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ABSTRACT

We observed overexpression and increased intra-
nuclear accumulation of the PRMT5/WDR77 in breast
cancer cell lines relative to immortalized breast ep-
ithelial cells. Utilizing mass spectrometry and bio-
chemistry approaches we identified the Zn-finger
protein ZNF326, as a novel interaction partner and
substrate of the nuclear PRMT5/WDR77 complex.
ZNF326 is symmetrically dimethylated at arginine
175 (R175) and this modification is lost in a PRMT5
and WDR77-dependent manner. Loss of PRMT5 or
WDR77 in MDA-MB-231 cells leads to defects in al-
ternative splicing, including inclusion of A-T rich ex-
ons in target genes, a phenomenon that has previ-
ously been observed upon loss of ZNF326. We ob-
served that the alternatively spliced transcripts of
a subset of these genes, involved in proliferation
and tumor cell migration like REPIN1/AP4, ST3GAL6,
TRNAU1AP and PFKM are degraded upon loss of
PRMT5. In summary, we have identified a novel mech-
anism through which the PRMT5/WDR77 complex
maintains the balance between splicing and mRNA
stability through methylation of ZNF326.

INTRODUCTION

Protein arginine methyltransferases (PRMTs) are a family
of enzymes that catalyze the transfer of a methyl group
from the co-factor S-adenosyl-l-methionine (AdoMet) to

a variety of substrates including histones (1) and tran-
scription factors (2,3). PRMTs can be classified into three
types––Type I, which includes PRMTs 1–4,6 and 8, cat-
alyze the formation of asymmetric dimethylarginines; Type
II, which includes PRMT5 and PRMT9 (4), catalyze the
formation of symmetric dimethylarginines and Type III,
the sole member of which is PRMT7, catalyzes the for-
mation of monomethylarginines (3). PRMT5 is the pre-
dominant Type II methyltransferase and is found in a tight
hetero-octameric complex with its substrate-binding part-
ner WDR77 (or MEP50) (5,6). Along with pICln, PRMT5
and WDR77 form the 20S methylosome in the cytoplasm,
symmetrically dimethylating spliceosome proteins prior to
their assembly (7). Apart from spliceosome proteins, the
PRMT5/WDR77 complex also symmetrically dimethylates
several proteins, including histones (8,9), transcription fac-
tors (10–13) and chromatin remodeling factors (14). Loss of
PRMT5 leads to severe defects in constitutive and alterna-
tive splicing that has been attributed to the loss in methyla-
tion of spliceosome proteins (15,16). Moreover, studies have
implicated the role of prmt5 within an Arabidopsis thaliana
model for circadian period determination to the global reg-
ulation of altered splicing where patterns distinctly favour
effective splicing of period and other clock-related genes
(17,18).

However, little work has been done to understand if the
PRMT5/WDR77 complex has a 20S methylosome inde-
pendent role in regulating splicing. PRMT5 and WDR77
are overexpressed in several types of cancer including lung
(19), brain (20), lymph (21), prostate (22), ovarian (23)
and breast (24). In breast and ovarian cancer, the com-
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plex shows increased intra-nuclear accumulation (23,24)
making it an ideal model system to understand if the
PRMT5/WDR77 complex has a 20S methylosome inde-
pendent role in regulating splicing. We characterized the
protein interactome of WDR77 in the estrogen receptor
negative (ER-) breast cancer cell line MDA-MB-231, and
identified ZNF326 as a novel interaction partner and sub-
strate of the PRMT5/WDR77 complex. RNA-seq analy-
sis revealed global defects in alternative splicing upon loss
of PRMT5 and WDR77. Interestingly, loss of PRMT5 and
WDR77 leads to inclusion of AT-rich exons at target genes,
a phenomenon previously observed upon loss of ZNF326.
We also observed that a subset of these alternatively spliced
transcripts including AP4, ST3GAL6 and TRNAU1AP are
also downregulated upon loss of PRMT5. Collectively, we
have identified a previously uncharacterized role of the
PRMT5/WDR77 complex in regulating alternative splicing
and shaping the transcriptome of breast cancer cells.

MATERIALS AND METHODS

Cell culture

MDA-MB-231 cells were obtained from ATCC and cul-
tured in Dulbecco’s modified essential medium (DMEM)
containing 10% fetal bovine serum (FBS) and passaged
one or two times a week. MCF10A cells were a kind
gift from Dr Doris Germain. MCF10A cells were grown
in DMEM/F12 media containing 5% horse serum, 0.02
mg/ml epithelial growth factor, 0.5 �g/ml hydrocortisone,
0.1 �g/ml cholera toxin, 0.01 mg/ml of insulin and 1%
Penicillin-Streptomycin. MCF7 cells were obtained from
ATCC and cultured in DMEM containing 10% FBS. T47D
cells were obtained from ATCC and cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium containing
10% FBS. HCC38 cells were a kind gift from Dr Stuart
Aaronson. HCC38 cells were cultured in RPMI medium
containing 10% FBS. All cell lines used within this study
were first authenticated by short tandem repeats profiling
through (American Type Tissue Collection, ATCC). Cells
were maintained in mycoplasma-free conditions; however,
all cultures were tested after every other passage for my-
coplasma contamination.

