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ABSTRACT:Headandneck squamous cell carcinoma (HNSCC) is the sixthmost commonmalignancyworldwide and
is characterized by a fast-pacedgrowth. Like other solid tumors, theHNSCCgrowth rate results in the development
of hypoxic regions identified by the expression of hypoxia-inducible factor 1a (HIF-1a). Interestingly, clinical data
have shown that pharmacological induction of intratumoral hypoxia caused an unexpected rise in tumormetastasis
and the accumulation of cancer stem cells (CSCs). However, little is known on themolecular circuitries involved in
thepresenceof intratumoralhypoxiaand theaugmentedpopulationofCSCs.Hereweexplore the impactofhypoxia
on thebehavior ofHNSCCanddefine that the controlling functionofphosphatase and tensinhomolog (PTEN)over
HIF-1a expression and CSC accumulation are de-regulated during hypoxic events. Our findings indicate that
hypoxic niches are poised to accumulate CSCs in a molecular process driven by the loss of PTEN activity. Fur-
thermore, our data suggest that targeted therapies aiming at the PTEN/PI3K signaling may constitute an effective
strategy to counteract the development of intratumoral hypoxia and the accumulation ofCSCs.—Nascimento-Filho,
C. H. V., Webber, L. P., Borgato, G. B., Goloni-Bertollo, E. M., Squarize, C. H., Castilho, R.M. Hypoxic niches
are endowed with a protumorigenic mechanism that supersedes the protective function of PTEN. FASEB J.
33, 13435–13449 (2019). www.fasebj.org
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Head and neck cancer is one of the 10 most common
cancers in theUnited States (1). In recent years, there were
significant advances in the understanding of the genetic

landscape of head and neck squamous cell carcinoma
(HNSCC)and themolecular signalingnetworkcommonly
found disrupted in human papillomavirus and non–
human papillomavirus oral and pharyngeal cancers. Yet,
the 5-yr relative survival rate of patients afflictedwith this
disease have marginally improved in the last decades.

Much of the complexity in managing oral and pha-
ryngeal cancer relies on the heterogeneity of cancer cells,
the numerous mutations found in HNSCC, and the pres-
ence of cancer cells presenting self-renewability. The cel-
lular heterogeneity adds to the complexity of the tumors
and the low success rates of monotherapies when com-
pared with multidrug regiments. Antiangiogenic agents
like sunitinib and bevacizumab are currently in use for
several solid tumors. However, the long-term benefits are
restricted to a moderate increase in progression-free sur-
vival, and little benefit is observed when considering the
overall survival of patients treated for HNSCC (2). The
administration of antiangiogenic drugs leads tometastasis
and tumor relapse short after treatment (3, 4). Not only
antiangiogenic drugs increase the chance for metastasis
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but alsomodifies the tumormicroenvironmentby creating
intratumoral hypoxia (5). Early studies also demonstrated
that hypoxic conditions prime the activation of the
PI3K-signaling pathway in prostate cancer and human
embryonic kidney cell lines (6, 7). Interestingly, we have
previously shown that phosphatase and tensin homolog
(PTEN), a master regulator of mammalian target of rapa-
mycin (mTOR) signaling, directly controls the population
of epithelial stem cells (8) and the PI3K/mTOR pathway
(9–11), suggesting that thispathwaymayalsoplaya role in
regulating cancer stem cells (CSCs). Here we aim to
identify the effects of hypoxia over the tumor suppressor
gene PTEN and the impact over HNSCC behavior.

Our findings showed that hypoxic conditions primed
PTEN de-regulation in HNSCC along with the induction
of an epithelial-mesenchymal transition (EMT) phenotype
and enhanced invasive properties. The hypoxic niches
detected in HNSCC xenografts lack PTEN activity and
increases the number of cancer cells positive for aldehyde
dehydrogenase 1 family, member A1 (ALDH1A1). We
also found that pharmacological inhibition of PTEN re-
capitulated the effects of hypoxia by triggering the ex-
pression of hypoxia-inducible factor 1a (HIF-1a) and the
accumulation of CSCs followed by the acquisition of an
EMT invasive phenotype.

MATERIALS AND METHODS

Cell lines, PTEN inhibitor, and oxygen absorbers

HNSCC cell lines WSU-HN6 (base of tongue), WSU-HN12
(lymph node/metastasis), and WSU-HN13 (tongue) were cul-
tured in DMEM (HyClone Laboratories, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA) and 1% antibiotic-antimycotic
(Thermo Fisher Scientific). Cells were maintained in a 5% CO2-
humidified incubator at 37°C (https://seer.cancer.gov/statfacts/html/
oralcav.html). All cells were previously authenticated by PCR
amplificationof short tandemrepeats to ensure cell identity.Cells
were maintained under hypoxia for 6, 12, and 24 h as previously
reported (12–15). Hypoxic conditions were achieved by placing
tumor cell lines in a plastic slider bag along with 2000 cc oxygen
absorber pouches containing active powdered iron oxide (Bay-
Tec Containers, Bacliff, TX, USA). The oxygen absorption was
monitored using an oxygen meter (Pro Gas Badge; Grainger,
Lake Forest, IL, USA). Cells were considered under hypoxic
conditions upon oxygen levels drop under 2%. All cells exposed
tohypoxiaweremaintained in a 5%CO2-humidified incubatorat
37°C. The PTEN inhibitor bisperoxovanadium inhibitor of pro-
tein phosphotyrosine phosphatase [BpV(pic)] was administered
for 24h at the final concentrations of 1, 5, and 10mM.Time course
assaywasperformedusing5mMofBpV(pic) at the timepoints of
24, 30, 36, and 48 h. For each time point, cells were fixed and
processed for immunofluorescence and photoswere taken using
a Axiocan ERc5s color camera (Zeiss, Munich, Germany) at-
tached to a Nikon Eclipse Ts2 (Nikon, Tokyo, Japan) and visu-
alized with Nikon Elements NIS software.

