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Abstract

Aberrant activation of the hypoxia-inducible transcription factor
HIF-1 and dysfunction of the tumor suppressor p53 have been
reported to induce malignant phenotypes and therapy resistance
of cancers. However, their mechanistic and functional relationship
remains largely unknown. Here, we reveal a mechanism by which
p53 deficiency triggers the activation of HIF-1-dependent hypoxia
signaling and identify zinc finger and BTB domain-containing pro-
tein 2 (ZBTB2) as an important mediator. ZBTB2 forms homodimers
via its N-terminus region and increases the transactivation activity
of HIF-1 only when functional p53 is absent. The ZBTB2 homodimer
facilitates invasion, distant metastasis, and growth of p53-
deficient, but not p53-proficient, cancers. The intratumoral expres-
sion levels of ZBTB2 are associated with poor prognosis in lung
cancer patients. ZBTB2 N-terminus-mimetic polypeptides competi-
tively inhibit ZBTB2 homodimerization and significantly suppress
the ZBTB2–HIF-1 axis, leading to antitumor effects. Our data reveal
an important link between aberrant activation of hypoxia signaling
and loss of a tumor suppressor and provide a rationale for target-
ing a key mediator, ZBTB2, to suppress cancer aggressiveness.
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Introduction

Aberrant activation of hypoxia-responsive signaling is one of the typi-

cal features of malignant tumors and is associated with angiogenesis,

therapy resistance, immune evasion, metabolic reprogramming, inva-

sion, and metastasis of cancers (Hanahan & Weinberg, 2011; Koyasu

et al, 2018). Hypoxia-inducible factor 1 (HIF-1), a heterodimeric tran-

scription factor composed of HIF-1a and HIF-1b (also known as ARNT)

subunits, is a master regulator of the biological response to hypoxia

(Semenza, 2003, 2010; Koyasu et al, 2018). HIF-1 activity is mainly

regulated through two kinds of oxygen-dependent hydroxylation of

HIF-1a. The first is at two proline residues, P402 and P564, by prolyl-4-

hydroxylases (PHDs) for proteolysis via the von Hippel–Lindau protein

(pVHL)-dependent ubiquitin–proteasome pathway. The second is at

the asparagine residue, N803, by factor inhibiting HIF-1 (FIH-1) for

inactivation of the p300/CREB-binding protein (CBP)-dependent trans-

activation activity (Maxwell et al, 1999; Ohh et al, 2000; Ivan

et al, 2001; Jaakkola et al, 2001; Mahon et al, 2001; Hirota & Semen-

za, 2005; Koyasu et al, 2018). These mechanisms of HIF-1 inactivation

are well-established, and factors suppressing them have been associ-

ated with the poor prognosis of cancer patients (Goto et al, 2015; Zeng

et al, 2015; Yeom et al, 2016; Kobayashi et al, 2017; Koyasu

et al, 2018). However, factors that actively induce HIF-1 activity

remain poorly understood. Another important cancer hallmark is the

inactivation of tumor suppressors, such as p53 (Baker et al, 1989;

Hanahan & Weinberg, 2011). As p53 functions as a homotetrameric

transcription factor, heterozygous dominant-negative mutations that

potentially abrogate the activities of wild-type p53 are observed in at

least 50% of malignant tumors. In addition, because p53 is degraded
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via the MDM2-mediated ubiquitin–proteasome pathway, MDM2 over-

expression is often seen in various cancers (Whibley et al, 2009;

Levine, 2020). Although molecular mechanisms regulating the activity

of each HIF-1 and p53 have been characterized to some extent, as

above, functional and mechanistic links between them remain largely

unclear. Previously, we found that HIF-1 was inactivated when p53

became functional in the presence of an inhibitor of MDM2, Nutlin-3,

in a cancer cell line with high levels of endogenous MDM2 expression

(Fig EV1), which led us to hypothesize that there is an uncharacterized

factor linking HIF-1 and p53.

Results

ZBTB2 links p53 deficiency to HIF-1 activation

We established a genetic screening method to explore novel genes

responsible for the activation of HIF-1 (Goto et al, 2015; Zeng

et al, 2015) and found 10 candidate genes (Goto et al, 2015; Zeng

et al, 2015; Yeom et al, 2016). Luciferase assays using the 5HREp-luc

reporter gene, which expresses firefly luciferase under the control of

the HIF-1-dependent promoter, 5HREp (Harada et al, 2005), demon-

strated that overexpression of each of 4 of the 10 candidates signifi-

cantly upregulated HIF-1 activity in functional p53-deficient HeLa

cells (Fig EV2A; ZBTB2, UCHL1, IDH3a, and LY6E). Next, we

employed the HCT116 cell line and its p53-null derivative (herein

HCT116 p53+/+ and p53�/�, respectively; Bunz et al, 1998) in the

same luciferase reporter assay to identify factors that upregulate HIF-

1 only in the absence of functional p53 from the four genes

(Fig EV2B). Through this two-step screening, we eventually identi-

fied ZBTB2 as a key factor associating p53 deficiency with HIF-1 acti-

vation; the forced expression of ZBTB2 upregulated 5HREp-luc

reporter activity only in the absence of functional p53 under hypoxic

conditions (Figs 1A and EV2B). The upregulation was not observed

under normoxic conditions because of the absence of HIF-1a
(Fig 1A). When we performed the same experiment using U2OS cells,

in which the p53 function is suppressed by the aberrant overexpres-

sion of MDM2 (Florenes et al, 1994) and ZBTB2 expression is detect-

able, knockdown of ZBTB2 significantly suppressed 5HREp-luc

reporter activity (Figs 1B and EV2C). The positive impact of ZBTB2

on HIF-1 activity in the p53-null cells was abrogated by the overex-

pression of wild-type p53, depending on its expression levels

(Fig 1C). After overexpressing the most common dominant-negative

mutants of p53 in human cancers, R175H, R248W, or R273H (Har-

ris, 1996; Fig EV2D), the positive impact of ZBTB2 on HIF-1 was

recovered in HCT116 p53+/+ cells (Fig 1D). There was no positive

effect of ZBTB2 on another transcription factor, Gli, a key transcrip-

tion factor of Hedgehog signaling, when evaluated with the Gli-

responsive luciferase reporter plasmid (Katagiri et al, 2018), indicat-

ing that ZBTB2 is not an activator of global transcription (Fig EV2E).

Together, these results clearly show that ZBTB2 specifically activates

HIF-1 in the absence of functional p53.

ZBTB2 promotes invasion, distant metastasis, and growth of
xenografted tumors when functional p53 is absent

Then, we investigated the influence of the ZBTB2-mediated activa-

tion of HIF-1 on tumor malignancy under hypoxia. Quantitative

reverse-transcription PCR (qRT–PCR) analyses demonstrated that

the forced expression of ZBTB2 significantly induced the expression

of invasion-related HIF-1-downstream genes, such as matrix metallo-

proteinase (MMP) 2 and MMP9, only in the absence of functional

p53 (Figs 2A and EV3A). Consistently, the knockdown of endoge-

nous ZBTB2 in U2OS cells significantly reduced the expression of

MMP2 and MMP9 under hypoxia (Fig 2B). The effect of ZBTB2

silencing was not observed in the absence of HIF-1a, suggesting that

ZBTB2 induced MMP expression in a HIF-1-dependent manner

(Fig 2B). Similarly, ZBTB2 overexpression, in the presence of p53

deficiency, significantly upregulated the expression of stanniocalcin-

1 (STC1), which is a HIF-1 target gene facilitating growth as well as

invasion of cancer cells (Yeung et al, 2005; Chen et al, 2019; Fig 2C).

