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ABSTRACT

Hypoxia-inducible factor 1 (HIF-1), recognized as a master transcription factor for adaptation to hypoxia, is associated with malignant characteristics and therapy
resistance in cancers. It has become clear that cofactors such as ZBTB2 are critical for the full activation of HIF-1; however, the mechanisms downregulating the
ZBTB2-HIF-1 axis remain poorly understood. In this study, we identified ZBTB7A as a negative regulator of ZBTB2 by analyzing protein sequences and structures. We
found that ZBTB7A forms a heterodimer with ZBTB2, inhibits ZBTB2 homodimerization necessary for the full expression of ZBTB2-HIF-1 downstream genes, and
ultimately delays the proliferation of cancer cells under hypoxic conditions. The Cancer Genome Atlas (TCGA) analyses revealed that overall survival is better in
patients with high ZBTB7A expression in their tumor tissues. These findings highlight the potential of targeting the ZBTB7A-ZBTB2 interaction as a novel therapeutic

strategy to inhibit HIF-1 activity and improve treatment outcomes in hypoxia-related cancers.

1. Introduction

Tumor hypoxia results from an imbalance between oxygen supply
and consumption in tumor tissues and is a hallmark of solid tumors.
Hypoxia is strongly linked to malignant features of solid tumors, such as
invasive potential, aberrant metabolism, and therapy resistance [1,2]
and predicts for poor patient prognosis [3,4].

Hypoxia-inducible factor 1 (HIF-1), a heterodimeric transcription
factor composed of the regulatory subunit, HIF-1a, and the constitu-
tively expressed subunit, HIF-1f [5], is recognized as a master regulator
of cellular adaptation to hypoxia [6,7]. Under normoxic conditions,
HIF-1a is hydroxylated at N803 by factor inhibiting HIF-1 (FIH-1),
which diminishes the interaction between HIF-la and p300/CREB
binding protein (CBP), thus suppressing HIF-1s transactivation activity
[8]. Additionally, hydroxylation at P402 and P564 by
prolyl-4-hydroxylase domain protein 1-3 (PHD1-3) triggers the ubig-
uitination of HIF-1a by von Hippel-Lindau protein (pVHL)-containing E3
ubiquitin ligase, leading to its proteolysis by the 26S proteasome system.
Consequently, HIF-1 activity remains low under normoxic conditions.
However, this negative regulation ceases under hypoxic conditions due
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to the inactivation of the oxygen-dependent hydroxylases [6,9-11].
Subsequently, stabilized HIF-1a, in partnership with HIF-1p, binds to
hypoxia-response element (HRE) to induce the expression of various
genes that contribute to tumor malignancy [12,13]. In addition to this
canonical mechanism, we recently identified significant roles for up-
stream activators and co-activators in the full activation of HIF-1 [6,
14-17], where each factor selectively enhances HIF-1 activity at
different regulatory steps, influencing the expression of specific down-
stream genes and thus amplifying the hypoxic response. Although the
mechanisms promoting HIF-1 activation are relatively well-understood,
those that suppress and fine-tune its activity remain elusive.

We previously identified zinc finger and BTB-domain containing
protein 2 (ZBTB2), a member of the BTB-zinc finger (BTB-ZF) family
transcription factor, as a co-activator of HIF-1 [18,19]. Our findings
indicate that ZBTB2 enhances HIF-1d's transactivation activity, pro-
moting the full expression of specific HIF-1 downstream genes and
fostering the growth of p53-deficient cancers. We also discovered that
homodimerization of ZBTB2, mediated by its N-terminal domain (NTD),
is essential for this activity. Significantly, an NTD-mimetic polypeptide
was shown to competitively inhibit ZBTB2 homodimerization and
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thereby suppress the ZBTB2-HIF-1 axis [19]. This observation led us to
hypothesize that another BTB-ZF family protein sharing a similar amino
acid sequence with the ZBTB2-NTD might also form a heterodimer with
ZBTB2, thus inhibiting the ZBTB2-HIF-1 axis. In this study, we suc-
cessfully identify ZBTB7A as a binding partner of ZBTB2 and demon-
strate that ZBTB2-HIF-1 axis regulation is negatively affected when
ZBTB2 forms a heterodimer with ZBTB7A.

