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ARTICLE INFO ABSTRACT

Keywords: Cancer cells acquire chemoresistance in hypoxic regions of solid tumors, which is suggested to be at least partly

Tumor hypoxia due to reduction of their proliferative activity. However, molecular mechanisms behind it have not been fully

;\TADZ] ) elucidated. Here, we revealed the importance of active proteolysis of a histone acetylation reader, ATPase family
roteolysis

AAA domain containing 2 (ATAD2), under hypoxia. We found that inactivation of an O,/Fe?*/a-ketoglutarate-
dependent dioxygenase triggered ATAD2 proteolysis by the proteasome system upon severe hypoxia in a
hypoxia-inducible factors (HIFs)-independent manner. Consistently, ATAD2 expression levels were markedly
lower in perinecrotic hypoxic regions in both xenografted and clinical tumor tissues. The ATAD2 proteolysis was
accompanied by a decrease in the amount of acetylated histone H3 lysine 27 and inhibited cell cycle progression
from the early to late S phase under severe hypoxia. The retardation of S phase progression induced chemo-
resistance, which was blocked by overexpression of ATAD2. Together, these results indicate that ATAD2 pro-
teolysis upon severe hypoxia induces chemoresistance of cancer cells through heterochromatinization and the
subsequent retardation of S phase progression; therefore, inhibition of ATAD2 proteolysis is expected to be a
strategy to overcome chemoresistance of hypoxic tumor cells.

Chemoresistance
Cell cycle retardation

1. Introduction therapies, such as chemotherapies and radiotherapy, under hypoxic

conditions [4,5]. Clinical studies also repeatedly reported a negative

Oxygen consumption by cancer cells is known to markedly exceed
oxygen supply to them because of their high metabolic demands and
aberrant proliferation. In addition to such an imbalance, high interstitial
pressure resulting from the fragility and leakiness of the tumor vascu-
lature causes hypoxic regions in most malignant solid tumors [1-3]. It is
now well-recognized that cancer cells acquire resistance to anticancer

aspect of tumor hypoxia: the intratumoral hypoxic fraction positively
correlates with the poor prognosis of cancer patients [6,7]. Under these
circumstances, tumor hypoxia is recognized as one of the most impor-
tant issues to be overcome for the development of better cancer treat-
ment strategies.

How do cancer cells acquire chemoresistance in hypoxic regions?
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ylases; VHL, von-Hippel Lindau; ccRCC, clear cell renal cell carcinoma.
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One of the key factors is hypoxia-inducible factor 1 (HIF-1). Since HIF-1
was firstly identified as a transcription factor for cellular hypoxia re-
sponses in 1993 [8], it has been demonstrated that it functions not only
in angiogenesis, invasion, metastasis, and metabolic reprogramming of
cancer cells [9-13], but also in the induction of chemoresistance of
hypoxic tumor cells [14,15]. Under hypoxic conditions, HIF-1 induces
the expression of an energy-dependent membrane efflux pump,
ATP-dependent translocase (ABCB1)/multidrug resistance protein
(MDR1), that transports a variety of structurally unrelated xenobiotics
to maintain their intracellular concentrations at subtoxic levels [16].
HIF-1 inhibits Caspase-9 by inducing transcription of an inhibition of
apoptosis (IAP) family gene, Survivin, and eventually promotes che-
moresistance under hypoxic conditions [17,18].

In addition to these mechanisms, cell cycle retardation upon hypoxia
has been associated with cancer chemoresistance regardless of its de-
pendency on HIF-1; this is because most conventional chemotherapeutic
agents, such as alkylating agents, platinum agents, and taxane-based
agents, damage cancer cells that proliferate rapidly. Therefore, molec-
ular mechanisms that potentially delay cell cycle progression upon
hypoxia, such as activation of p53, p21, and p27, or suppression of
cyclin D1, induce chemoresistance of hypoxic cancers [19-21].

Not only genetic regulation as above but also epigenetic control,
which potentially alters global chromatin condensation, is also known to
be a factor influencing the rate of cell cycle progression and eventually
triggering the chemoresistance of cancer cells under hypoxia. A repre-
sentative mode of epigenetic regulation for that is histone acetylation. In
fact, histone deacetylases (HDACs) that catalyze deacetylation of his-
tone proteins and cause more condensed chromatin, referred to as het-
erochromatin [22], are known to induce chemoresistance, which
supports the development of HDAC inhibitors as anticancer agents [23].
HDAC inhibitors have been confirmed to exhibit expected therapeutic
effects, to some extent, in both pre-clinical and clinical studies [23];
however, the further identification of a key protein among epigenetic
regulators is expected in order to develop new anticancer agents with
more marked therapeutic effects.

The histone acetylation status is determined by both histone acetyl
transferases (HATs) and HDACs. These two play pivotal roles, but his-
tone acetylation reader protein harboring bromodomain (BRD) for the
recognition of acetylated lysin is also critical [24]. ATPase family AAA
domain containing 2 (ATAD2) has one bromodomain and two ATPase
associated with diverse cellular activities (AAA) domains, all of which
bind acetylated lysin residues of histone H4 [25]. ATAD2 has been
suggested to be required for the maintenance of histone hyper-
acetylation through protecting the acetylation from removal by HDAC2
[26]. In addition, it has been reported that ATAD2 works as a
co-regulator of several oncogenic transcriptional factors, such as estro-
gen receptor a (ERa) [27], androgen receptor (AR) [28], E2F1 tran-
scription factor [29], and Myc proto-oncogene protein [30], and thus
has a positive impact on the cell cycle progression and proliferation of
various types of cancer cells.

As for ATAD2, we recently acquired preliminary data showing that
its protein levels were markedly reduced under hypoxic conditions.
Given the accumulating knowledge on the positive impact of ATAD2 on
cell cycle progression and proliferation of cancer cells, as above, we
formulated a hypothesis that the decrease in ATAD2 expression levels
causes chemoresistance of cancer cells under hypoxia through the
retardation of cell cycle progression. In the present study, we investi-
gated how ATAD2 expression levels are decreased upon hypoxia, and
found that ATAD?2 is actively proteolyzed through the proteasome sys-
tem when an Oy/Fe’/o-KG-dependent dioxygenase is inactivated
under hypoxia. Moreover, we revealed the functional importance of
active proteolysis of ATAD2 in chemoresistance of cancer cells under
hypoxia through the retardation of cell cycle progression from the early
to late S phase.
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2. Materials and methods
2.1. Cell culture and reagents

Human renal cell carcinomas (RCCs) [31], ACHN, 786-0, and RCC4,
a human cervical epithelial adenocarcinoma cell line, HelLa, and an
immortalized human embryonic kidney cell line, HEK293 were pur-
chased from the American Type Culture Collection (Manassas, VA,
USA). Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, penicillin (100 units/mL), and
streptomycin (100 pg/mL). Cells were incubated in a well-humidified
incubator with 5% CO, and 95% air at 37 °C for normoxic conditions.
Cells were incubated in INVIVO2 400 (BAKER Ruskinn, Sanford, ME,
USA) for hypoxic conditions at 1% Oz or in INVIVO2 500 for severer
hypoxic conditions at < 0.1% O-. Small interfering RNA (siRNA) against
ATAD2 was purchased from Thermo Fisher Scientific (Waltham, MA,
USA) (Cat# 1299001, Stealth siRNAs #HSS120808 and #HSS120810).
PolyFect Transfection Reagent (Cat# 301107, Qiagen, Hilden, Ger-
many) was used for transient transfection. Deferoxamine (Cat#
D9533-1G) and dimethyloxalylglycine (Cat# D3695-10 MG) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Camptothecin (Cat#
038-18191), Carboplatin (Cat# 033-25231), and Cycloheximide (Cat#
037-20991) were purchased from FUJIFILM Wako Pure Chemical Cor-
poration (Osaka, Japan). Docetaxel (Cat# CDX-D0371) was purchased
from AdipoGen (San Diego, CA, USA).