To evaluate the importance of the ZBTB2-HIF-1 axis in tumor

invasion, we carried out transwell invasion assays using matrigel-

coated inserts. The forced expression of ZBTB2 significantly pro-

moted the invasion of p53�/� but not p53+/+ cells under hypoxia

(Figs 2D and EV3B). On the other hand, silencing of endogenous

ZBTB2 significantly decreased the number of invading U2OS cells

(Figs 2E and EV3C). HIF-1a silencing completely suppressed the

ZBTB2-mediated invasion of p53�/� cells (Figs 2F and EV3D). These

results clearly show that ZBTB2 enhances the invasion of p53-

deficient cells in a HIF-1-dependent manner. Next, we analyzed the

impact of ZBTB2 on metastatic tumor formation in lungs by trans-

planting cancer cell suspension through a tail vein. The murine

model for pulmonary metastasis demonstrated that ZBTB2 facili-

tated distant metastasis of HCT116 p53�/� cells, but not that of

HCT116 p53+/+ cells (Figs 2G and EV3E).

Subsequently, we analyzed the impact of ZBTB2 on cancer cell

proliferation based on the data of Fig 2C. A colorimetric cell prolifer-

ation assay using stable transfectants with the ZBTB2 expression

vector revealed that forced ZBTB2 expression significantly acceler-

ated the growth of HCT116 p53�/� but not HCT116 p53+/+ cells

under hypoxic conditions in vitro (Fig 2H). On the other hand, a

loss-of-function study demonstrated that the proliferation of a func-

tional p53-deficient cancer cell line, HeLa, was significantly delayed

by silencing ZBTB2 under hypoxia, where HIF-1a expression was

induced (Fig 2I). The positive impact of ZBTB2 on cell proliferation

was reflected in the growth of xenografted tumors; the stable over-

expression of ZBTB2 significantly promoted the growth of HCT116

p53�/� but not HCT116 p53+/+ xenografted tumors in immunodefi-

cient mice (Fig 2J and K).

ZBTB2 expression is associated with poor prognoses in patients
with p53-deficient cancers

To validate our findings in human tumors, we next performed

immunohistochemical analysis for ZBTB2, p53, and one of the most

representative HIF-1-downstream genes, carbonic anhydrase 9

(CA9), in human lung cancers. Tumor samples were categorized into

four groups, “ZBTB2 low” and “ZBTB2 high,” according to the

expression levels of ZBTB2 in each wild-type p53 and mutant p53

patient (Fig 3A). Fisher’s exact test for the four groups demonstrated

that the proportion of CA9-expressing tumors was significantly larger

in patients with ZBTB2-high tumors compared with those with

ZBTB2-low tumors when p53 was mutated (Fig 3B). Next, we ana-

lyzed the correlation between the ZBTB2 expression levels and prog-

nosis in patients stratified by the p53 status (Fig 3C). Kaplan–Meier
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analysis revealed that high ZBTB2 expression levels were associated

with poor disease-free survival of patients with mutant p53 tumors,

but not with wild-type p53 tumors (Fig 3C). We subsequently per-

formed TCGA analysis regarding human lung adenocarcinoma.

When we detected p53 mutation as low expression levels of p53

downstream genes, such as BAX, ZMAT3, and CEACAM1, overall

survival of patients with both ZBTB2 high expression and p53 muta-

tion in their tumor was poor compared with patients with other types

of tumors (Fig 3D–F) (Miyashita & Reed, 1995; Israeli et al, 1997;

Sappino et al, 2012).

Homodimerization of ZBTB2 via its N-terminus region increases
the transactivation activity of HIF-1a

Next, we aimed to elucidate the molecular mechanisms underlying

the positive impact of ZBTB2 on HIF-1 activity. Immunoblotting

demonstrated that the expression level of HIF-1a protein was not

increased by ZBTB2 overexpression in either p53-proficient or p53-

deficient cells (Fig 4A). It was difficult to observe the influence of

ZBTB2 on HIF-1a protein levels under normoxic conditions because

its basal expression was below detectable levels in our experimental

setting (Fig 4A). We subsequently investigated the influence of

ZBTB2 on the transactivation activity of HIF-1a protein using the

luciferase reporter system with a plasmid expressing the Gal4 DNA-

binding domain (Gal4 DBD) fused to the HIF-1a transactivation

domain (TAD: 531–826 a.a.; HIF-1a TAD) (Mahon et al, 2001). A

proline residue corresponding to P564 of HIF-1a, which is involved

in the oxygen-dependent degradation of the Gal4 DBD-HIF-1a TAD

fusion protein, was substituted for alanine (Gal4 DBD-HIF-1a TAD

P564A) to evaluate the transactivation activity of TAD. The luci-

ferase assay revealed that ZBTB2 overexpression markedly stimu-

lated the transactivation activity of TAD P564A in HCT116 p53�/�

A B

C D

Figure 1. ZBTB2 links p53 deficiency to HIF-1 activation.

A The indicated cells co-transfected with p5HRE-Luc and either pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (empty vector: EV) were cultured under the indicated oxygen
conditions for 24 h for the luciferase assay.

B U2OS cells co-transfected with p5HRE-Luc and the indicated siRNA were cultured under the indicated oxygen conditions for 24 h for the luciferase assay.
C HCT116 p53�/� cells co-transfected with p5HRE-Luc, either pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (EV), and either pcDNA3/p53 (at two concentrations: + and ++) or

pcDNA3 (EV), were cultured under the indicated oxygen conditions for 24 h for the luciferase assay and western blotting using the indicated antibodies.
D HCT116 p53+/+ cells co-transfected with p5HRE-Luc, either pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (EV), and pcDNA3/p53 R175H, R248W, R273H, or pcDNA3 (EV), were

cultured under the indicated oxygen conditions for 24 h for the luciferase assay.

Data information: Mean � s.d. The number of technical replicates in all of the experimental groups was 3, and the reproducibility of the results was confirmed at least
three times by biologically independent experiments (A–D). N.S.: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-test (A–D).

Source data are available online for this figure.
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but not p53+/+ cells (Figs 4B and EV4A). The transactivation activity

was completely suppressed when HCT116p53�/� cells were intro-

duced with a large amount of p53 expression vector (Fig EV4B). The

knockdown of endogenous ZBTB2 expression significantly reduced

the transactivation activity of HIF-1a TAD P564A in U2OS cells

(Fig 4C). Because the transactivation activity of HIF-1a is known to

be enhanced through the association with histone acetyltrans-

ferases, p300/CBP, when the N803 residue of HIF-1a is unhydroxy-

lated (Mahon et al, 2001; Lando et al, 2002), we tested whether

p300/CBP is involved in the regulation of the ZBTB2 function.

Silencing of p300/CBP was confirmed to have no effect on the

ZBTB2-mediated activation of transactivation activity of TAD P564A

in p53�/� cells (Fig 4D). Moreover, the 5HREp-luc reporter assay

showed that forced expression of ZBTB2 enhanced HIF-1 activity

even in the presence of a constitutively active mutant of HIF-1a,
HIF-1a 3A, which avoids suppression by not only PHDs and VHL

but also FIH-1 due to three point mutations, P402A, P564A, and

N803A (Fig EV4C) (Kobayashi et al, 2017; Katagiri et al, 2018) SI-3.

Consistently, the ZBTB2-dependent activation of TAD activity was

still observed even when the asparagine residue, N803, was addi-

tionally substituted for alanine (Gal4 DBD-HIF-1a TAD P564A and

N803A; Fig 4E). Taken together, these results revealed that ZBTB2

activity relies on the enhancement of transactivation activity, but

not on that of stability, of HIF-1a protein, and that it is independent

of the known regulatory mechanism by p300/CBP and FIH-1.

