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Aberrant promoter hypermethylation inhibits RGMA expression
and contributes to tumor progression in breast cancer
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Breast cancer (BC) is the most common cancer in women worldwide, and the exploration of aberrantly expressed genes might
clarify tumorigenesis and help uncover new therapeutic strategies for BC. Although RGMA was recently recognized as a tumor
suppressor gene, its detailed biological function and regulation in BC remain unclear. Herein, we found that RGMA was
downregulated in BC tissues compared with non-tumorous breast tissues, particularly in metastatic BC samples, and that patients
with low RGMA expression manifested a poorer prognosis. Furthermore, DNMT1 and DNMT3A were found to be recruited to the
RGMA promoter and induced aberrant hypermethylation, resulting in downregulation of RGMA expression in BC. In contrast, RGMA
overexpression suppressed BC cell proliferation and colony-formation capabilities and increased BC cell apoptosis. Furthermore,
RGMA knockdown accelerated BC cell proliferation and suppressed cellular apoptosis in vitro and in vivo. Reversal of RGMA
promoter methylation with 5-Aza-CdR restored RGMA expression and blocked tumor growth. Overall, DNMT1- and DNMT3A-
mediated RGMA promoter hypermethylation led to downregulation of RGMA expression, and low RGMA expression contributed to
BC growth via activation of the FAK/Src/PI3K/AKT-signaling pathway. Our data thus suggested that RGMA might be a promising

therapeutic target in BC.
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INTRODUCTION

Breast cancer (BC) is the most commonly diagnosed malignancy
and the leading cause of cancer-related deaths among women
worldwide [1]. Despite the recent advances in comprehensive
therapies for BC, its prognosis remains unsatisfactory. The
tumorigenic and malignant progression of BC is tightly associated
with genetic and epigenetic mechanisms [2, 3], and it is therefore
essential to explore the relevant underlying molecular mechan-
isms and uncover novel therapeutic targets so as to improve the
efficacy of BC-treatment strategies.

Repulsive guidance molecule A (RGMA), a glycosylphospha
tidylinositol-anchored cell membrane-associated protein pri-
marily functions in the central nervous system, regulates axonal
guidance and neural differentiation and plays a crucial role in
autoimmune encephalomyelitis and Parkinson’s disease [4-6].
Accumulating evidence has demonstrated that RGMA, together
with its associated receptor, is linked to the pathogenesis of
carcinogenesis, including prostate cancer, colon cancer, and
oral squamous cell carcinoma [7-9]. Investigators previously
reported that methylation was the predominant mechanism
subserving the downregulation of RGMA in colon cancer, and
methylation-specific PCR (MSP) analysis showed that RGMA was
frequently silenced by promoter methylation in colon cancer
tissues, adenomas, and colon cancer cell lines but not in normal

colonic tissues. 5-Aza-CdR treatment restored RGMA expression
in colon cancer cell lines [10], and high RGMA expression
inhibited cancer cell migration and angiogenesis by down-
regulating VEGF [11]. Xiao et al. reported that high expression
of RGMA was significantly associated with improved luminal BC
prognosis [12], and in our previous study, we demonstrated
that RGMA served as a target gene of miR-4472, a metastasis-
promoting miRNA. Downregulation of RGMA by miR-4472
accelerates BC aggressiveness via the epithelial-to-mesenc
hymal transition [13], indicating that silencing of RGMA might
be involved in tumorigenesis. Moreover, RGMA shows frequent
hypermethylation in the promoter region in colon cancer [10].
However, there are no detailed studies published on the
methylation status and governing molecular mechanisms with
respect to RGMA in BC.

