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Abstract
It is well documented that hypoxia activates the hypoxia-inducible factor 1-alpha (HIF1α)/vascular endothelial growth factor
A (VEGFA) axis to promote angiogenesis in breast cancer. However, it is unclear how this axis is negatively regulated. In
this study, we demonstrated that miR-153 directly inhibits expression of HIF1α by binding to the 3′UTR of HIF1A mRNA,
as well as suppresses tube formation of primary human umbilical vein endothelial cells (HUVECs) and breast cancer
angiogenesis by decreasing the secretion of VEGFA. Importantly, expression of miR-153 was induced by hypoxia-
stimulated ER stress, which activates IRE1α and its downstream transcription factor X-box binding protein 1 (XBP1). X-box
binding protein 1 directly binds to the promoter of the miR-153 host gene PTPRN and activates transcription. These results
indicate that hypoxia induces miR-153 to fine tune the HIF1α/VEGFA axis in breast cancer angiogenesis and miR-153 could
be used for breast cancer anti-angiogenesis therapy.

Introduction

Angiogenesis is a physiological process that form new
vessels from pre-existing ones [1, 2], which is critical for
solid tumor growth, invasion, and metastasis [1, 3]. Vas-
cular endothelial growth factor A (VEGFA) is one of the
most important proangiogenic factors secreted by tumor
cells [4, 5]. The expression of VEGFA is directly induced
by hypoxia-inducible factor 1-alpha (HIF1α) at the tran-
scriptional level under hypoxia [6, 7]. Bevacizumab, a
monoclonal antibody against VEGFA, became the first
commercially available anti-angiogenesis drug in multiple
solid tumors, although it was prohibited for use for treating
metastatic breast cancer by the US FDA in 2011.

MicroRNAs (miRNAs) are small RNA molecules that
silences gene expression through binding to the 3′-UTR of
gene’s mRNA [8–10]. A number of studies suggest that
miR-153 inhibits tumor growth and metastasis by targeting
the snail family transcription repressor 1 (SNAI1), the zinc
finger E-box binding homeobox 2 (ZEB2) [11], the
metadherin (MTDH) [12], the ADAM metallopeptidase
domain 19 (ADAM19) [13], the AKT serine/threonine
kinase 1 (AKT1) [14], the HECT domain E3 ubiquitin
protein ligase 3 (HECTD3) [15], and the BCL2 family
apoptosis regulator (MCL-1) [16]. We recently reported that
miR-153 was induced by mifepristone and inhibited the
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breast cancer stem cells by downregulating the kruppel like
factor 5 (KLF5) [17]. However, miR-153 was reported to be
oncogenic in prostate cancer by targeting the phosphatase
and tensin homolog (PTEN) [18] and in colorectal cancer
by targeting the forkhead box O3a (FOXO3a) [19].
Therefore, the functions and action mechanisms of miR-153
in cancers are not completely clear. In this study, we
demonstrated that miR-153 inhibits breast cancer angio-
genesis by targeting HIF1α.

Expression of miR-153 is downregulated in lung cancer
[14, 20], glioblastoma [21, 22], and oral cancer [11]. Breast
cancer patients with higher expression levels of miR-153

had a significantly better 5-year survival rate [15]. Loss of
miR-153 expression is associated with promoter methyla-
tion [23]. Epigenetic regulators, including 4-phenylbutyric
acid and 5-aza-2′-deoxycytidine, were reported to induce
miR-153 expression [21–23]. In addition, miR-153 is
induced by mifepristone [17] and glucose [24]. However,
the mechanisms of miR-153 induction by these factors are
unknown. Interestingly, mifepristone and glucose also
induce endoplasmic reticulum (ER) stress [25, 26]. Here,
we found that miR-153 was induced by hypoxia through ER
stress.

Fig. 1 miR-153 inhibits the HIF1α protein expression. a The predicted
miR-153 binding sequence and the mutant sequence at the 3′-UTR of
HIF1A mRNA. b miR-153 suppressed the luciferase activity of the
HIF1A-3′-UTR but not the HIF1A-3′-UTR-Mutant. HEK293T cells
were transfected with the miR-153 mimics (50 nM) and pMIR-HIF1A-
3′-UTR or pMIR-HIF1A-3′-UTR-Mutant (800 ng/ml) together with
pCMV-Renilla control (8 ng/ml). Following transfection for 48 h, the
cell lysate were collected for a dual-luciferase report assay. *P< 0.05

and **P< 0.01, t-test. c miR-153 mimics (50 nM) inhibited the
increase in hypoxia-induced HIF1α protein expression in the MDA-
MB-231, HCC1937, and MCF10A cell lines. The HIF1α protein level
was detected by using western blot analysis. d The inhibitor of miR-
153 (50 nM) increased expression of HIF1α induced by hypoxia in the
MDA-MB-231, HCC1937, and MCF10A cell lines. The HIF1α pro-
tein level was detected by using western blot analysis
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Hypoxia, as stress, causes unfolded or misfolded proteins
accumulation within the ER because of the energy depletion
and the changes in the redox environment [27, 28].
Unfolded or misfolded proteins further activate three ER
transmembrane stress sensors, including the activating
transcription factor 6 (ATF6), the pancreatic ER kinase
(PKR)-like ER kinase (PERK), and the inositol-requiring
enzyme 1 (IRE1), and determine the cell fate according to
the duration and intensity of ER stress [29–31]. It has been
reported that ER stress regulates miRNA expression [32,
33].