Next, we constructed a series of plasmids, each of which

expressed one of the systematic deletion mutants of ZBTB2 (Fig 4F,

left), to identify regions essential for the upregulation of HIF-1a
transactivation activity. Deletion mutants lacking the N-terminus 23

a.a. region, BTB/POZ domain, zinc finger domain 2 (ZF2), or ZF3

failed to upregulate the transactivation activity of TAD P564A in

p53�/� cells (Fig 4F). Peptide sequence alignment analysis revealed

that the ZBTB2 N-terminus 1–113 a.a. region including both the N-

terminus 1–23 a.a. region and the BTB/POZ domain showed 46%

similarity with the N-terminus region of human myoneurin (hMN)

protein (Fig 4G). Although the crystal structure of the ZBTB2 protein

is not available as yet, that of the N-terminus fragment of hMN is

available in the RCSB Protein Data Bank (https://www.rcsb.org/;

PDB ID: 2VPK). It shows that the N-terminus 1–21 a.a. fragments of

hMN cross each other and may be essential to form a head-to-head

homodimer (Fig EV4D), suggesting that ZBTB2 may also form a

homodimer using the corresponding region. To investigate this, we

A

E

I J K

F G H

B C D

Figure 2. ZBTB2 promotes invasion, distant metastases, and growth of tumors when functional p53 is deficient in vivo.

A–F The indicated cells transiently transfected with either pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (EV) (A, C, D, F), either pcDNA3/p53 (p53) or pcDNA3 (EV) (C), or with
the indicated siRNA (B, E, F) were cultured under < 0.1% O2 conditions for 24 h and subjected to qRT–PCR for the indicated mRNA (A–C) or to the transwell invasion
assay (D-F).

G The number of metastatic colonies in lungs in the pulmonary metastasis model using the indicated cells stably transfected with ZBTB2 expression vector (ZBTB2) or
its empty vector (EV) (left) and the representative images of lungs (right).

H, I The indicated cells stably transfected with the ZBTB2 expression vector (ZBTB2) or its empty vector (EV) (H) or transiently transfected with siScr or siZBTB2 (I) were
cultured under < 0.1% O2 (H) or the indicated oxygen conditions (I) for the indicated periods and subjected to the in vitro cell proliferation assay.

J, K Growth of the indicated tumor xenografts with or without ZBTB2 overexpression was analyzed.

Data information: Mean � s.d. The number of technical replicates was 3 (A–F, I), at least 8 (G), and 5 and 4 for EV and ZBTB2, respectively (H), and 7 (J, K), and
reproducibility of the results was confirmed at least three times by biologically independent experiments (A–K). N.S., not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, Student’s t-test (A–K).

Source data are available online for this figure.
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performed co-immunoprecipitation followed by immunoblotting

(co-IP-IB) analysis and confirmed that V5-tagged ZBTB2 proteins

were co-immunoprecipitated with myc epitope-tagged ZBTB2 pro-

teins (Fig 4H). To further test the ZBTB2 homodimer formation

using another experimental setting, we performed a split luciferase

complementation assay, in which each of a large and small fragment

of split luciferase was fused with ZBTB2; therefore, luciferase frag-

ments are close to each other and form complemented luciferase

upon the interaction of two ZBTB2 proteins. The ZBTB2 homodimer

formation was actually confirmed as luciferase bioluminescence

(Fig 4I), and its efficiency was not influenced by the extracellular

oxygen conditions (Fig 4J).

Next, we analyzed the reason why the deletion mutants lacking

each ZF2 and ZF3 failed to upregulate the transactivation activity of

the HIF-1a protein. Because zinc-finger domains were originally

reported to function in DNA binding, we hypothesized that ZF2 and

ZF3 function in the recruitment of ZTBT2 to the promoter region of

genes whose expressions are under the control of the ZBTB2–HIF-1

axis. Chromatin immunoprecipitation followed by the quantitative

PCR (ChIP-qPCR) experiment confirmed that wild-type ZBTB2 was

recruited to the promoter regions of a downstream gene, STC1, but

the deletion mutants of each ZF2 and ZF3 were not (Fig 4K). On the

other hand, the split luciferase complementation assay to evaluate

ZBTB2 homodimer formation demonstrated that ZBTB2 protein

lacking ZF2 or ZF3 still had the ability to form a homodimer

(Fig 4L). Taken together, these results clearly indicate that both the

homodimer formation mediated by its N-terminus region and the

recruitment to promoter regions of HIF-1-downstream genes medi-

ated by ZF2 and ZF3 are essential for ZBTB2 to induce the expres-

sion of HIF-1 downstream genes.

Recently, ChIP-seq analysis for ZBTB2 revealed that ZBTB2

forms a heterodimer with each of the two other zinc finger proteins,

ZBTB25 and zinc finger protein 639 (ZNF639) (Karemaker & Ver-

meulen, 2018). A co-IP-IB analysis showed that V5-tagged ZBTB2

proteins were co-immunoprecipitated with each myc epitope-tagged

ZBTB25 and ZNF639 (Fig EV4E). However, silencing either ZBTB25

or ZNF639 did not cancel the effect of ZBTB2 on HIF activity

(Fig EV4F), suggesting that ZBTB25 and ZNF639 do not function

with ZBTB2 for the activation of HIF-1.

Since a previous report demonstrated that ZBTB2 harbored hot-

spot mutations at R261 (Gylfe et al, 2013), we generated a plasmid

that expresses the ZBTB2 mutant with the most common point

mutation, R261W. The 5HRE-luc reporter assays demonstrated that

the ZBTB2 R261W mutant stimulated HIF-1 activity to the same

extent as wild-type ZBTB2 in HCT116 p53�/� cells, suggesting that

R261W mutation does not influence ZBTB2 activity (Fig EV4G). We

also generated plasmids that express mutant ZBTB2 with S341A or

S341E because the serine residue located at 341 a.a. has been

A

D E F

B C

Figure 3. ZBTB2 expression is associated with poor prognoses in patients with p53-deficient cancers.

A Tissue microarrays of human lung adenocarcinoma (243 samples) stained with anti-ZBTB2 antibodies. High-magnification images are shown on the left lower side
of each image. Scale bar, 500 and 100 lm in the low- and high-magnification images, respectively.

B Fisher’s exact test for the percentage of CA9-positive tumors in the four indicated groups. Percentages and absolute numbers of each group are indicated in the
graph.

C Kaplan–Meier analysis of the disease-free survival of the lung cancer patients stratified by the expression levels of ZBTB2 and p53 status.
D–F TCGA-based Kaplan–Meier analysis of overall survival of lung adenocarcinoma patients stratified by the expression levels of ZBTB2 and those of BAX (D), ZMAT3 (E),

and CEACAM1 (F).

Data information: N.S., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, Fisher’s exact test (B) and log-rank tests (C–F).

Source data are available online for this figure.
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reported to be phosphorylated (UniProtKB, https://www.uniprot.

org/uniprot/Q8N680). The reporter assays demonstrated that these

mutants also exhibited the same extent of activity as wild-type

ZBTB2, suggesting that the phosphorylation has no impact on

ZBTB2 activity (Fig EV4H).

