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The molecular mechanisms of assembly and budding of hepatitis C virus (HCV) remain poorly understood.
The budding of several enveloped viruses requires an endosomal sorting complex required for transport
(ESCRT), which is part of the cellular machinery used to form multivesicular bodies (MVBs). Here, we dem-
onstrated that Hrs, an ESCRT-0 component, is critical for the budding of HCV through the exosomal secretion
pathway. Hrs depletion caused reduced exasome production, which paralleled with the decrease of HCV rep- -
lication in the host cell, and that in the culture supernatant. Sucrose-density gradient separation of the cul-
ture supernatant of HCV-infected cells revealed the co-existence of HCV core proteins and the exosome

Keywords:
Hrs marker. Furthermore, both the core protein and an envelope protein of HCV were detected in the intralum-
ESCRT inal vesicles of MVBs, These results suggested that HCV secretion from host cells requires Hrs-dependent exo-
HCV somal pathway in which the viral assembly is also involved.

© 2011 Elsevier Inc. All rights reserved.
Introduction 2008). These receptors and co-receptors are also required for HCV

Hepatitis C virus (HCV) is a major cause of chronic liver disease,
with about 170 million people infected worldwide. It is important to
identify the molecular basis of HCV infection, propagation, and path-
ogenesis in humans. HCV is a positive-strand RNA virus belonging to
the Flaviviridae family and the sole member of the genus Hepacivirus.
The HCV RNA genome serves as a template for viral replication and as
a messenger RNA for viral production. It is translated into a single im-
mature polyprotein of approximately ~3000 amino acids that is fur-
ther cleaved into at least 10 mature proteins by proteases {Asselah
et al., 2009).

The HCV life cycle starts with virion attachment, especially
through its envelope glycoproteins E1 and E2, to specific receptors
on the host cells, which include CD81, claudin-1, and the class B
member 1 scavenger receptor (Evans et al, 2007; Murray et al.,

Abbreviations: ER, endoplasmic reticulum; ESCRT. endosomal sorting complex re-
quired for transport; HCV, hepatitis C virus; HHV-6, human herpes virus-6; HIV,
human immunodeficiency virus; ILV, intraluminal vesicle L-domain, late-domain;
MVB, multivesicular body: shRNA, short hairpin RNA.

* Corresponding author at: Division of Cancer Biology and Therapeutics, Miyagi Can-
cer Center Research Institute, 47-1 Nodayama, Medeshima-Shiode, Natori, Miyagi, 981-
1293, Japan. Fax: + 81 22 381 1168.

E-mail address: tanaka@med.tohoku.acjp (N. Tanaka).

0042-6822/% - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.virel.2011.11.009

entry, which involves an additional clathrin-mediated post-
internalization step and delivery into early endosomes (Burlone and
Budkowska, 2009). Recently, the complete replication of HCV in a
cell culture system was achieved (Wakita et al., 2005). Nevertheless,
little is known about how the assembled HCV virion is released
from the cytoplasm.

Extensive research on human immunodeficiency virus (HIV) has
shown that the ESCRT (endosomal sorting complex required for
transport) machinery plays a crucial role in virion assembly and bud-
ding from cellular membranes: The late-domain (L-domain) motif of
HIV-Gag binds TSG101 (an ESCRT-I component) and Alix (a protein
that bridges ESCRT-I and ESCRT-III). Virion assembly, budding, and
release are subsequently achieved with help from the sequential
downstream ESCRT machinery (Chen and Lamb, 2008). Other envel-
oped viruses, such as hepatitis B virus and human T-cell leukemia
virus type [, also hijack the cellular membrane trafficking and sorting
networks to accumulate and assemble their viral components, after
which the nascent virions pinch themselves off for release (Chen
and Lamb, 2008).

