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Abstract

Invasive micropapillary carcinoma (IMPC) is a special histopathological subtype of
breast cancer. Clinically, IMPC exhibits a higher incidence of lymphovascular inva-
sion and lymph node metastasis compared with that of invasive ductal carcinoma
(IDC), the most common type. However, the metabolic characteristics and related
mechanisms underlying malignant IMPC biological behaviors are unknown. We per-
formed large-scale targeted metabolomics analysis on resected tumors obtained from
chemotherapy-naive IMPC (n = 25) and IDC (n = 26) patients to investigate meta-
bolic alterations, and we integrated mass spectrometry analysis, RNA sequencing,
and ChlP-sequencing data to elucidate the potential molecular mechanisms. The me-
tabolomics revealed distinct metabolic profiles between IMPC and IDC. For IMPC
patients, the metabolomic profile was characterized by significantly high levels of
arginine methylation marks, and protein arginine methyltransferase 3 (PRMT3) was
identified as a critical regulator that catalyzed the formation of these arginine meth-
ylation marks. Notably, overexpression of PRMT3 was an independent risk factor for
poor IMPC prognosis. Furthermore, we demonstrated that PRMT3 was a key regulator
of breast cancer cell proliferation and metastasis both in vitro and in vivo, and treat-
ment with a preclinical PRMT3 inhibitor decreased the xenograft tumorigenic capac-
ity. Mechanistically, PRMT3 regulated the endoplasmic reticulum (ER) stress signaling
pathway by facilitating histone H4 arginine 3 asymmetric dimethylation (H4R3me2a),
which may endow breast cancer cells with great proliferative and metastatic capac-
ity. Our findings highlight PRMT3 importance in regulating the malignant biological
behavior of IMPC and suggest that small-molecule inhibitors of PRMT3 activity might
be promising breast cancer treatments.

Abbreviations: ADMA, Asymmetric NG,NG-dimethyIarginine; ASL, Arginine succinate lyase; DTCs, Disseminated tumor cells; EMA/MUC1, Epithelial membrane antigen; ER, Endoplasmic
reticulum; EZH2, Enhancer of zeste homolog 2; FOXP1, Forkhead box protein P1; GSSG, Glutathione disulfide; H3K4me3, Histone H3 lysine 4 trimethylation; H3R2me2s, Histone H3
arginine 2 symmetrical dimethylation; H4R3me2a, Histone H4 arginine 3 asymmetric dimethylation; IDC, Invasive ductal carcinoma; IMPC, Invasive micropapillary carcinoma; MLL,
Mixed-lineage leukemia; MMA, NG-monomethyIarginine; NOS, Nitric oxide synthase; Pol II, RNA polymerase II; PRMT3, Protein arginine methyltransferase 3; SDMA, Symmetric
NG,N'G-dimethyIarginine; SET1, SET domain-containing protein 1, histone lysine methyltransferase; TES, Transcription termination site; TSS, Transcription start site; UPR, Unfolded

protein response.

Renyong Zhi and Kailiang Wu authors contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

1912 wileyonlinelibrary.com/journal/cas

Cancer Science. 2023;114:1912-1928.


www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0003-1059-9339
mailto:
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fuli@tmu.edu.cn
mailto:shuaili@tmu.edu.cn

ZHI ET AL.

KEYWORDS

= 1913
Cancer Science Auiiyana

arginine methylation, breast cancer, metabolomics, metastasis, proliferation, protein arginine

methyltransferases

1 | INTRODUCTION

Breast cancer is the most commonly diagnosed cancer in women,
and cancer cell metastasis is the main cause of death.! IMPC is a
special histopathological subtype of breast cancer that was first re-
ported in 199322 and is characterized by micropapillary or morula-
like clusters of IMPC cells without fibrovascular cores surrounded
by empty stromal spaces.* Recently, IMPC has been identified in
multiple organs, including the lung,” colon,® pancreas,” and bladder.?
Clinically, IMPC of the breast leads to a higher incidence of lympho-
vascular invasion and lymph nodal metastasis and a worse prognosis
than the IDC.”*! Furthermore, the micropapillary pattern of IMPC is
retained not only in primary tumors but also in lymphovascular and
lymph node metastatic foci.'*™*® Thus, the unique “clustered metas-
tasis of IMPC tumor cells” renders IMPC a good model for studying
biological behaviors in aggressive malignancy.“’16 Recent studies
have reported genomic and spatial transcriptomic features of IMPC
and suggested that its extensive heterogeneity is associated with
metabolic reprogramming.>*¢ However, deep insight into the meta-
bolic characteristics and identification of metastasis-associated bio-
markers remains elusive.

Metabolic reprogramming, a hallmark of cancer, is recognized as
a driving force for cancer initiation and progression.!” Metabolomics
is the global analysis of small-molecule metabolites that helps to
identify novel biomarkers for cancer diagnostics, prognostics, or
therapeutics.'® In a recent study, large-scale targeted metabolom-
ics analysis of invasive lung adenocarcinoma and preinvasive lesions
exhibited that dysregulated bile acid metabolism promoted cancer
cell migration, suggesting an opportunity for potential targetable
therapeutics.?° Arginine methylation, as a posttranslational modi-
fication of proteins, has been increasingly shown to be associated
with cancer progression.m'zz Moreover, protein arginine methyl-
transferases (PRMTs), which are the writers of arginine methylation,
have been recently reported to be involved in dysregulated metabo-
lism during tumorigenesis.23’24 PRMTs are classified into three types
based on the methyl group they deposit: Type | enzymes (PRMT1,
2, 3, 4, 6, and 8) catalyze the formation of MMA and ADMA, type
Il enzymes (PRMT5 and 9) catalyze the formation of MMA and
SDMA, and the type Ill enzyme (PRMT7) catalyzes the formation of
MMA.?2 Notably, a recent discovery suggested that PRMTs are over-
expressed in solid and hematologic cancers, which are correlated
with poor patient prognosis.2>2® However, an in-depth mechanistic
investigation into the tumor and substrate specificities of PRMTs is
needed.

