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A novel HIF-2α targeted inhibitor suppresses hypoxia-induced
breast cancer stemness via SOD2-mtROS-PDI/GPR78-UPRER axis
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Hypoxic tumor microenvironment (TME) plays critical roles in induction of cancer stem cell-like phenotype in breast cancer and
contribute to chemoresistance. However, the mechanism underlying stemness reprogramming of breast cancer cells (BCs) by
hypoxic TME remains largely unknown. In the present study, we illustrated that HIF-2α, but not HIF-1α, induces stemness in BCs
under hypoxia through SOD2-mtROS-PDI/GRP78-UPRER pathway, linking mitochondrial metabolic state to endoplasmic reticulum
(ER) response via mitochondrial reactive oxygen species (mtROS) level. HIF-2α activates endoplasmic reticulum unfolded protein
response (UPRER) in drug-sensitive MCF7 and T47D cells to induce drug-resistant stem-like phenotype. Genetic depletion or
pharmacological inhibition (YQ-0629) of HIF-2α abolished hypoxia-induced stem-like phenotype in vitro and in vivo.
Mechanistically, HIF-2α activates transcription of superoxide dismutase 2 (SOD2) under hypoxia and thereby decreases mtROS level.
With less mtROS transported to endoplasmic reticulum, the expression and activity of protein disulfide isomerase (PDI) is
suppressed, allowing glucose-regulated protein 78 (GRP78) to dissociate from receptor proteins of UPRER and bind misfolded
protein to activate UPRER, which eventually confer chemoresistance and stem-like properties to BCs. Moreover, the increase in
mtROS and PDI levels caused by HIF-2α knockdown and the subsequent UPRER inhibition could be substantially rescued by
mitoTEMPOL (a mtROS scavenger), 16F16 (a PDI inhibitor), or GRP78 overexpression. Overall, we reported the critical roles of HIF-2α-
SOD2-mtROS-PDI/GRP78-UPRER axis in mediating hypoxia-induced stemness in BCs, highlighting the interaction between
organelles and providing evidence for further development of targeted HIF-2α inhibitor as a promising therapeutic strategy for
chemoresistant breast cancer.
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INTRODUCTION
Solid tumor microenvironment (TME) is often characterized by
hypoxia, which promotes the transformation of breast cancer cells
(BCs) to breast cancer stem cells (BCSCs) [1]. Such transformation
confers therapeutic resistance to breast cancer and limits clinical
treatment benefits [2–5]. Hypoxia-induced transcription factors
(HIFs) including HIF-2α (also known as EPAS1) play important roles
in regulating cancer cell stemness by activating multiple
transcriptional programs under hypoxia [6–8]. Our previous study
showed that HIF-2α promotes the chemoresistant stem-like
phenotype in BCs via activation of Wnt and Notch pathways [9].
These results highlight the plasticity of cancer cells and indicate
the complicated composition of cancer stem cells (CSCs),
supporting the function of HIF-2α in CSC phenotype conversion
and chemoresistance acquisition.

HIF-2α is involved in stemness reprogramming and acquisition
of chemoresistance through various pathways, and is often related
to poor clinical outcomes [10–12]. For example, HIF-2α enhances
ALKBH5-mediated m6A-demethylation of NANOG mRNA to induce
the BCSC phenotype [6]. HIF-2α also regulates Wnt/β-catenin
signaling to maintain pancreatic cancer stemness [13]. Previous
studies of the stemness conversion have mainly focused on
mitochondria [14, 15], whereas multiple organelles are actually
involved in the stemness conversion process and the underlying
mechanism remains unclear.
Hypoxia in TME alters protein synthesis by endoplasmic

reticulum unfolded protein response (UPRER) [16–19]. Emerging
evidence has revealed that HIF-2α regulates UPRER to promote
tumorigenesis and cancer cell survival, and suppresses apoptosis
in leukemic cells under hypoxia [20]. Recent work has unveiled a
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critical role of UPRER in cell identity remodeling and acquisition of
pluripotency, through the regulation of mitochondrial reactive
oxygen species (mtROS) generation and protein-folding environ-
ment [21–23]. In this study, we found that UPRER was activated
under hypoxia to induce the stemness remodeling via a HIF-2α/

mtROS-dependent signaling pathway, which eventually contri-
butes to the chemoresistance of BCs. Mechanistically, HIF-2α
decreased mtROS levels by transcriptionally up-regulating SOD2,
causing less mtROS to be transported from mitochondria to ER
which, in turn, suppressed PDI expression and activity in ER. PDI
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competes with GRP78 for binding to misfolded protein to allow
GRP78 bind with UPRER sensors and act as an “off” switch for
UPRER. The inhibition of PDI enhanced binding of GRP78 to
misfolded protein, causing dissociation of GRP78 from UPRER

sensors and ultimately activation of UPRER. Moreover, we found
that a novel HIF-2α targeted inhibitor, YQ-0629, sensitized tumor
cells to paclitaxel in mouse PDX model, implying the clinical
relevance of the reported HIF-2α-SOD2-mtROS-PDI/GRP78-UPRER

axis. This work provides crucial insights into hypoxia-dependent
stemness reprogramming and identifies a novel mechanism
involving crosstalk between mitochondria and ER, encouraging
the development of HIF-2α-targeting strategies for breast cancer
patients, especially those who are resistant to chemotherapy.

RESULTS
HIF-2α mediates hypoxia-induced breast cancer cell stemness
remodeling and chemotherapy resistance
Hypoxia induces stemness in BCs [24]. To explore whether hypoxia
is responsible for chemoresistance acquisition in BCs, we exposed
MCF7 and T47D cells to paclitaxel (PTX) under hypoxia (1% O2) or
normoxia (20% O2). MCF7 and T47D showed no significant change
in IC50 values and resistance index (RI) after being cultured under
hypoxia for up to 12 h. However, MCF7 and T47D displayed higher
IC50 values and RI after being cultured under hypoxia for 24, 48,
and 72 h (Figs. 1A and S1A, B). Furthermore, hypoxia also induced
significant multi-chemoresistance of MCF7, BT474, and HCC1937
cells to adriamycin (ADR), mitoxantrone (MX) and cisplatin (DDP)
(Fig. S1C, data of BT474 and HCC1937 not shown), confirming that
chronic hypoxia induced chemoresistance in BCs.
HIF family members play important roles in stemness

remodeling and chemoresistance acquisition, but the specific
functions of HIF-1α and HIF-2α remains unclear. We observed
that the expression of HIF-2α, but not HIF-1α, and resistance-
related proteins P-gp (also known as ABCB1) and BCRP (also
known as ABCG2) increased over time in MCF7 and T47D under
hypoxia (Fig. 1B). Meanwhile, the expression of CSC marker
OCT4 was elevated, and the percentage of CD44+CD24− and
ALDH1+ BCSC populations were increased (Figs. 1B, C and S1D).
These results indicated that hypoxia promoted chemoresistance
of BCs in a time-dependent manner, and induced their
transformation into BCSCs, with a simultaneous and specific
increase in HIF-2α expression. Higher HIF-2α expression also
predicted shorter overall survival (OS) and relapse-free survival
(RFS) in breast cancer patients receiving chemotherapy (Fig. 1D).
The Pearson’s correlation analysis of the TCGA dataset contain-
ing 1169 breast cancer patients and our in-house dataset
containing 110 breast cancer tissues confirmed that HIF-2α, but
not HIF-1α, was positively correlated with P-gp and BCRP
(Figs. 1E and S1E). Consistently, breast cancer tissues that were
CD44+CD24− had higher levels of HIF-2α (not HIF-1α), suggest-
ing that patients with higher level of HIF-2α are likely to have a
higher percentage of stem-like cells in their cancer tissues
(Figs. 1F and S1F). Together, these results indicate that long-

term hypoxia drives stemness remodeling and induces che-
moresistance in BCs by up-regulating HIF-2α.

