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Abstract
(1) Background: Interleukin-6 (IL-6) is a multifunctional cytokine that was found to cause epigenetic
changes by regulating DNA methyltransferase 1 (DNMT1). IL-6 has al-so been found to promote tumor
progression and chemoresistance in numerous types of cancers. However, it remains unknown how IL-6
and DNMT1 may impact prognosis in different breast cancer types.

(2) Methods: Patient survival rate in breast cancer patients and DNMT1 expression pattern was examined
in TCGA datasets. Protein expression pattern of IL-6 and DNMT1 were investigated in the tissue
microarray in our cohort (n=285, Show Chwan Memorial Hospital, Changhua) by immunohistochemistry
(IHC). IL-6 and DNMT1 expressions were examined in breast cancer cell-lines. Cell invasion activity was
compared between high and low IL-6/DNMT expressing breast cancer cell lines, and between cells treated
with/without IL-6 antibody.

(3) Results: DNMT1 mRNA level was signi�cantly higher in the breast tumor tissues (p < 0.001). Human
Epidermal Growth Factor Receptor 2 (HER2)-positive breast cancer patients with higher DNMT1 mRNA
level showed a poorer overall survival compared to other breast cancer subtypes (P = 0.043). A positive
correlation between IL-6 and DNMT1 protein expression levels was found in breast cancer tissue array.
Concurrent overexpression of IL-6 and DNMT1 was associated with poor survival rate in our cohort
examined by Kaplan-Meier survival curves. Cox regression further indicated that high expression of IL-6
and DNMT1 is an independent prognostic factor in HER2-positive patients. In addition, in breast cancer
cell lines, HER2-positive MDA-MB-453 that had high IL-6 and DNMT1 expression exhibited higher
invasiveness compared to that of the HER2-positive cell line SKBR3 with low IL-6 and DNMT1 expression.
Finally, IL-6 recombinant protein (ng/ml) signi�cantly promoted the invasion ability of low IL-6/low
DNMT1 SKBR3 whereas IL-6 antibody (10 μg/ml) treatment signi�cantly suppressed the invasion activity
of high IL-6/high DNMT MDA-MB-453. Single cell sequencing data showed that DNMT1 was mainly
expressed in malignant cells and innate and adaptive immune cells including monocytes, macrophages,
�broblasts, epithelial cells, CD4(+) T cells, and CD8(+) T cells. Besides, there existed a positive correlation
between DNMT1 and the immune cells including CD8(+) T cells, CD4(+) T cells, and macrophages.

(4) Conclusions: IL-6-DNMT1 axis could be responsible for HER2-positive breast cancer progression in
tumor immune microenvironment. Our study suggests that IL-6 inhibition in combination with anti-HER2
therapy might be an effective approach in particular for HER2-positive patients with a potential to
become a standard therapeutic strategy. 

Introduction
Breast cancer alone accounts for 30% of female cancers and largely eventuates in young women, and the
slight rise in its incidence rates by approximately 0.3% per year [1].  Speci�cally, as of 2017, the death rate
has dropped from its peak for female breast cancer by 40% since 1989 [1].  Hormone therapy of
progesterone receptor (PR) and estrogen re-ceptor (ER) and targeted therapy is recommended for tumors
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expressing hormone receptors (HRs) and human epidermal growth factor receptor (HER2), and receptor
status are potentially a key factor in predicting the prognosis of breast cancer [2]. ER and PR are
expressed in approximately 70-80% and 60-70% of breast carcinomas, respectively [3, 4].   The HER2
oncoprotein is overexpressed in approximately 20-25% of primary breast carcinoma as determined by IHC
staining using the approved reagents, testing protocols, and scoring algorithm, approximately 10–20% of
HER2-equivocal breast carcinomas are found to be HER2-ampli�ed by in �uorescence in situ
hybridization (FISH) [5].   Breast Cancer Conference issued a new de�nition of breast cancer molecular
subtypes: luminal A (ER+ and/or PR+), luminal B (ER+ and/or PR+/HER2+), HER2 overexpression (ER−,
PR−, HER2 overexpression), and basal-like triple-negative breast cancer (TNBC, ER- and PR-/HER2-).
Luminal A was the most commonly diagnosed subtype (59.0%) and had the greatest survival, whereas
triple-negative had the poorest survival [7].

In assessing breast cancer survival, the molecular subtype, along with age, stage at diagnosis and
comorbidity are critical. The survival of hormone-receptor-negative cancers lags behind that for hormone-
receptor-positive cancers [7]. Previously we demonstrated that protein expression of MTDH and IL-10 are
independent predictors of worse prognosis, especially in ER-Negative or PR-Negative breast cancer
patients [8]. These �ndings suggested that different molecular markers may apply for different subtypes
of breast cancer. The pleiotropic cytokine Interleukin-6 (IL-6) is a key player in systemic in�ammation that
regulates both the in�ammatory response and tissue metabolism during acute stimulations. Its systemic
levels being a biomarker for tumor burden, physical in-activity, and impaired metabolism, while local
intratumoral IL-6 signaling was found to be critical in controlling breast cancer cell growth, metastasis,
and self-renewal of cancer stem cells [9].  IL-6 expression is associated with poor prognosis and anti-IL-6
has therapeutic potential for estrogen receptor-α (ERα)-positive breast cancers [10]. 