In this study, we demonstrated that miR-153 down-
regulated HIF1α expression by binding to its mRNA 3′-
UTR and inhibited breast cancer angiogenesis by inacti-
vating the HIF1α/VEGFA axis. More importantly, we
found that hypoxia induced miR-153 expression in breast
cancer cells through the ER stress/IRE1α/X-box binding
protein 1 (XBP1) pathway. Therefore, we conclude that
miR-153 inhibits breast cancer angiogenesis and hypoxia
induces miR-153 to fine tune the HIF1α/VEGFA-stimulated
angiogenesis. These discoveries help us better understand
the regulation of hypoxia-induced angiogenesis and provide
a novel therapeutic strategy for breast cancer.

Results

miR-153 inhibits hypoxia-induced HIF1α expression
in breast cancer cells

There is a consensus miR-153-binding site at the HIF1A-3′-
UTR (Fig. 1a). To test whether miR-153 directly targets
HIF1α, we cloned wild-type (WT) and mutant sequences of
the miR-153-binding site into the pMIR-REPORT system
and performed dual-luciferase report assays. The miR-153
mimics significantly inhibited the luciferase activity of WT
pMIR-HIF1A-3′-UTR but not that of mutant in the

HEK293T cell line (Fig. 1b). Consistently, the miR-153
mimics dramatically inhibited hypoxia-induced HIF1α
protein expression in the MDA-MB-231 and HCC1937
breast cancer cell lines, and the MCF10A immortalized
breast epithelial cell line (Fig. 1c). Furthermore, the miR-
153 inhibitor increased hypoxia-induced HIF1α protein
expression in these cell lines (Fig. 1d).

To further understand how miR-153 affects HIF1A
mRNA expression, we detected the half-life of HIF1A
mRNA after manipulating miR-153 expression. After acti-
nomycin D treatment, the miR-153 mimics shortened the
half-life of HIF1A mRNA (Fig. S1A), whereas the miR-153
inhibitor prolonged the half-life of HIF1A mRNA (Fig.
S1B). These results suggest that miR-153 downregulated
HIF1α expression through promoting HIF1A mRNA
degradation.

miR-153 inhibits expression of HIF1α target gene
VEGFA in breast cancer cells under hypoxia

As miR-153 targets HIF1α, it should inhibit expression of
HIF1α target genes. We transfected breast cancer cell lines,
MDA-MB-231 and HCC1937, with the miR-153 mimics
and exposed the cells to hypoxia (Fig. 2a). Under hypoxia,
transcription of HIF1A was suppressed, but transcription of
the HIF1α typical downstream target genes, including
VEGFA and GLUT1, was significantly induced in both cell
lines (Fig. 2b). As predicted, miR-153 significantly
decreased the mRNA levels of HIF1A, VEGFA, and GLUT1
under hypoxia (Fig. 2b). Then, the conditional media (CM)
were harvested to detect the protein level of VEGFA with
ELISA (Fig. 2c). In agreement with the mRNA levels, miR-
153 almost completely blocked hypoxia-induced VEGFA
protein expression increase in both breast cancer cell lines.

To test whether miR-153 inhibits VEGFA expression in
breast cancer patients, we first analyzed data from the
TCGA database and found that there was a negative cor-
relation trend between miR-153 and VEGFA mRNA (r=
−0.082, P= 0.026, Fig. 2d) in 732 breast cancer patients
from TCGA database. We further collected 18 clinical
breast cancer samples and detected the expression levels of
VEGFA mRNA and miR-153 using the real-time poly-
merase chain reaction (real-time PCR). Consistently, we
also found a negative correlation trend between them (r
= -0.2417, P= 0.0179, Fig. 2e).

miR-153 suppresses the proliferation, migration,
and tube formation of primary HUVECs by
decreasing the breast cancer secreted VEGFA levels

As miR-153 inhibits expression of VEGFA in breast cancer
cell lines under hypoxia, it may suppress angiogenesis of
human umbilical vein endothelial cells (HUVECs) in a

Fig. 2 miR-153 inactivates the HIF1α/VEGFA axis in breast cancer. a
Schematic illustration of the sample treatment, collection, and detec-
tion. MDA-MB-231 and HCC1937 cell lines were transfected with
miR-153 mimics (50 nM) for 48 h and were then exposed to 1% O2 for
24 h. The cells were collected for real-time PCR to detect the HIF1A,
GLUT1, and VEGFA mRNA levels. The conditional media (CM) were
harvested for the enzyme-linked immunosorbent assay (ELISA) to
detect the VEGFA protein levels. b The miR-153 mimics decreased
the mRNA levels of HIF1A and inhibited the transcription of GLUT1
and VEGFA under hypoxia. 'N' means normoxia, and 'H' means
hypoxia. **P< 0.01, t-test. c The miR-153 mimics inhibited the
secreted VEGFA protein levels from the hypoxia-treated breast cancer
cells. *P< 0.05, **P< 0.01, t-test. d There is a negative correlation
trend between miR-153 and VEGFA mRNA in 732 breast cancer
patients from the TCGA database. e There is a negative correlation
trend between miR-153 and VEGFA mRNA in 18 clinical breast
cancer samples
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Fig. 3 miR-153 suppresses the proliferation, migration, and tube for-
mation of primary HUVECs in a paracrine manner. a Schematic
illustration of the sample treatment and collection. The breast cancer
cells were transfected with miR-153 mimics (50 nM) for 48 h and were
then exposed to 1% O2 for 24 h. The conditional medium (CM) was
harvested for culturing the primary HUVECs. b CD31 expression of
primary HUVECs was detected using flow cytometry and immuno-
fluorescence assays. The representative images for immuno-
fluorescence are shown. c The DNA synthesis of primary HUVECs
was inhibited by CM collected from hypoxia-treated HCC1937 cells
transfected with miR-153 mimics. The exogenous VEGFA (20 ng/ml)
could rescue the phenotype. DNA synthesis was detected by using the