HIF-2α regulates the GRP78-UPRER pathway to remodel
stemness and drive chemoresistance in BCs
We first generated MCF7 and T47D mammospheres (MCF7 MS and
T47D MS), confirmed their BCSC-like properties and chemoresis-
tance to PTX (Fig S2A–F, [25]). We observed that HIF-2α was highly
expressed in MCF7 MS and T47D MS, PTX treatment further
increased the expression of HIF-2α, but not HIF-1α (Figs. 2A and S3A).
To further determine the function of HIF-2α, we overexpressed HIF-
2α (HIF-2α OE) in MCF7 and T47D, as well as knocked down HIF-2α
(HIF-2α KD) in MCF7 MS and T47D MS by lentiviral infection and
compared the knockdown efficiency (Fig. S3E–G). HIF-2α over-
expression significantly enhanced colony formation capacity of
MCF7. In contrast, HIF-2α knockdown dramatically reduced the
formation of primary and secondary mammospheres from MCF7 MS
(Fig. 2B; data of primary mammosphere formation not shown),
indicating that HIF-2α maintains the long-term self-renewal capacity
of BCSCs. Similar results were achieved with T47D and T47D MS
(Fig. S3H). Importantly, HIF-2α overexpression increased the expres-
sion of pluripotent transcription factors OCT4 and Nanog in MCF7
and T47D, and HIF-2α knockdown significantly decreased these
expression in MCF7 MS and T47D MS (Figs. 2C and S3I). Moreover,
we noticed that HIF-2α overexpression induced PTX resistance in
MCF7, whereas HIF-2α knockdown remarkably increased the
sensitivity of MCF7 MS to PTX treatment (Fig. 2D). We also achieved
similar results T47D with and T47D MS and validated this finding
(Fig. S3J). Consistently, HIF-2α overexpression increased the expres-
sion of drug resistance-related proteins BCRP and P-gp in MCF7 and
T47D, and HIF-2α silencing in MCF7 MS and T47D MS reduced the
expression of these proteins (Figs. 2C and S3I). Additionally, HIF-2α
overexpression decreased the intracellular accumulation of PTX,
which is transported by P-gp, and vice versa (Fig. 2E). Collectively,
these data further confirmed that hypoxia-induced stemness
remodeling and chemoresistant properties in BSCSs is mainly
mediated by HIF-2α.
Cells undergo endoplasmic reticulum stress (ERS) when their ER

homeostasis is disturbed by hypoxia [26], and they respond to ERS
by activating UPRER. UPRER activation has been reported to involve
in pluripotency acquisition and chemotherapy resistance [22, 27].
Therefore, we examined the activation status of UPRER in MCF7
and MCF7 MS, as well as in HIF-2α-overexpressing MCF7 and HIF-
2α-knockdown MCF7 MS. The expression levels of GRP78, XBP1s,
and ATF6 as well as the phosphorylation levels of p-IRE1 and
p-PERK were higher in MCF7 MS compared to MCF7 (Fig. 2F),
suggesting that UPRER was activated in BCSCs. Consistently, HIF-
2α-overexpression increased the expression and the phosphoryla-
tion levels of the aforementioned proteins in MCF7, whereas HIF-
2α knockdown achieved opposite phenomenon in MCF7 MS
(Fig. 2F), confirming the regulation of UPRER by HIF-2α. To
determine whether HIF-2α maintains stemness and chemoresis-
tance through the UPRER, we tested if forced expression of GRP78
could restore stemness and chemoresistance in HIF-2α-

Fig. 1 Hypoxia induces stemness reprogramming of BCs by activating HIF-2α. A The cell viability rate was detected in MCF7 and T47D cells
cultured with different concentrations of paclitaxel (PTX) under hypoxia for 0–72 h by MTT assay. The gray color represents normoxia (20% O2),
green and brown color represents hypoxia (1% O2); the area indicates the cell viability rate. IC50 fold change and resistance index (RI) values
were compared relative to normoxia. h, hour. B The expression levels of HIF-2α, HIF-1α, P-gp, BCRP and OCT4 in MCF7 and T47D cells were
detected by western bolt under hypoxia for 0–72 h. C The proportion of CD44+CD24− subpopulation in MCF7 and T47D cells were detected
by flow cytometry under hypoxia for 0–72 h. D The survival was analyzed between HIF-2α high expression and low expression cases received
chemotherapy in overall survival (OS) and relapse-free survival (RFS) by Kaplan–Meier plot analysis (http://kmplot.com/analysis/index.php?
p=service). E The correlations were analyzed among HIF-2α, P-gp, and BCRP in mRNA and protein levels from TCGA database (n= 1169) and
our sample’s bank (n= 110). F The mRNA and protein levels of HIF-2α (EPAS1) was compared in CD44+CD24− and non-CD44+CD24− patients
from TCGA dataset (n= 1169) and our sample’s bank (n= 110) (left panel). The right panel displays correlations between HIF-2α+ and
CD44+CD24− phenotype in mRNA and protein level. NS non-significant; *P < 0.05, ***P < 0.001, compared to 0 h/normoxia; Student’s t test,
One-way ANOVA test, Pearson correlation analysis, Mann–Whitney U analysis, Pearson χ2 test. Error bars, mean ± SD (n= 3).
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knockdown MCF7 MS. Interestingly, forced expression of GRP78
rescued the oncosphere formation ability in HIF-2α depleted MCF7
MS (Fig. 2G). Additionally, forced expression of GRP78 also
abolished HIF-2α-knockdown-induced inhibition of OCT4 and

P-gp (Fig. 2H), increasing the intracellular accumulation of PTX
and reducing chemoresistance (Fig. 2I, J). Collectively, these data
indicate that HIF-2α drives stemness remodeling in BCs and
induces chemoresistance by activating the GRP78-UPRER.
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HIF-2α modulates SOD2 and mtROS level to activate UPRER

Next, we sought to investigate the detailed mechanism for the
regulation of stemness and GRP78-UPRER by HIF-2α. The antioxidant
gene superoxide dismutase 2 (SOD2) has been found to interact
with HIF-2α [10, 28, 29]. SOD2 catalyzes the reduction of mtROS in
the mitochondrial matrix, thereby protecting cells from oxidative
damage [30–32]. To determine whether HIF-2α affects the SOD2-
mtROS level to regulate the GRP78-UPRER, we examined the mRNA
expression of SOD2 in HIF-2α-overexpressing MCF7 and HIF-2α-
knockdown MCF7 MS. Results showed that HIF-2α overexpression
increased the mRNA level of SOD2, whereas HIF-2α knockdown
reduced the expression of SOD2 (Fig. 3A). As a control, the mRNA
level of SOD1 was not affected by either overexpression or
knockdown of HIF-2α (Fig. 3A). Furthermore, we analyzed the TCGA
dataset and found that HIF-2α expression was positively correlated
with SOD2 expression, and patients with the CD44+CD24−

phenotype expressed SOD2 at a higher level (Fig. 3B, C). Together
with the previous finding that patients with the CD44+CD24−

phenotype had a higher expression of HIF-2α (Fig. 1F), our results
confirmed that HIF-2α activates SOD2 in BCSCs and this axis is
clinically relevant. mtROS level was also lower in MCF7 MS than in
MCF7 cells, indicating that the intracellular mtROS level of BCSCs
was lower than that of BCs. Consistently, the overexpression or
knockdown of HIF-2α decreased or increased the level of mtROS
respectively (Fig. 3D). These data suggest that HIF-2α is an upstream
regulator of SOD2 and mtROS.
To further validate whether HIF-2α regulates mtROS level in

BCSCs via SOD2, we overexpressed SOD2 in HIF-2α-knockdown
MCF7 MS. As expected, SOD2 overexpression abrogated the HIF-
2α-knockdown-induced increase in mtROS level (Figs. 3E and S4A).
We also incubated HIF-2α-knockdown MCF7 MS with mitoTEM-
POL, a mtROS-specific scavenger, to further verify if mtROS
mediate the downstream effects of HIF-2α. MitoTEMPOL treat-
ment reduced the level of mtROS without affecting SOD2
expression (Figs. 3F and S4B), confirming the suitability of
mitoTEMPOL for testing the role of mtROS in the function of
HIF-2α. We then observed that mitoTEMPOL rescued the onco-
sphere formation capacity in HIF-2α-knockdown MCF7 MS
(Fig. 3G). Moreover, mitoTEMPOL restored the chemoresistance
of HIF-2α-knockdown MCF7 MS (Figs. 3H and S4C). Additionally, to
explore whether UPRER is involved, we examined the protein level
of GRP78 in the same groups. Our results showed that
mitoTEMPOL rescued the protein expression of GRP78 in HIF-2α-
knockdown MCF7 MS (Figs. 3I and S4D). In sum, HIF-2α
upregulates SOD2 to reduce mtROS level, leading to the down-
stream biological effects including GRP78-UPRER activation, stem-
ness remodeling, and chemoresistance acquisition.