DNA hypermethylation is a common early event in carcinogenesis, which is typically mediated by DNA
methyltransferases (DNMTs) [11, 12]. Inactivation of tumor suppressor genes, often results from
epigenetic silencing associated with promoter hypermethylation, is central to the development of human
cancer [11, 12]. Silencing DNA methyltransferase 1 (DNMT1) inhibits proliferation, metastasis and
invasion in esophageal squamous cell carcinoma (ESCC) [13]. The protein expression of DNMT1 were
also increased after IL-6 induction and further regulated epithelial-mesenchymal transition (EMT) in
normal prostate epithelial cells [14]. 

In vitro deletion studies discovered that DNMT1 and DNMT3b cooperatively maintain DNA methylation
and gene silencing in human cancer cells, and such methylation is essential for optimal tumor
proliferation [12]. Deletion of DNMT1 and DNMT3b resulted in loss of insulin-like growth factor II (IGF2)
imprinting [12]. Dysregulation of the expression and function of insulin receptor (IR) and insulin-like
growth factors (IGFs) and receptor (IGF-1R) signaling pathway is present in many tumors including breast
cancers. Aberrant IR/IGF-1R signaling and their downstream signaling effectors drive breast cancer
initiation and progression, often in a subtype-dependent manner [15]. Animal models suggested a highly
speci�c role of the insulin receptor in breast cancer progression [16].



Page 4/25

In human umbilical vein endothelial cells (HUVECs), IL-6 treatment reduced DNMT1 and DNMT3B but not
DNMT3A protein levels. IL-6 also resulted in promoter hypo- and hypermethylation of genes associated
with insulin signaling and angiogenesis, presumably due to protein stabilization of DNA
methyltransferases [17]. These �ndings suggested a possible causal link between IL-6-induced changes
in DNA methylation that may alter expression of critical genes involved in insulin signaling and
angiogenesis in humans.  Optimal methyl donor balance and methylation are essential for metabolic
reprogramming and cancer prevention and antifolate has been a treatment for cell proliferative diseases
[18] including cancer. We recently discovered that knocking down methylene-tetrahydrofolate reductase
assists cell defense against folate depletion induced chromo-some segregation and uracil
misincorporation in the DNA, shedding light on the potential regulatory mechanism by which folate and
methylation balance modulates the risk for tumorigenesis [19]. Methionine cycle enzymes methionine
adenosyltransferases (MATs) catalyze the formation of S-adenosylmethionine (SAM), the principal
biological methyl donor, whereas glycine N-methyltransferase (GNMT) utilizes SAM for sarcosine
formation. Our previous studies showed that GNMT is critical for of hepatic methyl group balance
homeostasis and DNA methylation [20], for hepatic folate-dependent homocysteine remethylation [21], as
well as for cellular defense against DNA damage in the liver [22]. Downregulation of methionine cycle
genes MAT1A and GNMT enriches protein-associated translation process and worsens hepatocellular
carcinoma prognosis [23].  Our recent study also revealed that expression of GNMT protein is
downregulated in breast tumors [24], and that MAT2A localization is independently prognostic for breast
cancer patients [24].  These studies demonstrated that perturbation in methylation balance is involved in
tumorigenesis including breast cancer development.  

In this study, we present that overexpression of IL-6 and DNMT1 coincide a highly positive correlation and
worse prognosis in HER2-positive breast cancer patients.

Materials And Methods
Patients

Contralateral primary breast tumor and adjacent normal breast tissues of 285 breast cancer patients
receiving surgical resection were acquired from Changhua Show Chwan Memorial Hospital from March
2011 to January 2017. Computed tomography (CT) was applied for the diagnosis in the 285 breast
cancer patients prior to surgery. The diagnosis parameters and clinical outcomes were recruited until
patient death or loss to follow-up. In the study, donor records were obtained from the Cancer Registry of
Changhua Show Chwan Memorial Hospital. All personal identi�cation information had been deleted and
anonymized before we accessed the records, and personal privacy was under protection against using
these data. The age of all patients was between 29 and 95 years old (mean ± SD: 54.88 ± 12.32 years).
Clinical parameters and survival data were recorded from the cancer registry system of Changhua Show
Chwan Memorial Hospital, which is anonymously linked to the Taiwan Cancer Registry
(http://www.iacr.com.fr/). The variables included age, gender, tumor size, N (lymph nodes), m
(metastasis), stage, ER, PR, HER2 status, Ki67, date of operation, diagnosis, death, etc.  Survival data was
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annotated to be the time from the date of primary surgery to the date of death. During this survey, 29
patients died and 52 patients exhibited tumor metastasis. The metastasis sites included the skin,
abdomen, pleura, bone, lung, liver, chest wall, breast, and lymph node. The median overall survival time of
all breast cancer patients was 1440 days. This project was approved by the Ethics Committee of the
Institutional Review Board of Show Chwan Memorial Hospital (IRB No. 1060407).

