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Hypoxia-activated XBP1s recruits HDAC2-EZH2 to engage
epigenetic suppression of ΔNp63α expression and promote
breast cancer metastasis independent of HIF1α
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Hypoxia is a hallmark of cancer development. However, the molecular mechanisms by which hypoxia promotes tumor metastasis
are not fully understood. In this study, we demonstrate that hypoxia promotes breast cancer metastasis through suppression of
ΔNp63α in a HIF1α-independent manner. We show that hypoxia-activated XBP1s forms a stable repressor protein complex with
HDAC2 and EZH2 to suppress ΔNp63α transcription. Notably, H3K27ac is predominantly occupied on the ΔNp63 promoter under
normoxia, while H3K27me3 on the promoter under hypoxia. We show that XBP1s binds to the ΔNp63 promoter to recruit HDAC2
and EZH2 in facilitating the switch of H3K27ac to H3K27me3. Pharmacological inhibition or the knockdown of either HDAC2 or
EZH2 leads to increased H3K27ac, accompanied by the reduced H3K27me3 and restoration of ΔNp63α expression suppressed by
hypoxia, resulting in inhibition of cell migration. Furthermore, the pharmacological inhibition of IRE1α, but not HIF1α, upregulates
ΔNp63α expression in vitro and inhibits tumor metastasis in vivo. Clinical analyses reveal that reduced p63 expression is correlated
with the elevated expression of XBP1, HDAC2, or EZH2, and is associated with poor overall survival in human breast cancer patients.
Together, these results indicate that hypoxia-activated XBP1s modulates the epigenetic program in suppression of ΔNp63α to
promote breast cancer metastasis independent of HIF1α and provides a molecular basis for targeting the XBP1s/HDAC2/EZH2-
ΔNp63α axis as a putative strategy in the treatment of breast cancer metastasis.
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INTRODUCTION
Hypoxia, a hallmark of solid tumors, impacts various aspects of
tumor biology, including tumor survival, growth, autophagy,
metabolic reprogramming, tumor metastasis, and immune reac-
tivity [1]. It is well-documented that hypoxia activates the hypoxia-
inducible factor 1 α (HIF1α) to regulate the expression of a subset
of genes involved in angiogenesis, tumor growth, and metastasis
among others [2]. HIF1α targeted genes includes angiogenesis-
associated VEGF, ANGPT1/2 and PDGF, EMT-associated Snail1,
Twist1, ZEB1/2, CCL2 and LOX, or glucose-metabolism associated
GLUT1/3 [3, 4].
Hypoxia can also activate the unfolded protein response (UPR)

[5]. Hypoxia inhibits the function of ERO1α, an oxidoreductase
important for proper disulfide bond formation and protein folding,
and thus triggers endoplasmic reticulum (ER) stress and activation
of UPR [6]. UPR comprises three independent sensors: PERK
(PKR-like ER kinase), IRE1α (inositol-requiring protein 1), and ATF6α
(activating transcription factor 6 α). Activation of IRE1α leads to a
conformational change that activates its RNase activity to excise a
26-nucleotide intron of the mRNA of X-box binding protein 1

(XBP1) and produces a more stable and active protein known as
XBP1s. XBP1s functions as a transcription factor to regulate a
subset of genes involved in various biological processes including
development, and immune response [7, 8]. Activated PERK
phosphorylates eukaryotic translation initiator factor 2α (eIF2α),
which leads to the inhibition of protein synthesis. ATF6α is a bZIP
transcription factor that regulates the expression of genes of the
ER‑associated degradation (ERAD) pathway [9].
The p53-related transcription factor p63 plays an essential role

in diverse functions, including embryonic development, epidermal
stem cell regeneration and differentiation, cell growth, and
survival [10]. Deregulated p63 expression is associated with
various human diseases, including developmental diseases,
cancer, aging, and metabolic disorders [11, 12]. ΔNp63α is the
prominent p63 isoform expressed in epithelial cells and has been
documented as a master regulator of cell adhesion [13]. ΔNp63
transactivates a serial of cell adhesion genes, including E-cadherin,
ITGA6, ITGB1, ITGB4, desmoplakin, Par3, fibronectin, LAMC2
involved in cell-cell and cell-matrix adhesion [13, 14]. Clinical
analyses and various studies demonstrate that ΔNp63α can
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transactivate the expression of MKP3, CD82, or AMPK, and
functions as a critical metastasis suppressor [15–17].
ΔNp63α expression is tightly controlled by various signaling,

including oncogenic activation, Hippo, and TGF-β [18–22]. However,
whether ΔNp63α is intimately involved in hypoxia-mediated tumor
metastasis remains unknown. In this study, we show that hypoxia
inhibits ΔNp63α to promote cell motility and tumor metastasis in a
HIF1α-independent but XBP1s-dependent manner. We provide
evidence that both the HIF1α and XBP1s-ΔNp63α pathways are
pivotal in hypoxia-induced tumor metastasis.

RESULTS
Hypoxia promotes cell motility through inhibition of ΔNp63α
expression in a HIF1α-independent manner
It has been well-documented that hypoxia can promote tumor
growth and metastasis in a HIF1α-dependent manner [3]. ΔNp63α
is a critical tumor metastasis suppressor in response to various
signaling including oncogenic activation, Hippo, and TGF-β
[18–20]. However, whether ΔNp63α is intimately involved in
hypoxia-mediated tumor metastasis remains unknown. We thus
investigated the connection between hypoxia and ΔNp63 protein
expression in breast cancer cell HCC1806-derived subcutaneous
tumor. As shown in Fig. 1A, immunohistochemistry (IHC) analyses
showed that the ΔNp63 protein expression was significantly
reduced in the inner layers of the solid tumor, which often endure
hypoxia, suggesting that hypoxia may be associated with the
downregulation of ΔNp63. We then examined the effects of
hypoxia on the expression of ΔNp63 in immortalized human
breast epithelial MCF-10A or triple-negative breast cancer (TNBC)
HCC1806 cells in vitro. Both MCF-10A and HCC1806 cells
predominantly express ΔNp63α (Supplementary Fig. 1A), a major
p63 protein isoform expressed in epithelial cells [13]. As shown in
Fig. 1B, C, while hypoxia upregulated HIF1α protein expression, as
expected, it also led to a significant reduction of ΔNp63α and
ΔNp63β expression at both mRNA and protein levels, concomitant
with downregulation of ΔNp63 transcriptional targets, as exem-
plified by E-cadherin and Par3 [18]. As expected, hypoxia
significantly promoted cell motility, as shown by increased
migration, invasion, and wound-healing in both MCF-10A and
HCC1806 cells (Supplementary Fig. 1B–E).
We next examined which isoform of ΔNp63 is attributed to