PDI competitively inhibits the binding of GRP78 to misfolded
proteins to prevent UPRER activation
MtROS are mainly generated during the process of oxidative
phosphorylation at the mitochondrial electron transport chain and

are transported from mitochondria to multiple intracellular
organelles as signaling molecules [31, 32]. In particular, mtROS
are transported to ER and are involved in the regulation of ER-
related pathways [33]. To elucidate how the modulation of SOD2-
mtROS level by HIF-2α is transduced intracellularly to activate
UPRER, we detected the subcellular location of mtROS. We
observed that mtROS was mainly located in mitochondria in
control cells, while the increased mtROS primarily accumulated in
ER in HIF-2α-knockdown MCF7 MS (Fig. 4A), indicating that excess
mtROS induced by HIF-2α knockdown were mainly transported
from mitochondria to ER. Protein disulfide isomerase (PDI) is a
critical protein in ER that has two major functions: one is to act as
an oxidoreductase, and the other is to function as a chaperone
protein to bind misfolded protein for subsequent degradation.
The enzyme activity of PDI can be increased when the ER
environment becomes more oxidative [34, 35]. Therefore, we
hypothesized that HIF-2αmight regulate PDI activity in ER through
mtROS transport. To test our hypothesis, we first detected the
expression and enzymatic activity of PDI after HIF-2α over-
expression and knockdown. We found that the expression and
enzymatic activity of PDI was reduced by HIF-2α overexpression in
MCF7, whereas the opposite was observed upon HIF-2α knock-
down in MCF7 MS (Fig. 4B, C). Not only that, HIF-2α silencing
increased the levels of mtROS and PDI in MCF7 MS, with their
subcellular location overlapping (Fig. 4D), supporting our hypoth-
esis that mtROS might be transported to ER to regulate PDI. We
then exposed HIF-2α-knockdown MCF7 MS to mitoTEMPOL and
detected the expression and enzymatic activity of PDI (Fig S4E).
We found that mitoTEMPOL significantly decreased PDI expression
and enzymatic activity (Fig. 4E). These results suggest that HIF-2α
regulates the expression and catalytic activity of PDI in BCSCs
through the signaling molecules - mtROS.
Then, we explored the underlying mechanism by which PDI

regulates the UPRER. GRP78 functions as an “off” switch for UPRER,
hence we first mocked docking of PDI to GRP78, and found the
two proteins did not match in spatial structure (Fig. S4F). We
further confirmed that there was no direct interaction between
PDI and GRP78 in MCF7 MS (Figs. 4F and S4G). Therefore, we
presumed that a potential indirect mechanism mediates the
regulation of UPRER by PDI. Given that the activation of UPRER

depends on the binding of GRP78 to misfolded protein and the
subsequent dissociation of GRP78 from the UPRER transmembrane
protein sensors [36, 37], we detected the intracellular level of
misfolded protein in HIF-2α-knockdown MCF7 MS. We found that
the level of misfolded protein significantly increased upon HIF-2α
knockdown (Figs. 4G and S4H). To search for potential interaction
among PDI, GRP78, and misfolded proteins, we constructed stably
GRP78 or PDI overexpressed MCF7 MS. We found the protein level
of GRP78 was decreased in PDI-overexpressing MCF7 MS, and vice
versa. Additionally, the level of misfolded protein was remarkably
reduced in both GRP78-overexpressing and PDI-overexpressing
MCF7 MS (Fig. 4H and S4I). 16F16 is a specific PDI inhibitor.

Fig. 2 HIF-2α is required for the self-renewal maintenance of BCSCs by activating UPRER. A The protein expression of HIF-1α and HIF-2α
were measured in MCF7 and MCF7 MS cells cultured with or without PTX (3 nM) for 48 h by western blot. B The self-renewal ability was
detected in HIF-2α-overexpressed (HIF-2α OE) MCF7 cells and HIF-2α-silencing (HIF-2α KD) MCF7 MS cells cultured with or without PTX (3 nM)
for 48 h. Scale bar, 250 μm. C The protein expression of OCT4, NANOG, BCRP and P-gp were measured in HIF-2α OE MCF7 cells and HIF-2α KD
MCF7 MS cells. D The cell viability rate was detected in HIF-2α OE MCF7 cells and HIF-2α KD MCF7 MS cells cultured with different
concentrations of PTX for 48 h. Resistance index (RI) value was calculated. E The intracellular accumulation of PTX was detected in HIF-2α OE
MCF7 cells and HIF-2α KD MCF7 MS cells by HPLC-MS. F The expression levels of GRP78, IRE1, XBP1s, PERK, and ATF6; phosphorylation levels of
p-IRE1 and p-PERK were measured in MCF7 cells, MCF7 MS cells, HIF-2α OE MCF7 cells and HIF-2α KD MCF7 MS cells. G The self-renewal ability
rescued in GRP78-overexpressing and HIF-2α-silencing (GRP78 OE+ HIF-2α KD) MCF7 MS cells, compared with HIF-2α KD MCF7 MS cells. Scale
bar, 250 μm. H The expression levels of GRP78, OCT4 and P-gp were measured in GRP78 OE+ HIF-2α KD MCF7 MS cells. I The intracellular
accumulation of PTX was detected in GRP78 OE+ HIF-2α KD MCF7 MS cells by HPLC-MS. J The cells viability rate was detected in GRP78 OE+
HIF-2α KD MCF7 MS cells cultured with different concentrations of PTX (left panel), the related IC50 of PTX were calculated (right panel). NS,
non-significant; #P < 0.05, ##P < 0.01, ###P < 0.001, compared to treatment without PTX, *P < 0.05, **P < 0.01, ***P < 0.001, compared to Ctrl/
shCtrl/shHIF-2α; Student’s t test, two-way ANOVA test. Error bars, mean ± SD (n= 3).
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Strikingly, 16F16 treatment enhanced the binding of GRP78 to
misfolded proteins in HIF-2α-knockdown MCF7 MS, allowing the
dissociation of GRP78 from PERK. This result confirmed that PDI
competes with GRP78 for binding to misfolded proteins to
activate UPRER (Fig. 4I). We also detected the expression of GRP78

to further validate if PDI regulates GRP78 to affect UPRER. We
found that 16F16 released the HIF-2α-knockdown-induced inhibi-
tion on GRP78 expression, as well as suppressed the expression
and activity of PDI in HIF-2α-knockdown MCF7 MS (Figs. 4J and
S4K). Consistently, 16F16 restored mammosphere forming ability
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and chemoresistance in HIF-2α-knockdown MCF7 MS (Figs. 4K, L
and S4L, M). These results indicate that PDI competitively inhibits
the binding of GRP78 to misfolded proteins to prevent the
activation of UPRER and HIF-2α activates UPRER by suppressing PDI
expression and activity.

