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In contrast to the intensely studied genetic and epigenetic
changes that induce host cell transformation to initiate
tumor development, those that promote the malignant
progression of cancer remain poorly defined. As emerg-
ing evidence suggests that the hypoxic tumor microenvi-
ronment could re-model the chromatin-associated pro-
teome (chromatome) to induce epigenetic changes and
alter gene expression in cancer cells, we hypothesized
that hypoxia-driven evolution of the chromatome pro-
motes malignant changes and the development of therapy
resistance in tumor cells. To test this hypothesis, we iso-
lated chromatins from tumor cells treated with varying
conditions of normoxia, hypoxia, and re-oxygenation and
then partially digested them with DNase I and analyzed
them for changes in euchromatin- and heterochromatin-
associated proteins using an iTRAQ-based quantitative
proteomic approach. We identified a total of 1446 proteins
with a high level of confidence, including 819 proteins that
were observed to change their chromatin association to-
pology under hypoxic conditions. These hypoxia-sensitive
proteins included key mediators of chromatin organiza-
tion, transcriptional regulation, and DNA repair. Further-
more, our proteomic and functional experiments revealed
a novel role for the chromatin organizer protein HP1BP3 in
mediating chromatin condensation during hypoxia, lead-
ing to increased tumor cell viability, radio-resistance,
chemo-resistance, and self-renewal. Taken together, our
findings indicate that HP1BP3 is a key mediator of tumor
progression and cancer cell acquisition of therapy-resis-
tant traits, and thus might represent a novel therapeutic
target in a range of human malignancies. Molecular &
Cellular Proteomics 13: 10.1074/mcp.M114.038232, 3236–
3249, 2014.

Microenvironmental hypoxia is a hallmark of rapidly grow-
ing solid tumors. In order to overcome the growth restrictions

imposed by low-oxygen conditions, cancer cells can promote
neovascularization and/or acquire characteristics that in-
crease tumor cell survival, replicative capacity, and potential
to undergo metastasis (1). Numerous studies have demon-
strated that the hypoxic tumor microenvironment plays a key
role in cancer progression toward a metastatic phenotype and
can promote the acquisition of chemoresistant and radiore-
sistant properties (2–4). Hypoxia-inducible factors have al-
ready been identified as key mediators of cancer cell devel-
opment in low-oxygen environments (5), but it is likely that
additional molecular mechanisms are also involved in driving
the malignant progression of developing tumors.

Tumor progression is thought to be driven by selective
pressure on the cancer cells exerted by the hypoxic microen-
vironment, leading to the clonal evolution of many different
cancer cell phenotypes within an individual patient. This
combination of increasing diversity and enhanced survival
characteristics makes it progressively more difficult to kill
all cancer cell types using a single therapeutic strategy. Iden-
tification and therapeutic disruption of the common mecha-
nisms by which tumor cells progress toward malignancy
might offer more effective approaches to cancer treatment.
Indeed, the hypoxic tumor microenvironment appears to be a
common driver of cancer evolution—all solid tumors are sub-
jected to hypoxia stress at some point during development as
they increase in size without an immediate increase in oxygen
supply. Emerging evidence also suggests that hypoxia con-
tributes to the development of cancer stem cells that exhibit
enhanced capacity for self-renewal (6). Together, these data
indicate a critical role for hypoxia-sensitive molecular path-
ways in promoting cancer progression that it may be possible
to target with novel therapies in order to disrupt tumor growth
(7).

Hypoxia-inducible factors mediate DNA methylation, his-
tone modification, and host cell expression of regulatory
RNAs and chromatin-modeling factors that modulate gene
expression in response to low-oxygen conditions (5, 8). How-
ever, hypoxia can also induce histone modification and chro-
matin remodeling via hypoxia-inducible factor–independent
pathways, indicating that additional mechanisms of epige-
netic regulation can shape the cellular response to restricted
oxygen supply (9, 10), and potentially increase cell survival
and promote angiogenesis in hypoxic conditions (11–14). Hy-
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poxia-induced changes in the composition of the chromatin-
associated proteome (chromatome) are therefore likely to
alter gene expression and promote clonal evolution in devel-
oping tumors. Although better knowledge of chromatome
dynamics in low-oxygen conditions is likely to increase our
understanding of the molecular events that drive tumor pro-
gression, few quantitative proteomic studies of chromatome
modulation by hypoxia have been conducted to date.

In the current study, we used partial DNase I digestion
together with iTRAQ-based1 quantitative proteomics to ana-
lyze the chromatome of A431 cancer cells that had been
subjected to hypoxia and re-oxygenation stress. Profiling of
both the solubilized fraction (euchromatin-associated pro-
teins) and the undigested fraction (predominantly heterochro-
matin-associated proteins) uncovered novel effects of hy-
poxia on chromatin association topology in growing cancer
cells. Furthermore, our proteomic and functional experiments
indicated that the chromatin-organizing protein HP1BP3 is a
key switch in hypoxia-induced malignant progression and
might represent a novel therapeutic target in a wide range of
human malignancies.

MATERIALS AND METHODS

Reagents—All reagents were purchased from Sigma-Aldrich un-
less otherwise indicated. Antibodies against �-tubulin (sc-5286),
GAPDH (sc-32233), Ku-70 (sc-17789), and Ku-80 (sc-5280) were
from Santa Cruz Biotechnology Inc., Santa Cruz, CA; anti-histone
H2A (ab13923), histone H4 (ab10158), and HP1BP3 (ab98894) were
from Abcam (Cambridge, UK); and anti-actin (MAB1501) was from
Millipore, MA.

Cell Culture and Hypoxia Model—A431 squamous carcinoma cells
were purchased from ATCC and maintained in DMEM supplemented
with 10% FBS, 10,000 U/ml penicillin, and 10,000 �g/ml streptomy-
cin. For each experiment, 2 � 106 cells were seeded onto 10-cm Petri
dishes and grown to 30% to 40% confluence at 37 °C in 5% CO2,
after which the culture medium was aspirated and replaced with
serum-free DMEM. The cells were then placed into a hypoxia cham-
ber and flushed with hypoxic gas (95% N2, 5% CO2, �0.1% O2) at a
constant flow rate of 15 l/min for a total of 10 min before the chamber
was sealed and incubated at 37 °C for either 48 h or 72 h. Alterna-
tively, the cells were cultured under normoxic (Nx) control conditions
(21% O2, 5% CO2) at 37 °C for 72 h.

In re-oxygenation (Rx) experiments, the cells were first incubated in
hypoxic conditions for 48 h before the culture medium was refreshed
and the cells were incubated for 24 h under normoxia. The experiment
was performed in triplicate.

