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BACKGROUND: Cancer cells in severely hypoxic regions have been reported to invade towards tumour blood vessels after
surviving radiotherapy in a postirradiation reoxygenation- and hypoxia-inducible factor (HIF)-dependent manner and cause
recurrence. However, how HIF induces invasiveness of irradiated and reoxygenated cancer cells remains unclear.
METHODS: Here, we identified human minor histocompatibility antigen 1 (HMHA1), which has been suggested to function in
cytoskeleton dynamics and cellular motility, as a responsible factor and elucidated its mechanism of action using molecular and
cellular biology techniques.
RESULTS: HMHA1 expression was found to be induced at the transcription initiation level in a HIF-dependent manner under
hypoxia. Boyden chamber invasion assay revealed that the induction of HMHA1 expression is required for the increase in invasion
of hypoxic cancer cells. Reoxygenation treatment after ionising radiation in vitro that mimics dynamic changes of a
microenvironment in hypoxic regions of tumour tissues after radiation therapy further enhanced HMHA1 expression and invasive
potential of HMHA1 wildtype cancer cells in ROS- and HIF-dependent manners, but not of HMHA1 knockout cells.
CONCLUSION: These results together provide insights into a potential molecular mechanism of the acquisition of invasiveness by
hypoxic cancer cells after radiotherapy via the activation of the ROS/HIF/HMHA1 axis.

British Journal of Cancer; https://doi.org/10.1038/s41416-024-02691-x

INTRODUCTION
Intratumoral hypoxia commonly occurs in solid tumours [1, 2] and
there has been an increasing amount of research showing that
cancer cells acquire malignant properties like invasiveness and
therapy resistance under hypoxic conditions, linking to poor
prognosis in patients [3–6].
Hypoxia-inducible factor (HIF), the master regulator of metazoan

hypoxic responses, functions as a heterodimeric transcription
factor composed of an α-subunit, HIF-1α, HIF-2α, or HIF-3α, and a β-
subunit, HIF-1β/ARNT (aryl hydrocarbon receptor nuclear translo-
cator), and governs the expressions of a myriad of downstream
genes [7–9]. The activity of HIF is mainly regulated at posttransla-
tional levels through the stabilisation of the α-subunits [10–12]. For
example, under normoxic conditions, HIF-1α is hydroxylated by the
O2/Fe

2+/2-oxoglutarate-dependent dioxygenase (2-OGDD), prolyl-
4-hydroxylase domain protein (PHD) [13–15], and is then
recognised by the von Hippel–Lindau protein (pVHL)-containing
E3 ubiquitin ligase, resulting in the proteasome-mediated degra-
dation of HIF-1α protein [10, 11, 16, 17]. In addition, factor-

inhibiting HIF-1 (FIH-1), which is another 2-OGDD, hydroxylates
HIF-1α at its C-terminal transactivation domain, thereby suppres-
sing its transactivation activity under normoxia [18, 19]. Contrarily,
under hypoxic conditions, the lack of oxygen inactivates the 2-
OGDDs, and HIF-1α-subunit is stabilised. It then interacts with the
constitutively expressed HIF-1β protein, and is recruited to its
recognition sequence, hypoxia-response element (HRE) to induce
the transcription of downstream genes [7, 8, 20–22].
Metastasis, the major cause of mortality in cancer patients,

comprises a series of biological events, starting from local
invasion, intravasation and extravasation, to micrometastasis
formation and colonisation at distant organs [23, 24]. Previous
studies have shown that hypoxic stimuli and HIF contribute to
each step of the metastatic cascade, and there have been
accumulating data on the molecular details of hypoxia-induced
metastasis [25–28]. In parallel, clinical analyses have also revealed
that HIF-1α expression is associated with higher metastasis
incidence and/or poor prognosis in breast, colon, nasopharyngeal
cancer, and soft tissue sarcoma patients [29–33].
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Anticancer treatments, such as radiation therapy, have been
suggested to stimulate cancer invasion and metastasis [34, 35];
however, the molecular bases behind them still remain elusive.
Previously, we reported that severely hypoxic cancer cells lying
approximately 100 μm away from tumour blood vessels experi-
ence reoxygenation after surviving radiation therapy, and subse-
quently translocate towards tumour blood vessels in a HIF-1-
dependent manner [36, 37]. Nonetheless, the molecular mechan-
isms underlying both the stimulatory effect of hypoxia as well as
postirradiation reoxygenation treatment on the invasiveness of
cancer cells remain largely unknown.
In the present study, we demonstrated that human minor

histocompatibility antigen 1 (HMHA1; also known as ARHGAP45) is
induced under hypoxic conditions in a HIF-dependent manner,
and is responsible for the augmented invasion activity of hypoxic
cancer cells. Moreover, we showed that irradiation followed by
reoxygenation induces HMHA1 expression via the ROS-HIF axis,
and HMHA1 is necessary to the enhanced cancer cell invasion
after irradiation and reoxygenation.

RESULTS
HMHA1 expression is induced under severely hypoxic
conditions
Hypoxia has been shown to confer malignant properties, like
invasiveness, on cancer cells. To elucidate the underlying
molecular mechanism, we aimed to explore a hypoxia-
responsive and invasion-related gene. We previously performed
a genome-wide microarray analysis to compare gene expression
profiles of cells cultured under normoxic condition and that
under severely hypoxic condition and deposited the resulting
dataset in the Gene Expression Omnibus (GEO) database at the
National Center for Biotechnology Information (NCBI) (accession
number GSE161393) [38]. Here, we additionally performed RNA-
Seq analysis to independently extract hypoxia-inducible genes
(GEO accession number: GSE254480). With a cut-off value of 5.0
for the hypoxia/normoxia induction ratio, 77 and 189 genes
exhibited hypoxia-responsive expression in the microarray and
RNA-Seq analyses, respectively (Fig. 1a; Supplementary
Table S1 and S2). Fifty-three of these genes were commonly
induced under hypoxia in the two experiments, and thus were
subjected to an analysis using the Gene Ontology Annotation
(GOA) Database (https://www.ebi.ac.uk/GOA/) to scrutinise their
biological functions (Supplementary Table S3). Unexpectedly,
apart from LOXL2 which has been well studied in relation to EMT
and metastatic niche formation [39–41], none were annotated
with cell motility-related terms amongst the 53 candidate genes.
However, we decided to focus on the HMHA1 gene here since it
has been reported to be associated with migration and invasion
of cancer cell [42] in addition to with both actin cytoskeleton
dynamics of various cells [43] and migration of naïve T cell [44],
and moreover since its hypoxia-inducible property has not been
reported.
To start with, we investigated the effect of hypoxia on HMHA1

expression by culturing HeLa cells in various oxygen concentra-
tions, and assessed the expression levels of HMHA1 mRNA by RT-
qPCR. Whilst the expression of carbonic anhydrase 9 (CA9), a well-
known hypoxia-inducible gene, significantly increased under both
mildly hypoxic (3% O2) and more severely hypoxic (1% and < 0.1%
O2) conditions, the induction of HMHA1 occurred only under
severe hypoxia (Fig. 1b). Similarly, Western blot analysis also
showed that the protein levels of HMHA1 increased only when
cells were cultured under severely hypoxic conditions (Fig. 1b).
Next, we employed a panel of other human cancer cell lines to
examine whether the hypoxic induction of HMHA1 expression is a
common phenomenon in other cancer cells besides HeLa. Under
hypoxic conditions, the mRNA levels of HMHA1 increased, albeit to
different extents, in all tested cell lines, showing that HMHA1

expression is indeed induced by hypoxia in cancer cells (Fig. 1c;
Supplementary Fig. S1A).
In order to test whether the hypoxic induction of HMHA1 also

arises in vivo, we treated mice bearing subcutaneous HeLa
tumour xenografts with a haemolytic reagent, phenylhydrazine,
and pharmaceutically depleted oxygen supply to the tumour
tissue. Alongside the increase in kidney erythropoietin (Epo)
mRNA expression, which denotes the physiological response
to acute anaemia, mRNA levels of HMHA1 and CA9 in the
xenografted tumours were also elevated in the phenylhydrazine-
treated mice, indicating that low oxygen availability can
upregulate HMHA1 expression in tumours (Fig. 1d, Supplemen-
tary Fig. S1B). To investigate the relationship between intratu-
moral hypoxia and HMHA1 expression more directly, we prepared
another group of tumour-bearing mice and injected pimonida-
zole, a hypoxia marker, into them before tumour excision. Serial
sections of the formalin-fixed paraffin-embedded tumours were
subjected to immunohistochemical analyses. Juxtaposing H&E-
stained section with that stained with anti-pimonidazole anti-
body, we detected hypoxic regions distant from blood vessels in
the tumours. Moreover, immunostaining using anti-HMHA1
antibody detected the expression of HMHA1 in pimonidazole-
positive hypoxic regions (Fig. 1e, Supplementary Fig. S1C). Taken
together, these results support that HMHA1 expression is indeed
induced in the hypoxic regions of solid tumours.