Immunohistochemistry and scoring 

For each patient, representative tissue cores of the breast tumor section, as well the adjacent normal
section, were carefully collected and made into tissue microarrays. Immunohistochemistry (IHC) staining
was used to evaluate IL-6 and DNMT1 protein expression. The IL-6 antibody (GenTex GTX110527) and
DNMT1 antibody (GenTex GTX116011) was purchased from GenTex (Alton Pkwy Irvine, CA 92606 USA).  
IHC evaluation and protocol used to obtain score have been descripted previously [8, 24].  The average
signals of the scores were evaluated independently by two pathologists that were blinded when judging
the slides. Immunostaining scores were de�ned as the cell staining intensity (0 = none, 1 = weak, 2 =
moderate, and 3 = strong) multiplied by the percentage of labeled cells (0% to 100%), leading to scores
from 0 to 300. The IHC staining median score was used as the cut-off point for the dichotomization of IL-
6 and DNMT1. A score more than the median was recognized as “high” immunostaining, whereas a score
less than or equal to the median was recognized as “low”.

Web Server Survival Analysis 

The correlation of expression of IL-6 and DNMT1 mRNA in breast cancer patients was calculated using
Pearson’s correlation using data at GEPIA at http://gepia2.cancer-pku.cn/#index. The association
between DNMT1, IL-6 and tumor immune microenvironment were explored via the Tumor Immune Single-
cell Hub (TISCH), a single cell RNA sequencing

(scRNA-seq) database focusing on tumor microenvironment.  TISCH provides detailed cell-type
annotation at the single-cell level, enabling the exploration of TME across different cancer types at
http://tisch.comp-genomics.org. 

Cell culture

The human breast cancer cells, MDA-MB-453 and SKRB3 (ATCC, Gaithersburg, MD, USA), were cultured in
Dulbecco's modi�ed Eagle's medium (DMEM) supplemented with 10% FBS (HyClone, Logan, UT, USA)
and maintained in a humidi�ed incubator with 5% CO2 at 37°C.

Western blot analysis

After cells were harvested, protein was quanti�ed using a BCA assay kit (Pierce, Rockford, IL, USA,
Winnebago).  The cells were harvested using a curet and centrifuged at 1,000 × g for 10 min at 4°C and
then lysed in ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Scienti�c company,
USA) with 100 µL protease inhibitor cock-tail (Roche, San Francisco, USA).  Equal amounts of protein (30
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µg) were separated by SDS-PAGE (10% gel) and subsequently transferred to a polyvinylidene di�uoride
mem-brane [19].  Subsequent to blocking with 5% skimmed milk at room temperature for 1 h, the
membranes were incubated at 4°C overnight with primary antibodies, including anti-IL-6 (1:1,000,
GTX110527, GeneTex), anti-GAPDH (1:5000, GTX100118, GeneTex), anti-DNMT1 (1:1,000, GTX116011,
GeneTex), followed by incubation at room temperature for 2 h with HRP-conjugated polyclonal secondary
antibody (1:5,000, GTX213110-01/GTX213111-01, GeneTex) [55]. All western blots were visualized using
the enhanced plus chemiluminescence assay kit (EMD Millipore, Billerica, MA, USA), ac-cording to the
manufacturer's protocol. Protein expression levels in cells were quanti�ed by ImageJ software
(https://imagej.nih.gov/ij/).

Transwell invasion assay

For invasion assay, cells were treated with 10 ng/mL human recombinant IL-6 or 10 µg/mL anti-IL-6
monoclonal antibody, the referenced concentration as previous described [10].  Cell invasion was
determined using Matrigel invasion chambers with a pore size of 8 μm (Costar, Corning Life Sciences,
Cambridge, MA, USA).  Brie�y, MDA-MB-453 and SKRB3 (4×104 cells per chamber) in serum-free medium
were seeded in the upper chamber, and 10% fetal bovine serum (Gibco, Thermo Fisher Scienti�c, Inc.) was
used as a chemoattractant in the bottom well.  After incubation for 24 h at 37°C, the non-invasive cells on
the upper surface of the membrane were removed with a cotton swab, and the invasive cells on the
bottom side were �xed in 100% methanol at room temperature for 5 min, stained with 1% crystal violet at
room temperature for 10 min and counted using a microscope (Nikon Eclipse 80i, Nikon Corporation
Tokyo, Japan) under ×200 magni�cation with �ve �elds of view per cells [23].

Statistical analysis

The association between IL-6 and DNMT1 protein expression and the clinical and pathological
parameters was calculated using a Chi-squared test, and Pearson’s correlation was used for the
association between IL-6 and DNMT1 protein expression.  Survival curves were plotted using the Kaplan-
Meier model and compared using a log–rank test. Additionally, Cox’s proportional hazards regression
model was used to analyze the associations between age, stage, ER, PR, Ki67, IL-6 and DNMT1, and
survival data, and p < 0.05 was considered to indicate a statistically signi�cant difference. SPSS 18.0
software (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses.

