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Abstract: Retinoic acid receptor responder 3 (RARRES3) has been characterized as a tumor suppressor in multiple types of cancer. This study aimed to examine the expression profile of RARRES3 across the PAM50 subtypes of breast cancer. The DNA methylation status of RARRES3 was checked in the basal-like subtype, and the underlying mechanisms of its dysregulation were explored. RNA-sequencing (seq) and methylation data from The Cancer Genome Atlas were used for in-silico analysis. Basal-like representative SUM149 and MDA-MB-468 cell lines were used for in vitro and in vivo studies. Compared to tumor-adjacent normal tissues, only the basal-like tumor tissues had significantly downregulated RARRES3 expression. The methylation level of four CpG sites in the promoter region showed a strong negative correlation with RARRES3 expression. The gene coding for DNA methyltransferase 3A (DNMT3A) had consistent positive correlations with the methylation of the CpG sites. Chromatin Immunoprecipitation-quantitative polymerase chain-reaction and bisulfite sequencing PCR showed that DNMT3A could bind to the promoter region of RARRES3 and promote methylation of the CpG sites within the region. DNMT3A knockdown significantly restored RARRES3 expression at the mRNA and protein level in the two cell lines. CCK-8, colony formation, and flow cytometric analysis showed that RARRES3 overexpression attenuated the growth-promoting effects of DNMT3A overexpression and also weakened the DNMT3A overexpression-induced activation of ERK1/2 and PI3K/AKT signaling. In summary, this study revealed that DNMT3A enhances promoter methylation of the RARRES3 gene and suppresses its transcription in basal-like breast cancer. The DNMT3A-RARRES3 signaling pathway might be a potential target for the treatment of this tumor subtype.
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Introduction

Retinoic acid receptor responder 3 (RARRES3), which is also known as phospholipase A and acyltransferase 4, retinoid-inducible gene 1 (RIG1) or tazarotene-induced gene 3, has been characterized as a tumor suppressor in multiple types of cancers, including liver cancer (Wei et al., 2017), gastric cancer (Tang et al., 2021), bladder cancer (Lu et al., 2022), and breast cancer (Dydensborg et al., 2009). RARRES3 retards breast cancer cell proliferation by suppressing Wnt/beta-catenin signaling and inhibiting EGFR-mediated signal transductions, including phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2) and PI3K/AKT (Hsu et al., 2015). It also suppresses breast cancer lung metastasis by inhibiting the adhesion of the tumor cells to the lung parenchyma and promoting tumor cell differentiation (Dydensborg et al., 2009; Morales et al., 2014).

However, RARRES3 expression is usually downregulated in cancers due to complex epigenetic mechanisms. In human liver cancer, histone methyltransferase G9a can epigenetically silence RARRES3 by promoting H3K9 di-methylation (Wei et al., 2017). In human bladder cancer, H3K36me2 demethylase KDM2A is usually upregulated (Lu et al., 2022). Its upregulation decreased H3K36me2 enrichment in the RARRES3 promoter (Lu et al., 2022). RARRES3 mRNA stability and translation might be hampered by several microRNAs, such as miR-545 (Liu et al., 2016), miR-BART6-3p (Lu et al., 2017), and miR-1286 (Wei et al., 2019).

Breast cancer is a group of heterogeneous tumors with great variations in genetic and phenotypic features (Turashvili and Brogi, 2017). Traditional Prediction Analysis of Microarray 50 (PAM50) defines five intrinsic tumor subtypes, including luminal A, luminal B, human epidermal growth factor receptor 2 [HER2]-enriched (HER2+), basal-like, and normal-like (Parker et al., 2009). The subtypes vary significantly in terms of their molecular dysregulation and biological properties (Caan et al., 2014; Petrovic et al., 2021; Russnes et al., 2017). Patients with different subtypes of tumors have different prognoses (Caan et al., 2014).