Click-iTTM EdU Alexa Fluor® 647 Imaging Kit. Representative images
are shown. d The quantitative results of c. **P< 0.01, t-test. e The
migration of primary HUVECs was inhibited by CM collected from
hypoxia-treated HCC1937 cells transfected with miR-153 mimics in
the wound-healing assay. The exogenous VEGFA (20 ng/ml) could
rescue the phenotype. Representative images are shown. f The quan-
titative results of e. *P< 0.05 and **P< 0.01, t-test. g The tube for-
mation of primary HUVECs was inhibited by CM collected from
hypoxia-treated HCC1937 cells transfected with miR-153 mimics. The
exogenous VEGFA (20 ng/ml) rescued the phenotype. Representative
images are shown. Scale bar, 50 μm. h The quantitative results of g.
**P< 0.01, t-test
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paracrine manner in vitro (Fig. 3a). To test this, we first
obtained primary HUVECs and validated CD31 expression
using flow cytometry and immunofluorescence staining
(Fig. 3b). Then, we collected the CM for incubation with
the primary HUVECs and performed DNA synthesis,
wound healing, and tube formation assays in vitro (Figs. 3c-
h, Fig. S2A-F). As a result, CM derived from either MDA-
MB-231 or HCC1937 cells under hypoxia significantly
promoted the proliferation, migration, and tube formation of
primary HUVECs compared with CM under normoxia.
miR-153 significantly inhibited the hypoxia-induced pro-
angiogenesis function in both cancer cell lines. The addition
of the exogenous VEGFA (20 ng/ml) into CM rescued the
miR-153 caused inhibitory effect on the primary HUVECs
(Figs. 3c-h, Fig. S2A-F). These results suggest that miR-
153 inhibits hypoxia-induced angiogenesis in vitro by
downregulating VEGFA protein expression in breast cancer
cells.

miR-153 inhibits breast tumor growth and
angiogenesis in vivo

To test whether miR-153 suppresses angiogenesis and
tumor growth in vivo, we orthotopically injected MDA-
MB-231-Luc cells into the fat pad of BALB/c nude mice
(Fig. S3). When the tumor size reached 50 mm3, the mice
were given miR-153 or control agomir (1 nmol) by sub-
cutaneous injection around the tumors. miR-153 sig-
nificantly inhibited the tumor growth based on the tumor
volume and the tumor weight (Fig. S3A and D). The bio-
luminescence images using the IVIS system also showed
that the average intensity of the miR-153 group was less
than that of the control group in the MDA-MB-231-Luc
xenograft tumor model (Fig. S3B). The mRNA levels of
HIF1A and VEGFA in xenografts of the miR-153 group
were lower than those of the control group (Fig. S3E). We
also demonstrated that miR-153 significantly decreased the

microvessel numbers in the xenograft tumors, as assessed
by CD31 immunohistochemistry (Fig. S3F-G).

To investigate whether miR-153 regulates tumor growth
and angiogenesis through suppressing HIF1α expression,
we ectopically overexpressed HIF1α in MDA-MB-231 cells
(Fig. 4a) and orthotopically injected MDA-MB-231-pCDH-
HIF1α cells into the fat pad of BALB/c nude mice. Inter-
estingly, when HIF1α was ectopically overexpressed in the
tumors, miR-153 failed to suppress MDA-MB-231 xeno-
graft tumor growth (Figs. 4b-d). Meanwhile, restoring
HIF1α expression reversed the phenotype of miR-153 in
tumor angiogenesis (Figs. 4e, f), and the inhibition effect of
miR-153 on VEGFA mRNA could be rescued (Fig. 4g).
Taken together, these results suggest that miR-153 inhibits
the tumor growth and angiogenesis in vivo by inhibiting the
HIF1α/VEGFA axis, at least in part.

Hypoxia induces miR-153 expression via triggering
ER stress

Considering miR-153 inhibits hypoxia-induced HIF1α and
angiogenesis, we wondered whether miR-153 is regulated
by hypoxia. As shown in Fig. 5a, hypoxia significantly
increased the miR-153 levels in both MDA-MB-231 and
HCC1937 cells. Because all miR-153 inducers, including
mifepristone, intermittent high glucose, and hypoxia, could
trigger ER stress, we examined whether hypoxia-induced
ER stress in MDA-MB-231 and HCC1937 cells. As
expected, the BIP, ATF6, IRE1α, and PERK protein
expression levels were induced by hypoxia including 1% O2

(Fig. 5a) and CoCl2 (Fig. S4A). Similar results were
observed in MCF10A cells (Fig. S4A).