Targeting ZBTB2 homodimer formation as a rational strategy to
inhibit the growth of functional p53-deficient cancers

We subsequently explored amino acid residues required for ZBTB2

homodimerization. The crystal structure of the N-terminus fragment

of hMN showed that 4 a.a. residues, EHLL, in the 8–11 a.a. region

may be located at the interface of the homodimer by the 1–21 a.a.

fragments (Fig EV4D). In addition, 4 other a.a residues, AIYR, in

the 51–54 a.a. region may be located at another interface

(Fig EV4D). To analyze their importance in ZBTB2 homodimeriza-

tion, we constructed a homology model of the ZBTB2 structure

based on the hMN crystal structure and performed molecular

dynamics (MD) simulations. The resulting structure shows that the

L8-L11 (LILL) and M51-V54 (MLFV) regions in ZBTB2 correspond

to the E8-L11 (EHLL) and A51-R54 (AIYR) regions in hMN, respec-

tively (Fig EV4D; Datasets EV1 and EV2; Fig 5A). Moreover, the L8-

L11 region was found to be located at the homodimer interface

(Figs 5A and EV4D). To investigate whether these amino acids play

a critical role in ZBTB2 homodimer formation and HIF-1 activation,

we next performed a luciferase assay using plasmids expressing

deletion mutants of ZBTB2 lacking LILL (ZBTB2 del[8–11]) or

MLFV (ZBTB2 del[51–54]). The luciferase assay revealed that these

A

F

I J K L

G H

B C D E

Figure 4. Homodimerization of ZBTB2 via its N-terminus increases the transactivation activity of HIF-1a.

A The indicated cells transiently transfected with pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (EV) were cultured under the indicated oxygen conditions for 24 h and sub-
jected to western blotting using the indicated antibodies.

B–F The indicated cells transiently transfected with both pG5H1bLuc and either pcDNA6/Gal4 DBD-HIF-1a TAD P564A (B–D, F) or pcDNA6/Gal4 DBD-HIF-1a TAD P564A
and N803A (E) were additionally co-transfected with pEF6/myc-His B (EV), pEF6/ZBTB2 (ZBTB2), pEF6/ZBTB2 del[1–23] (del[1–23]), pEF6/ZBTB2 del[BTB/POZ] (del
[BTB]), pEF6/ZBTB2 del[ZF1] (del[ZF1]), pEF6/ZBTB2 del[ZF2] (del[ZF2]), pEF6/ZBTB2 del[ZF3] (del[ZF3]), or pEF6/ZBTB2 del[ZF4]- (del[ZF4]), as indicated (B, D–F) or
with the indicated siRNA (C, D). The cells were then cultured under the indicated oxygen conditions for 24 h and subjected to the luciferase assay.

G Protein sequence alignments of the N-terminus regions of hMN and ZBTB2.
H After transient transfection with the expression vectors for ZBTB2-V5, ZBTB2-myc, or their empty vector (�), ZBTB2-myc protein was immunoprecipitated using the

anti-myc antibody and co-precipitated ZBTB2-V5 was detected using the anti-V5 antibody (upper). One-tenth of the whole-cell lysate (WCL) was subjected to
immunoblotting with the indicated antibodies (lower).

I, J The indicated cells transiently transfected with or without either pcDNA4/ZBTB2-LgBiT or pcDNA4/LgBiT and either pcDNA4/ZBTB2-SmBiT or pcDNA4/SmBiT, as
indicated, were cultured under < 0.1% oxygen (I) or the indicated oxygen conditions (J) and subjected to the split luciferase complementation assay.

K HeLa cells overexpressing wild-type or the indicated mutant of ZBTB2 (ZF2 or ZF3 deletion) were cultured under < 0.1% oxygen conditions and subjected to
immunoprecipitation with anti-myc antibody. Coprecipitated DNA was subjected to the qRT–PCR experiment using primers against HRE regions of the STC1 pro-
moter.

L The same experiment as I was conducted using the indicated combination of pcDNA4/ZBTB2-LgBiT (WT), pcDNA4/ZBTB2DZF2-LgBiT (DZF2), or pcDNA4/
ZBTB2DZF3-LgBiT (DZF3), and pcDNA4/ZBTB2-SmBiT (WT), pcDNA4/ZBTB2DZF2-SmBiT (DZF2), or pcDNA4/ZBTB2DZF3-SmBiT (DZF3).

Data information: Mean � s.d. The number of technical replicates in all of the experimental groups was 3 (B–F, I–L), and reproducibility of the results was confirmed at
least three times by biologically independent experiments (A–L). N.S., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-test (B–F, I–L).

Source data are available online for this figure.
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mutants failed to upregulate the transactivation activity of HIF-1a
(Fig 5B). Consistently, both the co-IP-IB experiment and split luci-

ferase complementation assay demonstrated that the ZBTB2 mutant

with substitution of LILL to AAAA (herein ZBTB2 4A) completely

lost activity for homodimerization (Fig 5C and D). MD simulations

indicate that the LILL to AAAA substitution leads to a significant

increase in structural fluctuation, not only in the L3-L23 region

(where L8-L11 is located) but also in A86-L89 and P106-L113

regions (Fig 5E and F). Intriguingly, the three regions are located on

the same plane, whose normal line is the C2 axis of the ZBTB2

homodimer (Fig 5A). It is likely that fluctuation in the L3-L23

region can propagate via the adjacent A86-L89 region toward the

P106-L113 region. This may explain why the ZBTB2 4A mutant

failed to upregulate the transactivation activity of HIF-1 (Fig 5G),

and why stable overexpression of the ZBTB2 4A mutant did not

enhance the growth of the HCT116 p53�/� tumor xenograft in

immunodeficient mice (Fig 5H). Together, these results indicate that

the L8-L11 region is critical for ZBTB2 homodimer formation and

the capacity to activate HIF-1, and that inhibition of ZBTB2 dimer

formation could be a potential strategy to suppress the growth of

functional p53-deficient cancers.

ZBTB2 N-terminus-mimetic polypeptides competitively inhibit
ZBTB2 homodimerization and exhibit therapeutic effects toward
p53-deficient cancers

Next, we examined whether a molecule that mimics the conforma-

tion of the N-terminus region of ZBTB2 works as an antagonist to

inhibit ZBTB2 homodimer formation. For this proof-of-concept

study, we employed polypeptides derived from the N-terminus of

ZBTB2 1–23, 1–91, and 1–113 a.a. (herein ZBTB2 [1–23], [1–91],

and [1–113], respectively; Fig 6A, left) and found that every peptide

significantly inhibited the transactivation activity of HIF-1a in a

concentration-dependent manner (Fig 6A). The longer polypeptide,

ZBTB2 [1–113], particularly showed the highest inhibitory effect on

transactivation activity (Fig 6A) and on ZBTB2 homodimer forma-

tion evaluated by the split luciferase complementation assay

(Fig 6B). Consequently, the inhibitory polypeptide ZBTB2 [1–113]

A

E F G H

B C D

Figure 5. Targeting ZBTB2 homodimer formation as a rational strategy to inhibit the growth of functional p53-deficient cancers.

A A homology model of the N-terminus of ZBTB2 based on the hMN crystal structure. L3-23L (cyan), A86-L89 (pink), and P106-L113 (yellow). (Left) Side view. (Right) Top
view.

B HCT116 p53�/� cells co-transfected with pG5H1bLuc, pcDNA6/Gal4 DBD-HIF-1a TAD P564A, and pEF6/ZBTB2 (ZBTB2), pEF6/ZBTB2 del[8–11] (ZBTB2 del[8–11]), pEF6/
ZBTB2 del[51–54] (ZBTB2 del[51–54]), or pEF6/myc-His B (EV), as indicated, were cultured under < 0.1% oxygen conditions for 24 h and subjected to the luciferase
assay.

C After transient transfection with or without the expression vectors for ZBTB2-V5, ZBTB2 4A-V5, ZBTB2-myc, ZBTB2 4A-myc, or their empty vector, as indicated, the
myc-fused proteins were immunoprecipitated using an anti-myc antibody and co-precipitated ZBTB2-V5 or ZBTB2 4A-V5 was detected (upper). One-tenth of the
whole-cell lysate (WCL) was subjected to immunoblotting with the indicated antibodies (lower).