HIF-2α silencing reduces stemness and reverses
chemoresistance via SOD2-mtROS-UPRER pathway in vivo
We next confirmed the role of HIF-2α in tumorigenesis in vivo. We
injected BALB/c (nu/nu) mice subcutaneously with control or HIF-
2α-knockdown MCF7 MS, and monitored tumor growth as well as
measured the percentage of BCSC population and related
pathway indicators (Fig. 5A). HIF-2α depletion remarkably
suppressed the growth of xenograft tumors, and the inhibitory
effect was even stronger when treated in combination with PTX
(Fig. 5B, C). CSCs are responsible for early tumorigenesis [24]. We
defined the formation of a detectable tumor as when a tumor
reaches the of size 125mm3 and observed xenograft tumor
formation at about 1 month post injection. HIF-2α depletion
resulted in a significant delay in tumor formation (at day 21)
compared to the control group (at day 15), suggesting that HIF-2α
knockdown reduces the tumor initiating ability of MCF7 MS
(Fig. 5D). Additionally, we observed that HIF-2α knockdown
significantly improved survival in the xenograft mouse model,
especially when treated in combination with PTX (Fig. 5E). The
accumulation of PTX in HIF-2α-knockdown xenograft tissues was
much higher than that in control tissues (Fig. 5F). Furthermore, we
found that the percentage of CD44+CD24− cells was also lower in
HIF-2α-knockdown xenograft tissues than in control tissues
(Fig. 5G). These findings imply that HIF-2α depletion decreases
self-renewal capacity and reverses chemoresistance in BCSCs
in vivo. Consistently, HIF-2α depletion dramatically reduced the
expression of P-gp, GRP78, and other UPRER-related proteins
in vivo (Fig. 5H). Similar results were obtained for the mRNA level
of SOD2 (Fig. 5I). The mtROS level and PDI expression were also
increased in HIF-2α-knockdown xenograft tissues, compared to
control tissues (Fig. 5J). Overall, these data indicate that HIF-2α
silencing impairs stemness and chemoresistance of BCSCs
through SOD2-mtROS-PDI/GRP78-UPRER pathway in vivo.

A specific HIF-2α inhibitor YQ-0629 synergizes with PTX
in vivo
To further explore the clinical relevance of HIF-2α and the
reported downstream pathway in breast cancer, we aimed to find
a specific HIF-2α inhibitor. The HIF-2α protein contains three
domains with known structures: a b-Helix-loop-helix (bHLH)
segment, Per-Arnt-Sim (PAS) domains, and terminal transactiva-
tion domains (TADs). PAS-B domain is the potential active site for
ligand binding [38]. The amino acid sequence targeted by the HIF-
2α shRNA we used was located in PAS-B domain (Fig. S5A). We
found the crystal structure of the PAS-B region from Protein Data
Bank (PDB ID: 4XT2), and it has already been proved that active
small molecule compounds binding this active site can be
successfully screened out [39]. First, we used two libraries of
small molecular compounds containing a total of 1 million

compounds for docking into this site. 81 compounds (Table 1)
with S values less than −9 were screened out. 17 compounds with
high drug-forming property were further screened out based on
ADME evaluation. Three compounds including YQ-0629 were
demonstrated strong inhibitory effects on cell viability. We further
performed a Biacore assay to verify the binding of the three
compounds to HIF-2α active sites in vitro (Fig. S5B). Only YQ-0629
showed a strong affinity with HIF-2α PAS-B domain (dissociation
constant [Kd] 5.75E−5 M) and the potential binding site is
predicted to be the residue Cys339 (Fig. 6A). To investigate
whether YQ-0629 inhibits HIF-2α in vivo, we detected the protein
expression and intracellular location of HIF-2α after MCF7 MS
culturing with YQ-0629 (10 µM). We observed that YQ-0629 could
inhibit the expression of HIF-2α with or without the presence of
PTX (3 nM) (Fig. 6B, C). We also confirmed that YQ-0629 did not
bind to HIF-1α or affect the expression of HIF-1α (Fig. S5C, D).
These data indicate that YQ-0629 is a specific inhibitor of HIF-2α.
YQ-0629 significantly inhibited cell viability of MCF7 MS in a

time- and dose-dependent manner (Fig. 6D, left panel). We treated
MCF7 MS with YQ-0629 and PTX to test if a synergistic effect exists
between the two drugs. We observed that the IC50 values of PTX
at 72 h gradually decreased with the increase of YQ-0629 dose.
Importantly, the synergistic indices (R values) were all greater than
1, with a greatest R value of 1.22 when PTX is used in combination
with 30 μM YQ-0629, implying the presence of a synergistic effect
between YQ-0629 and PTX on tumor suppression (Fig. 6D, right
panel). Notably, YQ-0629 treatment either used alone or in
combination with PTX (R= 2.96), impaired the self-renewal ability
of MCF7 MS (Fig. 6E). Additionally, the effect of YQ-0629 treatment
in MCF7 MS was consistent with that of HIF-2α depletion on
downstream pathway related parameters (Fig. 6F, G). Collectively,
these data suggested that YQ-0629, as a HIF-2α targeted inhibitor,
suppresses self-renewal capacity and synergizes with PTX to
reverse the chemoresistance of MCF7 MS.
Next, we conducted a more stringent preclinical assessment on

the efficacy of YQ-0629. First, we sorted out the CD44+CD24−

BCSC population from the clinical samples of breast cancer
patients and detected the expression levels of stemness-related,
chemoresistance-related, and self-renewal-related markers
(Fig. 7A). The CD44+CD24− cells displayed BCSC properties
(Fig. 7B, C). Next, we treated the CD44+CD24− cells with YQ-
0629 and found that YQ-0629 inhibited cell viability in a time- and
dose-dependent manner (Fig. 7D, left panel). Similarly, a
synergistic effect was observed between PTX and YQ-0629 (R=
1.33, Fig. 7D, right panel). Consistently, YQ-0629 alone or in
combination with PTX (R= 2.59) decreased mammosphere form-
ing ability (Fig. 7E). We further explored the effect of YQ-0629
in vivo (Fig. 7F). YQ-0629 remarkably suppressed xenograft tumor
growth and prolonged survival in the transplanted mice,
especially when combined with PTX (Fig. 7G, I), demonstrating
that YQ-0629 synergizes with PTX not only for the inhibition of
tumor growth (R= 1.58) but also for the prolongation of survival.
Finally, we evaluated the toxicity of YQ-0629 in vital organs. No
noticeable change to the bladder, heart, kidney, liver and lung was
observed, indicating that YQ-0629 was safe at the dosage we used

Fig. 3 HIF-2α activates UPRER via regulating SOD2-mtROS axis. A The mRNA level of SOD2 and SOD1 were detected in HIF-2α OE MCF7 cells
and HIF-2α KD MCF7 MS cells. B The correlation between HIF-2α and SOD2 was detected in mRNA level from TCGA database (n= 1169). C The
mRNA expression of SOD2 was compared in CD44+CD24− and non CD44+CD24− patients from TCGA database (n= 1169). D The levels of
mtROS were detected in MCF7 and MCF7 MS cells, HIF-2α OE MCF7 cells and HIF-2α KD MCF7 MS cells. E The mRNA level of SOD2 and mtROS
level were measured in SOD2-overexpressing and HIF-2α-silencing (SOD2 OE+ HIF-2α KD) MCF7 MS cells, under 1% O2. F The mRNA level of
SOD2 and mtROS level were measured in HIF-2α KD MCF7 MS cells cultured with mitoTEMPOL (100 µM) for 48 h, under 1% O2. G The self-
renewal ability rescued in HIF-2α KD MCF7 MS cells cultured mitoTEMPOL (100 µM) for 48 h, compared with HIF-2α KD MCF7 MS cells, under
1% O2. Scale bar, 250 μm. H The cells viability rate was detected in HIF-2α KD MCF7 MS cells cultured with mitoTEMPOL (100 µM) for 48 h,
under 1% O2. I The expression level of GRP78 was detected in HIF-2α KD MCF7 MS cells cultured with mitoTEMPOL (100 µM) for 48 h, under
1% O2. NS, non-significant; *P < 0.05, **P < 0.01, ***P < 0.001, compared to MCF7 cells/Ctrl/shCtrl/shHIF-2α; Student’s t test, two-way ANOVA
test, Mann–Whitney U analysis, Pearson correlation analysis. Error bars, mean ± SD (n= 3).
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(Fig. S5E). Overall, our data demonstrated that YQ-0629 specifically
targets HIF-2α to inhibit BCSC self-renewal capacity via the SOD2-
mtROS-PDI/GRP78-UPRER pathway and synergizes with PTX to
overcome chemoresistance in BCSCs.