In the present study, low expression of RGMA was associated
with malignant growth and a poorer prognosis, and we showed
that RGMA functioned as a tumor suppressor in BC. DNMT1- and
DNMT3A-mediated promoter hypermethylation also resulted in
the downregulation of RGMA expression. Furthermore, RGMA
inactivated the FAK/Src/PI3K/AKT-signaling pathway to suppress
tumor progression in BC. Our study thus revealed a novel role for
RGMA in suppressing BC growth, which might provide a
potential therapeutic strategy for BC treatment.
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RESULTS LNM-negative tissues (Fig. 1D-H). These results suggested that
The expression of RGMA is downregulated in BC tissues, RGMA could be a tumor suppressor gene in BC.
particularly in metastatic BC tissues
We first used the publicly available UALCAN web-tool to analyze RGMA is associated with clinicopathological parameters and a
the expression of RGMA in BC and noted that RGMA mRNA levels favorable prognosis in BC patients
were significantly downregulated in BC tissues compared to We explored the correlation between RGMA expression and a
normal mammary samples (normal, n=114; tumor n=1097; series of clinicopathological characteristics that included age,
Fig. 1A) and the expression level of RGMA decreased commen- tumor size, lymph node metastases, pathological tumor node
surately with advanced tumor stage (Fig. 1B). In addition, the metastasis (0 TNM) grade, status of estrogen receptor (ER), status
RGMA promoter methylation level was significantly elevated in of progesterone receptor (PR), and human epidermal growth
primary BC tissues relative to normal tissues (Fig. 1C). factor receptor-2 (HER2), and the molecular classification used on
We then investigated a cohort of 116 Chinese women with BC at the data from the 116 patients. Analysis of the clinicopatholo-
our hospital (the Qilu 116 BC cohort) by immunohistochemistry (IHC) gical parameters demonstrated much lower expression of RGMA
and observed cellular staining for RGMA in both the membrane and in LNM-positive tissues relative to LNM-negative tissues. More-
the cytoplasm. IHC results revealed that RGMA displayed weaker over, augmented RGMA expression was significantly correlated
expression in BC tissues than in nontumorous breast tissues and that with earlier T stage and positive ER and PR status (Table 1).
the expression exhibited a gradual diminution from nontumorous Furthermore, receiver operator characteristic (ROC) curves
breast tissues via ductal carcinoma in situ to invasive ductal showed that RGMA expression could be used to distinguish
carcinoma. Intriguingly, RGMA expression in lymph-node metastasis patients with or without LNM, with an area under the ROC curve
(LNM)-positive BC tissues was significantly attenuated compared to (AUQ) of 0.6614 (Fig. 11).
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Fig. 1 RGMA was downregulated in BC. A RGMA expression was significantly downregulated in BC tissues compared with normal mammary
tissues from TCGA databases using UALCAN. B The UALCAN database showed that RGMA expression was significantly correlated with tumor
grades. As tumor grades increased, the expression of RGMA tended to be lower. C The UALCAN database showed that RGMA methylation
level was elevated in primary BC tissues relative to normal tissues. D RGMA expression was downregulated in lymph-node-metastasis (LNM)
-positive cancer tissues compared to LNM-negative tissues in 116 BC cohort. E-H Representative images of RGMA protein expression
examined by immunohistochemistry (IHC) staining in nontumorous breast tissues (E), ductal carcinoma in situ tissues (F), invasive ductal
carcinoma without LNM (G) and invasive ductal carcinoma with LNM (H). | Area under the receiver operator characteristic (ROC) curve for
RGMA in differential diagnosis of breast cancer with and without lymph node metastasis (AUC = 0.6614, P =0.003). J and K Kaplan-Meier
curves showed that patients with higher RGMA expression have better overall survival (OS)(J) and disease-free survival (DFS)(K) in 116 BC
cohort. L The publicly accessible Kaplan-Meier Plotter database showed patients with higher RGMA expression have better relapse-free
survival than patients with lower RGMA expression.
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Table 1. Correlation between RGMA expression and
clinicopathological features of 116 BC cohort.
Variable n RGMA p
expression
Low High
Ages (years)
<40 17 10 7 0.473
>40, <60 82 38 44
>60 17 10 7
Lymph node metastases
Negative 50 19 31 0.024
Positive 66 39 27
pTNM stage
| 23 6 17 0.081
Il 49 27 22
1] 38 22 16
\% 6 3 3
pT stage
T1 39 13 26 0.012
T2 70 39 31
T3 7 6 1
pN
NO 50 19 31 0.118
N1 28 17 11
N2 23 12 11
N3 15 10 5
Distant metastases
Mo 109 54 55 0.364
M1 7 4 3
ER status
Negative 28 20 8 0.009
Positive 88 38 50
PR status
Negative 27 20 7 0.004
Positive 89 38 51
HER2 status
Negative 75 34 41 0.174
Positive 41 24 17
Molecular classification
Luminal A 32 14 18 0.110
Luminal B 60 27 33
HER-2+ 1 8 3
Triple-negative 6 5 1
Missing 7 4 3

Bold values indicate statistical significance P < 0.05.

Validation of RGMA in TCGA breast invasive carcinoma (BRCA)
cohort was then chosen for further analysis of the relationship
between its expression and clinicopathological parameters in
TCGA cohort. As shown in Supplementary Table S4, the RGMA
expression level was attenuated in older patients, and high RGMA
expression was significantly correlated with negative lymph node
metastasis and earlier T stage.

To further examine the prognostic values for RGMA in patients
with BC, we implemented survival analysis using the data from the
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116 patients. Kaplan-Meier survival curves showed that patients
with high RGMA expression displayed favorable overall survival
(OS, Fig. 1)) and disease-free survival (DFS, Fig. 1K). Moreover, to
determine whether low RGMA expression was an independent
prognostic factor for BC, we performed a univariate analysis
followed by a multivariate cox proportional hazards analysis. The
univariate analysis suggested that RGMA expression, lymph node
metastasis, and tumor stage were significantly correlated with OS
of BC patients (Table 2, P < 0.05), and multivariate analysis showed
that RGMA expression was not an independent prognostic
predictor for OS or DFS (HR=0.461, 0.210-1.012 [95% Cl], P=
0.054; and HR=0.507, 0.224-1.151 [95% Cl], P=0.104; respec-
tively); however, these data still supported RGMA as a protective
factor (HR < 1) for patient survival.