D HCT116 p53�/� (left) cells transiently transfected with or without pcDNA4/ZBTB2-LgBiT (ZBTB2), pcDNA4/ZBTB2 4A-LgBiT 4A (4A), or pcDNA4/LgBiT (�) and pcDNA4/
ZBTB2-SmBiT (ZBTB2), pcDNA4/ZBTB2 4A-SmBiT (4A), or pcDNA4/SmBiT (�), as indicated, were cultured under < 0.1% oxygen and subjected to the split luciferase
complementation assay.

E Root mean square deviation (RMSD) of the backbone Ca atoms with respect to the MD-initial structure for the native (blue) and 4A mutant (red) ZBTB2 monomer
proteins.

F RMSF of the backbone Ca atoms for the native (blue) and 4A mutant (red) ZBTB2 monomer proteins.
G The same kind of luciferase assay to quantify the transactivation activity as (B) was carried out using pEF6/ZBTB2 (ZBTB2), pEF6/ZBTB2 4A (4A), or pEF6/myc-His B

(EV).
H Growth of the indicated tumor xenografts was analyzed.

Data information: Mean � s.d. The number of technical replicates was 3 (B, D, G) and 7 (H), and reproducibility of the results was confirmed at least three times by
biologically independent experiments (B–D, G, H). N.S., not significant, *P < 0.05, **P < 0.01, ****P < 0.0001, Student’s t-test (B, D, G, H).

Source data are available online for this figure.
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suppressed the expression of both MMP2 and MMP9 in an

expression-level-dependent manner (Fig 6C). The ZBTB2 [1–113]

polypeptide significantly suppressed the transactivation activity of

HIF-1a protein (Fig 6D), HIF activity (Fig 6E), the expression of

MMP2 (Fig 6F) and MMP9 (Fig 6G), and proliferation (Fig 6H) of

cancer cells only when the expression of endogenous ZBTB2 was

not silenced in vitro (Fig 6D–H). A tumor growth assay in vivo

demonstrated that the ZBTB2 [1–113] polypeptide significantly

delayed the growth of a xenografted tumor with functional p53-

deficient cells (Fig 6I). Through these results, we could validate the

proof of concept that a molecule that conformationally mimics the

N-terminus of ZBTB2 antagonizes ZBTB2 homodimer formation and

exhibits therapeutic effects against p53-deficient cancers by inhibit-

ing the ZBTB2–HIF-1 axis.

Discussion

The relationship between HIF-1-dependent hypoxia signaling and

p53-deficiency remains an important missing link in cancer

research, and factors linking the two have drawn marked atten-

tion to better understand the nature of cancer and develop novel

anticancer strategies. Here, we identified ZBTB2 and advanced

our limited understanding. The present study demonstrates that

ZBTB2 upregulates HIF-1 transactivation activity and enhances

the invasiveness, distant tumor metastasis, and growth of p53-

deficient cancers. Moreover, this study provides a rationale for

targeting ZBTB2 homodimerization by a mimetic of the ZBTB2 N-

terminus to inhibit the ZBTB2–HIF-1 axis for treating p53-

deficient cancers.

A

D

H I

E F G

B C

Figure 6. ZBTB2 N-terminus-mimetic polypeptides competitively inhibit ZBTB2 homodimerization and exhibit therapeutic effects toward p53-deficient c-
ancers.

A The same kind of luciferase assay as in Fig 5B and G was carried out by transfecting with either pEF6/ZBTB2 (ZBTB2 wt) or its empty vector (EV). To evaluate the
inhibitory activity of the three truncated mutants of ZBTB2, ZBTB2 [1–23], ZBTB2 [1–91], and ZBTB2 [1–113], against wt ZBTB2, low (+) and high (++)
concentrations of the corresponding expression vectors were additionally used to co-transfect the cells.

B The same kind of split luciferase complementation assay as in Fig 5D was carried out by co-transfecting with pcDNA4/ZBTB2-LgBiT (ZBTB2) and either pcDNA4/
ZBTB2-SmBiT (ZBTB2) or pcDNA4/SmBiT (�). To evaluate the inhibitory activity of the two truncated mutants of ZBTB2, ZBTB2 [1–23] and ZBTB2 [1–113], against
wt ZBTB2, the corresponding expression vectors were additionally used to co-transfect the cells.

C U2OS cells transiently transfected with three concentrations (+, ++, +++) of pEF6/ZBTB2 [1–113] or pEF6/myc-His B (EV) were cultured under < 0.1% oxygen condi-
tions and subjected to qRT–PCR for indicated mRNA.

D–G The indicated cells were co-transfected with either siScr or siZBTB2 and the expression vector for ZBTB2 or its empty vector (EV), cultured under < 0.1% oxygen
conditions, and subjected to the luciferase assay for transactivation activity of HIF-1a (D), that for HIF-1 activity (E), and the q-RT–PCR experiments for the indi-
cated mRNA (F, G).

H HeLa cells transiently transfected with either siScr or siZBTB2 and with either ZBTB2[1–113] expression vector or its empty vector were cultured under 20% (left) or
< 0.1% O2 (right) oxygen conditions for the indicated periods and subjected to the in vitro cell proliferation assay.

I Tumor growth assay using the indicated cells with s.c. transplantation.

Data information: Mean � s.d. The number of technical replicates was 3 (A–H) and 10 (I), and reproducibility of the results was confirmed at least three times by
biologically independent experiments (A–I). N.S., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-test (A–I).
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Whether p53 works as a negative regulator for HIF-1 remains

controversial; several lines of evidence suggest that p53 triggers

HIF-1a proteolysis in MDM2-dependent and independent manners

(Wang et al, 2019). Meanwhile, it is also true that p53 has been

reported to cooperate with HIF-1 (Amelio et al, 2018). The present

study might provide a clue to solve this conundrum from the view-

point of basal ZBTB2 expression levels. We found that p53 sup-

pressed HIF-1 activity without decreasing HIF-1a protein levels only

when we exogenously introduced the ZBTB2 expression vector into

HeLa cells, in which endogenous ZBTB2 expression was moderate

(Fig 1A). Likewise, in U2OS cells, in which endogenous ZBTB2

expression was extremely high, HIF-1 activity was suppressed when

p53 activity was induced by treatment with an MDM2 inhibitor,

Nutlin-3a (Fig EV1). These results suggest that p53 efficiently sup-

presses HIF-1 activity when cells express high levels of ZBTB2,

although it is critical to further test this hypothesis.

We identified critical amino acid residues for ZBTB2 homod-

imer formation. The polypeptides derived from the ZBTB2 N-

terminus significantly inhibited ZBTB2 dimerization and transacti-

vation activity of HIF-1; particularly, the ZBTB2 [1–113] polypep-

tide exhibited the highest inhibitory activity compared with shorter

polypeptides, such as ZBTB2 [1–91], and [1–23] polypeptides. The

difference in the potency probably resulted from the 1–113

polypeptide physically antagonizing the ZBTB2 homodimerization

more efficiently than the others due to its bulkiness and strong

affinity for the target region. However, these results were obtained

only by overexpression of the polypeptides in cells, and it is not

clear whether the ZBTB2 [1–113] polypeptide can exhibit the same

potency when it is externally supplied to cells because the perme-

ability of high-molecular-weight materials across the plasma mem-

brane is low in general. To develop an antagonist/inhibitor for

ZBTB2 homodimerization, it is critical to pay attention to the bal-

ance between its bulkiness/molecular weight and permeability

across the plasma membrane.

