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PRMT1-mediated H4R3me2a recruits SMAR
CA4 to promote colorectal cancer
progression by enhancing EGFR signaling
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Abstract

Background: Aberrant changes in epigenetic mechanisms such as histone modifications play an important role in
cancer progression. PRMT1 which triggers asymmetric dimethylation of histone H4 on arginine 3 (H4R3me2a) is
upregulated in human colorectal cancer (CRC) and is essential for cell proliferation. However, how this dysregulated
modification might contribute to malignant transitions of CRC remains poorly understood.

Methods: In this study, we integrated biochemical assays including protein interaction studies and chromatin
immunoprecipitation (ChIP), cellular analysis including cell viability, proliferation, colony formation, and migration
assays, clinical sample analysis, microarray experiments, and ChIP-Seq data to investigate the potential genomic
recognition pattern of H4R3me2s in CRC cells and its effect on CRC progression.

Results: We show that PRMT1 and SMARCA4, an ATPase subunit of the SWI/SNF chromatin remodeling complex,
act cooperatively to promote colorectal cancer (CRC) progression. We find that SMARCA4 is a novel effector
molecule of PRMT1-mediated H4R3me2a. Mechanistically, we show that H4R3me2a directly recruited SMARCA4 to
promote the proliferative, colony-formative, and migratory abilities of CRC cells by enhancing EGFR signaling. We
found that EGFR and TNS4 were major direct downstream transcriptional targets of PRMT1 and SMARCA4 in colon
cells, and acted in a PRMT1 methyltransferase activity-dependent manner to promote CRC cell proliferation. In vivo,
knockdown or inhibition of PRMT1 profoundly attenuated the growth of CRC cells in the C57BL/6 J-Apc™™* CRC
mice model. Importantly, elevated expression of PRMT1 or SMARCA4 in CRC patients were positively correlated with
expression of EGFR and TNS4, and CRC patients had shorter overall survival. These findings reveal a critical interplay
between epigenetic and transcriptional control during CRC progression, suggesting that SMARCA4 is a novel key
epigenetic modulator of CRC. Our findings thus highlight PRMT1/SMARCA4 inhibition as a potential therapeutic
intervention strategy for CRC.
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Conclusion: PRMT1-mediated H4R3me2a recruits SMARCA4, which promotes colorectal cancer progression by

enhancing EGFR signaling.
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Background

Colorectal cancer (CRC) is the third most commonly diag-
nosed malignancy and the fourth leading cause of cancer-
related deaths in the world; its burden is expected to in-
crease by 60% to more than 2.2 million new cases and 1.1
million cancer deaths by 2030 [1]. One of the fundamental
processes driving the initiation and progression of CRC is
the accumulation of a variety of genetic and epigenetic
changes in colon epithelial cells [2]. Over the past decade,
major advances have been made in our understanding of
cancer epigenetics, particularly regarding epigenetic alter-
ations including aberrant DNA methylation and alter-
ations in histone modification states [3—5]. For example,
aberrant hypermethylation has been identified in the pro-
moter regions of key tumor-suppressor genes, including
MLH1, CDKN2A, and APC in the case of CRC; abnormal
histone methylations, including H4K20me3, H3K4me1/2/
3, H3K9me3, H3K27me3, and H3K79me2, have been fre-
quently found in CRC tumor samples and cell lines [6].
Progress in this field suggests that these epigenetic alter-
ations will be commonly used in the near future to direct
the prevention and treatment of CRC [7].

Protein arginine methyl transferase 1 (PRMT1), a mem-
ber of the protein arginine methyltransferase family
(PRMTs), is the most abundant PRMT in mammals.
PRMT1 mainly catalyzes asymmetric dimethylation of his-
tone H4 on arginine 3 (H4R3me2a), usually a marker of
transcriptional activation, which has been implicated in
transcriptional control, pre-mRNA splicing, protein stabil-
ity, DNA damage signaling, and cell fate decisions [8]. To
date, only TDRD3 has been identified as a “reader” of epi-
genetic mark H4R3me2a [9]. PRMT1 is also involved in
the interaction of many transcription factors and pro-
moters, and the overexpression and abnormal splicing of
PRMTT1 directly affects the occurrence of tumors, includ-
ing breast cancer, lung cancer, bladder cancer, leukemia,
and colorectal cancer [10-14]. In colorectal cancer, the
pathophysiological function of PRMTT1 is largely unknown
although PRMT1 has been examined as a marker of un-
favorable prognosis for colon cancer patients [8, 14, 15].

SWI/SNF related matrix-associated actin-dependent
regulator of chromatin subfamily A member 4 (SMAR
CA4, also known as Brahma-related gene 1, Brgl) is a
catalytic subunit of the SWI/SNF complex, which uses
ATP hydrolysis to provide energy required for the mediat-
ing changes in chromosome structure or chromatin re-
modeling [16]. SMARCAA4 is indispensable for embryonic

development and has been implicated in a variety of bio-
logical processes in both normal and neoplastic tissues
[17, 18]. Heterozygous loss of SMARCA4 in mice leads to
increased risk of developing cancer including lung and
mammary gland, indicating that it is a tumor-suppressor
gene [18]. In support of this, the loss or mutation of
SMARCA4 is associated with human cancers including
lung cancer, hepatocellular carcinoma, ovarian cancer,
endometrial tumors, and Burkitt’s lymphoma [16, 19-25].
Other studies, however, have reported a tumor-promoting
role of SMARCA4 [26-28]. Thus, SMARCA4 can be an
oncogene for some cancers or in other contexts.

In the murine small intestinal epithelium, SMARCA4
is required for stem cell maintenance [29]. Loss of
SMARCA4 attenuates Wnt signaling and prevents Wnt-
dependent tumorigenesis in the murine small intestine
[30]. In addition, duodenal SMARCA4 loss in mice is as-
sociated with dysregulation of the Notch pathway, which
contributes to growth impairment, early death, and ab-
normal villous formation [31]. However, a recent study
showed that SMARCA4 attenuates colonic inflammation
and tumorigenesis through autophagy-dependent oxida-
tive stress sequestration [32]. Thus, discrepancies
abound regarding the functions of SMARCA4 with re-
spect to tumor initiation and progression in gut. The
roles of SMARCA4 in colon also remain unclear.

Here, we found that PRMT1 and SMARCA4 act co-
operatively to promote CRC progression. Our data indi-
cate that SMARCA4 is a novel effector molecule of
PRMT1-mediated H4R3me2a. We show that TNS4 and
EGFR are direct downstream targets of PRMT1/
SMARCA4 mediating activation of EGFR signaling path-
way in CRC. These findings provide a novel strategy for
targeting therapy of CRC.

Methods

Cell lines, transfections, and siRNA interference assays
Two colon carcinoma cell lines (HCT116 and SW620)
were purchased from the Shanghai Institute of Cell Biol-
ogy, Chinese Academy of Sciences (Shanghai, China).
Cells were maintained at 37 °C in a humidified air at-
mosphere containing 5% carbon dioxide in McCOY’s 5A
medium (HCT116) or RPMI-1640 (SW620) supple-
mented with 10% FBS (Invitrogen). The human colon
cancer cell lines were recently authenticated by Genetic
Testing Biotechnology Corporation (Suzhou, China)
using short tandem repeat (STR) profiling. All lines were
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found to be negative for mycoplasma contamination.
SiRNA against PRMT1 and SMARCA4 were synthesized
by Jima, China. The sequences used were as follows:
PRMTI siRNA-1, 5-CUGAAGUCCAGGUCGAUG
GUGAAGUC-3"; PRMTI siRNA-2, 5'-UUGUAGUCUU
UGUACUGCC-3"; SMARCA4 siRNA-1, 5'-UCGCUU
UGGUUCGCAAAUC-3"; SMARCA4 siRNA-2, 5'-UUC-
CUCCUCAUUCAGGUCC-3'. HCT116 and SW620
cells were transfected with oligonucleotides or the indi-
cated constructs using Lipofectamine 3000 (Invitrogen)
according to the manufacturer’s instructions.

Mass spectrometry

High-capacity streptavidin agarose (Thermo Scientific)
was incubated with C-terminal biotin-tagged 20 amino
acid N-terminal peptides of H4, H4R3me2a, and
H4R3me2s peptide immunoprecipitates from nuclear ex-
tracts of HCT116 cells, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and stained with SimplyBlue Safestain (Invitrogen). Pro-
tein bands of interest were excised and subjected to elec-
trospray—ion trap tandem mass spectrometry (LCQ-
Deca, Finnigan).

Plasmid construction, recombinant protein expression,
and purification

pGEX-6p-1 plasmids encoding GST, GST-SMARCA4-F1
(aal-351), GST-SMARCA4-F2 (aa352-707), GST-SMAR
CA4-F3 (aa708-1008), GST-SMARCA4-F4 (aal009-1314),
and GST-SMARCA4-F5 (aal315-1647) (human SMAR
CA4 isoform 1, Accession AAG24789.1) were trans-
formed into E. coli BL21 and cultured with IPTG at 16°C
for 12 h until the optical density (OD600) reached 0.5~0.6.
BL21 cells were collected and sonicated in cold PBS, and
GST-fusion proteins were purified with Glutathione S-
transferase beads according to the users’ manual. Purity
was assessed by SDS-PAGE.

Wild-type human PRMT1 coding regions was cloned
into the retroviral vector plasmid MSCV and confirmed
by DNA sequencing. The deletion mutant PRMTIA
(GSGTG, amino acids 86-90) [33] was constructed by
site-directed mutagenesis. The oligonucleotide used to
introduce the deletion was 5'-GGTGGTGCTGGACG
TC ATCCTCTGCATGTTTGC-3".

Microscale thermophoresis (MST) analysis and isothermal

titration calorimetry (ITC) assays

For MST analysis, purified recombinant SMARCA4-F4
(aal009-1314) proteins or Flag-SMARCA4 from HCT116
cells were labeled with Monolith NT-647-NHS. Labeled
proteins were used at a concentration of 100 nM in PBS
pH 7.4 containing 0.05% Tween-20. The concentration of
H4, H4R3me2a, and H4R3me2s peptides ranged from 10
nM to 500puM. The combined solutions of labeled
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proteins and peptides were incubated for 5 min and trans-
ferred into silicon-treated capillaries. Thermophoresis was
measured for 30s on a NanoTemper Monolith NT.115
(NanoTemper Technologies GMBH) using 60% LED
power and 20% laser power. Dissociation constants were
calculated by NanoTemper Analysis 1.5.41 software using
the mass action equation (Kd formula).

A MicroCal ITC-200 system (Malvern Instruments
Ltd.) was used for ITC experiments. Briefly, the synthe-
sized peptides (Genscript, Nanjing, China) and proteins
were all subjected to extensive dialysis against PBS. Pep-
tides at concentrations of 1 mM were loaded into the
ITC syringe, and proteins at concentrations of 100 uM
were loaded into the ITC cell. Then, 19 injections of 2 ul
peptide each were automatically made into the cell at
25°C. The results of binding isotherms were analyzed
using the Origin 7.0 software package (Origin Lab).