HMHA1 expression is regulated at the transcription initiation
level in a HIF-dependent manner
To identify the regulatory step for the hypoxic induction of
HMHA1 expression, we first examined the importance of
transcription initiation by inhibiting the binding of RNA polymer-
ase to DNA with actinomycin D. The hypoxic induction of VEGFA
and CA9 was totally suppressed, meaning that transcription
activity was attenuated by actinomycin D. Similarly, the induction
of HMHA1 mRNA expression under hypoxic condition was also
completely abrogated upon actinomycin D treatment, suggesting
that HMHA1 expression under hypoxia was indeed regulated at
the transcription initiation step (Fig. 2a).
Since hypoxia-inducible factor (HIF) is one of the major

transcription factors that govern hypoxia responses, we next
examined whether HMHA1 expression is under the control of HIF.
The degradation of HIF α-subunits under normoxic conditions is
regulated by propyl-4-hydroxylase domain proteins (PHD), which
belong to the O2/Fe(II)/2-oxoglutarate-dependent dioxygenase (2-
OGDD) superfamily; we therefore treated the cells with deferox-
amine (DFO), a Fe(II) ion chelator, or dimethyloxalylglycine (DMOG),
a 2-oxoglutarate analogue, to inhibit 2-OGDD activities and prevent
HIF α-subunit degradation. As expected, HIF-1α protein and the
expression of the representative HIF-1 downstream gene, CA9,
could be detected in the treated cells even under normoxia (Fig. 2b,
c; Supplementary Fig. S2A, B), and HMHA1 expression was also
induced in the treated cells (Fig. 2b, c).
In order to examine the dependence on HIF directly, we then

performed loss-of-function studies. The CRISPR/Cas 9 system was
exploited to establish clones of knockout (KO) HeLa cells using
gRNAs that specifically target the HIF1A, EPAS1/HIF2A, or ARNT (HIF-
1β) gene, respectively (Supplementary Fig. S3A–C). HIF-1β KO
completely abrogated the induction of HMHA1 mRNA and protein
expression under hypoxia (Fig. 2d). And, the reconstitution of HIF-
1β into the KO cells rescued the induction of HMHA1 expression,
suggesting that HIF is responsible for the hypoxic induction of
HMHA1 (Fig. 2e). To identify the responsible HIF-α subunit, we first
focused on HIF-1α, the major binding partner of HIF-1β. HIF-1α KO
significantly suppressed HMHA1 induction under hypoxia, and
such suppression was reversed by the reconstitution of HIF-1α
(Fig. 2f, g). However, HIF-1α KO or knockdown (KD) did not
completely abrogate HMHA1 expression upon hypoxic treatment;
residual amount of HMHA1 was expressed under hypoxia,
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suggesting that the expression of HMHA1 is not solely regulated by
HIF-1α (Fig. 2f, g; Supplementary Fig. S2C). We thus explored the
involvement of another HIF-α isoform, HIF-2α, which may function
in a compensatory fashion to reinstate HIF-1α-induced hypoxia
responses. To test this hypothesis, we combined KO and KD
against HIF-1α and HIF-2α. Whilst HIF-2α KD in parent HeLa cells
only partially lowered HMHA1 induction, HIF-2α KD in combination
with HIF-1α KO fully suppressed the hypoxic induction of HMHA1
(Fig. 2h; Supplementary Figure S2D). Similarly, HIF-1α KD in
combination with HIF-2α KO obliterated the residual induction of
HMHA1 observed in HIF-1α KO or KD alone (Fig. 2i; Supplementary
Fig. S2E). Collectively, these data show that expression of HMHA1 is
regulated at the mRNA level by both HIF-1 and HIF-2.

HIF-1 is recruited to the intron 1 of HMHA1 gene locus under
hypoxia
Analyses with the ChIP Atlas database (https://chip-atlas.org)
suggested that HIF-1α and HIF-1β can be recruited to the intron 1
of HMHA1 gene locus (Fig. 3a). Thus, we next tested whether HIF-
1α is actually recruited to the intronic region, and moreover, tried
to narrow down the responsible region in it. HeLa cells were
exposed to normoxic or severely hypoxic condition for 24 h, and
then subjected to the ChIP-qPCR experiments (Fig. 3b, c) using
anti-HIF-1α antibody for immunoprecipitation and primers flank-
ing three regions of the HMHA1 intron 1 for qPCR (Fig. 3a). After
confirming the recruitment of HIF-1α to the CA9 gene promoter
region under the hypoxic condition (Fig. 3b), qPCR was performed
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using primer sets specific to the three different regions in the
HMHA1 locus (Region 1-3 in Fig. 3a). The amounts of genome DNA
fragments containing Region 1 (136–269 bp, red) or Region 2
(251–508 bp, green) of intron 1 immunoprecipitated with anti-HIF-
1α antibody were significantly increased under hypoxia, with the
latter being particularly substantial (Fig. 3c). In contrast, there were
no differences in the immunoprecipitated amounts of genome
DNA fragments containing the 5’ upstream region (blue) of the
HMHA1 gene locus or the Region 3 (494–810 bp, yellow) of intron
1 between normoxia and hypoxia (Fig. 3c). These results together
demonstrate the direct recruitment of HIF-1α to the HMHA1 intron
1 locus, especially to the Region 2, possibly by which HIF regulates
HMHA1 expression.

HMHA1 is involved in the augmented cancer cell invasion
under hypoxia by upregulating MMP-2 and MMP-9 activities
After confirming the HIF-dependent HMHA1 induction, we
investigated the effect of HMHA1 expression on the invasiveness
of cancer cells under hypoxia by performing the Boyden chamber
invasion assay. Compared to control cells transfected with the
empty vector (EV), stable transfectant with HMHA1 overexpression

vector showed an increased number of invading cells even under
normoxia, illustrating that HMHA1 can indeed regulate the
invasive properties of cancer cells (Fig. 4a, b). The stimulatory
effect of hypoxia on invasion was then verified; results demon-
strate that cancer cell invasion was significantly enhanced under
hypoxic conditions (Fig. 4c). Moreover, in the loss-of-function
experiment, siRNA-mediated knockdown of HMHA1 significantly
reduced the number of invading cells under hypoxia compared to
the scramble (Scr) control (Fig. 4d; Supplementary Fig. S4A). Of
note, cell viability was not affected by the knockdown of HMHA1,
indicating that the reduction of hypoxia-induced invasion by
HMHA1 silencing was not due to cell death (Fig. 4e). Together,
these data show that HMHA1 expression contributes to the
augmented invasive properties of cancer cells under hypoxia.
Next, we sought to pursue the mechanism by which HMHA1

augmented cancer cell invasion. HMHA1 has previously been
reported to function as a GTPase-activating protein (GAP) for
RHOA and/or RAC1, both of which are key regulators of actin
dynamics that govern cell motility [43, 44]. We therefore
performed phalloidin staining to investigate how HMHA1 affects
actin filament structures. In the EV control, cells with actin

40 400 250 10

50

40

30

20

10

0

HIF1A

HIF1A WT

EV HIF
1A

EV HIF
1A

EV HIF
1A

EV HIF
1ApCDH

KO WT KO

150 120

(10–4) (10–4)

100 80

HIF1A KO & HIF2A KD HIF2A KO & HIF1A KD

50 40

0 0
Scr Scr Scr Scr

siHIF2A
HIF1A KO HIF1A KOWT WT

siHIF2A siHIF2A siHIF2A
#1 #2 #1 #2 #1 #2 #1 #2

8

6

4

2

0

25

20

15

10

5

0

200

150

100

50

0

300

200

100

0

HMHA1 HMHA1 HMHA1CA9 VEGFA(10–4)

(10–4)

(10–4) (10–4)

(10–4)

(10–4) (10–4)

30

20

a

10

0

50

40

30

20

10

0

20%

20%

<0.1%

<0.1%

Actinomycin D

HIF-1�
(ARNT)

[O2] 20% <0.1%[O2]

[O2]

[O2] [O2]20% <0.1%

[O2]

20%

WT WT
KO

#1 #1#2 #2

KO
HIF-1� (ARNT )

pcDNA4 EV HIF-1�
(ARNT)