Chromatin Isolation and Digestion—Chromatin isolation was per-
formed according to the method published by Dutta et al., with minor
modifications (15). Briefly, 7 � 107 cells were suspended in nuclei
extraction buffer A (10 mM HEPES, pH 7.5, 10 mM KCl, 1 mM MgCl2,
0.34 M sucrose, 0.1% triton X-100, 1 mM DTT, and protease inhibitor

mixture from Roche Diagnostics, Mannheim, Germany) and kept on
ice for 30 min prior to homogenization. The homogenate was centri-
fuged at 2000 � g for 3 min at 4 °C, and the supernatant was
discarded. The pellet fraction was re-suspended in nuclei extraction
buffer B (10 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 0.34 M

sucrose, 0.1% Nonidet P-40, 1 mM DTT, protease inhibitor mixture)
and homogenized a second time. The homogenate was loaded onto
a 2.1 M sucrose gradient (10 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM

MgCl2, 2.1 M sucrose, 1 mM DTT, protease inhibitor mixture) and
ultracentrifuged at 150,000 � g for 3 h at 4 °C using an SW41 rotor
with the Optima™ L-100XP Ultra apparatus (Beckman Coulter, CA).
After ultracentrifugation, the supernatant was removed and the chro-
matin pellet was collected from the bottom of the tube. The chromatin
pellet was washed with wash buffer (10 mM HEPES, pH 7.5, 1 mM

DTT, protease inhibitor mixture) and collected via centrifugation at
20,000 � g for 45 min at 4 °C. The purified chromatin pellet was then
suspended in 50 �l of DNase I digestion buffer (10 mM HEPES, pH
7.5, 2.5 mM CaCl2, 2.5 mM MgCl2) and digested with 20 U of DNase
I at 37 °C for 60 min. Digestion was terminated by the addition of 1 mM

EDTA, and the supernatant (fraction S) was collected via centrifuga-
tion at 20,000 � g at 4 °C for 30 min. The remaining undigested pellet
(fraction P) was dissolved in 2% SDS solution. The protein contents of
the supernatant and pellet fractions were subsequently quantified
using 2-D Quant Kits (Amersham Biosciences, Pittsburg, PA). Diges-
tion experiments were performed for three biological replicates, and
the digests obtained from three replicates were pooled together prior
to in-gel digestion.

In-gel Digestion and iTRAQ Labeling—For each sample, 150 �g of
protein was loaded onto a 12.5% SDS-PAGE gel and subjected to
electrophoresis for 15 min at 80 V. Sample lanes were cut into small
pieces and washed with 25 mM triethylammonium bicarbonate (TEAB)
in 75% ACN before being dehydrated with 100% ACN and then
vacuum dried. Reduction was performed using 5 mM Tris 2-carboxy-
ethyl phosphine hydrochloride in 25 mM TEAB buffer at 60 °C for 30
min. Reduced samples were then alkylated with 10 mM methyl meth-
anethiosulfonate in 25 mM TEAB buffer at room temperature for 45
min. The gel pieces were then alternately washed in 25 mM TEAB
buffer and 25 mM TEAB/75% ACN to remove excess Tris 2-carboxy-
ethyl phosphine hydrochloride and methyl methanethiosulfonate. The
gel pieces were again dehydrated and dried. In-gel digestion was
carried out overnight at 37 °C in 25 mM TEAB buffer containing 10
ng/ml sequencing-grade modified trypsin (Promega Corporation,
Madison, WI). Tryptic peptides derived from the supernatant fractions
(Nx-S, Hx48-S, Hx72-S, and Rx-S) and pellet fractions (Nx-P,
Hx48-P, Hx72-P, and Rx-P) were labeled with isobars 113, 114, 115,
116, 117, 118, 119, and 121 (supplemental Table S1). The iTRAQ-
labeled peptides were pooled together, desalted using Sep-Pak Vac
C18 cartridges (Waters, Milford, MA), and dried by vacuum
centrifugation.

Electrostatic Repulsion–Hydrophilic Interaction Chromatography
Fractionation and LC-MS/MS Analysis—iTRAQ-labeled peptides
were dissolved in 100 �l of sample loading buffer (10 mM ammonium
acetate in 85% ACN and 1% formic acid) before being fractionated
using electrostatic repulsion–hydrophilic interaction chromatography.
PolyWAX LP™ 20 columns (4.6 � 200 mm, 5-�m particle size, 300-Å
pore size) (PolyLC, Columbia, MD) were used on a 21 Prominence™

HPLC unit (Shimadzu, Kyoto, Japan) for fractionation, during which
the flow rate was maintained at 1 ml/min. The gradient used for
separation comprised 100% buffer A (10 mM ammonium acetate in
85% ACN and 0.1% acetic acid) for 5 min, 0% to 28% buffer B (30%
ACN and 0.1% formic acid) for 40 min, 28% to 100% buffer B for 5
min, and 100% buffer B for 10 min. The 52 collected fractions were
combined into 28 fractions according to their chromatograms and
then concentrated to dryness using vacuum centrifugation. The elec-

1 The abbreviations used are: iTRAQ, isobaric tags for relative and
absolute quantitation; Nx, normoxic; Rx, re-oxygenation; TEAB, tri-
ethylammonium bicarbonate; ACN, acetonitrile; Hx, hypoxic; SRM,
selected reaction monitoring; MNase, micrococcal nuclease; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ECM,
extracellular matrix; DSB, double-strand break; NHEJ, non-homolo-
gous end joining; CSC, cancer stem cell.
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trostatic repulsion–hydrophilic interaction chromatography-fraction-
ated labeled peptides were reconstituted in 0.1% formic acid for
LC-MS/MS analysis using a Q-STAR Elite mass spectrometer cou-
pled with an online nano-flow Eksigent HPLC system (Applied Bio-
systems, MDS-Sciex, Foster City, CA). Nano-bored C18 columns with
a picofrit nanospray tip (75 �m inner diameter � 15 cm, 5-�m
particles) (New Objectives, Woburn, MA) were used for peptide sep-
aration. The entire analysis was carried out at constant flow rate of
300 nl/min. The LC-MS/MS analysis was performed in triplicate by
injecting the samples three times. All MS data were acquired in
positive ion mode with a mass range of 300–2000 m/z. Peptides with
charges of �2 to �4 were selected for MS/MS, and the three most
abundant peptide ions above a five-count threshold were dynamically
excluded for 30 s with a 30 mDa mass tolerance. Smart information-
dependent acquisition was activated with automatic collision energy
and MS/MS accumulation. The fragment intensity multiplier was set
at 20, and the maximum accumulation time was set at 2 s.

Mass Spectrometric Data Analysis and Bioinformatics—Acquisition
of all mass spectrometric data was performed using Analyst QS 2.0
software (Applied Biosystems/MDS-Sciex). Protein Pilot 3 Software
(Applied Biosystems) was used for the identification and quantifica-
tion of proteins. The Paragon and ProGroup algorithms were used for
peptide identification and isoform-specific quantification during the
ProteinPilot search. The defined parameters used for the search were
as follows: (i) sample type, iTRAQ 8-plex (peptide labeled); (ii) cysteine
alkylation, methyl methanethiosulfonate; (iii) digestion, trypsin; (iv)
instrument, QSTAR Elite ESI; (v) special factors, none; (vi) species,
none; (vii) specify processing, quantities; (viii) I.D. focus, biological
modifications, amino acid substitutions; (ix) database, the UniProt
Knowledgebase (UniProtKB) human protein database (downloaded
March 12, 2010: 95,624 sequences and 36,307,192 residues); and (x)
search effort, thorough. Other search parameters including precursor
and fragment mass tolerance were set at 0.2 Da, and the maximum
number of miscleavages was set at 2. The UniProtKB database and
its reversed sequence were combined and used for the searches, and
the reversed sequence was used for estimation of the false discovery
rate. The peptide for quantification was automatically selected by the
ProGroup algorithm with the following criteria: (a) the peptide was
suitable for quantitation (iTRAQ reporter area � 0); (b) the peptide was
identified with good confidence; and (c) the peptide was not shared with
another protein that had been identified with greater confidence. The
resulting dataset was automatically bias-corrected to eliminate variation
due to potential unequal mixing while combining iTRAQ-labeled sam-
ples. The UniProtKB database was used for the classification and
functional annotation of the proteins. Cluster analysis of the identified
proteins was conducted according to their abundance in the chromatin
digests using the online bioinformatics tool Gene Pattern before hierar-
chical clustering and Pearson correlation were applied.