Results
DNMT1 mRNA expression in TCGA datasets from UALCAN 

We performed a pan-cancer analysis of DNMT1 expression, and found that DNMT1 was upregulated in
several different tumor types from the University of Alabama at Birmingham cancer data analysis Portal
(UALCAN) (Figure 1A). Speci�cally, transcription level of DNMT1 was signi�cantly higher in the breast
invasive carcinoma (BRCA) tissues (n = 1097) than that in normal tissues (n = 114, p < 0.001) (Figure 2B).
We further explored the overall survival rate in BRCA patients (Figure 1C). BRCA patients with higher
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DNMT1 expression did not appear to have poor overall survival among all (P = 0.62, Figure 1C). On the
other hand, HER2-positive BRCA patients with high-er DNMT1 expression showed a poorer overall survival
compared to other BRCA subtypes (P = 0.043, Figure 1D). 

IL-6 and DNMT1 protein expression in breast cancer tissues

We �rst explored the correlation between DNMT1 and IL-6 mRNA expression in breast invasive carcinoma
(BRCA). Analysis of the TGCA database found a strong correlation between the two (n=1100, P<0.0001,
Figure 2). Specimens of 285 breast cancer patients from our cohort study were further examined for the
expression of IL-6 and DNMT1 proteins were investigated in breast tumor tissues. The clinicopathological
data are presented in Table 1, and representative IHC staining for each molecule is shown in Figure 3A-D.
Pearson’s correlation analysis revealed that IL-6 was positively correlated with DNMT1 protein level in
breast tumor tissues (r=0.53, P<0.001, n=285, Figure 3E). The immunohistochemically ER negative
expression was signi�cantly observed in 60% (49/82) patients with lower DNMT1 expression (P=0.040,
Table 1).

Identi�cation of IL-6 and DNMT1 expression signature for survival

The tissue microarray of 285 patients was then interrogated for IL-6 and DNMT1 to determine if these
proteins were correlated with the �ve-year relative survival rate.  Kaplan-Meier survival analyses were
performed after the samples were classi�ed into high- and low-expression groups according to the
median scores.  As shown in Figure 4A, Kaplan-Meier survival curves indicated a poorer survival in stage
III and IV tumors than that in stage I and II tumors (p <0.001).  Patients aged 65 and over were associated
with a signi�cant increase in 5-year mortality rate compared with those aged less than 65 (P<0.001,
Figure 4B). Positive expression of ER was associated with signi�cantly im-proved breast cancer survival
rate compared with tumors that stained negative for ER (P=0.002, Figure 4C).  Positive expression of PR
was associated with signi�cantly im-proved breast cancer survival rate compared with tumors that
stained negative for PR (P=0.003, Figure 4D).  In our tissue microarray samples, the HER2 and Ki67
expression showed weaker associations with breast cancer survival rate compared to stage, age, ER or
PR status (Figure 4E and 4F, P=0.115 and P=0.225, respectively). As for the clinicopathologic
characteristics of our cohort study, 53.7% (153/285) were found luminal A subtype, 18.2% (52/285) were
luminal B subtype, 15.1% (43/285) were HER2 subtype, and 13.0% (37/285) were TNBC-subtype (Table
1). Among the subtypes, patients with luminal B subtype had less survival rate than luminal A subtype,
and HER2 positive patients showed lower survival rate than TNBC (P=0.037, Figure 5). 

Protein expression pattern of IL-6 and DNMT1 is prognostic for HER2-positive breast cancer outcomes

Survival data by Kaplan–Meier analysis showed that HER2 expression was associated with a trend of
decreased breast cancer survival rate compared with tumors that stained negative for HER2 (Figure 5,
P=0.037). HER2 expression was negatively correlated with DNMT1 expression in our patients (P=0.065,
Table 1).  Herein, we further per-formed strati�ed analysis to evaluate the prognostic signi�cance of IL-6
and DNMT1 expression in HER2-positive breast cancer patients. The results revealed that high IL-6
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expression in the tumorous tissues was strongly and signi�cantly associated with poorer survival in
HER2-positive breast cancer patients (P=0.008, Figure 6A), high DNMT1 ex-pression in the tumorous
tissues was also strongly and signi�cantly associated with poorer survival in HER2-positive breast cancer
patients (P=0.007, Figure 6B). Further-more, patients with high expression of IL-6 and DNMT1 had the
worse survival rate in HER2-positive breast cancer patients (P=0.024, Figure 6C).  In addition, multivariate
logistic-regression analysis indicated that the high expression of IL-6 and DNMT1 signi�cantly correlated
with poorer survival (hazard ratio=3.6, p= 0.019, 95% CI=1.25-10.57) (Table 2). Taken together, HER2-
positive breast cancer patients with concurrent high IL-6 and DNMT1 expressions in the tumorous tissues
had poorest prognosis that is independent of age, ER, PR, Ki67, and tumor-node-metastasis (TNM) stage.