2. Results

2.1. ZBTB7A interacts with ZBTB2 and inhibits ZBTB2 homodimer
formation

Building on our previous discovery that a mimetic polypeptide of the
ZBTB2-NTD (1-113 a.a. region) inhibits ZBTB2 homodimerization and
the activity of the ZBTB2-HIF-1 axis [19], we hypothesized that a
BTB-ZF family protein harboring a similar amino acid sequence with the
ZBTB2-NTD might also suppress ZBTB2 activity by forming a hetero-
dimer with ZBTB2. To identify such a negative regulator, we searched
for BTB-ZF family proteins displaying high amino acid sequence identity
to the ZBTB2-NTD (Fig. 1A, Table 1). Among 48 BTB-ZF proteins
excluding ZBTB2 itself, ZBTB25, which has been previously reported to
interact with ZBTB2 [20], showed the highest peptide sequence identity,
confirming the effectiveness of this approach (Fig. 1A-Table 1). We
chose to focus on ZBTB7A (also known as LRF, FBI-1, and Pokemon)
since it possesses a region with 44 % identity in its N-terminus,
(Fig. 1A-Table 1), and ZBTB7A has been reported to form a homodimer
[21-23]. Protein sequence alignment revealed a high degree of identity
between the 15-64 a.a. region of ZBTB7A and the 5-54 a.a. region of
ZBTB2, which is critical for ZBTB2 homodimerization, suggesting the
potential for heterodimer formation (Fig. 1B). AlphaFold 3 predictions
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supported that these proteins interact through salt-bridges between their
helices, leading to heterodimer formation (Fig. 1C left). Moreover, the
N-terminus of ZBTB7A appeared to physically mask that of ZBTB2 which
is critical for ZBTB2 homodimerization (Fig. 1C right) [19]. Conse-
quently, we investigated whether ZBTB7A physically associates with
ZBTB2. HCT116 p53~/~ cells, in which ZBTB2 homodimer was previ-
ously confirmed to upregulate HIF-1 activity [18,19], were transiently
transfected with expression vectors for myc-tagged ZBTB7A and
V5-tagged ZBTB2, and subjected to co-immunoprecipitation using an
anti-myc tag antibody. Western blotting with an anti-V5 tag antibody
confirmed that ZBTB7A forms a complex with ZBTB2 (Fig. 1D).
Furthermore, to examine whether the ZBTB2-ZBTB7A heterodimeriza-
tion disrupts ZBTB2 homodimerization, we performed split luciferase
complementation assays that enable quantification of ZBTB2 homo-
dimerization. ZBTB7A overexpression significantly inhibited ZBTB2
homodimerization (Fig. 1E). These findings collectively demonstrate
that ZBTB7A forms a heterodimer with ZBTB2 and effectively inhibits
ZBTB2 homodimerization.

2.2. ZBTB7A suppresses full activation of HIF-1

Next, we investigated whether the disruption of ZBTB2 homodime-
rization by ZBTB7A attenuates the function of ZBTB2 to enhance HIF-1
activity. We utilized a reporter system designed to quantify the trans-
activation (TAD) activity of HIF-1a, as we have previously established
that ZBTB2 homodimerization is crucial for enhancing this activity [18,
19]. Cells were transfected with two plasmids; the first expressed a
fusion protein of the Gal4 DNA-binding domain (Gal4-DBD) and the
HIF-1a transactivation domain (TAD: 531-826 a.a.), while the second
expressed luciferase under the control of the Gal4-
DBD-HIF-1a-TADs31.826 [8,17]. We introduced P564A mutation into
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Fig. 1. ZBTB7A interacts with ZBTB2 and inhibits ZBTB2 homodimer formation
A) Forty-nine BTB-ZF family member proteins were subjected to the protein sequence alignment analysis with ZBTB2 NTD (1-113 a.a.) and aligned based on the

identity.

B) Upper: Primary structure of ZBTB2 and ZBTB7A. Lower: Peptide sequence alignment analysis of the ZBTB2 NTD (5-54 a.a.) and ZBTB7A NTD (15-64 a.a.).