Post-proteomic Validation by Dynamic Selected Reaction Monitor-
ing Quantification—Chromatins were extracted from the four different
hypoxic A431 cells and digested with DNase I as described in the
previous section. Digests from three biological replicates were pooled
together and used for shortlisted protein quantitation via selected
reaction monitoring (SRM). 50 �g of protein from each condition was
taken for in-gel digestion. A TSQ Vantage triple-stage quadrupole
mass spectrometer coupled with an EASY-nLC™ 1000 nanoflow
UHPLC system (Thermo Scientific) was used for the SRM-based
quantification of tryptic peptides. Peptides and their respective tran-
sitions of the targeted proteins were selected according to their
intensities from our existing human chromatome datasets by using an
in-house algorithm. Tryptic peptides were separated in an Acclaim®
PepMap RSLC C18 column (75 �m � 15 cm; nanoViper C18, 2 �m,
100 Å) fitted with a Acclaim® PepMap100 tap column (75 �m � 2 cm;
nanoViper C18, 3 �m, 100 Å) (Thermo Scientific) by a 60-min gradient

of mobile phase A (0.1% formic acid in water) and mobile phase B
(0.1% formic acid in ACN) (45 min of 3% to 30% B, followed by 9 min
of 30% to 50% B and 1 min of 50% to 60%, after which the gradient
was maintained at 60% B for 2 min and finally reequilibrated at 3% B
for 8 min). Machine parameters were set at optimum, including an
electrospray voltage of 1500 V, a capillary temperature of 250 °C, a
collision gas pressure of 1 mTorr, a mass window of 0.7 full width at
half-maximum, and a scan time of 50 ms for the SRM experiment. The
retention time of the selected peptide was picked for the 60-min
full-scan data. Dynamic SRM with a 5-min time window was used for
quantification and performed in triplicate. Data processing and quan-
titative analysis were performed using Thermo Pinpoint 1.2.0 software
(Thermo Scientific, West Palm, FL).

Western Blot Analysis—Equal amounts of protein from each sam-
ple were resolved in 10% acrylamide gels and transferred onto nitro-
cellulose membranes. Immunoblotting was performed using anti-
protein antibodies together with the ECL system for detection
(Invitrogen).

Flow Cytometry—Cells were washed with ice-cold PBS and fixed in
ethanol at �20 °C for 24 h. The fixed cells were then stained with 0.5
mg/ml propidium iodide for 15 min at 37 °C. DNA content was mea-
sured using a FACSCalibur™ flow cytometer, and data were analyzed
using CELLQUEST software (BD Biosciences, Franklin Lakes, NJ).

HP1BP3 Knockdown—HP1BP3 knockdown in A431 and U2OS
cells was achieved using shRNA-1 (#RHS4430–101127970) (RNA
intro GIPZ Lentiviral shRNAmir Starter Kit, Thermo Scientific Open
Biosystems). The pGIPZ clones were grown at 37 °C in low-salt 2�
LB broth containing 100 �g/ml ampicillin before plasmid extraction
was carried out using kits from Axygen, Union City, CA. A431 cells
were transfected with GIPZ Lentiviral shRNAmir (either HP1BP3-
specific or non-silencing control) using TurboFect Transfection Rea-
gent (Thermo Scientific). Transfected cells were incubated in DMEM
containing 10% FBS at 37 °C, 5% CO2 for 48 h. Transgene expres-
sion was determined by the detection of GFP expression. After 48 h,
the transfected A431 cells were trypsinized and grown in DMEM
containing 2 �g/ml puromycin and 10% FBS for a period of 15 days
to select for stable transfectants. After 15 days, each colony was
cultured separately, and the efficiency of HP1BP3 knockdown was
determined via Western blotting with an anti-HP1BP3 antibody. The
colony that exhibited the most efficient HP1BP3 inhibition was used
for subsequent experiments. Another two shRNAs (shRNA-2
(#RHS4430–101127098) and shRNA-3 (#RHS4430–101129419))
were used for HP1BP3 knockdown in A431 cells to confirm the
HP1BP3 depletion effects, and the resulting phenotypes were named
HP1BP3�(2) and HP1BP3�(3).

Chromatin Compaction Assay—Chromatin samples were ex-
tracted from A431 cells, suspended in micrococcal nuclease (MNase)
digestion buffer (50 mM Tris-Cl, pH 7.9, 5 mM CaCl2), and then
digested with 0 to 10 U MNase at 37 °C for 10 min. Digestion was
terminated by an equal volume of 2� TNESK solution (20 mM Tris-Cl,
pH 7.4, 200 mM NaCl, 2 mM EDTA, 1% SDS, 0.2 mg/ml protein kinase
K) before incubation overnight at 37 °C. DNA fragments were ex-
tracted using phenol-chloroform, and DNA content was measured
with a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher
Scientific). Equal amounts of DNA from each sample were then
loaded and resolved on 1% agarose gels.

MTT Assay—Cells were grown in normoxia or hypoxia for 48 h or
24 h and hypoxia was followed by 24-h re-oxygenation before the
cultures were supplemented with 0.5 mg/ml MTT reagent and incu-
bated at 37 °C for 2 h. The culture medium was then aspirated, the
formazan crystals were dissolved in dimethyl sulfoxide, and the op-
tical density of the formazan was measured at 570 nm using a
microplate reader with a reference wavelength of 630 nm (Tecan
Magellan™, Männedorf, Switzerland).
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Clonogenic Assay—A total of 500 cells per well were seeded into
six-well plates in DMEM containing 10% FBS and incubated at 37 °C
in 5% CO2 for 12 days. The culture medium was then aspirated, and
the cells were washed, fixed with 95% ethanol, and stained with 5%
crystal violet. Excess crystal violet was removed with extensive wash-
ing, and the plate was air-dried overnight at room temperature. The
number of colonies formed per well was counted, and crystal violet
was extracted using 0.5% Triton X-100 for colorimetric quantification.