hypoxia-induced cell motility. Restored expression of ΔNp63α, not
ΔNp63β, effectively restored E-cadherin and Par3 expression,
accompanied by complete rescued hypoxia-induced cell migra-
tion (Fig. 1D, E and Supplementary 1F, G). These results indicate
that the downregulation of ΔNp63α is responsible for hypoxia-
induced cell motility. Notably, ablation of HIF1α had little effect on
the hypoxia-induced downregulation of ΔNp63α (Fig. 1F, G),
suggesting that hypoxia downregulates ΔNp63α and promotes
cell migration in a HIF1α-independent manner. To verify that
hypoxia-mediated suppression of ΔNp63α and increased cell
migration can be HIF1α-independent, we knocked down HIF1α
under hypoxia. Our results showed that ablation of HIF1α
significantly inhibited hypoxia-induced upregulation of VEGFA
expression, as expected, it also dramatically inhibited hypoxia-
induced cell migration (Fig. 1G, H). However, ablation of HIF1α had
little effect on the protein levels of ΔNp63α as well as E-cadherin
and Par3, which were repressed upon hypoxia. In addition,
restored expression of the wild type of ΔNp63α, but not ΔNp63α-
R304W defective in transactivation function [23], further enhanced
inhibition of cell migration upon knockdown of HIF1α (Fig. 1H).
Furthermore, treatment of DMOG, a potent HIF1α protein
stabilizer [24], led to upregulated HIF1α protein levels, yet it
failed to affect the hypoxia-mediated reduction of ΔNp63α
(Supplementary Fig. 1H). Together, these results indicate that
hypoxia promotes cell motility through both HIF1α-dependent
and HIF1α-independent pathways, in later of which hypoxia

suppresses ΔNp63α expression and consequently the elevation of
cell motility.

Hypoxia upregulates H3K27me3 resulting in suppression of
ΔNp63α expression and elevated cell migration independent
of HIF1α
It has been reported that hypoxia can alter the epigenetic
landscape [25]. Given that hypoxia leads to the suppression of
ΔNp63α transcription, we wondered whether epigenetic regula-
tion plays a role in hypoxia-mediated suppression of ΔNp63α. As
shown in Fig. 1I, we first examined the expression of two well-
documented repression marks [26], trimethylated H3K27
(H3K27me3) and H3K9 (H3K9me3). Notably, hypoxia led to an
increase of H3K27me3, but not H3K9me3, concomitant with
downregulation of ΔNp63α expression. To investigate whether
H3K27me3 plays a causal role in hypoxia-induced downregulation
of ΔNp63α, we examined the effect of inhibition of EZH2, a key
enzyme in catalyzing H3K27me3 [27], on ΔNp63α expression. As
shown in Fig. 1J, K and Supplementary Fig. 1I, J, either knockdown
or pharmacological inhibition of EZH2 [28], completely blocked
the hypoxia-induced upregulation of H3K27me3, effectively
restored ΔNp63α expression and significantly suppressed
hypoxia-induced cell invasion (Fig. 1L and Supplementary Fig. 1K).
Interestingly, inhibition of EZH2 by GSK126 led to dramatically
elevated ΔNp63α expression in triple-negative breast cancer MDA-
MB-231 cells, which express little ΔNp63α protein (Supplementary
Fig. 1L, M), suggesting that EZH2-mediated epigenetic regulation
is pivotal in determining ΔNp63α expression. Importantly, while
GSK126 could upregulate ΔNp63α expression and inhibit hypoxia-
mediated cell migration (Supplementary Fig. 1N, O), the knock-
down of HIF1α had little effect on the levels of H3K27me3 and
ΔNp63α expression (Supplementary Fig. 1N), indicating that
hypoxia-induced upregulation of H3K27me3 plays a key role in
the suppression of ΔNp63α expression and the elevation of cell
motility independent of HIF1α.

Hypoxia-activated IRE1α-XBP1s resulting in elevation of
H3K27me3 and suppression of ΔNp63α expression
Hypoxia is well-documented to induce endoplasmic reticulum (ER)
stress, which often activates three pathways including RNA-
dependent protein kinase-like ER kinase (PERK), inositol-requiring
enzyme 1α (IRE1α), and activating transcription factor 6 α (ATF6α)
[29]. To investigate whether hypoxia-induced ER stress plays a role
in this process, we knocked down individual ER stress sensors,
including PERK, IRE1α, or ATF6α, respectively. As shown in Fig. 2A,
depletion of IRE1α blocked hypoxia-induced elevation of
H3K27me3, accompanied by the downregulation of ΔNp63α
expression. By contrast, depletion of PERK had little effect on
H3K27me3 or ΔNp63α expression. Interestingly, the knockdown of
ATF6α could only block hypoxia-induced downregulation
of ΔNp63α, but had little effect on hypoxia-induced elevation of
H3K27me3 levels, suggesting that ATF6α regulates ΔNp63α
expression independent of H3K27me3. Together, these data
indicate that IRE1α plays an important role in the hypoxia-
induced upregulation of H3K27me3 resulting in the suppression of
ΔNp63α expression. Thus, we hypothesized that IRE1α is critical in
connecting hypoxia to the epigenetic regulation of ΔNp63α.
It has been well-established that activated IRE1α can exert its

function through XBP1s [30]. We therefore examined whether
XBP1s, derived from hypoxia-mediated IRE1α activation, plays a
role in regulating ΔNp63α expression. As shown in Fig. 2B, C,
hypoxia upregulated XBP1s, accompanied by the elevation of
H3K27me3 and downregulation of ΔNp63α transcription, both of
which were effectively rescued upon knockdown of XBP1. Notably,
the knockdown of XBP1 completely inhibited hypoxia-induced cell
invasion (Fig. 2D). Depletion of XBP1 in highly motile MDA-MB-231
cells could also lead to a significant reduction of H3K27me3 and
upregulation of ΔNp63α expression, resulting in effective
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inhibition of cell invasion (Supplementary Fig. 2A, B). Further
studies showed that ectopic expression of XBP1s, but not XBP1u,
resulted in a significant elevation of H3K27me3, accompanied by
reduced ΔNp63α expression and increased HCC1806 cell invasion
and migration (Fig. 2E–G and Supplementary Fig. 2C). Immuno-
fluorescent analyses showed that ectopic expression XBP1s in
HCT1806 cells led to an accumulation of H3K27me3 in the
nuclei (Supplementary Fig. 2D), concomitant with reduced nuclear
ΔNp63α expression (Supplementary Fig. 2E). To substantiate the

role of the XBP1s in the hypoxia-mediated suppression of ΔNp63α
expression, we employed thapsigargin, an ER stress inducer [31],
to induce the expression of XBP1s. As shown in Supplementary
Fig. 2F–H, while thapsigargin led to activation of XBP1s resulting in
upregulation of GRP78, as expected, it also markedly upregulated
H3K27me3, concomitant with inhibited ΔNp63α expression and
elevated cell migration. We next examined the causal role of
ΔNp63α on the biological impacts of the hypoxia-XBP1s axis-
induced cell motility. As shown in Fig. 2H–J, ectopic expression of