Asterisks show crucial amino acids for ZBTB2 homodimerization.

C) Predicted structures of heterodimer composed of full-length (left) or N-terminal regions (right) of ZBTB2 (cyan) and ZBTB7A (yellow).

D) Upper: co-IP using anti-myc tag antibody followed by Western blotting using the indicated antibodies for HCT116 p53~/~ cells transfected with plasmids
expressing ZBTB2-V5, ZBTB7A-myc or corresponding empty vector (—). Lower: Western blotting for whole-cell-lysate (WCL).

E) Split luciferase complementation assay to quantify ZBTB2 homodimerization in HCT116 p53~/~ cells transfected with the indicated combination of plasmids
expressing ZBTB2-LgBit, either ZBTB2-SmBit or its empty vector (—), and either ZBTB7A or its empty vector (—) at three concentrations. Mean + s.d. One-way
ANOVA with Turkey’s test. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Table 1
Protein sequence identity between 49 BTB-ZF proteins and ZBTB2-NTD (1-113
a.a. region).

rank BTB-ZF proteins identity to ZBTB2-NTD (%)
1 ZBTB25 76.9
2 ZBTB49 52.6
3 ZBTB4 47.8
4 MIZ1 (ZBTB17) 45.3
5 ZNF913 (ZBTB11) 45.1
6 ZBTB7a 44.9
7 ZBTB7b 44.9
8 ZBTB1 43.6
9 7ZBTB48 41.7
10 HIC2 (ZBTB30) 41.4
11 ZBTB40 41.2
12 HIC1 (ZBTB29) 40.0
13 PATZ1 (ZBTB19) 40.0
14 ZBTB44 40.0
15 ZBTBS 39.3
16 CIBZ (ZBTB38) 38.8
17 ZFP161 (ZBTB14) 38.6
18 ZNF295 (ZBTB21) 38.3
19 ZBTB8a 38.2
20 ZFP238 (ZBTB18) 37.2
21 ZBTB10 37.0
22 ZBTB43 36.9
23 ZBTB3 36.5
24 MYNN (ZBTB31) 36.3
25 ZBTB39 36.0
26 ZBTB42 35.7
27 ZBTB26 35.6
28 KAISO (ZBTB33) 35.4
29 ZBTB9 35.2
30 ZBTB7c 34.9
31 ZBTB22 34.5
32 ZBTB34 34.2
33 ZBTB46 33.9
34 ZBTB45 33.3
35 ZBTB8b 33.0
36 GZF1 (ZBTB23) 32.5
37 ZFP131 (ZBTB35) 32.2
38 ZBTB37 32.0
39 ZBTB16 31.7
40 ZBTB41 31.2
41 PATZ2 (ZBTB24) 31.1
42 BCL6 (ZBTB27) 30.7
43 ZFP651 (ZBTB47) 29.9
44 ZBTB6 29.8
45 ZBTB32 27.7
46 ZBTB20 27.2
47 ZBTB12 23.2
48 BCL6B (ZBTB28) not detected

the HIF-1a TADs31.g26 of the first plasmid to eliminate the influence of
oxygen-dependent degradation of Gal4-DBD-HIF-1a TADs31.826 [17].
The HIF-1a TAD assay revealed that ZBTB7A overexpression suppressed
the ZBTB2-mediated activation of HIF-1a TAD activity without nega-
tively impacting on the expression levels of ZBTB2 and the
Gal4-DBD-HIF-1a TAD proteins (Fig. 2A and B).

We also assessed the effect of ZBTB7A on ZBTB2 activity using
another reporter assay system. Previously, we identified Stanniocalcin 1
(STC1) as a downstream gene induced by the ZBTB2-HIF-1 axis at the
transcription initiation levels [19,24]; therefore, we constructed a re-
porter plasmid linking the STC1 promoter to luciferase. Consequently,
the reporter showed that STC1 promoter activity, which increased under
hypoxic conditions, was further enhanced by ZBTB2 (Fig. 2C). This
enhancement was completely negated by the ZBTB7A expression
without reducing the protein levels of ZBTB2 and HIF-1a (Fig. 2C and
D).