Xenografts and tumor volume measurements

In vivo study was performed according to the University of
Michigan Institutional Animal Care &Use Committee approved
protocol and in compliance with the Guide for the Care and Use of

LaboratoryAnimals [National Institutes ofHealth (NIH),Bethesda,
MD, USA]. Female nude mice Foxn1(nu) (The Jackson Labora-
tory, Bar Harbor,ME, USA) 4–6-wk-oldmicewere housed in 12-
h light/dark cycles, and they received standard rodent chowand
water ad libitum in compliance with Association for Assessment
andAccreditation of LaboratoryAnimal Care guidelines. A total
of 5 3 106 WSU-HN12 cells were bilaterally injected into mice’s
flanks + 50% DMEN + 50% Matrigel (Corning, Corning, NY,
USA). Tumor length and width were measured 3 times weekly
using a digital caliper, and tumor volume were calculated using
the formulaV= (W23L)/2aspreviouslydescribed (16, 17). Body
weight was also assessed 3 timesweekly. All procedureswere in
agreement with the approved animal handling protocol. At the
end point of each group,micewere euthanized and tumorswere
collected. Tumors reaching the maximum size allowed by Uni-
versity Committee for the Use and Care of Animals were also
euthanized. Estimated daily tumor growth was calculated
according to previous studies (16, 18, 19). All tumors were for-
malin fixed and paraffin embedded.

Short hairpin RNA, small interference RNA
knockdown, plasmids, and lentivirus

Lentiviral vectors pGIPZ expressing control short hairpin RNA
(shRNA) or PTEN-shRNA (Dharmacon, Lafayette, CO, USA).

Lentiviral vectorswere packaged inHEK293T cells transfected
with psPAX2 and pMD2G plasmids (Trono Lab; Addgene,
Watertown, MA, USA). At 72 h post-transfection, medium con-
taining lentiviruswas collectedand filtered througha0.4-mMfilter,
andWSU-HN13 cells were transduced in the presence of 4mg/ml
polybrene (MilliporeSigma, Burlington, MA, USA). Cell pop-
ulations stably expressing shRNAs were selected in medium
containing 1 mg/ml puromycin (MilliporeSigma). Knockdown
efficiencies of shRNAs against PTEN in these cells were de-
termined by Western blot analysis. HIF-1a knockdown was
achieved using small interfering RNA (siRNA) technology as
previously described by Zagni et al. (8). Cells were seeded in 24-
well plates and transfected with siRNA duplex against human
HIF-1a (forward 59-CUGAUGACCAGCAACUUGA-39 and re-
verse 59-UCAAGUUGCUGGUCAUCAG-39) (20). The optimal
concentration was determined by dilution curves of siRNA and
immunoblot analyses. The sequences of the control negative
siRNA oligonucleotides were as follows: 59-UUCUCCGAACGU-
GUCACGUTT-39 and 59-ACGUGACACGUUCGGAGAATT-39.

Invasion assay

HNSCC tumor cells (WSU-HN6,WSU-HN12, andWSU-HN13)
were seeded in 24-well plates over a thin homogeneous layer of
fibronectin (BD Biosciences, San Jose, CA, USA) in Millicell Cell
Culture Inserts (MilliporeSigma) and supplemented with 2% of
FBS in the upper side and 10% of FBS lower side. Tumor cells
from the control groupwere maintained under normal O2 levels
and the hypoxia group under ,2% O2. After 24 h of cellular
invasion, cells were stained with hematoxylin and eosin (H&E),
and the total number of cells located at the upper chamber and
the lower chamber (invasive cells)were quantified. Images of the
selected fields were captured using a color camera (Micropub-
lisher 5.0; QImaging, Surrey, BC, Canada) at a magnification of
340 attached to a Nikon Eclipse 80i microscope (Nikon). The
images were analyzed using the ImageJ program (NIH).

Immunofluorescence and histologic studies

Tissues derived from xenograft tumor were fixed using 4%
paraformaldehyde for 24hand further embedded inparaffin and
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sectioned (4 mm of thickness). Histologic sections were depar-
affinized in xylene solution and rehydrated in a descending
ethanol series. Antigen retrieval was performed using citric acid
followed by blocking for unspecific binding using 0.5% (v/v)
Triton X-100 in PBS and 3% (w/v) bovine serum albumin. Tissue
sections were incubated overnight with primary antibodies
anti–HIF-1a, anti-PTEN (Cell Signaling Technology, Danvers,
MA, USA) and anti-ALDH1A (Abcam, Cambridge, MA, USA).
Tissue samples were then washed with 13 PBS and incubated
withAlexaFluor 488 or 568 secondaryantibodies (ThermoFisher
Scientific) for 60 min at room temperature and then stained with
DNA staining Hoechst 33342 (Thermo Fisher Scientific) for vi-
sualization of DNA content. Images were taken using a QImag-
ing ExiAqua monochrome digital camera attached to a Nikon
Eclipse 80i microscope and H&E stained slides were photo-
graphed using a color camera (QImagingMicropublisher 5.0)
attached to a Nikon Eclipse 80i microscope (Nikon) and pro-
cessed using Nikon Elements NIS software.