In this study, the metabolomic profile of IMPC was evaluated
and compared with that of IDC, and the results revealed aber-
rant arginine methylation in IMPC. PRMT3 was overexpressed in
IMPC, which was associated with malignant progression and poor

prognosis. Using systematic in vitro methods to investigate the con-
tribution of PRMTS3 to breast cancer cell function, we demonstrated
that PRMT3 interacted with histone H4 and enhanced the levels of
H4R3me2a, which mediated the ER stress-related gene expression.
Our findings are clinically significant, as genetic knockdown or a
specific inhibitor of PRMT3 substantially decreased the growth of
cancer cells in xenograft mouse models. This evidence sheds light on

a novel pathway and potential therapeutic target in breast cancer.

2 | MATERIALS AND METHODS

2.1 | Collection of clinical samples

Patient tissue specimens were obtained from the Cancer Hospital of
Tianjin Medical University between 2016 and 2017; these samples
included those obtained from 26 patients with IDC and 25 patients
with IMPC. None of the patients had received anti-tumor treat-
ment before the operation, and all patients signed an informed con-
sent agreement (Figure S1A). All tissues were cut into two samples
based on the maximum diameter of the tumor, and one tissue was
fixed after pathological sampling. After dehydration, embedding,
and serial sectioning, the fixed tissue was exposed to H&E stain-
ing and EMA/MUC1 immunohistochemistry (IHC) staining (1:1000,
ab109185; Abcam), which was performed to diagnose the samples.
The independent diagnosis of two senior pathologists following the
WHO classification criteria was the basis for determining whether
a sample was included in the IDC group or the IMPC group. The
unfixed tumor sample was cut into 5x5x5mm cubes, transferred
to liquid nitrogen, and stored at -80°C until metabolite extraction.
The clinicopathological information for all the samples is shown in
Table S1.

2.2 | Metabolite extraction and targeted
metabolomics analysis

Metabolite extraction and targeted metabolomics analysis were
performed as described previously.?° Briefly, all samples from 51
patients were divided randomly into one analytical batch. Each sam-
ple was weighed precisely and homogenized in cold 80% methanol
solution (50mg tissue/mL), then vortexed, and centrifuged at 4°C
at 15,000 g for 15min. The supernatant was collected and dried
under a high-speed vacuum concentrator. The dried metabolite
particles were re-dissolved in formic acid in analytical grade water,
mixed, and then centrifuged to remove fragments. Next, the super-
natant was measured for targeted metabolite profiling using a liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/
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MS) approach. Chromatographic separation was performed using An
Acquity UPLC I-Class system (Waters Corp.), coupled with a Xevo
TQ-XS mass spectrometer (Waters Corp.). We collected and clas-
sified the metabolites based on the Human Metabolome Database
(HMDB) (http://hmdb.ca). Raw data preprocessing and normali-
zation were performed as described previously.?%?” The further
analyses of metabolic differences between IMPC and IDC, includ-
ing principal component analysis (PCA) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis, were
performed using the “prcomp” and “clusterProfiler” functions in the
R package, respectively.

2.3 | Real-time gPCR

Analysis of mRNA expression was performed as described previ-
ously.?® Total RNA was isolated using TRIzol reagent (Invitrogen)
and reverse transcribed using a High Capacity cDNA Reverse
Transcription Kit with random primers (Applied Biosystems). Real-
time gPCR was performed using a sequence detection system (Abi
Prism 7500, Applied Biosystems) with SYBR Green (TaKaRa Bio).
The primers are listed in Table Sé6.

2.4 | Western blotting, immunoprecipitation, and
co-immunoprecipitation

These relevant protocols were performed as described previously.29
For western blotting, cell and tissue samples were homogenized in
RIPA lysis buffer (Santa Cruz Biotechnology). The protein concentra-
tion was determined using a bicinchoninic acid (BCA) Protein Assay
Kit (Thermo Fisher Scientific). Proteins were separated by electro-
phoresis on 10% or 15% SDS-PAGE gels, and then transferred to
nitrocellulose membranes. The membranes were blocked, incubated
with the indicated antibodies, and then incubated with anti-rabbit
or anti-mouse IgG secondary antibodies conjugated to horserad-
ish peroxidase (HRP). Protein bands were detected using enhanced
chemiluminescence and a digital imager (Tanon 5200; Biotanon). For
immunoprecipitation and co-immunoprecipitation, the cells were
washed twice with cold PBS and resuspended in RIPA lysis buffer
containing 1mM MgCl,. After centrifugation, the supernatant was
incubated with the indicated antibodies and Protein A/G PLUS aga-
rose (sc-2003; Santa Cruz Biotechnology) in the presence of ben-
zonase (1 U/mL, E1014; Sigma) overnight at 4°C. The beads were
centrifuged, washed with washing buffer, and then boiled in SDS
loading buffer for SDS-PAGE. The indicated antibodies are listed in
Table Sé.

2.5 | IHC staining and scoring criteria

IHC staining was performed as described previously.*> Tissue sam-
ples from 104 IMPC and 105 IDC patients who underwent surgery

between 2010 and 2012 and for whom complete clinical information
was available were collected from the tissue specimen database of
the Breast Cancer Prevention and Treatment Center of the Cancer
Hospital of Tianjin Medical University. All samples were fixed in for-
malin and embedded in paraffin, and serial sections of tumor tissues
were stained using standard H&E and IHC procedures. Two senior
pathologists independently evaluated the immunohistochemically
stained tissue in a double-blind manner. The levels of PRMT3 (1:100,
ab240322; Abcam), H4R3me2a (1:100, PA5-102612; Invitrogen),
RRBP1 (1:100, ab95983; Abcam), HSP90B1 (1:100, #20292; Cell
Signaling Technology), ATF6é (1:100, ab227830; Abcam), HSPAS5
(1:100, #3177S; Cell Signaling Technology), and ADD1 (1:100,
ab40760; Abcam) were evaluated according to the intensity and
percentage of tumor cell staining. The dyeing intensity was classi-
fied as O (no staining), 1 (weak), 2 (moderate), and 3 (intense). The
percentage of positive tumor cells was graded as 0 (<5%), 1 (6-25%),
2 (26-60%), and 3 (61-100%). The H score was calculated using the
formula: H score = Pi x (i+1), where i is the staining intensity of
tumor cells (0-3), and Pi is the percentage of tumor cells stained
within each intensity classification. The cutoff value was set to 150%
for the H score. Samples with an intensity equal to or more than
150% are considered to have high PRMT3 expression; otherwise,
they are considered to have low PRMT3 expression.

