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BTB/POZ domain-containing protein 7/hypoxia-inducible
factor 1 alpha signalling axis modulates hepatocellular

carcinoma metastasis

Dear Editor,

This study is the first to demonstrate that HIF-la
could activate BTBD7 under hypoxia, thus promoting HCC
metastasis through tumor cell adhesion and EMT. Hypoxia
in the tumour microenvironment influences the entire
stages of hepatocellular carcinoma (HCC) metastasis
with unarticulated mechanisms.! Activation of hypoxia-
inducible factor (HIF) signalling promotes the invasion of
tumour cells and infiltrating immune cells and naturally
selects the tumour cells that survived under hypoxia.? Pre-
viously, we have confirmed that BTBD7 in HCC microen-
vironment can promote epithelial-mesenchymal transition
(EMT) and stimulate angiogenesis in vitro and in vivo.?
However, BTBD7 does not be concerned about hypoxia-
associated particular mechanisms.

We observed increased BTBD7 mRNA and protein
expression in HCC cells (MHCC97L and HCCML3) under
hypoxia compared with normoxia condition (Figure 1A, B).
The qPCR results of 78 paired HCC tissues and adjacent
non-tumorous tissues demonstrated that HIF-la« mRNA
was significantly overexpressed in HCC (Figure S1), sug-
gesting that HIF-la was probably involved in hypoxia-
mediated BTBD7 upregulation, which was preliminarily
confirmed by using the HIF-1« activators (CoCl, and DFO)
or inhibitors (17-AAG and Deguelin) (Figures 1C and S2) in
HCC cells.

The correlation between HIF-1a and BTBD7 expression
in HCC was further investigated in a training cohort of 104
HCC patients using a western blot, showing higher expres-
sions of HIF-la« and BTBD7 in HCC tissues character-
ized with tumour haemorrhage plus necrosis (THPN) (Fig-
ure 1D, E). THPN subtype in HCC reflected much severer
hypoxia level, higher incidence of intrahepatic metastasis
and vessel invasion (Figure S3). Immunohistochemistry of
HIF-1a and BTBD7 also gave consistent results (Figure 1F).
HIF-1x protein positively correlates with BTBD7 protein

expression in THPN Fresence HCC tissue (Figure 1G). These
data indicated that HIF-1a might upregulate BTBD?7, thus
enhancing HCC metastasis.

We further clarified the role of HIF-la in regulating
BTBD?7 expression. Significantly, downregulated BTBD7
was detected when HIF-1a was knocked down in hypoxic
HCC cells (Figure 2A). Then, we investigated whether
BTBD7 was a direct target of HIF-1a. Bioinformatics anal-
ysis predicted that there were three potential hypoxia-
responsive elements (HREs) within a 5’-flanking region
1-kb region upstream of the transcriptional start site of
BTBD7 (Figure 2B). Luciferase assay proved that the
transcriptional activity of BTBD7 was abolished under
hypoxia by HRE2-mut (PGL3-BTBD7-581M) instead of
HREI-mut (PGL3-BTBD7-1000M) and HRE3-mut (PGL3-
BTBD7-40M) (Figure 2C). Chromatin immunoprecipita-
tion confirmed that HIF-1a could directly bind to HRE2
elements in BTBD7 promoter under hypoxia (Figure 2D).

Next, we performed invasion assays to explore the roles
of BTBD7 and HIF-1a in HCC metastasis under hypoxia.
The invasion capability of HCC cells was critically dis-
rupted after the co-knockdown of BTBD7 and HIF-1q,
and was moderately decreased when si-BTBD7 or si-HIF-
la was transfected separately (Figure S4). Besides, the
overexpression of BTBD7 or HIF-1a enhanced the inva-
sion activity of HepG2 cells and exhibited a combined
effect when BTBD7 and HIF-la were co-overexpressed
(Figure 2E). To recapitulate this in vivo, we established
HepG2 cells with stable over-expressed BTBD7 or HIF-1x
or both, then built xenograft tumour-bearing nude mice.
The results showed that the most increased intrahepatic
and pulmonary metastatic nodules and microvascular den-
sity were found in the co-overexpressed group compared
with other groups (Figures 2F-H).