Expression of IL-6 and DNMT1 is associated with invasive ability in HER2-positive cells

As HER2-positive breast cancer patients with concurrent high IL-6 and DNMT1 ex-pressions had poorest
prognosis, we used HER2 positive breast cancer cell-lines to examine the relationships between IL-6 and
DNMT1 expression pattern with their invasive abilities.  The basal levels of IL-6 and DNMT1 protein
expression were compared be-tween two HER2 positive breast cancer cell lines, MDA-MB-453 and SKBR3.
 IL-6 and DNMT1 levels were higher in MDA-MB-453 compared to those in the SKBR3 using western
blotting (Figure 7A).

To examine whether IL-6 can increase invasiveness in low IL6 expressing cells, the effect of IL-6 was
examined in the low IL-6 expressing SKBR3 cells.  Exogenous IL-6 (10 ng/ml) treatment signi�cantly
promoted SKBR3 cell invasion (P=0.002, Figure 7B), indicating IL-6 can promote cell invasion in low IL-6
expressing breast cancer cells. To determine whether the observed higher IL-6 expression may account
for the invasion ability in MDA-MB 453, high IL-6 expressing MDA-MB-453 cells were treated with IL-6
antibody (10 μg/ml), and a signi�cant decrease in cell invasion was observed using the Boyden chamber
assay (P=0.012, Figure 7B). 

The association between DNMT1 and tumor immune microenvironment in breast invasive carcinoma
(BRCA)

Through exploring single cell sequencing data via TISCH, we discovered that DNMT1 but not IL-6 were
expressed in malignant cell cluster in 1 dataset (BRCA_GSE143423) without chemotherapy,
immunotherapy, or targeted therapy (Figure 8A).   Data from the other 2 datasets (BRCA_GSE138536 and
BRCA_GSE114727_10X) without chemotherapy, immunotherapy, or targeted therapy showed that DNMT1
was positively correlated with speci�c types of immune cells, including CD8(+) T cells, CD4(+) T cells,
regular T cells, proliferating T cells, macrophages, epithelial cells, and �broblasts, whereas IL-6 was not
detected in any innate or adaptive immune cells (Figure 8B and 8C).   DNMT1 expression was stronger in
proliferating T cells (Figure 8C). Furthermore, DNMT1 was positively correlated with speci�c types of
innate immune cells, including M0 ma. crophages, M1 macrophages,   M2 macrophages, and myeloid-
derived suppressor cells (MDSCs) (Figure 8D), and also found in the adaptive immune cells (CD4(+) T
cells, CD4(+) T cells, regulatory T cells (Tregs), and 
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T cell follicular helper (T helper cells) (Figure 8E). Among immune cell types, only the high  in�ltration of
M2 macrophage has the signi�cantly poor prognosis in breast invasive carcinoma (BRCA) (Figure 8F).
Therefore, these �ndings suggest that DNMT1 could affect immune functions and thereby might
in�uence the tumorigenesis and the progression of breast invasive carcinoma (BRCA). Based on the
above data, we further the triple-high expression of IL-6, and DNMT1, and M2 macrophages of BRCA
patients has the worse prognosis (Figure 9).

Discussion
In combination of public RNA-seq data, human tissue array from our cohort, and cell model experiments,
the present study demonstrated novel �ndings that HER2-positive breast cancer patients with concurrent
high IL-6 and DNMT1 expressions in the tumorous tissues had poorest prognosis, independent of age, ER,
PR, Ki67, and tumor-node-metastasis (TNM) stages.   Using in vitro models of breast cancer cells, we also
compared the expression pattern of IL-6 and DNMT1, and discovered that HER2-positive breast cancer
cell-lines with elevated IL-6 and DNMT1 exhibited increased invasiveness. Addition of exogenous IL-6
signi�cantly increased the invasiveness of low IL-6 expressing HER2-positive breast cancer cells.
 Furthermore, inhibition of IL-6 by IL-6 monoclonal antibody signi�cantly suppressed the invasiveness of
IL-6 overexpressing HER2-positive breast cancer cells. These results provided potential mechanisms by
which IL-6 and DNMT overexpression may intertwine with one another and contribute to the poor
prognosis of HER2-positive breast cancer patients. Oncoprotein HER-2 is commonly (20-25%)
overexpressed in invasive breast cancers and has been associated with aggressive tumor phenotypes
and reduced survival rate [25, 26].  Although trastuzumab in combination with chemotherapy is currently
considered one of the most effective therapies in treating breast cancer, many HER-ampli�ed breast
cancer patients cannot bene�t from this human HER2 monoclonal antibody therapy due to drug
resistance [27]. The potential mechanisms for such drug resistance include: pre-venting trastuzumab
binding to HER2, upregulation of HER2 downstream signaling pathways, signaling through alternate
pathways, and failure to trigger an immune-mediated mechanism to destroy tumor cells [27, 28,29].  In
addition, the phosphatidylinositol 3'-kinase/protein kinase B/mammalian target of rapamycin pathway,
cross-talk with estrogen receptors, immune response, cell cycle control mechanisms, and other tyrosine
kinase receptors such as insulin-like growth factor I receptor have also been proposed as potential
pathways involved in trastuzumab resistance [30].  The alternate pathways of trastuzumab resistance
include: loss function of the tumor suppressor phosphatase and tensin homolog (PTEN) gene, enriched
Akt signaling, and insulin-like growth factor 1 (IGFR1) receptor signaling leads to decreased sensitivity to
trastuzumab [31]. Upregulation of PD-L1 through engagement of immune effector cells has also been
proposed as a potential mechanism of trastuzumab resistance [32].  These previous studies highlighted
the signi�cance of immune-mediated mechanism(s) and a potential role of IGFR1 in trastuzumab
resistance. Secretory factors re-leased by the tumor cells into the microenvironment such as IL-6 have
been found to con-fer resistance towards cancer therapies.  IL-6 overexpression has been reported in
many types of tumors including breast cancer, and IL-6 is one of the major cytokines in the tumor and
immune cell microenvironment [33].  High IL-6 levels in the tumor microenvironment can promote
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tumorigenesis via signaling pathways of apoptosis, survival, proliferation, angiogenesis, invasiveness,
metastasis, and metabolism [33].  IL-6 can protect cancer cells from therapy-induced DNA damage,
oxidative stress and apoptosis by facilitating the cell repair and induction of NF-κB and STAT3 signaling
pathways [34,35].  IL-6 also mediates HER2-driven breast tumor growth via activation of the STAT3
pathway which activates MMP3, MMP10, and MMP12 [36].  Our current study suggests that upregulation
of IL-6 proteins may attenuate prognosis of HER2-positive breast cancer patients by increasing HER2-
positive cancer cell invasion. 