2.6 | Cellculture

MCF10A, HCC1937, MDA-MB-231, MCF7, T47D, BT474, and
SKBR3 cell lines were purchased from the ATCC. The HCC1937,
MDA-MB-231, MCF7, T47D, BT474, and SKBR3 cell lines were
maintained in Dulbecco's modified Eagle's medium (DMEM,
06-1055-57-1ACS; Biological Industries) with 10% fetal bovine
serum (FBS, 04-001-1ACS; Biological Industries) and 100U/mL
penicillin-streptomycin. MCF10A cells were maintained in DMEM/
F12 (1:1) containing 5% horse serum, 0.5 pg/mL hydrocortisone,
10 pg/mL insulin, 20ng/mL EGF, 0.1 pg/mL cholera toxin, and
100U/mL penicillin-streptomycin. The MDA-MB-231 cells were
treated with SGC707 (MCE, HY-19715) at concentrations of 4 and
8 pmol/L.

2.7 | Lentivirus packaging and infection

Before lentivirus infection, a PLKO.1 RNA interference vector
or pSin overexpression vector and psPAX2 and pMD2.G plas-
mid were cotransfected into HEK293T cells at a ratio of 2:2:1
using Lipofectamine 2000 (11,668,027; Thermo Fisher Scientific).
Lentiviruses were collected 48 and 96hours post-transfection.
MDA-MB-231, HCC1937, and MCF10A cells were infected with len-
tiviruses expressing shPRMT3 or FLAG-PRMT3 for 24 h in the pres-
ence of polybrene (4 pg/mL; Sigma-Aldrich), selectively cultured with
puromycin for 48h to eliminate untransduced cells, and then col-
lected for analysis at a specified time point. For rescue experiments,
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FIGURE 1 Metabolomic profiling of invasive ductal carcinoma and invasive micropapillary carcinoma. (A) Clinical parameters of the
patient cohort are indicated in the heatmap. ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor
receptor 2; Luminal A, ER-positive, PR-positive, HER2-negative; Luminal B, ER-positive, PR-negative, HER2-negative; TNBC, triple-negative
breast cancer, ER-negative, PR-negative, HER2-negative. (B) Heatmap showing 149 profiled metabolites in invasive ductal carcinoma

(IDC) and invasive micropapillary carcinoma (IMPC). (C) Principal component analysis (PCA) of tumor tissue from IDC (green) and IMPC
(blue) samples based on metabolomics data. (D) Classes and counts of the metabolites detected in IMPC. (E) Volcano plots showing
significantly differential metabolite in IMPC versus IDC. Arginine methylation-associated NG-monomethyIarginine (MMA), asymmetric N®,
NC-dimethylarginine (ADMA), and symmetric N°, N'°-dimethylarginine (SDMA) were the most significantly upregulated genes in IMPC.

Wilcoxon rank-sum test, p-value <0.05 and fold change >2 or <0.5

PLKO.1 shRNA targeting sites within the 3'UTR of PRMT3 was used
to knock down its endogenous expression, and then the recombi-
nant PRMT3 gene containing coding sequence (CDS) regions was
cloned into a pSin expression vector to knock in PRMT3. The shRNA

targeting sequences are listed in Table Sé.

2.8 | Cell proliferation
Treated cells were plated into 6-well plates at a density of 5x10%
cells or 1x10% cells. Cell numbers were counted using a Thermo

Count Il cell counter according to the manufacturer's instructions.

2.9 | Wound-healing test

A wound-healing test was performed as described previously.20
MDA-MB-231 cells were plated into 6-well plates with 3x 10° cells
per well, cultured with the inhibitor SGC707 (4 and 8 pmol/L), and
scraped with a 10-pl pipette tip. Wound closure was measured
at different time points, and three random visual fields were re-
corded. The migration distance was analyzed using NIH Image)
software.

2.10 | Invivo experiment

Four-week-old female BALB/c nude mice were purchased from
Shanghai Shrek Experimental Animal Co., Ltd., and maintained in
the Animal Experimental Center of Tianjin Medical University under
specific-pathogen-free conditions. For the xenograft model, 5x 10°
infected breast cancer cells were resuspended in 50l of aseptic
PBS and directly injected into the mammary gland fat pad of mice
(five nude mice in each group). For the SGC707 treatment experi-
ment, 5x10° infected breast cancer cells in 50pl of aseptic PBS
were directly injected into the mouse mammary gland fat pad in situ.
SGC707 (30mg/kg) was given by intraperitoneal injection every day
for 40days. To establish a mouse metastatic model, 5x 10° infected
breast cancer cells were resuspended in 50pl of aseptic PBS and
injected through the tail vein. Tumor growth was measured every
5days for a period of 40days post-implantation. The tumor volume
was calculated using the formula V = LxW?/2 (V, volume; L, length;
W, width of tumor).

2.11 | Mass spectrometry for PRMT3-
associated proteins

The PRMT3 protein was overexpressed in the MDA-MB-231 cells. In
the presence of benzonase (E1014; Sigma), PRMT3-associated pro-
teins were purified with anti-FLAG (M2) agarose beads and eluted
with 3x FLAG peptide. Part of the elute was separated on SDS-
PAGE gels and observed using silver staining. The remaining part

was sent to Novogene for LC-MS/MS analysis.

2.12 | RNA sequencing

Three independent replicates of total RNA were isolated using
TRIzol reagent (Invitrogen) from shPRMT3 MDA-MB-231 cells or
shGFP MDA-MB-231 cells. The purity and integrity of total RNA
were confirmed by Novogene. Sequencing analysis of expressed
RNAs was carried out using an Illumina next-generation sequenc-
ing platform and sequenced reads were mapped to the hg38 human
genome database. The edgeR R package (3.4) was used to analyze
the sequencing count data to identify differentially expressed genes
(DEGs) with a threshold of p<0.05 and absolute fold change >1 be-
tween different groups. The biological functions of DEGs were ana-
lyzed with annotation databases (Gene Ontology [GO] and KEGG
pathway databases) performed using the clusterProfiler R package.
GO terms and KEGG pathways with a p-value <0.05 were consid-
ered to be significantly enriched with DEGs. Gene set enrichment
analysis (GSEA) was performed using the Java GSEA package. The
list of genes annotated as GO or KEGG genes was obtained from The

Molecular Signatures Database (MSigDB).