Flow cytometry

HNSCC CSCs were identified by its high content levels of alde-
hyde dehydrogenase 1 (ALDH1) enzymatic activity and positiv-
ity toCD44 expressionusing flowcytometry (BDBiosciences, San
Jose, CA, USA). The Aldefluor Kit (Stemcell Technologies, Dur-
ham, NC, USA) was used according to the manufacturer’s in-
structions to identify cells with high ALDH1 enzymatic activity.
Briefly, ALDH1 is a detoxifying enzyme responsible for the oxi-
dation of intracellular aldehydes as previously published by
Charafe-Jauffret et al. (21). Normal and cancer cells expressing
high levels of ALDH1 have been shown to contain stem/
progenitor properties compared with cells expressing low levels
of the enzyme (22–26). Aldefluor is a nonimmunologic method
that exposed the endogenous cellular levels of ALDH1 to the
fluorescent substrate that diffuses into the cells that are catalyzed
by the aldehyde dehydrogenase (ALDH) enzyme releasing a
negative charged ALDH product that can be detected by flow
cytometry using a 488 nM laser. We combined the use of ALDH
with the expression levels of CD44 to identify HNSCC CSCs, as
previously reported by Prince et al. (27). Cells under hypoxic
conditions or receiving BpV(pic) were suspended with activated
Aldefluor substrate [boron-dipyrromethene (BODIPY) amino
acetate] or negative control (dimethylamino benzaldehyde, a
specific ALDH inhibitor) for 45 min at 37°C. Then, cells were
washed and suspended with anti-CD44/allophycocyanin con-
jugatedantibodyand incubated for25min in shaking rotorat 4°C.
All sampleswere analyzed using a flow cytometerAccuri C6 (BD
Biosciences) equipped with 2 excitation lasers: a solid blue state
(488 nm) and a diode red (640 nm).

Reactive oxygen species/superoxide detection kit

Wemeasured reactive oxygen or superoxide species production in
live cells using a flow cytometer Accuri C6 (BD Biosciences). The
oxidative stress detection reagent (Green) and superoxide detection
reagent (Orange) were reconstituted following the manufacturer’s
recommendations (EnzoLifeSciences,EastFarmingdale,NY,USA).
Reactive oxygen species (ROS) detection dye (green probe) reacts
withmultiples reactive species as hydrogen peroxide, peroxynitrite,
hydroxyl radical, NO, and peroxy radical. Meanwhile, the super-
oxide detection dye (orange probe) reacts with superoxide (O2

2).

Bromodeoxyuridine/5-bromo-2’-deoxyuridine
staining protocol

Cellular DNA synthesis was performed using the FITC Bromo-
deoxyuridine/5-bromo-2’-deoxyuridine (BrdU) Flow Kit (BD

Biosciences) and flow cytometric analysis. The process of in-
corporation of BrdU into newly synthesized DNA initiates with
the administration of BrdU (15 mg/ml) for 15 min, followed by
fixation and permeabilization of tumor cells using BD Cytofix,
followed by the permeabilization using Cytoperm buffers for
15–30 min at room temperature. After washing, cells were in-
cubated with DNase in Dulbecco’s phosphate-buffered saline
(DPBS) for 1 h at 37°C at a final concentration of 300mg/ml. Cells
were resuspended in 50 ml of BD Perm/Wash Buffer containing
diluted FITC fluorochrome-conjugated anti-BrdU antibody and
7-amino-actinomycin D to detect total DNA content and in-
cubated for 20 min at room temperature. After washing, cells
were analyzed by flow cytometry.

Western blot

Tumor cells were lysed with cell lysis buffer containing protease
inhibitors and briefly sonicated. Total protein was run in
SDS-PAGE and transferred to an Immobilon Membrane (Milli-
poreSigma). PVDF membranes were blocked in 5% nonfat dry
milk containing 0.1 M Tris (pH 7.5), 0.9% NaCl, and 0.05%
Tween-20 for1hat roomtemperature followedby the incubation
with anti-PTEN (Cell Signaling Technology) 1:1000, anti–N-Myc
downstream-regulated gene 2 (NDRG2) (Cell Signaling Tech-
nology) 1:1000, or antivimentin (VIM) (AMF‐17b; Developmental
Studies Hybridoma Bank, Iowa City, IA) 1:1000 and anti–
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mouse
mAb(6C5) (MilliporeSigma)primaryantibodies overnight at 4°C.
PVDF membranes were then incubated with appropriate sec-
ondary antibodies conjugated to horseradish peroxidase (Santa
Cruz Biotechnology, Dallas, TX, USA). The signal was developed
using the ECL Western Blotting Substrate (Pierce Biotechnology,
Rockford, IL, USA).