Fig. 1 Hypoxia inhibits ΔNp63α expression via EZH2-mediated upregulation of H3K27me3 in promoting cell motility in a HIF1α-
independent manner. A HCC1806 cells were subcutaneously injected into female 6-week-old Nude mice. Tumor was subjected to
ΔNp63 staining by using IHC (left panel); the expression of ΔNp63 in different regions was quantified by AOD (right panel). B, C MCF-10A or
HCC1806 cells were cultured under normoxia (20% O2) or hypoxia (1% O2) for 24 h, then subjected to immunoblot (B) and qPCR analyses (C).
D, E HCC1806 cells stably expressing empty vector (EV), ΔNp63α or ΔNp63β were cultured under hypoxia or normoxia for 24 h, and were then
subjected to immunoblot (D) or transwell assays for cell migration (E). F HCC1806 cells stably expressing a control shRNA (shC) or a shRNA
specific for HIF1α (shHIF1α-#1 and shHIF1α-#2) were cultured under hypoxia for 24 h, and were then subjected to immunoblot analysis.
G, H HCC1806 cells stably expressing a control shRNA (shC) or a shRNA specific for HIF1α (shHIF1α-#1) with a shRNA specific for p63 (shp63) or
expressing vector for ΔNp63α (WT and R304W) were cultured under hypoxia for 24 h, and were then subjected to immunoblot (G) and
transwell analyses (H). I MCF-10A or HCC1806 cells were cultured under normoxia or hypoxia for 24 h, then subjected to immunoblot analysis.
J–L HCC1806 cells were cultured under hypoxia or normoxia, and infected with the virous expressed a control shRNA (shC) or a shRNA specific
for EZH2 (shEZH2-#1 and shEZH2-#2), and were then subjected to immunoblot (J), qPCR (K) or transwell assays (L). Results were presented as
means ± SD from three independent experiments in triplicates. **P < 0.01, *P < 0.05, NS no significance.
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XBP1s, again, led to a significant elevation of H3K27me3 and
reduced expression of ΔNp63α (Fig. 2H), accompanied by
increased cell migration (Fig. 2J) and invasion (Fig. 2I), which
was effectively rescued by restored ΔNp63α expression,

concomitant with the recovered expression of E-cadherin and
Par3, the key downstream effectors of ΔNp63α (Fig. 2H).
We next investigated whether EZH2 plays a direct role in

XBP1s-mediated ΔNp63α inhibition. Depletion of EZH2 or

Fig. 2 Hypoxia activates XBP1s to inhibit ΔNp63α expression in promoting cell invasion by EZH2. A HCC1806 cells infected with lentivirus
expressing either of two different shRNAs specific for IRE1α (shIRE1α-#1 and shIRE1α-#2), ATF6α (shATF6α-#1 and shATF6α-#2), PERK (shPERK-
#1 and shPERK-#2) or a control shRNA (shC) were cultured under hypoxia for 24 h, and were subjected to immunoblot analysis. B–D HCC1806
cells stalely expressing shC or shXBP1 (#1 or #2) were cultured under hypoxia for 24 h, and were subjected to immunoblot (B), qPCR (C), or
transwell assays (D). E–G HCC1806 cells stalely expressing empty vector (EV), XBP1s, or XBP1u were subjected to immunoblot (E), qPCR (F), or
transwell assays (G). H–J MCF-10A or HCC1806 cells stably expressing empty vector (EV), XBP1s or XBP1s-ΔNp63α were subjected to
immunoblot (H), transwell (I), and xCELLigence RTCA assays (J). K–M HCC1806 cells stalely expressing an empty vector (EV) or XBP1s were
infected with lentivirus encoding a shRNA specific for EZH2 (shEZH2-#1 and shEZH2-#2), or a control shRNA (shC). 48 h post-infection, cells
were subjected to immunoblot (K), qPCR (L), or transwell assays (M). Results were presented as means ± SD from three independent
experiments in triplicates. **P < 0.01, NS no significance.
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pharmacological inhibition of EZH2 effectively restored the
expression of ΔNp63α that was suppressed by XBP1s (Fig. 2K, L
and Supplementary Fig. 2I), concurrently with significant inhibition
of cell invasion (Fig. 2M and Supplementary Fig. 2J). Taken
together, these results suggest that hypoxia activates XBP1s to
elevate H3K27me3, resulting in the inhibition of ΔNp63α
expression, which in turn promotes cell motility.

Hypoxia-activated XBP1s promotes epigenetic
reprogramming by HDAC2-mediated downregulation of
H3K27ac and upregulation of H3K27me3 resulting in
suppression of ΔNp63α expression and elevation of cell
migration
It is well known that, in addition to methylation, H3K27 can also be
acetylated. Notably, H3K27ac and H3K27me3 are often recipro-
cally regulated and mutually exclusive [32]. Indeed, we observed a
decrease of acetylated H3K27 (H3K27ac), concomitant with an
increase of H3K27me3 in response to hypoxia (Fig. 3A). Since the
acetylation modification on H3K27 is removed by histone
deacetylases (HDACs) prior to the methylation of H3K27 [33], we
rationalized that HDACs may play a role in hypoxia-induced
upregulation of H3K27me3 and inhibition of ΔNp63α expression.
Treatment with trichostatin A (TSA), a pan-inhibitor of class I, II,
and IV HDACs, led to a marked increase in H3K27ac levels, as
expected (Fig. 3A). Notably, TSA not only blocked hypoxia-
mediated upregulation of H3K27me3 but also effectively restored
expression of ΔNp63α, E-cadherin, and Par3, resulting in

suppression of hypoxia-induced cell migration in HCC1806 cells
(Fig. 3B, C). Interestingly, TSA significantly upregulated H3K27ac
and downregulated H3K27me3, concomitant with a drastic
upregulation of ΔNp63α expression and inhibition of cell
migration in MDA-MB-231 cells under normoxia (Supplementary
Fig. 3A–C), suggesting that the HDAC-H3K27ac axis plays a critical
role in ΔNp63α-mediated cell motility. Furthermore, TSA largely
reversed XBP1s-mediated suppression of ΔNp63α expression and
reversal of XBP1s-mediated cell migration (Fig. 3D–F).
Since TSA selectively inhibits HDAC1, HDAC2, HDAC3, or HDAC8

[34], we next investigated which HDAC(s) plays a causal role in
regulating H3K27ac and ΔNp63α expression. Depletion of HDAC2,
but not HDAC1, HDAC3, or HDAC8, markedly reversed XBP1s-
mediated suppression of ΔNp63α expression (Fig. 3G and
Supplementary Fig. 3D). Importantly, the depletion of HDAC2
not only inhibited H3K27me3 but also restored ΔNp63α expres-
sion suppressed by XBP1s and completely blocked XBP1s-induced
cell migration (Fig. 3H, I). Furthermore, inhibition of HDAC2 by a
selective HDAC2 inhibitor, santacruzamate A (SCA) [35], led to an
effective reverse of XBP1s-mediated or hypoxia-induced alteration
of H3K27ac and H3K27me3, accompanied by the upregulation of
ΔNp63α expression (Supplementary Fig. 3E, F and Fig. 3J, K).
Together, these results suggest that hypoxia-induced cell migra-
tion is achieved through the elevation of XBP1s expression and
epigenetic reprogramming, in which HDAC2-mediated down-
regulation of H3K27ac is critical in the inhibition of ΔNp63α gene
transcription.