HeLa HIF-1�
(ARNT) KO

<0.1% 20%

WT WT
KO

#1 #1#2 #2

KO
HIF1A

<0.1%

[O2]

[O2]

20
%

20
%

<0
.1%

<0
.1%

W
T
KO#1

KO#1
KO#2

KO#2W
T

W
T
KO#1

KO#1
KO#2

KO#2W
T

[O2] 20% <0.1%
– + – + Actinomycin D

[O2] 20% <0.1%
– + – + Actinomycin D

[O2] 20% <0.1%
– + DFO DMOG – +

DFO

– +

– +
DMOG
– +

– +

H
M

H
A

1 
m

R
N

A
 le

ve
l

(/
A

C
T

B
)

H
M

H
A

1 
m

R
N

A
 le

ve
l

(/
A

C
T

B
)

H
M

H
A

1 
m

R
N

A
 le

ve
l

(/
A

C
T

B
)

H
M

H
A

1 
m

R
N

A
 le

ve
l

(I
A

C
T

B
)

H
M

H
A

1 
m

R
N

A
 le

ve
l

(I
A

C
T

B
)

H
M

H
A

1 
m

R
N

A
 le

ve
l

(/
A

C
T

B
)

H
M

H
A

1 
m

R
N

A
 le

ve
l

(/
A

C
T

B
)

C
A

9 
m

R
N

A
 le

ve
l

(/
A

C
T

B
)

V
E

G
F

A
 m

R
N

A
 le

ve
l

(/
A

C
T

B
) �-HMHA1 Ab

HMHA1 HMHA1

HIF-1� HIF-1�
�-HIF-1� Ab

�-�-actin Ab
�-actin

�-HMHA1 Ab

HMHA1

HIF-1�

�-HIF-1� Ab

�-�-actin Ab

�-actin

�-HMHA1 Ab

�-HMHA1 Ab

HMHA1

HMHA1

HIF-1�

�-HIF-1� Ab

�-HIF-1� Ab

�-�-actin Ab

�-�-actin Ab

�-actin

HIF-1�

�-actin

�-HMHA1 Ab
HMHA1

�-HIF-2� Ab

�-�-actin Ab

HIF-2�

�-actin

Scr Scr Scr Scr
siHIF1A

HIF2A KO HIF2A KOWT WT
siHIF1A siHIF1A siHIF1A

#1 #2 #1 #2 #1 #2 #1 #2

20% <0.1%�-HMHA1 Ab
HMHA1

�-HIF-1� Ab

�-�-actin Ab

HIF-1�

�-actin

�-HMHA1 Ab
HMHA1

HIF-1�
�-HIF-1� Ab

�-�-actin Ab

�-actin

�-actin

�-HMHA1 Ab

�-�-actin Ab

�-HIF-1� Ab

b c

d e f

g h i

Fig. 2 Hypoxic induction of HMHA1 is HIF-dependent. a qPCR (for HMHA1, CA9, and VEGFAmRNAs) using HeLa cells cultured with or without
actinomycin-D treatment (10 μg/mL) under the indicated oxygen conditions for 24 h. Results are shown as mean ± s.d. (n= 3); ****P < 0.0001
(Student’s t-test). b, c qPCR (for HMHA1mRNA) and Western blotting (for the indicated proteins) using HeLa cells with or without deferoxamine
(DFO, 100 μM) (b) or dimethyloxalylglycine (DMOG, 2 mM) (c) treatment for 24 h at 20% O2. Results are shown as mean ± s.d. (n= 3);
****P < 0.0001 (Student’s t test). d qPCR (for HMHA1 mRNA) and Western blotting (for the indicated proteins) using parent HeLa cells (WT) or
HIF-1β knockout clones (KO#1 and #2) exposed to the indicated oxygen conditions for 24 h. Results are shown as mean ± s.d. (n= 3);
***P < 0.001, ****P < 0.0001 (Student’s t test). e HIF-1β knockout HeLa cells transiently transfected with HIF-1β expression vector or its
corresponding empty vector (EV) were cultured under the indicated oxygen conditions for 24 h and subjected to Western blotting (for the
indicated proteins). f Same experiments as in (d) were performed using HIF-1α knockout clones. Results are shown as mean ± s.d. (n= 3);
****P < 0.0001 (Student’s t test). g Parent HeLa cells (WT) or HIF-1α knockout HeLa cells stably transfected with HIF-1α expression vector or its
corresponding empty vector (EV) were cultured under the indicated oxygen conditions for 24 h and subjected to Western blotting for the
indicated proteins. h qPCR (for HMHA1 mRNA) and Western blotting (for the indicated proteins) using parent HeLa cells (WT) and HIF-1α
knockout HeLa cells treated with siRNA against HIF-2α or that with negative control (Scr) under the indicated oxygen conditions for 24 h.
Results are shown as mean ± s.d. (n= 4); ***P < 0.001, ****P < 0.0001 (Student’s t test). I Same experiments as in (h) were performed using HIF-
2α knockout HeLa cells and siRNA against HIF-1α. Results are shown as mean ± s.d. (n= 4); ****P < 0.0001 (Student’s t test).

P.W.T. Lee et al.

4

British Journal of Cancer



filaments organised into prominent stress fibre structures could be
frequently observed (Fig. 4f, g). However, upon HMHA1 over-
expression, the actin filaments appeared to be more distorted and
there were significantly less cells having intact stress fibre
networks (Fig. 4f, g). These results are in line with previous
reports, supporting that HMHA1 can regulate actin dynamics and
affect cytoskeleton structures.
We then examined one of the important facets of cancer cell

invasion, extracellular matrix (ECM) degradation. Since a major
type of proteases responsible for such process is the matrix
metalloproteinases (MMPs), in order to investigate whether
HMHA1 can alter MMP activities, we performed a gelatin
zymography assay. With the same amount of total extracellular
proteins, the conditioned medium from HMHA1-overexpressing
cells showed much higher gelatinolytic activities by MMP-2 and
MMP-9 when compared to that from EV-transfected control cells,
despite that their mRNA levels remained unchanged (Fig. 4h, i;
Supplementary Fig. S4B). These results suggest that HMHA1 may
promote invasion by regulating extracellular MMP-2/-9 activities.
To test this hypothesis, we inhibited MMP-2/-9 activities with
specific inhibitor and assessed the invasion of HMHA1-
overexpressing cells. Whilst the overexpression of HMHA1
increased the number of invading cells, MMP-2/-9 inhibitor
(MMPi), without compromising cell survival, largely reversed such
increase, indicating that MMP-2/-9 activity is required for HMHA1
to enhance invasion (Fig. 4j, k). Taken together, these data show
that HMHA1 augments cancer cell invasion in an MMP-2/-9-
dependent manner.

Ionising radiation under hypoxia followed by reoxygenation
further enhances HMHA1 expression via the ROS/HIF axis and
promotes cancer cell invasion
We previously reported that after severely hypoxic tumour cells in
distal regions of blood vessels in tumour tissues survive radiation
therapy, they acquire HIF-1 activity due to reoxygenation and the
resulting increase in reactive oxygen species (ROS) amount, and
subsequently translocate to proximal regions of tumour blood
vessels [37, 45]. Therefore, we next examined whether HMHA1
expression is also increased after irradiation-reoxygenation

treatment that closely mimics the in vivo condition. Strikingly,
whilst irradiation alone did not induce HMHA1 expression,
irradiation under hypoxia and postirradiation reoxygenation
conjointly elicited a further induction of HMHA1 expression
(Fig. 5a). Moreover, upon HIF-1β knockout, there were no changes
in HMHA1 levels even after the same irradiation-reoxygenation
treatment, indicating that irradiation followed by reoxygenation
treatment further induces HMHA1 expression in a HIF-dependent
manner (Fig. 5b).
Considering that irradiation and reoxygenation can both

stimulate reactive oxygen species (ROS) generation, we hypothe-
sised that the increase in HMHA1 expression by the irradiation and
reoxygenation treatment might have been resulted from ROS-
mediated stabilisation of the HIF-1α protein. To verify this, HeLa
cells were pre-treated with a ROS inhibitor, NAC (N-acetyl-L-
cysteine). Without the NAC treatment, irradiated cells showed
higher HMHA1 expression than non-irradiated cells after reox-
ygenation (Fig. 5c). On the other hand, in the NAC-treated group,
the irradiation-reoxygenation treatment had no effects on HMHA1
expression levels, demonstrating that ROS is indeed involved in
the induction of HMHA1 expression after irradiation and
reoxygenation. Collectively, these results delineated the induction
of HMHA1 in irradiated ex-hypoxic cells via the ROS/HIF axis.
Last, to examine whether induction of HMHA1 expression by