RNA extraction and RT-PCR

HNSCCcellswereharvestedusing trypsin [0.05% trypsin-EDTA
(1x)], and the RNA was extracted with E.Z.N.A. Total Kit I
(Omega Bio-Tek, Norcross, GA, USA) following the manufac-
turer’s protocol. RNAconcentration andpuritywere determined
by spectrophotometer (NanoDrop 1000 Spectrophotometer;
ThermoFisher Scientific),measuring absorbance atA260 andA280
nm. A total of 100 mg RNAwas reverse transcribed with a High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. For real-
time quantitative PCR analyses, the reaction mixture containing
cDNA template, primers, and SYBR Green PCR Master Mix
(Thermo Fisher Scientific) were run in a 7900 HT Real-time PCR
System (Thermo Fisher Scientific). Fold changes ofmRNA levels
were determined after normalization to reference control of
GAPDH b-actin levels. The 22DDCt method of relative quantifi-
cationwereused to estimate the copynumberof gene expression.
Primer sequences for GAPDH, b-ACTIN, nanog homeobox
(NANOG), and TWIST1 primers were designed using the Pri-
merBank database, and primer sequences for snail family tran-
scriptional repressor 1 (SNAI1) and VIM were previously
published by Flores et al. (28).

GAPDH: 59-ACCCACTCCTCCACCTTTGAC-39; 59-CCAC-
CACCCTGTTGCTGTAG-39

b-ACTIN: 59-AAATCTGGCACCACACCTTC-39; 59-GGGG-
TGTTGAAGGTCTCAAA-39

SNAI1: 59-GCGTGTGCTCGGACCTTCT-39; 59-ATCCTGA-
GCAGCCGGACTCT-39

TWIST: 59-AAGCTGAGCAAGATTCAGACC-39; 59-CGTG-
AGCCACATAGCTGC-39

VIM: 59-GACGCCATCAACACCGAGTT-39; 59-CTTTGTC-
GTTGGTTAGCTGGT-39
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NANOG: 59-CCCCAGCCTTTACTCTTCCTA-39; 59-CCAG-
GTTGAATTGTTCCAGGTC-39

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad
Software, La Jolla, CA, USA). Statistical tests used were 1-way
ANOVAandStudent’s t tests.Dataare expressedasmeans6 SEM.
Significance was determinedwhen P# 0.05, P# 0.01, P# 0.001,
or P# 0.0001. No significance was determined when P. 0.05.

RESULTS

HNSCC under hypoxic conditions undergoes
EMT and increases the invasive behavior

Solid tumors, including HNSCCs, are characterized by
fast-growing and local invasion capabilities. During rapid
cell division and increased tumormass, solid tumors often
undergo hypoxia. The effects of hypoxia on solid tumors
are of interest to cancer biologists because recent findings
suggest increased aggressive behavior and the develop-
ment of a resistant phenotype to chemo and radiother-
apies. Here we investigated the potential implications of
hypoxic conditions in the behavior of HNSCC. We ob-
served that low oxygen levels (;2% of O2) induced the
expression of HIF-1a in cancer cells along with an epi-
thelial transition to a spindle shape (Fig. 1A, B). Indeed, all
tumor cells undergoing morphologic changes were asso-
ciated with the accumulation of cytoplasmic VIM, a stro-
mal cellular biomarker that identifies epithelial cells
undergoing EMT (Fig. 1C). Notably, all analyzed tumor
cell lines growing under hypoxic conditions were charac-
terized by an enhanced cellular invasion phenotype
(1.38–2.56-fold increase) (Fig. 1D). Indeed,whenanalyzing
all 3 HNSCC cell lines, we found that nearly 75% of all
seeded WSU-HN6 cells have invaded the substrate com-
pared with 30% of tumor cells invading in normoxia (Fig.
1E).WSU-HN12alsopresentedan increasedpercentageof
invading cells from 10 to ~20%, whereas WSU-HN13
demonstrated an increase in tumor invasion from 40 to
~60% of all seeded cells (Fig. 1E). Although exciting, we
observed that some tumor cell lines cultured under hyp-
oxia had a high mortality rate when compared with nor-
moxia. With this in mind, we evaluated the effect of
hypoxia on cellular viability. The WSU-HN12 and
WSU-HN13 had a significant reduction in the total num-
ber of cells when cultured under hypoxic conditions (Fig.
1F). Reducedviability of tumor cells uponhypoxia did not
reflect in a reduced number of invasive cells as we have
shown previously in Fig. 1D, E, suggesting that hypoxia
was selecting and inducing surviving cells to display ag-
gressive behavior. Indeed, the WSU-HN6 cell line, which
expressed the highest number of invading cells (2.56-fold
increase), responded tohypoxia by increasing cell viability
above normoxia levels (Fig. 1F). Overall, we observed that
despite reduced cellular viability mediated by harsh
hypoxic conditions, the HNSCC tumor cells enhanced
their aggressive invasive phenotype when exposed to
hypoxia (Fig. 1G).

Hypoxia ablates the tumor suppressor PTEN
and triggers HIF-1a activation

The administration of antiangiogenic drugs has been as-
sociated with the development of intratumoral hypoxia
and enhancedmetastatic potential. The tumor suppressor
gene PTEN is found down-regulated in cancer, yet the
presence of mutations constitutes a rare event in HNSCC.
Moreover, themechanisms involved in thederegulationof
PTEN in solid tumors, including HNSCC, are largely un-
known.Herewe evaluated the levels of PTENonHNSCC
under hypoxia. We found that PTEN is deactivated by
hypoxia (Fig. 2A–F). Notably, the PTEN deactivation oc-
curred in a time-dependent manner (Fig. 2A–C). We also
observeda reductiononPTENmRNAlevelswithin24hof
exposure to hypoxic conditions (Supplemental Fig. S1A).
Hypoxia-induced PTEN ablation also led to the activation
of the PI3K/mTOR signaling demonstrated by the pres-
ence of the biomarker phosphorylated S6 (pS6) (Fig.
2D–F). Notably, the absence of PTEN due to hypoxia was
also observed in the hypoxic niches in vivo. Similar to
primary human HNSCC tumors presenting fast growth
rate and displaying the formation of multiple tumor is-
lands composed of concentric squamous malignant epi-
thelial cells (Fig. 3A), ourHNSCCxenograftmodels (n=5)
also developed typical histologic characteristics of fast-
growing tumors (Fig. 3B).