Jeon et al (2009) reported that ZBTB2 suppressed p53 function

through multiple mechanisms; however, we could not confirm this,

at least in our experimental setting. However, there are possibilities

that ZBTB2 might be responsible for multiple functions, and which

of them functions might be dependent on the cell context. If ZBTB2

and p53 suppress each other’s functions, ZBTB2 might be a modula-

tor of p53 in a feedback loop.

While our findings reveal both the function and mechanism of

action of ZBTB2 and provide a rationale for targeting ZBTB2 homod-

imerization by conducting a series of in vitro and in vivo proof-of-

concept studies, they also raise further questions. First, detailed

mechanisms underlying how ZBTB2 upregulates HIF-1 transactiva-

tion activity, how the ZBTB2–HIF-1 axis facilitates growth and dis-

tant metastasis of cancers, and how it is suppressed by p53 remain

to be elucidated. Also, since it is true that ZBTB2 does not necessar-

ily activate HIF-1 in every p53�/�deficient cell, it is important to elu-

cidate what causes the cell context dependency. Moreover, it is

unclear whether there are ZBTB2 mutations in human tumors, and

if there are, whether they are associated with the prognosis of

cancer patients. Furthermore, although we confirmed the proof of

concept to target the ZBTB2 homodimerization in vitro and in vivo,

we did not examine whether a ZBTB2 N-terminus-mimetic polypep-

tide actually exhibits a therapeutic effect when it is externally pro-

vided. Approaching these areas will lead to a better understanding

of the nature of cancer and will help establish a novel therapeutic

strategy targeting the ZBTB2–HIF-1 axis.

Materials and Methods

Cell culture and reagents

HeLa, U2OS, HEK293, and HEK293TN were purchased from the

American Type Culture Collection. HCT116 p53+/+ and HCT116

p53�/� were gifts from Prof. Bert Vogelstein. Cells were maintained

in 10% FBS-Dulbecco’s modified Eagle’s medium and incubated at

37°C in a well-humidified incubator with 5% CO2 and 95% air for

normoxic incubation or in the RUSKINN INVIVO2 500 (Ruskinn) for

hypoxic incubation at < 0.1%. Double-stranded RNAs for the tran-

sient silencing of ZBTB2 (Stealth siRNAs, HSS126563 and

HSS183975, Thermo Fisher Scientific), HIF-1a (Stealth siRNAs,

HSS104775 and HSS179231, Thermo Fisher Scientific), and HIF-2a
(Stealth siRNAs, HSS103261 and HSS176569, Thermo Fisher Scien-

tific), and for the negative control (Stealth RNAi siRNA negative

control, Thermo Fisher Scientific) were purchased from Life Tech-

nologies.

Plasmid constructs

To construct pEF6/ZBTB2 and pcDNA4/ZBTB2, cDNA encoding

the human zbtb2 gene was amplified from cDNA of HeLa cells

using the primers listed in Table EV1 and inserted between EcoRI

and EcoRV sites of pEF6/myc-His B and pcDNA4/V5 His B (Invitro-

gen), respectively. To construct pEF6/ZBTB2 R261W, S341A,

S341E, del[1–23], del[BTB/POZ], del[ZF1], del[ZF2], del[ZF3], del

[ZF4]-, del[8–11], del[51–54], 4A, [1–23], [1–91], and [1–113],

cDNAs encoding the corresponding mutants were introduced

between EcoRI and EcoRV sites of pEF6/myc-His B, as summarized

in Table EV1. pcDNA6/Gal4 DBD-HIF-1a TAD P564A and pcDNA6/

Gal4 DBD-HIF-1a TAD P564A and N803A were constructed as

described previously (Zeng et al, 2015). pG5H1bLuc was described

previously (Jiang et al, 1996; Mahon et al, 2001). To construct

pcDNA3/p53, pcDNA3/p53 R175H, pcDNA3/p53 R248W, and

pcDNA3/p53 R273H, coding sequences of the wild-type human

tp53 gene, R175H, R248W, and R273H mutants were inserted

between BamHI and EcoRI recognition sites of pcDNA3, respec-

tively. To construct pEF6/ZBTB25 and pEF6/ZNF639, cDNA encod-

ing human zbtb25 and human znf639 genes was amplified from

cDNA of HeLa cells using the primers listed in Table EV1 and

inserted between the EcoRI and EcoRV sites and between SpeI and

EcoRV of pEF6/myc-His B, respectively. To construct pcDNA4/

ZBTB2-SmBiT and pcDNA4/ZBTB2 4A-SmBiT, cDNA encoding the

wild-type human zbtb2 gene and human zbtb2 gene, in which LILL

of the 8–11 a.a. region is substituted with 4 alanine residues, was

inserted between EcoRI and EcoRV sites of pcDNA4B (Invitrogen),

respectively, and the smaller sequence (small BiT; SmBiT,

Promega) of the gene encoding the NanoLuc luciferase was addi-

tionally inserted between XhoI and XbaI sites of the same vector.

Similarly, to construct pcDNA4/ZBTB2-LgBiT and pcDNA4/ZBTB2

4A-LgBiT, the larger sequence (large BiT; LgBiT Promega) of the

gene encoding the NanoLuc luciferase was inserted between XhoI

and XbaI sites of the vector.
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Stable cell lines and colorimetric cell proliferation assay in vitro

pCDH/EV, pCDH/ZBTB2, and pCDH/ZBTB2 4A were applied for the

pPACKH1 HIV Lentivector Packaging Kit (System Biosciences) to

prepare the corresponding lentiviruses, according to the manufac-

turer’s instructions. HCT116 p53�/� and HCT116 p53+/+ cells

infected with each lentivirus were selected with puromycin to pre-

pare HCT116p53�/�/EV, HCT116p53�/�/ZBTB2, HCT116p53�/�/
ZBTB2 4A, HCT116p53+/+/EV, and HCT116p53+/+/ZBTB2 cells for

the in vivo tumor growth assay. From the puromycin-resistant bulk

cells, HCT116 p53�/�/EV clone #1, 2, 3, 4, and 5 cell lines, HCT116

p53�/�/ZBTB2 clone #2, 9, 10, and 15 cell lines, HCT116 p53+/+/EV

clone #1, 2, 3, 4, and 5 cell lines, and HCT116 p53+/+/ZBTB2 clone

#2, 3, 8, and 16 cell lines were isolated for the in vitro colorimetric

cell proliferation assay using Cell Count Reagent SF (Nacalai tesque).

Luciferase assay, western blotting, and qRT–PCR

Cells (1 × 104 cells per well in a collagen-coated 24-well plate for the

luciferase assay and 2 × 105 cells per well in a collagen-coated 6-well

plate for western blotting and qRT–PCR) were transfected with the

indicated plasmids using the Polyfection Transfection Reagent

(QIAGEN). Twenty-four hours after the transfection, the cells were

treated under normoxic (20% O2) or hypoxic (0.1% O2) conditions for

the indicated periods. The cell lysate was harvested in 100 ll Passive
Lysis Buffer (Promega) or 100 ll Cell Lytic Buffer (Sigma-Aldrich) for

the luciferase assay or western blotting, respectively; total RNA was

harvested in Sepasol-RNA I Super G (Nacalai tesque) according to the

manufacturer’s instructions. The luciferase assay was performed using

the Dual Luciferase Assay kit according to the manufacturer’s instruc-

tions (Promega). The plasmid pRL-CMV (Promega) was used in every

luciferase assay as an internal control to calculate relative luciferase

activity. Western blotting was performed using anti-HIF-1a antibody

(500-fold dilution, BD Bioscience), anti-ZBTB2 antibody (ab235604,

1,000-fold dilution, Abcam), anti-myc epitope tag antibody (1,000-fold

dilution, Cell Signaling), anti-p53 antibody (1,000-fold dilution, Santa

Cruz Cat# sc-126), and anti-b-actin antibody (500-fold dilution, Santa

Cruz Cat# sc-69879) as primary antibodies, and anti-mouse and anti-

rabbit IgG horseradish peroxidase linked whole antibodies (5,000-fold

dilution; GE Healthcare) as secondary antibodies. ECL Plus Western

Blotting Detection System (GE Healthcare) was used for detection

according to the manufacturer’s instructions. Images of bands were

acquired using the digital photo scanner Amersham Imager 600 (GE

Healthcare). Images have been cropped for presentation. Uncropped

images are presented in Source Data. For qRT–PCR, total RNA (1 lg)
was then subjected to reverse transcription using RNA LA PCR kit