irradiation-reoxygenation treatment can effectuate changes in
invasive properties of cancer cells, we employed the Boyden
chamber invasion assay again using the parent HeLa cells (WT)
and HMHA1 KO HeLa cells (Fig. 5d; Supplementary Fig. S5). The
cells were irradiated under hypoxic conditions (<0.1% O2)
followed by reoxygenation treatment, and then subjected to the
assay. As expected, for WT cells, there were more invading cells in
the “irradiated reoxygenated group” than the “non-irradiated
reoxygenated control group” (Fig. 5e). On the other hand, in
HMHA1 KO cells, which only exhibited modest invasion activity
under hypoxic conditions even without irradiation treatment, the
stimulatory effect of irradiation-reoxygenation on invasion was
not observed, revealing that HMHA1 is required for cancer cell
invasion after irradiation and reoxygenation (Fig. 5e). Moreover,
the WT cells and HMHA1 KO clones did not differ in their viability
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after irradiation and reoxygenation treatment, indicating that the
decrease in invasion was not due to cell death or differences in
radiosensitivity (Fig. 5f). Together, our results collectively provided
a plausible molecular mechanism underlying the invasion of
hypoxic cancer cell elicited by irradiation-reoxygenation in a ROS-
HIF-HMHA1-dependent manner.

Tumour hypoxia signature is associated with both HMHA1
expression levels and poor overall survival in various types of
cancer patients
Finally, we sought to extrapolate from our findings the clinical
significance of the hypoxic induction of HMHA1. Using the gene
expression data from The Cancer Genome Atlas (TCGA), patients
were first segregated by their expression of the hypoxia signature
genes [46]. In various cancer types, we found that patient samples
with high expression of hypoxia signature genes, which implies
tumour hypoxia, had significantly higher expression levels of
HMHA1, when compared to those with low hypoxia signature
expression (Fig. 6a). Furthermore, Kaplan–Meier analysis revealed

that such high expression levels were associated with poor overall
survival of various types of cancer patients (Fig. 6b). Taken
together, these data support that HMHA1 expression is induced
by hypoxia and is associated with worse clinical outcomes in
cancer patients.

DISCUSSION
Hypoxia has been reported to promote malignant properties
including angiogenesis, metabolic reprogramming, cancer stem
cell phenotypes, immune evasion, invasion and metastasis by
increasing the expression of HIF-regulated genes [25]. As a result,
tumour hypoxia contributes to therapy resistance and is
associated with poor prognosis in patients. Whilst radiotherapy
remains one of the most effective modalities for cancer treatment,
biological and clinical studies have also revealed that significant
proportion of patients still developed distant metastasis after
receiving radiotherapy [47]. In addition, radiation treatment has
been reported to enhance cancer cell invasion, as well as be
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associated with incidence of distant metastasis in some cancer
patients [34, 48–50]. In this study, we have identified a novel HIF
downstream gene, HMHA1, whose expression was induced under
hypoxia and thereby augmented the invasion activity of hypoxic
cancer cells. Moreover, we found that irradiation followed by the

reoxygenation of hypoxic cancer cells led to a further increase in
HMHA1 expression via the ROS/HIF pathway, subsequently
enhancing the invasion of surviving ex-hypoxic cells.
Our results first demonstrated that HIF-1β knockout completely

abrogated the hypoxia-induced expression of HMHA1, which
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could be recapitulated by the simultaneous suppression of HIF-1α
and HIF-2α, but not the knockout of HIF-1α or HIF-2α alone. This
suggests that there potentially exists a compensatory mechanism
between HIF-1 and HIF-2, which functions to secure HIF-mediated
hypoxia responses even either of the α subunits is not available;
however, the molecular details of such compensation as well as
the selectivity of HIF-1α and HIF-2α to gene promoters are still
elusive. Moreover, whilst our ChIP-qPCR data showed the
recruitment of HIF-1 to the HMHA1 intronic region, the exact
hypoxia response element remains to be elucidated.
The HMHA1 protein mainly comprises a F-BAR domain, a C1

domain, and a GTPase-activating protein (GAP) domain, and is
normally highly expressed in blood cells and immune cells.
Previously, it has been reported that whereas the forced
expression of an artificially truncated form of HMHA1, which does
not contain the N-terminal F-BAR domain, could regulate GTPase
activity and alter cell morphology (cell spreading), the full-length
HMHA1 did not exert any effects in HeLa cells, nor did the
knockdown of HMHA1 affect the chemotactic migration activities
of Jurkat cells [43]. On the other hand, a more recent study using
knockout mice demonstrated that HMHA1 loss would compro-
mise the deformability and trans-endothelial migration of naïve
T cells [44]. Herein, we showed that the stable overexpression of
full-length HMHA1 is functional and sufficient to enhance the
invasion of cancer cells even under normoxic conditions. Such
inconsistency may be attributed to the differences in cellular
context and environmental cues, suggesting that HMHA1
regulates cell movement/translocation in response to particular
stimuli or under specific conditions, rather than being generally
involved in all migratory/cellular movement activities.
Whilst de Kreuk et al. depicted a model that the F-BAR domain

acted in an auto-inhibitory manner to suppress RhoGAP activity,
He et al. postulated an alternative model that the F-BAR and C1
domains sequester HMHA1 to the cell membrane and RhoGAP
functions independently to regulate actin dynamics [43, 44]. In our
IHC analysis, HMHA1 indeed appeared to localise to the cell
membrane to certain extent (Fig. 1e); however, whether HMHA1
expressed under hypoxic conditions acts through one of the
aforementioned models or not remains to be examined.
In this study, we sought to investigate the molecular events

occurring after the hypoxic induction of HMHA1 that augmented
invasion, but the details were not fully clarified. We showed that
the overexpression of HMHA1 resulted in the distortion of stress
fibre organisation; this is in line with He et al.’s previous findings
which demonstrated that HMHA1 is required for cell deformability
[44], and may potentially act as a mechanism for hypoxic cancer
cells to enhance invasiveness. Moreover, HMHA1 overexpression
remarkably enhanced the total gelatinolytic activities by extra-
cellular MMP-2 and MMP-9, suggesting that HMHA1 may promote
ECM degradation and thereby facilitates hypoxic cancer cell
invasion. However, the increase in MMP-2 and -9 activities was not
grounded in any changes in their mRNA expression levels,
indicating that HMHA1 regulates MMP-2 and -9 posttranscription-
ally. Online interactome database (http://www.interactome-
atlas.org/) has reported the interaction between HMHA1 and
proteins related to vesicular transport from Golgi, like RINT1,
GOLGA2 and BICD2, raising the possibility that HMHA1 may be
involved in the regulation of MMP-2 and -9 secretion, but further
efforts to elucidate the regulatory mechanism would be necessary.
In addition, it may also be worthy to explore whether the roles of
HMHA1 in regulating actin fibre structures and in regulating MMP
activities are related to each other and if they are functioning
synergistically to promote metastasis.
Of note, our data showed that cancer cell invasion under

hypoxia was drastically, but not completely, suppressed by the
knockdown of HMHA1. This result seems reasonable based on
previous findings that HIF can enhance invasiveness via other

independent pathways like the HGF/MET [51, 52] and the LOX/
LOXL2/LOXL4 pathways [40].
Severely hypoxic cancer cells located in perinecrotic regions of

tumour tissues acquire HIF-1 activity after surviving radiation
therapy in a reoxygenation- and the resulting ROS-dependent
manner [28, 45]. We previously reported that the postirradiation
HIF-1 activation is responsible for invasion of surviving cells
towards tumour blood vessels, tumour recurrence, and potentially
distant tumour metastases after radiation therapy [37]; however,
its key regulator remained elusive. In the present study, we found
that HMHA1 expression is induced after irradiation-reoxygenation
treatment in a ROS/HIF-dependent manner, and HMHA1 is
involved in promoting the invasion of irradiated and subsequently
reoxygenated ex-hypoxic cancer cells. Our results provide an
insight into the molecular basis behind post-radiotherapy inva-
sion, distant metastasis, and tumour recurrence.
Last, herein, we exploited the Boyden chamber transwell assay

to evaluate the invasiveness of cancer cells. Whilst this is one of
the standard in vitro assays to study cell invasion activity, as
introduced before, metastasis is a cascade of biological events.
Therefore, it is important to establish suitable HMHA1 KO cell lines
and perform in vivo studies in order to assess whether HMHA1 can
indeed enhance metastasis. In addition, it is also worthy to subject
HMHA1 KO xenograft tumours to irradiation treatment and
investigate whether abrogating HMHA1 can halt the HIF-
dependent translocation of severely hypoxic cancer cells towards
tumour blood vessels, and prevent tumour recurrence and distant
metastases after irradiation.