Fig. 3 Hypoxia downregulates H3K27ac and upregulates H3K27me3 via XBP1s-HDAC2 axis in promoting cell migration. A–C HCC1806
cells treated with or without TSA (10 ng/mL) under hypoxia or normoxia for 48 h followed by immunoblot (A), qPCR (B), or transwell assays (C).
D–F HCC1806 cells stably expressing empty vector (EV) or XBP1s were treated with or without TSA (10 ng/mL) and cultured under normoxia
for 48 h. Cells were then subjected to immunoblot (D), qPCR (E), or transwell assays (F). G HCC1806 cells stably expressing XBP1s were infected
with lentivirus expressing either of two different shRNAs specific for HDAC1 (shHDAC1-#1 and shHDAC1-#2), HDAC2 (shHDAC2-#1 and
shHDAC2-#2), HDAC3 (shHDAC3-#1 and shHDAC3-#2), HDAC8 (shHDAC8-#1 and shHDAC8-#2), or a control shRNA (shC). Cells were then
subjected to qPCR analysis. The cells stably expressing empty vector (EV) as a control. H, I HCC1806 stable cells expressing XBP1s were
infected with lentivirus expressing either of two different shRNAs specific for HDAC2 (shHDAC2-#1 and shHDAC2-#2), or a control shRNA
(shC), then subjected to immunoblot (H) and transwell assays (I), the cells stably expressing empty vector (EV) as a control. J, K HCC1806 cells
treated with or without SCA (10 ng/mL) under hypoxia or normoxia for 48 h followed by immunoblot (J) or qPCR assays (K). Results are
presented as means ± SD from three independent experiments in triplicates. **P < 0.01, *P < 0.05.
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Hypoxia facilitates XBP1s interaction with HDCA2 and EZH2 to
promote the switch of H3K27ac to H3K27me3 on the ΔNp63
promoter resulting in the suppression of ΔNp63 expression
We next investigated the molecular basis with which XBP1s
promotes epigenetic reprogramming in the regulation of ΔNp63α
gene transcription in response to hypoxia. As shown in Fig. 4A,

hypoxia-activated XBP1s can interact with HDAC2 and EZH2. While
HDAC2 interacts with EZH2 under normoxia, in keeping with
previous reports [36, 37], HDAC2 also interacts with XBP1s under
hypoxia (Fig. 4B). Notably, XBP1s was unable to complex with
EZH2 in the absence of HDAC2 (Fig. 4C). On the contrary,
depletion of EZH2 had little effect on the interaction between
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XBP1s and HDAC2 (Fig. 4D). Further studies showed that the C
terminus of XBP1s was required in binding HDAC2 (Fig. 4E, F). To
investigate whether hypoxia promotes the switch of H3K27ac to
H3K27me3 on the ΔNp63 gene promoter, we performed ChIP-seq
analyses in HCC1806 cells under normoxia or hypoxia. As shown in
Fig. 4G, the H3K27ac mark was significantly enriched on the
promoter region of the ΔNp63 gene under normoxia which was
replaced by the H3K27me3 mark under hypoxia. These results
suggest that hypoxia-activated XBP1s forms protein complexes
with HDAC2-EZH2, resulting in the switch of H3K27ac to
H3K27me3 on the promoter of the ΔNp63 gene.
To substantiate the role of XBP1s in the regulation of the ΔNp63

gene transcription, we employed computer-aided analyses which
revealed two putative XBP1s binding elements (CACGT), termed
P1 and P2, on the ΔNp63 gene promoter (Supplementary Fig. 4A,
B). The luciferase reporter activity assays showed that ectopic
expression of XBP1s was able to inhibit the reporter activities of
either ΔNp63-Gluc-WT or ΔNp63-Gluc-P2 Mut, but not ΔNp63-
Gluc-P1 Mut (Supplementary Fig. 4C, D), suggesting that XBP1s
binds to P1 site of the ΔNp63 gene promoter. Further ChIP assays
showed that hypoxia promoted XBP1s bound to the Grp78
promoter, as expected. By contrast, hypoxia promoted XBP1s,
HDAC2, and EZH2 bound to the P1 site of the ΔNp63 promoter
(Fig. 4H, I). Together, these results indicate that hypoxia-activated
XBP1s directly binds to the ΔNp63 promoter, recruiting
HDAC2 and EZH2 to remove H3K27ac mark followed by adding
H3K27me3 mark and consequently inhibiting ΔNp63α
transcription.

The XBP1s-ΔNp63α axis critically regulates cancer cell motility
and tumor metastasis associated with the clinical prognosis of
human breast cancer patients
We further investigated the role of the XBP1s-ΔNp63α axis in
tumor metastasis using tail vein-injection mouse metastasis
models. As shown in Fig. 5A–C, mice injected with HCC1806 cells
overexpressing XBP1s exhibited multiple metastatic nodules on
the lung surfaces, which was effectively inhibited by simultaneous
overexpression of ΔNp63α, indicating that XBP1s-mediated
suppression of ΔNp63α is critically important in tumor metastasis.
To investigate whether IRE1α-XBP1s-induced tumor metastasis is
dependent on HIF1α, we examined the effects of PX478, a HIF1α
inhibitor [38], or/and MKC8866, an IRE1α inhibitor [39], on the
tumor metastasis in vivo. As shown in Fig. 5D, while PX478 could
significantly inhibit HIF1α and its downstream target VEGFA, it had
little effect on ΔNp63α expression. On the other hand, MKC8866,
which specifically inhibits the activity of IRE1α leading to the
blockage of XBP1s production [39], could dramatically upregulate
the expression of ΔNp63α with little effect on the expression of
HIF1α and VEGFA (Fig. 5D). Importantly, while the administration

of PX478 or MKC8866 led to significant but incomplete inhibition
of tumor metastasis, the combined inhibition of HIF1α and IRE1α
by PX478/MKC8866 completely suppressed tumor metastasis in
mouse models (Fig. 5E, F). These results strongly support the
notion that both the HIF1α pathway and the IRE1α-XBP1s-ΔNp63α
axis critically contribute to hypoxia-induced tumor metastasis.
Clinical analyses showed that the elevated expression of XBP1,

HDAC2, or EZH2 in human invasive lobular breast carcinoma was
significantly associated with reduced TP63 expression (Fig. 6A).
Further analyses revealed a remarkable negative relationship
between the mRNA expression of TP63 and XBP1, EZH2, or HDAC2
(Fig. 6B). Consistently, immunohistochemical (IHC) analyses of
human breast cancer biopsy samples (n= 60) showed an inverse
correlation between ΔNp63 protein expression and XBP1s (Fig. 6C).
Moreover, low expression of TP63 (P= 0.00057) or high expression
of XBP1 (P= 1.4E-6) was associated with poor prognosis in breast
cancer patients (Fig. 6D).