(AMV) version 1.1 (Takara Bio), according to the manufacturer’s

instructions. The mRNA levels of the indicated genes were quantified

using primers (Takara Primer Set ID HA173965 for MMP2 mRNA,

HA129244 for MMP9 mRNA, HA067803 for human b-actin mRNA,

HA074624 for human HIF-1a, HA159619 for human HIF-2a, and

HA193533 for ZBTB2 mRNA), as described previously. ACTB mRNA

levels were used as an internal control.

Co-immunoprecipitation followed by immunoblotting analysis

Twenty-four hours after cells were transfected with the indicated plas-

mids, they were harvested in 250 ll Cell Lytic Buffer (Sigma-Aldrich).

The ZBTB2-myc or other mutated ZBTB2-myc protein was immunopre-

cipitated with anti-myc antibody (#2276, Cell Signaling) using Immuno-

precipitation Kit Dynabeads Protein G (Life Technologies) according to

the manufacturer’s instructions. Western blotting was performed as

above using anti-V5 antibody (1000-fold dilution, Invitrogen).

ChIP-qPCR assay

The experiment was conducted as described previously (Kobayashi

et al, 2017). In detail, 48 h after cells (1.6 × 106 cells/dish in φ100-
mm dish) were transfected with the indicated plasmids, they were

treated with 1% paraformaldehyde in PBS (�) for cross linkage

between DNA and protein, added with glycine at the final conc. of

136 mM for quenching, washed with PBS (�), and then harvested

with 1 ml of Lysis buffer (50 mM Tris–HCl pH 8.0, 1% SDS, and

10 mM EDTA). The lysates were sonicated for 24 min (30 s ON–

30 s OFF; 24 cycles), and centrifuged at 16,100 g. The resultant

supernatants were diluted with IP buffer (16.7 mM Tris–HCl pH 8.0,

1.2 mM EDTA, 167 mM NaCl, 1.1% Triton X-100, and 0.01% SDS).

IP was carried out with the anti-myc antibody (Cell Signaling) or

purified mouse IgG1 j isotype control (BD Pharmingen) and using

Dynabeads Protein G Immunoprecipitation Kit (Thermo Fisher). Pre-

cipitates were sequentially washed with low salt buffer, high salt

buffer, LiCl wash buffer, and TE buffer. To purify DNA, samples

were first incubated in 100-times-diluted TE buffer at 65°C overnight

for the de-crosslinking reaction, and DNA was extracted with the

QIAquick PCR purification kit (Qiagen). The precipitated DNA levels

were quantified using the qRT–PCR technique, as described above,

using the following primers: Forward: 50-CTAGCAAAATAGGC
TGTCCC-3″, Reverse: 50-CAAGCCTTTCCTCCCCTCTC-30.

Split luciferase complementation assay

LgBiT-ZBTB2 and SmBit-ZBTB2 with or without the indicated muta-

tions were co-expressed in the indicated cells plated in 96-well

plates. Twenty-four hours after they were transfected with the indi-

cated plasmids, cells were treated under hypoxic (0.1% O2) condi-

tions for 24 h and protein–protein interaction was evaluated as

luciferase bioluminescence according to the manufacturer’s instruc-

tions with a microplate reader (GloMax, Promega).

Transwell invasion assay

Cells were seeded onto the matrigel-coated insert of the transwell

chamber (5 × 104 cells per insert well; Corning BioCoat 24 well

#354480), pre-treated with serum-reduced DMEM medium (1%

FBS) for 24 h, and cultured under hypoxic (0.1% O2) conditions for

24 h in DMEM medium supplemented with 10% FBS in bottom

wells, according to the manufacturer’s instructions. Invaded cells

were stained with Giemsa solution.

In vivo studies using mice

Animal studies using mice were performed at a temperature ranging

24°C � 2°C and humidity ranging 50% � 10% in a specific-

pathogen-free facility of the Institute of Laboratory Animals, Gradu-

ate School of Medicine, Kyoto University. For in vivo tumor growth

assay, cancer cell suspensions (1 × 106 cells per mouse) were
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subcutaneously transplanted into the right hind leg of 8-week-old

female specific-pathogen-free athymic nude mice (BALB/c nu/nu;

Japan SLC Inc.). The tumor volume was calculated as

(length × width2 × 1/2) mm3. All measurements were done in ran-

dom order, with the investigator being blinded to the groups.

For pulmonary metastasis assay, cancer cell suspensions (4 × 106

cell/mouse) were transplanted into the tail veins of athymic nude

mice (BALB/c nu/nu; Japan SLC Inc.), and lungs with metastatic

tumors were surgically excised 36 days later and fixed with Bouin’s

solution. Number of metastatic colonies were counted externally.

Immunohistochemical analysis

Formalin-fixed and paraffin-embedded tissue microarrays of human

lung adenocarcinoma were subjected to immunohistochemical

staining with anti-ZBTB2 rabbit polyclonal antibody (Thermo Fisher

Scientific) and the anti-p53 antibody through a standard technique,

as described previously (Goto et al, 2015). ZBTB2 expression levels

were evaluated by two independent investigators in a blind fashion

without being informed of the therapeutic outcome. According to

the intensity and extensity of ZBTB2 signals, samples were classified

into four groups, �, +, ++, and +++, and categorized as low (�, +,

and ++) or high (+++).

TCGA analysis

An open-access RNA-seq dataset of The Cancer Genome Atlas Lung

Adenocarcinoma (TCGA-LUAD) was obtained from GDC Data Portal

(https://portal.gdc.cancer.gov). Samples (N = 506) were stratified

by the expression levels (FPKM) of ZBTB2 or p53-regulated genes

(BAX, CEACAM1, and ZMAT3); the top 50% of samples with the

highest expression were categorized as the “high” group, while the

others were the “low” group. In the case of the combinatorial strati-

fication, samples with “high” expression of ZBTB2 and “low”

expression of BAX, CEACAM1, or ZMAT3 were categorized as

“ZBTB2-high/BAX-low,” “ZBTB2-high/CEACAM1-low,” or “ZBTB2-

high/ZMAT3-low” group, respectively, while all the rest were

“others” group. Five-year overall survival in each group was esti-

mated by the Kaplan–Meier method and compared by log-rank test.

Homology modeling and MD simulations

The ZBTB2 monomer structure was modeled with the SWISS-

MODEL web interface (Kiefer et al, 2009), using the hMN crystal

structure (PDB code, 2VPK). The ZBTB2 4A mutant structure was

modeled from the ZBTB2 structure. The ZBTB2 assembly was

soaked in a water box. After structural optimization, the system was

heated from 0.001 to 300 K for 5.0 ps with a time step of 0.05 fs. A

production run was conducted over 1,000 ns with a time step of 2 fs

and the SHAKE algorithm for hydrogen constraint. All simulations

were performed using NAMD version 2.11 (Phillips et al, 2005) with

the AMBER-ff14SB force field (Maier et al, 2015). To calculate

RMSD, the initial structure was used as a reference structure.