MATERIALS AND METHODS
Cell culture and reagents
All cell lines used were purchased from American Type Culture Collection
(ATCC). HeLa, HepG2, SBC-3, and HT1080 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) with high glucose (4.5 g/L-Glucose), L-Gln,
and sodium pyruvate (Nacalai Tesque, Cat. #08458-16) supplemented with
10% (v/v) FBS (EQUITECH-BIO, Cat. #268-1) and 1% (v/v) penicillin-
streptomycin. Cells were maintained at 37 ˚C in a 95% air/5% CO2

moisturised incubator. For hypoxic treatment, cells were cultured at 37 ˚C
in workstation chambers maintained at < 0.1% O2/5% CO2 (INVIVO2 500,
Ruskinn), at 1% O2/5% CO2, or at 3% O2/5% CO2 (INVIVO2 400, Ruskinn). We
prepared both “< 0.1% O2” and “1–3% O2” conditions in the present study
since they have been recognized as “severely hypoxic conditions” and
“relatively mild hypoxic conditions”, respectively, in the fields of radiation
oncology and radiation biology. Gene silencing was performed using
Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen, Cat.
#13778075) and siRNAs purchased from Life Technologies; siRNAs against
HIF-1α (HSS104775 and HSS179231), HIF-2α (HSS176568 and HSS176569),
and HMHA1 (HSS118888 and HSS118890) were used. Stealth RNAi™ siRNA
Negative Control, Med GC (Invitrogen, Cat. #12935300) was used as
negative control. A MMP inhibitor (MMPi), MMP-2/MMP-9 Inhibitor I, was
purchased from Cayman Chemical (Cat. #20315).

Plasmid construction and stable transfectant
To construct HMHA1 overexpression vector, reverse transcription of total
RNA from HeLa cells was performed using the RNA LA PCR™ Kit (AMV)
Ver.1.1 kit (Nacalai tesque, Cat. #RR012A) in accordance with manufac-
turer’s protocol. HMHA1 coding sequence was amplified from the resultant
cDNA using the following primers: 5’-ATAGGATCCGCCATGAGTCGGGGG-
CAAAG-3’ and 5’-ATAGCGGCCGCTCACACGAATTCCGGCTG-3’, and inserted
between the BamHI and NotI sites of the pCDH/EF1.MCS-IRES.Puro vector
(System Biosciences, Cat. #CD532A-2). HEK293TN cells were co-transfected
with pCDH/EF1α.MCS-IRES.Puro empty vector or pCDH/EF1α.HMHA1-
IRES.Puro (for HMHA1 overexpression) in combination with pVSV-G,
pPACKH1/GAG and pPACKH1/REV, and then cultured for 2 days.
Lentivirus-containing medium was filtered through 0.22 μm pore size
membrane (Millipore, Cat. #SLGSV255F) and applied to sparsely seeded
HeLa cells pre-incubated with polybrene (8 μg/mL). After 2 days, cells were
subjected to puromycin selection for 2–3 weeks to obtain bulks of
transduced cells.
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CRISPR/Cas9-mediated establishment of knockout cells
HIF-1α and HIF-2α knockout HeLa cells were generated using sgRNA
oligonucleotides targeting the upstream of exon 1 and inside intron 1 (HIF-
1α KO clone #1: 5’-TCGCTCGCCATTGGATCTCG-3’ and 5’-TCTAATGGTGT-
CACGGCTCA-3’, respectively; HIF-1α KO clone #2: 5’-TGATTGGCTGA-
GAGCGGCGT-3’ and 5’-GGTGCTCTGCAGTGGACCGT-3’, respectively; HIF-2α
KO: 5’-ACAGGCAACGGTTAGCGCTC-3’ and 5’-AGCGGGCGTCCGGGCCGATC-
3’, respectively) as per the described procedures [53]. Previously
established HIF-1β knockout HeLa cells were used [53]. HMHA1 knockout
cells were generated using sgRNA oligonucleotides targeting the coding
sequence of HMHA1 (sgRNA #1: 5’-GCGTCTGCGAGATCGAGCGG-3’; #2: 5’-
AGTGGACCGTTCCGCCACGA-3’). The oligonucleotides were inserted into
the lentiCRISPRv2-puro vector (Addgene, Cat. #98290) for co-transfection
together with the packaging plasmids pVSV-G, pPACKH1/GAG, and
pPACKH1/REV. Transduced cells were selected as aforementioned and
sparsely reseeded for isolation of single clones. KO clones were verified by
Western blot analysis and sequencing of the corresponding HMHA1 gene
loci (Supplementary Fig. S5).

Microarray analysis
The GeneChip system with a Human Genome U133-plus 2.0 array spotted with
54,675 probe sets (Affymetrix Inc.) was used for the microarray gene
expression analysis, according to the manufacturer’s instructions. Briefly, cRNA
was synthesised from 500 ng of total RNA using the GeneChip 3’ IVT Express
Kit (Affymetrix Inc.). Fragmented cRNA labelled with biotin was hybridized to
the array at 45 °C for 16 h. After stained with streptavidin-phycoerythrin, the
array was scanned with a probe array scanner, and the significant genes of
interests were extracted from the obtained data about hybridisation intensity
by using the GeneSpring GX software (Agilent Technologies Inc.). The
microarray dataset was deposited in the NCBI’s Gene Expression Omnibus
database (GEO) with the accession number GSE161393 [38].

RNA-Seq analysis
After cells were cultured under normoxic or hypoxic conditions for 24 h, total
RNA was harvested and purified from the cells using TRIZOL reagent
(Ambion, Cat. #15596026). The sample quality was analysed with Bioanalyzer
(Agilent Technologies) and TapeStation (Agilent Technologies), and the
samples were subjected to directional library synthesis (NEB, Cat. #E7420)
and subsequently to the library quantification using the bioanalyzer DNA
High-sensitivity kit (Agilent, Cat. #5067-4626). RNA sequencing was then
conducted using Illumina NextSeq500 (Illumina) in Tsukuba i-Laboratory at
Tsukuba University. Acquired dataset was deposited in the Gene Expression
Omnibus (GEO) database at the National Center for Biotechnology
Information (NCBI) (GEO accession number: GSE254480).

Reverse transcription and quantitative PCR (qPCR)
Cells were lysed in Sepasol-RNA I Super G (Nacalai tesque, Cat. #09379-84) and
1 µg of the extracted RNA was reverse-transcribed using the PrimeScript RT
Reagent Kit (Takara, Cat. #RR037A) in accordance with manufacturer’s
instructions. Real-time qPCR was performed using the TB Green Premix Ex
Taq II and analysed with the Thermal Cycler Dice Real Time System (Takara).
The mRNA expression levels of target genes relative to β-actin (ACTB) were
assessed. The primer sequences are as listed in Supplementary Table S4.

Chromatin immunoprecipitation (ChIP)-qPCR
1.5 × 106 cells (per 10 cm dish) were cultured under normoxia or hypoxia for
24 h, and formalin solution was added to create DNA-protein cross-link. After
quenching with glycine (136mM), cells were washed twice with ice-cold PBS
and harvested with 300 µL SDS Lysis Buffer (Merck, Cat. #20-163). Cell lysates
were sonicated on ice and then centrifuged at 15,000 × g to remove the cell
debris. Supernatant was diluted with ChIP Buffer (Merck, Cat. #20-153) and
immunoprecipitation was performed with anti-HIF-1α antibody (Abcam, Cat.
#ab1) or mouse IgG1 κ isotype control (BD Pharmingen, Cat. #554121) using
the Dynabeads Protein G Immunoprecipitation Kit (Thermo Fisher, Cat.
#10007D). After overnight incubation on a rotating platform at 4 ˚C,
magnetic beads were sequentially washed with Low Salt Buffer, High Salt
Buffer, LiCl Buffer and TE buffer (Merck, Cat. #20-154, 20-155, 20-156; Nacalai
tesque, Cat. #06890-25). DNA was eluted in 1% (w/v) SDS with 100mM
NaHCO3, and cross-links were reversed by adding NaCl (final concentration
200mM). DNA was purified with the QIAquick PCR purification kit (QIAGEN,
Cat. #28106) before qPCR analysis of candidate HIF binding regions. Primers
used for qPCR are listed in Supplementary Table S4.