Cell Adhesion Assay—Cells were grown in normoxia or hypoxia for
48 h or in 24 h hypoxia followed by 24 h re-oxygenation, and 24-well
plates were coated with 2 �g/ml collagen, fibronectin, or laminin over-
night at 4 °C before the addition of 2 � 105 cells per well and incubation
in DMEM at 37 °C for 1 h. The medium was then removed, and the
non-adherent cells were released by washing with PBS. The adherent
cells were fixed with 95% ethanol and stained with 0.5% crystal violet
solution, and the excess dye was removed by washing before the plates
were air-dried overnight at room temperature. Crystal violet was ex-
tracted in 0.8 ml of 0.5% Triton X-100 and colorimetrically quantified at
595 nm using a microplate reader (Tecan MagellanTM).

Scratch-wound Assay—Cells were grown to �100% confluence in
six-well plates, and a scratch was made in the middle of the well using
a sterile 10-�l pipette tip. Then the cells were washed, and fresh serum-
free medium was added prior to incubation at 37 °C in hypoxia/nor-
moxia for 48 h. Images of the scratch area were captured both pre-
incubation and after culture in hypoxia/normoxia for 48 h. In some
experiments, additional images of the scratch area were captured at 6 h
and 24 h during re-oxygenation. Images were taken using a Nikon
Eclipse TE2000-U microscope.

Trans-well Assay—Cells were grown in normoxia or hypoxia for
48 h or in 24 h hypoxia followed by 24 h re-oxygenation, and a total
of 4 � 104 cells per well in 100 �l of serum-free DMEM were seeded
into in the upper chambers of a 24-well trans-well plate (8-�m pore
with polycarbonate filter insert; Costar®, Corning, NY), with the lower
chambers filled with 600 �l of DMEM containing 2.5% FBS. The plate
was incubated at 37 °C in 5% CO2 for 48 h before non-migrated cells
(upper surface of the membrane) were removed by wiping with a
cotton swab. Migrated cells (lower surface of the membrane) were
fixed and stained with 0.5% crystal violet. Excess dye was removed
by washing, and the membrane was imaged using a Nikon Eclipse
TE2000-U microscope. Crystal violet was extracted in 0.5% Triton-
X100 solution and used for colorimetric quantification.

Radiation-resistance and Chemo-resistance Assays—A total of 2 �
105 cells per well were seeded into a six-well plate and incubated at
37 °C for 24 h. The culture medium was then replaced with fresh
serum-free medium, and the cells were treated with 10 Gy radiation
using a BIOBEAM 2000 gamma irradiation device (Gamma-Service

Medical GmbH, Leipzing, Germany). After 24 h, the viability of the
radiation-treated cells was determined via MTT assay. For chemo-
resistance assays, cells were seeded at a density of 1 � 104 cells per
well into a 96-well plate and incubated overnight at 37 °C before
being treated with 0 to 1600 ng/ml doxorubicin for 24 h, after which
cell viability was determined via MTT assay.

Sphere Formation/Self-renewal Assay—Cells were grown in nor-
moxia or hypoxia for 48 h (or 24 h hypoxia followed by 24 h re-
oxygenation) and then cultured in suspension in DMEM/F12 (1:1)
medium supplemented with B27, 20 ng/ml epidermal growth factor,
10 ng/ml fibroblast growth factor, and pen-strep. Cells were seeded
into ultra-low-attachment flat-bottom 24-well plates (Costar®, Corn-
ing) at a density of a specified number of cells per well and then
incubated at 37 °C, 5% CO2 for 10 days. After incubation, the number
of tumor spheres formed was counted, and images were captured
using a Nikon Eclipse TE2000-U microscope.

Xenograft Tumor Model—Male NCr nude mice (CrTac: NCr-
Foxn1nu, homozygous; InVivos Pte Ltd, Singapore) aged 4 to 5
weeks and weighing 16 to 22 g each were used for all in vivo
experiments. Mice were cage-acclimated for 3 days in a temperature-
controlled environment (24 °C 	 3 °C) on an alternating 12 h light/
dark cycle with food and water supplied ad libitum. All animal proto-
cols were approved by the Nanyang Technological University
Institutional Animal Care and Use Committee. HP1BP3-depleted A431
cells (or mock-depleted control cells) were cultured for 48 h, trypsinized,
and suspended in sterile PBS for subcutaneous injection of 1 � 106

viable cells into the right flank of each animal (n 
 6 mice per group). The
tumors were grown for 4 weeks before all mice were euthanized using
isoflurane and the tumors were surgically excised for further analysis.

RESULTS AND DISCUSSION

In Vitro Tumor Model—Tumor progression is driven by se-
lective pressure on cancer cells applied by the hypoxic con-
ditions in the tumor microenvironment, leading to the clonal
evolution of many different types of cancer cells in individual
patients. Recent research has uncovered many of the onco-
genes and tumor suppressor genes that influence tumor de-
velopment, but variation among cancer cell types means that
it is an extremely challenging task to compile an exhaustive
list of all the aberrant molecular events that can promote
tumor formation and dissemination. However, hypoxia ap-
pears to be a common driver of cancer cell evolution, as gas
diffusion cannot supply solid tumors with sufficient oxygen as

FIG. 1. Tumor development and evolution under hypoxic conditions. Cancer starts as a single cell that acquires genetic mutations that
promote rapid, uncontrolled growth. When the tumor reaches 1 to 2 mm in diameter, oxygen and nutrient supply by diffusion from nearby blood
vessels is insufficient to maintain cancer cell growth. In order to sustain growth and survival under these low-oxygen conditions, the cancer
cells modify their genome and epigenome via clonal evolution to generate a diversity of cancer cells with distinct properties. At this late stage,
cancer cells may spread to other parts of the body and become resistant to both radio- and chemotherapy.
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they progressively increase in size (Fig. 1). We therefore hy-
pothesized that hypoxia-sensitive pathways that drive tumor
progression to malignant cancer represent promising drug
targets for effective cancer treatments.

The effects of hypoxia on tumor biology include promotion
of cancer cell proliferation, increased migration/invasive be-
havior, acquisition of stem cell characteristics, and selection
of traits that favor survival during hypoxia/re-oxygenation
stress (16, 17). Given this central role of hypoxia in both tumor
progression and the development of therapy-resistant prop-
erties in cancer cells, we sought to exploit our in vitro model
of cancer development to conduct a quantitative proteomic
analysis of tumor biology under conditions of variable hypoxia
stress. To do this, we first cultured cancer cells under normal
oxygen conditions (tumor size � 2 mm) or subjected these
cells to hypoxia/re-oxygenation of variable duration (tumor
size � 2 mm) in order to simulate the tumor microenvironment
during clonal evolution (18, 19). Using this model, we had
already uncovered novel effects of hypoxia on cancer pro-
gression in our previous studies of the cancer cell secretome
(18) and cellular proteome (19). In the current report, we
extended our investigations to assess the influence of low-
oxygen conditions on chromatome dynamics in the develop-
ing tumor.

