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A miR-20a/MAPK1/c-Myc regulatory feedback loop
regulates breast carcinogenesis and chemoresistance

Wengong Si', Jiaying Shen', Chengyong Du?, Danni Chen', Xidong Gu®, Chenggong Li', Minya Yao?, Jie Pan', Junchi Cheng’,
Donghai Jiang*, Liang Xu'®, Chang Bao', Peifen Fu*? and Weimin Fan*'®

Chemoresistance often leads to the failure of breast cancer treatment. MicroRNAs (miRNAs) play an important role in the
progression and chemoresistance of cancer. However, because of the complexity of the mechanisms of chemoresistance and the
specificity of miRNA regulation in different cell types, the function of miR-20a in breast cancer chemoresistance is still unclear.
Here, by using miRNA microarray and high-content screening techniques, we found that miR-20a/b were significantly
downregulated in breast cancer tissues compared with normal breast tissues, and low miR-20a/b expression was correlated with
poor survival in breast cancer patients. Ectopic overexpression of miR-20a sensitized breast cancer cells to a broad spectrum of
chemotherapy drugs and suppress their proliferation both in vitro and in vivo. Further study demonstrated that miR-20a directly
targeted the 3'untranslated region of MAPK1, and thus downregulated the expression of P-gp and c-Myc by inhibiting the MAPK/
ERK signaling pathway, whereas c-Myc can bind to the promoter region of the miR-20a gene to promote the expression of miR-20a.
Together, our study identified a novel miR-20a/MAPK1/c-Myc feedback loop that regulates breast cancer growth and
chemoresistance. These findings suggest that miR-20a synergizing with anticancer drugs will be a promising treatment strategy,

especially for chemoresistant patients.
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Breast cancer is one of the most common female malignant
adenocarcinomas in the world."2 Clinically, anticancer drugs,
including cytotoxic drugs and small molecule targeted drugs,
remain one of the major treatments for cancers, including
breast cancer. These chemotherapies are especially impor-
tant for patients with advanced and metastatic tumors that
cannot undergo surgery.® Because of the high cost of targeted
therapies, chemotherapy is clinically more preferred in many
developing countries, especially in Asia.* However, with the
progress of treatment, patients often become resistant to
chemotherapy and result in treatment failure.>® Therefore, it is
urgent to develop a new method of tumor therapy that can
reduce the dose of chemotherapy drugs and improve the
therapeutic effect.

In recent years, the role of a class of endogenous RNA
molecules, microRNAs (miRNAs), in cell biology has received
wide attention. MiRNAs participate in a series of biological
processes, such as cell proliferation, differentiation and
apoptosis, and so on.”® It is estimated that at least one-third
of the human coding genes are regulated by miRNAs.® Many
studies have shown that miRNAs are involved in the regulation
of tumor chemoresistance.'®'® However, because of the

tissue specificity of transcriptome, the same miRNA could
have different functions in different cell lines,'* and miRNAs
that play a major regulatory role in different drug-resistant cells
may also be different. Here, in our study, we used medullary
breast cancer cell line BCap37 as a model to identify and study
the miRNAs that can regulate its tolerance to paclitaxel (PTX).
Medullary breast cancer is the third most pathological type of
breast cancer, and there are few studies on it."”>™'7 PTX is a
taxane first-line anticancer chemotherapy drug. However,
patients usually acquire drug resistance during treatment.'®
Nowadays, studies on how breast cancer gains PTX
resistance are still rare and the mechanisms remain to be
elucidated.

In order to find out miRNAs that regulate PTX resistance
in breast cancer cells, we used the two chemoresistant cell
lines, Bads-200 and Bats-72,'® that were obtained by long-
term screening in our laboratory and their parental cell line
BCap37 to compare the expression of miRNAs by the
miRNA microarray technique, and found that multiple
miRNAs in the miR-17-92 family, especially the miR-20a,
were significantly downregulated in chemoresistant cell
lines. The biological functions and molecular mechanisms
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of miR-20a in the progression and chemoresistance of
breast cancer were comprehensively studied in vitro and
in vivo.

Results

Identification of chemoresistance-related miRNAs by
miRNA microarray and high-content screening system.
In order to screen miRNAs that can enhance the response of
breast cancer cells to chemotherapeutic drugs, two drug
resistant cell lines, Bads-200 and Bats-72, were established
using the first-line anticancer drug PTX by ‘time-increasing
method’ and ‘dose-escalation method’, respectively. They
represent two different types of drug resistance.'® Compared
with the parental cells BCap37, the drug resistance of Bads-
200 and Bats-72 to PTX increased significantly
(Supplementary Figures S1a and B). We then used miRNA
microarray technology to compare changes in miRNA
expression profiles between the drug-resistant and the
parental cells, and the results showed that the expression
of a series of mMiRNAs changed (Figure 1a). Because the
accuracy of miRNA microarray was limited and alerted
miRNAs may not be relevant to regulatory function, we only
selected those miRNAs that have > 1.5-fold change between
the parental cell line and the drug-resistant cell lines to
construct a miRNA library (Supplementary Table S1). Then,
the mimics or inhibitors of selected miRNAs were transfected
into Bads-200 cells to detect their function in chemoresistant
regulation, respectively. Table 1 lists some of the miRNAs that
have the ability to control the drug resistance. Among all
miRNAs that were detected as having an ability to regulate
drug resistance, miR-20a-5p (miR-20a), which belongs to
miR-17 family, had the strongest regulation ability. In addition,
other members of this miRNA family, such as miR-93-5p,
miR-20b-5p, miR-17-5p, miR-106a-5p and so on, also
showed ability to reverse drug resistance in malignant cells.
Moreover, the expression of miR-20a/b was significantly
downregulated in both drug-resistant cells (Figure 1b).