Considering the potent suppressive effect of RARRES3 on breast cancer, we examined the expression profile of RARRES3 across the different subtypes of breast cancer using RNA-sequencing (seq) data from The Cancer Genome Atlas (TCGA). Then, we checked its DNA methylation status in the basal-like subtype and explored the underlying mechanisms of its dysregulation.

Materials and Methods

Data mining from the cancer genome atlas

The RNA-seq and DNA methylation data (methylation 450k, reported as β-value) in TCGA-Breast Cancer (BRCA) was extracted from the Pan-cancer dataset using the portal provided by the UCSC Xena Browser (https://xenabrowser.net/) (Goldman et al., 2020). Gene expression was compared among tumor-adjacent normal tissues and the PAM50 tumor subtypes. We used the log2 (TPM+0.001) data in the database to compare gene expression and calculate correlations.

Cell culture and treatment

The basal-like representative SUM149 cell line was purchased from Cobioer (Nanjing, Jiangsu, China). MDA-MB-468 cells were purchased from Procell (Wuhan, Hubei, China). The two cell lines were cultured using the mediums and conditions introduced previously (Giordano et al., 2012). Cells collected in their logarithmic phase of growth were used for experiments. Lentiviral DNMT3A shRNAs were constructed using the pLKO.1-puro plasmids. The following shRNA sequences were used: shDNMT3A#1, 5′-CCACCAGAAGAAGAGAAGAAT-3′; shDNMT3A#2, 5′-CCCAAGGTCAAGGAGATTATT-3′; shDNMT3A#3, 5′-CCGGCTCTTCTTTGAGTTCTA-3′. Lentiviral DNMT3A (NM_022552) and RARRES3 (NM_004585) overexpressing particles were generated using pLV-Puro. Lentivirus used for infection was generated by co-transfecting the recombinant pLKO.1 shRNA plasmids or pLV-Puro overexpressing plasmids with psPAX2 packaging plasmid and pMD2.G envelope plasmid to 293T cells. Supernatants were collected 48 h after transfection, passed through a 0.45-μm filter, and then concentrated. Cells were infected at a multiplicity of infection (MOI) of 10.

Western blotting

Traditional western blotting was performed following the methods introduced previously (Wu et al., 2021). In brief, cell samples (MDA-MB-468 and SUM149 cells) were collected and lysed. The protein concentration was measured using a bicinchoninic acid (BCA) protein assay kit. Nearly 30 μg of samples were loaded to each lane, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred onto a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The membranes were blocked and incubated with primary antibodies at 4°C overnight. The following antibodies and dilutions were used: anti-DNMT3A (1:1000, #32578, Cell Signaling Technology, Danvers, MA, USA); anti-RARRES3 (1:1000, PA5-115825, Thermo Fisher Scientific, Waltham, MA, USA); anti-cyclin D1 (1:2000, 26939-1-AP, Proteintech, Wuhan, Hubei, China), anti-p21 (1:2000, 10355-1-AP, Proteintech), anti-p-ERK1/2 (1:2000, #4370, Cell Signaling Technology); anti-ERK1/2 (1:2000, #4695, Cell Signaling Technology); anti-p-AKT (1:5000, 66444-1-Ig, Proteintech), anti-Akt (1:10000, 60203-2-Ig, Proteintech) and anti-β-actin (1:2000, 20536-1-AP, Proteintech). The membranes were thoroughly washed and incubated with HRP-conjugated secondary antibodies for 2 h at room temperature. Then, the protein bands were developed using enhanced chemiluminescence (ECL) (BeyoECL Star, Beyotime, Shanghai, China).