DISCUSSION
Hypoxia has been documented as a critical driving force for tumor
metastasis [1]. Hypoxia leads to the stabilization of transcription
factor HIF1α, which in turn transactivates VEGF and ANGPT1/2 to
promote angiogenesis, a key biological process for tumor growth
and metastasis. In this study, we provide evidence that, in parallel
with the HIF1α pathway, hypoxia can trigger epigenetic repro-
gramming involved in the XBP1s-HDAC2-EZH2 axis, and conse-
quently, suppress ΔNp63α expression to facilitate breast cancer
metastasis.
p63 protein contained two classes of isoforms, TAp63 and

ΔNp63, which play distinct roles in various biological processes,
including development, metabolism, epidermal mesenchymal
transition, stemness, senescence, cell death, cell cycle arrest, and
tumorigenesis [40]. Specifically conditional knockout mouse
model demonstrated that depletion of TAp63 promotes sarcoma
development and mammary tumorigenesis in vivo [41, 42].
Whereas ΔNp63 is highly expressed in various squamous cell
carcinoma [43]. ΔNp63α is a pivotal metastasis suppressor [12] and
is tightly regulated at transcriptional, post-transcriptional, transla-
tional, and post-translational levels [11]. Our recent work
demonstrated that ΔNp63α is transcriptionally inhibited by several
oncogenic signaling (Ras, PIK3CA, or HER2)-mediated tumor
metastasis [18]. In addition, ΔNp63α can be transcriptionally
regulated by Snail, ZEB2, E47, STAT3, SOX2 [44–48]. Notably,
ΔNp63α can be regulated at the post-transcription levels,
including mRNA stability and translational efficiency [49, 50].
ΔNp63α protein stability is tightly regulated by the post-
translational modification. It has been shown that the E3 ubiquitin
ligase ITCH, WWP1, FBXW7, Pirh2, or CHIP can bind to and

Fig. 4 Hypoxia facilitates XBP1s interaction with the HDAC2-EZH2 complexes and loading on the ΔNp63 promoter resulting in switching
H3K27ac to H3K27me3 to inhibit ΔNp63 transcription. A HCC1806 cells were cultured under normoxia or hypoxia for 24 h, then subjected to
anti-XBP1s (or anti-normal rabbit IgG) immunoprecipitation (IP), the co-precipitating endogenous HDAC2, EZH2 and XBP1 proteins were
examined by immunoblot analysis (IB). B HCC1806 cells were cultured under normoxia or hypoxia for 24 h, then subjected to anti-HDAC2 (or
anti-normal mouse IgG1) immunoprecipitation (IP); the co-precipitating endogenous XBP1, HDAC2, and EZH2 proteins were examined by
immunoblot analysis (IB). C HCC1806 cells stably expressing shC or shHDAC2 (#1 and #2) were cultured under hypoxia for 24 h, then subjected
to anti-XBP1s (or anti-normal rabbit IgG) immunoprecipitation (IP); the co-precipitating endogenous HDAC2, EZH2, and XBP1s proteins were
examined by immunoblot analysis (IB). D HCC1806 cells stably expressing shC or shEZH2 (#1 and #2) were cultured under hypoxia for 24 h,
then subjected to anti-HDAC2 (or anti-normal mouse IgG1) immunoprecipitation (IP); the co-precipitating endogenous EZH2 and XBP1s
proteins were examined by immunoblot analysis (IB). E Schematic diagram of the full-length form of XBP1u and XBP1s, and truncated forms of
XBP1s protein. The summary of XBP1 interaction with HDAC2 is based on (F). F HEK-293T cells, expressing Flag-tagged HDAC2 together with
HA-tagged XBP1u, XBP1s, XBP1s-N or XBP1s-C, were subjected to anti-Flag immunoprecipitation (IP); the co-precipitating XBP1u, XBP1s,
XBP1s-N and XBP1s-C proteins were examined by immunoblot analysis (IB). The asterisks indicate the nonspecific bands. G HCC1806 cells
were grown under normoxia or hypoxia for 24 h, then subjected to chromatin immunoprecipitation (ChIP) of H3K27me3 or H3K27ac
combined with sequencing analysis (ChIP-seq). H, I ChIP assay using indicated antibodies or a normal rabbit IgG were performed in HCC1806
cells which were cultured under normoxia or hypoxia for 24 h. Primers specific for P1, P2, Grp78, or NC (Negative control) were used. Data
derived from PCR (H) or qPCR (I) analyses were shown.
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destabilize ΔNp63α protein [51–55]. Deubiquitylase USP28, on the
other hand, can remove the polyubiquitination chain to stabilize
ΔNp63α protein [56]. In this study, we revealed another layer of
regulation of ΔNp63α expression. We show that hypoxia-activated
XBP1s can recruit HDAC2 and EZH2 to form a repressor complex
on the promoter of ΔNp63 resulting in the suppression of the
ΔNp63α transcription and consequently promoting breast cancer
metastasis (Fig. 6E). Interestingly, our results indicate that under
normoxia, H3K27ac is primarily found on the ΔNp63 promoter
while hypoxia promotes a switch of H3K27ac to H3K27me3 for the
execution of transcription suppression. Notably, hypoxia has been
shown to trigger epigenetic change in a HIF1α-dependent or
HIF1α-independent manner [57, 58]. For instance, hypoxia can
inhibit the activity of an oxygen-dependent demethylase KDM6A
(also termed UTX), leading to the elevation of H3K27me3 [25].
However, our results indicate that KDM6A is unlikely to be
involved since hypoxia can still elevate H3K27me3 in KDM6A-
deficient HCC1806 cells [59].
UPR (Unfolded Protein Response) signaling has been shown to

play an important role in tumor metastasis [5]. UPR can be
executed through three distinctive branches including PERK-eIF2α,
ATF6α, or IRE1α-XBP1s. It has been reported that hypoxic can
activate the PERK/eIF2α arm of the UPR signaling in promoting
tumor metastasis through induction of the expression of LAMP3
[60]. However, depletion of PERK is unable to reverse the hypoxia-
mediated suppression of the ΔNp63α expression (Fig. 2A),
indicating that the UPR-PERK axis is not involved in the hypoxia-
ΔNp63α axis-mediated tumor metastasis. Notably, the knockdown
of ATF6α can effectively restore ΔNp63α expression even though
the H3K27me3 levels remain comparable to the hypoxia