2.2. Plasmid DNA

To construct pcDNA4/ATAD2, the coding sequence of the human
atad2 gene was amplified from the cDNA of HeLa cells by PCR using the
following two primers: 5'- AAAGGATCCGCCACCATGGTGGTTCTCCGC-
3’ and 5'- CCCGATATCTCATCTGGAACAACTGAAG-3', and inserted be-
tween the BamHI and EcoRV sites of pcDNA4/myc-His B (Thermo Fisher
Scientific). To construct two kinds of plasmids, pX330/sgATAD2-#1 and
-#2, each of which expresses a different kind of guide RNA (gRNA), for
ATAD2 knockout, the following two sets of oligo DNAs were annealed,
and the resultant double-stranded DNA was inserted into the BbsI site of
pX330. The nucleotide sequences of the two sets of oligo DNAs were as
follows: #1 forward: 5'-AAACGTCGCGCACGCCGAGGCCAGC-3’; #1
reverse: 5'-CACCGCTGGCCTCGGCGTGCGCGAC-3’; #2 forward: 5'-
CACCGGACCTCCATTAACGATCCAG-3’; #2 reverse: 5-
AAACCTGGATCGTTAATGGAGGTCC.

2.3. In vivo experiments

Mice were bred and maintained at 23 + 2 °C with 50-70% humidity
in the Animal Research Center, Graduate School of Medicine, Kyoto
University. Cancer cell suspensions (HeLa cells: 50 pL of 1.0 x 10° cells
in PBS, ACHN cells: 100 pL of 5.0 x 10° cells in PBS) were subcutane-
ously transplanted into right hind legs of 2 athymic nude mice (BALB/c
Sle nu/nu: SLC, Japan), respectively, under anesthesia with 2.5% of
isoflurane gas in oxygen flow (1.5 L/min). A hypoxia marker, pimoni-
dazole hydrochloride (Cat. # HP2-200Kit, Hypoxyprobe Inc., Burling-
ton, MA, USA), was intraperitoneally administered into every tumor-
bearing mouse at a dose of 60 mg/kg 60 min before harvesting the
tumor xenograft from mice sacrificed by fracture dislocation of the
cervical spine under anesthesia 21 days after the transplantation. Every
4 xenografted tumors were subjected to immunohistochemical analysis.

2.4. Immunohistochemical analyses

Formalin-fixed and paraffin-embedded sections of tumors were
deparaffinized in xylene, rehydrated in 100, 90, 80, and 70% ethanol
sequentially, retrieved in Histofine™ deparaffinizing antigen retrieval
buffer, pH 6.0 (Cat# 415281, Nichirei, Tokyo, Japan) at 95 °C for 40
min, blocked with Protein Block Serum-Free Ready-To-Use (Cat.
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#X0909, Dako, Santa Clare, CA, USA) for 30 min at room temperature,
and stained with the indicated combination of primary antibodies, anti-
human ATAD2 rabbit polyclonal antibody (Cat# HPA029424, Sigma-
Aldrich, St. Louis, MO, USA), anti-human CD31 mouse monoclonal
antibody (Cat. # ab9498, Abcam), anti-human CA9 mouse monoclonal
antibody (Cat. # ab107257, Abcam), and/or anti-pimonidazole FITC-
conjugated mouse monoclonal antibody (4.3.11.3 mouse FITC-MAb:
Cat. # HP2-200Kit, Hypoxyprobe Inc.). The slides were incubated
with Alexa Fluor 594 secondary antibody (Cat. #A-11072, Thermo
Fisher Scientific) Alexa Fluor 488 secondary antibody (Cat. #A-11070,
Thermo Fisher Scientific), or Alexa Fluor 546 secondary antibody (Cat.
#A-11060, Thermo Fisher Scientific), and with Hoechst 33342 (Cat.
#H3570, Thermo Fisher Scientific) for counterstaining. Fluorescence
images were obtained with a fluorescence microscope (IX71, Olympus,
Tokyo, Japan).

2.5. Western blotting

HEK293, ACHN, 786-0, and RCC4 cells (3 x 10° cells/well and 1 x
10° cells/well in 6-well plates for HEK293 cells and other cells,
respectively) were incubated under normoxic (20% O») or hypoxic (1%
or < 0.1% O3) conditions for the periods mentioned in each figure
legend, and lysed in 80 pL CelLytic M Buffer (Cat. #C2978, Sigma-
Aldrich). Anti-ATAD2 antibody (Cat. #HPA029424, Sigma-Aldrich),
anti-Histone H3 (acetyl K27) antibody (Cat. #ab4729, Abcam), anti-
HIF-1a antibody (Cat. #610959, BD Biosciences, Franklin lakes, NJ,
USA), and anti-p-actin antibody (Cat. #sc-69879, Santa Cruz, Heidel-
berg, Germany) were used as primary antibodies. Anti-mouse and anti-
rabbit IgG horseradish peroxidase-linked whole antibodies (GE Health-
care, Chicago, IL, USA) were used as secondary antibodies. Amersham
ECL Prime Western Blotting Detection Reagent (GE Healthcare) was
used to detect chemiluminescent signals according to the manufac-
turer’s instructions. The image was obtained by Amersham Imager 680
(GE Healthcare).

2.6. qRT-PCR

Cells were treated under normoxic or hypoxic conditions for 24 h.
Total RNA was extracted using Sepasol RNA I Super (Cat. #09379-84,
Nacalai Tesque, Kyoto, Japan) according to the manufacturer’s in-
structions. Total RNA (0.5 pg) was subjected to reverse transcription
using PrimeScript RT reagent Kit (Perfect Real Time, Takara Bio,
Kusatsu, Japan). The indicated genes’ mRNA levels were quantified
using the qRT-PCR technique with the following primers: ATAD2 for-
ward primer: 5-CCGAGTACTCCTGTGGCTTG-3’; ATAD2 reverse
primer: 5-TTGACTTTTTGCGAATTTTCC-3’; p-actin forward primer, 5’-
TGGCACCCAGCACAATGAA-3’; p-actin reverse primer, 5'-CTAAGTCA-
TAGTCCGCCTAG-3’. B-actin mRNA levels were used as an internal
control.