Quantitative real-time-polymerase chain reaction (qRT-PCR) assays

Gene expression was assessed by qRT-PCR assays, performed as previously described (Wu et al., 2021). In brief, total RNA was isolated from cell samples (MDA-MB-468 and SUM149 cells) and subjected to reverse transcription. The cDNA was then used as the template for PCR. Real-time amplification was performed using LightCycler 480 SYBR Green I Master on a LightCycler 480 Real-Time PCR System (Roche Diagnostics, Basel, Switzerland). Gene expression was normalized with GAPDH. Relative gene expression was calculated using the 2−ΔΔCT method. The following primers were used for amplification: DNMT3A, forward: 5′-CCTCTTCGTTGGAGGAATGTGC-3′; reverse: 5′-GTTTCCGCACATGAGCACCTCA-3′; RARRES3, forward: 5′-GCAGGAACTGTGAGCACTTTGTC-3′; reverse: 5′-GCAACAACCAGGATTCCAAGCG-3′; GAPDH, forward: 5′-GTCTCCTCTGACTTCAACAGCG-3′; reverse: 5′-ACCACCCTGTTGCTGTAGCCAA-3′.

Bisulfite sequencing PCR (BSP)

BSP assay was conducted following the method described previously (Masalmeh et al., 2021). In brief, genomic DNA was extracted from cell samples and treated with sodium bisulfite using the EZ DNA Methylation-Gold kit (Zymo Research, Irvine, CA, USA). Then, the converted DNA was subjected to PCR assay using bisulfite-specific primers designed by the MethPrimer software (forward: 5′-GGAGGTAGATTATAAGGTTAAGAGAT-3′; reverse: 5′- AAAACTAATCATTTCTTACACAAACCATA-3′), that cover the cg05817709 sites (Suppl. Fig. S1). Then, PCR products were purified using a QIAquick PCR purification kit (QIAGEN, Germany) and cloned into the pGEM-T Easy Vector (Promega, Madison, WI, USA). Six insert-positive bacterial clones were selected for sequencing.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was conducted using a commercial ChIP Assay Kit (Beyotime), following standard protocols (Gade and Kalvakolanu, 2012). In brief, MDA-MB-468 and SUM149 cells were lysed After 48 h of lentiviral infection for DNMT3A knockdown. Immunoprecipitation was performed using anti-DNMT3A (#32578, Cell Signaling Technology) or normal rabbit IgG (negative control). Then, the immunoprecipitated chromatin samples were purified and used as the template for subsequent qPCR assays. The following primers were used: primer set 1 (not covering any CpG sites), F: 5′-GACCAGTGCAATGGAGACA-3′, R: 5′-GGTAACAGAAAGGCAGGAAGA-3′; primer set 2 (covering four potential DNMT3A binding CpG sites), F: 5′-GAGGCAGGAGAATCACTTGAA-3′, R: 5′-TGAGACAGAGTTTCGCTCTTG-3′.

Colony formation assay

SUM149 or MDA-MB-468 cells with DNMT3A or RARRES3 overexpression alone or in combination were seeded into the 24-well plates at a density of 5 × 103 cells/well. Cells were cultured in normal conditions for 14 days. After fixing with 4% paraformaldehyde, the cell colonies were stained with 0.1% crystal violet for 20 min at room temperature. The bottom side of the plates was scanned, and the number of colonies was counted under a light microscope.

Flow cytometric analysis of cell cycle distribution

After 48 h of lentiviral infection, SUM149 or MDA-MB-468 cells were harvested, fixed, and stained with Pharmingen PI/RNase Staining buffer (cat. no. 550825; BD Biosciences, San Jose, CA, USA) for 20 min at room temperature according to the manufacturer’s instructions. Then, cells were detected using a BD FACSCalibur (BD Biosciences). Data analysis was performed using NovoExpress software (v.1.5.4, Agilent, Santa Clara, CA, USA).

Animal studies

Animal studies were conducted in Jinruijie Biotechnology Service Center, Chengdu, China and were approved by the ethics committee of the institution (Approval no. 20220126SCU). All animal-related procedures were conducted following the Guide for the Care and Use of Laboratory Animals. Female athymic nude mice (BALB/c-nu/nu), approximately 5–6 weeks old (18–20 g), were purchased from Vital River Laboratory Animal Technology (Beijing, China) and raised in a specific-pathogen-free environment. After treating as indicated, 5 × 106 cells in 0.2 mL PBS and Matrigel matrix (BD Biosciences) mix (v/v, 1:1) were injected subcutaneously into the fourth mammary fat pad. Tumor volume was measured using a caliper twice weekly. Mice were euthanized by CO2 asphyxiation on day 35 after tumor cell inoculation. The xenograft tumors were excised, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned for IHC staining of Ki-67.