Subsequently, we investigated whether ZBTB7A downregulates the
expression of endogenous ZBTB2-HIF-1 downstream genes. qRT-PCR for
representative downstream genes, STC1 and paired box 8 (PAX8),
verified that their expression was elevated upon hypoxia and further
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enhanced by ZBTB2 in the absence of ZBTB7A overexpression (Fig. 2E
and F). This enhancement was significantly reduced by ZBTB7A in the
presence of HIF-1a under hypoxic conditions, confirming the inhibitory
role of ZBTB7A.

Together, these results demonstrate that the physical interaction
between ZBTB7A and ZBTB2 inhibits ZBTB2 homodimerization, subse-
quently preventing ZBTB2-mediated full activation of HIF-1 and thus
reducing the expression of ZBTB2-HIF-1 downstream genes.

2.3. ZBTB7A suppresses cancer cell proliferation by disrupting ZBTB2
homodimer under hypoxia, and low ZBTB7A expression is associated with
poor prognosis in renal cancer patients

As aberrant expression of STC1 and PAXS8 is linked to cancer cell
proliferation [25,26], we analyzed whether ZBTB7A could delay cancer
cell proliferation by inhibiting ZBTB2 homodimerization. As previously
reported, a colorimetric cell proliferation assay confirmed that the
ZBTB2 N-terminus-mimetic polypeptide, ZBTB2[1-113], which was
reported to inhibit ZBTB2 homodimerization [19], significantly delayed
cancer cell proliferation in the presence of HIF-1a under hypoxic con-
ditions (Fig. 3A and B). ZBTB7A also delayed proliferation to the same
extent as ZBTB2[1-113] (Fig. 3A and B). Importantly, the effect ach-
ieved by simultaneous introduction of ZBTB7A and ZBTB2[1-113] was
equivalent to that by either of them alone (Fig. 3A and B), indicating that
ZBTB7A suppresses cancer cell proliferation through the same mecha-
nism as ZBTB2[1-113] by inhibiting ZBTB2 homodimerization.

Finally, we examined the relationship between intratumoral ZBTB7A
expression levels and the prognosis in cancer patients. We focused on
renal cancer patients because HIF-a is known to be stabilized due to
mutations in VHL and TCEB1 [27,28]. Kaplan-Meier analysis using
TCGA database demonstrated that renal cancer patients with low
ZBTB7A expression exhibited significantly poorer overall survival
compared to those with high ZBTB7A expression (Fig. 3C).

3. Discussion

In this study, we unveiled a novel regulatory mechanism whereby
ZBTB7A, a member of the BTB-ZF family, acts as a negative regulator of
ZBTB2 by forming a heterodimer that disrupts ZBTB2 homodimer for-
mation. This interaction crucially suppresses full activation of HIF-1
mediated by the ZBTB2 homodimer, consequently reducing the
expression of downstream target genes and the proliferation of cancer
cells under hypoxic conditions. Importantly, we also observed that lower
intratumoral expression levels of ZBTB7A correlate with poorer prog-
nosis in renal cancer patients, suggesting that ZBTB7A may play a pro-
tective role in tumor progression by modulating ZBTB2 activity.

The inhibition of ZBTB2 homodimerization by ZBTB7A highlights a
potential therapeutic strategy for manipulating HIF-1 activity in tumors.
The clinical correlation between low ZBTB7A expression and poorer
outcomes further emphasizes its importance. Several reports have
consistently suggested the function of ZBTB7A as a tumor suppressor in
various types of cancer [29-32]. However, ZBTB7A was initially re-
ported as an oncogene in lymphomas due to its activity in repressing the
ARF-MDM2-p53 pathway [33], and accumulating evidence also in-
dicates ZBTB7A overexpression in some cancer types [21,29]. Thus,
since the role of ZBTB7A in tumorigenesis seems complex and
context-dependent, further investigation is required to develop strate-
gies to inhibit HIF activity by modulating ZBTB7A.