Subsequently, we treated MDA-MB-231 and HCC1937
cells with a typical ER stress inducer, tunicamycin (TM),
and detected the miR-153 levels using RT-qPCR. TM
induced ER stress in both MDA-MB-231 and HCC1937
cells because the protein levels of BIP, PERK, IRE1α, and
ATF6 were upregulated (Fig. 5b). Importantly, the miR-153
expression levels were induced by TM in both cell lines in a
time-dependent manner (Fig. 5b). To illustrate the
mechanism by which ER stress induces miR-153 expression
under hypoxia, we knocked down PERK, IRE1α, and ATF6
and examined miR-153 expression. Knockdown of IRE1α,
but not ATF6 or PERK, blocked hypoxia-induced miR-153
expression in MDA-MB-231 and HCC1937 cells (Fig. 5c
and Fig. S4C). This is also true in MCF10A cells (Fig. S4B-
C).

XBP1 transcription factor mediates hypoxia-induced
miR-153 expression

Hypoxia induces miR-153 expression in an ER stress/
IRE1α-dependent manner. X-box binding protein 1 is an

Fig. 4 miR-153 inhibits the tumor angiogenesis by downregulating the
HIF1α/VEGFA axis. a Overexpression of HIF1α in the MDA-MB-231
cell lines, as detected by western blot. b–d The miR-153 agomir
suppressed the growth of the MDA-MB-231-pCDH-vector tumors but
not that of the MDA-MB-231-pCDH-HIF1α tumors in a nude mouse
xenograft model. Tumor growth was measured every 3 days. All
tumors were collected and weighed on the last day of the experiment.
Data were represented as the mean± s.d. of six mice for each group
(12 tumors). *P < 0.05, **P< 0.01, t-test. e, f miR-153 decreased the
number of microvessels, as measured by the CD31 immunohisto-
chemical staining, in the MDA-MB-231-pCDH-vector xenograft
tumors, but not in the MDA-MB-231-pCDH-HIF1α xenograft tumors.
Represented images are shown. Scale bar, 100 μm. **P< 0.01, t-test. g
miR-153 decreased the expression levels of HIF1A and VEGFA at the
mRNA level in the MDA-MB-231-pCDH-vector xenograft tumors,
but not in the MDA-MB-231-pCDH-HIF1α xenograft tumors, as
detected using RT-qPCR. *P< 0.05, **P< 0.01, t-test
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important downstream transcription factor of IRE1α. When
XBP1 was knocked down in MDA-MB-231 and HCC1937
cells, either hypoxia or TM failed to induce miR-153
expression (Figs. 6a, b). Similar results were observed in
MCF10A (Fig. S5A-B).

The miR-153 gene is located in genes encoding two
major type 1 diabetes autoantigens, islet-associated protein
PTPRN and PTPRN2 [24]. There are consensus XBP1-
binding sites in their promoter regions (Fig. 6c). We tested
whether hypoxia induces expression of PTPRN and
PTPRN2 genes in breast cells and found that only PTPRN,
but not PTPRN2, was induced at the transcriptional level in
MCF10A, MDA-MB-231, and HCC1937 cells (Fig. 6d).
Consistently, hypoxia increased the PTPRN protein
expression levels in these cells (Fig. 6e). Finally, we
demonstrated that XBP1 bound to the PTPRN promoter
under hypoxia using the chromatin immunoprecipitation
assay (Fig. 6f). Furthermore, hypoxia activated the PTPRN
promoter with the XBP1-binding site but not the PTPRN
promoter without the XBP1-binding site using the dual-

luciferase assay (Fig. 6g). These findings suggest that XBP1
induces miR-153 expression by directly binding to the
promoter of its host gene PTPRN in breast cancer cells
under hypoxia.

Discussion

Accumulating evidences show that miR-153 plays a sup-
pressor role in tumors [22, 34–37] because miR-153 inhibits
tumors by targeting several oncogenes associated with EMT
(SNAI1 and ZEB2) [11, 38, 39], cancer stemness (KLF5
and nuclear factor, erythroid 2 like 2 (NRF2)) [17, 40], and
survival (HECTD3 and MCL-1) [15, 16]. However, the
functions and mechanisms of miR-153 in tumor angiogen-
esis have not been studied. We demonstrated that miR-153
suppresses breast cancer angiogenesis by targeting the
HIF1α/VEGFA axis. Additionally, miR-153 is induced by
hypoxia in an ER stress-IRE1α-XBP1-dependent manner.
These findings revealed a novel function and mechanism of

Fig. 5 Hypoxia upregulates miR-153 expression by triggering ER
stress protein IRE1α. a Hypoxia (1% O2) triggered ER stress and
upregulated miR-153 expression in MDA-MB-231 and HCC1937 cell
lines. The HIF1α, BIP, PERK, IRE1α, and ATF6 protein levels were
detected by western blot analysis, and the miR-153 level was detected
by the real-time polymerase chain reaction. *P< 0.05, **P< 0.01, t-
test. b Tunicamycin (TM, 5 μg/ml) upregulated miR-153 expression in
MDA-MB-231 and HCC1937 cell lines. The BIP, PERK, IRE1α, and