Statistical analysis

Results were collected and integrated using GraphPad 8.01. Quantitative data were represented as mean ± SD. An unpaired T-test was utilized to compare two groups. The correlation was assessed by Pearson’s r. One-way ANOVA with post-hoc Dunnett’s multiple comparisons test was performed to assess the differences in multiple groups. P < 0.05 was considered significantly different.

Results

RARRES3 expression is negatively correlated with the methylation status of CpG sites within its promoter region

We used RNA-seq data from the TCGA database and compared RARRES3 expression across the tumor-adjacent normal tissues, and the five PAM50 subtypes of primary tumors (Fig. 1A). Compared to normal tissues adjacent to the tumor (n = 113), only the basal-like (basal) tumor tissues had significantly downregulated RARRES3 expression (Fig. 1A). Then, we used available methylation 450k data in the basal cases (n = 84), and checked the correlation between the methylation status (β-value) of five CpG sites in the RARRES3 gene promoter and gene body (Fig. 1B). Pearson’s correlation showed that the methylation level of four CpG sites in the promoter region, including cg18112681, cg05817709, cg25599242, and cg04999352 showed strong negative correlations (r ≤ 0.6) with RARRES3 expression (Figs. 1B–1F). A weak positive correlation (r = 0.246) was observed between the methylation level of cg13899097 (within the gene body) and RARRES3 expression (Fig. 1G).
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Figure 1: RARRES3 expression is negatively correlated with the methylation status of CpG sites within its promoter region. (A) Plot chart showing RARRES3 expression in tumor-adjacent normal tissues (n = 113) and the PAM50 tumor subgroups in The Cancer Genome Atlas-Breast Cancer (TCGA-BRCA) extracted from Pan-cancer database. (B) A heatmap was generated to show the correlation between the expression of RARRES3 and the methylation levels (β value) of five CpG sites in the RARRES3 gene promoter and gene body in primary basal-like tumors. Only the primary tumors with RNA-seq and DNA methylation 450k data simultaneously (n = 84) were included for analysis. (C–G) Plot charts were generated to show the correlation between RARRES3 expression and the methylation level of cg18112681 (C), cg05817709 (D), cg25599242 (E), cg04999352 (F) or cg13899097 (G) in primary basal-like tumors. Pearson’s correlation was conducted. ***P < 0.001.

DNA methyltransferase 3A-mediated promoter methylation represses RARRES3 expression in basal-like breast cancer

To explore the critical enzymes regulating RARRES3 promoter methylation, we checked the correlation between the methylation of the CpG sites and the expression of DNA methylation-related genes, including DNMT1, DNMT3A, DNMT3B, and DNMT3L (Table 1) and found that only DNMT3A had a consistent positive correlation with the methylation of the CpG sites.
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Therefore, we hypothesized that DNMT3A might be a critical enzyme suppressing RARRES3 expression in basal-like breast cancer. To validate this hypothesis, we used two basal-like tumor cell lines (SUM149 and MDA-MB-468) as the in vitro models. These two cell lines were infected with lentiviral DNMT3A shRNA (Figs. 2A, 2C, and 2D). DNMT3A knockdown significantly restored RARRES3 expression at the mRNA and protein levels (Figs. 2B, 2C, and 2E). We checked the promoter sequence of the RARRES3 promoter and confirmed the location of the four CpG sites (upstream = 1297, downstream = 500, Supple. Fig. S1, Fig. 2F). We then performed ChIP-qPCR to detect the specific binding of DNMT3A to the RARRES3 promoter region. Two primer sets were designed: primer set 1 does not cover any CpG site and primer set 2 covers four CpG sites within the promoter (Fig. 2F). Results showed a significant amplification of amplicon 2 (covering the four CpG sites), but not amplicon 1 in the samples precipitated by anti-DNMT3A (Figs. 2G and 2H). Moreover, DNMT3A knockdown significantly hampered the amplification using primer set 2 (Figs. 2G and 2H). The BSP assay confirmed that DNMT3A knockdown reduced the methylation of the DNMT3A promoter in both SUM149 and MDA-MB-468 cells (Figs. 2I and 2J).