induction, raising an interesting possibility that the UPR-ATF6α
axis may regulate the ΔNp63α to impact cell migration and tumor
metastasis independent of H3K27me3, which deserves further
investigation.
XBP1s is a multitasking transcription factor that is a key

component of the ER stress response and regulates a variety of
different biological processes. XBP1s plays an important role in
differentiation during liver, mammary gland development and B
lymphocytes to plasma cells [61–63]. XBP1s can directly regulate
the expression of lipogenic genes to facilitate lipogenesis and
antigen presentation [62, 64]. XBP1s is also involved in the
regulation of the glutamine influx that is necessary to sustain
mitochondrial respiration in T cells [65]. XBP1s can also activate
the transcription of c-Myc to promote cell proliferation of NK
[66].
XBP1s has been shown as an essential survival factor and is

required for tumor growth upon hypoxia [67]. Notably, Hypoxia
promotes HIF1α-XBP1s interaction in facilitating the expression of
HIF1α targeted genes and promoting metastasis in triple-negative
breast cancer [68]. In line with this notion, we found that the
knockdown of IRE1α results in the downregulation of VEGFA
(Fig. 2A). In this study, our results indicate that another function of
hypoxia-activated XBP1 is to engage epigenetic regulation of
ΔNp63α expression to impact cell migration and tumor metastasis.
Notably, the C-terminal of XBP1s physically interacts with HDAC2
and recruits EZH2 to form a repressor complex. Interestingly,
pharmacological inhibition of IRE1α by MKC8866 markedly
reduces the yield of XBP1s as expected, it dramatically elevates
ΔNp63α expression while it has only mild effects on the HIF1α and
VEGF protein levels (Fig. 5G). Pharmacological inhibition of HIF1α

Fig. 5 XBP1s inhibits ΔNp63a expression to promote cell migration and tumor metastasis. A–C HCC1806 stable cells were injected in the
tail vein of nude mice (6 mice per group). Lungs were dissected after 50 days, and inspected for metastatic nodules on the surface (A, B), then
subjected to H&E staining for histological analysis (C). **P < 0.01. D MDA-MB-231 cells were treated with PX478 (10 μM), MKC8866 (5 μM) or/
and DMSO as indicated for 48 h, and then subjected to immunoblot analysis. E, FMDA-MB-231 cells were injected in the tail vein of nude mice
(5 mice per group), then 7 days after cell inoculation, these mice were treated with either PX478 (100mg/kg, i.p.) or/and MKC8866 (300mg/kg,
oral) daily for another 14 days. Lungs were dissected on the day 30 after inoculation, then subjected to H&E staining for histological analysis
(E), and the lung lesions were counted (F).
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by PX478 effectively inhibits the expression of HIF1α-targeted
genes and significantly suppresses tumor metastasis (Fig. 5G, H).
Together, these results indicate that both HIF1α and the XBP1s-
ΔNp63α pathways critically contribute to hypoxia-induced tumor
metastasis. Notably, ER stress-induced activation of the IRE1α-
XBP1s pathway can enhance tumor cell EMT and invasion by
inducing the expression of Snail [69]. Thus, it is possible that
activation of the IRE1α-XBP1s-Snail pathway may impact tumor
metastasis upon hypoxia. However, our results indicate that the
ectopic expression of ΔNp63α, but not ΔNp63β, completely
rescues the expression of cell adhesion proteins E-cadherin and
Par3, accompanied by complete inhibition of hypoxia-induced cell
migration (Fig. 1D, E), supporting the notion that ΔNp63α is the
key downstream effector of hypoxia in cell migration.
One important finding in this study is both the HIF1α signaling

and the IRE1α-XBP1s-ΔNp63α pathway are pivotal in hypoxia-
mediated tumor metastasis. Therefore, this study provides a

rationale for exploring the strategy of combined inhibition of
HIF1α and IRE1α/XBP1s in the effective suppression of hypoxia-
induced metastasis.

MATERIALS AND METHODS
Cell culture
The MCF-10A, HCC1806, MDA-MB-231, and HEK-293T cell lines were
obtained from the American Type Culture Collection (ATCC). MCF-10A cells
were maintained in 1:1 mixture of DMEM and F12 medium (Invitrogen,
Carlsbad, CA, USA), 5% horse serum (Invitrogen), 100 ng/mL cholera toxin
(Sigma, St Louis, MO, USA), 10 μg/mL insulin (Sigma), 20 ng/mL epidermal
growth factor (Invitrogen), 500 ng/mL hydrocortisone (Sigma). MDA-MB-
231 and HEK293FT cells were cultured in DMEM (Gibco, Rockville, MD, USA)
containing 10% FBS. HCC1806 cells were grown in RPMI-1640 (Gibco)
containing 10% FBS. All cell lines were free from mycoplasma contamina-
tion and cultured supplemented with penicillin (100 U/mL)/streptomycin
(100 μg/mL) at 37 °C in a humidified incubator under 5% CO2. For hypoxia

Fig. 6 Expression of TP63 is negatively correlated with XBP1/HDAC2/EZH2 in human breast cancer. A, B The Oncomine Curtis breast
cancer dataset was used to analyze TP63, XBP1, HDAC2, and EZH2 mRNA levels in normal breast samples and invasive lobular breast cancer
samples (A). The same datasets were used for analyses of the Pearson correlation coefficient (R value) and a two-tail probability test (P value)
(B). C Tissue microarray slides containing consecutive sections derived from human breast carcinoma were subjected to IHC staining (left) and
to quantitative analyses (AOD) for protein expression of XBP1s and ΔNp63 (right). D The correlation between TP63, XBP1, HDAC2, or EZH2
mRNA levels and overall survival in breast cancer patients was analyzed using the Kaplan–Meier Plotter database, the log-rank test P values
are shown. E A model depicts hypoxia-mediated epigenetic regulation of ΔNp63 through XBP1s and the role of ΔNp63 in cancer metastasis.
Under normoxia, HIF1α is hydroxylated which promotes its binding to the von Hippel–Lindau (VHL) E3 ligase, resulting in its subsequent
ubiquitylation and proteasomal degradation. XBP1 mRNA is translated into XBP1u (Asterisks represent the stop codon). HDAC2 interacts with
the PRC2 complex (EED, EZH2 and SUZ12), but cannot bind to the ΔNp63 promoter. Under hypoxia, HIF1α cannot be hydroxylated leading to
its dissociation with the VHL and stabilization. Stabilized HIF1α transactivates a subset of genes expression to promote tumor metastasis.
Besides, hypoxia also activates IRE1α-XBP1s signaling. XBP1s interacts with HDAC2-PRC2 complex to switch H3K27ac to H3K27me3 on ΔNp63
promoter, leading to ΔNp63 expression reduced and consequent promoting tumor metastasis.