ATF6 protein levels were detected by western blot analysis, and the
miR-153 level was detected by RT-qPCR. *P< 0.05, **P< 0.01, t-
test, compared with the value of the TM 0-h treatment. c Knockdown
of IRE1α specifically blocked hypoxia-induced miR-153 expression in
MDA-MB-231 and HCC1937 cell lines. The HIF1α, BIP, PERK,
IRE1α, and ATF6 protein levels were detected by western blot ana-
lysis, and the miR-153 level was detected by the real-time polymerase
chain reaction. *P< 0.05, **P< 0.01, t-test
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Fig. 6 X-box binding protein 1 induces miR-153 expression by
binding to the PTPRN promoter. a Knockdown of XBP1 inhibited the
upregulation of miR-153 induced by hypoxia in the MDA-MB-231
and HCC1937 cell lines. **P< 0.01, t-test, compared with the value of
CONsi with the 1% O2 0-h treatment. b Knockdown of XBP1
inhibited the upregulation of miR-153 induced by TM in MDA-MB-
231 and the HCC1937 cell lines. **P< 0.01, t-test, compared with the
value of CONsi with the TM 0-h treatment. c Illustration of the miR-
153 location in two host genes, PTPRN and PTPRN2. The XBP1
binding sites in the promoter region of these two host genes are

indicated. d Hypoxia induces expression of miR-153 and PTPRN, but
not PTPRN2, at the mRNA level in the MCF10A, MDA-MB-231, and
HCC1937 cell lines, as detected by RT-qPCR. e Hypoxia induced
PTPRN protein expression, as detected by western blot analysis. f
Hypoxia-induced XBP1 bound to the promoter of PTPRN, as deter-
mined by the chromatin immunoprecipitation (ChIP) assay. g The
PTPRN promoter containing the XBP1 binding motif was significantly
activated by hypoxia in HEK293T cells, as determined by dual-
luciferase assay. **P< 0.01, t-test. h The work model of this study
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action of miR-153 as well as demonstrate a novel regulatory
mechanism of miR-153.

It is well known that hypoxia stabilizes HIF1α at the
posttranslational level [6, 7] and induces VEGFA expres-
sion to stimulate angiogenesis. Interestingly, hypoxia also
switches on miR-153 expression by triggering the ER
stress/IRE1α/XBP1 pathway to negatively regulate the
HIF1α/VEGFA axis at the post-transcriptional level. This
“brake mechanism” can avoid overactivation of the HIF1α/
VEGFA axis under hypoxic physiological or pathological
conditions. This discovery enriches our knowledge about
the regulation of HIF1α at different levels.

Although the HIF1α protein level was upregulated under
hypoxia (Figs. 1c, d), the HIF1A mRNA level was sig-
nificantly downregulated in breast cancer cell lines (Fig.
2b). The HIF1α protein is no longer ubiquitinated and
degraded under hypoxia. However, the mechanism by
which the HIF1A mRNA levels are decreased by hypoxia is
unknown. The miR-153 mimics reduced the mRNA levels
of HIF1A and shortened its half-life (Fig. 2b and S1A),
suggesting that the hypoxia-induced miR-153 may be par-
tially attributed to the downregulation of the HIF1A mRNA
level. Other HIF1α-negative regulators, such as miR-429,
miR-519c, miR-199a, miR-20a, and miR-497, may also be
involved [41–46].

In addition to hypoxia, mifepristone and high glucose
also increase expression of miR-153 [17, 24]. Intriguingly,
these stimuli also induce ER stress [25, 26]. As expected,
the typical ER stress inducer, TM, also induced miR-153
expression in breast cell lines. Therefore, it is very possible
that mifepristone and high glucose induce miR-153 through
the ER stress/IRE1α/XBP1 pathway. We further showed
that expression of miR-153 under hypoxia was directly
mediated by activated transcription factor XBP1 by binding
to the promoter of the miR-153 host gene PTPRN. Human
miR-153 is located in the 19th intron of PTPRN and
PTPRN2. However, only PTPRN was upregulated with
miR-153 at the mRNA level by hypoxia in breast cell lines
(Fig. 6d). By contrast, transcription of PTPRN2 was
downregulated under hypoxia or could not be detected in
MDA-MB-231 cells under normoxia (Fig. 6d). Therefore,
miR-153 is mainly co-regulated with the PTPRN host gene
in human breast epithelial cells. The role of PTPRN in
hypoxia-driven cellular processes requires further
investigation.

As a direct transcription factor of miR-153, XBP1 has
been reported to enhance HIF1A transcriptional activity
through the protein-protein interaction [47], as well as to
induce expression of VEGFA [2, 48]. Knockdown of
XBP1 suppresses the tumor growth of triple-negative breast
cancer xenografts [47]. We found that miR-153 decreased
expression of XBP1 at the transcription level (Fig. S5C).

There is possible negative feedback inhibition between
XBP1 and miR-153. X-box binding protein 1 induces
transcription of miR-153, but miR-153 inhibits expression
of XBP1 through a yet to be identified mechanism. Taken
together, we propose that miR-153 inhibits angiogenesis
twofold. On the one hand, miR-153 inhibits HIF1α by
directly binding to the HIF1A mRNA 3′-UTR. On the other
hand, miR-153 disrupts the XBP1/HIF1α interaction by
suppressing transcription of XBP1 via negative feedback.