DISCUSSION
Here, we provided compelling in vitro and in vivo evidences that
HIF-2α, induced by hypoxic TME, promotes the transition of
chemosensitive BCs to chemoresistant BCSCs. Mechanistically, HIF-
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2α suppresses PDI, which competes with GRP78 for binding to
misfolded proteins, to allow GRP78 dissociation from sensors of
UPRER to turn on “the switch” of UPRER and thereby promote
stemness in BCs. More specifically, HIF-2α decreased mtROS
production and transportation from mitochondria to ER by
transcriptionally upregulating SOD2, which consequently inhibited
the expression and activity of PDI and promoted the binding of
GRP78 with misfolded proteins. More importantly, we screened
out a small molecule HIF-2α inhibitor that synergizes with PTX for
inhibition of tumor growth in vitro and in vivo, and represents a
promising candidate for targeted therapy of breast cancer.
In the adaptive response to hypoxia, HIF-2α acts as a crucial

regulator of cancer stemness [13, 40–42]. Consistent with previous
studies, we confirmed that HIF-2α was responsible for the
elevation of OCT4 [43], P-gp [44], and BCRP [45] under hypoxia.
Furthermore, we showed that HIF-2α, but not HIF-1α, was highly
expressed in CD44+CD24− breast cancer tissues. Emerging
evidence demonstrates that hypoxia induces cellular reprogram-
ming to reshape cancer cell stemness [46]. However, current
studies mainly focus on changes occurring inside mitochondria,
such as impairment of oxidative phosphorylation, promotion of
glycolytic activity, and increase in mtROS production [47]. Our
study added another layer to the mechanism by which HIF-2α
regulates the signal transduction between mitochondria and ER in
breast cancer. We showed that HIF-2α promoted breast cancer
stemness via its regulation of UPRER. These findings highlight the
significance of UPRER activation in HIF-2α-induced stemness and
chemoresistance acquisition.
UPRER is crucial for cancer stemness acquisition and main-

tenance. Although previous report revealed a potential interaction
between HIF-2α and UPRER in hematopoietic stem and progenitor
cells (HSPCs) [20], we found that HIF-2α regulates UPRER differently
in BC. First, all three downstream pathways of UPRER (IRE1, PERK,
and ATF6) were inhibited in HIF-2α-knockdown BCSCs. Second, in
our study, although an increase in mtROS transportation from
mitochondria to ER was also observed in HIF-2α-knockdown
BCSCs, this event led to dysregulation of protein synthesis and
impairment of stemness in BCSCs rather than induction of
apoptosis. We speculate that the extent of hypoxia in TME and
the HIF-2α expression level vary tremendously among different
tissues and might contribute to such discrepancy, but the
underlying reason need to be further investigated.
Aggregation of misfolded proteins in ER triggers ERS, and UPRER

is involved in this event to control cell fate [36]. GRP78 is a sentinel
marker of ERS and is widely used as a “switch” for UPRER activation
[48]. In addition to the mechanism that GRP78 disassociates from
ER transmembrane protein sensors and activates UPRER via
binding to misfolded proteins, misfolded proteins are also
regulated by GRP78 via other mechanisms [49]. The complete
mechanism of this complicated process needs to be further
clarified by more studies. Here we found that PDI [34], a
multifunctional redox chaperone, was repressed for its activity
and expression when the transportation of mtROS from mito-
chondria to ER was decreased. Like GRP78, PDI was also capable of

binding to and disassociating from misfolded proteins. The
inhibition of PDI allowed more misfolded protein to be bound
with GRP78, which in turn caused GRP78 dissociation from UPRER

sensors and eventually activated UPRER. This finding revealed the
critical function of PDI in controlling the binding between GRP78
and misfolded proteins and in fine-tuning UPRER activation in
response to ERS.
ROS level regulates cancer stemness in a wide variety of cancers

[50, 51]. Although previous studies have shown that lower ROS
level regulated by a branch of UPRER positive feedback loop
played an essential role in stemness maintenance, the specific
mechanism for crosstalk between ROS level and UPRER remains
poorly understood [33, 52]. Our study revealed that mtROS was
generated in mitochondria and then transported to ER to
modulate PDI expression and activity. In the ER lumen, the
homeostatic redox environment is required for proper protein
folding and disulfide bond formation. PDI is an ER oxidoreductase
that catalyzes disulfide bond formation and oxidative protein
folding. The regulation of PDI by mtROS functions as a “bridge”
linking mitochondrial oxidative phosphorylation to UPRER

activation.
We also screened out a novel specific HIF-2α inhibitor YQ-0629.

In hypoxic TME, HIF-2α proteins are stabilized and heterodimerize
with ARNT to regulate related gene profile [38]. We found that YQ-
0629 could interact with the PAS-B pocket of HIF-2α protein,
preventing the dimerization of HIF-2α with ARNT and promoting
its degradation. YQ-0629 is a highly specific inhibitor for HIF-2α
which does not affect HIF-1α. Although several small molecules
have been identified to selectively bind to the PAS-B domain, no
study have shown the clinical value of HIF-2α inhibitor for breast
cancer treatment [53–56]. In this study, we verified that YQ-0629
not only suppressed breast cancer stemness in vitro, but also
synergized with PTX to inhibit tumor growth and prolong survival
in vivo, highlighting the great potential of YQ-0629 for the
targeted treatment of breast cancer.
In summary, we elucidated that HIF-2α remodeled stemness in

breast cancer and conferred chemoresistance to BCs via SOD2-
mtROS-PDI/GRP78-UPRER axis. We also developed a novel HIF-2α
targeted inhibitor YQ-0629, which synergizes with PTX to suppress
tumor growth in vitro and in vivo and represents a promising
small molecule compound for breast cancer targeted therapy.

MATERIAL AND METHODS
Reagents
Recombinant human SOD2 (Abcam, ab93946), Paclitaxel (Sigma, T7402),
Doxorubicin, (Sigma, D1515), Mitoxantrone (Sigma, M2305000), Cisplatin
(Sigma, P4394), Docetaxel (Sigma, 01885), Mito TEMPO (Sigma, SML0737),
PDI inhibitor 16F16 (Sigma, SML0021), YQ-0629 (Topscience, chemdiv
diversity discovery library), (3-Aminopropyl) triethoxysilane (sigma, A3648),
Glutaraldehyde solution (sigma, G7651).