H. Chen et al.

455

Cell Death & Differentiation (2024) 31:447 – 459



treatment, cells were delivered into an anaerobic chamber maintained in a
humidified atmosphere of 5% CO2, 1% O2, and 94% N2 at 37 °C.

Plasmid construction
The short hairpin RNAs (shRNAs) targeting human HIF1α, PERK, IRE1α,
ATF6α, XBP1, HDAC1, HDAC2, HDAC3, HDAC8, or EZH2 were generated by
insertion of specific oligoes into a pLKO.1-puromycin lentiviral vector
(10878, Addgene), and pLKO.1-scramble (1864, Addgene, Cambridge, MA,
USA) was a negative control vector containing scrambled shRNA. The
oligoes used in this study were listed in Supplementary Table S1.
The constructs encoding human ΔNp63α, TAp63α, ΔNp63β or

ΔNp63γ were described in previous study [70]. The open reading frame
(ORF) of human XBP1s, XBP1u, or HDAC2 was purchased from Miaoling
Plasmid Sharing Platform (miaolingbio.com, Wuhan, Hubei, China) and
cloned into the lentiviral vector pLVX-puro (632164, Clontech, Mountain
View, CA, USA). The truncation mutants (XBP1s-N and XBP1s-C) of XBP1s
were subcloned into the pLVX-HA-puro vector. For promoter assay, a
fragment of human ΔNp63 promoter containing XBP1s putative binding
sites (P1 and P2) was inserted into the Gluc-On promoter reporter
vector (pEZX-PG04, GeneCopoeia, Guangzhou, China) and designated
as ΔNp63-Gluc-WT; the putative binding site P1 or P2 was mutated and
designated as ΔNp63-Gluc-WT-P1 Mut or ΔNp63-Gluc-WT-P2 Mut,
respectively. All the constructs including mutants were generated by
KOD-Plus-Mutagenesis kit (SMK-101, Toyobo, Osaka, Japan) and
confirmed by DNA sequencing. Specific primers for gene cloning were
listed in Supplementary Table S2.

Lentiviral packaging and generation of stable cell lines
Recombinant lentiviruses particles were generated by transfecting HEK-
293T cells with pMD2.G and psPAX2 packaging plasmids and the
corresponding backbone plasmid using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Viruses were collected at 60 h
post-transfection, filtered, and infected cells at 50% cell confluence in the
presence of 10 μg/mL polybrene. Cells were screened with 2 μg/mL
puromycin (A1113803, Gibco) or 10 μg/mL blasticidin (A1113903, Gibco) at
48 h post-infection for stable cells.

Quantitative RT-PCR
Total RNA was extracted from cells using TRIzol reagent (A33250,
Invitrogen, Shanghai, China) and reverse-transcribed by using Rever Tra
Acc qPCR RT Master Mix with gDNA Remover (Cat# FSQ-301, TOYOBO,
Shanghai, China). qPCR was carried out for ΔNp63, Grp78, HDAC1, HDAC2,
HDAC3, HDAC8, and GAPDH (The primer sequences used in the reactions
were listed in Supplementary Table S1). The qPCR reactions were
performed in CFX-960 Real-time PCR System (Bio-Rad, Hercules, CA, USA)
and using SYBR Green Supermix (1725851, Bio-Rad) according to the
manufacturer’s instructions. Relative quantitation values were normalized
to GAPDH and calculated using the ΔΔCt method. qPCR primers used in
this study were listed in Supplementary Table S3.

Immunoblot analysis and co-immunoprecipitation
For immunoblot analysis, cells were lysed in EBC250 lysis buffer (50mM
Tris pH 7.4, with 250mM NaCl, 0.5% Nonidet P-40, 50 mM NaF, 0.5 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 μg/mL aprotinin,
and 2 μg/mL leupeptin) containing a protease inhibitor cocktail (Roche).
Equal amounts of lysates were loaded, separated by SDS-PAGE, and
transferred to PVDF membrane (Millipore, Darmstadt, Germany). Mem-
branes were blocked in 5% nonfat milk in TBST, probed with the indicated
primary antibodies and HRP-conjugated secondary antibody for subse-
quent detection by enhanced chemiluminescence. Antibodies for Histone
H3 (4499, 1:1000), H3K9me3 (13969, 1:1000), H3K27me3 (9733, 1:1000),
EZH2 (5246, 1:1000), HDAC2 (5113, 1:1000), HA-tag (3724, 1:1000), IRE1α
(3294, 1:1000), PERK (5683, 1:1000), GRP78 (3183, 1:1000) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Antibodies for
E-cadherin (ab40772, 1:1000), H3K27ac (ab4729, 1:1000), XBP1 (ab37152,
1:500), ATF6 (ab122897, 1:500) were purchased from Abcam (Cambridge,
MA, USA). Antibody for Flag-tag (F1804, 1:1000) was purchased from
Sigma. Antibody for XBP1s (619502, Biolegend, 1:500) was purchased from
BioLegend. Antibody for p63 (381215, 1:1000) was purchased from ZEN-
Bioscience (Chengdu, China). Antibody for Par3 (07-330, 1:1000) was
purchased from Millipore. Antibodies for HIF1α (CY5197, 1:1000), HIF2α
(CY5098, 1:1000), and GAPDH (AB0036, 1:5000) were purchased from
Abways Technology (Shanghai, China).

For Co-immunoprecipitation experiments, cells were lysed in lysis buffer
(50mM Tris HCl, pH 7.4, with 150mM NaCl, 1 mM EDTA, and 1% Nonidet P-
40). Then the lysate was centrifuged at 15,000 × g at 4 °C to remove the
precipitation. The supernatants were incubated with mouse-anti-XBP1s
(647501, Biolegend, 1:50), mouse-anti-HDAC2 (5113, CST, 1:50), mouse-
anti-Flag (F1804, Sigma, 1:50) or normal mouse IgG (sc-2025, Santa Cruz,
1:10) on a rotator overnight at 4 °C, followed by addition of protein A (sc-
2001, Santa Cruz) or protein G (sc-2002, Santa Cruz) agarose beads and
incubation for a further 2 h at 4 °C. After four washes in PBST, samples were
eluted in 2× sample buffer (125mM Tris HCl, pH 6.8, with 4% SDS, 20% (v/
v) glycerol and 0.004% bromphenol blue) to each sample for 10min at
100 °C, separated by SDS-PAGE and immunoblotted. Membrane was
incubated with Rabbit-anti-XBP1s (ab37152, Abcam, 1:500) and other
primary antibodies as described in immunoblot analysis.