In order to further verify the relationship between miR-20a
and chemoresistance, we compared the expression of miR-
-20a/b in 10 breast cancer cell lines. The results showed that
the expression level of miR-20a/b is negatively correlated with
drug resistance (Figure 1c). In addition, we collected paraffin-
embedded sections from 66 clinical breast cancer patients
with PTX in treatment strategy. We divided the patients who
relapse into the chemoresistant group, and otherwise into the
chemosensitive group. The quantitative PCR (g-PCR) analy-
sis showed that the expressions of miR-20a/b in cancer
tissues from the chemoresistant group were lower than that in
the chemosensitive group (Figure 1d and Supplementary
Figure S1c).We obtained similar results in the specimens from
the TCGA database (Supplementary Figure S1d). In addition,
we compared the expression of miR-20a/b in 30 cases of the
66 breast cancer specimens and their matched adjacent
normal breast tissues. The results showed that the expression
of miR-20a and miR-20b were significantly decreased in
cancer (Figure 1e). We analyzed another 40 pairs of breast
cancer specimens that we collected and the breast cancer
specimens in the TCGA database and obtained similar results
(Supplementary Figures S1e and f). Correlation analysis
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revealed that low levels of miR-20a expression were sig-
nificantly associated with malignancy of breast cancer
(Supplementary Tables S4). Kaplan—Meier survival analysis
showed that low levels of miR-20a/b were significantly
associated with short overall survival in breast cancer patients
(Figure 1f and Supplementary Figure S1g), and Cox regres-
sion analysis showed that low levels of miR-20a are
independent prognostic factors for poor prognosis of patients
with breast cancer (Supplementary Tables S5). We analyzed
breast cancer specimens from the TCGA database and found
that miR-20a/b can be used as a predictor of prognosis in
breast cancer patients, especially when miR-20a and 20b are
combined (Supplementary Figures S1h and i). In addition, we
also found that among different histotypes of breast cancer,
the prognosis of patients with luminal A were best suited to be
predicted by miR-20a (Supplementary Figure S1j). These
results suggest that miR-20a/b may play an important role in
regulating the growth and drug resistance of breast cancer.

MiR-20a/b inhibits the proliferation and chemoresistance
of breast cancer cells in vitro. In order to investigate the
effect of miR-20a/b on breast cancer cell proliferation and
resistance in vitro, we transfected mimics and inhibitors of
miR-20a/b into BCap37, Bads-200 and Bats-72 cell lines,
respectively (Supplementary Figures S2a—d). After over-
expression of miR-20a/b in cells, we added IC5s, concentra-
tions of PTX to the corresponding cells according to the drug
resistance of the cell lines. The results showed that over-
expression of miR-20a/b did not only downregulate the drug
resistance but also inhibited the cell proliferation (Figure 2a
and Supplementary Figure S2e). Growth curve showed that
miR-20a/b could significantly decrease the tolerance of cells
to PTX. The inhibitory effect of miR-20a was more significant
than miR-20b in both proliferation and chemoresistance of
cells. Compared with the parental cell, the inhibitory effect is
more obvious in the resistant cells (Figure 2b and
Supplementary Figure S2f). In contrast, when miR-20a/b
was inhibited by inhibitors, the chemoresistance of the three
cell lines was increased (Figure 2b). However, it may be that
because of the low abundance of miR-20a/b in breast cancer
cells, the effect of inhibition of miR-20a/b by inhibitors on the
regulation of drug resistance was not as significant as
overexpression by mimics (Figure 2b).

Because the regulation effect of miR-20a is stronger than
miR-20b, and the abundance of miR-20a in cells is higher than
miR-20b, and the their seed sequences are the same, we only
study the effect of miR-20a on cell proliferation and drug
resistance in the following experiments. We observed that
overexpression of miR-20a promoted apoptosis, especially
when combined with PTX treatment (Figure 2c and
Supplementary Figure S2g). Colony formation experiment
confirmed that miR-20a inhibited cell proliferation and drug
resistance, and miR-20a combined with PTX treatment
showed little cell growth in the plates (Figure 2d and
Supplementary Figure S2h). Soft agar colony formation
assays indicated that miR-20a also reduced the ability of
breast cancer cells to grow in an anchorage-independent
manner (Figure 2e and Supplementary Figures S2i and j). In
addition, in breast cancer cell lines HS-578T, MCF-7, MDA-
MB-231 and BT-474, miR-20a was also found to significantly
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Figure 1
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|dentification of chemoresistance-related miRNAs by miRNA microarray and high-content screening system. (a) Comparison of miRNA expression in parental cell

BCap37 and chemoresistant cell Bads-200 (left) and Bats-72 (right) by using the miRNA microarray. BC37, BCap37; DS200, Bads-200; TS72, Bats-72. Each cell was tested in
triplicate. (b) MiR-20a/b expression in BCap37, Bads-200 and Bats-72 cell lines was detected using g-PCR. (c) The expression levels of miR-20a/b in cell lines BCap37, Bads-
200, Bats-72, MDA-MB-453, MDA-MB-468, MDA-MB-231, MCF-7, Hs-578T, BT-474 and Sk-Br-3 were detected by g-PCR. The relationship between the expression level of
miR-20a/b in each cell and their corresponding half-maximal inhibitory concentration (ICsq) to PTX are shown. (d) MiR-20a expression levels were reduced in samples of patients
who relapse after chemotherapy compared with patients who did not relapse (n=63). () MiR-20a/b expression levels were reduced in human breast cancer samples (n=30)
compared with paired noncancerous tissues. (f) Retrospective analysis of Kaplan—-Meier plots for miR-20a/b expression in association with overall survival. Patients were split into
high and low expression groups by the mean expression of the miR-20a/b (n=66; log-rank test). **P<0.001

Table 1 miRNA mimics/inhibitors found to sensitize PTX-resistant Bads-200 cells to PTX in the screening system