2.13 | Chromatin immunoprecipitation (ChIP)
sequencing and ChIP-qPCR

Chromatin extraction and ChlP assays were performed as described
previously.?’ In total, 1x 107 cells were fixed with 1% formaldehyde
(Sigma-Aldrich), lysed, and sonicated to generate chromatin frag-
ments of between 200 and 600bp in length. Chromatin was incu-
bated with the indicated antibodies and protein A/G beads at 4°C
overnight. Immunoprecipitated DNA was reverse cross-linked and
digested with protein-K (Vazyme) at 65°C. DNA was purified using
phenol/chloroform extraction. The purified DNA was adopted for
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FIGURE 2 PRMT3 expression of IMPC patients and their clinicopathologic correlations. (A) mRNA expression of protein arginine
methyltransferase (PRMT) family members normalized to the expression of GAPDH in IMPC and IDC patients (n = 13 for IMPC, and n = 11
for IDC). (B) Western blots showing the levels of PRMT3 in tumor samples from IMPC and IDC patients. (C) The quantification of PRMT3
protein in tumor samples from IMPC and IDC patients (n = 13 for IMPC, and n = 11 for IDC). The centerline and crossline represent the
median and mean, respectively. The box bounds represent the interquartile range. The whiskers represent the lowest (or highest) data within
1.5 interquartile range. (D) Representative IHC images and IHC score of PRMT3 from patients in IMPC (n = 104) and IDC (n = 105). PRMT3
protein was confirmed as it was brown in an IHC assay performed with an anti-PRMT3 antibody. More intense brown staining was observed
in IMPC. Scale bars indicate 100 um. The centerline and crossline represent the median and mean, respectively. The box bounds represent
the interquartile range. The whiskers represent the lowest (or highest) data within 1.5 interquartile range. (E, F) Kaplan-Meier curves
showing association of PRMT3 expression with clinical prognosis, including overall survival (E) and disease-free survival (F), in IMPC patients
(red represents a high PRMT3 expression level) (log-rank test; p-value <0.001). (G-J) Percentages of high PRMT3 expression correlated with
tumor size (G), histology grade (H), lymph node metastasis (I) and Kié7 expression (J) were examined using the Pearson ;{2 test. The data are
presented as the mean+SD, and two-tailed Student's t-test was used

library preparation using a VAHTS Universal Plus DNA Library Prep
Kit for Illumina (Vazyme). The quality of the library was determined
with an Agilent 2100 Bioanalyzer and sequenced on an lllumina
NovaSeq 6000 platform (Novogene). The raw data were processed
with FASTP (0.22.0) to remove adapters and low-quality reads and
then aligned to the hg38 human genome database using Bowtie
(2.3.4.1) with default parameters. Unmapped reads, low-quality
reads, and duplicated reads were removed using SAMtools (1.9) and
Picard (2.23.3). Normalized bigwig was produced by deeptools (3.5.1).
macs2 (2.2.6) was used to call peaks with a threshold of p <0.05, and
the ChlPseeker R package (1.24.0) was used to annotate peaks. For
ChIP-gPCR, we analyzed the resultant DNA using SYBR Green Mix
on the CFX Connect Real-Time PCR detection system (Bio-Rad). The

primers of target gene promoters are listed in Table Sé.

2.14 | Statistical analysis

We described the quantification and statistical methods for metab-
olomic analyses and all experiments in the figure legends and cor-
responding method subsections. All analyses were conducted using
either GraphPad Prism or R. The clinicopathological characteristics
were examined using Pearson 42 test and Fisher's exact test. Survival
analysis was examined using Kaplan-Meier methods and log-rank
test. Specifically, for nonparametric data, a two-sided Wilcoxon rank-
sum test was used to compare two unpaired groups; for parametric
data, two-tailed Student's t-test was used to compare two independ-
ent groups. A p-value <0.05 was considered statistically significant.

3 | RESULTS

3.1 | The metabolomic landscape of IMPC showed
a significant increase in arginine methylation marks

To obtainacomprehensive metabolomics profile of resected lesions ob-
tained from our cohort of chemotherapy-naive IDC (n = 26) and IMPC
(n = 25) patients, we performed a targeted liquid chromatography-
mass spectrometry (LC-MS)-based metabolomic analysis (Figure S1A).
The clinical characteristics of the patients are shown in Figure 1A and

Table S1. We detected 149 metabolites in the tissue samples (Table S2),
and a clustering analysis and PCA revealed distinct metabolic profiles
between IDC and IMPC (Figure 1B,C). Indeed, the global distribu-
tion of metabolic classes in IMPC was the most highly enriched with
amino acids, at 55.17%, followed by organic acids (17.24%), nucleosides
(10.34%), nucleotides (3.45%), carbohydrates (3.45%), and ~10-11%
metabolites of other types, whereas the vast majority of metabolites in
IDC were in the nucleotide class (Figures 1D, S1B). Moreover, we iden-
tified 20 significantly differential metabolites in IMPC versus IDC (14
with decreased and 6 with increased abundance; Wilcoxon rank-sum
test, p-value <0.05 and fold change >2 or <0.5). Notably, a marked el-
evation in the arginine methylation-associated metabolites MMA and
ADMA-SDMA was found in the IMPC patients compared with the IDC
group (Figure 1E; Table S3). In addition, the most significantly down-
regulated metabolites in IMPC were GSSG, inosine, and adenosine,
which are related to glutathione metabolism and purine metabolism,
respectively (Table S3). However, glutathione metabolism and purine
metabolism have been reported to be enhanced in tumor cells, in
which elevated levels promote tumor progression.3%3! Furthermore,
a KEGG pathway-based analysis showed that arginine biosynthesis
and metabolism pathways were significantly upregulated in IMPC
(Figure S1C). The levels of arginine, MMA, and ADMA-SDMA were
higher in tumor samples from IMPC patients than those from IDC pa-
tients (Figure S1D). Taken together, the aberrant arginine methylation
might be highly involved in the malignant biological behaviors of IMPC.
Here, we concentrated on arginine methylation because it is a crucial

regulator of processes seized by cancer cells to ensure survival.?%?2

3.2 | High levels of PRMT3 are positively
correlated with poor prognosis in IMPC patients