Cell adhesion was measured after the overexpression of
BTBD7 or HIF-1a with the consideration of the crosstalk
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Hypoxia induces BTBD7 expression in HCC cells and tissues. (A) Relative mRNA expression of BTBD7 was detected by

qPCR in MHCC97L and HCCLMS3 cells cultured under hypoxia (1% O,) or normoxia (20% O,) for 24 h (n = 3, *p<0.05). (B) Western blot of
BTBD7 and HIF-1a in MHCC97L and HCCLM3 cells cultured under hypoxia (1% O,) or normoxia (20% O,) for 24 h (n = 3, *p<0.05, **p
<0.01). (C) HIF-1x activator (Cobalt chloride, CoCl,) induced upregulation of BTBD7 and HIF-1a expression at the protein level. (D) In a
training cohort of 104 paired of HCCs, the patients were divided into HCC tissues characterized with tumour haemorrhage plus necrosis
(THPNPresent) and without tumour haemorrhage plus necrosis (THPNAP®") groups according to the pathological diagnosis. (E) Western blot
of BTBD7 and HIF-1a from representative HCC tissue samples. BTBD7 and HIF-1a expression were higher in THPN®™1t group than
THPNAPent group. (F) Representative immunohistochemistry staining of HIF-1lae and BTBD7 in HCC specimen (scale bar = 50 um). The
immunohistochemical score (IS) of HIF-1a and BTBD7 was significantly higher in THPN*"™®s" group than that in THPNAY*" group (n = 32 in
THPNAPM oroup, n = 72 in THPNF™*" group; **p<0.01). (G) A positive correlation was found between BTBD7 and HIF-1« protein
expression in THPN Present HCC samples
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FIGURE 2 HIF-la directly mediates hypoxia-induced BTBD7 expression and promotes metastasis and invasion of HCC cells in vitro and

in vivo. (A) mRNA and protein levels of BTBD7 and HIF-1a in MHCC-97L and HCCLM3 cells under hypoxia (1% O,) when HIF-1a was
silenced (n = 3, *p<0.05, **p<0.01). (B) Schema shows a 5’upstream region of the BTBD7 gene with three consensus HREs of HIF-1a. HREI:
PGL3-BTBD7-1000. HRE2: PGL3-BTBD7-581. HRE3: PGL3-BTBD7-40. The arrow means the chromatin immunoprecipitation (ChIP) primer
of BTBD7 used for PCR. (C) Luciferase reporter assay of MHCC97L and HCCLM3 cells transfected with the luciferase reporter constructs was
shown under hypoxia or transfected with LV-HIF-1a. Relative luciferase activities were expressed compared with the activity of the
pGL3-Basic (n = 3, bars indicate the mean + SEM, *p<0.05). (D) ChIP assay was conducted with the antibody against HIF-1« or control IgG in
MHCC-97L and HCCLM3 cells exposed to hypoxia (1% O,) or normoxia (20% O,) for 24 h. (E) Matrigel invasion assays were conducted to
analyse the effect of BTBD7 and HIF-1« on the invasion of HepG2 HCC cell lines (n = 3, *p<0.05, **p<0.01, scale bar = 50 um). (F-H) HepG2
HCC cells overexpressing BTBD7, HIF-1a or both were used to build the xenograft mouse model. Representative images of
haematoxylin-eosin staining of metastatic nodules in the liver (F) or lungs (G) were shown from each animal group. Representative images
from tumour sample serial sections for CD34 staining were shown in (H) (n = 6, *p<0.05, **p<0.01, **p<0.001, scale bar = 200 um)
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FIGURE 3 Effect of BTBD7/HIF-1a expression on HCC adhesion and EMT process. (A) Phase-contrast microphotographs of HepG2 cell
morphology when BTBD7, HIF-1a or both were transfected, respectively. (B) Cells were labelled with BCECF-AM and detected for adhesion
to 96-well plates coated with collagen (i), fibronectin (ii) or laminin (iii), then cell adhesion assay was performed. Abbreviations: CL, collagen;
FN, fibronectin; LN, laminin. (n = 3, *p<0.05, **p<0.01). (C) Western blot of adhesion-associated proteins regulated by BTBD7 and HIF-1a in
HepG2 cells. The phosphorylation sites used for western blot were p-smad2 (Ser465/467), p-stat3 (Tyr705) and p-FAK (Tyr397). (n = 3, *p<0.05
vs. Mock, **p<0.01 vs. Mock). (D) The antibodies against a5-integrin and 1-integrin showed synergistic effect with si-BTBD7 in decreasing
the HCC cell-matrix adhesion (n = 3, *p<0.05, **p<0.01). (E) Matrigel invasion assays in MHCC-97L cells after BTBD7 silence or
anti-a561-integrin treatment under hypoxia (1% O,) (n = 3, **p<0.01, ***p<0.001, scale bar = 50 um). (F) Morphology and F-actin
immunofluorescence of MHCC-97L cultured under hypoxic conditions (1% O,) after BTBD7 silence or anti-a541-integrin treatment were
shown by phase-contrast microscopy (upper panel, scale bar = 50 um) or fluorescence microscopy (lower panel, scale bar = 10 um). F-actin
and DAPI are shown in red and blue, respectively. (G) RT-PCR and western blot assays showed the upregulation of E-cadherin expression and
abolishment of fibronectin upregulation in MHCC97L cells after BTBD7 silence or anti-a5f1-integrin treatment under hypoxia (1% O,)