Ethics

All animal experiments were approved by the Animal Research

Committee of Kyoto University. We performed all experiments

according to the guidelines governing animal care in Japan. The

study protocols using the samples of lung cancer patients were

approved by the Ethics Committee of Kyoto University Hospital.

Written informed consent was obtained from every patient. The

study was performed in accordance with the Helsinki Declaration.

Preparations of tissue microarrays mounted with human lung

tumors were described previously (Fujimoto et al, 2013).

Statistical analysis

The reproducibility of results was confirmed by repeating the same

experiments at least three times. The significance of differences was

determined using Student’s t-test, Fisher’s exact test, and the log-

rank test. A P-value < 0.05 was considered significant.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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Expanded View Figures

A B C

Figure EV1. Relationship between p53 and HIF-1.

A–C U2OS cells transfected with p53-Luc (B; #219083, Agilent Technologies) or p5HRE-Luc (C) were treated with DMSO (for control) or 2.5 lM of Nutlin-3a, cultured
under < 0.1% oxygen conditions for 24 h, and subjected to western blotting using the indicated antibodies (A) and luciferase assays (B, C). pRL-CMV was used as
an internal control (B, C).

Data information: Mean � s.d. The number of technical replicates in all of the experimental groups was 3 (B, C), and reproducibility of the results was confirmed at least
three times by biologically independent experiments (A–C) = 3, *P < 0.05, **P < 0.01, Student’s t-test.
Source data are available online for this figure.
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A

B

C D E

Figure EV2. Relationships among HIF-1, p53, and ZBTB2.

A, B The indicated cells transfected with p5HRE-Luc were transiently co-transfected with pEF6/ZBTB2 (ZBTB2), pcDNA4/UCHL1 (UCHL1), pcDNA4/IDH3a (IDH3a),
pcDNA4/Ly6E (Ly6E), or each of their corresponding control vectors (EV), pEF6/myc-His B, pcDNA4/myc-His A, pcDNA4/myc-His A, or pcDNA4/myc-His A, respectively.
The cells were then cultured under the indicated oxygen conditions for 24 h and subjected to the luciferase assay.

C The indicated cells were treated with scramble-siRNA (Scr) or ZBTB2-siRNA (siZBTB2), cultured under < 0.1% oxygen conditions for 24 h, and subjected to qRT–PCR
for ZBTB2 mRNA levels.

D The indicated cells transiently transfected with p53-Luc (#219083, Agilent Technologies) were additionally transfected with pcDNA3/p53 R175H, R248W, R273H, or
pcDNA3 (EV) as indicated, cultured under < 0.1% oxygen conditions for 24 h, and subjected to the luciferase assay.

E The indicated cells transiently transfected with either pGL3/(30Gli-BS)4-Luc or its empty vector, pGL3-Luc (EV), were additionally transfected with either pEF6/ZBTB2
(ZBTB2) or pEF6/myc-His B (EV), cultured 20% oxygen conditions for 24 h, and subjected to the luciferase assay.

Data information: pRL-CMV was used as an internal control in every luciferase assay (A, B, D, E). Mean � s.d. The number of technical replicates in all of the experimental
groups was 3, and the reproducibility of the results was confirmed at least three times by biologically independent experiments (A–E). N.S., not significant, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-test.
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D

E

Figure EV3. The ZBTB2–HIF-1 axis promotes invasion and metastasis of p53-deficient cancers.

A HeLa cells, whose p53 activity is usually suppressed, were transiently transfected with either pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (empty vector: EV) and with
either pcDNA3/p53 (p53) or pcDNA (EV), cultured under < 0.1% oxygen conditions for 24 h, and subjected to qRT–PCR to quantify the mRNA levels of the indicated
genes. Mean � s.d. The number of technical replicates in all of the experimental groups was 3. N.S., not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001, Stu-
dent’s t-test.

B–D Representative image of the invasion assay using the matrigel-coated transwell chamber in Fig 2D (B), Fig 2E (C), and Fig 2F (D). Arrowheads indicate invading cells.
Scale bar, 100 lm.

E Representative images of lungs with metastatic tumors in Fig 2G. Red ROIs represent metastatic colonies in each lung.

Data information: Reproducibility of the result was confirmed at least three times by biologically independent experiments (A–E).
Source data are available online for this figure.
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Figure EV4. Mechanistic relationships among HIF-1, p53, and ZBTB2.

A Western blotting to confirm the expression of the indicated proteins under < 0.1% oxygen conditions in the luciferase assay in order to evaluate the HIF-1a TAD
activity in Fig 4B.

B Luciferase assay for HIF-1a TAD activity was conducted using HCT116 p53�/� cells after transient transfection of low (+) or high (++) concentrations of the p53 expres-
sion vector or its empty vector (EV). Western blotting to confirm the forced expression of p53 was also conducted.

C Cells transiently co-transfected with p5HRE-Luc, either pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (empty vector: EV), and either pcDNA4A/ HIF-1a 3A (HIF-1a 3A) or
pcDNA4A (EV) were cultured under 20% oxygen conditions for 24 h and subjected to the luciferase assay.

D Crystal structure of the hMN homodimer (PDB: 2VPK). The 8–11 a.a. residues (EHLL) and 51–54 a.a. residues (AIYR) are highlighted in pink and blue, respectively.
E Twenty-four hours after co-transfection of the expression vector for ZBTB2-V5 (pcDNA4/ZBTB2) with that for either of zinc finger (ZNF) protein, ZBTB2-myc (pEF6/

ZBTB2), ZBTB25-myc (pEF6/ZBTB25), or ZNF639-myc (pEF6/ZNF639), or with their empty vector (EV: pEF6/myc-His B), the myc-tagged proteins were immunoprecipi-
tated using the anti-myc-tag antibody (middle) and co-precipitated ZBTB2-V5 was detected using anti-V5 tag antibody (upper). One-tenth of the whole-cell lysate
(WCL) was subjected to immunoblotting with the indicated antibodies (lower).

F HCT116 p53�/� cells transfected with either pEF6/ZBTB2 (ZBTB2) or pEF6/myc-His B (EV) were treated with either scramble-siRNA (Scr) or both ZBTB25-siRNA
(siZBTB25) and ZNF639-siRNA (siZNF639) as indicated, cultured under < 0.1% oxygen conditions for 24 h, and subjected to the luciferase assay.

G The indicated cells were transiently co-transfected with p5HRE-Luc and pEF6/ZBTB2 (ZBTB2 wild-type), pEF6/ZBTB2 R261W (ZBTB2 R261W), or pEF6/myc-His B (empty
vector: EV), cultured under the indicated oxygen conditions for 24 h, and subjected to the luciferase assay.

H The indicated cells were transiently co-transfected with p5HRE-Luc and pEF6/ZBTB2 (ZBTB2 wild-type), pEF6/ZBTB2 S341E (ZBTB2 S341E), pEF6/ZBTB2 S341R (ZBTB2
S341R), or pEF6/myc-His B (empty vector: EV), cultured under the indicated oxygen conditions for 24 h, and subjected to the luciferase assay.

Data information: pRL-CMV was used as an internal control in every luciferase assay (B, C, F–H). Mean � s.d. The number of technical replicates in all of the experimen-
tal groups was 3 (A–C, F–H), and reproducibility of the results was confirmed at least three times by biologically independent experiments (A–C, E–H). N.S., not significant,
*P < 0.05, *P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-test.
Source data are available online for this figure.
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