In summary, we discovered a novel function of miR-153
in suppressing breast cancer angiogenesis and a specific
regulatory mechanism of miR-153 by hypoxia. miR-153
inhibited the proliferation, migration, and tube formation of
primary HUVECs and angiogenesis of the MDA-MB-231
formed xenograft tumor by inhibiting the HIF1α/VEGFA
axis by binding to the 3′-UTR of HIF1A mRNA in breast
cancer cells. Under hypoxia, ER stress was triggered and
the IRE1α/XBP1 pathway was activated. Activated XBP1
transcription factor further induced miR-153 expression by
binding to the promoter of a miR-153 host gene PTPRN.
Our results imply that miR-153 has the potential to serve as
an adjuvant of anti-angiogenesis therapy.

Materials and methods

Cell line, culture, and transfection

HEK293T cell line was cultured in the Dulbecco’s modified
Eagle’s medium (DMEM) basic medium (Gibco, Grand
Island, USA), which was added with fetal bovine serum
(FBS, 10% as the final concentration, Gibco). MCF10A is a
breast epithelial cell line, and was cultured in the DMEM/F-
12 (1:1) basic medium (Gibco) containing horse serum (5%
as the final concentration, Gibco), cholera enterotoxin (0.1
μg/ml), insulin (10 μg/ml), L-glutamine (2 mM), hydro-
cortisone (0.5 μg/ml), and epidermal growth factor (20 ng/
ml). MDA-MB-231 and MDA-MB-231-Luc were main-
tained in the DMEM/F-12 (1:1) basic medium, which was
added with 10 % FBS. HCC1937 was cultured in RPMI-
1640 basic medium (Gibco) with 10% FBS. These above
cell lines were authenticated by short tandem repeats
(STRs) DNA profiling and were not contaminated by
mycoplasma. Primary HUVECs were maintained in EGM-2
BulletKit (CC-3162, Lonza, USA). We use the Lipofecta-
mine 2000 reagent (Invitrogen, USA) to transfect cells with
plasmids, small interfering RNA (siRNA), miRNA mimics
and miRNA inhibitor (Ribobio, Guangzhou, China). The
sequences of siRNA targeting are shown in the Supple-
mentary Table 1. The hypoxic condition was created by
culturing cells in a hypoxia chamber flushed with 1% O2,
5% CO2, and 94% N2 mixture gas.
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Western blot, antibodies, and reagents

The western blot assay was performed according the pro-
tocol described in our previous studies [49, 50]. The anti-
HIF1α antibody was purchased from Epitomics (#2015-1,
Burlingame, USA) and Cell Signaling (#3716, Beverly,
USA). The antibodies of anti-GAPDH (sc-25778) and anti-
XBP1 (sc-7160) were purchased from Santa Cruz Bio-
technology. The antibodies of anti-β-actin (A5441) and
anti-PTPRN (AV45381) were purchased from Sigma-
Aldrich. The antibodies of anti-CD31 (ab28364) and anti-
ATF6 (ab37149) were purchased from Abcam. The anti-
bodies of anti-IRE1α (#3294), anti-BIP (#3177), and anti-
PERK (#5683) were bought from Cell Signaling. TM
(11089-65-9) and Cobalt (II) chloride (MB2442) were
purchased from Melonepharma (Dalian, China). Actino-
mycin D (HY-17559) was purchased from MedChem
Express (MCE, Shanghai, China).

Dual-luciferase report assays

To analyze the function of the miR-153 (MI0000463)
binding site at the 3′-UTR of HIF1A mRNA, we synthe-
sized complementary DNA oligonucleotides that consisted
of the test or the mutant sequence (the sequence of HIF1A-
3′-UTR-WT is 5′-CCCAAGCTTATAATATAGAAAGA-
TATGCATATATCTAGAAGGTACTAGTCCG-3′; and
the sequence of HIF1A-3′-UTR-Mut is 5′-CCCAAGCT-
TATAATATAGAAAGACGCTTCTATATCTAGAAGGT
ACTAGTCCG-3′). Then, we cloned them into the pMIR-
REPORTTM system. The HEK293T cells were transfected
with the negative control or the miR-153 mimics (50 nM as
the final concentration) and the pMIR-HIF1A-3′-UTR or
pMIR-HIF1A-3′-UTR-Mutant luciferase reporter construct
(800 ng per well) together with pCMV-Renilla control (8 ng
per well). Every kind of treatment was performed in tri-
plicate. Forty-eight hours later, the cell lysate was collected
and the luciferase activities were detected by using the
system of dual-luciferase reporter assay (Promega, USA).

To detect the function of the XBP1 binding motif in the
PTPRN (NM_001199763.1) promoter, we amplified the
PTPRN promoters with or without the XBP1 binding motif
from the genomic DNA of HEK293T cell line. For the WT
PTPRN promoter (with the XBP1 binding motif), the pri-
mers of PCR are as follow: the forward is 5′-
CGGGGTACCAATACTACCAAACCTGAAACAACCC
AA-3′; the reverse is 5′-CCCAAGCTTCCAGAACGA-
TAAACCCGAAGACA -3′. For the mutant PTPRN pro-
moter (without the XBP1 binding motif), the primers of
PCR are as follow: the forward is 5′-CGGGGTACCATA-
CACTGGAGAAATACAGGGAAAT-3′; the reverse is 5′-
CCCAAGCTTAGAACGATAAACCCGAAGACAAG-3′.
These two promoters were further cloned into the pGL3-

Basic system (Promega). The pGL3-PTPRN-promoter-WT
or the pGL3-PTPRN-promoter-Mut was transfected into the
HEK293T cells together with the pCMV-Renilla control.
Following the transfection for 48 h, the cells were put into
the hypoxia chamber for 12 h, and then the luciferase
activity was detected.