[image: images]

Figure 2: DNA methyltransferase 3A (DNMT3A)-mediated promoter methylation represses RARRES3 expression in basal-like breast cancer. (A–E) Quantitative real-time polymerase chain reaction (qRT-PCR) (A and B) and western blot (C–E) analyses were conducted to check the expression of DNMT3A and RARRES3 at the mRNA and protein levels in SUM149 and MDA-MB-468 cells 48 h after infection of lentiviral DNMT3A shRNA (#1: shDNMT3A#1, #2: shDNMT3A#2; #3: shDNMT3A#3) or the negative control. (F) The promoter segments of RARRES3. The CpG sites covered by BSP primers were labeled within the green frame. Primer set 1 and set 2 were used for chromatin immunoprecipitation (ChIP)-qPCR assays. (G and H) The ChIP-qPCR assay was performed to show the enrichment of RARRES3 promoter segments covering (using primer set 2) (G) or not covering (using primer set 1) (H) the predicted DNMT3A binding sites in SUM149 and MDA-MB-468 cells with or without DNMT3A knockdown. ChIP was conducted using anti-DNMT3A. (I and J) Bisulfite sequencing PCR (BSP) assay was performed to detect the changes in CpG sites (corresponding to the sites within the green box in panel F) methylation status upon DNMT3A knockdown in SUM149 and MDA-MB-468 cells. Data are represented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

DNA methyltransferase 3A facilitates basal-like tumor cell proliferation by inhibiting RARRES3

On confirming that RARRES3 could be epigenetically silenced by DNMT3A, we hypothesized that DNMT3A might exacerbate malignant behaviors of basal-like tumor cells via repressing RARRES3 expression. DNMT3A overexpression (Figs. 3A, 3C and 3D) elevated cyclin D1 expression but reduced p21 expression (Figs. 3C, 3F and 3G). In comparison, RARRES3 overexpression (Figs. 3B, 3C, and 3E) weakened the effects of DNMT3A overexpression on cyclin D1 and p21 expression (Figs. 3C, 3F and 3G). DNMT3A overexpression significantly promoted the proliferation (Figs. 3H and 3I), colony formation (Figs. 3J–3L), and cell-cycle progression (Figs. 3M–3O) of SUM149 and MDA-MB-468 cells. Notably, RARRES3 overexpression attenuated the growth-promoting effects mediated by DNMT3A overexpression (Figs. 3H–3O).
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Figure 3: The DNA methyltransferase 3A (DNMT3A)-retinoic acid receptor responder 3 (RARRES3) axis modulates basal-like tumor cell proliferation in vitro. (A and B) Quantitative real-time polymerase chain reaction (qRT-PCR) (A and B) was conducted to check the expression of DNMT3A (A) and RARRES3 (B) at the mRNA and protein levels in SUM149 and MDA-MB-468 cells 48 h after lentiviral infection for DNMT3A or RARRES3 overexpression. (C–G) Western blot analysis was performed to check the expression of DNMT3A, RARRES3, cyclin D1, and p21 in SUM149 and MDA-MB-468 cells 48 h after lentiviral DNMT3A or RARRES3 overexpression alone or in combination. Quantitation of protein expression was performed in (D–G) based on three repeats. (H–O) CCK8 analysis of the vitality (H and I), colony formation assay (J–L), and flow cytometric analysis of cell cycle distribution (M–O) of SUM149 and MDA-MB-468 cells with DNMT3A or RARRES3 overexpression alone or in combination. Data are represented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