Western blotting
Whole-cell lysates were prepared with Cell Lytic M (Sigma-Aldrich, Cat.
#C2978) and equal amounts of protein extract were loaded to each well of
the SDS-containing acrylamide/bisacrylamide gel for SDS-PAGE. After
electroblotting proteins from the gel onto PVDF blotting membrane
(0.45 µm pore size, Amersham Cytiva, Cat. #10600023), the membrane was
blocked with 5% (w/v) skim milk in TBS-T and target proteins were probed
with the corresponding primary antibodies, anti-HMHA1/ARHGAP45 rabbit
polyclonal antibody (Atlas Antibodies, Cat. #HPA019816, 1:300 dilution),
anti-HIF-1αmouse monoclonal antibody (BD Biosciences, Cat. #610959,
1:250 dilution), anti-EPAS1/HIF-2α mouse monoclonal antibody (Santa
Cruz, Cat. #sc-13596, 1:200 dilution), anti-HIF-1β mouse monoclonal
antibody (Novus Biologicals, Cat. #NB100-124, 1:1000 dilution), and anti-
β-actin mouse monoclonal antibody (Santa Cruz, Cat. #sc-69879, 1:200
dilution), at 4 ˚C overnight and subsequently with HRP-conjugated
secondary bodies, anti-mouse IgG whole antibody (Cytiva, Cat. #NA931),
and anti-rabbit IgG whole antibody (Cytiva, Cat. #NA934), at room
temperature for 2 h. Chemiluminescence signals were developed by
adding ECL reagents (Amersham Cytiva, Cat. #RPN2232) and visualised
with the Amersham™ Imager 680 system (Amersham Cytiva).

In vivo experiments
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. Eight-week-old female athymic
nude mice (BALB/c nu/nu) were purchased from SLC Inc. Wild-type HeLa
cells or HMHA1 knockout HeLa cells were subcutaneously transplanted
into the right hind leg (1 × 106 cells in 100 µL ice-cold PBS per mouse). To
reduce oxygen supply to the xenografted tumour, phenylhydrazine
hydrochloride (60mg/kg body weight) was injected intraperitoneally
thrice with 1-day intervals before the mice were euthanised by cervical
dislocation. After the entire tumour and the left kidney were surgically
excised and homogenised in Sepasol RNA I Super G (Nacalai tesque, Cat.
#09379-84) using the TissueLyser LT (QIAGEN), total RNA was extracted for
qPCR analyses. Alternatively, the tumour-bearing mice were injected with
pimonidazole hydrochloride (Hypoxyprobe, Inc., Cat. #HP1), a hypoxia
marker, at a dose of 60mg/kg body weight 1 h before euthanasia to allow
for staining of hypoxic regions in tumour tissues in accordance with the
manufacturer’s instructions.

Immunohistochemical (IHC) analyses
Serial sections were prepared from formalin-fixed paraffin-embedded
(FFPE) tumour tissue and subjected to IHC staining using FITC-conjugated
anti-pimonidazole mouse monoclonal antibody (Hypoxyprobe, Inc., Cat.
#HP2-100, 1:200 dilution) and anti-HMHA1 rabbit polyclonal antibody
(Atlas Antibodies, Cat. #HPA019816, 1:100 dilution) as primary antibodies,
and Alexa Flour 594 goat anti-rabbit IgG (Invitrogen, Cat. #A-11072, 1:1000
dilution) as secondary antibody. Procedures were as per previously
described [54]. Reproducibility was confirmed using sections of xeno-
grafted tumours from three individual mice and representative images
were shown.

Phalloidin staining
Cells were seeded to collagen-coated glass bottom dishes (Matsunami
Glass, Cat. #D11134H) and incubated for 24 h before fixation with 4%
paraformaldehyde solution. Fixed cells were stained with green
fluorescein-conjugated phalloidin (AAT Bioquest, Cat. #23115) in accor-
dance with manufacturer’s protocol. Fluorescence images were obtained
with the FLUOVIEW FV10i confocal laser scanning microscope (Olympus
Life Science). At least 5 fields were randomly imaged for each sample, and
the presence of organised stress fibre was evaluated by an independent
blinded assessor.

Irradiation
Cells were cultured under normoxic or hypoxic (O2 < 0.1%) conditions for
24 h before irradiation with the indicated dose of 137Cs γ-rays using the
Gammacell 40 Exactor (MDS Nordion International Inc.). N-acetyl-L-cysteine
(NAC) was added at the final concentration 5mM (Sigma-Aldrich, Cat.
#A9165) 1 h prior to irradiation. Hypoxia was maintained during irradiation
by transferring cells from the hypoxia workstation chambers to a
rectangular jar of AnaeroPack (Mitsubishi Gas Chemical) and cells were
reoxygenated afterwards.
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Colorimetric cell viability assay
Cells transfected with the scramble control or siRNA against HMHA1 were
seeded to a 96-well plate (8 × 103 cells/well) and cultured for 24 h. Cell
viability was determined using the Cell Count Reagent SF kit (Nacalai
Tesque, Cat. #07553-44) in accordance with the manufacturer’s protocol.

Boyden chamber invasion assay
Cells were pre-treated with serum-reduced DMEM medium (1% FBS, for
HT1080) or serum-free DMEM medium (0% FBS, for HeLa) overnight before
seeding into the upper well (2 × 104 cells/well) of the Matrigel-coated
transwell insert (BioCoat Matrigel Invasion Chambers, 24-well Plates,
Corning, Cat. #354480). The starved cells were allowed to adhere for 12 h
before changing the medium in the bottom well from serum-free DMEM to
serum-supplemented (10% FBS) DMEM. Afterwards, cells were incubated
in the indicated conditions for 24 h, and fixed with 4% paraformaldehyde.
Non-invading cells remained in the upper chamber were removed by
wiping with clean cotton buds. After staining with crystal violet solution
(0.5% w/v in 20% methanol), images of the entire membrane were
captured with the Keyence BZ-9000 system and invading cells were
quantified by ImageJ analysis.

Gelatin zymography
To assess the enzymatic activities of excreted MMP-2/-9, HT1080 cells
transfected with empty vector or HMHA1 overexpression vector and
cultured with DMEM (5% FBS) for 48 h under normoxia. The culture media
were centrifuged and electrophoresed in 7.5% acrylamide/bisacrylamide
gel containing 1.25mg/mL gelatin. Loading amount was normalised by
total protein amount of cell lysate. SDS was removed by washing the gel
with 2.5% Triton X-100 in Tris-HCl buffer (pH 8.0) before incubation at 37 ˚C
in Tris-HCl (pH 8.0) buffer containing 0.5 mM CaCl2 and 1.0 μM ZnCl2
overnight. Coomassie Blue staining was then performed to visualise
gelatinolytic activity as transparent bands. For loading control, samples
were applied for SDS-PAGE without gelatin, and the gel was stained with
Coomassie brilliant blue to visualise protein bands.

TCGA analysis
An open-access dataset of TCGA was obtained from GDC Data Portal
(https://portal.gdc.cancer.gov). Using the 24 hypoxia-inducible genes,
which were reported to be useful to select cancer patients with tumours
exhibiting high hypoxia-signature by Yang et al. [46], cancer patients
exhibiting high and low hypoxia-signature were selected from the TCGA
dataset as follows. The patients with expression levels of 6 or more of the
24 hypoxia-inducible genes in the bottom 10% in the cohort were selected
as the low hypoxia-signature (normoxic tumours) group, whereas those
with expression levels of 6 or more of the 24 genes in the top 10% in the
cohort were selected as the high hypoxia-signature (hypoxic tumours)
group. Overall survival of ovarian cancer, stomach cancer, bladder cancer,
glioblastoma (GBM), and low-grade glioma patients in each group was
estimated by the Kaplan-Meier method and compared by log-rank test.
Hazard ratio was computed with the GraphPad Prism software.

Statistical analysis
Statistical analyses were conducted using GraphPad Prism software.
Results are shown as the mean ± s.d. The significance of differences was
assessed using the Student’s t-test and Log-rank test (ns: not significant,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). The variance was
confirmed to be similar between the groups that were being statistically
compared. Appropriate sample sizes in each in vitro and in vivo
experiment were determined based on previous experiments conducted
in our laboratory, preliminary experiments conducted prior to this research,
and previous literatures on the subject. Reproducibility of the results was
confirmed in at least three independent experiments and representative
results are shown.