Preparation of nuclear and cytoplasmic extracts

Cells were expanded to 150 mm diameter tissue culture
plates, washed with cold phosphate-buffered saline and de-
tached using a cell scraper and transferred to 15 ml tubes.
The tubes were spun down at 200 g for 5 min. The cell pel-
let was resuspended in at least five volumes of buffer A (10
mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM
Dithiothreitol (DTT)) in the presence of protease inhibitors
(Roche) and incubated for 10 min on ice. The cell suspension
was spun down at 500 g for 10 min. Following centrifuga-
tion; the pellet was resuspended in two volumes of buffer A,
Douncer-homogenized and then spun down at 25,127 g for
20 min at 4◦C.

The supernatant was used as the cytoplasmic fraction.
The pellet (nuclei) was resuspended in 0.75 ml of salt-free
Buffer C per ml of original pellet (**20 mM HEPES pH

7.9, 1.5 mM MgCl2, 25% Glycerol, 0.5 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM DTT) supplemented
with protease inhibitors. A total of 22.86 �l of 5M NaCl was
added per ml of the original pellet followed by two strokes
of the Dounce homogenizer. This step was repeated for six
more times till the salt concentration reached 0.4M NaCl.
The nuclear lysate was then transferred to microfuge tubes
and incubated on a rotator at 4◦C for 30 min. Finally, the
samples were spun down at maximum speed for 1 h at 4◦C.
The protein concentration was estimated using the Brad-
ford assay and the nuclear and cytoplasmic extracts were
flash frozen and stored at −80◦C until use.

Co-immunoprecipitation and immunoblotting

For immunoprecipitation, 200 �g of nuclear extracts were
first pre-cleared with protein G Dynabeads (Invitrogen)
for 1 h at 4◦C. The pre-cleared extracts were incubated
overnight with 2–3 �g of antibody at 4◦C on a rocker.
The next day, the extracts were incubated with Protein G
Dynabeads for 2 h and then the conjugated beads were
washed four times in ice-cold Nonidet P-40 buffer (20 mM
Tris HCl pH 8, 137 mM NaCl, 1% Nonidet P-40 (NP-
40), 2 mM EDTA) supplemented with protease inhibitors
(Roche). Immunoprecipitated complexes were resolved by
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE), transferred to nitrocellulose membranes
(Bio-Rad), and immunoblotted with the indicated antibod-
ies followed by ECL detection (Thermo Scientific).

LC-MS/MS to identify WDR77 interacting proteins

Eight micrograms (8ug) of WDR77 antibody were con-
jugated to 0.5 mg of Dynabeads® M-270 Epoxy accord-
ing to the manufacture’s instructions (Invitrogen). Then,
1 mg of nuclear and cytoplasmic extracts were incubated
with antibody-coupled beads overnight at 4◦C. After wash-
ing four times with NP40 buffer, immunoprecipitated com-
plexes were eluted with 100 �l of 100 mM Glycine buffer
(pH 2.2) for 10 min at RT and neutralized by adding 1/10
volume of 1M Tris–HCl (pH 8.0).

Liquid chromatography followed by tandem mass spec-
trometry (LC-MS/MS) was performed and data analyzed
by Dr Ajay Vashisht and Dr James Wohlschlegel at the
University of California, Los Angeles. The immunopurified
protein complexes were reduced, alkylated and digested by
sequential addition of endopeptidase lys-C and trypsin as
described (25,26). The digested peptide mixture was first de-
salted, concentrated and fractionated online using a 75 �M
inner diameter fritted fused silica capillary column, with a 5
�M pulled electrospray tip and packed in-house with 15 cm
of Luna C18 (2) 3 �M reversed phase particles. The gradi-
ent was delivered by an easy-nLC 1000 ultra high-pressure
liquid chromatography (UHPLC) system (Thermo Scien-
tific). MS/MS spectra were collected on a Q-Exactive mass
spectrometer (Thermo Scientific) (27,28). Data analysis was
performed using the ProLuCID and DTASelect2 imple-
mented in the Integrated Proteomics Pipeline––IP2 (Inte-
grated Proteomics Applications, Inc., San Diego, CA, USA)
(29–32). Protein and peptide identifications were filtered us-
ing DTASelect, required at least two unique peptides per
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protein and a peptide-level false positive rate of 5% as esti-
mated by a decoy database strategy (33). Normalized spec-
tral abundance factor (NSAF) values were calculated as de-
scribed (34). For the ease of readability NSAF values were
multiplied by a factor of 105.