We next investigated the levels of nine PRMTs in our patient co-
hort and found that only PRMT3 mRNA was significantly upregu-
lated in tumor samples from IMPC compared with those from
IDC (Figure 2A). Consistently, higher PRMT3 protein levels were
observed in the IMPC group than in the IDC group (Figures 2B,C,
S2A). Furthermore, tumor samples from 209 patients (n = 105 with
IDC and n = 104 with IMPC) were used to detect PRMT3 expres-
sion by IHC staining. Greater PRMT3 expression was observed in
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FIGURE 3 PRMT3 promoted breast cancer cell proliferation and invasion in vitro. (A) MDA-MB-231 cells after PRMT3 knockdown

were collected, and the PRMT3 protein levels were determined using western blot analysis. (B) Cell proliferation of MDA-MB-231 cells

and PRMT3-knockdown MDA-MB-231 cells at the indicated time. (C, D) Representative image showing wound healing at 0 and 48h (C)

and quantitative analysis of the migration distance of the MDA-MB-231 cells transfected with an empty vector and PRMT3 shRNAs (D).

(E) MDA-MB-231 cells stably transfected with shRNA constructs were transiently transfected with the expression vectors encoding either
pSin (Vector) or recombinant PRMT3 gene (Flag-PRMT3) and the resulting cells were analyzed by western blotting. (F) Cell proliferation for
control and PRMT3 knockdown MDA-MB-231 cells with or without knock-in PRMT3. (G, H) Quantitative analysis (G) and representative
image (H) of the migration distance for control and PRMT3 knockdown MDA-MB-231 cells with or without knock-in PRMTS3. (I) MCF10A
cells derived from nontumorigenic epithelial cells after PRMT3 overexpression were collected, and the PRMT3 protein levels were
determined by western blot analysis. (J) Cell proliferation of MCF10A cells and PRMT3-overexpression MCF10A cells at the indicated

time. (K, L) Representative image showing the wound-healing assay at 0 and 48 h (K) and quantitative analysis of the migration distance of
MCF10A cells transfected with an empty vector and Flag-PRMT3-WT (L). (M) Effect of treating MDA-MB-231 cells with the PRMT3 inhibitor
SGC707 was shown by immunoblotting for panasymmetric dimethylarginine (ADMA) detection. (N) Cell proliferation of MDA-MB-231 cells
treated with SGC707 (4 uM) and SGC707 (8 uM) at the indicated time. (O, P) Representative image showing the wound-healing assay at O and
48h (O) and quantitative analysis of the migration distance of MDA-MB-231 cells treated with SGC707 (P). Scale bars = 200 um. The data
are presented as the mean +SD of three independent experiments. *p <0.05, **p <0.01, ***p <0.001 (two-tailed Student's t-test).

the IMPC samples, whereas weaker IHC staining was observed in
the IDC samples (Figures 2D, S2B; Table S4). To further assess the
clinical relevance of PRMT3 in IMPC, we analyzed the correlation of
PRMTS3 expression with the overall survival (OS) and disease-free
survival (DFS) of 104 IMPC patients. Patients with IMPC and high
levels of PRMT3 showed a decreased OS and DFS compared with
patients with IMPC and low levels of PRMT3 (Figure 2E,F). In ad-
dition, we explored the clinicopathological characteristics of 104
IMPC patients with high or low levels of PRMT3 (Table S5). The data
showed that high PRMT3 expression was positively correlated with
tumor size, histological grade, lymph node metastasis, and the pro-
liferative marker Kié7 (Figure 2G-J), but the levels of PRMT3 were
not related to estrogen receptor (ER), progesterone receptor (PR),
or human epidermal growth factor receptor 2 (HER2) (Figure S3A-
C). Subsequently, we explored the association between PRMT3
expression and breast cancer progression based on a dataset of
metastatic breast cancer from The Cancer Genome Atlas (TCGA).
Notably, TCGA data showed typically high PRMT3 expression levels
in metastatic breast cancer tissues relative to nontumor tissues (p-
value = 1.93e-11; Figure S3D). Correlation analysis showed a weak
association between the high expression of PRMT3 and the breast
cancer metastasis-related genes cyclin D1, MYC,3%%% and Ki67
(Figure S3E-G). These results demonstrated a clear relationship be-

tween PRMT3 and the clinical aggressiveness of IMPC.

3.3 | PRMT3 regulates cell proliferation and
migration in vitro

Next, we detected the expression of PRMT3 in multiple breast can-
cer cell lines. The PRMT3 levels in MDA-MB-231, HCC1937, MCF7,
and T47D cells were increased relative to those in MCF10A cells,
which are derived from nontumorigenic breast epithelial cells, at
both the transcript and protein levels (Figure S4A,B). We used the
MDA-MB-231 and HCC1937 aggressive breast cancer cell lines to
establish PRMT3 knockdown by cotransduction of lentivirus encod-
ing short hairpin RNAs (shRNAs) specific to PRMT3 (Figures 3A,
S4C). Downregulation of PRMT3 expression via shRNAs significantly