The real-time polymerase chain reaction

The total mRNAs were isolated by using the reagent of
TRIzol® (15596-026, Invitrogen). In order to get the com-
plementary DNA, we performed the reverse transcription
assay with the kit of Iscript complementary DNA synthesis
(170-8891; Bio-Rad, USA) for HIF1A, GLUT1, VEGFA,
GAPDH, PTPRN, PTPRN2, and 18S rRNA, and with the
TaqMan® MicroRNA Reverse Transcription Kit (4366596,
Thermo Fisher Scientific, Fremont, CA, USA) for miRNA.
For the quantitative PCR (qPCR), the SYBR Green Select
Master Mix system (4472908, Applied Biosystems, USA)
was used on the ABI-7900HT system (Applied Biosys-
tems). The reverse transcription primers of miR-153 and
U6, and the primers of miR-153, U6, HIF1A, GLUT1,
VEGFA, PTPRN, PTPRN2, and 18S rRNA for qPCR are
shown in the Supplementary Table 2.

In vitro VEGFA quantification

MDA-MB-231 (0.8× 105 cells per well) and HCC1937
(1× 105 cells per well) cells were transfected with the
negative control or the miR-153 mimics (50 nM). Following
the transfection for 48 h, the cells were exposed to 1% O2

for 24 h. Then, the supernatants were collected and VEGFA
was quantified by using the Quantikine VEGFA the
enzyme-linked immunosorbent assay (ELISA) kit (DVE00,
R&D Systems, UK).

TCGA database and clinical samples

We downloaded the data of human breast cancer from
TCGA database, and analyzed the correlation between miR-
153 and VEGFA mRNA in 86 normal breast tissue samples
and in 732 breast cancer tissue samples. The sample size is
chosen to ensure the adequate power to detect the mean-
ingful correlation trend. The computer code used in the
study is available from the corresponding authors on
request. Eighteen clinical breast cancer tissue samples were
obtained from the First Affiliated Hospital of Kunming
Medical University, which was approved by the human
ethics committee of Kunming Institute of Zoology, Chinese
Academy of Sciences. The informed consent was obtained
from the patients. To detect the expression correlation
between miR-153 and VEGFA mRNA, we purified the total
RNA of these tissue samples and used the qPCR to detect
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the levels miR-153 and VEGFA mRNA. Their expression
correlation was analyzed by SPSS 18.0 and the correlation
regression curve were fitted by GraghPad Prism
6.0 software.

Primary HUVEC identification

We isolated the primary human umbilical vein endothelial
cells from neonatal umbilical cord vein, which was
approved by the human ethics committee of Kunming
Institute of Zoology, Chinese Academy of Sciences. The
informed consent was obtained from the maternal. Expres-
sion of CD31 in primary HUVECs was detected by both the
flow cytometry and the immunofluorescence staining
assays. For the flow cytometry assay, primary HUVECs
were trypsinized into single cells, and then were washed
once by using the phosphate-buffered saline (PBS) with 3%
FBS (named as PF solution). Cells were stained with the
FITC IgG isotype control (400905) or FITC anti-hCD31
(303103) antibody (Biolegend, USA) on ice for 30 min.
After centrifugation at 1500 rpm for 5 min, the cells were
washed twice by using the PF solution. Then they were
analyzed by using flow cytometry. For the immuno-
fluorescence staining, primary HUVECs were seeded on
coverslips (BD Biosciences, USA). On the next day, we
used methanol to fix the cells at –20 °C for 5 min, and used
2% bovine serine albumin to block the slides for 20 min.
After washing with PBS, cells were separately incubated
with the normal mouse IgG (sc-2025, Santa Cruz) or the
primary monoclonal mouse anti-CD31 antibody (MAB-
0031, Maixin, Fujian, China) overnight at 4 °C. Subse-
quently, cells were incubated with the FITC-conjugated
secondary antibody (115-095-003, Jackson ImmunoR-
esearch, USA) for 1 h. Nuclei were stained by using DAPI
for 2 min. The coverslips were mounted with the 90%
glycerol and examined with fluorescence microscopy.

Cell proliferation and migration assays

To detect the proliferation of primary HUVECs, we used
the Click-iT®EdU Alexa Fluor 647 Imaging Kits (Invitro-
gen) according to the manufacturer’s protocol. Briefly,
HUVECs were seeded on coverslips (BD Biosciences) at
0.5× 105 cells per well. On the next day, the supernatants
were discarded and the cells were cultured with the CM
derived from hypoxia-treated MDA-MB-231 or HCC1937
cells that had been transfected with miR-153 mimics with or
without exogenous 20 ng/ml VEGFA (CC-4114B, Lonza).
Six hours later, the cells were incubated with EdU in CM
for 5 h, followed by fixing and staining. For each sample,
three random fields were observed by using fluorescence
microscopy, and the total numbers of cells and EdU-
positive cells were counted. To detect the migration of

primary HUVECs, we performed the wound-healing assay.
Twenty-four hours after seeding, the supernatants of
HUVECs were discarded and the cells were scratched and
cultured with the above described CM for 24 h. Wound
closure was imaged under microscopy. For each image, the
gap width was analyzed by Image Pro-Plus 6.0 (Media
Cybernetics, USA).