Consistent with these results, using the publicly accessible
Kaplan-Meier plotter bioinformatics analysis platform, we further
showed that BC patients with elevated expression of RGMA
exhibited better relapse-free survival (Fig. 1L). These findings
demonstrated that RGMA served as a prognostic marker in BC.

DNMT1- and DNMT3A-mediated RGMA promoter
hypermethylation results in the downregulation of RGMA in
BC cells

As described in the preceding text, RGMA was downregulated in
BC, and recent studies reveal that DNA methylation is an early
event in the process of carcinogenesis and that it gradually
increases during tumor progression [14]. A previous study
reported that RGMA was frequently silenced by promoter
methylation in colon cancer [10], and we thus hypothesized that
promoter hypermethylation of RGMA would result in decreased
expression in BC. Furthermore, using the UALCAN web-tool, we
demonstrated that the promoter methylation level of RGMA in BC
tissues was markedly increased compared with normal mamma-
lian tissues (Fig. 1C). These data suggested that hypermethylation
of the RGMA promoter contributed to the downregulation of
RGMA expression in BC.

Based on a previous study [10] and bioinformatic analysis, the
CpG site and primers for our methylation study were presented
in Supplementary Fig. STA. To select appropriate BC cell lines to
study the function of RGMA, we selected T47D, MCF-7, MCF-7/
ADM, MDA-MB-231, and MDA-MB-468 cells to examine RGMA
expression. Our results showed higher mRNA and protein
expression levels for RGMA in MDA-MB-468 cells than in T47D,
MCF-7, MCF-7/ADM, or MDA-MB-231 cells, while RGMA expres-
sion in T47D and MCF-7 cells was reduced (Supplementary
Fig. S1B and Q).

MSP assays confirmed that MDA-MB-231 and MDA-MB-468
possessed low promoter methylation levels, whereas MCF-7/
ADM and T47D cells exhibited enhanced levels (Fig. 2A). The
demethylating agent 5-Aza-CdR significantly reversed RGMA
promoter hypermethylation (Fig. 2B), and RT-qPCR and western
blotting analyses revealed significantly elevated RGMA mRNA
and protein expression levels after treatment with 5-Aza-CdR
(Fig. 2C and D). Thus, DNA methylation appears key to inhibiting
RGMA expression.

Given that DNA methyltransferases (DNMTs) are critical to DNA
methylation, we explored the function of DNMT1, DNMT3A, and
DNMT3B in RGMA methylation. First, we treated the BC cells with
the demethylating agent 5-Aza-CdR, and compared with the
control treatment, 5-Aza-CdR treatment significantly decreased
DNMTs protein levels (Supplementary Fig. S1D-F). When we then
analyzed the correlation between DNMTs and RGMA expression
using TCGA data, we found that RGMA was inversely correlated
with DNMT1, DNMT3A, and DNMT3B (Fig. 2E). Subsequent RT-
dPCR and western blot assays of DNMT1 and DNMT3A knockdown
depicted a significant increase in the expression of RGMA in T47D
and MCF-7/ADM cells. Moreover, silencing DNMT3B expression
also upregulated RGMA expression, but this difference was not as
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Table 2.
Variable Univariate analysis

P value HR
Overall survival
Age (<40 vsa 40, <60 vsa 60) 0.811 1.092
LNM (negative vs positive) 0.010 3.311
PTNM (I vs Il vs Ill vs IV) <0.0001 3.708
RGMA expression (low vs high) 0.046 0.449
Disease-free survival
Age (<40vsa 40, <60vsa 60) 0.824 1.085
LNM (negative vs positive) 0.010 3.289
PTNM (I vs Il vs Ill vs IV) <0.0001 3.656
RGMA expression (low vs high) 0.054 0.461

Bold values indicate statistical significance P < 0.05.

notable (Fig. 2F and G). The interference efficiencies of si-DNMTs
were controlled in RT-gPCR and western blot analysis (Supple-
mentary Fig. S1G-0). Thus, we investigated the effects of DNMT1
and DNMT3A on RGMA methylation levels, and demonstrated that
knockdown of DNMT1 and DNMT3A could reverse RGMA
promoter methylation (Fig. 2H). ChIP assay further disclosed that
DNMT1 and DNMT3A bound to the promoter region of RGMA
(Fig. 21-K). These results thus revealed that DNMT1- and DNMT3A-
mediated RGMA promoter hypermethylation led to downregula-
tion of RGMA expression in BC cells.