Immunofluorescence and confocal microscopy

HCT116 cells were fixed with 4% formaldehyde for 15
min at room temperature. After washing cells 3 times in
PBS with 0.1% Triton X-100, cells were blocked with 4%
BSA for 30 min. Cells were incubated with primary anti-
body (PRMT1 and SMARCA4) for 1h at room
temperature. Following washes with PBS 0.1% Triton X-
100, cells were incubated with a secondary antibody
(Goat anti-Mouse IgG Alexa Fluor 488 and Goat anti-
Rabbit IgG Alexa Fluor 594 from Life Technologies) for
1h at room temperature. Following washes with PBS
0.1% Triton X-100, cells were stained with DAPI (Sigma)
and visualized by confocal scanning microscopy (Olym-
pus FV10i).

Western blot analysis and protein interaction studies
Cellular proteins were extracted by RIPA lysis buffer at
high salt concentration (420 mM NaCl), and western
blot analysis was performed as described previously [34].
Scans of the uncropped blots for Western blots are pre-
sented in Additional file 3. For immunoprecipitation as-
says, cells were washed with cold phosphate buffered
saline (PBS) and lysed with cold cell lysis buffer for 30
min at 4°C. Then, 500 pg of cellular extract was incu-
bated with appropriate specific antibodies or normal
rabbit immunoglobin G (IgG) at 4°C overnight with
constant rotation, followed by the addition of protein A/
G Sepharose beads and incubation for 2 h at 4 °C. Beads
were then washed five times with cell lysis buffer (50
mM Tris-HCl, pH 7.4, 150mM NaCl, 1 mM EDTA,
0.5% NP-40, 0.25% sodium deoxycholate and protease
inhibitor mixture). The immune complexes were sub-
jected to SDS-PAGE followed by immunoblotting with
secondary antibodies.
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RNA isolation and quantitative RT-PCR

Total RNA from cultured cells was extracted using TRI-
zol reagent (Invitrogen). cDNAs were synthesized with a
HiScript 1st Strand ¢cDNA Synthesis Kit (Vazyme Bio-
tech, China). Quantitative RT-PCR was performed using
a FastStart Universal SYBR Green Master (Vazyme Bio-
tech, China) according to the manufacturer’s instruc-
tions in a StepOnePlus™ Real-Time PCR System
(Thermo Scientific) in a final volume of 20 pl. Cycling
conditions were 94 °C for 15, 60 °C for 1 min, and 72 °C
for 30s. Each reaction was performed in triplicate. The
primer sequences for RT-PCR are listed in Add-
itional file 2: Table S5.

Proliferation assay, EdU incorporation assay, colony
formation assay, and migration assays

The in vitro viability of colorectal cancer cells was
assessed using the Cell Counting Kit-8 (CCK-8). Cell pro-
liferation was determined by incorporation of 5-ethynyl-
20-deoxyuridine (EAU) using an EdU Cell Proliferation
Assay Kit (Ribobio). Colony formation was observed by
staining cells with 0.1% crystal violet (Sangon Biotech-
nologies Inc., China). For cell migration assays, 5 x 10°
cells were seeded into the upper chamber of the Transwell
apparatus (Corning Costar) in serum-free medium, and
medium supplemented with 10% FBS was added to the
bottom chamber. After 24 h, the cells on the upper surface
that did not pass through the 8-um pore-size polycarbon-
ate filter were removed using a moistened cotton swab;
the cells migrating to the lower membrane surface were
fixed in 100% methanol for 10 min, stained with 0.4% crys-
tal violet for 15 min, and counted under a microscope
(Nikon) at x 100 magnification.

Gene-microarray analysis

Total RNA was extracted from PRMT1-NC1, PRMT1-
NC2, PRMT1-KD1, PRMT1-KD2, SMARCA4-KD1, and
SMARCA4-KD2 HCT116 cell lines. Total RNA was
quantified by the NanoDrop ND-2000 (Thermo Scien-
tific), and RNA integrity was assessed using an Agilent
Bioanalyzer 2100 (Agilent Technologies). Sample label-
ing, microarray hybridization, and washing were per-
formed based on the manufacturer’s standard protocols.
Briefly, total RNA were transcribed to double strand
c¢DNA, then synthesized into cRNA and labeled with
Cyanine-3-CTP. The labeled cRNAs were hybridized
onto the microarray. After washing, the arrays were
scanned by the Agilent Scanner G2505C (Agilent Tech-
nologies). The 60-mer oligo nucleotide probes were de-
signed using a microarray (Agilent) and performed by
Oe-biotech (Shanghai, China). For the study of differen-
tial gene expression, Genespring (versionl3.1, Agilent
Technologies) were employed to complete the basic ana-
lysis with the raw data. The genes with a fold change
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value greater than 1.5, and a p value <0.01 was consid-
ered differentially expressed. Relationships of differen-
tially expressed genes were determined by GO and
GSEA analysis.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed with HCT116 cells in ac-
cordance with standard protocols as described previously
[35]. Normal rabbit IgG served as the control. ChIP
samples were analyzed by quantitative real-time PCR
using the FastStart Universal SYBR Green Master
(Vazyme Biotech, China). The primer sequences for
ChIP are listed in Additional file 2: Table S6.

ChIP-Seq data processing and analysis

The ChIP-Seq data was from CistromeDb [36] about
H3K4mel [37], H3K4me3 [38], H3K27ac [39], and
SMARCAA4 [40]. CistromeDb provides a QC metric with
7 QC items across three different layers. For datasets
with replicates, we choose the ChIP-Seq data with the
highest QC score. All data uses the standard analysis
pipeline ChiLin [41] to process all chromatin profiling
reads. The ChIP and control FASTQ data were mapped
onto a genome with BWA [42]. Marks on TNS4 and
EGFR were distinctly identified using MACS2 [43] for
narrow peak calling mode.

ATAC-seq data processing and analysis

Chromatin accessibility data by ATAC-seq for SMAR
CA4 was from GSM2719724 [44]. Reads were aligned to
the human genome (hg38) using STAR [45]. Only reads
that mapped to a unique genomic locations (MAPQ >
10) were used for downstream analysis. ATAC-seq peaks
were found using the findPeaks program in HOMER
[46].

Clinical samples and IHC staining

Ninety pairs of CRC and adjacent normal paraffin tissue
sections (HColA180Sul4) were obtained from Shanghai
Outdo Biotech (National Human Genetic Resources
Sharing Service Platform with code No. 2005DKA21300,
Shanghai, China) under the approval by the Ethics Com-
mittee of Taizhou Hospital, Zhejiang, China. Immuno-
histochemical staining (IHC) was performed using
paraffin-embedded sections of biopsies from CRC pa-
tients and controls according to standard protocols (Cell
Signaling Technology). Briefly, slides were incubated
with primary antibodies: anti-SMARCA4 (1:100 dilution,
Abcam, ab110641), anti-PRMT1 (1:100 dilution, CST,
#2449), anti-EGFR (1:200 dilution, Abcam, ab52894), or
anti-TNS4 (1:100 dilution, Abcam, ab192247), followed
by incubation with horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody. Antibody binding
was visualized using a 2-Solution DAB Kit (Invitrogen).
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All colorectal cancer tissue sections were reviewed by
two experienced pathologists, and staining of SMAR
CA4, PRMT1, TNS4, or EGFR in the tissue was scored
independently (using the H-score system [47]) by two
pathologists blinded to the clinical data. Rare discordant
scores were resolved by re-review of the slide and con-
sultation between the pathologists. The intensity of im-
munostaining (category A) was documented as 0-3: 0,
negative; 1, weak; 2, moderate; 3, strong. For the Pearson
correlation scatter plot of molecules in CRC, the H score
was calculated by adding the multiplication product of
the different staining intensities in category A (0-3) with
the percentage of positive cells, i.e, H score (0-300
scale) =3 x (% at 3+) +2 x (% at 2+) + 1 x (% at 1+). The
clinical features of the patients are listed in Additional
file 2: Table S1 (the same patients from which tissues
were obtained). For survival analyses, patient overall sur-
vivals were stratified by expression of the gene of inter-
est and were presented as Kaplan—Meier plots and
tested for significance using log-rank tests. Degree of
correlation between SMARCA4, PRMT1, TNS4, and
EGER expression patterns in CRC was assessed via Pear-
son correlation analysis.

Mice, colitis-associated colon tumor formation, and
treatment
C57BL/6 J-Apc™™* mice were purchased from the
Model Animal Resource Information Platform (Nanjing,
China). All animal experimental procedures were con-
ducted in accordance with animal protocols approved by
the Laboratory Animal Center of Nanjing University.
Colitis-associated colon tumor formation was induced
in mice as described previously [48]. Briefly, 8-week-old
male mice were provided with drinking water containing
2% dextran sodium sulfate (DSS) (MP Biomedicals, Irvine,
USA) for 7 consecutive days, followed by another 21 days
with 45 kcal% high-fat diet (SYSE Biotech, Changzhou,
China). This cycle was repeated once after high-fat diet
for 4 weeks until day 150, when all mice were euthanized
for analysis. Lentivirus expressing murine PRMT1 shRNA
(5'-GTCAAAGCCAACAAGTTA-3") was administrated
into C57BL/6J-Apc™™* mice via enema infection from
day 64 once a week (1 x 108 TU). AMI-1 (Apexbio,
Boston, USA) was administrated intraperitoneally into
C57BL/6J-Apc™™* mice at 10 mg/kg twice weekly from
day 64. Cetuximab (MedChemExpress, Shanghai, China)
was injected in the tail vein into C57BL/6J-Apc™™* mice
at 30 mg/kg once a week from day 120.

Statistical analysis

All data were collected from more than 3 independent
experiments. Results are expressed as the mean + stand-
ard deviation unless otherwise indicated and were ana-
lyzed using GraphPad Prism 5.0 software (GraphPad
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Software, San Diego, CA). Statistically significant differ-
ences were examined using Two-tailed Student’s ¢ test,
two-sided Pearson y” test, or the log-rank (Mantel-Cox)
test to derive the significance of the differences between
two groups. P < 0.05 was considered to be significant.

Results

SMARCAA4 is a major H4R3me2a-associated protein and
promotes CRC cell proliferation

To identify proteins that bind to histone H4R3me2a in
colon cells, we employed affinity purification followed by
mass spectrometric analysis to identify proteins that could
potentially bind H4R3me2a. We performed a peptide pull-
down assay using C-terminal biotin-tagged 20 amino acid
N-terminal peptides of histone H4 in which the Arg3 resi-
due was either asymmetrically dimethylated (H4R3me2a),
or symmetrically dimethylated (H4R3me2s), or nonmethy-
lated (H4). We incubated equivalent amounts of each pep-
tide coupled to streptavidin beads with nuclear extracts
from HCT116 cells, washed the beads, separated the elu-
ates on SDS-PAGE gels, and stained with SimplyBlue
Safestain (Fig. 1a, left). Compared to H4R3me2s or H4
peptides, we found that there was a protein band above
170 kDa that preferentially bound H4R3me2a. Mass spec-
trometric analysis showed that this protein band corre-
sponded to SMARCA4 (Fig. 1a, right). Analysis of other
proteins identified by mass spectrometry will be described
elsewhere (Additional file 2: Table S9). We confirmed the
interaction between H4R3me2a and SMARCA4 from
HCT116 cell nuclear extracts by immunoblot using an
antibody to SMARCA4 following a peptide pull-down
assay. Strong binding of SMARCA4 was observed with the
H4R3me2a peptide, but not with the unmethylated or
symmetrically methylated peptides (Fig. 1b). We further
found that this interaction was direct, as demonstrated by
the peptide pull-down assay using purified recombinant
glutathione S-transferase (GST) fusion proteins of SMAR
CA4 fragments expressed in E. coli. Binding required the
residues between aal009 and aal314, a region which con-
tains the HELICc domain [49] of SMARCA4 (SMARCA4-
F4, Fig. 1c, Additional file 1: Fig. S1la and S1b). No binding
to H4R3me2a peptides by other SMARCA4 domains, in-
cluding a fragment containing a Bromo domain, was de-
tected (Fig. 1c, Additional file 1: Fig. Sla and S1b).
Similarly, H4R3me2a peptides bound robustly with puri-
fied Flag-tagged SMARCA4 from HCT116 cells, but not
with the unmethylated or symmetrically methylated pep-
tides (Additional file 1: Fig. S1c-d).