Cell culture and lentiviral transfection
Human breast cancer cell lines MCF7 and T47D were purchased from ATCC
(MCF7: ATCC cat.HTB-22, RRID: CVCL_0031; T47D: ATCC cat.HTB-133, RRID:

Fig. 4 PDI competitively binding to misfolded proteins with GRP78 to activate UPRER. A The location of mtROS in mitochondria and ER was
observed by confocal microscope. Scale bar, 10 μm. B The protein expression of PDI was detected in HIF-2α OE MCF7 cells and HIF-2α KD
MCF7 MS cells, under 1% O2. C The enzyme activities of PDI in HIF-2α OE MCF7 cells and HIF-2α KD MCF7 MS cells were measured, under 1%
O2. D The level and location of mtROS and PDI were measured in HIF-2α KD MCF7 MS cells were detected by immunofluorescence
microscopy, under 1% O2. Scale bar, 5 μm. E The protein expression and enzyme activity of PDI were measured in HIF-2α KD MCF7 MS cells
cultured with mitoTEMPOL (100 µM), under 1% O2. F The direct interaction of GRP78 and PDI in MCF7 MS cells was determined by co-
immunoprecipitation (co-IP). G The level of misfolded protein was detected in HIF-2α KD MCF7 MS cells by confocal microscope. Scale bar,
10 μm. H The expression levels of GRP78, PDI and misfolded proteins were detected in the GRP78-overexpressing (GRP78 OE), PDI-
overexpressing (PDI OE) MCF7 MS cells by immunofluorescence microscopy, under 1% O2. Scale bar, 20 μm. I The combination and
dissociation of GRP78 and PERK was confirmed by co-immunoprecipitation (co-IP) in HIF-2α KD MCF7 MS cells cultured with 16F16 (100 µM),
under 1% O2. J–L The protein expressions of PDI and GRP78, cell viability rate and self-renewal ability were detected in HIF-2α KD MCF7 MS
cells cultured with 16F16 (100 µM), under 1% O2. Scale bar, 250 μm.
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CVCL_0553). The two cell lines have been authenticated. MCF7, MCF7 MS
and T47D, T47D MS cells were cultured as reported previously by He et al.
[25, 57]. For hypoxia culture, cells were incubated in the hypoxia incubator
(Thermo Fisher Scientific, HERACELL 150i) at 1% O2. Mammosphere cells
derived from breast cancer patients were also cultured in DMEM-F12
medium supplemented with 2% B27, 10 μg/l b-FGF, and 20 μg/l EGF.

Lentiviral vectors were purchased from Shanghai Genechem Co., Ltd. HIF-
2α-RNAi sequence is seen in Supplementary Table 1. HIF-2α cDNA (HIF-2α-OE)
was cloned into a Ubi-MCS-3FLAG-SV40-EGFP-IRES-puromycin vector. GRP78,
PDI and SOD2 cDNAs (GRP78-OE, PDI-OE, SOD2-OE) were cloned into a Ubi-
MCS-SV40- puromycin. MCF7, T47D, MCF7 MS, and T47D MS cells were seeded
into 6-well adhesion plates or ultra-low adhesion plates (Corning) at a density
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of 2 × 105 cells per well. The next day, lentiviral vectors and polybrene were
mixed with medium (NC, MOI= 10; MOI= 20, HIF-2α-OE, GRP78-OE, PDI-OE,
SOD2-OE; shCtrl, MOI= 20; shHIF-2α, MOI= 25). After transfection for 12 h,
fresh culture medium was added, and culturing for another 48 h. Puromycin (2
μg/ml) was added to select stably transfected cells. This process was repeated
2 to 3 times until all cells expressed green fluorescent protein (GFP).

RNA isolation and real-time PCR
RNA isolation and real-time PCR were performed as described previously
by Ma et al. [58]. Primer sequences are shown in Supplementary Table 2.

Immunofluorescence and misfolded protein detection
Paraffin-embedded and OCT-embedded samples were sectioned at 4 μm
thickness. Antigen retrieval was performed by a pressure cooker for 10min
in 0.01 citrate buffer (pH 6.0) to remove aldehyde links formed during
initial fixation of tissues (this step is just for paraffin-embedded samples,
skip for OCT-embedded fresh tissue samples). Cells for immunofluores-
cence were fixed with 4% paraformaldehyde for 20min at room
temperature, washed with PBS and permeabilized with 0.2% Triton
X-100 in PBS for 15min. Thereafter, cells were blocked in PBS with the
Normal Goat Serum (Solarbio) for 30min at 37 °C. Then, samples were
incubated with primary antibodies HIF-2α, HIF-1α, PDI, GRP78 (Seen in
Supplementary Table 3) overnight at 4 °C. Incubation of Alexa Fluor-
conjugated secondary antibodies (EarthOx Life Sciences) were carried out
for 30min at 37 °C protected from light. Misfolded protein was detected
with the PROTEOSTAT® Aggresome Detection Kit (ENZ-51035; Enzo Life
Sciences, USA) according to the manufacturer’s instructions. DAPI was used
counterstaining the nuclei, ER-trackerTM was used for staining the ER
(ThermoFisher, E12353), CellMaskTM was used for staining the plasma
membranes (ThermoFisher, C10046), MitoGreen was used for staining the
mitochondria (KeyGEN BioTECH, KGMP0072) and MitoSOXTM (Thermo
Fisher Scientific, m36008) was used for staining mtROS in cells. Images
were obtained by laser scanning confocal microscopy (Nikon ECLIPSE Ti).

Western blot analysis
Cells were harvested in RIPA lysis buffer (50mM Tris-HCI; pH 7.5, 120mM
NaCl, 0,5% NP-40, 200mM Na3VO4, 1mM EDTA, 0.5% sodium deoxycholate,
1% SDS) containing 1 × protease inhibitor cocktail (Sigma) for 10min on ice.
An equal amount of protein from the cell lysates was resuspended in the gel
sample buffer, resolved by SDS-PAGE, and transferred to PVDF membrane
(Millipore). After blocking with 5% BSA, membranes were incubated with
specific primary antibodies (Supplementary Table 3) overnight at 4 °C. After
washing with TBST, corresponding secondary antibodies were incubated at
room temperature for 1 h. The immunoreactivity of the signals was visualized
by using ECL system (DNR MicroChemi system). The uncropped western
blots can be seen in the Supplementary Material.

Cell viability assay
Cell viability assay was performed as reported previously [25] by first
seeding MCF7, T47D cells (2000 cells/well), or MCF7 MS, T47D MS cells
(5000 cells/well) into a 96-well cell culture plate for overnight. Indicated
concentrations of Paclitaxel (PTX), adriamycin (ADR), mitoxantrone (MX)
and cisplatin (DDP), YQ-0629 or vehicle (DMSO) alone were then added to
the wells in 100 μl DMEM or DMEM-F12 medium. The calculation formula
of synergistic index (R) is R= (S-exp)/(S-obs). S-exp referred to the product
of cell viability rate after the two single drugs respectively acted on cells,

and it’s expressed by the formula S-exp= (S-EA) × (S-EB). S-obs referred to
the cell survival rate after the two drugs acted on cells in combination. R >
1.0 indicated that the two drugs had a synergistic effect, and R < 1.0
indicated that the two drugs had no synergistic effect.

Colony formation assay
For soft agar colony formation assay, 6-well plates were coated with a
bottom layer of 1.2% SeaPlaque low melting temperature agarose (Lonza
Rockland, ME USA) in phenol red-free medium supplemented with 20%
FBS. 2000 cells were mixed in 0.6% agarose and the same medium, and
applied as the top agarose layer. The top agarose layer was overlaid with
600 μl medium. Plates were incubated at 37 °C in 5% CO2 for 3 weeks until
colonies formed. Colonies were stained with 100 μl MTT (5 mg/ml) in each
well and incubated for 30min at 37 °C. Colonies were calculated using the
analysis software Quantity One (BioRad, Herculed, California, USA).
For plate colony formation assay, 4000 cells were plated into each well

of six well plates and grown for 14 days. At the end of the experiment, cell
colonies were fixed with 4% paraformaldehyde, and stained with 0.5%
crystal violet (Sigma–Aldrich 46364). The number of colonies was counted
under a Nikon eclipse TE2000-U microscope with pictures taken. The assay
was performed three times in triplicate.