Furthermore, our xenograft animals are characterized
by the presence of hypoxic niches,whichwere determined
by the high levels ofHIF-1a (Fig. 3C). Similar to our in vitro
observations (Fig. 2A–C), intratumoral hypoxic niches
failed to express PTEN (Fig. 3D). This observation is more
evident in the Fig. 3E, F in which PTEN is observed in
green-labeled malignant cells (Fig. 3F, arrows) next to the
hypoxic niche (Fig. 3F, red). Interesting to note that sur-
rounding the hypoxic niches,we observe the expression of
PTEN in fusiform shaped cells, suggestive of mesenchy-
mal origin (Supplemental Fig. S1B, arrowheads). To better
understand the correlation between tumor suppressor
PTEN and the hypoxic niches, we asked whether PTEN
would participate in hypoxic signaling by modulating
HIF-1a. Using shRNA technology, we found that
down-regulation of PTEN (Fig. 3G) trigger the accumula-
tion of the protein levels of HIF-1a (Fig. 3H, I). Further, we
explored if HIF-1a is involved in the induction of EMT, or
if the observed phenotype is driven by PTEN down-
regulation during hypoxia. Using siRNA technology, we
have observed that depletion of HIF-1a does not result in
the accumulation of VIM in HNSCC cultured under
hypoxia when compared with controls that presented
modest accumulation of VIM during hypoxia (Supple-
mental Fig. S2A, B). Depletion of HIF-1a from tumor cells
undergoing hypoxia also failed to trigger the accumula-
tion of fusiform tumor cells above baseline levels observed
during hypoxic conditions, or during the pharmacological
inhibition of PTEN [BpV(pic)] (Supplemental Fig. S2C,D).

Altogether, these novel findings demonstrated that the
expression of HIF-1a is controlled by PTEN in HNSCC
and that hypoxic niches are involved in thederegulationof
the tumor suppressor PTEN (Fig. 3J).
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Figure 1. HNSCC cell under hypoxic conditions underwent EMT phenotype and enhanced invasive behavior. A) Time course
assay of 3 HNSCC cell lines growing under hypoxic conditions depict increased expression of HIF-1a compared with normoxic
controls. Data represent means 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001. B) HNSCC cell lines under hypoxic
conditions presenting spindle-shaped phenotype compared with normoxic condition. Data represent means 6 SEM. *P , 0.05,
**P , 0.01, ***P , 0.001, ****P , 0.0001. C) Immunofluorescence for VIM of HNSCC cells cultured under hypoxia (24 h).

(continued on next page)
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PTEN down-regulation triggers EMT and
stemness-associated markers

Our previous data show that HNSCC exposed to
hypoxic conditions underwent EMT and reduced the
levels of PTEN. Here we explored the correlation be-
tween PTEN deregulation and the activation of EMT
phenotype using the chemical compound BpV(pic), a
known PTEN inhibitor (Fig. 4A). We found that the
BpV(pic) mechanism of action involves the down-
regulation of NDRG2, a PTEN-binding protein re-
sponsible for the recruitment of PP2A and consequently
dephosphorylation of PTEN (active form) (Fig. 4A) (29).
Reduced levels of NDRG2 leads to the activation of the
PI3K/AKT signaling pathway and its downstream tar-
get (30). We also found that HNSCC receiving BpV(pic)
acquires a fusiform phenotype similar to the one ob-
served during hypoxic conditions (Fig. 4B). Indeed, the
EMT could be observed after 30 h of BpV(pic) adminis-
tration with a peak on the morphology alterations oc-
curring after 48 h (Fig. 4B). Furthermore, administration
of BpV(pic) also triggered HIF-1a up-regulation along
with the activation of the PI3K/mTOR signaling path-
way (Fig. 4C–E) like previously observed during hyp-
oxic conditions (Figs. 1 and 2). To further test our
hypothesis that PTEN loss of function induces EMT and
potentially modulates CSCs, we evaluated the expres-
sion changes of key genes associated with EMT and
stemness by real-time PCR. We found that VIM, Nanog,
and Snail were found up-regulated upon exposure to
hypoxic conditions and BpV(pic) (Fig. 4F, G). Similarly,
tumor cells cultured under hypoxic conditions also
demonstrate the genetic EMT signature with up-
regulation of VIM, Snail, and Nanog along with
Twist-1 (Fig. 4G). Down-regulation of PTEN during
hypoxiawas confirmed by the reduced expression levels
ofNDRG2 (Fig. 4H). All things considered, we observed
that deregulation of PTEN driven by hypoxia or
BpV(pic) not only activates HIF-1a but concomitantly
activates mTOR signaling along with the induction of
EMT (Fig. 4I).