decreased the proliferation of both MDA-MB-231 and HCC1937
cells relative to control cells (Figures 3B, S4D). In the PRMT3 shRNA
groups, the migration distance of the MDA-MB-231 and HCC1937
cells at 48h was significantly reduced relative to that of the con-
trol cells (Figures 3C,D, S4E,F). To test whether the re-expression
of PRMT3 rescued the knockdown phenotype, we transfected the
expression vector encoding recombinant PRMT3 gene into PRMT3-
knockdown MDA-MB-231 and HCC1937 cell lines (Figures 3E, S4G).
Restoration of PRMT3 resulted in markedly increased cell prolifera-
tion and migration, essentially like control cells (Figures 3F-H, S4H-
J). Furthermore, we generated PRMT3-overexpressing MCF10A cell
lines (Figure 3l). As shown in the cell growth curve, PRMT3 over-
expression promoted the proliferation of wild-type MCF10A cells
(Figure 3J). The cell migration distance showed a significant increase
in PRMT3-overexpressing MCF10A cells compared with control
cells (Figure 3K,L). In addition, we followed the growth and migra-
tion of MDA-MB-231 cells after treatment with the PRMT3 inhibitor
SGC707. The production of ADMA catalyzed by PRMT3 was signifi-
cantly reduced in a dose-dependent manner, but the PRMT3 levels
were not changed (Figure 3M). Importantly, the PRMT3 inhibitor
exerted a suppressive effect on the growth and migration of MDA-
MB-231 cells (Figure 3N-P). PRMT1 has previously been reported to
promote the proliferative and metastatic capabilities of breast can-
cer.?>%4 To investigate whether PRMT3 exerts its molecular func-
tions independently of PRMT1, we established PRMT1-knockdown,
PRMT3-knockdown, and double PRMT1- and PRMT3-knockdown
MDA-MB-231 cell lines and analyzed their proliferation and migra-
tion. As expected, depletion of either PRMT1 or PRMT3 reduced cell
growth and migration distance, while depletion of both PRMT1 and
PRMT3 led to a further reduction in cell proliferation and migration
(Figure S4K-N).

3.4 | PRMT3 was required for tumor growth and
metastasis in vivo

To evaluate the role played by PRMT3 in breast cancer pathogen-
esis in vivo, we implanted shPRMT3 MDA-MB-231 or shPRMT3
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FIGURE 4 PRMT3 promoted the tumorigenic capacity of breast cancer cells in vivo. (A-C) shPRMT3 or shGFP MDA-MB-231 cells were
directly injected into the mammary fat pad of female BALB/c nude mice (n = 5). Tumor growth was measured every 5 days for a period of
40days post-implantation (A). Tumors were measured and isolated at the time of mouse sacrifice (B, C). (D-F) shGFP MDA-MB-231 cells
were directly injected into the mammary fat pad of female BALB/c nude mice (n = 5) followed by treatment with the PRMT3 inhibitor
SGC707. Tumor growth was measured every 5days for a period of 40days post-implantation (D). Tumors were measured and isolated at the
time of mouse sacrifice (E, F). (G) Representative IHC images showing ADMA in the isolated tumor samples from mice. ADMA was confirmed
to be a brown color in the IHC assays with anti-ADMA antibody. (H, I) To detect tumor metastasis after SGC707 treatment, female BALB/c
nude mice (nh = 5) were intravenously injected with shGFP MDA-MB-231 cells and treated with SGC707. Representative images of H&E
showing an obvious reduction in liver (H) and lung (I) metastatic foci. Scale bars indicate 100 um. The data are presented as the mean + SD.
*p<0.05, **p<0.01 (two-tailed Student's t-test)
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FIGURE 5 PRMT3 increased H4R3me2a levels. (A) Factors associated with PRMT3 in silver-stained gel. The arrow denotes FLAG-tagged
PRMT3 in the silver-stained gel. MW, molecular weight. (B) Subcellular localization analysis showing that PRMT3-binding proteins were
mainly nuclear proteins. Extracts from MDA-MB-231 cells ectopically expressing FLAG (Ctrl) or FLAG-PRMT3 were purified with anti-FLAG
M2 beads and eluted with the FLAG peptide. The elution was analyzed by mass spectrometry. (C) GO annotation of PRMT3-associated
proteins demonstrated that DNA binding and nucleic acid binding were significantly high (p <0.05). (D) Volcano plot showing significantly
differentially interacting proteins (p <0.05 and fold change >2 or <0.5) in the PRMT3 group versus the control group. (E) PRMT3 knockdown
suppressed H4R3me2a in MDA-MB-231 cells. (F) PRMT3 knockdown decreased the association of H4R3me2a with PRMT3 in MDA-MB-231
cells. (G) Association of H4R3me2a with PRMT3 in MDA-MB-231 cells was significantly increased compared with that in MCF10A cells.

(H) Forced expression of PRMT3 enhanced the association of H4R3me2a with PRMT3 in MCF10A cells. (I) Representative images showing
H4R3me2a expression in IMPC and IDC tumor samples. Scale bars = 100 pm.

HCC1937 cells into female BALB/c nude mice. We observed that
PRMT3-depleted tumors showed dramatic decreases in final
tumor volume and tumor growth rate (Figures 4A-C, S5A-C). To
explore the clinical relevance of the PRMT3 inhibitor, we treated
nude mice injected with shGFP MDA-MB-231 cells with SGC707,
a specific inhibitor of PRMTS3, and found that tumor growth was
significantly suppressed by the inhibitor (Figure 4D-F). The
tumor samples also showed decreased levels of ADMA after
SGC707 treatment (Figure 4G). In addition, mice not treated
with SGC707 exhibited cachexia, as indicated by weight loss
and multiple macroscopic metastatic foci, whereas mice treated
with SGC707 showed significant attenuation of this phenotype
(Figure S5D,E). A histological examination revealed that mice
bearing shGFP-expressing MDA-MB-231 cells had developed
noticeable liver and lung metastases (Figure 4H,l). In contrast,
SGC707 treatment substantially inhibited tumor cell metasta-
sis (Figure 4H,l). Together, these data strongly suggested that
PRMTS3 plays an oncogenic role in vivo and that PRMT3 inhibi-
tors are promising therapeutic treatments for human breast
cancer.