Tube formation assays

HUVECs (1× 104) in CM with or without exogenous
VEGFA (20 ng/ml, Lonza) were seeded onto Matrigel (BD
Biosciences)-coated μ-Slide angiogenesis (ibidi GmbH,
Munich, Germany). At 6 h after seeding, images were taken
under microscopy, and then were analyzed with Image Pro-
Plus 6.0 software. The total tube length was measured.

HIF1α overexpression

The pcDNA3.1-HIF1α plasmid were kindly provided by
Professor Lingqiang Zhang at the Academy of Military
Medical Sciences (Beijing, China), and the pCDH-CMV-
MCS-EF1-puro-3× FLAG-3×HA lentiviral vector was
obtained from Prof. Wen Liu at Xiamen University (Xia-
men, Fujian, China). We amplified the full-length HIF1A
gene (NM_001243084.1) without the miR-153 binding
sites, which coding sequence from the pcDNA3.1-HIF1α by
using the PCR primers of 5′-CGGGATCCGCCACCATG-
GAGGGCGCCGGCGGCGCG-3′ (forward) and 5′-
TCCCCCGGGTCAGTTAACTTGATCCAAAGC-3′
(reverse), and then subcloned it into the pCDH lentiviral
vector. The packaging plasmids including pMDLg/pRRE,
pRSV-Rev, pCMV-VSV-G, and pCDH-HIF1α expression
plasmid were co-transfected into the HEK293T cells (2×
106 in 10 cm plate) to produce lentivirus. Following the
transfection for 72 h, the lentivirus was collected and used
to infect the MDA-MB-231 cells. Forty-eight hours later,
puromycin (2 μg/ml) was used to screen the cell populations
that are resistant to drug.

Tumorigenesis in BALB/c nude mice

We purchased thirteen 6- to 7-week-old female BALB/c
nude mice and twenty-four 6- to 7-week-old female BALB/
c nude mice from Slaccas (Changsha, Hunan, China) and
Vital River Laboratory Animal Technology Co. Ltd (Beij-
ing, China), respectively. Animal feeding and experiments
were approved by the animal ethics committee of Kunming
Institute of Zoology, Chinese Academy of Sciences. MDA-
MB-231-Luc, MDA-MB-231-pCDH-vector, or MDA-MB-
231-pCDH-HIF1α cells (3× 105 in Matrigel (BD Bios-
ciences)) were implanted into the mammary fat pads of the
mice. The size of tumor was measured and was calculated
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by using the equation: tumor volume (cm3)= π (length×
width2)/6. The mice bearing different cells were distributed
into two groups through generating random number based
on animal’s number, when the tumor volume is close to 50
mm3. The experimenter who was responsible for animal
grouping and tumor size detecting did not know the mice
belong to which group. One group was administered with
agomir control, the other group was administered with miR-
153 agomir. The agomir control and miR-153 agomir (1
nmol per tumor, Ribobio) were subcutaneously adminis-
tered around the tumor every 3 days. For bioluminescent
detection, each mouse was first given D-luciferin (D12505,
Bridgen, Beijing, China) through intraperitoneal injection.
After 5 min, it was anesthetized with ketamine and xylazine.
The bioluminescent images were collected by using the
system of IVIS Lumina XR (Caliper life Sciences, USA).
Each tumor tissue was divided into two parts, one is used to
purify the total RNA, the other is used for immunohis-
tochemistry. Some tumors were only used in immunohis-
tochemistry for their too small sizes. For the results of
qPCR, the sample will be excluded if its value is higher or
lower than the mean ± 3× s.d.

Immunohistochemistry for CD31

The xenograft tumor tissues were fixed in 3.7% formalin
solution. The immunohistochemistry assay was performed
on 4-μm-thick paraffin sections after the pressure-cooking
for antigen retrieval. The anti-CD31 primary antibody
(1:400, Abcam, ab28364) was used. Subsequently, we
incubated the slides with the anti-mouse/rabbit ultra sensi-
tive polymer system (PV-8000, ZSGB-BIO, Beijing,
China). Signals for all slides were visualized by DAB
staining. The slides were mounted after hematoxylin stain-
ing. Ten image fields for each slide, except for those are too
small, were randomly collected by the persons who did not
participate in this study by using microscopy, and the
number of microvessel with positive CD31 expression was
counted.

Chromatin immunoprecipitation assays

After hypoxia treatment, the diluted DNA–protein complex
derived from MCF10A cells was incubated with the rabbit
IgG or the anti-XBP1 antibody (Santa Cruz) in 1.5 ml
centrifuge tube for 4 h at 4 °C. Then, each tube of sample
was added with herring sperm DNA and protein A/G
PLUS-Agarose (sc-2003, Santa Cruz), and continued to
incubate overnight at 4 °C. Chromosomal DNA was
amplified by PCR after purification. The PCR primers for
amplifying the interest region on the PTPRN gene promoter
(–2238 to –2225 from ATG) were as follows: 5′-

GGACTACAGGTACGTGTTAC-3′ and 5′-GAGCCCAG-
GAGATTGAGA-3′.

Statistical analysis

All data in this study were analyzed by using the software of
SPSS 18.0 (SPSS Inc., USA). Each experiment was per-
formed at least three times, and the results are represented as
the means ± s.d. The differences between two groups were
analyzed by using the two-sided t-test, and the variance is
similar between the groups, which are being statistically
compared. The value of P smaller than 0.05 were con-
sidered statistically significant.
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