Identification of methylated arginine residue on ZNF326 by
tandem mass spectrometry

Endogenous ZNF326 was immunopurified from scrambled
and PRMT5 shRNA transfected cells. The immunopurified
ZNF326 was analyzed by SDS-PAGE and the region of gel
corresponding to ZNF326 molecular weight was excised,
digested in the excised gel slices using trypsin, and analyzed
by mass spectrometry as described on a Thermofisher Q-
Exactive tandem mass spectrometer (25,27,28). Data anal-
ysis was performed using the ProLuCID and DTASelect2
algorithms as implemented in the Integrated Proteomics
Pipeline––IP2 (Integrated Proteomics Applications, Inc.,
San Diego, CA, USA) (30,31). Dimethylated peptides were
identified using a differential modification search that con-
sidered a mass shift of +28.0314 on arginine residue. All
peptide-spectrum matches were evaluated by DTASelect2
and filtered using maximum false detection rate of 5% us-
ing a decoy database approach (33). Label-free quantita-
tion of the peptides was performed using the Skyline soft-
ware package (35). Peak evaluation was carried out through
manual interrogation of the data (35,36). For all the pep-
tides corresponding to ZNF326, peak areas were added for
three isotopic peaks (M, M+1, M+2) to serve as the pep-
tide’s quantitative measure. Relative peptide abundance for
modified and unmodified peptides were calculated from re-
spective peak areas exported from Skyline from scrambled
and PRMT5 shRNA samples.

Generation of lentiviruses

pLKO-based shRNAs targeting PRMT5 and WDR77
and a scrambled control were purchased from Sigma.
Lentiviruses were generated in HEK-293T cells by
Superfect-mediated cotransfection of lentiviral-based
shRNA plasmids and the pCMV-dR8.2 (packaging) and
pCMV-VSVG (envelope) plasmids. Viral supernatants were
concentrated using Amicon Ultra centrifugal filter units
(Millipore) at 1600 g for 20 min and stored in aliquots at
−80◦C.

Infection of MDA-MB-231 cells with lentiviruses

For infection, MDA-MB-231 cells were transduced with
virus in serum free DMEM. Cells were incubated overnight
with virus and subsequently cultured in fresh media.
Seventy-two hours after infection the cells were cultured
in media supplemented with 1 �g/ml puromycin. The cells
were harvested on the 10th day after infection for cell
viability/apoptosis assays, RNA and protein extraction.

RT-PCR

RNA was extracted using the RNeasy kit from Qiagen.
cDNA was prepared using 1–2 �g of RNA using Prime-
Script First Strand cDNA Synthesis Kit from Takara Bio-
sciences. Quantitative polymerase chain reaction (qPCR)

was performed using the GoTaq® qPCR Master Mix
(Promega) on the Stratagene Mx3005P Real-Time PCR
System (Agilent Technologies) using 15–20 ng of cDNA per
reaction. Primers used are listed in Supplementary Table 4.
To calculate inclusion/exclusion of exons log2 fold change
values were calculated. The log2 fold change for gene ex-
pression was subtracted from the included/excluded exons
values to account for downregulation of gene expression.

Library preparation for RNA-seq

Library preparation for RNA-seq analysis was performed
by the Weill Cornell Medical College Genomic Core facil-
ity (New York, NY, USA) using the TrueSeq RNA sam-
ple preparation kit (Illumina RS-22–2001) as per manufac-
turer’s recommendations. Samples were sequenced by the
Illumina HiSeq 2500 platform (Illumina) as 100 bp pair-
ended reads.

RNA-seq analysis

After filtering contaminant (aligned) reads, the reads with
good quality were aligned to several human reference
databases including hg19 genome, RefSeq exons, splicing
junctions using the Burrows-Wheeler Aligner (BWA) al-
gorithm (37). The reads that were uniquely aligned to the
exon and splicing-junction sites for each transcript were
then counted as expression level for a corresponding tran-
script and were subjected to log2 transformation and global
median normalization, to compare transcripts levels among
distinct samples. Differentially expressed genes were identi-
fied by the R package DEGseq (38) using a false discovery
rate < 0.001 and fold-change >1.5. Gene ontology analysis
was performed using DAVID (39,40).

Statistical analysis

All values were expressed as mean ± SD. Statistical analysis
was performed by the Paired Student’s t-test. A probability
value of P < 0.05 was considered statistically significant.

Antibodies

The following commercially available antibodies were used
at the indicated concentrations for western blot: anti–
�-actin (Sigma, A5441, 1:1,000), anti-WDR77 (Bethyl,
A301–562A, 1:1,000), anti-PRMT5 (Bethyl, A300–850A,
1:1,000), anti-ZNF326 (Bethyl, A301–880A, 1:1,000), anti-
HNRNPH1 (Bethyl, A300–511A, 1:1,000) Anti-dimethyl-
Arginine, symmetric (SYM10) (Millipore, 07–412, 1:1000),
Anti-Histone H3 antibody (Abcam, ab1791, 1:1000), Anti-
Histone H4 (symmetric di methyl R3) (ab5823, 1:1000),
Anti-Histone H2A (symmetric di methyl R3) antibody (Ab-
cam,ab22397, 1:1000).