Next, we confirmed that H4R3me2a peptide was
directly bound by SMARCA4-F4 by microscale thermo-
phoresis (MST) using purified recombinant SMARCA4-
F4 protein. The data fit a one-site-binding model with a
dissociation constant (Kd) of 5.36 + 0.26 uM for SMAR
CA4-F4 binding to H4R3me2a peptide. No binding of
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 SMARCA4 is a major H4R3me2a-associated protein and promotes CRC cell proliferation. a Immunoaffinity purification to identify proteins
that are associated with H4R3me2a. The protein bands were retrieved and analyzed by mass spectrometry. SMARCA4 peptide fragments
identified by mass spectrometric assay (right). b Peptide pull-down assay to detect the interactions between H4, H4R3me2a, and H4R3me2s
peptides and SMARCA4 in HCT116 cell nuclear extracts (top panel). Coomassie staining shows equivalent loading of the three peptides (middle
panel). The modification of the synthesized peptide was confirmed by dot blot analysis with specific antibodies (bottom panels). ¢ Peptide pull-
down experiments were performed with H4, H4R3me2a, and H4R3me2s peptides and purified recombinant glutathione S-transferase (GST) fusion
proteins of SMARCA4 fragments expressed in £. coli. as in b. d MST assay to identify direct interactions between SMARCA4-F4 and H4R3me2a
peptides. The dissociation constant (Kd) between SMARCA4-F4 and H4R3me2a peptide is 5.36 +0.26 uM. e, f Identification of the effect of SMAR
CA4 knockdown (SMARCA4-KD) in HCT116 cells by quantitative real-time PCR (e) and western blot analysis with indicated antibodies (f). Hsp70
served as a loading control. g Proliferation of HCT116 cells following knockdown of SMARCA4. Values at the indicated time points represent
mean + s.d. from three independent tests; **P < 0.01. h EdU proliferation analysis of the effect of siRNA knockdown of SMARCA4 on the growth of
HCT116 cells. Representative images (left panel) and quantitative analyses of the assay (right panel) are shown. i Colony formation assay of
HCT116 cells following SMARCA4 knockdown. Representative images (left panel) and quantitative analyses of the colony formation (right panel)
are shown. j Migration assay of HCT116 cells following SMARCA4 knockdown. The numbers of migrated cells were quantified by counting the
numbers of cells in entire fields at X200 magnification. Representative images (left panel) and quantitative analyses of the migrated cells (right

scrambled negative control (NC)

panel) are shown. For e, h, i, and j, results are shown as mean + s.d. from three independent experiments; **P < 0.01 compared with the

SMARCAA4-F4 to H4 or H4R3me2s control peptides was
observed (Fig. 1d). Keeping in line with this, we obtained
a similar Kd of 6.27 + 0.37 uM for purified Flag-SMAR
CA4 from HCT116 cells binding to H4R3me2a peptide
(Additional file 1: Fig. Sle). Isothermal titration calorim-
etry (ITC) measurements also showed a similar specific
interaction of SMARCA4-F4 with H4R3me2a peptide,
with a Kd of 2.41 +0.12 uM (Additional file 1: Fig. S2).
Again, compared to H4R3me2a, no interaction of SMAR
CA4-F4 with H4 or H4R3me2s control peptides was de-
tected (Additional file 1: Fig. S2). These results indicate
that SMARCA4 can discriminate between H4R3me2a
and H4R3me2s marks and binds strongly to the isolated
methyl mark of H4R3me2a compared to H4R3me2s.

We noticed that histone mark H4R3me2a was mainly
triggered by PRMT1 in cells [8]. Thus, we reasoned that
SMARCA4 and PRMT1 could interact in cells. Immuno-
fluorescence staining experiments showed that SMAR
CA4 co-localized with PRMT1 in the nucleus of
HCT116 cells (Additional file 1: Fig. S3a). We analyzed
Flag-antibody immunoprecipitates from HCT116 cells
overexpressing Flag-tagged PRMT1 by immunoblot with
antibodies to SMARCA4 and found that PRMT1 co-
immunoprecipitated with SMARCA4 (Additional file 1:
Fig. S3b). In addition, we showed that SMARCA4 was
co-immunoprecipitated with endogenous PRMT1 (Add-
itional file 1: Fig. S3c). Furthermore, we confirmed that
PRMT1 interacted with SMARCA4 at gene promoters in
HCT116 cells using a ChIP-reChIP strategy (Add-
itional file 1: Fig. S3d). These results indicate that SMAR
CA4 and PRMTI1 interact in colon cells. However,
whether they interact directly needs to be determined.

We went on to determine potential roles of SMAR
CA4 in CRC cells. To examine the effect of SMARCA4
on cell growth, we knocked down SMARCA4 in
HCT116 cells using two independent RNAi. We found
that in SMARCA4-knockdown (SMARCA4-KD) cells,

levels of SMARCA4 mRNAs were reduced to ~30% of
levels in cells transfected with the scrambled negative
control (NC) (Fig. le). The reduced protein levels of
SMARCA4 were confirmed by western blot analysis
(Fig. 1f). Knockdown of SMARCA4 significantly reduced
the cell growth rate in HCT116 cells (Fig. 1g). These re-
sults were confirmed by EdU staining to detect nucleo-
tide analogue incorporation into replicated DNA
(Fig. 1h). In addition, knockdown of SMARCA4 signifi-
cantly reduced the numbers of HCT116 colonies formed
after culture compared with NC controls (Fig. 1i). Re-
sults from the Transwell assay showed that cell migra-
tory capabilities of HCT116 cells were also significantly
reduced in SMARCA4 knockdown cells compared with
the NC cells (Fig. 1j). These data indicate that SMAR
CA4 is an H4R3me2a-associated protein, and knock-
down of SMARCAA4 inhibits CRC cell proliferation.

PRMT1 expression is associated with prognosis of CRC,
and knockdown of PRMT1 reduces CRC cell proliferation
Histone modification of H4R3me2a in cells is mainly
mediated by PRMT1 [50]. Thus, we evaluated PRMT1
expression and its potential role in CRC cells. To investi-
gate the clinical significance of PRMT1 expression in pa-
tients with CRC, we examined expression of PRMT1 by
immunohistochemical staining (IHC) in a human CRC
tissue array containing 90 CRC samples and adjacent
normal colon tissue controls (Additional file 2: Table
S1). We found that PRMT1 was significantly upregulated
in CRC compared with matched adjacent normal colon
tissues (NAT; Fig. 2a). Notably, PRMT1 expression cor-
related with increased tumor size and higher grade, but
not with lymph node status or TNM stage (Fig. 2b, Add-
itional file 2: Table S1). Importantly, Kaplan—Meier sur-
vival analysis showed that CRC patients with high
PRMT1 expression had shorter overall survival (Fig. 2c).
These results indicate that PRMT1 expression levels are
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compared with the NC control

Fig. 2 Upregulation of PRMT1 in colorectal cancer is associated with poor prognosis, and knockdown of PRMT1 reduces CRC cell proliferation. a Hematoxylin
and eosin (H&EF) staining and immunohistochemical staining (HC) of PRMT1 protein in adjacent normal colon tissue controls (NAT) and colorectal cancer (CRC)
human tissues. Representative micrographs are shown in original magnification (x 200) as indicated (left); total IHC score of PRMT1 in NAT and CRC tissues (n =
90); **P < 001 (right). Scale bar, 50 um. b Correlation of PRMT1 expression with tumor size; **P < 001. ¢ Kaplan—-Meier plot of overall survival of 90 patients with
colorectal cancer, stratified by PRMT1 expression. Log-rank test, P < 0.0001. d, e Effect of PRMT1 knockdown (PRMT1-KD) in HCT116 cells assessed by
quantitative real-time PCR (d) and western blot analyses with the indicated antibodies (e). Hsp70 served as a loading control. f Proliferation of HCT116 cells
following PRMT1 knockdown. Values at the indicated time points represent mean + sd. from three independent tests; **P < 001. g EdU proliferation analysis of
the effect of PRMT1-KD on the growth of HCT116 cells compared with NC controls; Representative images (left panel) and quantitative analyses of the assay
(right panel) are shown. h Colony formation assay of HCT116 cells following PRMT1 knockdown. Representative images (left panel) and quantitative analyses of
the colony formation (right panel) are shown. i Migration assays of HCT116 cells following PRMT1 knockdown. The numbers of migrated cells were quantified
by counting the numbers of cells in entire fields at x 200 magnification. Representative images (left panel) and quantitative analyses of the migrated cells (right
panel) are shown. j, k Colony formation (j) and migration assays (k) of HCT116 cells overexpressing wild-type PRMT1 (PRMT1-WT) or PRMT1-A. | Western blot
analysis of indicated proteins from HCT116 cells overexpressing PRMT1-WT, PRMT1-A, or EV (empty vector, MSCV). Hsp70 and histone H4 served as loading
controls. Data are representative of three independent experiments. All results are shown as mean + sd. from three independent experiments; **P < 001

upregulated in human CRC tissues and correlate with
poor prognosis in CRC, suggesting that PRMT1 may
promote cancer cell growth during malignant
progression.

To determine the role of PRMT1 in CRC cell prolifer-
ation, two different short hairpin RNAs against PRMT1
were used to knock down PRMTI1 expression in
HCT116 cells. We found that PRMTI expression in
PRMT1-knockdown (PRMT1-KD) cells was reduced to
~20% of that in cells transfected with the scrambled
negative control (NC) (Fig. 2d). Decreased protein levels
of PRMT1 were confirmed by western blot analysis
(Fig. 2e). Knockdown of PRMT1 significantly reduced
the cell growth rate of HCT116 cells (Fig. 2f). This was
confirmed by EdU staining to detect nucleotide analogue
incorporation into replicated DNA (Fig. 2g). In addition,
knockdown of PRMT1 significantly reduced the num-
bers of HCT116 colonies formed after culture compared
with NC cells (Fig. 2h). Results from the Transwell assay
showed that cell migratory capabilities of HCT116 cells
were also significantly reduced in PRMT1 knockdown
cells compared with NC cells (Fig. 2i). These data indi-
cate that knockdown of PRMT1 inhibits CRC cell prolif-
eration in vitro.