Mass Spectrometric Identification and Quantification of the
Chromatin-associated Proteome—In order to study changes
in the composition of the chromatin-associated proteome
induced by hypoxia and re-oxygenation stress, we cultured
A431 cancer cells under Nx, Hx, or Rx conditions. Chromatin
was extracted from the cancer cells and then partially di-
gested with DNase I to extract the euchromatin binding pro-
teins (leaving behind the heterochromatin fraction and matrix-
associated proteins in the pellet). Successful fractionation
was confirmed by Western blot analysis that indicated high
concentrations of GAPDH only in the cytosolic fraction, with
high levels of chromatin protein histone H4 detected only in
the chromatin fraction (supplemental Fig. S1A). Chromatin
digests from three biological replicates were pooled, and
chromatin-associated proteins were then subjected to tryptic
digestion. The resultant peptides were labeled with iTRAQ
reagent. The labeled peptides were subsequently separated
by electrostatic repulsion–hydrophilic interaction chromatog-
raphy fractionation and then analyzed using an HPLC-cou-
pled QqTOF instrument for identification. ProteinPilot v.3 soft-
ware was used to compare the mass spectrometric spectra of
the peptides against the UniProtKB human protein database.
Using this approach, we acquired 1.79 � 105 MS/MS spectra
from a total of 84 LC-MS/MS runs (n 
 3 technical replicates).
The distribution of physiochemical properties of the identified
proteins indicated a diverse range of molecules within the
fractionated samples. Using ProteinPilot searches, we identi-
fied a total of 1828 proteins at a level of �99% confidence,
with an unused score � 2 and false discovery rate � 1%.
Identified proteins that included at least two unique peptides

(95% confidence) were then shortlisted for further analysis
(1446 proteins total) and classified according to their subcel-
lular localization as reported in the UniProt and neXtProt
databases. These analyses revealed that the majority of the
identified proteins were located in the nucleus (47%) or had
no specified subcellular localization (21%) (supplemental Fig.
S1C). We then further classified the proteins according to their
annotated biological functions and observed that the majority
were mediators of nuclear processes including regulation of
transcription (14%), chromatin organization (8%), DNA repair
and replication (4%), mRNA processing (8%), rRNA process-
ing (3%), nuclear transport (3%), cell cycling (2%), ribosome
biogenesis (1%), and other miscellaneous chromatin-depen-
dent events (4%) (supplemental Fig. S1D).

In this iTRAQ-based proteomic analysis, we used the su-
pernatant fraction of cells cultured under normoxia for 48 h as
the denominator for relative quantification of the different
samples (with iTRAQ ratio cutoff values of 1.25 and 0.75 for
fold change in protein abundance). Using this approach, we
detected 484 proteins that were up-regulated and 506 pro-
teins that were down-regulated in the different fractions of the
chromatin digests. We shortlisted 819 of these modulated
proteins for further analysis based on the detection of a sig-
nificant difference in iTRAQ reporter ratio (p � 0.05) for at
least one of the chromatin digests (Table I). The shortlisted
proteins were then clustered according to their relative abun-
dance in the chromatin digests of cells subjected to normoxia,
hypoxia, or re-oxygenation protocols. An orthogonal SRM-
based quantitative proteomic strategy was used for post-
proteomic validation using 15 protein candidates. At least two
peptides for each protein and three to five of the strongest
transitions for each peptide (see “SRM Validation of iTRAQ
Results (Hypoxia Cancer Progression)” in the supplemental
material) were used for SRM quantitation. SRM quantification
results (supplemental Fig. S2) showed chromatin binding to-
pology comparable to the iTRAQ results, indicating the repro-
ducibility and reliability of our chromatome profiling strategy.

Chromatin Organization and Transcriptional Regulation dur-
ing Hypoxia—The hypoxic tumor microenvironment plays a
central role in both local and systemic cancer cell proliferation
and contributes to the acquisition of radio- and chemoresis-

TABLE I
Proteins identified in the chromatin digests

Number of proteins with significant change in iTRAQ ratio (p-value <0.05)

Samplea Hx48-S Hx72-S Rx-S Nx-P Hx48-P Hx72-P Rx-P Total 

unique 

protein
iTRAQ ratio 114:113 115:113 116:113 117:113 118:113 119:113 121:113

p-value<0.05 271 326 310 494 482 489 474 819

Ratio>1.25 80 100 97 195 187 194 187 484

Ratio<0.75 87 166 78 270 266 273 254 506

b
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tant properties (20). Low-oxygen conditions are also known to
critically influence numerous chromatin-dependent biological
events such as transcription (21), replication (22), DNA repair
(23), genomic rearrangement (24), and genome amplification
(25). As dynamic changes in the composition and topology of
the chromatin-associated proteome critically regulate these
key cellular functions in response to changing environmental
conditions, it is likely that a better understanding of how

chromatome architecture is modified during hypoxia will shed
light on numerous important aspects of tumor biology. In the
current quantitative proteomic study, we identified a total of
114 proteins involved in chromatin organization and transcrip-
tional regulation that were subject to modulation by changing
environmental oxygen levels. Fig. 2 and supplemental Figs.
S3A–S3D and S4A–S4F show the differential release of these
proteins by partial DNase I digestion of the chromatin samples

FIG. 2. Hierarchical clustering of chromatin organizer proteins and transcriptional regulators. A431 cancer cells were cultured under
variable conditions of normoxia (Nx), 48 h hypoxia (Hx48), 72 h hypoxia (Hx72), or 48 h hypoxia followed by 24 h re-oxygenation (Rx). Chromatin
was then extracted from the cells and subjected to partial DNase I digestion to release euchromatin-binding proteins into the supernatant (suffix
S) and leave heterochromatin-bound proteins behind in the undigested pellet (suffix P). Cluster analysis of these data identified a group of
proteins that were enriched in Nx samples (cluster a) either in the supernatant fraction (Nx-S; cluster a1) or in the pellet fraction (Nx-P; cluster
a2). Cluster b proteins were instead associated with hypoxia and were enriched in both the Hx48 and Hx72 pellet samples (cluster b1), in the
Hx48-P fraction only (cluster b2), or in both the Hx48-P and Rx-P fractions (cluster b3). Other proteins were detected at high concentrations
only in a single sample fraction, including cluster c (Nx-S), cluster d (Rx-S), cluster e (Hx48-S), and cluster f (Hx72-S). Finally, proteins in clusters
g1, g3, and g5 were comparatively enriched in the Hx48-S fraction, whereas clusters g2 and g4 displayed high abundance in both the Nx-S
and Hx48-P fractions.
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obtained from the cancer cells cultured under different con-
ditions. Further analysis of these proteomic data enabled the
identification of seven distinct protein clusters (a–g) that
shared similar chromatin association topology under specific
oxygenation conditions and displayed comparable patterns of
release by DNase I digestion (Fig. 2). Proteins in cluster a were
enriched in chromatin extracts from cells cultured under nor-
moxic conditions but displayed reduced chromatin associa-
tion during hypoxia. These molecules included proteins DEK
and INO80, as well as the condensin complex subunits
SMC2, SMC4, NCAPD2, and NCAPG (Fig. 2, supplemental
Figs. S3A–S3D). Similarly, cluster c proteins incorporated the
chromatin organizing proteins CHAF1B, DNMT1, UHRF1, and
CHD4, which were abundant only in the supernatant fraction
of normoxic samples (supplemental Figs. S3B and S3D), in-
dicating that hypoxia stress substantially reduced their bind-
ing to chromatin. As chromatin organizing proteins and mo-
lecular platforms such as the condensin complex are closely
associated with cell cycle regulation, it is possible that re-
duced chromatin binding by proteins in clusters a and c could
be attributed to cell cycle disruption due to hypoxia stress (26,
27). Consistent with these proteomic data, our cell cycle
analysis of cancer cells that had been subjected to hypoxia
revealed a corresponding cell cycle arrest in G0–G1 phase
(supplemental Figs. S5B and S5C).