The following antibodies were used for co-
immunoprecipitation: Rabbit Control IgG (Abcam,
ab46540), anti-PRMT5 (Bethyl, A300–849A). For ZNF326
and WDR77 the same antibodies were used for western
blot and immunoprecipitation.
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RESULTS

PRMT5 and WDR77 show nuclear localization in MDA-
MB-231 cells and are essential for cell survival

To analyze the expression of PRMT5 and WDR77 in breast
cancer we performed in silico analysis of the The Can-
cer Genome Atlas (TCGA) database. We identified over-
expression of WDR77 (P = 7.5 × 10−7) and PRMT5
(P = 2.07 × 10−3) in breast tumor samples relative to
matched normal samples (n = 109) (Figure 1A). We ver-
ified this observation by qPCR with reverse transcription
(RT-qPCR) analysis (Figure 1B) of immortalized breast ep-
ithelial (MCF10A), estrogen receptor negative (ER-: MDA-
MB-231, HCC38) and estrogen receptor positive (ER+:
T47D and MCF7) breast cancer cell lines. We observed sig-
nificant over-expression of WDR77 (HCC38) or PRMT5
(MCF7) or both (MDA-MB-231 and T47D) in the breast
cancer cell lines relative to immortalized breast epithelial
cells (MCF10A).

In agreement with these findings, western blots of nu-
clear and cytoplasmic extracts of the cell lines showed in-
creased nuclear accumulation of WDR77 (MCF7, MDA-
MB-231 and T47D) and PRMT5 (MCF7 and MDA-MB-
231) in breast cancer cell lines relative to MCF10A (Figure
1C). We ascertained the purity of nuclear and cytoplasmic
fractions by immunoblotting for histone H3 and �-tubulin
respectively (Supplementary Figure S1A and B).

T47D showed increased expression of PRMT5 transcript
but not protein compared to MCF10A cells (Figures 1B
and C) suggesting post-transcriptional regulation of the
PRMT5 transcript. miR92b/96 has been shown to regulate
PRMT5 translation in mantle cell lymphoma (21). It is pos-
sible that there might be increased expression of miR92b/96
in T47D causing translational repression of the PRMT5
transcript. On the other hand MCF7 does not show in-
creased expression of WDR77 transcript but there is in-
crease in WDR77 protein (Figures 1B and C) suggesting
increased stability of the WDR77 transcript. Interestingly,
WDR77 has a long 3′UTR (1340 nt) but to date there have
been no studies to explore its post-transcriptional regula-
tion by repressor proteins or miRNA.

Several papers have reported the role of WDR77 as
an androgen and estrogen receptor co-factor (23,41). To
understand the estrogen-receptor-independent role of the
PRMT5/WDR77 complex and to eliminate complications
arising from estrogen receptor-mediated changes in chro-
matin structure and gene expression (42,43) we chose
to study the mechanism of oncogenesis mediated by the
PRMT5/WDR77 complex in an ER- cell line. We chose the
triple-negative, invasive breast cancer cell line MDA-MB-
231, to characterize the role of nuclear PRMT5/WDR77
complex in mediating oncogenesis.

To investigate the tumor-promoting activity of the
PRMT5/WDR77 complex, we performed lentiviral-
mediated short hairpin RNA (shRNAs) (listed in Sup-
plementary Table S1) depletion of WDR77 and PRMT5
in MDA-MB-231 cells (Figure 1D). Loss of WDR77 or
PRMT5 resulted in destabilization of the partner protein
(Figure 1E) in line with previous observations (44,45) high-
lighting the interdependence of these proteins for stability.

Surprisingly, loss of PRMT5 also caused transcriptional
downregulation of WDR77 (Figure 1D and E). We showed
for the first time the multi-layered regulation of WDR77
by PRMT5, both at the level of mRNA transcript (either
through transcriptional or post-transcriptional regulation)
and protein. Loss of PRMT5, but not WDR77, led to
loss in global levels of the symmetrically dimethylated
histone marks H2AR3Me2s, H4R3Me2s and H3R2Me2s
(Supplementary Figure S1C) suggesting that residual levels
of PRMT5 remaining upon loss of WDR77 was sufficient
to catalyze histone modifications. Loss of WDR77 and
PRMT5 resulted in reduced cell viability (Supplementary
Figure S1D) and apoptosis (Figure 1F) recapitulating pre-
vious observations (15,46,47) underscoring the importance
of these proteins for cell survival.

WDR77 interacts with novel proteins involved in RNA pro-
cessing and splicing

Apart from the spliceosome proteins (7) and histones (48),
the PRMT5/WDR77 complex interacts with several pro-
teins including SKI (8), CYCLIN D1/CDK4 (49) and
TP53 (10). However there has been no comprehensive
analysis of the repertoire of interaction partners for the
PRMT5/WDR77 complex.

In order to characterize the endogenous interaction part-
ners of this complex, we immunoprecipitated the substrate
binding partner, WDR77, from nuclear and cytoplasmic ex-
tracts of MDA-MB-231 cells (Supplementary Figure S2A
and B) and analyzed it by LC-MS/MS. We identified a total
of 97 and 90 interaction partners of WDR77 from the cy-
toplasm and nucleus respectively (Supplementary Tables S2
and 3). The most enriched interaction partners of WDR77
were common between the nucleus and cytoplasm high-
lighting the shuttling nature of this complex (Supplemen-
tary Figure S2C).