To determine whether regulation of cell proliferation
by PRMT1 was methyltransferase activity-dependent, we
constructed a mutant form of PRMT1 in which five
amino acids (GSGTG, aa86-90) located in the S-
adenosyl-L-methionine binding motif were deleted
(PRMT1-A) [51]. HCT116 cells were transfected with
vectors overexpressing either PRMT1 or PRMT1-A. Cell
colony formation assay and Transwell assay showed that
cell proliferation of HCT116 cells was significantly re-
duced in PRMT1-A cells compared with the wild-type
PRMT1 overexpressing cells (Fig. 2j, k), similar to the ef-
fect obtained from PRMT1 knockdown. The effect of
the PRMT1-A mutant on histone H4 was confirmed by
western blot analysis with an anti-H4R3me2a antibody
(Fig. 21). These results suggest that the methyltransferase

activity of PRMTT1 is critical for CRC cell proliferation
in vitro.

TNS4 and EGFR are direct downstream transcriptional
targets of PRMT1 and SMARCA4 in CRC cells

The experiments above showed that PRMT1 and SMAR
CA4 promoted proliferation of CRC cells. To identify
their potential downstream targets and understand their
mechanisms of action, we conducted gene expression
profiling assays with the Agilent SurePrint G3 Human
Gene Expression v3 (8*60K, Design ID:072363) using
mRNA following PRMT1 knockdown, SMARCA4
knockdown, and NC controls from HCT116 cells (Add-
itional file 1: Fig. S4a and S4b). Gene set enrichment
analysis (GSEA) showed that cell proliferation and EGFR
signaling genes were enriched in PRMT1- or SMAR
CA4-knockdown HCT116 cells compared to NC con-
trols (Fig. 3a, b). Consistently, gene ontology (GO) ana-
lysis of the differentially expressed genes in the PRMT1-
or SMARCAA4-knockdown versus NC controls revealed
significant enrichment of genes involved in several key
cellular processes such as EGFR signaling pathways, cell
proliferation, and cell division or migration, which corre-
lated with cancer progression (Additional file 1: Fig.
S4c). From gene profile data, we found a total of 770
downregulated genes in PRMT1-KD1 and 781 downreg-
ulated genes in PRMT1-KD2 versus NC controls with at
least a 1.5-fold change, whereas there were a total of
1967 downregulated genes in SMARCA4-KD1 and 1932
downregulated genes in SMARCA4-KD2 versus NC
controls with at least a 1.5-fold change (Additional file 1:
Fig. S4d, GEO database under accession GSE143198 and
GSE143199). There were 109 common genes which ex-
hibited at least 1.5-fold downregulation in all four KD
profiles (Additional file 1: Fig. S4d; Additional file 2:
Table S10). We found that 15 genes in a previously pub-
lished SMARCA4 ChIP-Seq database [40] in HCT116
cells overlapped with our 109 genes (Additional files 1
& 2: Fig. S4e, Table S2). Among these 15 common target
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genes, TNS4 (also named CTEN), which regulates EGFR
protein levels through a posttranslational mechanism
and prolongs signaling by EGFR through reducing its
ligand-induced degradation [52], turned out to be the
most downregulated gene by both PRMT1 and SMAR
CA4 knockdown. Interestingly, we also found that EGFR
was among the 15 overlapping gene list. Based on these
findings, we chose TNS4 and EGFR for further investiga-
tion as potential downstream target genes of PRMT1
and SMARCAA4.

We confirmed that knockdown of PRMT1 or SMAR
CA4 in HCT116 cells led to significantly decreased ex-
pression of TNS4 and EGFR at both transcriptional and
protein levels (Fig. 3c, d). To probe whether PRMT1 or
SMARCA4 directly regulated TNS4 and EGFR transcrip-
tion, we performed ChIP analysis using anti-PRMT1-
mediated H4R3me2a or anti-SMARCA4 antibodies at
TNS4 and EGFR gene promoters. We found that knock-
down of PRMT1 led to a significant reduction of
H4R3me2a and knockdown of SMARCAA4 led to a signifi-
cant reduction of SMARCA4 at the promoters of TNS4
and EGFR (Fig. 3e, f) in HCT116 cells, suggesting that
PRMT1 or SMARCA4 bound to the promoters and dir-
ectly regulate transcription of TNS4 and EGFR. Further,
we confirmed these proteins interacted on the promoters
of TNS4 and EGER by a ChIP-reChIP strategy, in which
chromatin immunoprecipitated with H4R3me2a antibody
was re-immunoprecipitated with antibody to SMARCA4
(Fig. 3g). Importantly, we found that enrichment of SMAR
CA4 on TNS4 or EGFR promoter was significantly de-
creased (Fig. 3h, i, Fig. S8e) under these conditions, in-
cluding when PRMT1 was knocked down, or when
PRMT1-A was overexpressed in HCT116 cells, or when
HCT116 cells were treated with AMI-1, a PRMT1 methyl-
transferase inhibitor [53]. These results indicate that
SMARCA4 bound to H4R3me2a in cells. In control exper-
iments, we did not see a change of SMARCA4 protein
levels after knocking down PRMT1 (Fig. 3d, left).

Indeed, ChIP-Seq data demonstrated that SMARCA4
bound TNS4 and EGFR gene sequences in colon HCT116
cells, and the enrichment pattern was similar to active
promoter and enhancer marks H3K4me3, H3K4mel, and
H3K27ac genome-wide (Cistrome Data Browser). Also
the SMARCA4 enrichment was largely overlapped with
ATAC-seq peaks at promoters, TSSs, and gene regions
(Fig. 3j). Unfortunately, our H4R3me2a ChIP-Seq experi-
ments were unsuccessful despite that we performed the
experiment many times. This could be due to very low IP
efficiency during ChIP-Seq analysis. Nevertheless, we
found that ATAC accessibility sites were enriched in
HCT116 cells at sites of increased ChIP density for SMAR
CA4, H3K4me3, and H3K27ac (Additional file 1: Fig. S5).
These data suggest that TNS4 and EGFR are direct down-
stream transcriptional targets of SMARCA4 in CRC cells.
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PRMT1 and SMARCA4 cooperatively activate TNS4 and
EGFR transcription

Given that knockdown of PRMT1 or SMARCA4 re-
duced mRNA and protein expression of TNS4 and
EGEFR in CRC cells (Fig. 3¢, d), we sought to determine
whether SMARCA4 and PRMT1 regulated TNS4 and
EGFR expression in a cooperative fashion. We enforced
overexpression of PRMT1 or SMARCA4 or both in
HCT116 and SW620 cells. We found that either PRMT1
or SMARCA4 individually activated expression of TNS4
and EGFR, and the combination produced an additive
effect on expression of TNS4 and EGFR, whereas SMAR
CA4 knockdown did not have such an effect with
PRMT1 (Fig. 4a, b, and Additional file 1: Fig. S6a, Séb,
S6g, S6h). However, when PRMT1 was knocked down,
this additive effect was lost (Fig. 4c, d, and Additional
file 1: Fig. Séc, S6d, S6i, S6j). These results indicate that
PRMT1 and SMARCA4 can cooperatively activate TNS4
and EGFR transcription and that PRMT1 is required for
this synergy. To further investigate whether enzymatic
activity of PRMT1 is critical for the cooperative effect,
we enforced overexpression of wild-type PRMT1 or of
an enzymatic activity-associated deletion mutant,
PRMT1-A, together with SMARCA4 in HCT116 and
SW620 cells. We obtained results similar to those from
PRMT1 knockdown, in that deletion mutant PRMT1-A
did not show an additive effect on expression of TNS4
and EGFR when co-expressed with SMARCA4 (Fig. 4e,
f, and Additional file 1: Fig. S6e, S6f, S6k, S6l). These re-
sults indicate that methyltransferase activity of PRMT1
is essential for the cooperative effect of PRMT1 and
SMARCA4 on transcriptional activation of 7TNS4 and
EGFR expression.

SMARCA4 and PRMT1 combine to promote CRC cell
proliferation through EGFR signaling

To determine the effect of SMARCA4 and PRMT1 on
cell proliferation, we enforced overexpression of wild-
type PRMT1 or SMARCA4 or both in HCT116 and
SW620 cells, and determined colony formation and mi-
gration capabilities of those cells. We found that PRMT1
and SMARCAA4 individually promoted colony formation
and migration capabilities of both HCT116 and SW620
cells, and their co-expression resulted in an additive ef-
fect, whereas SMARCA4 knockdown did not have such
an effect with PRMT1 (Fig. 5a, b, and Additional file 1:
Fig. S7a, S7b, S7e, S7f). However, when PRMT1 was
knocked down, this additive effect was lost (Fig. 5¢, d,
and Additional file 1: Fig. S7c, S7d, S7g, S7h). These re-
sults indicate that in combination PRMT1 and SMAR
CA4 cooperatively promote colony formation and mi-
gration capabilities of CRC cells. To further investigate
whether enzymatic activity is critical for this cooperative
effect, we enforced overexpression of wild-type PRMT1
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or of the enzymatic activity-associated deletion mutant
PRMT1-A together with SMARCA4 in HCT116 and
SW620 cells. Colony formation and migration results
were similar to the PRMT1 knockdown. The deletion
mutant PRMT1-A did not mediate an additive effect on
cell proliferation when co-expressed with SMARCA4
(Fig. 5a, b, and Additional file 1: Fig. S7a, S7b). These
results indicate that the combination of SMARCA4 and
PRMT1 promotes CRC cell proliferation, and this effect
is dependent on methyltransferase activity of PRMT1,
consistent with fact that SMARCA4 recognizes
H4R3me2a, a PRMT1-mediated histone mark.