2.7. FACS analysis

Forty-eight hours after HEK293 cells (3 x 10° cells/well in 6-well
plates) were transiently transfected with the indicated plasmids, the
cells were incubated under normoxic (20% O3) or severe hypoxic
(<0.1% O5) conditions for an additional 24 h and harvested in culture
medium. The cells were pulse-labeled with 10 yM BrdU for 30 min
before the harvest, and subjected to fixation, permeabilization, immu-
nofluorescent staining, and DNA staining with 7-Amino-Actinomycin D
(7AAD) using the BD APC BrdU Flow Kit (Cat# 552598, BD Biosciences,
Franklin lakes, NJ, USA) according to the manufacturer’s instructions.
Immunofluorescent staining was performed with anti-BrdU antibody
(Cat# 552598, BD Biosciences) according to the manufacturer’s in-
structions for BrdU staining, and with anti-human ATAD2 rabbit poly-
clonal antibody (Cat. #HPA029424, Sigma-Aldrich) as the primary
antibody and with F(ab’)2-Goat anti-Rabbit IgG (H + L) Cross-Adsorbed
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Secondary Antibody, Alexa Fluor 488 (Cat. #A-11070, Thermo Fisher
Scientific) for ATAD2 staining. Intensities of 7AAD, BrdU, and ATAD2
were analyzed using BD FACSCanto II Flow Cytometer (BD Biosciences)
and DIVA software (BD Biosciences).

2.8. CRISPR/Cas9-mediated gene knockout (KO)

Twenty-four hours after HEK293 cells (6 x 10° cells/well in 6-well
plates) were transfected with pX330/sgATAD2-#1 and -#2, they were
reseeded in a ¢100-mm dish and cultured for 2 weeks. The resultant
colonies were isolated and established as clones. An ATAD2 KO clone,
HEK293 ATAD2-KO, was selected by genotyping using the following
primers: forward primer: 5-CCTGTCAAAGGCCAAGTGCT-3’; reverse
primer: 5'-CTGCAGCATGACGGCATAGA-3’. ATAD2 KO was further
confirmed by Western blotting.

2.9. Colorimetric cell viability assay

In the case of HEK293 cells, 24 h after the cells (6 x 10° cells/well in
a 6-well plate) were transiently transfected with the indicated plasmids,
they were reseeded on a 96-well plate (5 x 10° cells/well), pre-
incubated under normoxic (20% O3) or severe hypoxic (<0.1% O3)
conditions for 24 h, and treated with Camptothecin under the same
oxygen conditions as the pre-incubation for 48 h. In the case of cancer
cells, 24 h after the cells (3 x 10° cells/well in a 96-well plate) were
transfected with siRNA against ATAD2, they were treated with each
anticancer drug under the same oxygen conditions as the pre-incubation
for 48 h. The viability of cells was monitored with Cell Count Reagent SF
(Cat. #07553-44, Nacalai Tesque) according to the manufacturer’s
instructions.

2.10. Patient and tissue samples

The clinical study was carried out in accordance with the Helsinki
Declaration. The protocol of this study using human renal and lung
cancer samples was approved by the Ethics Committee of Kyoto Uni-
versity Hospital. Written-informed consent was obtained from every
patient. Every sample was surgically obtained from patients who were
pathologically diagnosed with clear cell renal cell carcinoma at Kyoto
University Hospital.

2.11. TCGA proteome analysis

A data set of TCGA Breast Cancer Proteome (Study ID: b8da9eeb-
57b8-11e8-b07a-00a098d917f8, Project ID: CPTAC2 Retrospective)
was obtained from The CPTAC Data Portal. Of the 27 samples in which
both HIF-1a and ATAD2 were detected, those with a relative standard
deviation over 2.0 were omitted. The normality of the remaining data
was confirmed by the Shapiro-Wilk test: p-values were 0.66 and 0.967
for HIF-1a and ATAD2, respectively. For analysis of the correlation be-
tween HIF-1a and ATAD2 levels, Pearson’s correlation coefficient and
the P-value were calculated.

2.12. Statistical analyses

The significance of differences was determined using Student’s t-test.
A P-value < 0.05 was considered significant.

3. Results

3.1. A histone acetyl reader, ATAD2, is degraded at the protein level upon
severe hypoxia

ATAD2 has been suggested to be required for histone hyper-
acetylation and promote both replication of genomic DNA and prolif-
eration of various types of cancer cells [25,29,32]. Therefore, we
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hypothesized that ATAD2 activity might be downregulated under hyp-
oxic conditions, which may account for the chemoresistance of hypoxic
tumor cells by retarding cell proliferation. To examine this possibility,
we first performed immunohistochemical analyses and investigated the
ATAD2 expression pattern in tumor xenografts with a human renal cell
carcinoma (RCC) cell line, ACHN [31]. We found that the tumor tissues
exhibited a heterogeneous expression pattern of ATAD2 proteins.
ATAD2 levels were found to be low in a part of pimonidazole-positive
hypoxic regions, particularly beside areas of necrosis (Fig. 1A). The
same pattern was confirmed in HeLa tumor xenografts as well; ATAD2
expression was markedly decreased in hypoxic regions (Fig. 1B). These
data clearly show that the expression of ATAD2 protein is markedly
reduced in hypoxic regions of xenografted tumors.

Cancer cells are exposed to various stresses/stimuli in hypoxic re-
gions, such as hypoxia and low nutrients. To test whether a hypoxic
stimulus is sufficient to decrease the ATAD2 expression levels, we
cultured cells under hypoxic conditions in vitro and performed Western
blotting for ATAD2. When a renal cell carcinoma (RCC) cell line, ACHN,
was cultured under severe hypoxic conditions at < 0.1% O, expression
levels of ATAD2 were markedly decreased in a hypoxic treatment
period-dependent manner but hardly reduced under milder hypoxic
conditions at 1% O (Fig. 1C). The severe hypoxia-dependent decrease
was also confirmed in a non-cancerous human embryonic kidney cell
line, HEK293 cells, suggesting the generality of the phenomenon
(Fig. 1D).

To identify the regulatory step responsible for the decrease in ATAD2
protein levels upon severe hypoxia, we next carried out qRT-PCR for
ATAD2 mRNA. Severe hypoxic treatment increased rather than
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decreased ATAD2 mRNA levels, meaning that changes in the ATAD2
mRNA levels cannot account for the decrease in ATAD2 protein upon
severe hypoxia (Fig. 1E). To further narrow down the regulatory step,
we next analyzed the possible involvement of the proteasome system
using a proteasome inhibitor, MG132. The decrease in the ATAD2 pro-
tein levels was almost completely blocked when treated with MG132
under severe hypoxic conditions, showing that ATAD2 protein is
actively degraded by the proteasome pathway upon severe hypoxia.
(Fig. 1F). Consistently, when we analyzed the stability of ATAD2 protein
under normoxia and severe hypoxia by monitoring the rate of ATAD2
decay after inhibiting neo-synthesis of ATAD2 with a translation in-
hibitor, cycloheximide (CHX), ATAD2 levels were rapidly decreased
under severe hypoxia compared with under normoxia (Fig. 1G).

As ATAD2 protein has been reported to be highly expressed in the S
phase [30], we next examined whether the ATAD2 proteolysis upon
severe hypoxia was S phase-specific. FACS analysis to quantify ATAD2
protein levels in each cell cycle phase demonstrated that ATAD2 levels
were decreased regardless of the cell cycle status, indicating that the
proteasome system works for ATAD2 in every cell cycle phase upon
hypoxia (Fig. 1H).