MiRNA ID %Proliferation

%Proliferation, (miRNA

%Proliferation (miRNA Change in % cell

(miRNA) +IC50PTX) +IC50PTX)/(miRNA) proliferation
MiRNA mimic
NCT 100 50.1 50.1 0
hsa-miR-20a-5p 62.2 13.7 22 —28.1
hsa-miR-27b-3p 62.4 16.9 271 -23
hsa-miR-4284 68.6 32.7 47.7 -24
hsa-miR-196a-5p 731 36 49.2 -0.9
hsa-miR-93-5p 73.7 25.8 35 -15.1
hsa-miR-20b-5p 74.2 20.2 27.2 -229
hsa-miR-320d 76.2 34.9 45.8 -43
hsa-miR-197-3p 77.2 33.4 43.3 -6.8
hsa-miR-17-5p 80.4 33.1 41.2 -89
hsa-miR-582-5p 104.3 40.8 39.1 -11
MIRNA inhibitor

NCT 100 48.1 48.1 0
hsa-miR-1249 55.3 235 425 -5.6
hsa-miR-1281 64.7 33.8 52.2 41
hsa-miR-4652-3p 68.2 30.7 45 -31
hsa-miR-4507 70.1 42.3 60.3 12.2
hsa-miR-548ae 72.2 38.2 52.9 4.8
hsa-miR-183-5p 741 52 70.2 221

enhance the sensitivity of these cell lines to PTX (Figure 2f).
Next, we wanted to know whether miR-20a increases the
sensitivity of cells to other chemotherapeutic agents. Sig-
nificantly, we found that overexpression of miR-20a can
improve the effectiveness of a variety of chemotherapeutic
drugs, especially for vinorelbine (VNB), doxorubicin (DOX)
and gemcitabine (GEM) (Figure 2g and Supplementary
Figures S2k and 1), echoing the clinical observation that
cancer cells often adopt common mechanisms to resist
different chemotherapy drugs.® The expression level of
miR-20a was also negatively correlated with the cell resis-
tance (Supplementary Figure S2m). Furthermore, we want to
know whether drug treatment will change the expression of
miR-20a/b. The results showed that the expression of
miR-20a/b was decreased after PTX treatment, and this effect
is more significant in sensitive cells compared with chemore-
sistant cells (Supplementary Figure S2n). However, the
change of miR-20a/b expression was not significant after
treatment with other drugs (such as VNB, DOX, GEM and 5-
FU) in other breast cancer cell lines (such as Hs-578T, MCF-7
and MDA-MB-231) (Supplementary Figure S20).These
results indicated that miR-20a/b can not only inhibit cell
proliferation, but also strongly inhibit cell resistance.

MiR-20a reverses chemoresistance in vivo. Because
of the serious side effects of chemotherapy drugs, a more

effective chemotherapy strategy with low dose is urgently
needed.'® Therefore, we combined the miR-20a with a
relatively low dose of PTX to investigate whether this
combination has a synergistic effect in vivo (Figure 3a). In
order to be close to clinical condition of chemoresistance,
Bats-72 cells with moderate drug resistance were
inoculated subcutaneously into immunodeficient mice
BALB/c to form tumors. Approximately 1 week later, the
tumor-bearing mice were treated with cholesterol-
conjugated miR-20a and/or PTX. The dose of PTX was
10 mg/kg, approximately of the normal dose.'® After
intratumor injection of cholesterol-conjugated miR-20a, the
expression level of miR-20a in the breast cancer tissues
increased by ~15 times compared with that of PBS
(Figure 3b). The results showed that miR-20a combined with
PTX significantly inhibited tumor growth. MiR-20a alone
also showed some antitumor effect, but the inhibitory effect
of this low-dose of PTX on the tumor formed by drug resistant
cells was not obvious (Figures 3c and d). Ki67 staining
results showed that combination therapy significantly
reduced Ki67-positive cells, and H&E staining implied the
cell proliferation was inhibited, and apoptosis was signifi-
cantly increased (Figure 3e). These results indicate that
miR-20a can inhibit tumor growth and enhance the antitumor
effect of PTX in vivo.
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Figure 2 MiR-20a/b inhibits the proliferation and chemoresistance of breast cancer cells in vitro. (a) Overexpression of miR-20a/b inhibits cell proliferation and
chemoresistance. Cell proliferation was detected by MTT assay. (b) Overexpression of miR-20a/b increased the sensitivity of BCap37 and Bads-200 cell lines to PTX (up), and
inhibition of miR-20a/b enhanced the resistance of BCap37 and Bads-200 cells to PTX (down). Cell growth rate was evaluated using MTT assay. (c) The apoptotic rate of the
indicated cells transfected with miR-20a, or negative controls or together with PTX treatment. (d and e) MiR-20a inhibits cell colony formation. Colony formation (d) and soft agar
(e) assays were performed in BCap37 cells (left) and Bads-200 cells (right) transfected with miR-20a or their negative controls or together with PTX treatment. Results from a
representative experiment performed in triplicate. Bar, 500 xm. (f) Enhanced response to PTX by miR-20a overexpression is shown in multiple breast cancer cell lines, including
HS-578bst, MCF-7, MDA-MB-231 and BT-474. (g) MiR-20a enhances the sensitivity of breast cancer cell lines Bcap37 (left) and Bads-200 (right) to multiple anticancer drugs.
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Figure 3 MiR-20a reverses chemoresistance in vivo. (a) Schematic outline of the combinational therapy in a subcutaneous tumor model. (b) g-PCR analysis of miR-20a
expression in transplanted tumors (n= 3, date are shown as mean + S.D.). (¢ and d) Effect of miR-20a restoration on transplanted tumor growth (n=5 for each group). Tumor
volume was detected as indicated in () and tumor weight as indicated in (d). (e) Representative images of tumor samples that were stained with hematoxylin and eosin (H&E)
and Ki67 by IHC (left). The percentages of Ki67-positive cells were measured (right). Bars: (main) 100 um; (insets) 25 um. *P<0.05, *P<0.01, **P<0.001