RGMA overexpression inhibits BC cell proliferation and colony
formation and increases cellular apoptosis

To verify the functional significance of RGMA expression, we initially
established overexpression of RGMA by cellular transfection with a
pcDNA3.1-RGMA vector, using empty-vector transfection as a
control, and verified transfection efficiency by western blot analysis
(Fig. 3A). In our previous study, we demonstrated that RGMA
inhibited cellular migration and invasion in BC [13], and in the
present study, EdU assay indicated that RGMA overexpression
notably inhibited DNA synthetic activities. Furthermore, CCK8 assay
and colon formation assay revealed suppressed proliferation and
colony formation by RGMA-overexpressing cells (Fig. 3B—F). Flow-
cytometric assay also showed that RGMA overexpression resulted in
enhanced apoptosis in BC cells (Fig. 3G and H). Overall, our findings
supported the view that RGMA overexpression suppressed malig-
nant proliferation and promoted apoptosis in BC cells.

RGMA knockdown promotes BC cell proliferation and colony
formation and inhibits cell apoptosis

Lentivirus-mediated RGMA interference (LV-sh-RGMA) and short
interference siRNAs directed against human RGMA (si-RGMA) were
applied to knockdown the expression of RGMA, and knockdown
efficiency was confirmed by western blotting (Fig. 4A). As shown
in Fig. 4B, RGMA knockdown markedly increased DNA synthetic
activities (Fig. 4B), and CCK8 assay demonstrated that RGMA
knockdown promoted BC cell proliferation (Fig. 4C and D).
Interestingly, RGMA knockdown effectively accelerated colony-
formation abilities (Fig. 4E and F), and flow-cytometric assay
revealed that RGMA knockdown reduced apoptotic rate in BC cells
(Fig. 4G and H). Overall, our findings indicated that RGMA
knockdown promoted malignant proliferation and colony forma-
tion and inhibited apoptosis of BC cells.

RGMA knockdown accelerates BC growth in vivo

In order to scrutinize the roles of RGMA in vivo, MDA-MB-231
cells transfected with LV-shRGMA/LV-shNC (and expressing GFP)
were injected subcutaneously into the axillary fossa of mice, and
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Univariate and multivariate Cox proportional hazards regression analysis of overall survival and disease-free survival after surgery.

Multivariate analysis

95% Cl P value HR 95% Cl

0.533—2.234 0.321 1.475 0.684—3.179
1.333—8.196 0.738 1.180 0.444—3.135
2.173—6.329 <0.0001 3.888 2.161—6.994
0.204—0.987 0.076 0.475 0.209—1.081
0.529—2.224 0.355 1.439 0.666—3.112
1.326—8.197 0.766 1.160 0.436—3.096
2.149—6.220 <0.0001 3.753 2.104—6.693
0.210—1.012 0.104 0.507 0.224—1.151

we then examined the effects of 5-Aza-CdR on BC growth. Forty-
five days later, when the xenograft tumors were harvested, we
showed that xenograft tumor growth, tumor volume, and tumor
weight were significantly augmented in the LV-shRGMA group
compared to the LV-shNC group and that 5-Aza-CdR treatment
suppressed tumor growth (Fig. 5A-D). In addition, tumor
nodules in the LV-shRGMA group displayed more invasion of
the margin and into the surrounding stroma or muscle tissues
than LV-shNC group, while the tumors in the 5-Aza-CdR group
were noninvasive and well-encapsulated (Fig. 5E). These results
suggested that RGMA knockdown increased malignant growth
and invasion by BC, while 5-Aza-CdR could reverse this
phenomenon.

RGMA may function as a tumor suppressor by inhibiting the
FAK/Src/PI13K/AKT/Bcl-2 signaling pathway

Since previous investigators reported that RGMA stimulation
promoted focal adhesion kinase (FAK) dephosphorylation [15], we
measured the effect of RGMA on the expression of total FAK
protein and the phosphorylation levels of FAK. Our results
demonstrated that phosphorylated FAK (p-FAK) was dramatically
increased in BC cells showing RGMA knockdown, and while the
total FAK protein level showed no change. We obtained opposing
results in RGMA-overexpressing cells (Fig. 6A). We then extracted
the protein from the xenograft tumors after LV-sh-RGMA and LV-
sh-NC transfection and demonstrated that compared with the
control group, the LV-sh-RGMA group displayed markedly higher
p-FAK expression, with no major change in total FAK expression
(Fig. 6B).

Several studies suggested that the FAK/Src protein-protein
complex can activate the PI3K/AKT-signaling pathway and then
promote cellular proliferation [16, 17]. Thus, we conjectured that
RGMA inhibited tumor growth by modulating the FAK/Src/PI3K/
AKT-signaling pathway, and explored key related molecules (Src,
p-Src, PI3K, p-PI3K, AKT, and p-AKT) following RGMA knockdown
or overexpression. Compared with negative controls (NC), cells
manifesting RGMA-knockdown showed significantly elevated p-
Src, p-PI3K, and p-AKT levels (Fig. 6A). In addition, when we further
evaluated the relative expression of downstream effector proteins
in the mouse xenograft tumors, we noted dramatically elevated p-
FAK, p-Src, p-PI3K, and p-AKT expression in the LV-sh-RGMA group
compared to the negative control group (Fig. 6B). In contra-
distinction, Src, PI3K, and AKT phosphorylation levels declined in
BC cells upon RGMA overexpression, indicating that RGMA
knockdown could effectively promote FAK phosphorylation and
subsequently activate the FAK/Src/PI3K/AKT-signaling pathway.