We next sought to determine whether PRMT1 pro-
moted cell proliferation through activating EGFR signal-
ing pathways, which include the Ras/MAPK pathway
and the PIBK/AKT pathway [54]. We showed that over-
expression of TNS4 and EGFR could restore the prolif-
eration of PRMT1 knockdown cells (Fig. 5e). We found
that knockdown of PRMT1 significantly decreased ex-
pression of TNS4 and EGFR genes. More interestingly,
knockdown of PRMT1 also reduced phosphorylated Akt
(p-Akt) and phosphorylated (p-ERK) but did not affect
total protein levels. Importantly, the decrease in p-Akt
and p-ERK could be rescued by enforced ectopic
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Fig. 5 SMARCA4 couples with PRMT1 to promote CRC cell proliferation through EGFR signaling in HCT116 cells. a Colony formation assay with
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served as a loading control. All results are shown as mean + s.d. from three independent experiments; **P < 0.01, *P < 0.05 compared with the
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Fig. 6 PRMT1 deficiency protects Apc™™* mice against DSS-induced CRC progression. a Schematic diagram of DSS-induced CRC in C57BL/6 J-
Apc™™* mice with high-fat diet and related treatments. Tissue collection, analysis, and survival end-point analyses were performed at day 150
after the first DSS treatment. b Immunoblot analyses of PRMT1 and H4R3me2a in colon tissues (left) and hematoxylin and eosin (H&E) staining of
colon tumors (right) from Apc™™*-Ctrl and Apc™™*-PRMT1® mice after the indicated LV infection. ¢ Numbers and size of colon tumors found in
Apc™™PRMTT*P mice (n=12) compared with Apc™™*-Ctrl mice (n = 12). Results are shown as mean +sd; **P < 0.01 compared with the
control mice. d Survival curves of Apc™™*-Ctrl (n =12) and Apc™™*-PRMT1*? (n = 12) mice. Statistical significance was determined by Kaplan—
Meier log-rank test; *P < 0.05. e, f Quantitative real-time PCR analysis of indicated mRNAs normalized to GAPDH (e) and western blot analysis of
indicated proteins normalized to histone H4 and Hsp70 () from colon tissues from Apc™™*-Ctrl and Apc™™*-PRMT1*® mice. Results are shown
as mean £ s.d. from 12 mice each; **P < 0.01 compared with the control mice. g Immunoblot analyses of PRMT1 and H4R3me2a in colon tissues
(left) and hematoxylin and eosin (H&E) staining of colon tumors (right) from Apc™™*-PBS and Apc*™*-AMI-1 mice. h Numbers and size of colon
tumors found in ApcM‘”/+-AMI-1 mice (n=12) compared with ApcM‘””-PBS mice (n=12). Results are shown as mean + s.d,; *P < 0.05 compared
with the control mice. i Survival curves of Apc™™*-PBS (n=12) and Apc""™*"-AMI-1 (n = 12) mice. Statistical significance was determined by the
Kaplan-Meier log-rank test. *P < 0.05. j, k Quantitative real-time PCR analysis of indicated mRNAs normalized to GAPDH (j) and western blot
analysis of indicated proteins normalized to histone H4 and Hsp70 (k) from colon tissues from Apc™™*-PBS and Apc*™*-AMI-1 mice. Results are

shown as mean + s.d. from 12 mice each; *P < 0.05, **P < 0.01 compared with the control mice. | Representative IHC staining of PRMTT,
H4R3me2a, TNS4, EGFR, and Ki67 in colon tumor tissues of C57BL/6 J-Apc™™* mice from indicated groups

J

expression of either TNS4 or EGFR (Fig. 5f). Collect-
ively, these data suggest that PRMT1 and SMARCAA4 co-
operatively promote CRC cell proliferation in a manner
involving activating EGFR signaling and requiring
PRMT1 methyltransferase activity.

PRMT1 deficiency protects mice against DSS-induced
Apc™™* CRC progression

APCM"/* mice provide a robust model for studying
colon cancer progression. When raised conventionally,
these mice develop small intestinal tumors, but if treated
with 2% dextran sodium sulfate (DSS) in drinking water,
they develop colitis and colonic neoplasia at very high
penetrance [55]. Additional dietary modification with
high fat accelerates carcinogenesis, providing a model
that reflects the development of CRC in humans [56].
Using this model, we investigated whether PRMT1 par-
ticipated in colon tumorigenesis in the Apc™”* mouse.
First, we examined the role of PRMT1 in colon tumori-
genesis by knocking down PRMT1 in C57BL/6]J-Apc-
Min/+ mice fed a high-fat diet (Fig. 6a). Decreased
PRMT1 expression was observed in the colons of mice
after the indicated lentivirus virus (LV) infection
(Fig. 6b). Reduced levels of histone mark H4R3me2a
were confirmed in PRMT1 knockdown colon tissues
(Fig. 6b). As demonstrated by histologic examination
and hematoxylin and eosin (H&E) staining of mice colon
tissues, we found that C57BL/6J-Apc™™* mice pre-
treated with DSS followed by LV infection-mediated
PRMT1 knockdown (Apc™™*-PRMT1*P) developed
significantly fewer and smaller visible tumors and micro-
adenomas within their colons than did control scramble-
treated mice (Apc™™*-Ctrl) (Fig. 6b, c, 1). In addition,
the survival rate was significantly higher in Apc™™/*-
PRMT1*" mice than in Apc™™*-Ctrl mice (Fig. 6d). As
expected, colon tissues from Apc™™*-PRMT1*P mice
had reduced expression of TNS4 and EGFR genes
(Fig. 6e, f).

To test the importance of PRMT1 methyltransferase
activity for colon tumorigenesis in vivo, we utilized the
PRMT1 inhibitor AMI-1 [53, 57] to inhibit its methyl-
transferase activity. We demonstrated that the AMI-1
treatment could mimick the phenotypes caused by the
PRMT1-A on colony formation, migration capabilities,
and expression of TNS4 and EGFR of CRC cells in a
dose-dependent manner (Additional file 1: Fig. S8a-d).
Similar to Apc™™*-PRMT1*P CRC mice, AMI-1 treat-
ment significantly reduced the formation of colorectal
adenomas in C57BL/6J-Apc™™* mice (Apc™™*-AMI-1)
compared to the PBS-treated mice (Fig. 6a, h, I). In
addition, the survival rate was significantly higher in
AMI-1-treated mice than in PBS-treated mice (Fig. 6i).
As expected, reduced levels of histone mark H4R3me2a
were confirmed in AMI-1-treated colon tissues com-
pared to PBS-treated colon tissues (Fig. 6g). Quantitative
RT-PCR and Western blot analysis showed that colon
tissues from AMI-1-treated mice had significantly lower
expression levels of TNS4 and EGFR genes compared to
PBS-treated mice (Fig. 6j, k). Consistent with our obser-
vation of the in vivo treatment response, Ki67 staining
showed that PRMT1 depletion or inhibition suppressed
proliferation of colon tumor cells (Fig. 6l). More inter-
estingly, combination treatment of APC™"* mice using
AMI-1 and cetuximab, a therapeutic EGFR monoclonal
antibody [57], showed significant synergy to reduce the
formation of colorectal adenomas in mice (Additional
file 1: Fig. S9). Taken together, these data indicate that
PRMT1 depletion or inhibition ameliorates CRC tumori-
genesis in vivo.

Upregulation of SMARCAA4 positively correlates with
expression of EGFR and TNS4 in CRC and is associated
with poor prognosis of CRC patients

To investigate the clinical significance of SMARCA4 ex-
pression in patients with CRC, we examined the protein
expression profile of SMARCA4 in human CRC
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specimens and adjacent normal colon tissues. Consistent
with previous observations from other groups [58-60],
the immunohistochemical analysis showed significant
upregulation of SMARCA4 expression in human CRC
specimens compared to normal tissues (Fig. 7a). Inter-
estingly, SMARCA4 expression correlated with tumor
size (Fig. 7b), although differences in tumor grade, TNM
stage, or lymph node metastasis were not significant
(Additional file 2: Table S1). Kaplan—Meier survival ana-
lysis showed that CRC patients with high levels of
SMARCAA4 expression had shorter overall survival than
other CRC patients (Fig. 7c). Notably, the expression of
PRMT1 and TNS4, PRMT1 and EGFR, SMARCA4 and
TNS4, and SMARCA4 and EGFR correlated well across
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all CRC samples analyzed (Fig. 7d). These results indi-
cate that SMARCA4 expression levels are upregulated in
human colorectal cancer tissues and correlate with poor
prognosis in colorectal cancer, indicating that SMAR
CA4 may positively regulate TNS4 and EGFR expression
to promote CRC proliferation during colorectal cancer
progression.

Discussion

The methylation of arginine residues is catalyzed pri-
marily by members of the protein arginine methyltrans-
ferase family, of which PRMT1 is the predominant
member in mammalian cells [61]. Numerous studies
have addressed the regulatory mechanisms and roles of
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PRMT1 in human cancers including breast, prostate,
lung cancer, and leukemia, but little is known about the
regulatory roles of PRMT1 in CRC progression [8]. In
this study, we show that PRMT1-mediated histone
modification H4R3me2a is critical for SMARCA4 re-
cruitment to activate TNS4 and EGFR expression and
promote the proliferative, colony-formative, and migra-
tory abilities of CRC cells (Fig. 8). In vivo, knockdown or
inhibition of PRMT1 profoundly attenuated the growth
of CRC cells in the C57BL/6]J-Apc™™* CRC mice
model. Additionally, elevated expression of PRMT1 or
SMARCA4 in CRC patients were positively correlated
with expression of EGFR and TNS4, and CRC patients
had shorter overall survival, which is consistent with ob-
servations by Mathioudaki and co-workers [14].

PRMT1 specifically deposits the H4R3me2a mark on
histone H4, which is generally associated with transcrip-
tional activation [61]. The link between H4R3me2a and
activation of gene expression has also been established
in the case of leukemia driven by an aberrant MLL1-
EEN-Sam68-PRMT1 complex, where PRMT1 activity
seems to cooperate with MLL1-driven H3K4 methyla-
tion to activate target genes [62]. Yang et al. reported
that the Tudor domain-containing protein TDRD3 binds
isolated methyl-marks H4R3me2a [9]. To the best of our
knowledge, there is no other reported identifying ef-
fector molecules of H4R3me?2a associated with transcrip-
tional activation. One key observation in our study is
that we provide compelling evidence that a portion of
the ATPase domain of SMARCA4 (aal009-1314), which
contains an intact helicase superfamily c-terminal do-
main (HELICc), is an effector module that can bind the
H4R3me2a mark and can discriminate between
H4R3me2a and H4R3me2s marks. Consistent with our
finding, Sen et al. showed that the ATPase domain of
the SWI/SNF chromatin remodeling complex was
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necessary for interacting with the histone portion of the
nucleosome in yeast [63, 64]. Strikingly, they determined
that the yeast SnAC domain (aa 1312-1444) is a crucial
histone anchor for SWI/SNF complex to mobilize nucle-
osomes. However, our current study did not show an
interaction of the H4R3me2a peptide in vitro with
SMARCAA4-F5 (aal315-1647) which contains the SnAC
domain of SMARCA4. One possible explanation for this
discrepancy is that the mammalian SnAC domain does
not contribute to the affinity of the SWI/SNF complex
for nucleosomes, but may rather be pivotal for regulating
the activity of the ATPase domain [63]. Apart from that,
it would be really interesting to explore the possibility
whether SMARCAZ2, which harbors the highly conserved
HELICc domain as well [65], could also bind H4R3me2a
mark. The structural insights in the future would pro-
vide direct evidence for the selective interaction between
SMARCA4 and the H4R3me2a mark.