MAPK1 is one of direct target genes of miR-20a. Next, we
investigated the mechanism underling the inhibitory effect of
miR-20a on cell proliferation and drug resistance. We first
used TargetScan (http://www.targetscan.org) to predict the
target of miR-20a, and obtained 1999 potential targets
(Figure 4a). We submitted these targets to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) for signal
pathway analysis. We found that these targets had the
highest enriched gene number in cancer-related pathways
and MAPK signaling pathways (43 and 40, respectively)
(Figure 4b). We then performed a GO analysis of the
genes involved in both pathways (Supplementary Table
S11), and selected genes that regulate cell growth, prolifera-
tion and resistance (Figure 4c). Finally, we singled
out 12 target genes (Figure 4d). We cloned the 3'
untranslated region (UTR) of these 12 genes, and luciferase
reporter assay was performed, respectively. Among the 12

genes, 5 genes, TGFBR2, PDGFRA, CCND1, E2F1 and
MAPK1, were found to have a significant decrease in
luciferase activity (Figure 4d). Among these five
genes, the luciferase activity of MAPK1 was reduced most
significantly, and its function and mechanism as the target
gene of the miR-20a family in breast cancer growth and
drug resistance have not been reported. Next, we
used multiple target gene prediction algorithms to predict
the target genes of miR-20a. It showed that MAPK1 was the
target gene of miR-20a that was predicted by all software
we used (Supplementary Figure S3a and Supplementary
Table S14).

The binding sites of miR-20a on MAPK1 3' UTR are shown
in Figure 4e. We compared the miR-20a and MAPK1 binding
sites and found that the miR-20a sequence was highly
conserved among different species (Supplementary
Figure S3b). To investigate whether MAPKT is a direct target
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of miR-20a binding site of MAPK1 into luciferase reporter
vector. The vector without miRNA binding site was treated as
negative control. After the vector was transferred into BCap37
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cells, miR-20a could decrease the luciferase activity of wild-
type MAPK1 vector by ~ 50% compared with the empty vector.
If the binding site of miR-20a was mutated, the luciferase
activity of the vector was restored (Figure 4e).
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Figure4 MAPKTis one of the direct target of miR-20a. (a) A total of 1999 miR-20a target genes were predicted by TargetScan. (b) Enrichment analysis of predicted miR-20a
targets as indicated in (a) in KEGG cell signaling pathway database. (c) Gene ontology (GO) analysis of the genes involved in the pathways in cancer and MAPK signaling
pathway in (b). (d) Dual-luciferase assays showing that repression of candidate genes by miR-20a was measured as ratios of Renilla and Firefly luciferase activity in BCap37
cells. Mean + S.E.M. are shown from at least three independent experiments. () Predicted sequences between wild-type (WT) or mutant (mut) MAPK1 3" UTR and miR-20a.
The underscore portions of the sequences represent the mutant miR-20a binding sites in MAPK1 3’ UTR (up). Luciferase reporter assay showed the decreased luciferase activity
in miR-20a-overexpressed cells for 3" UTR constructs. The luciferase activity was normalized to Renilla luciferase. (f) g-PCR analysis of the expression of MAPK1 mRNA in
BCap37, Bads-200 and Bats-72. (g and h) Western blot (g) and g-PCR (h) analysis of MAPK1 protein and mRNA levels after the transfection of miR-20a mimic, miR-20a inhibitor
(anti-miR-20a) or their negative controls (mimic NC and inhibitor NC) in BCap37 and Bads-200 cells. (i) g-PCR analysis of MAPK1 expression levels from 30 breast cancer
samples and their adjacent normal tissues. (j) Plotting the paired difference of tumor and normal samples expression for each marker (miR-20a versus MAPK1). The exact
McNemar's test indicates a significant association between the upregulation of expression in MAPK1 and the downregulation of miR-20a expression (n=60). *P<0.05,

*P<0.01, **P<0.001
<

To further investigate the relationship between miR-20a and
MAPK1, we investigated the expression level of MAPKT in
BCap37, Bads-200 and Bats-72, respectively. The amount of
MAPKT1 in these three cell lines was found inversely related to
the amount of miR-20a (Figures 1b and 4f). Overexpression or
inhibition of miR-20a would downregulate or upregulate both
mRNA and protein expressions of MAPK1, respectively
(Figures 4g and h). Furthermore, we collected 30 pairs of
matched clinical specimens and found that MAPKT levels
were significantly elevated in breast cancer tissues compared
with related normal breast tissues from the same patient
(Figure 4i). Meanwhile, in all specimens, the amount of
MAPK1 was significantly negatively correlated with the
amount of miR-20a (Figure 4j). Importantly, TCGA breast
cancer cohort (n=1096) also shared the same expression
pattern (Supplementary Figure S3c). These results indicate
that MAPK1 is targeted and regulated by miR-20a. However,
the expression level of MAPK1 ca not be used to predict the
prognosis of patients (Supplementary Figure S3d).

MiR-20a inhibits the proliferation and resistance of
breast cancer cells by inhibiting MAPK1 and thereby
inhibiting P-gp. To investigate the relationship between the
expression of MAPK1 and the proliferation and resistance of
breast cancer cells, we knocked down MAPKT in breast
cancer cells by siRNA (Supplementary Figure S4a). Con-
sistent with the result of overexpressing miR-20a, silencing of
MAPKT can impair the proliferation of breast cancer cells and
reduce their drug resistance (Figure 5a and Supplementary
Figures S4b and c). In contrast, when MAPK1 was over-
expressed by vector in breast cancer cells, cell proliferation
and drug resistance were enhanced and this effect was
partially inhibited by overexpressing miR-20a (Figures 5b and
¢ and Supplementary Figure S4d). Furthermore, we found
that the Ulixertinib (specific inhibitor of MAPK1) could mimic
the inhibitory effect of miR-20a on MAPK1 to a great extent
that inhibited cell proliferation, promoted cell apoptosis and
improved the efficacy of chemotherapeutic drugs
(Supplementary Figures S4e-h). In order to verify whether
miR-20a inhibits cell proliferation and drug resistance by
targeting MAPK1, we constructed MAPK1-expressing plas-
mids containing wild-type or mutant miR-20a binding sites in
their 3" UTRs and transfected them into cells. As expected,
the ectopic expression of MAPK?1 with mutant 3 UTR
rescued the function of MAPK1 and exhibited a stronger
ability to promote cell proliferation and resistance than the
expression of wild-type gene when contransfected with
miR-20a (Figure 5d).