DATA AVAILABILITY
The authors declare that the data supporting the findings of this study are available
within the paper and its supplemental information files. The data sets of microarray
and RNA-Seq analyses were deposited in the NCBI’s Gene Expression Omnibus
database with the accession number GSE161393 and GSE254480, respectively.

MATERIALS AVAILABILITY
Materials used in this study are available from the corresponding author upon
reasonable request.

REFERENCES
1. Yeom CJ, Goto Y, Zhu Y, Hiraoka M, Harada H. Microenvironments and cellular

characteristics in the micro tumor cords of malignant solid tumors. Int J Mol Sci.
2012;13:13949–65.

2. Kizaka-Kondoh S, Inoue M, Harada H, Hiraoka M. Tumor hypoxia: a target for
selective cancer therapy. Cancer Sci. 2003;94:1021–8.

3. Harada H. Hypoxia-inducible factor 1-mediated characteristic features of cancer
cells for tumor radioresistance. J Radiat Res. 2016;57:i99–i105.

4. Yoshimura M, Itasaka S, Harada H, Hiraoka M. Microenvironment and radiation
therapy. BioMed Res Int. 2013;2013:685308.

5. Harada H. How can we overcome tumor hypoxia in radiation therapy? J Radiat
Res. 2011;52:545–56.

6. Kizaka-Kondoh S, Tanaka S, Harada H, Hiraoka M. The HIF-1-active micro-
environment: an environmental target for cancer therapy. Adv Drug Deliv Rev.
2009;61:623–32.

7. Wang GL, Semenza GL. Purification and characterization of hypoxia-inducible
factor 1. J Biol Chem. 1995;270:1230–7.

8. Wang GL, Semenza GL. General involvement of hypoxia-inducible factor 1 in
transcriptional response to hypoxia. Proc Natl Acad Sci USA. 1993;90:4304–8.

9. Rosenberg N, Gervais P. [Evaluation of the sequelae of occupational asthma].
Revue des maladies respiratoires. 1989;6:35–8.

10. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME, et al.
The tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-
dependent proteolysis. Nature. 1999;399:271–5.

11. Kallio PJ, Wilson WJ, O’Brien S, Makino Y, Poellinger L. Regulation of the hypoxia-
inducible transcription factor 1alpha by the ubiquitin-proteasome pathway. J Biol
Chem. 1999;274:6519–25.

12. Salceda S, Caro J. Hypoxia-inducible factor 1alpha (HIF-1alpha) protein is rapidly
degraded by the ubiquitin-proteasome system under normoxic conditions. Its
stabilization by hypoxia depends on redox-induced changes. J Biol Chem.
1997;272:22642–7.

13. Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke J, Mole DR, et al. C.
elegans EGL-9 and mammalian homologs define a family of dioxygenases that
regulate HIF by prolyl hydroxylation. Cell. 2001;107:43–54.

14. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, et al. HIFalpha targeted for
VHL-mediated destruction by proline hydroxylation: implications for O2 sensing.
Science. 2001;292:464–8.

15. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, et al. Targeting of
HIF-alpha to the von Hippel-Lindau ubiquitylation complex by O2-regulated
prolyl hydroxylation. Science. 2001;292:468–72.

16. Tanimoto K, Makino Y, Pereira T, Poellinger L. Mechanism of regulation of the
hypoxia-inducible factor-1 alpha by the von Hippel-Lindau tumor suppressor
protein. EMBO J. 2000;19:4298–309.

17. Ohh M, Park CW, Ivan M, Hoffman MA, Kim TY, Huang LE, et al. Ubiquitination of
hypoxia-inducible factor requires direct binding to the beta-domain of the von
Hippel-Lindau protein. Nat Cell Biol. 2000;2:423–7.

18. Hirota K, Semenza GL. Regulation of hypoxia-inducible factor 1 by prolyl and
asparaginyl hydroxylases. Biochem Biophys Res Commun. 2005;338:610–6.

19. Mahon PC, Hirota K, Semenza GL. FIH-1: a novel protein that interacts with HIF-
1alpha and VHL to mediate repression of HIF-1 transcriptional activity. Genes
Dev. 2001;15:2675–86.

20. Koyasu S, Kobayashi M, Goto Y, Hiraoka M, Harada H. Regulatory mechanisms of
hypoxia-inducible factor 1 activity: Two decades of knowledge. Cancer Sci.
2018;109:560–71.

21. Wenger RH, Stiehl DP, Camenisch G. Integration of oxygen signaling at the
consensus HRE. Science’s STKE: Sig Transduc Knowledge Environ. 2005;2005:re12.

22. Semenza GL, Nejfelt MK, Chi SM, Antonarakis SE. Hypoxia-inducible nuclear
factors bind to an enhancer element located 3’ to the human erythropoietin
gene. Proc Natl Acad Sci USA. 1991;88:5680–4.

23. Joyce JA, Pollard JW. Microenvironmental regulation of metastasis. Nat Rev
Cancer. 2009;9:239–52.

24. Scott J, Kuhn P, Anderson AR. Unifying metastasis–integrating intravasation,
circulation and end-organ colonization. Nat Rev Cancer. 2012;12:445–6.

25. Schito L, Semenza GL. Hypoxia-Inducible Factors: Master Regulators of Cancer
Progression. Trends in cancer. 2016;2:758–70.

26. Rankin EB, Giaccia AJ. Hypoxic control of metastasis. Science. 2016;352:175–80.
27. Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the extracellular matrix: drivers of

tumour metastasis. Nat Rev Cancer. 2014;14:430–9.
28. Harada H, Itasaka S, Kizaka-Kondoh S, Shibuya K, Morinibu A, Shinomiya K, et al.

The Akt/mTOR pathway assures the synthesis of HIF-1alpha protein in a glucose-

P.W.T. Lee et al.

10

British Journal of Cancer

https://portal.gdc.cancer.gov


and reoxygenation-dependent manner in irradiated tumors. J Biol Chem.
2009;284:5332–42.

29. Chen Y, Li X, Wu S, Xu G, Zhou Y, Gong L, et al. Expression of HIF-1alpha and CAIX
in nasopharyngeal carcinoma and their correlation with patients’ prognosis. Med
Oncol. 2014;31:304.

30. Wu Y, Jin M, Xu H, Shimin Z, He S, Wang L, et al. Clinicopathologic significance of
HIF-1alpha, CXCR4, and VEGF expression in colon cancer. Clin Dev Immun.
2010;2010:537531.

31. Francis P, Namlos HM, Muller C, Eden P, Fernebro J, Berner JM, et al. Diagnostic and
prognostic gene expression signatures in 177 soft tissue sarcomas: hypoxia-induced
transcription profile signifies metastatic potential. BMC genomics. 2007;8:73.

32. Trastour C, Benizri E, Ettore F, Ramaioli A, Chamorey E, Pouyssegur J, et al. HIF-
1alpha and CA IX staining in invasive breast carcinomas: prognosis and treatment
outcome. Int J Cancer. 2007;120:1451–8.

33. Zhong H, De Marzo AM, Laughner E, Lim M, Hilton DA, Zagzag D, et al. Over-
expression of hypoxia-inducible factor 1alpha in common human cancers and
their metastases. Cancer Res. 1999;59:5830–5.

34. Lee SY, Jeong EK, Ju MK, Jeon HM, Kim MY, Kim CH, et al. Induction of metastasis,
cancer stem cell phenotype, and oncogenic metabolism in cancer cells by
ionizing radiation. Mol Cancer. 2017;16:10.

35. Madani I, De Neve W, Mareel M. Does ionizing radiation stimulate cancer invasion
and metastasis? Bulletin du cancer. 2008;95:292–300.

36. Zhu Y, Zhao T, Itasaka S, Zeng L, Yeom CJ, Hirota K, et al. Involvement of
decreased hypoxia-inducible factor 1 activity and resultant G1-S cell cycle tran-
sition in radioresistance of perinecrotic tumor cells. Oncogene. 2013;32:2058–68.

37. Harada H, Inoue M, Itasaka S, Hirota K, Morinibu A, Shinomiya K, et al. Cancer cells
that survive radiation therapy acquire HIF-1 activity and translocate towards
tumour blood vessels. Nat Commun. 2012;3:783.

38. Suwa T, Kobayashi M, Shirai Y, Nam JM, Tabuchi Y, Takeda N, et al. SPINK1 as a
plasma marker for tumor hypoxia and a therapeutic target for radiosensitization.
JCI insight. 2021;6:e148135.

39. Wong CC, Tse AP, Huang YP, Zhu YT, Chiu DK, Lai RK, et al. Lysyl oxidase-like 2 is
critical to tumor microenvironment and metastatic niche formation in hepato-
cellular carcinoma. Hepatology. 2014;60:1645–58.