Nonetheless, we provide evidence to show that SMAR
CA4 promotes colorectal cancer cell proliferation by
interacting with PRMT1 to activate TNS4 and EGFR
transcription. We determined that one mechanism by
which SMARCA4 promotes CRC progression is via the
epigenetic regulation of TNS4 and EGFR. SMARCA4 is
recruited to the TNS4 and EGFR promoter through
binding PRMT1-mediated H4R3me2a, leading to en-
hanced proliferation and migration of CRC cells, as well
as formation of colorectal tumors in mice. Although its
role in cancer progression remains a constant topic of
debate, interest in elucidating the roles of SMARCA4 in
cancer progression is at an all-time high. Interestingly,
PRMT5 has been shown required for SMARCA4-
dependent chromatin remodeling to facilitate myogen-
esis [66]. Some evidence of an oncogenic role for SMAR
CA4 was provided by Li and co-workers [67]. They re-
ported that SMARCA4 interacted with Spl to activate
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LTBP2 transcription, thus promoting lung cancer pro-
gression [67]. However, Futreal and colleagues have
shown that SMARCA4 acts as a tumor suppressor by
directing a transcriptional program that steers lung can-
cer cells away from drawing energy from oxidative phos-
phorylation [68]. SMARCAA4 inactivation is known to be
associated with increased non-small cell lung cancer ag-
gressiveness, which suggests that SMARCA4 functions
as a tumor suppressor [69]. Romero et al. found that
SMARCA4 antagonizes Myc activity and promotes cell
differentiation in lung cancer [70]. Nevertheless, in the
murine small intestine, SMARCA4 loss in an Apc-
deficient context attenuated aberrant Wnt signaling and
prevented Wnt-driven tumor initiations [30]. A recent
report by Liu and colleagues showed that SMARCA4 is
required for the homeostatic maintenance of intestinal
epithelial cells to impede inflammation-associated CRC
tumorigenesis [32]. Thus, unsurprisingly, it appears
plausible that SMARCA4 can act as either an oncogene
or tumor suppressor in a context- and cell type-specific
manner. It is reasonable to extrapolate our finding to a
larger scenario wherein SMARCAA4, through coordinat-
ing the actions of multiple transcription factors or epi-
genetic regulators, modulates a transcriptional program
that promotes cancer progression. It will be of interest
to test this hypothesis.

Previous studies have demonstrated that SMARCA4
acts as a positive regulator of Wnt signaling in the small
intestinal epithelium and plays a pivotal role in develop-
ment and homeostasis of the duodenum through regula-
tion of Notch signaling [30, 31]. In the current study, we
also sought to explore whether Wnt or Notch signaling
was altered in CRC cells in which SMARCA4 was de-
pleted. Consistent with previous studies, gene ontology
(GO) analysis showed that the Wnt signaling pathway
was altered in CRC cells following SMARCA4 loss,
whereas no noticeable alternations in the Notch signal-
ing pathway were observed (Additional file 1: Fig. S4c).
Moreover, both Wnt and Notch signaling pathways are
significantly altered in PRMT1-depleted cells (Additional
file 1: Fig. S4c). Notably, we observed that EGFR signal-
ing correlated the best with PRMT1 in CRC cells. In-
deed, in CRC, Liao et al. [57] and others showed that
PRMT1-mediated EGFR methylation increases tumori-
genesis in an orthotopic CRC mouse model and medi-
ates resistance to cetuximab treatment in triple-negative
breast cancer cells and head and neck cancer, suggesting
that PRMTT1 is highly related to EGFR functionality [10,
57, 71-73]. These findings are in agreement with studies
reporting a tumor-promoting role of PRMT1 in acquisi-
tion of malignant characteristics associated with colon
cancer progression. Thus, our data support the notion
that PRMT1 may be a key regulator driving cancer pro-
gression through regulating multiple signaling pathways
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in CRC. However, given that SMARCAA4 is a key epigen-
etic regulator involved in multiple transcriptional pro-
cesses, we cannot fully exclude the possibility that other
signaling changes also contribute to the phenotype ob-
served in the present study.

In summary, our findings link PRMTI1-mediated
H4R3me2a and SMARCA4 in promoting CRC progres-
sion via enhancement of EGFR signaling. Future studies
exploiting epigenomic tools and animal models will be of
interest to fully elucidate the connection between SMAR
CA4-dependent transcription and CRC progression.

Conclusion

Our present study reveals that PRMT1 which mainly
catalyzes asymmetric dimethylation of histone H4 on ar-
ginine 3 (H4R3me2a), and SMARCAA4, act cooperatively
to promote CRC progression by enhancing EGFR signal-
ing. These findings demonstrate a critical interplay be-
tween transcriptional and epigenetic control during CRC
progression, suggesting that SMARCA4 is a novel key
epigenetic modulator of CRC. Our findings thus high-
light PRMT1/SMARCAA4 inhibition as a potential effect-
ive therapeutic intervention strategy for CRC.

Abbreviations

PRMT1: Protein arginine methyl transferase 1; H4R3me2a: Asymmetric
dimethylation of histone H4 on arginine 3; CRC: Colorectal cancer; SMAR
CA4: SWI/SNF related matrix-associated actin-dependent regulator of chro-
matin subfamily A member 4; Brg1: Brahma-related gene 1; ITC: Isothermal
titration calorimetry; MST: Microscale thermophoresis;

IHC: Immunohistochemical staining; NAT: Matched adjacent normal colon
tissues; GSEA: Gene set enrichment analysis; GO: Gene ontology;

TNS4: Tensin 4; EGFR: Epidermal growth factor receptor; DSS: Dextran sodium
sulfate; LV: Lentivirus virus; H&E: Hematoxylin and eosin staining; AMI-

1: Arginine methyltransferase inhibitor TApc: Adenomatous polyposis coli;
EdU: 5-Ethynyl-20-deoxyuridine; ChIP: Chromatin immunoprecipitation;
ATAC: Assay for transposase-accessible chromatin

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513073-021-00871-5.

Additional file 1. Supplementary figures and related figure legends.
Fig. S1. SMARCA4 binds specifically to histone H4R3me2a mark. Fig. S2.
ITC assay to identify direct interactions between SMARCA4-F4 and H4,
H4R3me2a, or H4R3me2s peptides. Fig. $3. Interation of SMARCA4 and
PRMT1. Fig. S4. Identification of transcriptional targets for PRMT1 and
SMARCA4 in HCT116 cells. Fig. S5. Characterization of ATAC-seq, along
with ChIP-Seq of SMARCA4, H3K4me1, H3K4me3, H3K27ac in HCT116
cells. Fig. $6. PRMT1 and SMARCA4 cooperatively activate TNS4 and
EGFR transcription in SW620 and HCT116 cells. Fig. 7. SMARCA4 cou-
ples with PRMT1 to promote CRC cell proliferation in SW620 and HCT116
cells. Fig. S8. AMI-1, a PRMT1 inhibitor, blocks HCT116 cell proliferation,
and inhibits TNS4 and EGFR expression. Fig. $9. Combined treatment
with AMI-1 and Cetuximab synergistically protects Apc™™* mice against
DSS-induced CRC progression.

Additional file 2: Supplementary tables. Table S1. Clinicopathologic
characteristics of PRMT1 and SMARCA4 expression in CRC patients. Table
S2. 15 common target genes listed both in ChIP-Seq and microarray
data. Table S3. A list of antibodies used in the present study. Table S4.
Peptides used in the present study. Table S5. The list of primer se-
quences for RT-PCR. Table S6. The list of primer sequences for ChiP.




Yao et al. Genome Medicine (2021) 13:58

Table S7. The list of viruses used in the present study. Table S8: Tissue
array information. Table S9. List of proteins identified by Mass Spectrom-
etry. Table S10. 109 common genes down-regualted by PRMT1-
knockdown and SMARCA4-knockdown in HCT116 cells.

Additional file 3. Scans of the uncropped blots for Western blots. Fig.
S1. Uncropped blots for Western blots in Fig. 1. Fig. S2. Uncropped blots
for Western blots in Fig. 2. Fig. S3. Uncropped blots for Western blots in
Fig. 3. Fig. S4. Uncropped blots for Western blots in Fig. 4. Fig. S5.
Uncropped blots for Western blots in Fig. 5. Fig. S6. Uncropped blots for
Western blots in Fig. 6. Fig. S7. Uncropped blots for Western blots in
Additional file 1: Fig. S1. Fig. S8. Uncropped blots for Western blots in
Additional file 1: Fig. S3. Fig. S9. Uncropped blots for Western blots in
Additional file 1: Fig. S6. Fig. S10. Uncropped blots for Western blots in
Additional file 1: Fig. S8.

Acknowledgements
We are grateful to all members of the Zhao laboratory for valuable
discussion.

Authors’ contributions

BY, TG, XZ, YD, YW, DY, QL, RH, and XL performed experiments. ZW, JW, MID,
and MJH provided bioinformatics analysis. PX, BC, HP, and ZJ provided
pathology expertise. KZ, HL, and DCSH provided critical reagents and
peptide binding expertise. ML, JJ, and QZ designed the project and wrote
the manuscript. The author(s) read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China
NSFC (31770809, 31970615, 81700108, and 31701191), China Postdoctoral
Science Foundation (20187110479 and 2016 M590442), and Fundamental
Research Funds for the Central Universities (020814380116).

Availability of data and materials

Our gene-microarray sequencing data have been deposited in Gene Expres-
sion Omnibus (GEO) with accession numbers GSE143198 and GSE143199
(https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE143198) [74] and
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143199) [75]. Mass
spectrometric data have been deposited in PeptideAtlas with accession
number PASS01646 (http://www.peptideatlas.org/PASS/PASS01646) [76].

Declarations

Ethics approval and consent to participate

Human tissue samples for the purposes of this investigation were collected
and prepared by Shanghai Outdo Biotech (Shanghai, China) under the
approval by the Ethics Committee of Taizhou Hospital, Zhejiang, China, with
patient consent waived by the IRB due to following reasons: (1) All samples
of the project were used for scientific research only (non-commercial use);
(2) The implementation of the project did not increase the clinical risk of
patients; (3) The privacy of patients was fully protected. The study abided by
the ethical guidelines of the Helsinki Declaration. All animal work for this
study has been approved by the Ethics Committee of Nanjing University and
conducted complying with the Guidance for the Care and Use of Laboratory
Animals of Nanjing University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'The State Key Laboratory of Pharmaceutical Biotechnology, Department of
Hematology, the Affiliated Drum Tower Hospital of Nanjing University
Medical School, China-Australia Institute of Translational Medicine, School of
Life Sciences, Nanjing University, 163 Xianlin Avenue, Nanjing 210023, China.
“Department of Medical Genetics, Nanjing Medical University, Nanjing, China.
?Beijing Advanced Innovation Center for Structural Biology, Beijing Frontier
Research Center for Biological Structure, Tsinghua-Peking Joint Center for
Life Sciences, School of Medicine, Tsinghua University, Beijing, China. “The

Page 19 of 21

Walter and Eliza Hall Institute of Medical Research, Department of Medical
Biology, University of Melbourne, Melbourne, VIC, Australia. *Department of
General Surgery, the Affiliated Hospital of Nanjing University of Chinese
Medicine, Nanjing, China.

Received: 13 February 2020 Accepted: 17 March 2021
Published online: 14 April 2021

References

1. Amold M, Sierra MS, Laversanne M, Soerjomataram |, Bray F. Global patterns
and trends in colorectal cancer incidence and mortality. Gut. 2016,66:683-91.

2. Puccini A, Berger MD, Naseem M, Tokunaga R, Battaglin F, Cao S, Hanna DL,
McSkane M, Soni S, Zhang W. Colorectal cancer: Epigenetic alterations and
their clinical implications. Biochim Biophys Acta. 1868;2017:439-48.

3. Cavalli G, Heard E. Advances in epigenetics link genetics to the
environment and disease. Nature. 2019;571:489-99.

4. Chi P, Allis CD, Wang GG. Covalent histone modifications--miswritten,
misinterpreted and mis-erased in human cancers. Nat Rev Cancer. 2010;10:
457-69.