3.2. Proteolysis of ATAD upon severe hypoxia is regulated by an Oz/
Fe?* /a-KG-dependent dioxygenase but independent of the VHL-HIF-1 axis

a-Ketoglutarate (a-KG)-dependent dioxygenases are recognized as
oxygen sensors of various biological species because they use molecular
oxygen as a substrate [33]. Because the a-KG-dependent dioxygenases
contain ferrous iron (Fe?>") as a prosthetic group, they need not only
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Fig. 1. A histone acetyl reader, ATAD2, is degraded at the protein level upon severe hypoxia. A and B, Immunohistochemical analyses of the indicated tumor
xenografts for ATAD2 (red) and pimonidazole (green). Counter staining with Hoechst 33342 (blue). Scale bars, 50 pm. Bottom images of the ACHN xenografts are
high-magnification images of the dotted boxes in the top images. Dotted pink curves represent the border between hypoxic and necrotic (nec.) regions. Four tumor-
bearing mice were subjected to the analysis, and representative images are shown. C-H, Lysates and total RNA were harvested after the indicated cells were cultured
under normoxic (Norm: 20% in E-H), severe hypoxic (Hypo: < 0.1% in E-H), or the indicated oxygen (in C and D) conditions for the indicated time period (C and G)
or for 24 h (D-F and H), and subjected to Western blotting for the indicated antibodies (C, D, F, and G), qRT-PCR for ATAD2 mRNA (E) (n = 3), and FACS analysis
(H). Cells were treated with MG132 (10 uM) for 6 h before the harvest (F) or with cycloheximide (CHX, 50 pg/mL) under normoxia (Norm: 20%) or severe hypoxia
(Hypo: < 0.1%) for the indicated time period (G). FACS analysis was conducted to quantify the ATAD2 expression levels in G1, S, and G2/M phases after 24 h of

severe hypoxic treatment using 7AAD, BrdU, and anti-ATAD2 antibody (H).
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oxygen and o-KG but also Fe?* for their enzymatic activity [33]. To
examine whether the ATAD2 proteolysis upon severe hypoxia is trig-
gered by inactivation of an a-KG-dependent dioxygenase, we employed
an Fe?* chelator, deferoxamine (DFO), and an inhibitory analog of a-KG,
dimethyloxalylglycine (DMOG). We found that ATAD2 protein levels
were markedly reduced by chelating Fe?" even under normoxic condi-
tions, and that the reduction was blocked by inhibiting the proteasome
with MG132 (Fig. 2A). Moreover, ATAD2 protein levels were gradually
decreased by DMOG as well in a dose-dependent manner even under
normoxia (Fig. 2B). These data collectively showed that the proteasome
system-dependent ATAD2 degradation was mediated by inactivation of
an 0y/Fe" /a-KG-dependent dioxygenase.

Hypoxia-inducible factors (HIFs) are recognized as master tran-
scription factors responsible for an adaptive response to hypoxia. There
are three types of HIFs, HIF-1 to HIF-3, all of which are heterodimers
composed of one a subunit (HIF-1a, HIF-2a, or HIF-3a) and one p sub-
unit (HIF-1B; also known as aryl hydrocarbon receptor nuclear trans-
locator). HIFs activity is mainly regulated through the proteolysis of
HIF-as, which is triggered through O/Fe®*/a-KG-dependent prolyl-
hydroxylation by prolyl 4-hydroxylases (PHDs) and completed by the
von-Hippel Lindau (VHL)-dependent ubiquitination and subsequent
proteasomal degradation. Therefore, we next tested whether ATAD2
proteolysis is under the control of the PHD-VHL system or dependent on
HIFs or their downstream genes. To directly approach these questions,
we employed clear cell renal cell carcinoma (ccRCC) cell lines, 786-O
and RCC4, both of which are functional VHL-deficient [31]. Western
blotting demonstrated that the expression of ATAD2 was reduced under
severe hypoxic conditions in these VHL-deficient cells, just the same as
in VHL-proficient ACHN and HEK293 cell lines (Fig. 2C). Again,
qRT-PCR showed that the ATAD2 mRNA levels were not reduced under
severe hypoxia, meaning that the changes in mRNA levels cannot ac-
count for the decrease in ATAD2 protein upon severe hypoxia (Fig. 2D).
The involvement of both the Oy/Fe?*/a-KG-dependent dioxygenase and
proteasome system, observed using VHL-proficient cells, could be
confirmed in the VHL-deficient cells as well; reduction of ATAD2 protein
was promoted by an inhibitory analog of a-KG, DMOG, (Fig. 2E) and an
FeZ* chelator, DFO, (Fig. 2F) under normoxia, but blocked by a pro-
teasome inhibitor, MG132, under severe hypoxia (Fig. 2G). These data
indicate that proteolysis of ATAD2 upon severe hypoxia is regulated by
an Oy/Fe*"/a-KG-dependent dioxygenase, but is not under the control
of the same PHD-VHL-dependent system as that of HIF-as and is not
dependent on HIFs or their downstream genes.
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3.3. ATAD2 protein levels were markedly decreased in hypoxic regions of
clinical tumor tissues

To validate our findings about ATAD2 proteolysis in human tumor
tissues, we carried out immunohistochemical analyses using clinical
samples. We intentionally utilized ccRCC tissues, up to 90% of which
harbor VHL mutations [31], in order to directly examine independence
of the ATAD2 proteolysis on the VHL-HIF system. We confirmed a het-
erogeneous ATAD2 expression pattern in clinical ccRCC tissues as well
(Fig. 3A), consistent with the pattern in the xenografted tumors (Fig. 1A
and B). ATAD2 expression was high in proximal areas of CD31-positive
blood vessels (Fig. 3A). On the other hand, it was lower in regions
approximately 100-pm distal to the vessels, which were considered to be
hypoxic [1].

In order to directly test whether ATAD2 protein levels are reduced in
hypoxic regions of clinical tumor tissues, we next used squamous cell
lung tumor tissues, whose VHL-HIF system is intact, and performed
immunohistochemical analyses for ATAD2 and an intrinsic hypoxia
marker, carbonic anhydlase 9 (CA9), whose expression is under the
control of HIF-1 (Fig. 3B). ATAD2 expression was not detected in CA9-
positive hypoxic regions. Consistent with our in vitro and in vivo find-
ings, these immunohistochemical data collectively indicate that ATAD2
expression was markedly decreased in hypoxic areas of human tumor
tissues independent of the VHL-HIFs axis.

In addition, the analysis of TCGA proteome data from human breast
cancer showed that the protein expression level of ATAD2 was nega-
tively correlated with that of HIF-1a, further supporting our finding that
ATAD2 protein is decreased in hypoxic regions (Fig. 3C).

3.4. ATAD2 proteolysis delays progression of cell cycle from early to late
S phase under severe hypoxia

As ATAD2 has been reported to be involved in the regulation of
histone acetylation levels on nascent chromatin during DNA replication
[25,26], we next investigated the impact of the decrease in ATAD2
protein under severe hypoxia on both the histone acetylation status and
cell cycle distribution, particularly on the S phase proportion. Western
blotting revealed the reduction of acetylated histone H3 lysine 27
(H3K27ac) protein under severe hypoxic conditions, as expected
(Fig. 4A). The reduction was rescued by forced expression of ATAD2
(Fig. 4A), suggesting the involvement of ATAD2 proteolysis in global
heterochromatinization under severe hypoxic conditions.

