant, stabilized, or superrepressor
I�B (designated SR-I�B) (Fig. 7A) (7, 53, 54). To evaluate the
effect of PRMT2 on programmed cell death, wild-type, knock-
out PRMT2 MEF or knockout MEF cells complemented with
PRMT2 were exposed to etoposide, a DNA-damaging agent
with proapoptotic activity. Wild-type and PRMT2-comple-
mented MEFs displayed a substantial increase in etoposide-
induced cell death and annexin V staining compared to
PRMT2-deficient cells (Fig. 7B and C).

FIG. 7. prmt2�/� cells are resistant to apoptosis, and this effect
can be reversed by complementing prmt2�/� cells with PRMT2.
(A) PRMT2 promotes TNF-�-induced apoptosis. Empty vector, mu-
tant I�B-� (S32A/S36A and SR-I�B), or PRMT2 plasmids were co-
transfected with CD2 into 293 cells. At 24 h after transfection, cells
were stimulated with TNF-� (1,000 U/ml) for 24 h. Cells were stained
with antigen-presenting cell-labeled anti-CD2 antibody (BD Bio-
sciences), annexin V, and propidium iodide and analyzed by flow
cytometry (FACSCaliber; BD Biosciences). The percentages of an-
nexin V-positive and propidium iodide-negative cells among CD2-
positive cells are shown as means 
 standard deviation from three
different experiments. (B) Resistance of prmt2�/� MEFs to cell death
after etoposide exposure. prmt2�/� and prmt2�/� MEFs (passage 4)
were seeded at 2 	 105 cells per well in six-well plates. prmt2�/� MEFs
were transfected with control or PRMT2 expression vector. prmt2�/�

MEFs transfected with control vector served as the control. At 24 h
after transfection, cells were stimulated with etoposide (100 �M) for

24 h. Cells were treated with trypsin and stained with trypan blue
(Invitrogen). Unstained surviving cells were counted with a hemocy-
tometer. Cell death represents the percentage of treated cells that
underwent apoptosis relative to untreated cells. Results are shown as
the mean 
 SEM of three independent experiments. (C) Etoposide-
induced apoptosis in prmt2�/� compared to prmt2�/� MEFs. Bright-
field and fluorescent microscopy of prmt2�/� and prmt2�/� MEFs
stained with FITC-labeled annexin V (magnification, 	16). Arrows
indicate representative cells in light and dark fields.
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DISCUSSION

The diverse effects of protein methylation on cell function
have recently become evident. In this report, PRMT2, a family
member whose effects are not fully known, has been shown to
regulate factors that influence cell activation and programmed
cell death. PRMT2 negatively regulates �B-dependent tran-
scription and renders cells more susceptible to apoptotic stim-
uli. The transcriptional effect on NF-�B is specific to PRMT2,
and it is mediated through nuclear accumulation of I�B-�.
Following NF-�B activation, newly synthesized I�B-� mole-
cules enter the nucleus to remove NF-�B from DNA (3, 9, 11,
48) and with the help of its leucine-rich nuclear export se-
quences to transport NF-�B back to the cytoplasm (4, 42). The
mechanisms involving the nuclear shuttling of NF-�B–I�B-�
are unclear. While CRM1 is a facilitator of NF-�B–I�B-�
nuclear export (49), proteins that inhibit nuclear export are
still largely unknown. Arginine methyltransferases have been
previously shown to play a role in nucleocytoplasmic transport
(2). I�B-� (and not I�B-�) is known to shuttle NF-�B, and
PRMT2 only interacts with I�B-� by associating with its
ankyrin domain. The ankyrin domain also mediates I�B-� in-
teraction with NF-�B. Twenty to 30% of total I�B-� is asso-
ciated with PRMT2, and the affinity of I�B-� to NF-�B is
predicted from our immunoprecipitation studies to be much
higher than for PRMT2. Therefore, it is unclear whether a
PRMT2–I�B-� complex can directly inhibit NF-�B DNA bind-
ing, but gel retardation assays performed on PRMT2-trans-
fected 293 cell extracts (Fig. 3B, lanes 4 to 6) show that
PRMT2 inhibits NF-�B DNA binding in a dose-dependent
fashion. From this data, we can infer that PRMT2–I�B-� com-
plexes still bind NF-�B subunits and prevent them from bind-
ing to DNA. This effect is likely indirect, mediated by a pro-
tein-protein interaction between the PRMT2 Ado-Met domain
and I�B-� ankyrin repeats that block interaction with this
export complex, since we were unable to detect altered meth-
ylation of CRM-1, hnRNPU, I�B-�, or other regulators by
PRMT2 (see Fig. S2 in the supplemental material).

PRMT family members also affect transcriptional regulation
through their effects on transcription coactivators, in the case
of PRMT1 and PRMT4 or CARM1 (10, 28, 57), and through
their ability to methylate histones H3 and H4 (6, 55). PRMT2
has been reported to be a coactivator of estrogen receptor
alpha, but its mechanism of action is unclear (41). These effects
suggest their involvement in chromatin remodeling. Although
PRMT2 has a conserved Ado-Met domain that mediates the
methyl transferase activity in PRMTs, our data show that
PRMT2 is unable to methylate histones or disrupt p65 inter-
actions with p50, p300, and TAFII250 in cells (see Fig. S2 in
the supplemental material) (37), suggesting that general tran-
scriptional machinery or chromatin remodeling is not affected
by PRMT2. Overexpression of PRMT2 leads to hypomethyla-
tion of total-cell extracts compared to a mutant PRMT2-4A
(see Fig. S2C in the supplemental material); amino acids
ILDV, responsible for methyltransferase activity, were altered
to four consecutive alanines. Since PRMT family members are
known to form complexes with each other, the data could
indicate that PRMT2 interacts through the Ado-Met domain
to inhibit methylation of another PRMT. It may also be that
the substrate for PRMT2 is yet to be identified.

This study identifies the effects of PRMT2 on a transcription
factor central to cell activation and viability. Collectively, these
results suggest the divergent mechanisms of transcriptional
regulation by different PRMTs. PRMT2 may affect this re-
sponse in part through its effects on NF-�B. The suppression of
apoptosis by NF-�B is an important component of TNF-�, and
DNA-damaging agents induced apoptosis dependent on induc-
tion of antiapoptotic genes (7, 26, 33, 54). NF-�B-deficient
epithelial cells show increased sensitivity to DNA-damaging
chemotherapeutic agents and ionizing radiation. Many epithe-
lial and lymphoid tumors show constitutive activation of NF-
�B, and it is likely that the antiapoptotic function of NF-�B
represents a major obstacle to successful cancer therapy (26,
54). Although PRMT2 likely regulates apoptosis in part
through its effects on NF-�B, the involvement of additional
mechanisms cannot be excluded. The present study nonethe-
less suggests that PRMT2 affects a transcription pathway cen-
tral to cell activation and cell survival.
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