So far, the impact of DNMT1 on biological functions of tumors is still controversial, and therapeutic
approaches targeting DNMT1 are still under exploration [37]. Oncogenic role of DNMT1 in pancreatic
cancer indicated that methylated transcription repression of suppressor of cytokine signaling 3 (SOCS3)
mediated by IL-6/STAT3 signaling via DNMT1 promotes tumor growth and metastasis [38].  In lung
cancer cells, IL-6 induced the expression of DNMT1 that may result in hypermethylation of p53 and p21,
and the enrichment of lung cancer stem-like properties [39].  IL-6 treatment of colon cancer cells resulted
in an increase in DNMT1 expression that increased the methylation of promoter regions of genes
associated with tumor suppression (plasminogen activator inhibitor-1, PAI-1, mammary serpin, Maspin),
adhesion (interferon regulatory factor 7, IRF-7), and apoptosis resistance (Interleukin 4, IL-4) [40], implying
in�ammation-associated colon tumorigenesis.

DNA hypermethylation is a common early event in carcinogenesis, which is typically mediated by DNMTs
[11, 12].  The silencing of tumor-suppressor genes by shutting down of their promoter regions is a key
event in human cancer development [11, 12].  Silencing DNMT1 inhibits proliferation, metastasis and
invasion in esophageal squamous cell carcinoma (ESCC) [13]. In prostate epithelial cells, the protein
expression and methyl-transferase activity of DNMT1 can be increased by IL-6, and DNMT1 also
regulates IL-6-induced epithelial mesenchymal transition (EMT) [14]. IL-6 enhanced phosphorylation of
the DNMT1 nuclear localization signal by PKB/AKT kinase results in DNMT1 nuclear translocation [41].
This study demonstrated how mediators of chronic in�ammation may disturb the delicate balance of
cellular compartmentalization of DNMT1, and reveals a potential mechanism by which IL6 may alter DNA
methylation status. FOXO3a is functionally related to the inhibition of FOXM1/SOX2 signaling and to the
consequent suppression of breast cancer stem cell properties and tumorigenicity. Downregulation of
FOXO3a by DNMT1 promotes breast cancer stem cell properties and tumorigenesis [42].

On the other hand, IL-6 determines protein stabilization of DNA methyltransferases and alters DNA
promoter methylation of genes associated with insulin signaling and angiogenesis [17].  In human
umbilical vein endothelial cells (HUVECs), IL-6-induced insulin resistance was associated with decreased
activity of DNMT isoforms and global DNA hypomethylation.  IL-6 resulted in promoter hypo- and
hypermethylation of genes associated with insulin signaling and angiogenesis, presumably due to
protein stabilization of DNMTs [17].

In vitro deletion studies discovered that DNMT1 and DNMT3b cooperatively maintain DNA methylation
and gene silencing in human cancer cells, and such methylation is essential for optimal tumor
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proliferation [12].  Deletion of DNMT1 and DNMT3b resulted in loss of insulin-like growth factor II (IGF2)
imprinting [12].  The ligands of the insulin receptor/insulin-like growth factor-1 receptor (IR/IGF-1R)
pathway are upregulated in obese/hyperinsulinemic states and activate their cognate receptors to drive
breast tumor growth and progression [15, 16]. Tumor-speci�c methylation changes at IGF2 methylated
region 2 were observed in 59% of breast cancer patients [43]. 