Our DNase I digestion data indicated that key epigenetic
regulators including PRMT1, TOX4, and the NuRD complex
components HDAC2, MBD2, MTA1, and MTA2 were rapidly
released by partial digestion and were relatively abundant in
the re-oxygenated supernatant samples (cluster d; supple-
mental Figs. S3B and S3D). Recent findings suggest that
histone deacetylases can regulate apoptosis and mediate
expression of VEGF and HIF-1� in hypoxia-stressed cells (28),
and MTA family proteins are reported to be pro-metastatic
molecules that are overexpressed in a wide range of cancers
(29). Protein arginine methyltransferases have also been iden-
tified as exerting critical roles in cell proliferation and modu-
lation of the tumor microenvironment (30), and thus increased
euchromatin binding of histone deacetylases, MTA proteins,
and protein arginine methyltransferases during re-oxygen-
ation would be expected to alter gene expression and poten-
tially enhance oncogenesis/metastasis in developing cancer
cells. Cluster d proteins that were enriched in the re-oxygen-
ated supernatant fraction also included numerous transcrip-
tion factors (CCAR1, KHSRP, GTF3C3, GTF3C5, ILF2, and
ILF3) consistent with euchromatin binding of these proteins
and modification of gene expression during re-oxygenation.

Proteins in cluster e and cluster g were enriched in the
supernatant fraction of chromatin extracted from cells that
had been subjected to hypoxia for 48 h but were depleted
from digests of cells that had been subjected to longer peri-
ods of hypoxia. These proteins included the transcriptional
regulator MECP2, polymerase POLR2G, and multiple tran-
scription factors (GCFC, GTF3C4, TAF2, TAF4, and TAF9)

(supplemental Figs. S3D and S4E). Hypoxia-induced binding
of MECP2 in the hyper-methylated CpG island of euchromatin
mediates silencing of tumor suppressor genes and increases
cancer cell survival during hypoxia stress (31), and reduced
chromatin binding of TAF molecules is associated with acti-
vation of the p53-induced pathway of apoptosis after pro-
longed hypoxia (32). In contrast, the proteins grouped in clus-
ter f (including JUND and SMAD3) (Fig. 2, supplemental Figs.
S4A and S4B) were instead enriched in the chromatin super-
natants of cells cultured under hypoxia for 72 h, suggesting
increased euchromatin binding only after prolonged oxygen
deprivation, and indicating that these proteins might contrib-
ute to oncogene activation in developing tumors (33, 34).

Quantitative proteomic profiling revealed that cluster b pro-
teins, including the transcriptional regulators NAT10, CIRH1A,
and NOC2L, and chromatin organizing proteins HP1BP3 and
KDM5B remained unreleased by DNase I digestion and were
detected at high levels in hypoxic chromatin pellets relative to
other digests (Fig. 2, supplemental Fig. S3A). These data
indicated increased binding of cluster b proteins to hetero-
chromatin in response to hypoxia stress, consistent with a
role for these molecules in the repression of tumor suppressor
genes during malignant progression (35, 36). In agreement
with our proteomic data, other investigators have recently re-
ported a role for KDM5B in regulating the expression of E2f
genes via remodeling of heterochromatin during cell cycle pro-
gression (37), and our Western blot analysis confirmed that
HP1BP3 binding to chromatin was increased by hypoxia stress
(supplemental Figs. S6A and S6B). Indeed, we have previously
demonstrated that HP1BP3 plays an important role in the main-
tenance of heterochromatin integrity, and that depletion of
HP1BP3 increases the MNase sensitivity of chromatin samples
(38). Accordingly, our MNase digestion experiments confirmed
that hypoxia increased chromatin resistance to nuclease activ-
ity, suggesting that these samples contained increased propor-
tions of heterochromatin compaction (Fig. 3). Taken together,
our proteomic and biological data were consistent with a role for
HP1BP3-mediated chromatin condensation in hypoxia-induced
gene modulation in tumorigenesis.

HP1BP3 Is a Novel Regulator of Tumor Biology during
Hypoxia—HP1BP3 is directly involved in heterochromatin or-
ganization and regulation of gene transcription (38), so we
next tested whether HP1BP3 mediates global heterochroma-
tinization during hypoxia stress by depleting HP1BP3 in A431
cells with shRNAs (supplemental Figs. S7A–S7C) and observ-
ing the effects of HP1BP3 deficiency on tumor progression in
low-oxygen conditions. We reconfirmed HP1BP3 depletion
effects by repeating few important experiments with different
shRNAs.

Having previously established that hypoxia reduces cell
viability and induces cell cycle arrest at G0–G1 phase (sup-
plemental Figs. S5A–S5C), and considering our previous find-
ing that HP1BP3 promotes G1/S transition (38), we next
sought to determine the effects of HP1BP3 knockdown on
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cancer cell growth in vitro. Our MTT assays and clonogenicity
experiments indicated that HP1BP3-depleted A431 cells were
more proliferative than their mock-depleted counterparts dur-
ing normal cell culture conditions (Figs. 4A, 4C, and 4D;
supplemental Figs. S8A–S8C), which suggested a role for
HP1BP3-induced heterochromatinization in G0–G1 arrest dur-
ing hypoxia. HP1BP3-depleted cells also displayed loss of
clonogenicity during hypoxia stress, but they formed larger
colonies than those generated by mock-depleted cells (Figs.
4E and 4F). These data indicated that depletion of HP1BP3
reduced cell viability during hypoxia but simultaneously in-

creased the proliferation of the surviving cells. Previous
experimental data have indicated that hypoxia-induced cell
cycle arrest in G0–G1 phase can increase survival by sup-
pressing the p53-induced pathway of apoptosis (39). Indeed,
our Western blot analysis revealed that p53 expression levels
were increased by �1.8-fold in HP1BP3-depleted A431 cells
(supplemental Figs. S9A and S9B), and our proteomic data
indicated that the extent of p53 association with chromatin
was reduced during hypoxia stress (supplemental Fig. S4F).
We therefore propose that HP1BP3-mediated heterochroma-
tinization induces transcriptional reprogramming as well as
cell cycle arrest in G0–G1 phase to reduce apoptotic death
and promote cancer cell survival.

Regulatory Role of HP1BP3 in Extracellular Matrix Adhesion
and Cell Migration—In vivo, tumor cells are surrounded by a
complex extracellular matrix (ECM) that exerts a critical influ-
ence on tumor cell morphology, proliferation, survival, migra-
tion, invasion, and differentiation (40–42). We have previously
shown that hypoxia stress alters cancer cell adhesion and
metastatic potential by changing the expression of key ECM
proteins (18, 19). In order to assess the role played by
HP1BP3 in cancer cell motility, we investigated the effect of
HP1BP3 knockdown on the efficiency of cell adhesion to
matrices including collagen type I, fibronectin, and laminin.
Depletion of HP1BP3 significantly increased cancer cell ad-
hesion to collagen and laminin, whereas binding to fibronectin
was markedly reduced (supplemental Figs. S10A and S10B).