40. Wong CC, Gilkes DM, Zhang H, Chen J, Wei H, Chaturvedi P, et al. Hypoxia-
inducible factor 1 is a master regulator of breast cancer metastatic niche for-
mation. Proc Natl Acad Sci USA. 2011;108:16369–74.

41. Schietke R, Warnecke C, Wacker I, Schodel J, Mole DR, Campean V, et al. The lysyl
oxidases LOX and LOXL2 are necessary and sufficient to repress E-cadherin in
hypoxia: insights into cellular transformation processes mediated by HIF-1. J Biol
Chem. 2010;285:6658–69.

42. Xu P, Ma J, Ma J, Zhang W, Guo S, Jian Z, et al. Multiple pro-tumorigenic functions
of the human minor Histocompatibility Antigen-1 (HA-1) in melanoma progres-
sion. Journal of dermatological science. 2017;88:216–24.

43. de Kreuk BJ, Schaefer A, Anthony EC, Tol S, Fernandez-Borja M, Geerts D, et al. The
human minor histocompatibility antigen 1 is a RhoGAP. PloS one. 2013;8:e73962.

44. He L, Valignat MP, Zhang L, Gelard L, Zhang F, Le Guen V, et al. ARHGAP45
controls naive T- and B-cell entry into lymph nodes and T-cell progenitor thymus
seeding. EMBO Rep. 2021;22:e52196.

45. Moeller BJ, Cao Y, Li CY, Dewhirst MW. Radiation activates HIF-1 to regulate
vascular radiosensitivity in tumors: role of reoxygenation, free radicals, and stress
granules. Cancer Cell. 2004;5:429–41.

46. Yang L, Taylor J, Eustace A, Irlam JJ, Denley H, Hoskin PJ, et al. A Gene Signature
for Selecting Benefit from Hypoxia Modification of Radiotherapy for High-Risk
Bladder Cancer Patients. Clin Cancer Res. 2017;23:4761–8.

47. Lee AW, Sze WM, Au JS, Leung SF, Leung TW, Chua DT, et al. Treatment results for
nasopharyngeal carcinoma in the modern era: the Hong Kong experience. Int J
Radiat Oncol Biol Phys. 2005;61:1107–16.

48. Martin OA, Anderson RL, Narayan K, MacManus MP. Does the mobilization of
circulating tumour cells during cancer therapy cause metastasis? Nat Rev Clin
Oncol. 2017;14:32–44.

49. Moncharmont C, Levy A, Guy JB, Falk AT, Guilbert M, Trone JC, et al. Radiation-
enhanced cell migration/invasion process: a review. Crit Rev Oncol Hematol.
2014;92:133–42.

50. Huang EY, Wang CJ, Chen HC, Fang FM, Huang YJ, Wang CY, et al. Multivariate
analysis of para-aortic lymph node recurrence after definitive radiotherapy for
stage IB-IVA squamous cell carcinoma of uterine cervix. Int J Radiat Oncol Biol
Phys. 2008;72:834–42.

51. Ide T, Kitajima Y, Miyoshi A, Ohtsuka T, Mitsuno M, Ohtaka K, et al. Tumor-stromal cell
interaction under hypoxia increases the invasiveness of pancreatic cancer cells
through the hepatocyte growth factor/c-Met pathway. Int J Cancer. 2006;119:2750–9.

52. Hara S, Nakashiro K, Klosek SK, Ishikawa T, Shintani S, Hamakawa H. Hypoxia
enhances c-Met/HGF receptor expression and signaling by activating HIF-1alpha
in human salivary gland cancer cells. Oral Oncol. 2006;42:593–8.

53. Chow CCT, Kobayashi M, Kambe G, Harada H. ZBTB2 is Recruited to a Specific
Subset of HIF-1 Target Loci to Facilitate Full Gene Expression Under Hypoxia. J
Mol Biol. 2023;435:168162.

54. Haitani T, Kobayashi M, Koyasu S, Akamatsu S, Suwa T, Onodera Y, et al. Pro-
teolysis of a histone acetyl reader, ATAD2, induces chemoresistance of cancer
cells under severe hypoxia by inhibiting cell cycle progression in S phase. Cancer
Lett. 2022;528:76–84.

ACKNOWLEDGEMENTS
We would like to thank Prof. Naoki Watanabe and Dr. Sawako Yamashiro for their
expertise and valuable insights, Ms. Kumi Johchi for technical assistance, and Ms.
Sachie Ikeda for administrative assistance.

AUTHOR CONTRIBUTIONS
PWTL performed the experiments, analysed the data, and prepared the manuscript.
TS and MK contributed to data analyses and partook in critical discussions. HY
assisted in conducting some experiments. LRK and ST made crucial contributions in
establishing cell lines. CCTC prepared the samples for RNA-Seq analysis. TY
performed the TCGA data analyses. HH supervised the study, assisted experiment
designs, contributed to critical discussions and data analyses, and co-wrote the
manuscript.

FUNDING
This study was supported by the AMED-CREST (21gm1110010s0303,
22gm1110010s0304, 23gm1110010s0305) and the Promotion of Cancer Research
and Therapeutic Evolution (P-PROMOTE: 22ama221417h0001, 23ama221417h0002)
to H.H. and AMED-PRIME (22gm6710010h0001, 23gm6710010h0002,
23gm6710010h9902) to T.Y. from the Japan Agency for Medical Research and
development (AMED), by the Core-to-Core Program (JPJSCCA20200009) to H.H.,
KAKENHI (21KK0144, 23H02855, and 23K18274 to H.H., 21K07727 to M.K., and
20KK0339, 21H03597, 22H05585, 23H04274 to T.Y.), and the Grant-in-Aid for JSPS
Fellows (23KJ1316) to L.R.K. from the Japan Society for the Promotion of Science
(JSPS), and by the research grant programs of the Princess Takamatsu Cancer
Research Fund, Uehara Memorial Foundation, Takeda Science Foundation, Ichiro
Kanehara Foundation for the Promotion of Medical Sciences and Medical Care,
Kobayashi Foundation for Cancer Research, Yasuda Medical Foundation, the
Foundation for Promotion of Cancer Research, Suzuken Memorial Foundation, and
Daiichi Sankyo Foundation of Life Science to H.H. and Takeda Science Foundation,
Sumitomo Foundation, and Asian Young Scientist Fellowship to T.Y. This study was
conducted through the CORE Programs of the Radiation Biology Center, Kyoto
University and the Joint Usage Program of the Institute for Integrated Radiation and
Nuclear Science, Kyoto University. P.W.T.L. and C.C.T.C. were supported by the
Japanese Government (MEXT) scholarship program. H.Y. was supported by the
Takeda Science Foundation scholarship program. S.T. was supported by the JST
SPRING, Grant Number JPMJSP2110.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICAL APPROVAL
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.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-024-02691-x.

Correspondence and requests for materials should be addressed to Hiroshi Harada.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

P.W.T. Lee et al.

11

British Journal of Cancer

https://doi.org/10.1038/s41416-024-02691-x
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

P.W.T. Lee et al.

12

British Journal of Cancer

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Hypoxia- and Postirradiation reoxygenation-induced HMHA1/ARHGAP45 expression contributes to cancer cell invasion in a HIF-dependent�manner
	Introduction
	Results
	HMHA1 expression is induced under severely hypoxic conditions
	HMHA1 expression is regulated at the transcription initiation level in a HIF-dependent�manner
	HIF-1 is recruited to the intron 1 of HMHA1 gene locus under hypoxia
	HMHA1 is involved in the augmented cancer cell invasion under hypoxia by upregulating MMP-2 and MMP-9 activities
	Ionising radiation under hypoxia followed by reoxygenation further enhances HMHA1 expression via the ROS/HIF axis and promotes cancer cell invasion
	Tumour hypoxia signature is associated with both HMHA1 expression levels and poor overall survival in various types of cancer patients

	Discussion
	Materials and methods
	Cell culture and reagents
	Plasmid construction and stable transfectant
	CRISPR/Cas9-mediated establishment of knockout�cells
	Microarray analysis
	RNA-Seq analysis
	Reverse transcription and quantitative PCR�(qPCR)
	Chromatin immunoprecipitation (ChIP)-qPCR
	Western blotting
	In vivo experiments
	Immunohistochemical (IHC) analyses
	Phalloidin staining
	Irradiation
	Colorimetric cell viability�assay
	Boyden chamber invasion�assay
	Gelatin zymography
	TCGA analysis
	Statistical analysis

	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