To verify the growth-regulating effect of the DNMT3A-RARRES3 axis in vivo, we generated MDA-MB-468 cell-based xenograft tumor models in nude mice. According to the tumor growth curve, DNMT3A overexpression significantly enhanced tumor growth (Figs. 4A and 4B). RARRES3 overexpression significantly weakened the growth-promoting effects of DNMT3A overexpression (Figs. 4A and 4B). IHC staining results of the proliferation marker Ki-67 are consistent with the tumor growth curves (Fig. 4C). Furthermore, western blotting results showed that DNMT3A overexpression could elevate the expression of phosphorylated ERK1/2 (p-ERK1/2) and phosphorylated AKT (p-AKT) in the tumor tissues. These trends could be partially reversed by restoring RARRES3 expression (Fig. 4D).
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Figure 4: The DNA methyltransferase 3A(DNMT3A)-retinoic acid receptor responder 3 (RARRES3) axis modulates basal-like tumor growth in vivo. (A) Xenograft tumors derived from MDA-MB-468 cells with DNMT3A or RARRES3 overexpression alone or in combination, 7 weeks post-inoculation. (B) The growth curves of the tumors were measured twice a week and are expressed as changes in tumor volume (mm3). (C) Tumors were stained with antibodies to detect the proliferative marker Ki-67. Scale bar: 100 μM. (D) Western blotting assays were conducted to check the expression of p-ERK1/2, total ERK1/2, p-AKT, and total AKT in representative tumors (2 and 5 represent the corresponding tumor tissues in panel A). Data are represented as mean ± SD. **P < 0.01. OE: overexpression.

Discussion

RARRES3 has been found to act as a downstream target of the tumor protein p53 (TP53) and can inhibit tumor cell growth, induce apoptosis, and promote terminal differentiation of keratinocytes via multiple signaling pathways (Hsu and Chang, 2015). Therefore, restoration of its expression might be a potential strategy for cancer treatment. One previous study confirmed that RARRES3 expression varied significantly between ER-positive and ER-negative tumors. Loss of function of RARRES3 in the ER-negative cases stimulates tumor invasion and promotes metastasis to the lung (Morales et al., 2014). These findings suggest that RARRES3 might have subtype-specific regulations.

In this study, we explored the expression profile of RARRES3 in the PAM50 subtypes of breast cancer and confirmed its downregulation in the basal-like subtype. Most of the basal-like breast tumors are triple-negative (lack of expression of estrogen receptor (ER), progesterone receptor (PR), and HER2) (Rody et al., 2011). Histologically, basal-like tumors are usually high grade, with high mitotic indices, pushing borders of invasion, and atypical medullary features (Milioli et al., 2017; Wang et al., 2022). These features make them highly aggressive, with limited therapeutic responses. The loss of RARRES3 expression in the ER-negative tumor cases might be associated with a reduction in the erythroid transcription factor, GATA differentiation genes such as GATA3 (Dydensborg et al., 2009), and an increase of the pluripotency gene EZH2 (Morales et al., 2014). In the non-basal-like breast cancers, GATA3 gene expression is preserved (Yu et al., 2019), while that of EZH2 is not elevated to the level as high as in basal-like cases (Hirukawa et al., 2018). These mechanisms help to explain the specific loss of RARRES3 in basal-like tumors.

Promoter methylation is an important mechanism of gene downregulation (Tian et al., 2022). Via in-silico analysis using data from TCGA-BRCA, we found that RARRES3 might be epigenetically silenced by promoter hypermethylation in basal-like breast tumors. DNMT3A might be a critical mediator of this alteration. DNMT3A and DNMT3B catalyze de novo methylation by transferring a methyl group from S-adenyl methionine to the C-5 position of cytosine residue (Lyko, 2018). Using SUM149 and MDA-MB-468 cells as the in vitro cell models, we confirmed that DNMT3A could bind to the promoter region of RARRES3 and promote methylation of the CpG sites within the region. DNMT3A knockdown significantly restored RARRES3 expression at the mRNA and protein level in the two cell lines.