Tumor cell drug resistance involves a variety of mechan-
isms, one of the most famous is the elevated expression of
members of the ATP binding cassette (ABC) transporter
superfamily. The family members mainly include P-gly-
coprotein (P-gp/ABCBT), multidrug resistance-associated
protein (MRP1/ABCC1) and breast cancer resistance protein
(BCRP/ABCG2). They can efflux a wide range of chemother-
apeutic agents out of cells and result in drug resistance.'® We
used two substrates of ABC transporters, Rh123 and
DOX, to treat cells. Rh123 and DOX are fluorescent whereas
PTX is not.2° Therefore, if the ABC transporter is highly
expressed in the cells, the decrease in accumulation of Rh123
and DOX in the cells can be directly observed by fluorescence
microscopy. As expected, we found that the accumulation of
Rh123 and DOX in drug-resistant cells was significantly
reduced compared with chemosensitive BCap37 cells
(Supplementary Figures S4i and j). This suggested that cell
resistance of Bads-200 and Bats-72 might associate
with an increase in drug efflux pump.'® Furthermore, we
detected the ABC transporters of the three breast cancer cell
lines by western blot analysis. The result indicated a
significant increase of P-gp in drug-resistant cells, and the
degree of increase is proportional to the level of drug
resistance (Figure 5e). The expression level of MRP1 and
BCRP were similar between the two chemoresistant cells and
chemosensitive cells.

Studies have indicated that in gastric cancer,?' leukemia,??
ovarian cancer®® and so on, the upregulation and activation of
MAPK pathway can increase the expression of P-gp that leads
to drug resistance. Indeed, in the present study, MAPK1
expression levels were positively correlated with P-gp in all the
three cell lines (Figure 5e). In three representative clinical
specimens we collected, the expression of miR-20a was
negatively correlated with the expression of MAPK1 and P-gp.
Similar results were obtained in the specimens from TCGA
database (Supplementary Figures S4k and [). To further
investigate the relationship between P-gp and MAPK1, we
knocked down MAPK1 by siRNA and found that the
expression of P-gp was decreased (Figure 5f). In contrast,
ectopic expression of MAPK1 increased P-gp expression
(Figure 5g). In addition, we subcutaneous injected Bads-72
cells to BALB/c nude mice and detected the levels of MAPK1
and P-gp in the tumors by immunohistochemistry staining.
Overexpression of miR-20a significantly inhibited the expres-
sion of MAPK1 compared with the negative control. Mean-
while, the level of P-gp was also significantly reduced
(Figure 5h). In addition, we constructed a BCap37-derived
drug-resistant cell called BCap37/ MDR that stably
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Figure 5 MiR-20a inhibits the proliferation and resistance of breast cancer cells by inhibiting MAPK1 and thereby inhibiting P-gp. (a) Cell proliferation assays of BCap37 (up)
and Bads-200 (down) cells transfected with MAPKT siRNA (siMAPK1) or control siRNA (siNC) and then treated with miR-20a mimic and miRNA mimic negative control (NC
mimic). (b) Ectopic expression of MAPK1 restored resistance to PTX in miR-20a-overexpressing BCap37 (up) and Bads-200 (down) cells. (c) Cell proliferation assays of BCap37
(left) and Bads-200 (right) cells transfected with MAPK1-expressing plasmid or control plasmid and then treated with miR-20a mimic or miRNA mimic negative control (NC mimic).
(d) Growth curves of BCap37 (left) and Bads-200 (right) cells transfected with MAPK1-expressing vectors containing wild-type or mutant 3" UTR and then treated with miR-20a
mimic and miRNA mimic negative control (NC mimic) at different PTX concentrations. (e) Expression of -actin (internal control), ERK1/2, phosphorylated ERK1/2 and P-gp were
detected by western blot in three cells. Data are shown as a representative of three independent experiments. (f and g) siRNA-mediated MAPKT knockdown reduced P-gp levels
(f) and expressing vector-mediated MAPK1 overexpression increased P-gp levels (g) as shown by western blot analysis. Data are shown as a representative of three independent
experiments. (h) Representative images of tumor samples that were stained with MAPK1 and P-gp by IHC (left). The levels of MAPK1 and P-gp protein expression were
measured (right). Bars: (main) 100 zm; (insets) 25 um. *P<0.05, **P<0.01, **P<0.001
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Figure 6 MiR-20a promotes apoptosis by inhibiting the MAPK/ERK pathway. (a) Knockdown of MAPK1 increased PTX-induced cell apoptosis as determined by Annexin V
staining (n=3, mean + S.E.M.). (b) Overexpression of MAPKT reduced miR-20a and PTX-induced apoptosis. BCap37 and Bads-200 cells stably transfected with MAPK1
expressing plasmid were transfected with miR-20a mimics. Cell apoptosis was detected and analyzed as in (). (c) Transfection of miR-20a mimics or MAPK1 siRNA into BCap37
(left) and Bads-200 (right) cells inhibited expression of MAPK signaling pathway-associated protein. Expression of the indicated proteins was detected by western blot. (d)
Transfection of miR-20a inhibitors or MAPK1-expressing plasmid into BCap37 cells activated MAPK signaling pathway. Expression of the indicated proteins was detected by
western blot as in (c). (e) Ectopic expression of miR-20a promoted the expression of apoptosis-related proteins and inhibited the expression of anti-apoptotic related proteins.
Expression of the indicated proteins was detected by western blot as in (€). *P<0.05, **P<0.01, **P<0.001

overexpressed ABCB1 (P-gp). Overexpression of miR-20a
effectively decreased the expression of P-gp as well as the
drug resistance of BCap37/MDR cells (Supplementary Figure
S4m-o0). These results indicate that miR-20a inhibits cell
proliferation and resistance by suppressing MAPK1, and the
inhibition of the drug resistance was related to the decrease of
P-gp mediated by MAPK1 silencing.