Immunofluorescent analyses
For Immunofluorescent analyses, cells grown on coverslips were fixed with
4% polyformaldehyde in PBS, permeabilized with 0.1% Triton X-100 in PBS,
blocked with 4% bovine serum albumin in PBS, hybridized with rabbit-anti-
p63 (381215, ZEN-Bioscience, 1:200), and Rhodamine (TRITC)-conjugated
donkey-anti-rabbit IgG (711-025-152, Jackson ImmunoRsearch, PA, USA)
and counter-staining with DAPI (Beyotime) for subsequent detection.
Coverslips were mounted with ProLong Gold antifade reagent (Invitrogen).
Images were acquired using the Leica TCS SP5 II system.

Immunohistochemistry (IHC) staining
Human breast tumor tissue microarrays (HBreDuc060CD01) consisting of
breast cancer specimens from different patients were purchased from
Shanghai Outdo Biotech (Shanghai, China). IHC analyses were performed
as previously described [71]. Tissue microarrays containing 60 breast
cancer tissues were used to test the expression of ΔNp63 (619002,
Biolegend, 1:100) and XBP1s (619502, Biolegend, 1:100). For quantitative
analyses, slides were scanned through NanoZoomer (Hamamatsu, Japan).
Scanned images were then subjected to integrated optical density (IOD)
measurements using Image-Pro Plus 6.0 to calculate average optical
density (AOD) using the formula: AOD= IOD/Area [72].

Wound-healing and Transwell assays
For wound-healing assay, cells were grown to 90% confluence, then
scraped with a pipette tip, washed twice with PBS, and incubated in
growth media containing 1% serum. At indicated time intervals, cells were
photographed using a light microscope (Nikon Eclipse Ti-S/L 100).
Transwell assays for migration were performed in transwell inserts with a

6.5-mm, 8.0-μm-pore polycarbonate membrane, or Matrigel coated inserts
for invasion assays (BD Biosciences). Briefly, cells were suspended in serum-
free media and seeded into the inner chamber (MCF-10A, 5 × 104 cells per
chamber; HCC1806, 1 × 105 cells per chamber). The outer chamber
contained complete growth media. 24 h post-incubation, cells were fixed
and stained with 0.5% crystal violet in 70% methanol. Cells on the inside of
the membrane were removed with a cotton swab; the migrating/invading
cells on the outside of the membrane were photographed and counted at
least five random fields. Alternatively, the stained cells were also lysed with
2% SDS in PBS and subjected to spectrophotometric analysis at 570 nm
[15].

xCELLigence real-time cell analysis (RTCA) for cell migration
To monitor cell migration in real time, xCELLigence RTCA instruments
(ACEA Biosciences, CA, USA) were used according to the instructions of the
supplier. MCF-10A (5 × 104) or HCC1806 (1 × 105) cells were seeded in CIM-
Plate and monitored the cell index signals every 1 h for 48 h.

In vivo metastasis assays
Female 6-week-old nude mice (GemPharmatech Co., Ltd) were used for
tumor metastasis in vivo. To validate the role of XBP1s-ΔNp63α axis in
tumor metastasis, 18 mice were randomly divided into three groups and
injected HCC1806 cells, which stably expressed empty vector (EV), XBP1s
with or without ΔNp63α, through the lateral tail veins. To confirm
activation of IRE1α-induced tumor metastasis is HIF1α-independent, 20
mice were injected with MDA-MB-231 cells through the lateral tail veins
and randomly divided into four groups. Seven days after cell inoculation,
these mice were treated with either PX478 (100mg/kg, i.p.) or/and
MKC8866 (300mg/kg, oral) daily for another 14 days. Mice were monitored

H. Chen et al.

456

Cell Death & Differentiation (2024) 31:447 – 459



daily and euthanized as indicated days. The lungs were dissected, fixed,
embedded in paraffin, and sectioned onto microscope slides for
hematoxylin and eosin (H&E) staining prior to histological analysis. The
numbers of metastatic nodules in the lungs per mouse were counted.

Luciferase reporter assays
Luciferase reporter assays were performed with Secrete-PairTM Dual
Luminescence Assay Kit (GeneCopoeia, USA) according to the manufac-
turer’s instructions. Briefly, cells were co-transfected with 500 ng of ΔNp63-
Gluc reporters (ΔNp63-Gluc-WT, ΔNp63-Gluc-P1 Mut or ΔNp63-Gluc-P2
Mut) and 750 ng of XBP1 expression plasmids (XBP1u, XPP1s or XBP1s-
R326P) or empty vector (EV). Forty-eight hours post-transfection, cell
culture media were collected and ΔNp63-Gluc and SEAP activities were
measured. The ΔNp63-Gluc activity was normalized to SEAP activity.

Chromatin immunoprecipitation (ChIP) and ChIP-Seq
ChIP assays were performed in HCC1806 cells, which were cultured under
normoxic or hypoxic conditions, with ChIP-IT Kit (53009, Active Motif, USA)
using antibodies specific for XBP1s (619502, Biolegend, 1:50), HDAC2
(57156, CST, 1:50), EZH2 (5246, CST, 1:100), H3K27me3 (9733, CST, 1:50),
H3K27ac (ab4729, abcam, 1: 50) or normal rabbit IgG (2927, CST, 1:50), as
described previously [18]. Immunoprecipitated DNA by antibodies for
H3K27me3, H3K27ac, and normal rabbit IgG were used to construct
sequencing libraries according to the protocol provided by the TruePrep
DNA library Prep kit (Vazyme #TD501) and sequenced on Illumina Nova
Seq6000 (Gene Denovo CO., Ltd., Guangzhou, China). The low-quality reads
were filtered out by Trimmomatic (version 0.38). All of the ChIP-seq peaks
were identified by MACS2 software (version 2.1.1.20160309) with default
parameters (bandwidth, 300 bp; model fold, 5, 50; q value, 0.05). ChIP-seq
data were deposited in the GEO database under the accession number
GSE253833.
In addition, immunoprecipitated DNA was subjected to PCR experiments

to amplify fragments of the ΔNp63 promoter elements using indicated
primers as listed in Supplementary Table S3. The value of each ChIP sample
was normalized to its corresponding input.

Human data from publicly available datasets
The microarray dataset of Curtis Breast was acquired from the Oncomine
database (https://www.Oncomine.org/resource/login.html) by selecting the
filter of breast cancer. Pearson’s correlation was used as an analysis of the
correlation between TP63, XBP1, HDAC2, or EZH2. Kaplan–Meier survival graphs
were generated from data available from the breast cancer (n= 1089) of Pan-
cancer mRNA RNA-seq datasets in KM Plotter (www.kmplotter.com) [73].

Statistical analyses
Data from cell culture were performed in three independent experiments
and presented as means ± SD. Except specific indication, the differences
between two groups were tested using the two-tailed unpaired Student’s t
test. Prior to differences analyses, the clinical data were performed
homogeneity tests by using Levene’s test in SPSS 16 software. Statistical
significance was determined as P < 0.05.

DATA AVAILABILITY
The data analyzed during this study are included in this published article and the
supplemental data files.
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