Bcl-2 is a downstream effector of the AKT-signaling pathway
and regulates cellular proliferation and apoptosis [18-20]. As we
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Fig.2 DNMT1 and DNMT3A-mediated RGMA promoter hypermethylation led to the RGMA downregulation in BC. A Methylation specific
PCR (MSP) analysis showed very frequent and variable extent of methylation of the RGMA gene promoters in five breast cancer cell lines.
MDA-MB-231 and MDA-MB-468 possessed low promoter methylation levels, whereas MCF-7/ADM and T47D cells exhibited elevated levels.
(M, methylation-specific PCR product; U, unmethylation-specific PCR). B After exposed to DNA methylation inhibitor, 5-Aza-CdR, the promoter
methylation level of RGMA in BC cells was significantly decreased verified by MSP assay. C, D Treatment of 5-Aza-CdR significantly increased
the RGMA mRNA (C) and protein (D) expression levels in BC cells. E The bioinformatics analysis showed that the expression of RGMA was
inversely correlated with DNA methyltransferase (DNMT) family members (DNMT1, DNMT3A and DNMT3B) expression levels based on the
TCGA database. F and G RGMA mRNA and protein expression was measured after BC cells treated with DNMT1 or DNMT3A or DNMT3B siRNA.
DNMT1 and DNMT3A knockdown could significantly increase RGMA expression in T47D and MCF-7/ADM cells. Moreover, silencing DNMT3B
expression also upregulated RGMA expression, but this difference was not as notable. H RGMA promoter methylation status was measured by
MSP assay after BC cells transfected with DNMT siRNA. DNMT1 and DNMT3A knockdown could significantly reverse RGMA promoter
methylation. In addition, DNMT3B knockdown also reversed RGMA promoter methylation, but this difference was not as notable. I-K ChIP
assay demonstrated that DNMT1 and DNMT3A could bind to the promoter area of RGMA in MCF-7/ADM and T47D cells.
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Fig. 3 RGMA overexpression inhibited BC cells proliferation and induced cell apoptosis. A Western blot analysis demonstrated the
overexpression efficiency for the transfection of RGMA overexpression vector pcDNA3.1(+)-RGMA or pcDNA3.1-control. B EAU assays showed
that RGMA overexpression inhibited DNA synthetic ability in BC cells. C and D CCK8 assays showed that RGMA overexpression inhibited cell
proliferation in MDA-MB-231 and MCF-7/ADM cells. E and F Colony-formation assays showed that RGMA overexpression inhibited clone
formation capability of BC cells. G and H Flow cytometry analysis indicated that RGMA overexpression induced cell apoptosis.

observed that RGMA was involved in BC cell proliferation and
apoptosis, we further investigated the effects of RGMA on Bcl-2
expression. Accordingly, knockdown of RGMA upregulated Bcl-2
expression in BC cells, while Bcl-2 was downregulated in the
RGMA-overexpressing cell lines (Fig. 6A and B). Collectively, these
data indicated that knockdown of RGMA enhanced cancer cell
proliferation and apoptotic resistance, which may have been in
part due to activated FAK/Src/PI3K/AKT signaling and the
subsequent upregulation of Bcl-2 expression.

As previously described, 5-Aza-CdR treatment inhibited BC cell
growth via RGMA promoter hypermethylation, and we therefore
further probed the effects of 5-Aza-CdR treatment on the RGMA/
FAK/Src/PI3K/AKT-signaling pathway in mouse xenograft tumors.
Compared with NC, the 5-Aza-CdR group displayed markedly
higher RGMA protein levels but dramatically lower levels of p-FAK,
p-Src, p-PI3K, and p-AKT (Fig. 6B).

5’-Aza-CdR induces hypomethylation due to its ability to inhibit
DNA methyltransferase activity and expression, and we herein
demonstrated that DNMT1- and DNMT3A-mediated RGMA
promoter hypermethylation led to downregulation of RGMA
expression in BC cells. Thus, to further confirm that 5-Aza-CdR

SPRINGER NATURE

treatment-induced inactivation of the FAK/Src/PI3K/AKT-signaling
pathway was dependent upon RGMA hypomethylation, we used
si-DNMT1, si-DNMT3A, or 5’-Aza-CdR to inhibit DNMT1 and
DNMT3A expression in LV-shRGMA cells or control LV-NC cells.
Our results showed that RGMA hypermethylation and inhibition of
RGMA expression could be reversed by DNMT siRNA or its specific
inhibitor (5’-Aza-CdR), as these treatments partially reversed RGMA
knockdown-induced activation of the FAK/Src/PI3K/AKT pathway
in LV-shRGMA cells compared to control cells. (Fig. 2 and Fig. 6C).
Given these findings, 5-Aza-CdR treatment restored RGMA
expression by inhibiting DNMT1 and DNMT3A expression and
inducing demethylation, which in turn further obstructed the FAK/
Src/PI3K/AKT-signaling pathway and contributed to the suppres-
sion of BC growth.