Sphere formation assay
After treated with indicated concentrations of PTX, Mito TEMPO, PDI
inhibitor 16F16, or YQ-0629 for 48 h, MCF7 MS, T47D MS or Patient MS cells
(2000 cells/ml) were cultured in ultra-low adhesion plates (Corning) in
DMEM-F12 medium containing 2% B27, 10 μg/l b-FGF, 20 μg/l EGF. After
culturing for 14 days, spheres with diameter >150 μm were counted. At
least three independent experiments were conducted.

Flow cytometry
For cell surface markers analysis, cells were resuspended in PBS and stained
with fluorescent-conjugated antibodies against CD44 (Biolegend, 103011) and
CD24 (BD, 311106) for 30min at 37 °C in darkness. For ALDH1+ detection, the
treatment of cells was followed the manual protocol (STEMCELL, #01700). For
the mtROS detection, resuspended cells were stained with 5 μM MitoSOXTM
(Thermo Fisher Scientific, m36008) and reagent working solution at 37 °C for
30min in darkness. Specimens were subsequently analyzed by MACSQuatTM
Flow cytometer (Becton-Dickinson, USA).

Coimmunoprecipitation assay
Cells were harvested and lysed in the lysis buffer on ice for 30min. After
centrifugation at 4 °C at 12,000 × g for 10 min, GRP78 (Supplementary
Table 3) antibodies were added to the supernatant with rolling at 4 °C
overnight. Protein G or A agarose (Beyotime Biotechnology) was then
added to samples, and samples were rolled at 4 °C for 2 h. After beads were
washed three times with lysis buffer, pellets were dissolved into 2 × SDS
loading buffer. After centrifugation and boiled at 100 °C for 10min,
proteins were analyzed by immunoblotting with the PDI, PERK and GRP78
antibodies (Supplementary Table 3).

Patients and tissue samples
Tumor samples were taken from 110 patients with breast carcinoma who
underwent neither radiation nor chemotherapy prior to surgery at the First
Affiliated Hospital of China Medical University, Liaoning Province, China

Fig. 5 Silencing HIF-2α suppresses the early tumorigenesis and increases the sensitivities of PTX via SOD2-mtROS-PDI/GRP78-UPRER

in vivo. A The diagram showed the time of tumor formation in BALB/c (nu/nu) mice transplanted with control or HIF-2α KD MCF7 MS cells
(1 × 105). 15 days after the inoculation, the mice were intraperitoneally injected with or without PTX (5mg/kg) once every other day till to the
31th day (n= 5). The other mice (n= 5) were observed survival till the 120th day. B Small animal imaging showed the expression of green
fluorescent protein (GFP) in the xenografted mice of each group. n= 5. C The tumor weights were measured in each group after sacrifice of
xenograft mice at the 31th days. n= 5. Two-way ANOVA test. D The growth curves of tumor volumes were measured in xenograft mice were
measured every other day. n= 5. Two-way ANOVA test. E The survival of the mice in each group (left) were analyzed by Kaplan Meier-plotter
curve. Median survival times (MST). Hazard ratio (HR). n= 5. Two-way ANOVA test. F The PTX accumulation were measured in the HIF-2α KD
xenografted tissue by HPLC-MS. n= 3. Student’s t test. G The proportion of CD44+CD24− cell in the HIF-2α KD xenografted tumor were
detected by flow cytometry. H The protein expressions of HIF-2α, GRP78, P-IRE1, IRE1, XBP1s, p-PERK, PERK, ATF6 and P-gp were detected in
the HIF-2α KD xenografted tissue. I The mRNA expression of SOD2 was detected in the HIF-2α KD xenografted tissue. n= 3. Student’s t test.
J The level of mtROS and PDI were detected in the HIF-2α KD xenografted tissue. Scale bar, 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001,
compared to shCtrl.
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between 2006 and 2008. According to the pathological staining, cancer
was diagnosed. The patient age, menopausal status, tumor type, tumor
size and lymph node metastasis were acquired from clinical records. All
samples were collected from patients with informed consent, and all
related procedures were performed with the approval of the internal
review and ethics boards of the indicated hospitals.

Immunohistochemistry (IHC)
Immunohistochemistry was carried out as previously described [25]
Paraffin-embedded sections (4 μm) from breast cancer were dewaxed
and dehydrated, and antigen retrieval was performed by high pressure
sections in Citrate Antigen Unmasking Solution (Beyotime, P0081) for 10
min. After blocked with the Normal Goat Serum (Solarbio), sections were
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incubated overnight at 4 °C using primary antibodies (shown in
Supplementary Table 3). Following incubation with a biotinylated
secondary antibody (anti-rabbit, 1:200; Vector Laboratories) for 30min at
37 °C, antigens were revealed with 3,3’-diaminobenzidine (Solarbio).

Mouse xenografts
BALB/c (nu/nu) mice (Hua Fukang Biological Technologies Inc, Beijing) at
4–6 weeks of age were bred in pathogen-free conditions at the Animal
Center of China Medical University. The mice were grouped according to
their body weight to snake-shaped grouping method. The investigator was
not blinded to the group.
For the study of tumorigenic abilities of MCF7 and MCF7 MS cells,

different quantity of cells was suspended in PBS and Matrigel (200 μl, 1:1,
BD Biosciences). Then the cell mixture was subcutaneously injected into
the right flank of nude mice (n= 5/group). Tumor volume (V) was
monitored with digital calipers using the following formula: Width2 ×
Length/2. After 31 days, the mice were euthanized, and the xenograft
tumors were excised for the study.
For the study of effects of HIF-2α knockdown on sensitivities of xenograft

tumors to PTX, equal numbers (1 × 105) of suspended stably sh-Ctrl-
transfected MCF7 MS, or sh-HIF-2α-transfected MCF7 MS cells were injected
subcutaneously into the mammary fat pad of nude mice. When tumor
volumes reached over 125mm3, xenograft mice were randomly divided into
four groups: sh-Ctrl alone, sh-Ctrl+ PTX, sh-HIF-2α alone, sh-HIF-2α+ PTX
groups (n= 10/group). The mice in sh-Ctrl+ PTX and sh-HIF-2α+ PTX groups
were intraperitoneally injected with PTX (5mg/kg), and mice in sh-Ctrl and sh-
HIF-2α groups were intraperitoneally injected with PEG-35 castor oil as control
once every other day. After 31 days inoculation, some of them (n= 5/group)
were sacrificed and tumors were weighted and harvested for further test.
Before sacrificed, mice were anesthetized with chloral hydrate then
photographed using Living Image software (Perkin-Elmer). And the survival
of other mice (n= 5/group) was observed till to the 120th day.

Patient derived xenogtaft (PDX) experiments
To establish patient-derived xenografts (PDX), primary tumor specimens
were collected from breast cancer patients who underwent tumor
resection at the First Affiliated Hospital of China Medical University
(Shenyang, China) between 2016 and 2019. Clinical features of patients
were provided in Supplementary Table 4. Eight-week-old NOD-SCID mice
under pathogen-free conditions were used for PDX transplantation. Briefly,
a small incision was made on the abdomen of anaesthetized NOD-SCID
mice to reveal the mammary gland, and primary breast tumor samples
were minced into 1–2mm3 sized fragments and injected directly into the
fourth pair of mammary fat pads of the mice. The incision was then closed
with sutures. The time from cancer samples collection to mice implantation
ranges from 1–3 h. The tumor formation was monitored in the next
3–4 months since implantation. After PDX transplant succeeded,
xenografted tumors were minced into 1–2mm3 sized fragments. Some
fragments were transplanted again to generate secondary PDX, and some
were digested with Collagenase/Hyaluronidase (Stem Cell Technology,
07912) overnight then added 3ml pre-warmed 0.25% Trypsin-EDTA
(Gibco, Thermo Fisher Scientific, 25200056) to digest fragments into single
cell suspension. 1 × 107 cell suspension was incubated with CD44
Microbeads (Miltenyi Biotec, 130–095–194) and CD24 MicroBeads Kit
(Miltenyi Biotec, 130–0950951) to separate CD44+CD24− BCs. Amplified
CD44+CD24− BC cells in MammoCultTM medium (Stem Cell Technology,
05620) with 10% FBS (Stem Cell Technology, 05620).