LETTER TO EDITOR

A

Subcutaneous tumor

>

LV-BTBD7
Tumor volume (mm?)
$® o - N w
%f}

>
%

g

%,

%
3
7]
©
i
+
N~
[=]
m
=%
o
25

-
o

Qs
3

Cc

Pulmonary metastatic nodules

LV-BTBD7

2

Sy

CLINICAL AND TRANSLATIONAL MEDICINE

Subcutaneous tumor

LV BTBD7+Fasud|I

LV-BTBD7

o
85 8
‘E% £
g6 =)
584 £
g E} = HepG2+LV-BTBD7 <
§ 2 5. ™ HepG2+LV-BTBD7+Fasudil b=y
S )
= 4 L -
= 0 o
-g 6\ b\\ §,15 " Z 'I/M gy
@ §® & Fl c ‘@ ? 3
L N7 ¥ 10 = ¥ Eeagod .
£ P S 5y 2 { B %%’?&f%&
8 &g N\ Eé B g . JL) “" Q%ﬁ >
= > E Q S )y
5 ¢ I © m N ﬁﬁu S
E Training cohort (n=104) & Training cohort (n=104) G
3 100 o 100
. —— | (n=18) Q P<o. 001
g ® - 1l (n=50) 3 & THPN-HCC
% &0 e ML0=36) 3 & Absent Present
> @
s = w© <—HypOX|a
5 0 ; — | (n=18) M
T 20 £ 2 —— 1 (n=50) E-cadherin
g P<0. 001 g . —— 1Il (n=36) —»w >~
0 20 40 e 8 £ o 20 40 60 80
Time since surgery (months) Time since surgery (months)
* Metastams
F Validation cohort (n=216) = Validation cohort (n=216)
& < Cell-matnx adhesion
g0 — 1 (n=40) 8 1907 p<o. 001
£ 80 == 11 (n=108) § 80 Fibronectin
= = Il (n=68) 5 a5B1-integrin =———>-
S 60 o 60 "
£ ] ECM remolding
-
2 40 ; 40 == 1(n=40) ’ BTBD?7 high: High aggressiveness
§ 20 = 5 —— 1l (n=108) .
3 P<0. 001 =] —— Il (n=68) . BTBD7 low: Low aggressiveness
S o+ v . v 8 o4 . : v :
0 20 40 60 80 5_9 0 20 40 60 80

Time since surgery (months) Time since surgery (months)