FACS-based cell cycle analysis with the use of both 7AAD for DNA
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Fig. 2. Proteolysis of ATAD upon severe hypoxia is regulated by an O,/Fe®*/a-KG-dependent dioxygenase but independent of the VHL-HIF-1 axis. The indicated cells
were cultured under normoxia (Norm: 20%) or severe hypoxia (Hypo: < 0.1%) for 24 h in the presence or absence of DFO (100 uM for 24 h), MG132 (10 and 20 pM
for ACHN and 786-0, respectively, for 6 h), and/or DMOG (0.5 mM for 24 h) as indicated. Cell lysates and total mRNA were harvested for Western blotting for the
indicated proteins (A-C, and E-G) and qRT-PCR (D), respectively. Results are the means + SD, n = 3.
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(blue in A and B). Scale bars, 100 pm. C, Correlation diagram between protein expression levels of HIF-1a and ATAD2.
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Western blotting for the indicated proteins (A) and to cell cycle analyses using FACS (B-D). B, Representative scatter plot data. Dark blue dots, G1 phase; green dots,
G2/M phase; pink dots, early S phase; cyan dots, late S phase. C and D, The proportions of cells in the early (C) and late (D) S phase based on the cell cycle dis-
tribution in B. E and F, Seventy-two hours after the indicated cells were treated with scramble siRNA (Scr) or siRNA against ATAD2, cells were subjected to FACS
analysis to quantify the proportion of cells in the late S phase. Results are the mean + SD. n = 3. *P < 0.05; **P < 0.01; “P < 0.0001, unpaired two-tailed t-test.
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contents and BrdU for DNA synthesis revealed that severe hypoxic
treatment significantly decreased the proportion of cells in the late S
phase, but significantly increased that in the early S phase (i and ii in
Fig. 4B, C, and D). Interestingly, forced expression of ATAD2 slightly but
significantly recovered S phase progression under severe hypoxic con-
ditions (iii in Fig. 4B, C, and D; Supplementary Fig. 1A). All of these data
collectively indicate that ATAD2 proteolysis causes the retardation of S
phase progression from the early to late S phase, through the deacety-
lation of histone protein and resultant heterochromatinization of chro-
matin under severe hypoxia. Consistently, loss-of-function studies
demonstrated that silencing of ATAD2 significantly decreased the pro-
portion of cells in the late S phase even under normoxic conditions
(Fig. 4E and F; Supplementary Figs. 1B and 1C).

3.5. ATAD2 proteolysis causes chemoresistance of cancer cells under
severe hypoxia

Resistance to chemotherapy is induced under hypoxic conditions in
general. As we could clearly reproduce it with the use of an inhibitor of
DNA topoisomerase I, Camptothecin (Fig. 5A), we decided to apply this
experimental setting to examine whether the severe hypoxia-mediated
proteolysis of ATAD2 was associated with chemoresistance of hypoxic
cells. A colorimetric cell viability assay demonstrated that forced
expression of ATAD2 almost completely abrogated the severe hypoxia-
mediated chemoresistance, supporting our hypothesis that the chemo-
resistance was induced by ATAD2 proteolysis under severe hypoxic
conditions (Fig. 5B; Supplementary Fig. 1A). Consistently, a loss-of-
function study using siRNA against ATAD2 demonstrated that the
ATAD2-silencing significantly increased resistance to Camptothecin
even under normoxic conditions (Fig. 5C; Supplementary Fig. 1D).
ATAD2 KO cells also exhibited resistance to Camptothecin compared
with their parental cells, which could be partially but significantly
abrogated by the overexpression of ATAD2 (Fig. 5D; Supplementary
Fig. 1E).

We then examined whether the decrease in ATAD2 expression
caused resistance to not only Camptothecin but also other conventional
chemotherapeutic agents, such as a platinum-based drug, Carboplatin,
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and a tubulin-stabilizing agent, Docetaxel. As expected, ATAD2
silencing slightly but significantly induced the resistance of cancer cells
to each of these drugs (Fig. 5E and F; Supplementary Fig. 1D). Taken
together, these data indicate that ATAD2 proteolysis upon severe hyp-
oxia causes chemoresistance of cancer cells. Of note, chemoresistance by
ATAD?2 silencing was confirmed with the use of a VHL-deficient ccRCC
cell line, 786-0 cells, in Fig. 5C, E, and F, supporting our conclusion in
Fig. 2 that proteolysis of ATAD2 upon severe hypoxia is not under the
control of the same PHD-VHL-dependent system as that of HIF-as.

4. Discussion

Here, we demonstrated that a histone acetyl reader, ATAD2, was
actively degraded by the proteasome system when an O,/Fe?*/a-KG-
dependent dioxygenase was inactivated under severe hypoxia. We
additionally found that the proteolysis caused chemoresistance of cancer
cells by inhibiting cell cycle progression from the early to late S phase
with deacetylation of histone H3K27 upon severe hypoxia.

We, for the first time, revealed that ATAD2 protein levels are
significantly decreased upon severe hypoxia. We concluded that it
resulted from proteolysis, but not from death of cells for the following
reasons. First, the decrease of ATAD2 protein levels was rescued by the
proteasome inhibitor, MG132, in vitro. Second, we could detect p-actin
in Western blotting even under severe hypoxia in vitro. Third, since the
hypoxia-marker pimonidazole detects hypoxic regions through its
reduction by reductases in living cells, the existence of pimonidazole-
positive but ATAD2-negative cells means that they still survive in peri-
necrotic regions.

This is the first report to show that ATAD2 protein is actively
degraded by the proteasome system under severe hypoxic conditions.
Although we revealed its importance from the viewpoint of cancer
biology (particularly chemoresistance of hypoxic cancer cells), its
physiological significance remains unknown. However, it might be
reasonable to hypothesize that cell cycle retardation works to reduce
wasted consumption of energy under hypoxic conditions, which is
markedly beneficial for the maintenance of energy homeostasis. To test
this hypothesis and investigate the physiological significance of ATAD2

Fig. 5. ATAD2 proteolysis causes chemo-
Camptothecin resistance of cancer cells under severe hyp-
oxia. HEK293 cells (A, B, and D), 786-0 cells
1.0 ok (G, E, and F), and HEK293 ATAD2-KO cells
E‘a - ok (D) were transfected with or without the
% S indicated plasmid or siRNA, cultured under
S 2 0 normoxic (Norm: 20%) or severe hypoxic
.g § 04 (Hypo: < 0.1%) conditions in the presence of
© ‘;‘ Camptothecin (0.2 pM in A and B, 3 pM in C,
g 2 and 2 pM in D), Carboplatin (100 pM in E),
5 or Docetaxel (10 nM in F), and subjected to
Scr #1 #2 the colorimetric cell viability assay. Results
~ . .~ arethemean + SD.n = 3. *P < 0.05; **P <
SIATAD2 0.01; ***P < 0.001; ns not significant, un-
paired two-tailed t-test.
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proteolysis in the presence of hypoxic stimuli, it is important to generate
an ATAD2 knockout mouse and analyze its phenotypes.