A limitation of this study is the lack of a broader genome-wide
analysis of other BTB-ZF family members, which may also regulate
ZBTB2 activity because previous studies have suggested the interaction
of ZBTB2 with ZBTB25, ZBTB28, ZBTB42, and ZBTB49 [19,20,34].
Moreover, how ZBTB7A expression is regulated and its impact on ZBTB2
activity remain unclear. Additionally, although we have reported that
the effect of ZBTB2 on HIF-1 is observed only in p53-deficient cells,
whether ZBTB7A is involved in the p53-dependence remains to be
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A-F) Luciferase assay for HIF-1a TAD activity (A), luciferase assay for STC1 promoter activity (C), and qRT-PCR for STC1 (E) and PAX8 (F) mRNAs in HCT116 p53’/ -
cells transiently transfected with the plasmids expressing the indicated proteins or its corresponding empty vector (—) and cultured under the indicated oxygen
conditions. Western blotting using the cell lysates harvested in A (B) and C (D) for the indicated proteins.
Means =+ s.d. (A,C,E,F). One-way ANOVA with Turkey’s test. ns: not significant, *p < 0.05, ***p < 0.001.

elucidated. Addressing these questions could open new avenues for the
development of targeted therapies that improve patient outcomes by
suppressing hypoxia-driven cancer progression.

4. Material & methods
4.1. Cell culture

A cervical cancer cell line, HeLa, purchased from the American Type
Culture Collection and HCT116 p53 /"~ cells, a generous gift from Prof.
Bert Vogelstein, were cultured in DMEM (Nacalai) with 10 % heat-
inactivated fetal bovine serum (EQUITECH-BIO) and 1 % penicillin-
streptomycin (Nacalai) at 37 °C in a well-humidified incubator with 5

% COs. For hypoxic treatments, cells were cultured in a well-humidified
atmosphere of 5 % CO;3 and <0.1 % Oy using INVIVO2 500 Hypoxic
Work Station (Ruskinn Technology Limited).

4.2. Plasmid constructs and transient transfection

pEF6/ZBTB2 [1-113] was constructed previously [19]. To construct
pEF6B/ZBTB7A-myc and pcDNA6B/ZBTB7A-V5, the DNA fragment
encoding ZBTB7A was amplified from HCT116 p53~/~ cDNA by PCR
using the primers, 5'-tatgaattcgccaccatggeeggeggegtggacgg-3' and
5'-tattctagactggcgagtecggetgtgaagttace-3', digested with EcoRI and Xbal,
and inserted into the corresponding sites of pEF6/myc-His B and
pcDNA6/V5-His B  (Invitrogen), respectively. To construct
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Fig. 3. ZBTB7A suppresses cancer cell proliferation by disrupting ZBTB2 homodimer under hypoxia, and low ZBTB7A expression is associated with poor
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A,B) Colorimetric cell proliferation assay using cells transiently transfected with plasmids expressing the indicated protein or its empty vector (EV) before (day 0) and
1-day after (day 1) hypoxic (1 % O,) treatment. Data on day-1 is extracted from A (B). Means + s.d. One-way ANOVA with Turkey’s test. ns: not significant, *p <

0.05, **p < 0.01 ***p < 0.001.

C) TCGA-based Kaplan-Meier analysis of overall survival of renal cancer patients stratified by ZBTB7A expression levels; low (red: n = 440) and high (blue: n = 437),

Log-rank test, p = 0.0008.

pGL4.23/STC1p-luc, the DNA fragment of STC1 locus (from +560 to
+1645) containing HRE was amplified from HCT116 p53~/~ genomic
DNA by PCR wusing primers, 5-aatagccttaggcagtggage-3° and
5'-agactggaagaaaaccgcaa-3', digested with Sacl and Bglll, and inserted
into the corresponding site of pGL4.23[minP/luc2] (Promega). Tran-
sient transfections were performed using PEI MAX (Polysciences), ac-
cording to the manufacturer’s instructions.

4.3. Structural analysis

AlphaFold 3 [35] was used to predict the structures of the
ZBTB2-ZBTB7A heterodimer based on their amino acid sequences. Five
potential structures were generated, and the highest-ranked structure
was selected for further analysis. The atomic coordinates are provided in
the Supporting Information.