DNMT3A overexpression has been widely reported in breast cancer (Man et al., 2022). Together with the basic helix-loop-helix transcription factor (MYC), DNMT3A represses the transcription of miR-200b in triple-negative breast cancer cells (Pang et al., 2018). Functionally, miR-200b is a potential tumor suppressor that synergistically repressed multiple tumor-promoting genes, including zinc-finger E-box-binding homeobox factor 1 (ZEB1), Sex determining region Y-box 2 (SOX2), and Cluster of differentiation 133 (CD133) (Pang et al., 2018). MiR-770-5p can restore the expression of E-Cadherin in MDA-MB-231 cells by targeting DNMT3A, thus inhibiting epithelial-to-mesenchymal transition phenotypes, along with motility and invasion (Noyan et al., 2021). In addition, DNMT3A expression might be a biomarker of decitabine sensitivity in triple-negative breast cancer (Yu et al., 2018). Its expression is associated with significantly shorter disease-free survival or overall survival in certain subgroups of patients with breast cancer (Yu et al., 2015).

In vitro and in vivo tumor growth assays revealed that DNMT3A overexpression-associated tumor cell growth could be attenuated by RARRES3 overexpression. The ERK1/2 and PI3K/AKT signaling pathways are predominant in governing cell growth, differentiation, and survival of triple-negative breast cancer (Khan et al., 2019; Umemura et al., 2007; Zhang et al., 2019). Since both DNMT3A and RARRES3 are implicated in ERK1/2 and PI3K/AKT signaling (Hsu et al., 2015; Zhou et al., 2022), we checked their regulatory effects on these signaling pathways in representative tumor samples. DNMT3A overexpression-induced activation of ERK1/2 and PI3K/AKT signaling is weakened by RARRES3 overexpression. These findings indicate that DNMT3A facilitates the proliferation of basal-like breast cancer cells by inhibiting DNMT3A expression and support the notion that DNMT3A and RARRES3 act on some common molecular axes. In addition to gene promoter methylation, we also observed a positive correlation between the methylation of one gene body CpG site (cg13899097) with RARRES3 transcription. Compared to gene promoter methylation, gene body methylation might have different regulations. In some cases, it may promote gene expression (Arechederra et al., 2018). One previous study showed that DNMT3A could facilitate gene transcription via non-promoter DNA methylation (Wu et al., 2010). Therefore, we infer that DNMT3A might also modulate RARRES3 expression via other epigenetic mechanisms, which is worthy of future exploration.

Conclusion

In summary, this study revealed that DNMT3A could enhance promoter methylation of the RARRES3 gene and suppress its transcription in basal-like breast cancer. The DNMT3A-RARRES3 signaling pathway might be a potential target for the treatment of this tumor subtype.
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Figure S1: The promoter segments of RARRES3
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TABLE 1

The correlation between the methylation of RARRES3 promoter CpG sites and the expression of DNA methylation-related genes

CpG sites cgl18112681 cg05817709 €g25599242 cg04999352
Methylation (p-value, mean + SD) 0.74 + 0.13 0.45 + 0.26 0.14 + 0.16 0.4 £ 0.26
Correlation with DNA methylation-related genes Pearson’s r values