ATAD2 proteins were found to be degraded when cells were treated
with an inhibitory analog of a-KG, DMOG, or an Fe?* chelator, DFO,
even under normoxic conditions. These data suggest that ATAD2 is
stabilized through the activation of an Oy/Fe?*/a-KG-dependent diox-
ygenase under normoxia but destabilized through its inactivation under
hypoxia. We have not identified the dioxygenase participating in the
regulation of ATAD?2 stability, but our in vitro and in vivo data gave us
some hints. Our immunohistochemical analyses using both a hypoxia
marker, pimonidazole, and anti-ATAD2 antibody demonstrated that
ATAD?2 expression levels were markedly decreased in a part of hypoxic
regions of xenografted tumors. Particularly, ATAD2 was undetectable in
cellular layers adjacent to areas of necrosis. In addition, according to the
results of our in vitro studies, hypoxic stimuli may be sufficient to ac-
count for the active proteolysis even without other stimuli, such as the
depletion of nutrients. Moreover, ATAD2 was more efficiently degraded
under severer hypoxic conditions, such as < 0.1% O.. Taken together,
the unidentified Oy/Fe>*/a-KG-dependent dioxygenase can be consid-
ered to lose activity under such severe oxygen conditions. This infor-
mation helps us to narrow down and identify candidate dioxygenases.

There are some putative and possible mechanisms underlying
ATAD?2 proteolysis upon severe hypoxia. First, an unidentified Oo/Fe?t/
a-KG-dependent dioxygenase might directly modify ATAD2 for its sta-
bilization under normoxia. Second, an unidentified dioxygenase might
modify an unknown factor and indirectly stabilize ATAD2 under nor-
moxia or destabilize it under severe hypoxia. In addition to identifica-
tion of the unknown dioxygenase itself as above, that of its modification
target is also important. Moreover, it is necessary to explore a ubig-
uitinating enzyme for ATAD2 proteolysis, which is different from VHL.
We may be able to accomplish this with the use of the previously re-
ported information that three lysine residues at 63, 175, and 931 in
ATAD2 proteins are ubiquitinated [34-36].

Inconsistent with our main finding about ATAD2 proteolysis upon
severe hypoxia, ATAD2 expression was reported to be induced at the
transcriptional initiation level in a HIF-1a-dependent manner in stom-
ach cancer cells [37]. There is a possibility that whether ATAD2
expression is downregulated at the protein stability level or upregulated
at the transcriptional initiation level might differ in a cell
context-dependent manner because we mainly used kidney-derived cells
here, and not stomach cancers. However, in fact, we also confirmed the
same kind of tendency, suggesting the importance of regulation at the
transcriptional initiation level; ATAD2 mRNA levels are upregulated
under hypoxia, to some extent, although we have not tested the
HIF-1-dependency.

Here, we could reveal that ATAD2 proteolysis inhibited cell cycle
progression from the early to late S phase under severe hypoxia. How-
ever, it remains unclear whether ATAD2’s function as a histone acety-
lation reader is critical for the retardation because we have not analyzed
the role of ATPase activity of ATAD2 in it. It would be interesting to
examine the importance of the ATPase activity by overexpressing a point
mutant of ATAD2 lacking the ATPase activity in the HEK293-derived
ATAD2 KO cells we generated here.

It has been repeatedly reported that ATAD2 had positive impacts on
both proliferation and cell cycle progression of various types of cancer
cells [30,38]. Clinical studies have consistently shown that ATAD2
expression levels are associated with poor prognoses of various cancer
patients [39]. These data justify the rationale of a novel therapeutic
strategy inhibiting ATAD2. However, our findings additionally provide
novel insight into the utilization of ATAD2 for the development of an
antitumor strategy from a different viewpoint. The extent of the
decrease in ATAD2 expression in hypoxic regions of tumor tissues is
expected to provide valuable information on how much cancers exhibit
resistance to a chemotherapeutic agent and show recurrence after
treatment.

Our colorimetric cell viability assays demonstrated that the forced
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expression of ATAD2 abrogated the hypoxia-mediated chemoresistance
of renal cell carcinoma cells. There are few effective anticancer drugs for
the treatment of kidney cancers because of their chemoresistant char-
acteristics, and surgery is the standard treatment at present. However,
our data suggest the possibility that inhibition of ATAD2 proteolysis
upon severe hypoxia may be a novel way to improve the efficacy of
chemotherapy and the combination of surgery and chemotherapy.

The contribution of ATAD2 proteolysis to the chemoresistance of
hypoxic cancer cells was not necessarily marked, and it could not fully
account for hypoxic cell chemoresistance. However, it is also true that
silencing of ATAD2 partially but significantly enhanced chemo-
resistance of cancer cells, indicating the function of ATAD2 proteolysis
in chemoresistance. Moreover, we demonstrated that artificial activa-
tion of ATAD?2 significantly enhanced the therapeutic effect of chemo-
therapy. Because many types of conventional chemotherapeutic agents
are given to cancer patients daily for some weeks, we could expect that
the chemoenhancing effect would accumulate during the treatment
period and eventually exhibits big outcome even if the effect of each
administration is not so big.

The present study revealed a novel mechanism underlying chemo-
resistance of hypoxic tumor cells and provides a rational basis for
inhibiting the hypoxia-dependent ATAD2 proteolysis to overcome this.
In order to realize this concept, we need to fully elucidate the molecular
mechanisms behind ATAD2 proteolysis upon severe hypoxia and iden-
tify regulatory factors, such as an Oo/Fe?t/a-KG-dependent dioxygenase
and a ubiquitinating enzyme for ATAD2.

Authors’ contributions

T. Haitani performed the experiments mainly under the guidance of
M. Kobayashi, S. Koyasu, and H. Harada, analyzed the data, and co-
wrote the manuscript. M. Kobayashi and S. Koyasu contributed to data
analysis and critical discussion. S. Akamatsu, T. Menju, H. Date, and O.
Ogawa contributed to the research using human cancer samples and
critical discussion. T. Suwa, J.-M. Nam, and P. T. L. Nguyen helped with
in vitro data collection. Y. Onodera contributed to the TCGA analysis. H.
Harada designed and supervised the study, analyzed the data, and co-
wrote the manuscript.

Ethics approval and consent to participate

All animal experiments were performed in the Animal Research
Center, Graduate School of Medicine, Kyoto University according to a
protocol approved by the Animal Research Committee of Kyoto Uni-
versity prior to the study. The clinical study was carried out in accor-
dance with the Helsinki Declaration. The protocol of this study using
human renal and lung cancer samples was approved by the Ethics
Committee of Kyoto University Hospital. Written-informed consent was
obtained from each patient. Every sample was surgically obtained from
patients who were pathologically diagnosed with clear cell renal cell
carcinoma at Kyoto University Hospital.

Funding information

This study was supported by the Funding Program for NEXT Gen-
eration World Leading Researchers (NEXT Program) from the Japan
Society for the Promotion of Science (JSPS), Japan to H.H. (No. LS071),
by the program for Precursory Research for Embryonic Science and
Technology (PRESTO) from the Japan Science and Technology Agency
(JST) to H.H. (No. JPMJPR14M8), by the Research Project on Devel-
opment of New Drugs (No. 17933766) and the Translational Research
Grant Seeds A (No. A101) to H.H. from Japan Agency for Medical
Research and development (AMED), by the Core-to-Core Program
(JPJSCCA20200009) to H.H. and KAKENHI (No. 16H01640, 16H01573,
18KK0241, 19K22595, 20H03621, 20H05033, 21K19455, and
21KK0144 to H.H., 19K22595 and 21K07727 to M.K., and 19K08140 to



T. Haitani et al.

J.-M.N) from Japan Society for the Promotion of Science (JSPS), by the
National Cancer Center Research and Development Fund to H.H. (2021-
A-8), and by the research grant programs of the Princess Takamatsu
Cancer Research Fund, the Uehara Memorial Foundation, the Takeda
Science Foundation, the Ichiro Kanehara Foundation for the Promotion
of Medical Sciences and Medical Care, the Kobayashi Foundation for
Cancer Research, the Yasuda Medical Foundation, the Kyoto-Funding
for Innovation in Health-related R & D Fields, and the Foundation for
Promotion of Cancer Research to H.H.