MiR-20a promotes apoptosis by inhibiting the MAPK/
ERK pathway. The ectopic expression of miR-20a signifi-
cantly promoted apoptosis in chemosensitive cells and drug-
resistant breast cancer cells, especially in combination with PTX
(Figure 2c and Supplementary Figure S2g). To investigate the
effect of MAPK1 on apoptosis, MAPK1 was knocked down by
siRNA. The results showed that downregulation of MAPK1
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Figure 7 Dysregulated histone methylation and miR-20a/MAPK1/c-Myc feedback loop involved in regulation of miR-20a expression. (a) A schematic diagram shows the
genomic context of miR-20a and the black arrowheads represent miR-20a. ChIP analysis for H3K4me3, H3K9me3, H3K27me3 and H4K20me3 was done with two sets of primers
spanning the reported genomic regulatory regions (shown as filled bars). (b) The g-PCR analysis of the regulatory regions of miR-20a by ChIP assay showed that H3K4me3
descended and H4K20me3 increased in drug-resistant cell lines compared with parental cell line. (c) Ectopic expression of miR-20a decreased c-myc levels as shown by western
blot analysis. (d) Representative images of tumor samples that were stained with c-Myc by IHC (up). The levels of c-Myc protein expression were measured (down). Bars: (main)
100 pm; (insets) 100 um. (e) Schematic representation of the genomic interval encompassing the miR-17/20a cluster. Putative c-Myc binding sites are indicated (CACGTG or
CATGTG). g-PCR amplicons are represented by numbered lines. (f) g-PCR analysis of c-Myc chromatin immunoprecipitated DNA. Three fragments derived from chromosome
13931 upstream of miR-17/20a cluster were examined. (g) Effects of c-Myc on the miR-17/20a promoter. Bcap37 cells were transfected with the empty pGL3-Basic vector or the
Squ-1to Squ-5 constructs as indicated along with the empty pcDNA vector or a construct expressing c-Myc. Squ-1, pGL3-Basic vector contain 3.9 kb (—3800 to + 100) fragment;
Squ-2, Squ-1 deleted site 1; Squ-3, Squ-1 deleted site 2; Squ-4, Squ-1 deleted site 3; Squ-5, Squ-1 deleted sites 1-3. (h) siRNA-mediated c-Myc knockdown reduced miR-17 and
miR-20a levels as shown by g-PCR analysis in BCap37 and Bads-200 cells, whereas the expression of miR-1249 was not affected. (i) Ectopic expression of c-Myc promoted the
expression of miR-17 and miR-20a as shown by g-PCR analysis. “P< 0.05, **P<0.01, **P<0.001

>

could promote cell apoptosis (Figure 6a), similar to the effect of
miR-20a ectopic expression. In contrast, ectopic expression of
MAPKT mRNA without 3" UTR partially counteracted miR-20a-
induced apoptosis (Figure 6b).

MAPK1, also known as ERK2, is a member of the MAPK/
ERK signaling pathway.?* In breast cancer cells overexpres-
sing miR-20a, we found that total ERK2 and phosphorylated
ERK2 were inhibited. In addition, overexpression of miR-20a
also inhibited the phosphorylation of downstream factors MNK
and RSK, whereas the phosphorylation of MEK was not
affected (Figure 6c). In contrast, miR-20a inhibitor could
increase the MAPKT1 protein and activated the MAPK/ERK
pathway in BCap37 (Figure 6d) and Bads-200 cell lines
(Supplementary Figure S5a).

Some studies have shown that ERK inhibitors sensitize cells
to drug-induced apoptosis,?® and thus we tried to identify
whether miR-20a regulates apoptosis-related proteins.
Indeed, after ectopic expression of miR-20a in parental and
drug-resistant cells, the apoptosis marker caspase-3 was
downregulated and the activated caspase-3 increased. In
addition, the expression of anti-apoptotic protein Bcl-2 and
transcription factor c-Myc was also decreased when miR-20a
was overexpressed. Furthermore, overexpression of miR-20a
in drug-resistant cells Bads-200 inhibited the expression level
of P-gp. Interestingly, PTX may also promote P-gp expression
to some extent (Figure 6e). These results indicate that
miR-20a can regulate apoptosis-related proteins by inhibiting
MAPK/ERK pathway, and thus enhance drug sensitivity and
promote apoptosis.

Dysregulated histone methylation and miR-20a/MAPK1/
c-Myc feedback loop involved in regulation of miR-20a
expression. As miR-20a was significantly downregulated in
breast cancer, we tried to investigate the mechanism of
miR-20a inhibition. MiR-20a belongs to the miR-17- 92 family
that is located in the genome Chr13g31.3.2° Studies have
shown that the gene deletion occurs in ~21.9% of breast
cancer cases in this family.?” We wanted to know whether
there were other mechanisms that downregulate miR-20a. It
has been shown that histone methylation affects miRNA
expression. The methylation of histone H3 at Lys4 (H3K4) is
associated with transcriptional activation, whereas the
methylation of H3 at K9 or K27 and H4 at K20 is associated
with transcriptional repression.?® First, we compared the
gene copy of miR-20a in three cells and found no
deletions or amplification of genes in drug-resistant cells
compared with parental cells. Next, we investigated the
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histone methylation of miR-20a. By chromatin immuno-
precipitation (ChIP) technique, we found that the H3K4me3
level in the genomic regulatory regions of the miR-20a gene
decreased whereas the H4K20me3 levels increased in
drug-resistant cells compared with parental cells
(Figures 7a and b). However, H3K9me3 and H3K27me3 did
not change. This suggests that the histone methylation
abnormalities of miR-20a gene site may also be one of the
mechanisms for the downregulation of miR-20a expression in
breast cancer cells.