5. Zhao Z, Shilatifard A. Epigenetic modifications of histones in cancer.
Genome Biol. 2019,20:245.

6. Jung G, Hernandez-lllan E, Moreira L, Balaguer F, Goel A. Epigenetics of
colorectal cancer: biomarker and therapeutic potential. Nat Rev
Gastroenterol Hepatol. 2020;17:111-30.

7. Okugawa YGW, Goel A. Epigenetic alterations in colorectal cancer:
emerging biomarkers. Gastroenterology. 2015;149:1204-25.

8. Yang Y, Bedford MT. Protein arginine methyltransferases and cancer. Nat
Rev Cancer. 2013;13:37-50.

9. Yang, LuY, Espejo A, Wu J, Bedford MT. TDRD3 is an effector molecule for
arginine methylated histone marks. Mol Cell. 2010;40:1016-23.

10.  Nakai K, Xia W, Liao H-W, Saito M, Hung M-C, Yamaguchi H. The role of
PRMT1 in EGFR methylation and signaling in MDA-MB-468 triple-negative
breast cancer cells. Breast Cancer. 2018;25:74-80.

11. Cheung N, Fung TK, Zeisig BB, Holmes K, Rane JK, Mowen KA, Finn MG,
Lenhard B, Chan LC, So CWE. Targeting aberrant epigenetic networks
mediated by PRMT1T and KDM4C in acute myeloid leukemia. Cancer Cell.
2016;29:32-48.

12. Avasarala S, Van Scoyk M, Karuppusamy Rathinam MK, Zerayesus S, Zhao X,
Zhang W, Pergande MR, Borgia JA, DeGregori J, Port JD, et al. PRMT1 Is a
novel regulator of epithelial-mesenchymal-transition in non-small cell lung
cancer. J Biol Chem. 2015;290:13479-89.

13. Yoshimatsu M, Toyokawa G, Hayami S, Unoki M, Tsunoda T, Field HI, Kelly
JD, Neal DE, Maehara Y, Ponder BA, et al. Dysregulation of PRMT1 and
PRMTS, Type | arginine methyltransferases, is involved in various types of
human cancers. Int J Cancer. 2011;128:562-73.

14.  Mathioudaki K, Papadokostopoulou A, Scorilas A, Xynopoulos D, Agnanti N,
Talieri M. The PRMT1 gene expression pattern in colon cancer. Br J Cancer.
2008;99:2094-9.

15. Papadokostopoulou A, Mathioudaki K, Scorilas A, Xynopoulos D, Ardavanis
A, Kouroumalis E, Talieri M. Colon cancer and protein arginine
methyltransferase 1 gene expression. Anticancer Res. 2009;29:1361-6.

16. Savas S, Skardasi G. The SWI/SNF complex subunit genes: Their functions,
variations, and links to risk and survival outcomes in human cancers. Crit
Rev Oncol Hematol. 2018;123:114-31.

17. Wilson BG, Roberts CW. SWI/SNF nucleosome remodellers and cancer. Nat
Rev Cancer. 2011;11:481-92.

18. Bultman S, Gebuhr T, Yee D, La Mantia C, Nicholson J, Gilliam A, Randazzo F,
Metzger D, Chambon P, Crabtree G, Magnuson T. A Brg1 null mutation in
the mouse reveals functional differences among mammalian SWI/SNF
complexes. Mol Cell. 2000;6:1287-95.

19. Karnezis AN, Wang Y, Ramos P, Hendricks WP, Oliva E, D'Angelo E, Prat J,
Nucci MR, Nielsen TO, Chow C, et al. Dual loss of the SWI/SNF complex
ATPases SMARCA4/BRG1 and SMARCA2/BRM is highly sensitive and specific
for small cell carcinoma of the ovary, hypercalcaemic type. J Pathol. 2016;
238:389-400.

20.  Witkowski L, Carrot-Zhang J, Albrecht S, Fahiminiya S, Hamel N, Tomiak E,
Grynspan D, Saloustros E, Nadaf J, Rivera B, et al. Germline and somatic
SMARCA4 mutations characterize small cell carcinoma of the ovary,
hypercalcemic type. Nat Genet. 2014;46:438-43.

21, Helming KC, Wang X, Roberts CWM. Vulnerabilities of mutant SWI/SNF
complexes in cancer. Cancer Cell. 2014;26:309-17.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143198
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143199
http://www.peptideatlas.org/PASS/PASS01646

Yao et al. Genome Medicine

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2021) 13:58

Herpel E, Rieker RJ, Dienemann H, Muley T, Meister M, Hartmann A, Warth
A, Agaimy A. SMARCA4 and SMARCA2 deficiency in non-small cell lung
cancer: immunohistochemical survey of 316 consecutive specimens. Ann
Diagn Pathol. 2017;26:47-51.

Davoli T, Xu AW, Mengwasser KE, Sack LM, Yoon JC, Park PJ, Elledge SJ.
Cumulative haploinsufficiency and triplosensitivity drive aneuploidy patterns
and shape the cancer genome. Cell. 2013;155:948-62.

Hodges C, Kirkland JG, Crabtree GR. The many roles of BAF (mSWI/SNF) and
PBAF complexes in cancer. Cold Spring Harb Perspect Med. 2016;6:a026930.
Hodges HC, Stanton BZ, Cermakova K, Chang CY, Miller EL, Kirkland JG, Ku
WL, Veverka V, Zhao K, Crabtree GR. Dominant-negative SMARCA4 mutants
alter the accessibility landscape of tissue-unrestricted enhancers. Nat Struct
Mol Biol. 2018;25:61-72.

Jubierre L, Soriano A, Planells-Ferrer L, Paris-Coderch L, Tenbaum SP,
Romero OA, Moubarak RS, Almazan-Moga A, Molist C, Roma J, et al. BRG1/
SMARCA4 is essential for neuroblastoma cell viability through modulation of
cell death and survival pathways. Oncogene. 2016;35:5179-90.

Shi J, Whyte WA, Zepeda-Mendoza CJ, Milazzo JP, Shen C, Roe JS, Minder
JL, Mercan F, Wang E, Eckersley-Maslin MA, et al. Role of SWI/SNF in acute
leukemia maintenance and enhancer-mediated Myc regulation. Genes Dev.
2013;27:2648-62.

Romero OA, Torres-Diz M, Pros E, Savola S, Gomez A, Moran S, Saez C,
Iwakawa R, Villanueva A, Montuenga LM, et al. MAX inactivation in small cell
lung cancer disrupts MYC-SWI/SNF programs and is synthetic lethal with
BRG1. Cancer Discov. 2014:4:292-303.

Holik AZ, Krzystyniak J, Young M, Richardson K, Jarde T, Chambon P,
Shorning BY, Clarke AR. Brg1 is required for stem cell maintenance in the
murine intestinal epithelium in a tissue-specific manner. Stem Cells. 2013;31:
2457-66.

Holik AZ, Young M, Krzystyniak J, Williams GT, Metzger D, Shorning BY,
Clarke AR. Brg1 loss attenuates aberrant wnt-signalling and prevents wnt-
dependent tumourigenesis in the murine small intestine. Plos Genet. 2014;
10:21004453.

Takada Y, Fukuda A, Chiba T, Seno H. Brg1 plays an essential role in
development and homeostasis of the duodenum through regulation of
Notch signaling. Development. 2016;143:3532-9.

Liu M, Sun T, Li N, Peng J, Fu D, Li W, Li L, Gao WQ. BRG1 attenuates
colonic inflammation and tumorigenesis through autophagy-dependent
oxidative stress sequestration. Nat Commun. 2019;10:4614.

Miranda TB, Miranda M, Frankel A, Clarke S. PRMT7 is a member of the
protein arginine methyltransferase family with a distinct substrate specificity.
J Biol Chem. 2004;279:22902-7.

Zhao Q, Rank G, Tan YT, Li H, Moritz RL, Simpson RJ, Cerruti L, Curtis DJ,
Patel DJ, Allis CD, et al. PRMT5-mediated methylation of histone H4R3
recruits DNMT3A, coupling histone and DNA methylation in gene silencing.
Nat Struct Mol Biol. 2009;16:304-11.

Ju J, Chen A, Deng Y, Liu M, Wang Y, Wang Y, Nie M, Wang C, Ding H, Yao B,
et al. NatD promotes lung cancer progression by preventing histone H4 serine
phosphorylation to activate Slug expression. Nat Commun. 2017,8:928.

Zheng R, Wan C, Mei S, Qin Q, Wu Q, Sun H, Chen CH, Brown M, Zhang X,
Meyer CA, Liu XS. Cistrome Data Browser: expanded datasets and new tools
for gene regulatory analysis. Nucleic Acids Res. 2019;47:D729-D35.

Hu D, Gao X, Morgan MA, Herz HM, Smith ER, Shilatifard A. The MLL3/MLL4
branches of the COMPASS family function as major histone H3K4
monomethylases at enhancers. Mol Cell Biol. 2013;33:4745-54.

Mentch SJ, Mehrmohamadi M, Huang L, Liu X, Gupta D, Mattocks D, Gomez
Padilla P, Ables G, Bamman MM, Thalacker-Mercer AE, et al. Histone
methylation dynamics and gene regulation occur through the sensing of
one-carbon metabolism. Cell Metab. 2015;22:861-73.

McCleland ML, Mesh K, Lorenzana E, Chopra VS, Segal E, Watanabe C, Haley
B, Mayba O, Yaylaoglu M, Gnad F, Firestein R. CCAT1 is an enhancer-
templated RNA that predicts BET sensitivity in colorectal cancer. J Clin
Invest. 2016;126:639-52.

Mathur R, Alver BH, San Roman AK, Wilson BG, Wang X, Agoston AT, Park PJ,
Shivdasani RA, Roberts CW. ARIDTA loss impairs enhancer-mediated gene
regulation and drives colon cancer in mice. Nat Genet. 2017;49:296-302.

Qin Q, Mei S, Wu Q, Sun H, Li L, Taing L, Chen S, Li F, Liu T, Zang C, et al.
ChiLin: a comprehensive ChiP-seq and DNase-seq quality control and
analysis pipeline. BMC Bioinformatics. 2016;17:404.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25:1754-60.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

Page 20 of 21

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum
C, Myers RM, Brown M, Li W, Liu XS. Model-based analysis of ChIP-Seq
(MACS). Genome Biol. 2008,9:R137.

Kelso TWR, Porter DK, Amaral ML, Shokhirev MN, Benner C, Hargreaves DC.
Chromatin accessibility underlies synthetic lethality of SWI/SNF subunits in
ARID1A-mutant cancers. Elife. 2017,6:230506.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29:15-21.

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C,
Singh H, Glass CK. Simple combinations of lineage-determining
transcription factors prime cis-regulatory elements required for macrophage
and B cell identities. Mol Cell. 2010;38:576-89.

Blackhall FH, Peters S, Bubendorf L, Dafni U, Kerr KM, Hager H, Soltermann
A, O'Byrne KJ, Dooms C, Sejda A, et al. Prevalence and clinical outcomes for
patients with ALK-positive resected stage | to Ill adenocarcinoma: results
from the European Thoracic Oncology Platform Lungscape Project. J Clin
Oncol. 2014;32:2780-7.