Declaration of competing interest

The authors declare that they have no financial conflict of interests or
personal relationships that could inappropriately influence and bias the
work.

Acknowledgements

We thank Ms. K. Johchi for technical assistance. This study was
conducted through the Joint Usage Program of the Radiation Biology
Center, Kyoto University and by that of the Institute for Integrated Ra-
diation and Nuclear Science, Kyoto University.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.canlet.2021.12.028.

References

[1] C.J. Yeom, Y. Goto, Y. Zhu, M. Hiraoka, H. Harada, Microenvironments and
cellular characteristics in the micro tumor cords of malignant solid tumors, Int. J.
Mol. Sci. 13 (2012) 13949-13965.

R.H. Thomlinson, L.H. Gray, The histological structure of some human lung cancers
and the possible implications for radiotherapy, Br. J. Cancer 9 (1955) 539-549.
L.H. Gray, A.D. Conger, M. Ebert, S. Hornsey, O.C. Scott, The concentration of
oxygen dissolved in tissues at the time of irradiation as a factor in radiotherapy, Br.
J. Radiol. 26 (1953) 638-648.

C.E. McAleese, C. Choudhury, N.J. Butcher, R.F. Minchin, Hypoxia-mediated drug
resistance in breast cancers, Cancer Lett. (2020).

H. Doktorova, J. Hrabeta, M.A. Khalil, T. Eckschlager, Hypoxia-induced
chemoresistance in cancer cells: the role of not only HIF-1, Biomed. Pap. Med. Fac.
Univ. Palacky Olomouc Czech Repub. 159 (2015) 166-177.

X. Jing, F. Yang, C. Shao, K. Wei, M. Xie, H. Shen, Y. Shu, Role of hypoxia in cancer
therapy by regulating the tumor microenvironment, Mol. Cancer 18 (2019) 157.
D. Hussein, E.J. Estlin, C. Dive, G.W. Makin, Chronic hypoxia promotes hypoxia-
inducible factor-1lalpha-dependent resistance to etoposide and vincristine in
neuroblastoma cells, Mol. Cancer Therapeut. 5 (2006) 2241-2250.

G.L. Wang, G.L. Semenza, General involvement of hypoxia-inducible factor 1 in
transcriptional response to hypoxia, Proc. Natl. Acad. Sci. U. S. A. 90 (1993)
4304-4308.

H. Harada, Hypoxia-inducible factor 1-mediated characteristic features of cancer
cells for tumor radioresistance, J. Radiat. Res. 57 (Suppl 1) (2016) i99-i105.

Y. Goto, L. Zeng, C.J. Yeom, Y. Zhu, A. Morinibu, K. Shinomiya, M. Kobayashi,
K. Hirota, S. Itasaka, M. Yoshimura, K. Tanimoto, M. Torii, T. Sowa, T. Menju,
M. Sonobe, H. Kakeya, M. Toi, H. Date, E.M. Hammond, M. Hiraoka, H. Harada,
UCHL1 provides diagnostic and antimetastatic strategies due to its
deubiquitinating effect on HIF-lalpha, Nat. Commun. 6 (2015) 6153.

G.L. Semenza, Molecular mechanisms mediating metastasis of hypoxic breast
cancer cells, Trends Mol. Med. 18 (2012) 534-543.

G.L. Semenza, Regulation of cancer cell metabolism by hypoxia-inducible factor 1,
Semin. Cancer Biol. 19 (2009) 12-16.

G.L. Semenza, Targeting HIF-1 for cancer therapy, Nat. Rev. Cancer 3 (2003)
721-732.

S.V. Karakashev, M.J. Reginato, Progress toward overcoming hypoxia-induced
resistance to solid tumor therapy, Cancer Manag. Res. 7 (2015) 253-264.

N. Rohwer, T. Cramer, Hypoxia-mediated drug resistance: novel insights on the
functional interaction of HIFs and cell death pathways, Drug Resist. Updates 14
(2011) 191-201.

[2]

[3]

[4]
[5]

[6]

[71

[8]

[91

[10]

[11]
[12]
[13]
[14]

[15]

84

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Cancer Letters 528 (2022) 76-84

K.M. Comerford, T.J. Wallace, J. Karhausen, N.A. Louis, M.C. Montalto, S.

P. Colgan, Hypoxia-inducible factor-1-dependent regulation of the multidrug
resistance (MDR1) gene, Cancer Res. 62 (2002) 3387-3394.

X.P. Sun, X. Dong, L. Lin, X. Jiang, Z. Wei, B. Zhai, B. Sun, Q. Zhang, X. Wang,
H. Jiang, G.W. Krissansen, H. Qiao, X. Sun, Up-regulation of survivin by AKT and
hypoxia-inducible factor lalpha contributes to cisplatin resistance in gastric
cancer, FEBS J. 281 (2014) 115-128.

X.Y. Wu, Z.X. Fu, X.H. Wang, Effect of hypoxia-inducible factor 1-alpha on Survivin
in colorectal cancer, Mol. Med. Rep. 3 (2010) 409-415.

Q. Guo, F. Lan, X. Yan, Z. Xiao, Y. Wu, Q. Zhang, Hypoxia exposure induced
cisplatin resistance partially via activating p53 and hypoxia inducible factor-
lalpha in non-small cell lung cancer A549 cells, Oncol. Lett. 16 (2018) 801-808.
W. Wen, J. Ding, W. Sun, K. Wu, B. Ning, W. Gong, G. He, S. Huang, X. Ding, P. Yin,
L. Chen, Q. Liu, W. Xie, H. Wang, Suppression of cyclin D1 by hypoxia-inducible
factor-1 via direct mechanism inhibits the proliferation and 5-fluorouracil-induced
apoptosis of A549 cells, Cancer Res. 70 (2010) 2010-2019.

S. Yoshiba, D. Ito, T. Nagumo, T. Shirota, M. Hatori, S. Shintani, Hypoxia induces
resistance to 5-fluorouracil in oral cancer cells via G(1) phase cell cycle arrest, Oral
Oncol. 45 (2009) 109-115.

T. Kouzarides, Chromatin modifications and their function, Cell 128 (2007)
693-705.

A. Taddei, D. Roche, W.A. Bickmore, G. Almouzni, The effects of histone
deacetylase inhibitors on heterochromatin: implications for anticancer therapy?
EMBO Rep. 6 (2005) 520-524.

T. Fujisawa, P. Filippakopoulos, Functions of bromodomain-containing proteins
and their roles in homeostasis and cancer, Nat. Rev. Mol. Cell Biol. 18 (2017)
246-262.

S.J. Koo, A.E. Fernandez-Montalvan, V. Badock, C.J. Ott, S.J. Holton, O. von Ahsen,
J. Toedling, S. Vittori, J.E. Bradner, M. Gorjanacz, ATAD2 is an epigenetic reader of
newly synthesized histone marks during DNA replication, Oncotarget 7 (2016)
70323-70335.