We identified WDR77 (bait) and PRMT5, as well as
peptides representative of small nuclear ribonucleoproteins
(SNRNP’s) RIOK1, and CLNS1A, consistent with previ-
ously reported binding partners of WDR77 (7) (50) thus
validating our approach.

We identified several novel interaction partners of
WDR77 in the cytoplasm and nucleus. mRNA metabolism,
translation and co-translational targeting of proteins were
the biological pathways enriched among the cytoplasmic in-
teraction partners of WDR77 (Figure 2A). Network anal-
ysis of the most enriched proteins revealed novel inter-
acting partners involved in RNA processing and splicing
(HNRNP H1 and H2), RNA stability (SERBP1), transla-
tion (RPS27A, RPS3, RPS10L) and protein folding (CCT7)
(Figure 2B). The nuclear interaction partners of WDR77
were enriched for biological pathways involved in RNA
metabolism, processing and splicing (Figure 2C). Among
the top novel interaction partners in the nucleus were pro-
teins involved in splicing (HNRNP H1 and H2, ZNF326),
RNA stability (SERBP1), translation (RPS27A, RPL26)
and sterol synthesis (OSBP) (Figure 2D).
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Figure 1. Expression of PRMT5 and WDR77 in breast cancer (A). Expression analysis of 109 paired samples from The Cancer Genome Atlas (TCGA)
database shows significant overexpression of PRMT5 and WDR77 in breast cancer samples relative to matched normal samples (B). Fold expression
of WDR77 and PRMT5 in breast normal (MCF10A), ER+ (MCF7, T47D) and ER- (MDA-MB-231, HCC38) breast cancer cell lines. Normalized to
GAPDH (C). Immunoblotting of WDR77 and PRMT5 in nuclear and cytoplasmic extracts of breast normal and cancer cell lines. Actin was used as
loading control. (D). Fold expression (relative to GAPDH) of WDR77 and PRMT5 and (E). Immunoblotting of the respective proteins in sh Scrambled,
sh WDR77 and sh PRMT5-treated samples. Actin was used as loading control in E (F). (Top panel) Annexin V staining showing increased number of
apoptotic cells upon loss of WDR77 and PRMT5. (Bottom panel) Box plots of results from apoptosis assay for three biological replicates. Student’s t-test
*P < 0.05 **P < 0.005 ***P < 0.0005.
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ZNF326 is a novel interaction partner and substrate of the
PRMT5/WDR77 complex

As the PRMT5/WDR77 complex showed increased nu-
clear accumulation in MDA-MB-231 cells, we focused
our analysis on the novel nuclear interaction partners of
WDR77. Among the top nuclear interaction partners of
WDR77 was ZNF326, a 68 kDa zinc finger protein that has
been previously characterized to be a part of the DBIRD
complex that travels along with core mRNP particle dur-
ing transcription, regulating splicing by controlling the rate
of transcriptional elongation by Pol II (51). Splicing being
mainly co-transcriptional (52) we wanted to understand if
the PRMT5/WDR77 complex played a previously unchar-
acterized role in regulating splicing through transcriptional
elongation.

To understand if ZNF326 is also overexpressed in breast
cancer, we performed qPCR and immunoblotting of nu-
clear and cytoplasmic extracts of breast cancer cell lines.
ZNF326 is overexpressed in ER-breast cancer cell lines
(MDA-MB-231 and HCC38) relative to MCF10A cells and
showed nuclear localization (Supplementary Figure S2D
and E).

To investigate if PRMT5 and WDR77 are components of
the core mRNP particle and to validate our mass spectrom-
etry observations, we performed co-immunoprecipitation
experiments from nuclear extracts of MDA-MB-231 cells.
We confirmed the interaction of ZNF326 with PRMT5 and
WDR77. HNRNPH1, a component of the mRNP parti-
cle was also observed to interact with the PRMT5/WDR77
complex (Figure 2E).

Substrates of the PRMT5/WDR77 complex including
histones and transcription factors are characterized by
the presence of glycine-arginine repeats at which they
are methylated (10). Interestingly, we identified two RG-
rich motifs in ZNF326, at positions 173 (RGRG) and
199 (GRGRGRG), making it a likely substrate of the
PRMT5/WDR77 complex (Figure 3A).

We used the SYM10 antibody (53) for immunoblotting
to determine if endogenous ZNF326 was symmetrically
dimethylated. We confirmed the specificity of the SYM10
antibody to detect symmetrically dimethylated arginines
(Supplementary Figure S3A) and used it to immunoblot
ZNF326 that was immunoprecipitated from nuclear ex-
tracts of MDA-MB-231 and confirmed that the endogenous
protein is symmetrically dimethylated (Figure 3B). To iden-
tify the arginine residue(s) methylated and to verify if the
modification(s) occurred in a PRMT5/WDR77-dependent
manner, we immunoprecipitated endogenous ZNF326 from
uninfected, sh scrambled, sh WDR77 and sh PRMT5 in-
fected MDA-MB-231 cells and analyzed the samples by LC-
MS/MS. We observed that ZNF326 is primarily dimethy-
lated at Arginine 175 (R175) (Figure 3C) and this modifi-
cation is lost in a PRMT5 and WDR77-dependent manner
(Figure 3D and E). To confirm that ZNF326 is a bona fide
substrate of the PRMT5/WDR77 complex we performed
in vitro methylation assays. We observed that only the
wt ZNF326 peptide and not the mutated ZNF326R175K
peptide was methylated by the PRMT5/WDR77 complex
(Supplementary Figure S3B).