The MAPK/ERK pathway regulates the expression of
various downstream transcription factors, including c-Myc.?°
In the breast cancer specimens from the TCGA database, the
expression of c-Myc was positively correlated with MAPK.
Like MAPK1, the expression level of c-Myc protein is not
sufficient to predict the prognosis of patients (Supplementary
Figures S6a—d). In this study, we tried to identify whether
c-Myc can also regulate the expression of the miR-17-92
family in breast cancer cells. In the specimens of breast cancer
patients, the expression of MAPK1 and c-Myc was increased
in breast cancer tissues compared with paracancerous
tissues, whereas the expression of miR-20a was decreased
(Supplementary Figure S4k). After ectopic expression of
miR-20a in breast cancer cells, the expression of c-Myc was
inhibited (Figure 7c). The expression of c-Myc also decreased
after overexpression of miR-20a in the subcutaneous breast
cancer of nude mice model (Figure 7d). We analyzed the
sequence of ~2kb upstream of the miR-17-92 family
transcriptional initiation site and found three c-Myc binding
sites (Figure 7e).The c-Myc can bind to the canonical E-box
sequence CACGTG and non-canonical E-box sequence
CATGTG.*° By ChIP technique, we found that c-Myc was
significantly enriched at the second binding sites (Figure 7f).
We cloned the sequence of ~4 kb upstream of the transcrip-
tion initiation site into the pGL3-Basic vector, and constructed
the vectors lacking the binding sites 1, 2 and 3, respectively.
These vectors were transferred into BCap37, respectively, and
then the luciferase activity was detected. The results showed
that when the cells were transfected with the vector that
contained the complete sequence, luciferase activity
increased ~72 times compared with negative control.
Compared with the blank vector, c-Myc significantly enhanced
luciferase activity. When the cell was transfected with the
vector lack of binding site 2, luciferase activity decreased most
obviously, whereas it was not as severe in the absence of
binding sites 1 or 3 (Figure 7g). This demonstrated that binding
site 2 is the most important for c-Myc transcriptional activation.
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To further investigate the effect of c-Myc on miR-17 and
miR-20a expression, we knocked down c-Myc and found that
miR-17/20a was significantly decreased whereas another
unrelated miR-1249 was unaffected (Figure 7h and
Supplementary Figure S6e). Conversely, overexpression of

c-Myc resulted in a significant increase in miR-17/20a levels
(Figure 7i and Supplementary Figure S6f). In summary, these
data suggested that in breast cancer cell miR-20a inhibits
c-Myc expression and c-Myc promotes miR-20a expression,
forming a feedback loop.
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Discussion

Because of the cell and tissue-type specificity of the function of
miRNA and the diversity of its target genes, it is still a
challenge to obtain miRNAs with specific regulatory
functions.'® In order to screen out the miRNAs regulating the
drug resistance in breast cancer cells, two drug-resistant cells,
Bads-200 and Bats-72, that were screened from BCap37 in
our laboratory were used as the model. The two drug-resistant
cells have the same source, but there are some differences in
drug resistance.'® Thus, in theory, miRNAs that altered their
expression level in the two chemoresistant cell lines compared
with parental BCap37 cells may associate with drug resis-
tance. After a series of experiments, finally, we found that
miR-20a, which was downregulated in both drug-resistant
cells, could markedly reduce cell resistance and inhibit cell
proliferation. Besides, with the clinical specimens we collected
(n=106) and the breast cancer cohort from TCGA (n=1096),
we also found that miR-20a/b is a potential marker for
predicting prognosis in breast cancer patients, especially for
patients with luminal A breast cancer.

The role of miR-20a in the development of cancer remains to
be elucidated. Most of the studies suggested that miR-20a has
a promoting effect on cancer.>'=3® However, it has been
reported that in oral squamous cell carcinoma,®” pancreatic
cancer®® and esophageal squamous cell carcinoma,®
miR-20a acts as a tumor suppressor. In breast cancer, both
the cancer-promoting and cancer-suppressing functions have
been reported.*®™*? These opposite conclusions may be
because of the use of different cell models in different studies.
In terms of regulation of cell resistance, studies have shown
that miR-20a can improve drug resistance of colorectal
cancer®® and leukemia.** However, in osteosarcoma*® and
NSCLC,*® miR- 20a was reported as reducing the resistance
of cancer cells to chemotherapeutic drugs. These conflicted
results fully illustrate the complexity of the miR-20a regulatory
network and it requires further study. Indeed, a miRNA often
targets multiple mRNAs, known as the ‘targetome’, to achieve
different functions.*” Previous studies have shown that miR-
-17/20 may promote breast cancer cell line MCF-7 to be
sensitive to doxorubicin-induced apoptosis by targeting
Akt1.8 In light of the present study, miR-20a may be involved
in the regulation of drug resistance by targeting different
pathways. Moreover, there may be other miR-20a-associated
molecular pathways in breast cancer resistance that may
further reveal miR-20a regulation of drug resistance in the
integrity of the pathway.