P. Lazarchuk, J. Hernandez-Villanueva, M.N. Pavlova, A. Federation, M. MacCoss,
J.M. Sidorova, Mutual balance of histone deacetylases 1 and 2 and the acetyl
reader ATAD2 regulates the level of acetylation of histone H4 on nascent
chromatin of human cells, Mol. Cell Biol. 40 (2020).

J.X. Zou, A.S. Revenko, L.B. Li, A.T. Gemo, H.W. Chen, ANCCA, an estrogen-
regulated AAA+ ATPase coactivator for ERalpha, is required for coregulator
occupancy and chromatin modification, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
18067-18072.

J.X. Zou, L. Guo, A.S. Revenko, C.G. Tepper, A.T. Gemo, H.J. Kung, HW. Chen,
Androgen-induced coactivator ANCCA mediates specific androgen receptor
signaling in prostate cancer, Cancer Res. 69 (2009) 3339-3346.

A.S. Revenko, E.V. Kalashnikova, A.T. Gemo, J.X. Zou, H.W. Chen, Chromatin
loading of E2F-MLL complex by cancer-associated coregulator ANCCA via reading
a specific histone mark, Mol. Cell Biol. 30 (2010) 5260-5272.

M. Ciro, E. Prosperini, M. Quarto, U. Grazini, J. Walfridsson, F. McBlane,

P. Nucifero, G. Pacchiana, M. Capra, J. Christensen, K. Helin, ATAD2 is a novel
cofactor for MYC, overexpressed and amplified in aggressive tumors, Cancer Res.
69 (2009) 8491-8498.

K.K. Brodaczewska, C. Szczylik, M. Fiedorowicz, C. Porta, A.M. Czarnecka,
Choosing the right cell line for renal cell cancer research, Mol. Cancer 15 (2016)
83.

C. Caron, C. Lestrat, S. Marsal, E. Escoffier, S. Curtet, V. Virolle, P. Barbry,

A. Debernardi, C. Brambilla, E. Brambilla, S. Rousseaux, S. Khochbin, Functional
characterization of ATAD2 as a new cancer/testis factor and a predictor of poor
prognosis in breast and lung cancers, Oncogene 29 (2010) 5171-5181.

M.S. Islam, T.M. Leissing, R. Chowdhury, R.J. Hopkinson, C.J. Schofield, 2-
Oxoglutarate-Dependent oxygenases, Annu. Rev. Biochem. 87 (2018) 585-620.
V. Akimov, L. Barrio-Hernandez, S.V.F. Hansen, P. Hallenborg, A.K. Pedersen, D.
B. Bekker-Jensen, M. Puglia, S.D.K. Christensen, J.T. Vanselow, M.M. Nielsen,

1. Kratchmarova, C.D. Kelstrup, J.V. Olsen, B. Blagoev, UbiSite approach for
comprehensive mapping of lysine and N-terminal ubiquitination sites, Nat. Struct.
Mol. Biol. 25 (2018) 631-640.

N.D. Udeshi, T. Svinkina, P. Mertins, E. Kuhn, D.R. Mani, J.W. Qiao, S.A. Carr,
Refined preparation and use of anti-diglycine remnant (K-epsilon-GG) antibody
enables routine quantification of 10,000s of ubiquitination sites in single
proteomics experiments, Mol. Cell. Proteomics 12 (2013) 825-831.

W. Kim, E.J. Bennett, E.L. Huttlin, A. Guo, J. Li, A. Possemato, M.E. Sowa, R. Rad,
J. Rush, M.J. Comb, J.W. Harper, S.P. Gygi, Systematic and quantitative
assessment of the ubiquitin-modified proteome, Mol. Cell. 44 (2011) 325-340.

A. Nayak, A.D. Roy, N. Rout, S.P. Singh, A. Bhattacharyya, A. Roychowdhury,
HIFlalpha-dependent upregulation of ATAD2 promotes proliferation and
migration of stomach cancer cells in response to hypoxia, Biochem. Biophys. Res.
Commun. 523 (2020) 916-923.

F. Boussouar, M. Jamshidikia, Y. Morozumi, S. Rousseaux, S. Khochbin, Malignant
genome reprogramming by ATAD2, Biochim. Biophys. Acta 1829 (2013)
1010-1014.

H.J. Han, Q.Y. Huang, L.J. Huang, F. Chang, Q.Z. Diao, Prognostic value of ATPase
family, AAA+ domain containing 2 expression in human cancers: a systematic
review and meta-analysis, Medicine (Baltim.) 98 (2019), e17180.


https://doi.org/10.1016/j.canlet.2021.12.028
https://doi.org/10.1016/j.canlet.2021.12.028
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref1
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref1
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref1
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref2
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref2
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref3
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref3
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref3
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref4
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref4
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref5
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref5
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref5
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref6
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref6
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref7
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref7
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref7
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref8
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref8
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref8
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref9
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref9
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref10
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref10
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref10
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref10
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref10
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref11
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref11
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref12
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref12
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref13
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref13
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref14
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref14
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref15
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref15
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref15
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref16
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref16
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref16
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref17
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref17
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref17
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref17
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref18
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref18
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref19
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref19
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref19
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref20
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref20
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref20
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref20
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref21
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref21
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref21
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref22
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref22
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref23
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref23
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref23
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref24
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref24
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref24
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref25
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref25
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref25
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref25
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref26
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref26
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref26
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref26
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref27
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref27
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref27
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref27
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref28
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref28
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref28
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref29
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref29
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref29
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref30
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref30
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref30
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref30
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref31
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref31
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref31
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref32
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref32
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref32
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref32
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref33
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref33
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref34
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref34
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref34
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref34
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref34
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref35
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref35
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref35
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref35
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref36
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref36
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref36
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref37
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref37
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref37
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref37
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref38
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref38
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref38
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref39
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref39
http://refhub.elsevier.com/S0304-3835(21)00645-5/sref39

	Proteolysis of a histone acetyl reader, ATAD2, induces chemoresistance of cancer cells under severe hypoxia by inhibiting c ...
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and reagents
	2.2 Plasmid DNA
	2.3 In vivo experiments
	2.4 Immunohistochemical analyses
	2.5 Western blotting
	2.6 qRT-PCR
	2.7 FACS analysis
	2.8 CRISPR/Cas9-mediated gene knockout (KO)
	2.9 Colorimetric cell viability assay
	2.10 Patient and tissue samples
	2.11 TCGA proteome analysis
	2.12 Statistical analyses

	3 Results
	3.1 A histone acetyl reader, ATAD2, is degraded at the protein level upon severe hypoxia
	3.2 Proteolysis of ATAD upon severe hypoxia is regulated by an O2/Fe2+/α-KG-dependent dioxygenase but independent of the VH ...
	3.3 ATAD2 protein levels were markedly decreased in hypoxic regions of clinical tumor tissues
	3.4 ATAD2 proteolysis delays progression of cell cycle from early to late S phase under severe hypoxia
	3.5 ATAD2 proteolysis causes chemoresistance of cancer cells under severe hypoxia

	4 Discussion
	Authors’ contributions
	Ethics approval and consent to participate
	Funding information
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