Loss of PRMT5 and WDR77 results in inclusion of A-T rich
exons at target genes

To understand the effect of loss of PRMT5, WDR77 and
subsequent loss of ZNF326 methylation on alternative
splicing, we performed RNA-seq analysis on PRMT5 and
WDR77 depleted MDA-MB-231 cells. Gene ontology anal-
ysis revealed an upregulation of apoptotic genes upon loss
of PRMT5 and WDR77 in MDA-MB-231 cells (Supple-
mentary Figure S4A) explaining our earlier observation of
an increase in the number of apoptotic cells. Genes involved
in RNA processing was observed to be the top category of
affected genes revealed by GO analysis of genes that are al-
ternatively spliced upon loss of PRMT5 and WDR77 (Sup-
plementary Figure S4B).

As one of the major roles of the PRMT5/WDR77 com-
plex is the symmetric methylation of spliceosome proteins,
we evaluated the effect of knockdown of PRMT5 and
WDR77 on splicing. Comparison of the RNA-seq datasets
revealed that 256 genes are alternatively spliced upon loss
of WDR77 and PRMT5. These categories include genes
involved in mRNA cleavage and polyadenylation (CPSF1,
CPSF7, CPSF3L), splicing (U2AF1, RBM23, RBM5, HN-
RNPC, HNRNPH1, RBM39), mRNA structure and stabil-
ity (DDX23) and mRNA degradation (EXOSC9). mRNA
is alternatively spliced through several physical mechanisms
including the usage of different 5′ and 3′ splice sites, in-
tron retention or exon inclusion/exclusion (Supplementary
Figure S4C). shRNA knockdown of WDR77 and PRMT5
caused defects in constitutive and alternative splicing, pri-
marily through exon skipping (SE) causing altered inclusion
or exclusion of exons compared to cells treated with scram-
bled shRNA control (Supplementary Figure S4D and E).
This is in accordance with previously work showing that
genes with 5′ weak donor site undergo exon skipping upon
knockdown of PRMT5 (15) due to loss of methylation of
the spliceosome proteins disrupting the formation of the
spliceosome. As ZNF326 has been reported to be essen-
tial for transcription across A-T rich regions, we wanted to
check if loss of methylation of ZNF326 resulted in altered
splicing at A-T rich genes. Interestingly we observed inclu-
sion of A-T rich exons in the WDR77 and PRMT5 knock-
down cells (Figure 4A and B) a phenomenon that was ob-
served previously upon knockdown of ZNF326 (51).

A-T rich tracts have been previously reported to be re-
fractory to transcription (54) and this result reinforces the
requirement of methylated ZNF326 for normal transcrip-
tion across this region as loss of PRMT5 or WDR77 does
not result in decreased stability/loss of ZNF326 protein
(Supplementary Figure S2F).

Alternative splicing coupled mRNA decay upon loss of
PRMT5

We then proceeded to evaluate the correlation between
genes that were alternatively spliced and genes that were
differentially regulated upon knockdown of PRMT5. Scat-
ter plot analysis of genes alternatively spliced upon loss
of PRMT5 or WDR77 revealed that several of the alter-
natively spliced genes were differentially regulated (Fig-
ure 4C and D). About 11.5% of genes that were alterna-
tively spliced were also downregulated upon loss of PRMT5
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Figure 3. ZNF326 is symmetrically dimethylated at R175 by the PRMT5/WDR77 complex (A). ZNF326 has two glycine-arginine rich motifs. Asterisk
indicates R175 that was identified to be dimethylated (B). Immunoblots of immunoprecipitates showing symmetric dimethylation of ZNF326 (C). Repre-
sentative tandem mass spectrum of the peptide GR(28.0314)GTPAYPESTFGSR {m/z:537.602 (+3). The fragment ion matching within 10 ppm are shown
as either the B-ion (purple) or Y-ion (blue) series. The green dashed line indicates precursor m/z. The dotted lines in the fragmentation ladder sequence on
the top the spectrum corresponds to the missing B-ion (purple) and Y-ion (blue) series (D). Mass Spectrometry analysis showing the relative abundance of
random and dimethylated peptides in cells infected with sh Scrambled, sh WDR77 and sh PRMT5 and (E). Graphical representation of the same.
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Figure 4. Loss of PRMT5 and WDR77 leads to defects in alternative splicing and inclusion of A-T rich exons (A and B). (Top) Frequency of A or T
upstream and downstream from splice sites of included exons (blue) excluded exons (green) and unaffected control exons (red). The dotted black line
marks the meeting point of upstream and downstream datasets. (Below) Frequency of 5-base oligonucleotides in the regions around splice sites of included
(x-axis) versus control (y-axis) exons in sh WDR77 (Left) and sh PRMT5 (Right) samples. Scatter plot of genes that are alternatively spliced and up- or
downregulated upon loss of WDR77 (C) and PRMT5 (D) relative to scrambled shRNA control (Red- >1.5-fold upregulated Blue- >1.5-fold downregu-
lated).
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suggesting that the alternative splicing of these transcripts
could contribute to decreased transcript stability (Supple-
mentary Figure S4F). Furthermore, 64.5% (109 of 169
genes) of these genes that were downregulated were alterna-
tively spliced by inclusion/exclusion of exons (Supplemen-
tary Figure S4G).