Impressively, we found that the dual roles of miR-20a in
inhibiting cell proliferation and drug resistance were achieved
through directly targeting of MAPK1 and inhibiting its expres-
sion. MAPK1, also known as ERK2, is a member of the Ras/
Raf/ERK(MAPK/ERK) pathway and is thought to play a role in
promoting cell proliferation.?* The Ras/Raf/ERK pathway is
often overactivated in tumor cells and promotes cell prolifera-
tion and malignant transformation.?* Therefore, the pathway is
considered an attractive drug target.* In this study, on one
hand, miR-20a inhibited tumor growth by directly targeting
Ras/ Raf/ERK pathway, and on the other hand, miR-20a also
downregulated the resistance protein P-gp by inhibiting ERK2.
P-gp can pump a range of anticancer drugs out from cells,
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Figure 8 Schematic model of miR-20a in regulating drug response. MiR-20a
increases drug sensitivity in breast cancer cells through reducing drug efflux by
inhibiting P-gp in a MAPK1-dependent manner. In drug-resistant cells, the
dysregulated histone methylation inhibits the expression of miR-20a. In addition,
miR-20a decreased the expression of c-Myc by inhibiting the MAPK/ERK pathway
and formed a feedback loop, thus controlling the drug response and growth signal of
the cells

including anthracycline, vinblastine and taxanes.®° This may
be one reason explaining how miR-20a can increase the
sensitivity of breast cancer cells to multiple drugs. In summary,
we identified MAPK1 as a new target for miR-20a. By inhibiting
MAPK1, miR-20a plays a role in inhibiting tumor cell
proliferation and drug resistance. This may be the mechanism
by which miR-20a plays dual functions in this study.

The expression of miR-20a is affected by a variety of factors,
including histone methylation dysregulation and PTX treat-
ment. We found that PTX will reduce the expression of
miR-20a in BCap37 cell line, a mechanism that remains to be
further studied. In addition, the MAPK/ERK pathway also
regulates the expression of miR-20a. MAPK/ERK promotes
cell growth by activating a series of downstream transcription
factors, including c-Myc.24 c-Myc, as an oncogene, is
upregulated in a variety of cancer cells. For human breast
cancer, ~50% of the samples showed c-Myc gene
amplification.® The half-life of c-Myc is very short, and
phosphorylated ERK can phosphorylate c-Myc, thereby
increasing its stability.>®> Previous studies have shown that
the expression of miR-17/20a is induced by c-Myc in B cells,*°
and this was also demonstrated in breast cancer cells by us.
ChIP assay showed that c-Myc could bind to the promoter
region of miR-17/20a gene. Overexpression of c-Myc
increased the expression of miR-17/20a, whereas miR-17/20a
was decreased after knockdown of c-Myc. Interestingly,
studies have shown that in B cells, c-Myc mainly binds to the
site 1 of the promoter region of miR-17/20a gene.®® However,
in our study, we found that c-Myc mainly binds to site 2



(Figures 7d-f). This may be because of the different cell
models used. We also demonstrated for the first time that
miR-20a decreased the expression of c-Myc by inhibiting the
MAPK/ERK pathway and formed a feedback loop, thus
controlling the growth signal of the cell (Figure 8). In this loop,
miR-20a is induced by c-Myc and c-Myc can be down-
regulated by miR-20a through targeting MAPK1. Thus, miR-
-20a/Myc loop forms a dynamic balance in the breast cancer
cells, and final development of the tumor will depend to some
extent on the trend of the balance in this study. It may be that
this balance in tumor tissue tends to decrease the expression
of miR-20a and increase the expression of c-Myc and MAPK1.

Our findings provide a new understanding of miRNA in
breast cancer growth and resistance, and provide new
potential clues for the treatment of breast cancer. PTX, a
first-line chemotherapeutic agent for breast cancer, can
improve short-term survival rate, but is not beneficial in 5-
year survival rate of patients. The main reason is that
treatment with PTX will lead to drug resistance.®® Based on
our research, miR-20a can inhibit the growth and resistance of
breast cancer by targeting MAPK1. Our study also revealed
the presence of miR-20a/MAPK1/c-Myc signaling loop in
breast cancer that may represent a novel mechanism for
breast cancer growth regulation. As chemotherapeutic agents
are still the first choice for cancer treatment in developing
countries,’® miR-20a combined with chemotherapeutic
agents may maximize their synergistic effect and improve
the therapeutic effect of breast cancer, especially for patients
who are resistant to chemotherapy.

Materials and Methods

Tissues and cell lines. The paraffin-embedded of primary breast cancer
samples and paired adjacent normal tissues were obtained from patients who had
undergone surgery at First Affiliated Hospital of Zhejiang University. The fresh breast
cancer tissues and paired adjacent normal tissues were from Zhejiang Provincial
Hospital of Traditional Chinese Medicine and First Affiliated Hospital of Zhejiang
University. Surgically removed tissues were quickly frozen in liquid nitrogen until
analysis. The details of all samples are shown in Supplementary Tables S2 and S3.
The effect of chemotherapy on the tumors was assessed as the three-dimensional
volume reduction rate or tumor response rate as described previously.>*

The human embryonic kidney cell line 293T, the cervical cancer cells Hela and the
human breast cancer cell lines BCap37, Hs-578T, MDA-MB-231, MDA-MB-468,
MDA-MB-453, BT-474, Sk-Br-3 and MCF-7 were purchased from cell bank of the
Chinese Scientific Academy (Shanghai, China). BCap37, BCap37/MDR, Bads-200,
Bats-72, BT-474 and MCF-7 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Life Technologies, Carlsbad, CA, USA) with 10% fetal
bovine serum (FBS; Biological Industries, Cromwell, CT, USA). MDA-MB-231, MDA-
MB-453 and MDA-MB-468 cells were cultured in Leibovitz's L-15 (Gibco) with 10%
FBS. Hs-578T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) and 10% FBS. SK-BR-3 cells were cultured in McCoy’s 5A (modified, Gibco)
with 10% FBS. The cultures were kept at 37 °C with 5% CO, in a water-jacketed
incubator (Thermo Fisher, Carlsbad, CA, USA).

The miRNA expression microarray data are available in GEO database (www.ncbi.
nim.nih.gov/geo/) with accession number GSE87570.
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