Deregulation of PTEN impact the
accumulation of ROS and dampers apoptosis
from tumor cells

Many factors are orchestrated to induce cellular apo-
ptosis. Much of these factors are associated with the
expression of tumor suppressor genes like TP53 and
PTEN. The accumulation of ROS and superoxide are
critical events in the activation of programmed cell

death (31, 32). Here we found that BpV(pic)-induced
deregulation of PTEN also down-regulates the levels of
ROS and superoxide in HNSCC cells (Fig. 5A). Aligned
with the low levels of ROSand superoxide,we observed
thatHNSCCcells became resistant to apoptosis (Fig. 5B,
C) and undergoing G2/M suggestive of cellular pro-
liferation (Fig. 5D). Interestingly, however, a fraction of
tumor cells expressing low levels of PTEN undergo a
transitory G0/G1 cell cycle arrest, an event suggestive
of cellular quiescence (33, 34) (Fig. 5E). Although ex-
citing, the fact that BpV(pic)-treated tumor cells can
display 2 distinct behaviors, cellular proliferation, and
cellular quiescence intrigued us. To better understand
these results, we reassessed the flow cytometry data in
the search for distinct populations of tumor cells capa-
ble of responding differently to PTEN inhibition. In-
deed, we found that both populations, 1 undergoing
G2/M cell cycle phase, and the other undergoingG0/G1
cell cycle are distinct by cell size and internal complexity
as judged by the side scatter and forward scatter profile
(Fig. 5F). Altogether, our data suggest that reduced
levels of the tumor suppressor gene PTEN lead to an
apoptosis-resistant phenotype and the accumulation of
2 distinct populations of tumor cells, 1 highly mito-
genic, and the second population in a quiescent-like
stage (Fig. 5G).

Hypoxia-induced down-regulation of PTEN
results in the accumulation of CSCs

Our previous data indicate that PTEN inhibition
triggers a transitory G0/G1 cell cycle arrest, a strong
indication of cellular quiescence (Fig. 5E). This finding
prompted us to explore if hypoxic conditions could
favor the accumulation of HNSCC CSCs, as recently
suggested in breast cancer (5). Poised by this fasci-
nating hypothesis, we decided to explore the presence
of CSCs during hypoxic conditions using flow cytometry
to identify the enzymatic activity of ALDHs (Fig. 6A).
Interestingly, we found that hypoxic HNSCC tumor cells
present a significant accumulation of CSCs when com-
pared with normoxic conditions (Fig. 6B, C). To further
confirm if the effects of hypoxia over the PTEN signaling
was indeed deemed responsible for the accumulation of
CSCs, we decided to pharmacologically inhibit PTEN
using BpV(pic). We found that BpV(pic)-driven reduced
levelsofPTENlead to theaccumulationofCSCsas judged
by the combined increased levels of ALDH enzymatic
activity detected by Aldefluor, and high levels of CD44
positive cells (Fig. 6D, E). Mechanistically, we know that
hypoxia induces the down-regulation of PTEN that