Interestingly, several genes that were downregulated such
as ST3GAL6 (55), FOXM1 (56) and AP4 (57) play a key
role in breast cancer tumorigenesis and this interested us to
probe more carefully how this regulation was orchestrated
by the PRMT5/ WDR77 complex.

We then performed qPCR analysis to investigate if some
of these alternatively spliced transcripts were downregu-
lated because of decreased transcript stability. To under-
stand if the downregulation of the transcripts was attributed
to alternative splicing and to differentiate it from tran-
scriptional downregulation, it was essential to quantitate
pre-mRNA, mRNA and exon levels of the specific tran-
script. To this end, we designed intron–exon primers (to
quantitate pre-mRNA), exon–exon primers (to quantitate
mRNA) and intra–exon primers (to quantitate exon levels).
All the primers used for RT-PCR are listed in Supplemen-
tary Table S4.

We tested genes involved in monosaccharide metabolism
(ST3GAL6, PFKM), DNA metabolism (REPIN1/AP4)
and TRNAU1AP/SECP43 that has been implicated in
nonsense-mediated decay (58), as these were also the top
categories of genes that had alternate exon inclusion and
were downregulated upon loss of PRMT5. In all these
genes, we detected inclusion of the specific exon, no signif-
icant difference in the pre-mRNA levels but downregula-
tion of mRNA in sh PRMT5 relative to control scrambled
shRNA infected cells (Figure 5A–D). Exon inclusion for
ST3GAL6, REPIN1/AP4 and PFKM was observed upon
loss of WDR77 but the downregulation was not observed
in all cases (Supplementary Figure S5A–C). To rule out
the possibility that this was just due to reduced stability of
mRNA versus pre-mRNA we performed qPCR for a con-
trol gene, MED28 (Supplementary Figure S5D) that is not
transcriptionally regulated or spliced upon loss of PRMT5
and did not observe any significant difference relative to
control.

DISCUSSION

PRMT5 and WDR77 are known oncogenes (20,24,41,59)
and analysis of METABRIC (Molecular Taxonomy of
Breast Cancer International Consortium) data revealed
overexpression of PRMT5 correlates to poor survival (Sup-
plementary Figure S6). We chose breast cancer as a model
system for two reasons- first, because the PRMT5/WDR77
complex showed increased nuclear accumulation, and sec-
ond, there is very little known (60) on the intra-nuclear role
of the PRMT5/WDR77 complex in regulating splicing.

We shown for the first time the multi-layered regulation of
WDR77 by PRMT5, both at the level of mRNA transcript
(either through transcriptional or post-transcriptional reg-
ulation) and protein. However, RNA-seq analysis revealed
that the overlap of genes upregulated upon loss of WDR77
and PRMT5 is 12.24 and 27.3% respectively. This could be
explained because loss of PRMT5 leads to the depletion of

both proteins and hence showed increased overlap. More-
over, the PRMT5/WDR77 complex is a part of many intra-
cellular complexes including MBD2-NuRD (14) and com-
ponents of Mediator (61) and loss of either protein would
affect target genes depending on its stoichiometry in the
complex. Loss of WDR77 and PRMT5 reduces cell viabil-
ity and induces apoptosis in MDA-MB-231 cells. Apopto-
sis could have been triggered by the upregulation of pro-
apoptotic genes including CASP3 and IL6 (RNA-seq anal-
ysis of sh WDR77 and sh PRMT5) and loss of AP4, which
is alternatively spliced and subjected to decay upon loss of
PRMT5 (62,63).

To identify novel interaction partners that could possi-
bly be mediators of breast cancer oncogenesis along with
PRMT5/WDR77 complex, we performed the first compre-
hensive characterization of the nuclear and cytoplasmic in-
teraction partners of endogenous WDR77.

We identified novel interaction partners involved in the
regulation of all the major steps of gene expression rang-
ing from transcription (Rbbp4, Rbbp7, FUBP1), mRNA
stability (SERBP1) and processing (LARP1, FUBP2),
splicing (HNRNPH1 and H2, ZNF326), mRNA export
(CAPRIN1, G3BP1) and translation (RPS10, RPS26). As-
sociation of hnRNPH1 (and hnRNPs H2, H3, F, R, A1
among others) with PRMT5 brings in a new factor that
could possibly govern the sub-cellular localization and/or
activity of these hnRNPs that were previously only known
to be asymmetrically dimethylated.