FIGURE 4 Pharmacological inhibition of HIF-1x disrupts BTBD7/HIF-1a-induced HCC growth and metastasis in vivo and the
prognostic value of HIF-1a combined with BTBD7 in HCC patients. (A) Administration of Fasudil in HepG2-LV-BTBD7 xenograft
tumour-bearing nude mice obviously slowed down the growth of tumour. (B and C) Typical H&E images for the intrahepatic (B) and
pulmonary metastatic nodules (C) between two groups in HCC mouse models (n = 6, *p<0.05, scale bar = 200 um). (D) The effects of Fasudil
on BTBD7, HIF-1a, TGF-1, a5p1-integrin and E-cadherin expression in vivo (scale bar = 50 um). (E) The prognostic roles of HIF-1a combined
with BTBD7 expression in OS and TTR of HCC patients in the training cohort. The patients are stratified into three groups. Group I,
HIF-1a"/BTBD7"°%; Group III, HIF-1a'¢"/BTBD7"8"; Group II, others. Abbreviations: OS, overall survival; TTR, time to recurrence. (F)
Evaluation of HIF-1a combined with BTBD7 expression in validation cohort as an independent predictor of poor clinical outcome in patients
with HCC. Group stratification was the same as shown in (E). (G) An illustration of how HIF-1a and BTBD7 were induced by the hypoxic
tumour microenvironment and promoted HCC tumour cell adhesion and EMT with clinical prognostic and therapeutic significance
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between HIF-1a and the a5f1-integrin signalling pathway
in cell-matrix adhesion.* The cell adhesion to collagen,
fibronectin and laminin increased 1.5- to 2.5-fold (Fig-
ure 3A, B). Then, western blot was performed to identify
the adhesion-associated molecules regulated by BTBD7.
We found elevated expression of a551-integrin, fibronectin,
p-FAK, p-Smad2, p-STAT3, Ikk-3 and MMP-9 in HepG2
cells that overexpressed BTBD7 or HIF-la or both (Fig-
ure 3C). The antibodies against a5-integrin and S1-integrin
showed a synergistic effect with si-BTBD7 in decreasing
the HCC cell-matrix adhesion (Figure 3D). Besides, the
enhanced adhesion to collagen and laminin was blocked
by an anti-fibronectin antibody (Figure S5). These results
indicated that BTBD7 and HIF-1a could positively modu-
late HCC cell adhesion.

Both cell adhesion and EMT are induced by hypoxia
to promote HCC metastasis.>® Therefore, we explored
whether BTBD7 played a significant role in hypoxia-
induced EMT through a5p1-integrin. Either knockdown
of BTBD7 or anti-a561-integrin significantly reduced inva-
sion ability in MHCC97L cells induced by hypoxia (Fig-
ure 3E), inhibited the formation of typical pipe-like struc-
ture within the Matrigel and decreased the in vitro F-actin
stress fibre formation induced by hypoxia in MHCC97L
cells (Figure 3F). Western blot and qRT-PCR assays
showed the upregulation of E-cadherin expression and
abolishment of fibronectin and vimentin upregulation in
MHCC97L cells under si-BTBD7 or anti-a5f1-integrin (Fig-
ures 3G and S6). These results supported that activation of
BTBD7 by HIF-1a was required for hypoxia-induced HCC
cells EMT via the a5f1-integrin pathway.

Given the central role of the HIF-1la/BTBD7 axis
in HCC adhesion and EMT, we chose Fasudil, the
HIF-1a inhibitor,” as a potential therapeutic agent in
BTBD7-positive HCC. Fasudil treatment induced a dose-
dependent decrease expression of HIF-l« and BTBD7 in
the MHCC97L cells under hypoxia (Figure S7). Adminis-
tration of Fasudil in HepG2-LV-BTBD7 xenograft tumour-
bearing nude mice obviously inhibited tumour growth
(Figure 4A) and metastasis (Figure 4B, C). Meanwhile, the
administration of Fasudil significantly downregulated the
levels of BTBD7, HIF-la, TGF-S1 and «a5f1-integrin and
upregulated the level of E-cadherin (Figure 4D).

Univariate and multivariate analyses revealed that
BTBD7 and HIF-1a expression were independent predic-
tors of cumulative overall survival (OS) and time to recur-
rence in the training cohort (Table S1). BTBD7 and HIF-
la could act as a combined biomarker on the progno-
sis of HCC because three subgroups stratified according
to BTBD7 and HIF-1a showed a significant difference in
OS and recurrence rates in both training and validation
cohorts (Figure 4E, F). High expression of both BTBD7 and
HIF-1x indicated a poor prognosis.

In summary, this study is the first to elucidate that
HIF-1a and BTBD7 induced by hypoxic tumour microen-
vironment can promote HCC tumour cell adhesion and
EMT with clinical prognostic and therapeutic significance
(Figure 4G). TNPH may serve as a visualized and conve-
nient phenotype to indicate high expression of HIF-1ct and
BTBD?7 for preliminary clinical screening.
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