DISCUSSION

BC is a heterogeneous disease that exhibits diverse genetic
alterations, and the identification of genes associated with
malignant tumors might therefore be of great importance in
cancer diagnosis and treatment [21]. In the present study, we
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reported that DNMT1 and DNMT3A contributed to RGMA
hypermethylation that led to the downregulation of RGMA in BC
and that RGMA downregulation accelerated BC growth and
apoptotic resistance through activation of the FAK/Src/PI3K/AKT-
signaling pathway.

We posit that RGMA might be clinically recognized as a
prognostic biomarker in BC, as its lowered expression indicated
poorer prognosis for BC patients. Clinicopathologic parameter
analysis revealed that a higher RGMA level was correlated with
earlier T stage, negative lymph-node involvement, and positive ER
and PR status. Even though the difference in RGMA expression
between LNM and non-LNM groups was statistically significant, the
small effect size (AUC=0.66) signified that the model did not
possess a robust capability to distinguish between the groups.
These findings therefore need to be further examined in the future.

In the current study we also explored the effects of RGMA on
BC, as our previous study showed that RGMA knockdown
significantly promoted BC cell proliferation and migration [13].
We herein thus verified these phenomena, as EdU, colony-
formation, and CCK8 assays suggested that RGMA knockdown
significantly accelerated cancer cell proliferation. Xenograft
animal experiments further confirmed that RGMA knockdown

Oncogene (2022) 41:361-371

contributed to subcutaneous tumor growth and that restoring
RGMA expression by demethylation agents, 5-Aza-CdR, effectively
suppressed tumor growth. Although these results implied that
RGMA acts as a tumor suppressor in BC, little is known regarding
the mechanisms underlying RGMA gene inactivation in BC.

The downregulation of RGMA expression in cancer cells is
caused by various mechanisms, including loss of heterozygosity,
promoter hypermethylation, and miRNA inhibition. Our previous
study established that RGMA was a direct target of miR-4472 in BC
[13], and RGMA was also shown to be regulated by miR-210-3p in
oral squamous cell carcinoma [7]. Moreover, abnormal DNA
methylation is common in epigenetic regulation as observed in
tumorigenesis [14]. DNA methylation is mediated by DNMTs,
including DNMT1, DNMT3A, and DNMT3B [22], and silencing of
DNMT expression and inhibition of DNMT activity by DNA
demethylating agents (5-Aza-CdR) prevents tumorigenesis
[23, 24]. The present study suggests that the RGMA promoter is
hypermethylated in BC, as knockdown of DNMT1 and DNMT3A
resulted in the restoration of RGMA expression. Moreover, DNMT1
and DNMT3A can be recruited to the RGMA promoter in BC cells
and then induce RGMA promoter-region hypermethylation. The
DNA methyltransferase inhibitor 5-Aza-CdR has been shown to be
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efficient in promoting the chemotherapeutic efficacy of BC [25],
and 5-Aza-CdR improves the chemosensitivity of anticancer drugs
and serves as a potential therapeutic target for BC management
[25]. 5-Aza-CdR treatment also restores PKD1 expression via
reversal of PRKD1 promoter methylation and blocks breast tumor
spread and metastasis to the lung in a PKD1-dependent fashion
[26]. Consistent with previous studies, our investigation revealed
that 5-Aza-CdR treatment effectively suppressed DNMT1 and
DNMT3A expression, which further restored RGMA expression and
inhibited breast tumor growth. Collectively, these findings suggest
that 5-Aza-CdR treatment constitutes a promising clinical ther-
apeutic target in BC by reactivating the expression of silenced
tumor-suppressor genes.

Investigators previously demonstrated that RGMA stimulation
promoted FAK dephosphorylation [15]. FAK is a cytoplasmic
tyrosine kinase that is important in cellular proliferation and
migration [27], and Src interacts with FAK to form a FAK/Src
complex. Moreover, the FAK/Src complex initiates recruitment of
phosphoinositide 3-kinase (PI3K), which further activates AKT
signaling and stimulates malignant progression of cancer [28]. In
this study, low RGMA expression promoted the activation of the
FAK/Src/PI3K/AKT-signaling pathway and contributed to malig-
nant growth and apoptotic resistance of BC. Furthermore, rescue
experiments revealed that 5-Aza-CdR treatment or si-DNMT
transfection increased RGMA expression levels and partially
abrogated RGMA knockdown-induced activation of the FAK/Src/

SPRINGER NATURE

PI3K/AKT pathway in LV-shRGMA cells compared to control cells.
Therefore, 5-Aza-CdR can restore RGMA expression by reversing
the highly methylated state of the RGMA gene promoter by
inhibiting DNMT1 and DNMT3A expression and reversing the
mobilization of the FAK/Src/PI3K/AKT pathway.