In breast cancer cells, DNMT1 promotes estrogen related receptor α (ERRα) stability which in turn couples
DNMT1 transcription with that of the methionine cycle and S-adenosylmethionine synthesis to drive
methylation of tumor suppressor gene, interferon regulatory factor-4 (IRF4) [44].  DNMT1 represents an
epigenetic target for TNBC cells destruction that causes to facilitate demethylation of estrogen receptor 1
(ESR1), p53, U-rich element RNA-binding protein 1 (AUF1), and LIM homeobox 1 (ISL1) and inhibits their
metastatic and aggressive phenotypes [45]. DNMT1-ISL1 axis is a necessary for cancer stem cell
population maintenance and tumorigenesis [46]. A previous study showed that protein and mRNA
expression levels of DNMT1 were negatively correlated with ERα ex-pression [47], and we found that
protein expression level of DNMT1 was positively correlated with ERα expression that potentially due to
the difference of the proportion of HER2-positive patients (Table 1). DNMT1 expression is differentially
expressed by molecular subtype and stromal histological type, and DNMT1 was highly expressed in
TNBC [48]. These studies suggested a possible causal link between IL-6-induced changes in DNA
methylation that may alter expression of critical genes involved in insulin signaling and angiogenesis in
humans.  Deletion of Dnmt1 in double-positive thymocytes impaired activation-induced proliferation in
the mouse model, indicating that DNMT1 and DNA methylation are required for the proper expression of
certain genes that de�ne fate and determine function in T cells [49].  Single cell sequencing data from
TISCH database of breast cancer T cells revealed a tissue-resident memory subset associated with
improved prognosis [50]. Tissue-resident memory T cells in breast cancer control and immunotherapy
responses [51]. CD39(+)PD-1(+)CD8(+) T cells mediate metastatic dormancy in breast cancer [52].  These
studies and our present study suggest that DNMT1 may serve as an additional therapeutic target for
breast cancer, and future studies on how DNMT may modulate breast cancer immune function.

Taken together, these studies demonstrated a reciprocal regulation by IL-6 and DNMT1 in tumor
progression. We predicted that IL-6 could interact with DNMT1 between DNA methyltransferase-
associated protein (DMAP) binding domain and replication foci domain (RFD) domain by iFrag
(http://sbi.imim.es/iFrag) [53] (Supplementary Figure 1). We postulated IL-6 promote HER2-positive cell
malignancy via directly interacting with DNMT1 protein that will cause DNMT1 dislocation that DNMT1
protein expressed in cytoplasmic fractions of the breast tumor.

We showed for the �rst time, there was a positive correlation between IL-6 and DNMT1 protein expression
and that predicts the prognosis in HER2-positive breast cancer. We also observed this association of
invasion ability and the expression of IL-6 and DNMT1 in the two HER2-positive breast cancer cell-lines
treated with IL-6 antibody or recombinant IL-6 protein (Figure 8).  Our results suggest that IL-6 inhibition in
com-bi-nation with anti-HER2 therapy could be a potentially effective regimen for both trastuzumab-
sensitive and -resistant breast cancers.  Exploring single cell RNA-seq datasets revealed a potential role of
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DNMT1 in tumor immune microenvironment and suggest that DNMT1 may serve as an additional
therapeutic target for breast cancer.

Conclusions
Although the introduction of monoclonal antibodies, tyrosine kinase inhibitors, and antibody-drug
conjugates directed against HER2 impressively improved patient prognosis in the last two decades,
HER2-positive metastatic breast cancer remains a tricky disease that due to the acquired resistance to
anti-HER2 therapies. The present study demonstrated a novel strategy that used the expression of IL-6
and DNMT1 for HER2-positive breast cancer prognosis. In vitro studies found that HER2-positive breast
cancer cells with a higher expression of IL-6 and DNMT1 were more invasive, and a decrease of invasive
ability in highly invasive HER2-positive breast cancer cells treated with anti-IL-6 monoclonal antibody. We
suggest that anti-IL-6 monoclonal antibody therapy decreased the incidence of cancer cells-related
invasion thus may be useful in the treatment of HER2-positive cancer patients. Moreover, DNMT1 is
involved in breast cancer tumor immune microenvironment that may serve as a potential therapeutic
target for breast cancer.
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Table 1. Relationship of clinical parameters with IL-6 and DNMT1 protein expression in breast cancer
patients (n=285)

    IL-6   DNMT1  

Characteristics No. Low
(N=142)

High
(N=143)

P-
value

Low
(N=143)

High
(N=142)

P-
value

Age              

<65 234 115 (49) 119 (51) 0.623 117 (50) 117 (50) 0.899

≧65 51 27 (53) 24 (47)   26 (51) 25 (49)  

Stage              

I, II 229 114 (50) 115 (50) 0.977 114 (50) 115 (50) 0.788

III, IV 56 28 (50) 28 (50)   29 (52) 27 (48)  