3.5 | PRMT3 increases the levels of H4R3me2a

To elucidate the potential molecular mechanisms by which PRMT3
overexpression may enhance breast cancer progression in vitro
and in vivo, we performed affinity purification combined with mass
spectrometry with FLAG-tagged PRMT3-overexpressing MDA-
MB-231 cells to identify PRMT3 substrate specificity (Figure 5A).
In addition to programmed cell death 2-like (PDCD2L) and 40S
ribosomal protein $2 (RPS2), two known substrates of PRMT3,%%3¢
PRMT3-associated proteins were mainly nuclear proteins, as re-
vealed by mass spectrometry analysis (Figure 5B). Notably, a GO
analysis of molecular function implicated PRMT3-associated pro-
teins in DNA binding and nucleic acid binding; these substrates
included histone H4, histone H2A, histone H2B, and histone H2B
type 2-C (Figure 5C,D). Type | arginine methyltransferases regu-
late the asymmetric demethylation of the third arginine residue
on histone H4 (H4R3me2a) to promote gene expression, and ab-
errant H4R3me2a has been linked to cancer.’”2® Therefore, we
speculated that PRMT3 promoted the H4R3me2a modification.
Western blotting revealed that PRMT3 knockdown led to a dose-
dependent reduction in H4R3me2a levels in MDA-MB-231 cells,

implying that PRMT3 is a potential regulator of histone H4 argi-
nine methylation (Figure 5E). This interaction appears direct and
bona fide, as a co-IP assay confirmed that the H4R3me2a level
was regulated by exogenously overexpressed PRMT3 in normal
breast epithelial cells (MCF10A cells) and by endogenous PRMT3
knockdown in MDA-MB-231 cells (Figure 5F-H). Notably, the
H4R3me2a level was significantly elevated in IMPC patients with
high PRMT3 expression compared with the level in IDC patients
(Figure 5I).

3.6 | PRMT3 regulated the ER stress
signaling pathway

PRMTs epigenetically regulate gene expression.?*” We hypothe-
sized that a mechanism by which PRMT3 regulates breast cancer cell
proliferation and invasion involves transcriptional control. To test
this hypothesis, we transfected lentivirus-encoded shRNA specific
to PRMT3 in MDA-MB-231 cells and performed RNA sequencing.
Efficient PRMT3 knockdown induced a substantial change in the
transcriptional profile, with the majority of genes showing down-
regulated expression (n = 404 genes were downregulated; n = 195
genes were upregulated significantly), which suggested that PRMT3
knockdown suppressed transcription (Figure 6A). Enrichment analy-
sis of the 404 significantly downregulated genes based on the GO
and KEGG database identified that several ER stress-related and
UPR-related signaling pathways showed the most significant re-
sponse to PRMT3 knockdown (Figures 6B, S6A). Assessing an MA
plot of filtered DEGs to perform GSEA, we found that the UPR path-
way was significantly downregulated in PRMT3-knockdown breast
cancer cells (Figures 6C, S6B). A heatmap analysis also showed that
PRMT3 knockdown significantly decreased the expression of UPR-
related genes (Figure 6D). Consistent with this finding, the mRNA
levels of UPR-related genes were downregulated by PRMT3 knock-
down in MDA-MB-231 cells (Figure 6E). Because we demonstrated
that PRMTS3 facilitated the H4R3me2a modification, we hypoth-
esized that PRMT3-activated ER stress was mediated mechanisti-
cally through increased H4R3me2a. To investigate this possibility,
we performed ChIP sequencing to measure the genome-wide oc-
cupancy of H4R3me2a in MDA-MB-231 cells with PRMT3 knocked
down or GFP knocked down. H4R3me2a was mainly localized
around regions between a TSS and a TES, with a greater abundance
near the TSS site (Figures 6F, S6C). H4R3me2a was localized around
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FIGURE 6 PRMT3 regulated the endoplasmic reticulum stress signaling pathway. (A) Volcano plot showing RNA-seq data of differentially
expressed genes (DEGs) between PRMT3-knockdown and GFP-knockdown MDA-MB-231 cells; 404 genes were downregulated, and

195 genes were upregulated (fold change >2 or <0.5 and p <0.05). (B) For the analysis of PRMT3-knockdown-mediated transcription,

GO analysis showed that endoplasmic reticulum stress and UPR-related signaling pathways (indicated with red letters) were the most
significantly enriched. (C) A GSEA showing that PRMT3 knockdown led to UPR pathway downregulation. (D) Heatmap showing the gene set
in UPR as identified by GSEA. (E) Real-time qPCR validation of UPR-related genes normalized to the expression of GAPDH in MDA-MB-231
cells. (F) Meta profile of the H4R3me2a ChlP-seq signal at the region between the TSS and TES in PRMT3-knockdown and GFP-knockdown
cells. (G) Heatmap showing H4R3me2a signals within a window of 5 kb in the region between the TSS and the TES in PRMT3-knockdown
and GFP-knockdown cells. (H-J) Enrichment of H4R3me2a (H), H3K4me3 (1) and Pol Il (J) or rabbit IgG at ER stress-related gene promoters

as determined by ChIP-qPCR. The data are presented as the mean +SD. *p <0.05, **p <0.01, ***p <0.001 (two-tailed Student's t-test).

FIGURE 7 PRMT3 promoted
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potential molecular mechanism by which
PRMT3 plays a key role in promoting the
proliferation and metastasis of cancer
cells. The elevated expression of PRMT3
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ER stress-related genes to facilitate
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the TSS of promoters and the regions from the TSS to the TES that
exhibited a more marked reduction in PRMT3 knockdown com-
pared with GFP knockdown (Figures 6F,G, S6C,D). PRMT3 knock-
down caused a pronounced reduction in H4R3me2a signals at the
genomic loci of ER stress-related genes (Figure S6E). Furthermore,
ChIP-gPCR showed that PRMT3 knockdown significantly decreased
the occupancy of H4R3me2a in the promoter region of ER stress-
related genes (Figure 6H). H3K4me3 and Pol Il, two markers known

to promote gene transcription,40

were significantly enriched in the
promoter regions of ER stress-related genes, which was consistent
with the changes in the H4R3me2a level (Figure 6H,lI). Notably, the
occupancy of H3K4me3 and Pol Il localized at the promoter of ER
stress-related genes seemed to depend on PRMT3 regulation of
H4R3me2a occupancy (Figure 6H,l). These results suggested that
the H4R3me2a modification regulated by PRMT3 was consistent
with the functions of the classical histone modification H3K4me3
and Pol I, which drove ER stress-related gene expression. ER

stress and UPR have been reported to promote the proliferation

and metastasis of tumor cells.***? Finally, we measured the levels
of ER stress-related proteins in the tumor tissues from IMPC and
IDC patients by IHC assays. These ER stress-related proteins were
expressed at low levels in the IDC group, and higher expression lev-
els were observed in IMPC patients with high PRMT3 expression
(Figure S7A,B). Moreover, we observed that high PRMT3 expression
positively correlated with ER stress-related protein expression in the
IMPC group (Figure S7C).