In summary, we herein demonstrated for the first time that
DNMT1- and DNMT3A-mediated RGMA promoter hypermethy-
lation leads to downregulation of RGMA expression in BC and
that low RGMA expression contributes to malignant progression
via activation of the FAK/Src/PI3K/AKT-signaling pathway. 5-
Aza-CdR treatment inhibited DNMT1 and DNMT3A expression
and reversed RGMA promoter methylation, which further
reactivated the expression of the tumor suppressor RGMA,
thereby blocking tumor growth. Collectively, our data showed
that RGMA might serve as a promising therapeutic target in the
treatment of BC.

METHODS

Human BC samples

A total of 116 patient tumor samples that were pathologically diagnosed as
BC were collected from Qilu Hospital of Shandong University, China, from
June 2004 to December 2011. None of the patients had received any form
of neo-adjuvant therapy prior to surgery. This study was approved by the
Ethical Committee on Scientific Research of Shandong University Qilu
Hospital, and informed consent was obtained from all recruited patients.
We obtained expression information from The Cancer Genome Atlas

Oncogene (2022) 41:361-371
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(TCGA) for RGMA using UALCAN (http://ualcan.path.uab.edu/index.html) counterstained with hematoxylin. RGMA expression was semi-

[29], and the Kaplan-Meier plotter database (www.kmplot.com) [30] was
used to verify the association between RGMA expression and prognosis in
BC patients.

Immunohistochemistry (IHC)

Paraffin-embedded tissues were sectioned, dewaxed, and subjected to
high temperature-antigen retrieval in EDTA antigenic-retrieval buffer for
10 min. Following incubation with 3% H,0,, the tissues were blocked
with normal goat serum for 30 min and then incubated with primary
antibody for RGMA (1:100 dilution; Abcam, Danvers, MA, USA) overnight
at 4°C. Afterward, the sections were incubated with biotin-labeled
secondary antibody for 30 min, followed by horseradish peroxidase-
labeled streptavidin solution at room temperature for 20 min. Finally,
the tissues were stained with DAB, rinsed with distilled water, and

Oncogene (2022) 41:361-371

quantitatively evaluated as previously reported [31]. The staining
intensities and the corresponding percentages were independently
evaluated by two professional pathologists. RGMA staining intensity
was classified as follows: weak (1 point), moderate (2 points), or strong
(3 points). Staining scores were then calculated as follows: score
(maximum of 300) = (1 x percentage of weakly staining cells) + (2 x
percentage of moderately staining cells) + (3 X percentage of strongly
staining cells). Median scores were selected as thresholds to separate
low- and high-expression groups.

Cell lines and cell culture

Human MDA-MB-231, MDA-MB-468, T47D, MCF-7 and MCF-7/ADM
(resistant to Adriamycin) cell lines were used. The detailed culture
condition was described in Supplementary Methods.
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Cell transfection

The RGMA small interfering RNA (siRNA), DNMT1 siRNA, DNMT3A siRNA,
DNMT3B siRNA or respective NC were purchased from GenePharma
(Shanghai, China). The sequence was listed in Supplementary Table S1 [32].
These were transfected into cells using X-tremeGENE transfection reagents
(Roche, IN, U.S.), according to the manufacturer’s instructions. The full-
length ¢cDNA sequence of RGMA was cloned into the expression plasmid
pcDNA3.1 (4) (pcDNA3.1 (4) -RGMA) and the empty plasmid pcDNA3.1 (+)
was used as a control [13]. Plasmids were transfected with TurboFect”
Transfection Reagent (Invitrogen, USA).

Lentivirus infection

The RGMA-silencing lentivirus (LV-shRGMA) and negative control lentivirus
(LV-shNC) were constructed by GenePharma (Shanghai, China). The
sequence was listed in Supplementary Table S1. BC cells were seeded in
six-well plates, grown overnight, and then infected with lentivirus. The
infection rate of lentivirus was determined by fluorescence microscopy
72 h after infection. Puromycin (2 ug/mL) was added to the medium to kill
the uninfected cells.

RNA isolation and RT-qPCR assays

Total RNA was extracted with Trizol reagents (Invitrogen, Carlsbad, CA) and
the mRNA expression levels were evaluated by real-time quantitative PCR
(RT-qPCR). Total RNA was reverse-transcribed to cDNA using a Reverse
Transcription Kit (Toyobo Co., Ltd. Japan) and RT-gPCR was performed
using a SYBR Green PCR Kit (Takara, Japan). The sequences of the primers
were described in Supplementary Table S2.