Lower graphics depict the percentage of cancer cells expressing VIM under normoxia and hypoxia culture conditions. Data
represent means 6 SEM. Scale bars, 100 mm. *P , 0.05, ***P , 0.001. D) Increased folds of tumor invasion of WSU-HN6 (2.56),
WSU-HN12 (1.5), and WSU-HN13 (1.38) cell lines upon invasion assay under hypoxic conditions. E) Augmented invasion of
hypoxic WSU-HN6, WSU-HN12, and WSU-HN13 cell lines compared with tumor cells invading in normoxia. Data represent
means 6 SEM. *P , 0.05, ***P , 0.001. F) Quantification of the total number of viable tumor cells after 24 h of invasion at the
upper and lower chambers (initial seeding density of 104 cells). Note the higher number of WSU-HN6 tumor cells under hypoxia
compared with the lower number of WSU-HN12 and WSU-HN13 cells compared with normoxic conditions. Data represent
means 6 SEM. *P , 0.05, ****P , 0.0001. G) Schematic representation of the enhanced invasion of tumor cells during hypoxia.
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Figure 2. PTEN down-regulation during hypoxia. A–C) Time course assay for PTEN expression levels in head and neck cancer
cell lines cultured under hypoxic conditions and compared with normoxic controls Data represent means 6 SEM. *P , 0.05,
**P , 0.01, ***P , 0.001, ****P , 0.0001. Note that all analyzed cancer cell lines present reduced levels of PTEN when cultured
under hypoxia. D–F) Representative images from WSU-HN6, WSU-HN12, and WSU-HN13 cell lines cultured under the hypoxic
condition for up to 18 h. Immunofluorescence staining for PTEN depicts down-regulation of the tumor suppressor starting after
6 h of hypoxia for WSU-HN6 and WSU-HN13 and after 12 h for WSU-HN12 compared with normoxic controls. pS6 staining was
used as a readout for the activation of the PTEN/PI3K-signaling pathway. Arrows indicate high expression of pS6 after 12 h of
hypoxia in all tested HNSCC cell lines. Scale bars, 100 mm.
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Figure 3. Genetic deregulation of PTEN induces HIF-1a expression. A) Tumor sample (H&E) from a human HNSCC depicts the
formation of a typical morphologic aspect of a fast-growing HNSCC displaying the development of multiple tumor islands
composed of concentric squamous malignant epithelial cells. B) Normal histologic architecture of xenograft-derived squamous
cell carcinoma (H&E) presenting tumor islands depicting different degrees of cellular differentiation. C–F) Immunofluores-
cence staining of squamous cell carcinoma xenografts displaying HIF-1a staining conjugated with Alexa 568 (C), PTEN staining
conjugated with Alexa 488 (D, arrows), merge of all 3 channels (E) presenting cells positive for PTEN within the tumor mass (F,
arrows), and within the hypoxic niche, and hypoxic areas (red). G) Down-regulation of protein levels of PTEN upon delivery of
PTEN-shRNA. H) Representative image of HNSCC cells expressing high levels of HIF-1a detected by immunofluorescence after
delivery of PTEN-shRNA. I) Quantification of the total number of HIF-1a–positive cells from tumor cells receiving PTEN-shRNA
compared with control shRNA (scrambled shRNA). ****P , 0.0001. J ) Schematic representation of hypoxic niches and the
expression of PTEN-driven expression of HIF-1a. Scale bars, 100 mm.
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Figure 4. Pharmacological down-regulation of PTEN activates HIF-1a expression and triggers an EMT phenotype on HNSCC. A)
Administration of BpV(pic) efficiently down-regulated PTEN and NDRG2 after 48hrs of treatment. B) HNSCC tumor cells exposed to
BpV(pic) acquire a fusiform phenotype. C) Administration of BpV(pic) triggers the accumulation of HIF-1a and pS6 as demonstrated by
immunofluorescence staining. Note colocalization of HIF-1a and pS6 in tumor cells (arrow). D, E) Quantification of HIF-1a (D) and pS6
(E) immunostainings upon administration of BpV(pic). **P , 0.01, ***P , 0.001. F) Real-time PCR of HNSCC cells receiving the PTEN
inhibitor BpV(pic) demonstrate up-regulation of VIM, Snail, and Nanog genes. ***P , 0.001, ****P , 0.0001. G) Tumor cells growing
under hypoxic conditions also present higher gene expression levels of VIM, Snail, and Nanog, along with Twist-1. *P, 0.05, ***P, 0.001,
****P, 0.0001.H) Real-time PCR demonstrate down-regulation of NDRG2 in head and neck cell line during hypoxic conditions. ***P,
0.001. I) Schematic representation of similar effects of hypoxia and BpV(pic) on the down-regulation of PTEN, followed by the up-
regulation of HIF-1a and pS6. Scale bars, 100 mm.
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Figure 5. PTEN inhibition reduces ROS and enhances tumor proliferation. A) Flow cytometry for ROS and superoxide of
HNSCC cells receiving 5 mM BpV(pic) or vehicle for 48 h. Note reduced levels of ROS and superoxide upon administration of
BpV(pic). Data represent means 6 SEM. ****P , 0.0001. B–D) Detection of DNA synthesis using BrdU combined with flow
cytometry demonstrate reduced apoptosis and increased proliferation of tumor cells receiving BpV(pic). Data represent means6
SEM. *P , 0.05. E) Detection of DNA synthesis using BrdU combined with flow cytometry also identified a population of tumor
cells undergoing G0/G1 upon administration of BpV(pic). F) Flow cytometry analysis identifies 2 distinct populations of tumor
cells under G0/G1 and G2/M. G) Schematic representation of PTEN inhibition associated with reduced ROS levels and reduced
apoptosis, resulting in augmented tumor proliferation of HNSCC cells.
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Figure 6. Accumulation of CSCs upon PTEN loss of function. A) Schematic representation of flow cytometry assay using HNSCC
cell lines cultured under normoxia and hypoxic conditions and receiving BpV(pic). B, C) Tumor cells cultured under normoxia
and hypoxia (12 h), showing increased levels of ALDHBright and CD44high positive cells. Data represent means 6 SEM. *P , 0.05.
D) Representative graphic depicting augmented ALDHBright- and CD44high-positive tumor cells receiving BpV(pic) treatment and
vehicle control for 24 h. E) Note a concentration-dependent accumulation of ALDHBright and CD44high positive cells upon
receiving BpV(pic) for 24 h. **P , 0.01. F) Tumor-derived from HNSCC xenografts demonstrates hypoxic niches within tumor
mass expressing high levels of ALDH1A1 and HIF-1a. Arrows indicate cytoplasmic expression of HIF-1a and the arrowhead
indicates ALDH1A1 positive tumor cells. Scale bars, 100 mm.
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triggers the accumulation of HIF-1a, and enrichment of
CSCs; however, we did not know if the accumulation of
CSCs is a result of the deregulation of PTEN or the ex-
pression of HIF1A. To better explore this signaling event,
we interferedwith the expression ofHIF1Ausing siRNA in
tumor cells growing under hypoxic conditions. We ob-
served that loss of HIF1A does not interfere with the ac-
cumulationofCSCsabove theobservednumberofpositive
cells growing under hypoxic conditions, suggesting that
down-regulation of PTEN during hypoxic events is the
leading cause of CSC accumulation (Supplemental Fig.
S3A–C). Pharmacological inhibitions of PTEN resulted in
similar data with the accumulation of CSCs independent
fromHIF1A expression (Supplemental Fig. S4A–C).

Increased enzymatic levels of ALDHand the presence of
membrane CD44 has been validated to identify a sub-
population of cancer cells that retain high tumorigenic po-
tential and increased self-renewal properties in HNSCC
(27, 35). To further validate our findings, we used a xeno-
graftmodel forHNSCCpresentinghypoxic niches (Fig. 6F,
HIF-1a). ALDH1 has 3 main isotypes, ALDH1A1,
ALDH1A2, and ALDH1A3, and is a marker of normal
tissue stemcells andCSCs. Inorder to identifyCSCswithin
paraffin-embedded tissues, we used the ALDH1 isotype
ALDH1A1, a known isotype that reflects the ALDH1 ac-
tivity [reviewed in (36)]. We observed that hypoxic niches
determined by high expression levels of HIF-1a are
enrichedwith tumorcells expressinghigh levelsof the stem
cell marker ALDH1A1 (Fig. 6F, ALDH_Merge).