The trio of PRMT5, WDR77 and ZNF326 are known to
regulate alternative splicing; the PRMT5/WDR77 complex
is involved in symmetric dimethylation of spliceosome pro-
teins (7) while ZNF326 interacts with Pol II and HNRNPs
and regulates the rate of transcriptional elongation across
AT-rich regions (51).

ZNF326 belongs to the AKAP95 family of proteins
(which includes ZNF326, AKAP95 and HA95) (64,65).
AKAP95 has also been shown to interact with HNRNP-H1
along with HNRNPs F and M; however unlike ZNF326,
loss of AKAP95 promotes exon skipping (51,64).

We have shown that ZNF326 is a substrate of the
PRMT5/WDR77 complex, and that loss of ZNF326
methylation, mimics loss of ZNF326 (51) and leads to alter-
native splicing of target genes by the inclusion of A-T rich
exons.

Around 11.5% of genes that are alternatively spliced upon
loss of PRMT5 are downregulated suggesting that the alter-
native splicing could contribute to transcript destabilization
and decay. Several of the alternatively spliced and down-
regulated genes identified play an important role in onco-
genesis and metastasis, including ST3GAL6 which is es-
sential for homing and survival in multiple myeloma (66)
and is a marker for metastasis in breast cancer (55), PFKM
which has been identified as a novel breast cancer gene by
a genome-wide association study (67) and AP4 (68) which
is associated with promoting oncogenesis and poor survival
in several types of cancer (68,69) and was recently described
as the driver of EMT in MDA-MB-231 cells (70).

Predictions from studies of mouse and human EST data
suggest that one-fifth of alternatively spliced mouse and
human genes produce premature termination containing
(PTC) RNAs that could be subject to nonsense mediated
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Figure 5. Alternative splicing coupled mRNA decay of transcripts upon loss of PRMT5. qPCR analysis showing (from left to right) relative levels of exon
inclusion, pre-mRNA and the mRNA/pre-mRNA ratio in sh Scrambled and sh PRMT5 samples for (A) REPIN1/AP4 (B) ST3GAL6 (C) PFKM (D)
TRNAU1AP/SECP43. The illustrations depict the gene structure with exons shown as black boxes and introns as lines. The included exons are shown in
red. Arrows indicate regions to which primers were designed. Student’s t-test *P < 0.05 **P < 0.005 ***P < 0.0005.
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Figure 6. The PRMT5/WDR77 complex shapes the transcriptome of MDA-MB-231 cells through methylation of ZNF326. Methylation of ZNF326 by
the PRMT5/WDR77 complex is essential for Pol II transcription across A-T rich genes. Loss of PRMT5 or WDR77 leads to a loss of methylation of
ZNF326 that results in slow progression of Pol II causing the inclusion of A-T rich exons in target genes. A subset of these transcripts is targeted for
degradation thereby altering the shape of the transcriptome of the cell. (A) Represents the influence of PRMT5/WDR77 to coordinate the rate at which
transcription may help determine splicing patterns, where, the absence of PRMT5/WDR77 (B) effects the rate and aberrant inclusion of exons.
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decay (71). It is likely that a majority of these transcripts
are a result of transcriptional and splicing noise and that
the surveillance is just a housekeeping mechanism. How-
ever looking through our analysis there are several intrigu-
ing links that cannot be ignored. The loss of methylation
of ZNF326 leading to alternate inclusion of A-T rich ex-
ons and the downregulation of genes that have been previ-
ously identified as drivers of cancer progression point to a
nuanced mechanism of gene expression regulation.

Recently, Zhao et. al (72) published the symmetric
dimethylation of Pol II by PRMT5 and regulation of tran-
scription termination. As PRMT5/WDR77 complex also
methylates FCP1 (73) and SPT5 (60) and ZNF326 the
multi-pronged control exerted by this complex in transcrip-
tion and splicing requires further investigation.

To summarize, we have identified a novel role played by
the intra-nuclear PRMT5/WDR77 complex in regulating
splicing and breast cancer oncogenesis. Through this paper
we have two new findings: (i) ZNF326 (a component of the
mRNP particle) is a newly identified bona fide substrate of
PRMT5 and (ii) loss of methylation of ZNF326 leads to
inclusion of A-T rich exons, a phenomenon that has been
observed upon loss of ZNF326 by other researchers (51).

It seems likely that methylation of ZNF326 is essential
for the transcription of Pol II across A-T rich genes. Loss
of WDR77 and PRMT5 results in loss of methylation of
ZNF326 and resulted in the inclusion of A-T rich exons
in target genes (Figure 6). A subset of genes that undergo
alternative inclusion of exons are unstable and are down-
regulated (possibly through downstream mechanisms such
as nonsense-mediated decay). Our data, thereby, supports
the role of the PRMT5/WDR77 complex in shaping the
breast cancer transcriptome by fine-tuning the balance be-
tween splicing and stability.
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