Cell proliferation and colony formation assays

Cell proliferation was performed using CCK8, EdU and colony formation
assay as previously described [13, 16]. The details were given in
Supplementary Methods.

Cell apoptosis assay
Cell apoptosis assay was assessed using an Annexin V-FITC/Pl Apoptosis
Detection Kit (BestBio, Shanghai, China) as described in a previous study [13].

Western blot analysis

Cells were collected and lysed in RIPA buffer. Then the lysates were
separated by 10% SDS-polyacrylamide gel electrophoresis, transferred to
polyvinylidene difluoride membranes and blotted with primary antibodies
against RGMA (1:1000, Abcam, Cambridge, UK), FAK (1:1000, Abcam),
p-FAK (1:1000, Abcam), Src (1:1000, Abcam), p-Src (1:1000, Abcam), PI3K
(1:1000, Abcam), p-PI3K (1:1000, Abcam), AKT (1:1000, Abcam), p-AKT
(1:1000, Abcam), Bcl-2 (1:1000, Abcam), B-actin (1:5000, Abcam) and
GAPDH (1:5000, Abcam). The bands detected by an ECL Western Blotting
Detection Reagent (Merck Millipore, Darmstadt, Germany).

Methylation-specific PCR (MSP)

To perform the MSP assay, DNA was purified and underwent modification
using sodium bisulfite, which converts all unmethylated cytosine to uracil,
leaving methylated cytosine unchanged. The MSP experiment required
two pairs of primers: One pair was specific for methylated DNA (M) and the
other for unmethylated DNA (U). Successful amplification from the M
primer pair was indicative of methylated DNA, and a PCR product of a U
primer pair was representative of unmethylated DNA [33]. Genomic DNA
was extracted from five BC cell lines using a TIANamp genomic DNA kit
(Tiangen, Beijing, China). Approximately 1pg of extracted DNA was
subjected to bisulfite conversion using a CpGenome DNA modification kit
(Intergen Co., Purchase, NY) according to the manufacturer’s instructions.
Bisulfite-converted DNA was then used as template for PCR using a Taq
hot-start polymerase (TaKaRa, Japan). The three MSP pairs of primers
spanning different regions of the RGMA promoter are listed in
Supplementary Table S3. The resulting PCR products were separated on
1% agarose gels.

5-aza-2-deoxycytidine (5-Aza-CdR) treatment

BC cells were seeded into 12-well plates 16 h before treatment with
5 pmol/L 5-Aza-CdR (Sigma, St. Louis, MO) for 3 days. After treatment, the
culture medium was removed, and RNA and DNA were extracted as
previously described.
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Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed with the SimpleChIP® Plus Enzymatic Chromatin
IP Kit (Cell Signaling Technology, USA) according to the manufacturer’s
instructions. Briefly, BC cells were cross-linked in PBS containing 1%
formaldehyde at room temperature for 10 min. Then the cross-linked
chromatin DNA was destroyed by sonication. The chromatin was then
immunoprecipitated using an anti-DNMT1 and anti-DNMT3A antibody.
Normal mouse IgG was used as the negative control. The ChIP-enriched
DNA was analyzed by PCR.

Tumor xenograft model

To evaluate in vivo tumorigenicity, we established subcutaneous BC animal
xenograft models. MDA-MB-231 cells (1 x 107) stably transfected with LV-
shRGMA or LV-shNC were subcutaneously injected into the right flanks of
4-week-old BALB/c nude mice (n=5 per group, allocated randomly). For
treatments with 5-Aza-CdR, MDA-MB-231 cells were exposed to 500 nM
5-Aza-CdR (Selleck, Texas, American) for 4 days, and then the 5-Aza-CdR- or
PBS-treated cells were subcutaneously injected into the right flanks of
4-week-old BALB/c nude mice (n =5 per group, allocated randomly). They
were treated with 5-Aza-CdR (2.5 mg/kg) or PBS by intraperitoneal injection
once every 3 days, and their tumor volumes were monitored every 5 days.
The tumor volume was calculated as volume = (width? x length) + 2. After
7 weeks, the mice were sacrificed, and xenografts were removed. The
animal experiments were approved by the Shandong University Animal
Care and Use Committee, and conducted in a blinded manner.

Statistical analysis

GraphPad Prism 8.0 (GraphPad Software, San Diego, CA) was used for
statistical analysis. A student’s t test and one-way ANOVA were used to
determine the significance of two groups and multiple groups, respec-
tively. A chi-square test and a Fisher's exact test were used to determine
the relationship between RGMA and clinicopathological variables. Spear-
man correlation was used to determine the correlation between tumor size
and RGMA expression (p < 0.05 were considered statistically significant).

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information files.
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