Altogether, our results suggest that the formation of
hypoxic niches corroborate to the development of a
unique population of neoplastic cells endowed with an
aggressive phenotype and potentially refractory to ther-
apy due to its quiescence status and the acquisition of
stemness properties (Fig. 7).

DISCUSSION

CSCs have recently gained significant attention from
the research community. Much of the interest on CSCs

derives from its involvement in aggressive tumor be-
havior, resistance to chemotherapy, and enhanced
ability to adapt to changes in the tumor microenvi-
ronment. A better understanding of the molecular cir-
cuitry that rules CSC behavior is key to the
development of new therapeutic strategies to manage
cancer. It is important, however, to recognize that CSCs
are endowed with significant heterogeneity among
tumors of different grades or between a primary and
a metastatic tumor from the same patient (37, 38).
Among several conditions capable of changing the
behavior and number of CSCs, the accumulation of
new mutations, the activation of epigenetic modifica-
tions, and changes in the tumor environmental result in
forced clonal selection and variations on cancer be-
havior. From an environmental perspective, reduced
oxygenation of tumor cells due to tumor expansion and
reduced vascularization result in the development of
hypoxic niches. Hypoxia impacts the tumor microen-
vironment in different ways that include changes in the
tissue pH, resulting in poor drug performance. In-
terestingly, hypoxic conditions have recently been
pointed out as microenvironmental cues capable of
contributing to the CSC phenotype and heterogeneity
(5). Although the use of antiangiogenic therapies in
HNSCC is not a common practice, the formation of
hypoxic areas is often seen in fast-growing head and
neck tumors as demonstrated by high levels of HIF-1a+

tumor cells. Most surprisingly, using colocalization
assays, we show that ALDH1A1+ cells (CSCs) thrive
within such hypoxic niches. Indeed, low levels of
hypoxia have been associated with good prognosis of
HNSCC tumors (39). In search for the mechanism
involved in the hypoxia-induced accumulation of
CSCs, we found that the tumor suppressor PTEN is
down-regulated in tumor cells undergoing hypoxia.
Along PTEN down-regulation, we observed the
up-regulation of the PI3K/mTOR signaling pathway
during hypoxia.We further show that reduced levels of
PTEN mediated by genetic silencing and through
pharmacological inhibitions of PTEN trigger the

Figure 7. Schematic representation of our main
findings indicates the presence of hypoxic
niches in HNSCC tumors characterized by a
reduced expression of PTEN. Low levels of
PTEN leads to the accumulation of CSCs, along
with the enhanced levels of tumor cells un-
dergoing EMT. Along with increased invasive
behavior, hypoxic niches are characterized by
reduced levels of apoptosis resulted from
diminished levels of ROS.
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accumulation of HIF-1a+ in tumor cells. Similar to our
findings, the activation of mTOR is known to induce
the accumulation ofHIF-1a as previously reported (40,
41). Increased levels of HIF-1a has been associated
with poor prognosis of colon cancer (42), pancreas (43),
breast (44), peripheral nerve sheath tumors (45), lung
cancer (46, 47), and HNSCC (48, 49), among others.
Although high levels of mTOR are commonly reported
inHNSCC andwell associated to the activation of HIF-
1a, the status of the tumor suppressor gene PTEN
(master regulator of the PI3K/mTOR pathway) is far
less explored in HNSCC biology. PTEN is found mu-
tated in between 4 and 23% of all HNSCC, whereas the
loss of protein levels is observed in.31.2% of the cases
[(50), reviewed in 51]. The discrepancy between the
levels of PTENmutation and loss of protein expression
suggests the presence of post-translational regulation
mechanisms. Indeed, we have shown that accumula-
tion of ROS in HNSCC results in PTEN oxidation and
consequent loss of function (9). Here we found that
protein levels of PTEN are also controlled by hypoxia.
Hypoxic conditions drive down the protein levels of
PTEN, and pharmacological interference of PTEN
(tyrosine phosphatase inhibitors) along with gene si-
lencing strategies result in the accumulation of HIF-1a.
Therefore, we show here that compromised PTEN
function results in the activation of themTORpathway
and further accumulation of HIF-1a. Along with the
accumulation of CSCs, the presence of hypoxia is also
associated with the induction of EMT-like phenotype
in solid tumors including hepatocellular carcinomas
(52), colorectal cancer (53), hepatoblastoma, pancre-
atic carcinoma, breast and colon carcinomas [(54),
reviewed in 55]. Here we demonstrate that the mo-
lecular mechanism of hypoxia and EMT involves the
dysfunction of PTEN. Pharmacological inhibition of
PTEN and NDRG2, a PTEN-binding protein re-
sponsible for the recruitment of PP2A and conse-
quently dephosphorylation of PTEN (active form),
leads to the acquisition of an EMT-like phenotype of
HNSCC cells.

Overall, our findings suggest that the tumor sup-
pressor PTEN acts as a guardian of CSCs and prevents
the EMT-like phenotype of HNSCC. Our findings also
suggest that hypoxic niches play an important role in
modifying the behavior of HNSCC tumors and their
CSCs.
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