ER              

Negative 82 40 (49) 42 (51) 0.823 49 (60) 33 (40) 0.040

Positive 203 102 (50) 101 (50)   94 (46) 109 (54)  

PR              

Negative 113 55 (49) 58 (51) 0.753 61 (54) 52 (46) 0.297

Positive 172 87 (51) 85 (49)   82 (48) 90 (52)  

HER2              

Negative 190 93 (49) 97 (51) 0.675 88 (46) 102 (54) 0.065

Positive 95 49 (52) 46 (48)   55 (58) 40 (42)  

Ki67              

Negative 63 34 (54) 29 (46) 0.456 26 (41) 37 (59) 0.109

Positive 222 108 (49) 114 (51)   117 (53) 105 (47)  

Data are shown as numbers (%). P-values were calculated by Chi-squared test.
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Table 2. Cox regression analysis for the in�uence of age, stage, ER, PR, Ki67, and IL-6/DNMT1 on
overall survival in HER2-positive breast tumors.

    Overall survival (OS)

Characteristics HR Unfavorable/Favorable number P-value 95% CI

Age 4.78 ≧65/ <65 18/77 0.060 0.96-8.45

Stage 5.10 III, IV/I, II 22/73 0.002  1.84-14.16

ER 1.93 Negative/Positive 43/52 0.380 0.45-8.33

PR 1.45 Negative/Positive 56/39 0.637 0.31-6.83

Ki67 1.21 Positive/Negative 85/10 0.689 0.15-9.55

IL-6/DNMT1 3.60 High and high/Others 33/62 0.019  1.25-10.57

Cox regression model for age, stage, ER, PR, Ki67, and IL-6/DNMT1.

Figures

Figure 1

DNMT1 mRNA expression is prognostic for HER2-positive breast cancer patients.
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Figure 2

The correlation between DNMT1 and IL-6 mRNA expression of breast invasive carcinoma (BRCA)
patients.
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Figure 3

IL-6 and DNMT1 immunohistochemical staining in breast cancer tissues (×200) using a set of serial
sections of each tumor specimen. (A) Low IL-6 staining in breast cancer tissues, (B) High IL-6 staining in
breast cancer tissues, (C) Low DNMT1 staining in breast cancer tissues, (D) High DNMT1 staining in
breast cancer tissues. (E) Pearson’s correlations between IL-6 and DNMT1 IHC score.
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Figure 4

Kaplan–Meier analysis of stage, age, ER, PR, HER2, Ki67, IL-6, and DNMT1 in breast cancer patients. (A)
Overall survival estimates for stage. (B) Overall survival estimates for age. (C) Overall sur-vival estimates
for ER expression. (D) Overall survival estimates for PR expression. (E) Overall survival estimates for
HER2 expression. (F) Overall survival estimates for Ki67 expression. (G) Overall survival estimates for IL-6
expression. (H) Overall survival estimates for of DNMT1 expression.
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Figure 5

Kaplan-Meier curve of overall survival of four breast cancer types from tissue array cohort. HR: hormone
receptor. TNBC: triple-negative breast cancer.
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Figure 6

Kaplan–Meier analysis of IL-6 and DNMT1 protein expressions in HER2-positive breast cancer patients.
(A) Overall survival estimates for IL-6 expression. (B) Overall survival estimates for DNMT1 expression.
(C) Overall survival estimates for the combination of IL-6 and DNMT1 expression.
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Figure 7

Cellular protein expression pattern of IL-6 and DNMT1, and the invasiveness in HER2-positive breast
cancer cell-lines. (A) Protein lysates were prepared from the MDA-MB-453 and SKBR3 breast cancer cell
lines and protein expression levels were analyzed by western blotting using speci�c antibodies against
DNMT1, IL-6, and GAPDH. (B) Invasion assay in high IL-6 expressing cell MDA-MB-453 that was treated
with or without anti-IL-6 antibody (10 μg/ml). Invasion as-say in low IL-6 expressing SKBR3 breast cancer
cell treated with or without recombinant IL-6 protein (10 ng/ml).

Figure 8

The association between DNMT1 expression and tumor immune microenvironment explored via single
cell sequencing data from TISCH database. (A) DNMT1 pattern in the BRCA_GSE143423 dataset. DNMT1
expression pattern shown in malignant cell cluster. (B) DNMT1 expression pattern in the
BRCA_GSE138536 dataset. DNMT1 ex-pressed in innate immune cell cluster. (C) DNMT1 expression
pattern in the BRCA_GSE114727_10X dataset showed that DNMT1 expressed in adaptive immune cell
cluster. (D) The correlations between DNMT1 expression and in�ltrations of innate immune cell in breast
invasive carcinoma (BRCA) analyzed via TIMER2.0 database. (E) The correlations between DNMT1
expression and in�ltrations of afaptive immune cell in BRCA analyzed via TIMER2.0 database. (F) Overall
survival estimates for the in�ltration of M2 macrophages in BRCA.
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Figure 9

Kaplan-Meier curve of overall survival of IL-6, DNMT1, and M2 macrophage in�ltration in breast invasive
carcinoma (BRCA).
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