4.4. Co-immunoprecipitation (co-IP)

HCT116 p53~/~ cells were cultured overnight, transfected with the
indicated plasmids, and cultured for an additional 48 h. Cell lysates were
harvested in cell lysis buffer (20 mM Tris-HCI pH = 7.5, 250 mM NacCl,
0.5 % NP-40) containing 1 x ProteoGuard™ EDTA-Free Protease In-
hibitor Cocktail (Takara) and 50 pM MG132 (Merck). The lysates were
sonicated with Bioruptor UCW-210 (Cosmo Bio) and one-tenth of the
supernatant collected by centrifugation was subjected to Western blot-
ting as WCL samples, and remaining nine-tenths were subjected to co-IP
using anti-myc tag antibody (Cell Signaling Technology), as described
previously [19].

4.5. Western blotting

Target proteins were detected by incubating the membranes over-
night at 4 °C with primary antibodies against p-actin (Santa Cruz), myc
tag (Cell Signaling Technology), HIF-1a (BD Biosciences), V5 tag (MBL)
and Gal4DBD (Santa Cruz), all diluted 1:500 in Solution I (Toyobo).
Signals were detected with mouse IgG HRP-linked secondary antibody
(Cytiva) and ECL Prime Western Blotting Detection Reagents (Cytiva), as
described previously [19].

4.6. Quantitative real-time PCR (qRT-PCR)

HCT116 p53~/~ cells were cultured overnight, and transfected with

indicated plasmids. Twenty-four hours later, cells were additionally
cultured under hypoxic conditions for 24 h and subjected to qRT-PCR
using forward primer: 5-TGGCACCCAGCACAATGAA-3' and reverse
primer: 5-CTAAGTCATAGTCCGCCTAGAAGC-3' for human ACTB, using
forward primer: 5-AAGCCATCACTGAGGTCGTC-3' and reverse primer:
5'-CAGGCTTCGGACAAGTCTGT-3' for human STC1, and using forward
primer: 5-CATTTGAGCGGCAGCACTAC-3' and reverse primer: 5-
AAGGGTGAGTGAGGATCTGC-3' for human PAXS, as described previ-
ously [19].

4.7. Split luciferase complementation assay

HCT116 p53~/~ cells transiently transfected with the plasmids
expressing ZBTB2-LgBit and either ZBTB2-SmBit or its empty vector
[19] were re-seeded into 96-well plates, cultured under normoxic or
hypoxic condition for 24 h, and subjected to luciferase assay using
Nano-Glo Live Cell Assay System (Promega), according to the manu-
facturer’s instructions.

4.8. Luciferase assay

HCT116 p53~/~ cells were cultured overnight and transfected with
the combination of pG5E1bLuc, pcDNA6/Gal4 DBD-HIF-1a TADs31.826
P564A, and pRL-TK (Promega) or with pGL4.23/STC1p-luc and pRL-TK.
Twenty-four hours later, the cells were cultured under normoxic or
hypoxic condition for another 24 h and subjected to Dual-Luciferase
Reporter Assay (Promega), according to the manufacturer’s instructions.

4.9. Colorimetric cell proliferation assay

HeLa cells transiently transfected with the combination of either
pEF6/ZBTB2 [1-113] or its empty vector (pEF6/myc-His B) and either
pcDNA6B/ZBTB7A-VS5 or its empty vector (pcDNA6/V5-His B) were re-
seeded into 96-well plates and cultured for 24 h. Then, just before and
24 h after hypoxic treatment (1 % O using INVIVO2 400 Hypoxic Work
Station), the number of cells were quantified using Cell Count Reagent
SF (Nacalai tesque), according to the manufacturer’s instructions.

4.10. TCGA analysis

TCGA RNA seq datasets were obtained from GDC Data Portal
(https://portal.gdc.cancer.gov) via Human Protein Atlas (https://www.
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proteinatlas.org/). Renal cancer patient samples were classified whether
ZBTB7A expression levels exceeded the median level and overall sur-
vival was analyzed by the Kaplan-Meier method and compared by log-
rank test.

4.11. Quantification and statistical analysis

Data represent means from at least 3 independent experiments.
Statistical significance was assessed using one-way ANOVA followed by
Turkey’s tests, with p < 0.05 considered statistically significant.
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