4 | DISCUSSION

As much of the current understanding of the malignant biological
behavior of IMPC is based on clinical investigations,‘w'46 the char-
acterization of the metabolic reprogramming in IMPC is urgently
needed to clarify the molecular mechanisms underlying its high in-
vasive and metastatic behaviors and to establish a promising scien-
tific basis for clinical treatment. In this study, targeted metabonomic
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analysis of IMPC tumor samples followed by mechanistic verification
analyses led to the following conclusions: (1) the metabolomic pro-
file of IMPC revealed elevated arginine methylation; (2) PRMT3 was
overexpressed in IMPC and elevated PRMT3 levels correlated with
poor clinical prognosis; (3) PRMT3 was identified as a key molecule
in regulating the proliferation and metastasis of breast cancer cells
both in vitro and in vivo; (4) mechanistic studies demonstrated that
PRMT3 might facilitate the occupancy of H3K4me3 and Pol Il on ER
stress-related genes by regulating H4R3me2a, promoting the prolif-
eration and invasion of breast cancer cells (Figure 7).

Breast cancer, as a highly heterogeneous disease, is classified by
different histological subtypes, clinical symptoms, and prognoses.47
Metabolomics is a powerful tool for identifying cancer biomarkers
and risk factors driving tumorigenesis and tumor progression.*® To
date, studies on metabolism in breast cancer have mainly focused
on characterizing triple-negative breast cancer (TNBC) with high
metastatic capacity and relatively poor prognosis.*>*° Compared
with TNBC, IMPC has been reported to exhibit larger tumor volume,
greater lymphovascular invasion, and lymph node involvement, and
has led to a worse prognosis.®! However, few investigations into the
metabolic profile of IMPC have been reported, possibly because the
rare incidence of IMPC means that few tumor samples are available.*
A previously reported in vivo experiment confirmed that arginine
deficiency significantly inhibited small-cell lung cancer proliferation
and promoted mouse survival.>? Interestingly, arginine biosynthesis
appears to play an important role in IMPC and TNBC. For example,
ASL and NOS, two critical enzymes in arginine synthesis, are essen-
tial for maintaining the proliferation and invasion of TNBC cells. 5354
Although the metabolite changes related to ASL and NOS enzymes
have not been identified in IMPC, high levels of arginine and argi-
nine methylation products (MMA and ADMA-SDMA) were found
in IMPC (Figure 1). Thus, we believe the biosynthesis and metabo-
lism of arginine play important roles in the malignant progression of
breast cancer.

PRMTs catalyze protein arginine methylation and exert molec-
ular functions through epigenetically mediated gene transcription,
regulation of the DNA damage response, and immune surveillance.?!
A recent study showed that PRMT1 methylated the histone methyl-
transferase EZH2, promoting the metastasis of breast cancer cells.3*
In addition, PRMT5 recruits SET1 by catalyzing the symmetrical di-
methylation of H3R2me2s to promote H3K4me3 localization at the
FOXP1 promoter, maintaining the proliferation and self-renewal of
breast cancer stem cells.”® As studies have progressed, PRMTs have
rapidly attracted interest as novel cancer drug targets. However,
tumor-specific PRMT expression has rarely been studied. In this
study, an analysis of a large number of tumor samples revealed high
tissue-specific PRMT3 expression in IMPC (Figure 2), providing a
novel direction for the accurate diagnosis and treatment of IMPC.

A recent discovery revealed that PRMT3 preferentially methyl-
ated histone H4 in vitro.>® Consistent with this finding, we demon-
strated with mass spectrometry analysis that PRMT3 interacted
with histone H4 in MDA-MB-231 cells and facilitated H4R3me2a

in a dose-dependent manner (Figure 5). H4R3me2a promotes

gene transcription by recruiting the MLL protein to promote the
H3K4me3 modification.’” H3K4me3 is an epigenetic modification
that is widely found at promoter-proximal nucleosomes of protein-
coding genes in a variety of cells, including breast cancer cells.”8>?
H3K4me3 covers the majority of the genome and is positively cor-
related with gene transcription frequency.®® Notably, our data con-
firmed that PRMT3 knockdown significantly reduced H4R3me2a
at the promoter region (Figure S6C,D), which might attenuate MLL
recruitment to decrease H3K4me3 modification, leading to repress
gene expression. However, a heatmap analysis showing the distri-
bution of H4R3me2a on full-length genes showed that PRMT3
knockdown not only reduced H4R3me2a near the promoter but also
significantly reduced the H4R3me2a signals localized at the TES of
genes (Figure 6F,G). Whether this effect changes gene transcription
remains to be determined.

The ER stress response, also termed the UPR, is a mechanism
that maintains endoplasmic reticulum homeostasis.** Carcinogenic
transformation requires the UPR to overcome a variety of obsta-
cles.®! The sustained activation of the UPR ensures that cancer cells
adapt to the high rate of protein synthesis to meet increased met-
abolic needs.*? Furthermore, metastatic foci caused by DTCs show
high UPR activation. For example, activation of the UPR in breast
and colon cancers induced dormancy in tumor cells by enabling
their resistance to the harsh environments of distal organs.®? Our
results showed that the knockdown of PRMT3 in breast cancer cells
was accompanied by a decrease in the expression of UPR-related
genes (Figure 6B-E), which suggested that PRMT3-mediated ER
stress might be an important event in tumor growth and metastasis.
Notably, we detected high levels of UPR-related proteins in IMPC
patients that were positively correlated with high PRMT3 expres-
sion (Figure S7). Therefore, we speculated that PRMT3-mediated
ER stress might be related to the high invasion and metastasis be-
haviors of IMPC, and we will explore this in follow-up research.

In summary, we identified a large-scale targeted metabolomics
analysis of aberrant arginine methylation and elevated PRMT3 ex-
pression in IMPC. Significantly, our study revealed a novel potential
regulatory mechanism in which PRMT3 promoted the prolifera-
tion and metastasis of breast cancer cells through the regulation of
H4R3me2a and ER stress, which provides a valuable reference for
clinical intervention and diagnosis. However, whether this pathway
can be adopted as a widely applicable mechanism for IMPC and
other highly metastatic breast cancers remains to be determined.
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