DNMTI 0.17 -0.1 —-0.08 —-0.12
DNMT3A 0.29 0.25 0.26 0.27
DNMT3B 0.23 0.16 0.07 0.22

DNMT3L —-0.07 —-0.13 —-0.21 —-0.13
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GGCACATGCCACCATGCCCGGCTAATTTTTTTTTCTGTATTTTTAGCAGAGACGGGGTCTCGCCATGTT
GGCCAGGCTGGTCTTGAACTCGTGGGCTCAAGTGATCCACCTGTCTAGGCCTCTGGTTGGGTGTGAAAA
TATGGCCCAGTTCTGGCCAATGGAGAAGGGAACAGGTCATCTGGGGAACTGTGGGAAAGACTTAACTCC
CTGAAAAAAAGACAAATGAGAATTATCTTTCCCTCCATCTTTTGGGCATAGCCAGGTAAAAATGGGCCA
CTCAAGGCTGCTACAGCCATGGGAGTCCCTGCAGGGCAACAGTGCAGACCCAGGACCAGTGCAATGGAG
ACAGCCTGCTGAGTCCTTGGTGACCTTGGTGAGCCACTAAACCCAACCTGAGTCACCCTCTTCCTGCCTT
TCTGTTACCGAGACAATGGGTGTCCAGGCTGTTGAAGCCCTTTTGAGTTTAGTTCTGCTTCTTGCACCC
AAATGCATTTTAATGGGGCCATGAGCTCCCAGGCTCCACATGGTCTAAGGTACCCCTCACCTCCAGGGC
ATCCCCATGGAATGAAACACCCCCTCTGGCCTTCTCCCAAGACTTCTGGCCCAATATTTTCTGGGTGTCT
TTACAAGACAATGTCCTATGGGGTGCACTGGGGATTGACATCTCCCTGCCTCCGAATGCCTCCCCTTCCT
GGAGTAGGAAGAGCTGCCCAGGGTTCTTTTTAGAAGAGACCTTTATTTTGGCCAGGTGCGGTGGCTCAC
ACCTGTAATCCCAGCATTTTGGGAGACCGACGGGGAGGCAGATCACAAGGTCAAGAGATCGAGACCATC
CTGGCCAACATGGTGAAACCCCGTCTCTACTAAATATGGAAAAATGAGCCAGGCATGGCAGCAGGTGCC
TGTAATCCCAGCTACCTGGGAGGCTGAGGCAGGAGAATCACTTGAACCCGGGAGGCAGAGGTTGCAATG
AGCCGAGATCGCACCATTGCACTCCAGTCTGGGTGACAAGAGCGAAACTCTGTCTCAAAAAAACAAACA
AACAAACAAACAAACAAACAAAAAAGAAAAAAAAAGAAAAGACCTTTATTTCTCAAGCAAGGGCAGAA
ATTCAGGGCTCCCCTTEBACTCTGGCTGCTCCCAAGGTGGCTTTAAAGCACCAATGAGTCCATGGCTTG
TGTAAGAAATGATTAGTCCTTCCATCTAGAGAAATAGCTCCTTTTTAAACAGTTGTCTCTTTTAAACAG
TGTTTAGTATTTAAGTGAGGTTGAAACAGTGTCAAAAGGAAAGTGAAAGTGAAEI‘TCTCTCCTTCAGC
ATAAAAGCTGATCCACAAACAAGAGGAGCACCAGACCTCCTCTTGGCTT.AGATGGCTTCGGTAAGTT
TCCCAGGGCTTTGCATTACTGACTCTACAGCAGTTGGGCAGCTCCCCCTAGGAAAGGCCTCAGTCCAGG
CTCCTGGCCTTGGGCACACAGCTCCAGAGCTCGTCTTTAGAAGGCTGTCATGGAAAACTGTATTTGTCT
TTTAAAAGTGCATCTGCCCAGCTGGACAGGGAGTCCTCTGGGCAGAGTCCACCTCCTCTGCGTAACTGG
CACAGTGCGGGGAGCCCGGGACTCCCATGTAGTAGAGAGCTGTGGGGTGCEBGGTGTCAAATCTACCTC
AGCCTGAGGAGAAGCCAGAGTGTGGGCAGGTGGGGGACTCTGGGTTGTGGGAAGCAAGCAAATCCCAA
CATCGTCTGCTTCTGCTGTGACTGGGGCTCAGTCCCTTCTCGGCCCCAAACGATGCTTTCTCTCTCCTCG
TG

TSS site.
@: cg18112681; CG: cg05817709; @8:cg25599242; B6:cg04999352

Nucleobases in green: BSP products.
CG in bold green: CpG sites within BSP products.