FIG. 3. Hypoxia is associated with increased chromatin resis-
tance to nuclease digestion. Agarose gel separation of MNase-
digested chromatin obtained from A431 cancer cells subjected to
either normoxia or hypoxia. Data suggest increased proportions of
heterochromatin compaction in cells cultured under low-oxygen
conditions.

FIG. 4. HP1BP3 depletion differentially modulates cancer cell viability and clonogenicity. Viability of HP1BP3-depleted A431 cells as
assessed by MTT assay after 24 h culture under normoxia (A), or the same cells subjected to 48 h hypoxia or 24 h hypoxia/24 h re-oxygenation
(B), with survival expressed relative to the viability of mock-depleted control cells. Representative images and quantification of crystal violet
staining in HP1BP3-depleted A431 cells and mock-depleted control cells after 10 days of culture in normoxic conditions (C and D) or the same
cells subjected to 48 h normoxia, 48 h hypoxia, or 24 h hypoxia/24 h re-oxygenation prior to culture (E and F). Each experiment was performed
in triplicate (*p � 0.05, **p � 0.005).
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Conversely, under hypoxia, cancer cell adhesion to collagen
and laminin was substantially reduced, whereas binding to
fibronectin was enhanced (Figs. 5A–5C). However, HP1BP3
depletion also had a significant influence on hypoxia-induced
cancer cell adhesion to different ECM components (Figs.
5A–5C). Our previous studies showed that depletion of
HP1BP3 led to alter expression levels of adhesion molecules,
including up-regulation of integrin �-6 and �-4 and down-
regulation of �-1 isoforms (38), which might be responsible for
the alternation of the adhesion property of HP1BP3-depleted
cells. Thus hypoxia-induced chromatin condensation as me-
diated by HP1BP3 may instead the expression of adhesion
molecules including integrin isoforms in cancer cells that crit-
ically regulate migratory potential, as observed in our previous
study (19).

Hypoxia-induced tumor cell migration and tissue invasion
play major roles in the metastasis of cancers (18). We there-
fore performed wound healing and trans-well assays to inves-
tigate the requirement for HP1BP3 in cancer cell migration in
vitro. These analyses indicated that cancer cell migration was
significantly increased following HP1BP3 depletion and was
further augmented by culture under conditions of hypoxia or
re-oxygenation (Figs. 6A–6D). Given that highly migratory and
invasive cancer cells are characterized by a loss of cell–cell
adhesion and increased binding to ECM components (43), our
observations suggest that HP1BP3-mediated heterochroma-

tinization can reprogram gene expression to increase cancer
cell migration by modifying key interactions with the ECM
according to the prevailing oxygen level in the local
microenvironment.

Hypoxia and HP1BP3 in Radio- and Chemoresistance—
Extensive clinical and experimental data have established that
hypoxia induces cancer cell resistance to radio- and chemo-
therapy, as well as promoting genetic instability and metas-
tasis (44–46). The therapeutic use of ionizing radiation and
chemotherapeutic agents is known to induce DNA double-
strand breaks (DSBs) that trigger apoptosis of cancer cells,
but the effects of hypoxia-induced genetic instability on DNA
repair mechanisms in developing tumors are not well under-
stood. Multiple mechanisms can repair DSBs in damaged
host cells, including non-homologous end joining (NHEJ) and
homologous recombination. Our iTRAQ-based proteomic
data and Western blot analyses confirmed that the NHEJ-
associated proteins XRCC5 and XRCC6 were enriched in the
supernatant fractions of chromatin extracted from cells cul-
tured in low-oxygen or re-oxygenation conditions (Hx48-S,
Hx72-S, and Rx-S), whereas a third NHEJ-associated protein,
PRKDC, was identified at high concentrations only in the
pellet fractions of hypoxic chromatin samples (Figs. 7A–7E).
These data suggested that the NHEJ pathway is active in
cancer cells that have been subjected to hypoxia, consistent
with our recent report that NHEJ-associated proteins are

FIG. 5. HP1BP3-dependent modulation of cancer cell adhesion during hypoxia. A431 cells were subjected to 48 h normoxia (Nx), 48 h
hypoxia (Hx), or 24 h hypoxia followed by 24 h re-oxygenation (Rx) and then assessed for adhesion to collagen- (A), laminin- (B), and
fibronectin-based (C) matrices. Each experiment was performed at least in triplicate (*p � 0.05, **p � 0.005).
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up-regulated during hypoxia/re-oxygenation of cancer cells
and contribute to radio- and chemoresistance (19). Proteomic
profiling also identified hypoxia/re-oxygenation-induced in-
creases in chromatin binding by NHEJ facilitator proteins
(MDC1, NONO, and SFPQ) and alternative DSB-associated
proteins (APEX1, PIG16, PRPF19, RECQL, XPC, PSPC1,
RPA1, and TP53BP1) (Fig. 7A). DSB repair by homologous
recombination is restricted to the late S and G2 phases of the
cell cycle, whereas NHEJ repair of DSBs can occur through-
out interphase (47, 48), and our previous analyses of cell-
cycle-associated changes in the chromatome suggested that
NHEJ repair mechanisms operate throughout interphase but
are particularly active during G1 and G2 (38). Our findings are

therefore consistent with the concept that hypoxia induces
G0–G1 cycle arrest to enhance NHEJ-mediated repair of
DSBs and increase cancer cell resistance to radio- and che-
motherapy. In addition to NHEJ-based DNA repair, hypoxia
can also influence both the expression and chromatin binding
topology of multiple other proteins that confer increased ra-
dio- and chemoresistance on cancer cells. Having already
observed that HP1BP3 expression is associated with in-
creased cancer cell viability during hypoxia, we next sought to
determine the role of this protein in radio- and chemoresis-
tance. To do this, we treated HP1BP3-depleted A431 cells (or
mock-depleted control cells) with either 10 Gy ionizing radia-
tion or doxorubicin for 24 h and assessed cell viability via

FIG. 6. HP1BP3-mediated regulation of cell migration. Effect of HP1BP3 depletion on cell migration as assessed via scratch assay (A) or
trans-well assay (B) conducted under normoxic conditions, or the same assays conducted with cells that had been subjected to 48 h hypoxia
or 24 h hypoxia/24 h re-oxygenation (C and D). Each experiment was performed at least in triplicate (*p � 0.05, **p � 0.005).
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MTT assay. We observed that HP1BP3 depletion increased
cancer cell susceptibility to both radiation treatment (viabil-
ity decreased �18%; Fig. 8A) and doxorubicin exposure
(IC50 of doxorubicin treatment decreased from 670.2 	 62
ng/ml to 503.2 	 36 ng/ml; Fig. 8B). Taken together, our
data reveal a novel role for HP1BP3-induced heterochro-
matinization in genetic reprogramming of cancer cells dur-
ing hypoxia, leading to the acquisition of radio- and
chemoresistant characteristics.