For the study of effects of YQ-0629 on sensitivities of the PDX to PTX,
equal numbers (1 × 105) of suspended patient MS cells were injected
subcutaneously into the mammary fat pad of NOD-SCID mice. The mice
were grouped according to their body weight to snake-shaped grouping
method. The investigator was nor blinded to the group. When tumor
volumes reached over 125mm3, the PDX mice were randomly divided into
four groups: Control, PTX, YQ-0629, PTX+ YQ-0629 groups (n= 11/group).
The mice in PTX group were intraperitoneally injected with PTX (5 mg/kg),
the mice in YQ-0629 group were intraperitoneally injected with YQ-0629
(100mg/kg), the mice in PTX+ YQ-0629 group were intraperitoneally
injected with PTX (5 mg/kg) plus YQ-0629 (100mg/kg), and mice in Control
group were intraperitoneally injected with PEG-35 castor oil once every
other day. After 31 days inoculation, some of them (n= 6/group) were
sacrificed and tumors were weighted and harvested for further test. And
the survival of other mice (n= 5/group) was observed till to 120th day. All
above animal studies were approved by Animal Research Committee at
China Medical University.

High-performance liquid chromatography–tandem mass
spectrometry (HPLC-MS)
The procedures were performed by our previous reports [45]. Cells and
tissues were prepared by removing proteins through a liquid-liquid
extraction method. Cells (1 × 107) or xenografts tissues (0.1–0.2 g) were
added 500 μl methanol and fully homogenized. After centrifuging at 1000
rpm for 10min, keeping the supernatant, 10 μl docetaxel (1 μg/ml, Sigma
1224562), as an internal standard (IS), 50 μl NaHCO3 saturated solution,
and 1ml tertbutyl methyl ether mixture was added and fully mixed. Then
the mixture solution was centrifugated at 1 × 104 rpm for 10min, and the
upper organic phase was kept and evaporated to dryness at 4 °C. The dry
residue was dissolved in 100 ul mobile phase with vortex-mixing for 1 min,
then the reconstituted extract was taken and centrifugated at 13,000 rpm
for 10min at 4 °C, and 10 ul of supernatant fluid was kept and injected into
the HPLC-MS/MS system for analysis. Controls and samples were analyzed
on a 3500 MS/MS system from Applied AB Sciex (Ontario, Canada) coupled
to an Agilent HPLC 1290 system (Agilent, Santa Clara, CA, USA). Separations
were accomplished on an Agilent ZORBAX Eclipse Plus C 18 (2.1 mm× 100
mm, 1.8 µm) with an Agilent guard cartridge at temperature of 30 °C. The
mobile phase consisted of methanol and 0.1% formic acid water (70:30)
which was delivered at a flow rate of 0.3 ml/min. The injection volume was
5 µl. The mass spectrometer was operated in a positive ion mode with a
TurboIonSpray source using ESI ionization in MRM mode.

Computation of protein–protein docking
The structural models of HIF-2α-PAS domain (4XT2), HIF-1α-PAS domain
(4H6J), GRP78 polypeptide-binding pocket (6ASY), reduced PDI (4EKZ),
oxidized PDI (4EL1) were downloaded from the Protein Data Bank (http://
www.rcsb.org/pdb/home/home.do). The chemical library was from chem-
div diversity discovery library (Topscience Co., Ltd). The docking model
between GRP78 and PDI was performed by MOE2016 software (Chemical
Computing Group Inc).

PDI assay
PDI activity was assayed by measuring the PDI-catalyzed reduction of
insulin in the presence of DTT, thus measuring the aggregation of reduced
insulin B chains at 620 nm. Briefly, total protein extracts of different
samples were treated according to present manual [59].

Fig. 6 YQ-0629 targets HIF-2α to suppress stem trait of BCSCs and synergy the sensitization to PTX in vitro. A The chemical structure of
YQ-0629 and docking conformation showed the interaction of the YQ-0629 with the active site of HIF-2α through MOE software (left). YQ-0629
and HIF-2α PAS-B domain was confirmed direct binding by surface plasmon resonance (SPR)-based Biacore assay (right). B The expression
level of HIF-2α was detected in the nucleus (N) and cytoplasm (C) of MCF7 MS cells cultured with YQ-0629 (10 µM) alone, PTX (3 nM) alone, or
YQ-0629 (10 µM) combined with PTX (3 nM) for 72 h. C The expression and location of HIF-2α were detected in MCF7 MS cells cultured with
YQ-0629 (10 µM) alone, PTX (3 nM) alone, or YQ-0629 (10 µM) combined with PTX (3 nM) for 72 h by immunofluorescence staining. Scale bar,
10 μm. D The cell viability rate of MCF7 MS cells cultured with different concentrations of YQ-0629 for 24–96 hours were determined by CCK-8
assay (left). The IC50 values of PTX and synergic index (R) were calculated in MCF7 MS cells cultured with indicated dose of YQ-0629 for 72 h
(right). n= 3. Student’s t test. E The self-renewal ability was detected in MCF7 MS cells cultured with YQ-0629 (10 µM) alone, PTX (3 nM) alone,
or YQ-0629 (10 µM) combined with PTX (3 nM) for 72 h. n= 3. Synergic index (R). Two-way ANOVA test. Scale bar, 250 μm. F–H The mRNA
expression of SOD2 and mtROS level, the expressions level of PDI, GRP78, and P-gp were detected in the MCF7 MS cells cultured with
indicated dose of PTX and YQ-0629 for 72 h. n= 3. Two-way ANOVA test. **P < 0.01, **P < 0.01, ***P < 0.001, compared to MCF7 MS cells/MCF7
MS cells + PTX treatment.

Y. Yan et al.

1786

Cell Death & Differentiation (2022) 29:1769 – 1789

http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do


Biacore assay
HIF-2α was immobilized on an NTA Sensor Chip in Biacore T200 (GE
Healthcare). Binding of HIF-2α to YQ-0629 was analyzed at 25 °C in PBS-P or
PBS-P with 2% DMSO at pH7.4 buffer with a flow rate of 30 µg/ml min or
20 µg/ml min. The kinetics and dissociation constant (KD) were calculated
with Biacore T200 Evaluation Software (GE Healthcare).

TCGA data processing
Gene’s expression analyses were based on the The Cancer Genome
Altas (TCGA) Reasearch Nerwork: http://cancergenome.nih.gov/. In
TCGA, total breast cancer patients were 1169 cases. The positive criteria
of HIF-2α, HIF1α, P-gp, and BCRP, CD44+CD24- were based on the
ROC curve.
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Statistical analysis
Statistical analyses were conducted in GraphPad Prism 7 (RRID: SCR_002798).
Results were p34resented as the mean ± standard deviation (SD) for at least
three experiments. Student’s t test was used to compare differences between
two groups. When the variance of each group is not uniform, Wilcoxon or
Welch“s T-est can be used for analysis. One-way ANOVA or two-way ANOVA
was used to compare differences among three or more groups.
Mann–Whitney U analysis was used to compare mRNA expressions of HIF-
2α or HIF1α in CD44+CD24− and non-CD44+CD24− breast cancer patients
from TCGA database, and protein levels of HIF-2α or HIF-1α in CD44+CD24−

and non- CD44+CD24− breast cancer patients from our tissue bank. Pearson
χ2 test was used to analyze correlations between HIF-2α or HIF1α and
CD44+CD24− mRNA level, or between HIF-2α or HIF-1α and CD44+CD24−

protein level. A P< 0.05 was considered statistically significant.
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