Nalbantoglu I, Blanc V, Davidson NO. Characterization of colorectal cancer
development in Apc (min/+) mice. Methods Mol Biol. 2016;1422:309-27.
Wu Q, Lian JB, Stein JL, Stein GS, Nickerson JA, Imbalzano AN. The BRG1
ATPase of human SWI/SNF chromatin remodeling enzymes as a driver of
cancer. Epigenomics. 2017;9:919-31.

Tang J, Frankel A, Cook RJ, Kim S, Herschman HR. PRMTT1 is the
predominant type | protein arginine methyltransferase in mammalian cells. J
Biol Chem. 2000;275:7723-30.

Krause CD, Yang ZH, Kim YS, Lee JH, Cook JR, Pestka S. Protein arginine
methyltransferases: evolution and assessment of their pharmacological and
therapeutic potential. Pharmacol Ther. 2007;113:50-87.

Hong SY, Shih YP, Li T, Carraway KL 3rd, Lo SH. CTEN prolongs signaling by
EGFR through reducing its ligand-induced degradation. Cancer Res. 2013;73:
5266-76.

Cheng D, Yadav N, King RW, Swanson MS, Weinstein EJ, Bedford MT. Small
molecule regulators of protein arginine methyltransferases. J Biol Chem.
2004,279:23892-9.

Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell.
2010;141:1117-34.

Cooper HS, Everley L, Chang WC, Pfeiffer G, Lee B, Murthy S, Clapper ML.
The role of mutant Apc in the development of dysplasia and cancer in the
mouse model of dextran sulfate sodium-induced colitis. Gastroenterology.
2001;121:1407-16.

Yang K, Edelmann W, Fan K, Lau K, Leung D, Newmark H, Kucherlapati R,
Lipkin M. Dietary modulation of carcinoma development in a mouse model
for human familial adenomatous polyposis. Cancer Res. 1998;58:5713-7.
Liao HW, Hsu JM, Xia W, Wang HL, Wang YN, Chang WC, Arold ST, Chou CK,
Tsou PH, Yamaguchi H, et al. PRMT1-mediated methylation of the EGF
receptor regulates signaling and cetuximab response. J Clin Invest. 2015;
125:4529-43.

Watanabe T, Semba S, Yokozaki H. Regulation of PTEN expression by the
SWI/SNF chromatin-remodeling protein BRG1 in human colorectal
carcinoma cells. Br J Cancer. 2011;104:146-54.

Pyo JS, Son BK, Oh D, Kim EK. BRG1 is correlated with poor prognosis in
colorectal cancer. Hum Pathol. 2018;73:66-73.

Lin'S, Jiang T, Ye L, Han Z Liu Y, Liu C, Yuan C, Zhao S, Chen J, Wang J,

et al. The chromatin-remodeling enzyme BRG1 promotes colon cancer
progression via positive regulation of WNT3A. Oncotarget. 2016;7:86051-63.
Blanc RS, Richard S. Arginine methylation: the coming of age. Mol Cell.
2017,65:8-24.

Cheung N, Chan LC, Thompson A, Cleary ML, So CW. Protein arginine-
methyltransferase-dependent oncogenesis. Nat Cell Biol. 2007;9:1208-15.
Sen P, Vivas P, Dechassa ML, Mooney AM, Poirier MG, Bartholomew B. The
SnAC domain of SWI/SNF is a histone anchor required for remodeling. Mol
Cell Biol. 2013;33:360-70.

Sen P, Ghosh S, Pugh BF, Bartholomew B. A new, highly conserved domain
in Swi2/Snf2 is required for SWI/SNF remodeling. Nucleic Acids Res. 2011;39:
9155-66.

Mashtalir N, D'Avino AR, Michel BC, Luo J, Pan J, Otto JE, Zullow HJ,
McKenzie ZM, Kubiak RL, St Pierre R, et al. Modular organization and
assembly of SWI/SNF family chromatin remodeling complexes. Cell. 2018;
175:1272-88. €20



Yao et al. Genome Medicine (2021) 13:58 Page 21 of 21

66. Dacwag CS, Ohkawa Y, Pal S, Sif S, Imbalzano AN. The protein arginine
methyltransferase Prmt5 is required for myogenesis because it facilitates
ATP-dependent chromatin remodeling. Mol Cell Biol. 2007;27:384-94.

67. Li Z XiaJ, Fang M, Xu Y. Epigenetic regulation of lung cancer cell
proliferation and migration by the chromatin remodeling protein BRG1.
Oncogenesis. 2019,8:66.

68. Lissanu Deribe Y, Sun Y, Terranova C, Khan F, Martinez-Ledesma J, Gay J,
Gao G, Mullinax RA, Khor T, Feng N, et al. Mutations in the SWI/SNF
complex induce a targetable dependence on oxidative phosphorylation in
lung cancer. Nat Med. 2018;24:1047-57.

69. Orvis T, Hepperla A, Walter V, Song S, Simon J, Parker J, Wilkerson MD, Desai
N, Major MB, Hayes DN. BRG1/SMARCA4 inactivation promotes non-small
cell lung cancer aggressiveness by altering chromatin organization. Cancer
Res. 2014;74:6486-98.

70. Romero OA, Setien F, John S, Gimenez-Xavier P, Gomez-Lopez G, Pisano D,
Condom E, Villanueva A, Hager GL, Sanchez-Cespedes M. The tumor
suppressor and chromatin-remodeling factor BRG1 antagonizes Myc activity
and promotes cell differentiation in human cancer. EMBO Mol Med. 2012;4:
603-16.

71. Wang WJ, Hsu JM, Wang YN, Lee HH, Yamaguchi H, Liao HW, Hung MC. An
essential role of PRMT1-mediated EGFR methylation in EGFR activation by
ribonuclease 5. Am J Cancer Res. 2019;9:180-5.

72. Hsu DS, Hwang WL, Yuh CH, Chu CH, Ho YH, Chen PB, Lin HS, Lin HK, Wu
SP, Lin CY, et al. Lymphotoxin-beta interacts with methylated EGFR to
mediate acquired resistance to cetuximab in head and neck cancer. Clin
Cancer Res. 2017;23:4388-401.

73. Epstein DM, Buck E. Old dog, new tricks: extracellular domain arginine
methylation regulates EGFR function. J Clin Invest. 2015;125:4320-2.

74. Yao B, Gui T, Zeng XW, Deng YX, Wang Z, Wang Y, Yang DJ, Li QX, Xu PP,
Hu RF, Li XY, Chen B, Wang J, Zen K, Li HT, Melissa JD, Marco JH, Pan HF,
Jiang ZW, David CS. H, Liu M, Ju JY and Zhao Q. PRMT1-mediated
H4R3me2a recruits SMARCA4 to promote colorectal cancer progression by
enhancing EGFR signaling. Datasets Gene Expression Omnibus. 2020.
Available from: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE143198. Accessed 7 Jan 2020.

75. Yao B, Gui T, Zeng XW, Deng YX, Wang Z, Wang Y, Yang DJ, Li QX, Xu PP,
Hu RF, Li XY, Chen B, Wang J, Zen K, Li HT, Melissa JD, Marco JH, Pan HF,
Jiang ZW, David CS. H, Liu M, Ju JY and Zhao Q. PRMT1-mediated
H4R3me2a recruits SMARCA4 to promote colorectal cancer progression by
enhancing EGFR signaling. Datasets Gene Expression Omnibus. 2020.
Available from: https:.//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE143199. Accessed 7 Jan 2020.

76. Yao B, Gui T, Zeng XW, Deng YX, Wang Z, Wang Y, Yang DJ, Li QX, Xu PP,
Hu RF, Li XY, Chen B, Wang J, Zen K, Li HT, Melissa JD, Marco JH, Pan HF,
Jiang ZW, David CS. H, Liu M, Ju JY and Zhao Q. PRMT1-mediated
H4R3me2a recruits SMARCA4 to promote colorectal cancer progression by
enhancing EGFR signaling. Datasets PeptideAtlas. 2021. Available from:
http://www.peptideatlas.org/PASS/PASS01646. Accessed 18 Feb 2021.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

e thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143198
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143198
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143199
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143199
http://www.peptideatlas.org/PASS/PASS01646

University Library

o' o ERVA A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:

Yao, B;Gui, T;Zeng, X;Deng, Y;Wang, Z;Wang, Y;Yang, D;Li, Q;Xu, P;Hu, R;Li, X;Chen,
B;Wang, J;Zen, K;Li, H;Davis, MJ;Herold, MJ;Pan, H-F;Jiang, Z-W;Huang, DCS;Liu, M;Ju,
J;Zhao, Q

Title:

PRMT1-mediated H4R3me?2a recruits SMARCA4 to promote colorectal cancer progression
by enhancing EGFR signaling

Date:
2021-04-14

Citation:

Yao, B., Gui, T., Zeng, X., Deng, Y., Wang, Z., Wang, Y., Yang, D., Li, Q., Xu, P, Hu, R., Li, X,,
Chen, B., Wang, J., Zen, K., Li, H., Davis, M. J., Herold, M. J., Pan, H. -F,, Jiang, Z. -W. ,...
Zhao, Q. (2021). PRMT1-mediated H4R3me?2a recruits SMARCA4 to promote colorectal
cancer progression by enhancing EGFR signaling. GENOME MEDICINE, 13 (1), https://
doi.org/10.1186/s13073-021-00871-5.

Persistent Link:
http://hdl.handle.net/11343/278051

License:
CC BY


http://hdl.handle.net/11343/278051
CC%20BY

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Cell lines, transfections, and siRNA interference assays
	Mass spectrometry
	Plasmid construction, recombinant protein expression, and purification
	Microscale thermophoresis (MST) analysis and isothermal titration calorimetry (ITC) assays
	Immunofluorescence and confocal microscopy
	Western blot analysis and protein interaction studies
	RNA isolation and quantitative RT-PCR
	Proliferation assay, EdU incorporation assay, colony formation assay, and migration assays
	Gene-microarray analysis
	Chromatin immunoprecipitation (ChIP)
	ChIP-Seq data processing and analysis
	ATAC-seq data processing and analysis
	Clinical samples and IHC staining
	Mice, colitis-associated colon tumor formation, and treatment
	Statistical analysis

	Results
	SMARCA4 is a major H4R3me2a-associated protein and promotes CRC cell proliferation
	PRMT1 expression is associated with prognosis of CRC, and knockdown of PRMT1 reduces CRC cell proliferation
	TNS4 and EGFR are direct downstream transcriptional targets of PRMT1 and SMARCA4 in CRC cells
	PRMT1 and SMARCA4 cooperatively activate TNS4 and EGFR transcription
	SMARCA4 and PRMT1 combine to promote CRC cell proliferation through EGFR signaling
	PRMT1 deficiency protects mice against DSS-induced Apcmin/+ CRC progression
	Upregulation of SMARCA4 positively correlates with expression of EGFR and TNS4 in CRC and is associated with poor prognosis of CRC patients

	Discussion
	Conclusion
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