Hypoxia and HP1BP3 in Self-renewal of Cancer Stem
Cells—Cancer stem cells (CSCs) exhibit stem-cell-like prop-
erties and are thought to play a critical role in the initiation and
development of tumors. Previous reports have identified that
hypoxia-inducible factor expression in response to low-oxy-
gen conditions induces changes in gene expression that im-
bue CSCs with an increased capacity for self-renewal and
multipotency during cancer progression (49–51). We there-
fore hypothesized that HP1BP3-induced heterochromatiniza-
tion and transcriptional reprogramming of cancer cells can
promote the generation of CSC-like cells in developing tu-
mors. To test this, we conducted sphere formation assays
using different HP1BP3-depleted A431 and U2OS pheno-
types in which we observed that over a 10-day culture period,

HP1BP3-depleted A431 cells generated far smaller tumor
spheres (mean diameter 25 	 5 �m) than did their mock-
depleted counterparts (mean diameter 82 	 15 �m) (supple-
mental Figs. S11A–S11C). The number of tumor spheres
formed by mock-depleted A431 cells was also �4-fold higher
than that generated by HP1BP3-depleted A431 cells (supple-
mental Fig. S11B). Two other HP1BP3-depletion A431 phe-
notypes obtained by using different shRNAs showed compa-

FIG. 7. Differential chromatin association of DNA repair proteins during hypoxia stress. A, iTRAQ ratio indicating the relative abundance
of different proteins in the samples. B, Western blot showing the chromatin-association levels of proteins Ku70, Ku80, and histone H4 in
samples extracted from A431 cells cultured under 48 h normoxia (Nx), 48 h hypoxia (Hx48), 72 h hypoxia (Hx72), or 48 h hypoxia/24 h
re-oxygenation (Rx). C, Western blot indicating the quantities of Ku80 and Ku70 proteins obtained via partial DNase I digestion of the chromatin
samples (supernatant fraction, suffix S; pellet fraction, suffix P).

FIG. 8. HP1BP3 decreases cancer cell resistance to radio- and
chemotherapy. Viability of HP1BP3-deleted A431 cells as measured
by MTT assay after exposure to 10 Gy ionizing radiation (A) or after
treatment with 0 to 1600 ng/ml doxorubicin (B) relative to mock-
depleted control cells (n 
 6 experimental replicates, **p � 0.005).
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rable results (supplemental Figs. S11D–S11F), suggesting
their on-target effect. A similar effect was observed in U2OS
cells upon HP1BP3 depletion (supplemental Figs. S12A–
S12C), suggesting HP1BP3 regulates cancer cells’ self-re-
newal property in a cell-line-independent manner. These data
were in line with our hypothesis that HP1BP3-mediated het-
erochromatinization induces changes in gene expression that
regulate the self-renewal potential of CSC-like cancer cells.
When we subjected A431 cells to either hypoxia or hypoxia/
re-oxygenation prior to commencing the tumor sphere assay,
we observed that tumor formation by mock-depleted A431
cells was �2.5-fold more efficient under hypoxic conditions
than under either normoxia or re-oxygenation conditions (Fig.
9). In contrast, HP1BP3-depleted cancer cells displayed inef-
ficient tumor sphere formation in normoxia or re-oxygenation
conditions, and they failed to generate any tumor spheres at
all under hypoxic conditions (Fig. 9B). Analysis of tumor size
distribution further revealed that the average diameter of tu-
mor spheres generated by mock-depleted cancer cells was
increased during hypoxia (65 	 7 �m) and re-oxygenation
(80 	 13 �m) relative to normoxia (41 	 5 �m) (Fig. 9C). In
contrast, the average sphere diameter formed by HP1BP3-
depleted cells was not significantly altered by the hypoxia/re-
oxygenation protocol (34 	 6 �m) relative to normoxia (30 	

4 �m). The effect of HP1BP3 depletion upon tumor sphere
formation was further confirmed using another two shRNAs
(supplemental Fig. S13). Comparable results were also ob-
served in mock and HP1BP3-depleted U2OS cells under sim-
ilar conditions (supplemental Fig. S14). Taken together, these
data suggest that the hypoxia-induced acquisition of a CSC-
like capacity for self-renewal is regulated in an HP1BP3-de-
pendent manner.

Role of HP1BP3 in Tumorigenesis—Our cell-line-based ex-
periments strongly implicated HP1BP3 in the regulation of
multiple biological processes that might contribute to cancer
growth and malignancy. We therefore evaluated the role of
HP1BP3 in oncogenesis in vivo using a xenograft animal
model of tumor growth. Using this approach, we observed
that mock-depleted A431 cells produced tumors in all mice
(n 
 6) that received these cells via subcutaneous injection,
whereas HP1BP3-depleted cells produced tumors in only
three of six mice injected with these cells. The tumors gener-
ated by HP1BP3-depleted cells also displayed significantly
reduced size and mass relative to the tumors generated by
mock-depleted cells (Figs. 10A–10C). Taken with our cell-line-
based experiments that suggested a role for HP1BP3 in
promoting cancer cell viability, self-renewal, and resistance
to therapy, our xenograft tumor data suggest that HP1BP3

FIG. 9. HP1BP3 depletion inhibits cancer cell renewal during hypoxia/re-oxygenation. HP1BP3-depleted A431 cells were cultured in
48 h normoxia (Nx), 48 h hypoxia (Hx), or 24 h hypoxia/24 h re-oxygenation (Rx) and then assessed for tumor sphere formation over 10 days
of culture (A and B). C, size distribution of tumor spheres formed by HP1BP3-depleted A431 cells subjected to the same conditions. Each
experiment was performed in triplicate (*p � 0.05, **p � 0.005).
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depletion is associated with a loss of CSC-like properties,
leading to reduced tumorigenic potential both in vitro and in
vivo. Our findings are thus consistent with a recent report
that disruption of genes that regulate the “stemness” of
CSCs markedly reduces tumorigenic potential (52), and they
suggest that therapeutic targeting of HP1BP3 might repre-
sent a novel approach to treatment in a range of different
malignancies.

CONCLUSION

In this study we used partial DNase I digestion together with
an iTRAQ-based quantitative proteomics approach to delin-
eate the chromatin association topology of the proteins that
constitute the chromatome and to establish how these mol-
ecules are modulated in cancer cells subjected to low-oxygen
conditions. Although the hypoxia-induced evolution of chro-
matin biology is known to play a crucial role in oncogenesis,
data that describe global changes in the chromatome dynam-
ics that regulate cellular responses to changing environmental
conditions are extremely limited. In our study, we found that
the chromatin-binding protein HP1BP3 altered its binding
topology in a hypoxia-dependent manner and promoted het-
erochromatinization in order to modulate gene expression
and induce cancer cells to acquire a CSC-like phenotype.
Accordingly, depletion of HP1BP3 decreased cancer cell vi-
ability, therapy resistance, and stemness under hypoxic con-
ditions, leading to decreased tumorigenic potential of these
cells both in vitro and in vivo. These data suggest that target-

ing of HP1BP3 might provide new therapeutic approaches in
a wide range of human cancers.
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