Similar to an enveloped virus particle that buds from the host-cell
surface, small vesicles, called exosomes, are physiologically secreted
from a variety of cells (Denzer et al.,, 2000; van Niel et al., 2006). Exo-
somes are nanovesicles (60-90 nm in diameter) surrounded by a
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of sorting, an AAA-type ATPase, VPS4, disrupts the ESCRT complexes,
and the membrane with its accumulated cargo is invaginated into the
maturing endosome to produce an MVB. A deficiency of Hrs results in
abnormally enlarged endosomes and a marked reduction in cargo
sorting to MVBs. The enlarged endosomes accumulate ligand-
activated membrane-bound growth factor receptors (Tanaka et al.,
2008). In this context, we recently demonstrated that Hrs is also re-
quired in dendritic cells for exosome secretion and antigen presenta-
tion via exosomes (Tamai et al., 2010).

Relationships are also reported between membrane trafficking
and the HCV life cycle. ESCRT-III contributes to HCV release in Huh7
cells (Ariumi et al., 2011; Corless et al.,, 2010), as does transfection
of these cells with RNAI against Atg7, an essential autophagy gene
(Tanida et al., 2009). Another study suggested that human plasma
contains exosomes and that in HCV patients, viral RNA is associated
with these circulating vesicle (Masciopinto et al,, 2004). Since Hrs,
an ESCRT-0 component, is involved in the autophagic pathway
(Tamai et al., 2007) and required for exosome secretion, we hypoth-
esized that Hrs plays a role in the HCV life cycle. Here we demonstrat-
ed that the Hrs-dependent exosomal pathway plays an important role
in HCV release.

Results
HCV core protein localizes to exosome-rich fractions

A relationship between virus production and the exosome path-
way has been suggested for HIV and human herpes virus 6 (HHV6)
(Lenassi et al.; Mori et al., 2008). We suspected that HCV also utilizes
the exosome pathway for its release from host cells. To examine this
possibility, we subjected the culture supernatants of HCV JFH-1-
infected Huh7 cells to sucrose density gradient centrifugation and an-
alyzed the fractions for exosomes and HCV. Interestingly, the identical
fractions were positive both for the exosome marker CD63 and for the

HCV core protein (Fig. 1A). Notably, more CD63-positive exosomes
were found in the HCV-infected Huh7 cells than in uninfected cells.
To exclude a possibility that the cytopathic effect (CPE) induced by
the infection of JFH-1 affects the amount of CD63 in the supernatant,
we monitored the CPE by the lactate dehydrogenase (LDH) assay. In
Huh7 cells, we observed slight increase of LDH at post-infection day
5 (Fig. 1B). As a positive control, we also investigated the CPE in
Huh?7.5.1, which is more susceptible to JFH-1 infection. LDH level
was approximately two-times higher in this Huh7.5.1 cells than the
non-infected, which is compatible with a previous report (Shiina
and Rehermann, 2008). Purified exosomes from the culture superna-
tant of JFH-1-infected Huh7 cells possessed HCV-infectivity to Huh7
cells (Fig. 1C). These results indicated that the exosome secretion
was mainly activated during HCV infection.

We next addressed whether HCV localizes to the intraluminal
vesicles within the MVBs of JFH-1-infected Huh7 cells. Using confo-
cal microscopy, we found that N-Rh-PE-positive dots (an exosome
and MVB marker) were likely to colocalize with HCV-core-positive
dots (Fig. 1D, upper panels). As a negative control, immunofluores-
cence staining was performed with anti-HCV-core and mitochondri-
al marker (Mitotracker (Molecular Probes)), which reportedly do
not colocalize with each other (Lai et al, 2010). We did observe
that HCV-core protein was not colocalized to mitochondria
(Fig. 1D, lower panels). By immunoelectron microscopy, we
detected positive immunogold staining for the HCV core antigen
on the intraluminal vesicles (Fig. 1E). Similarly, positive immuno-
gold staining for the HCV envelope protein E2 was observed on
intraluminal vesicles within MVBs (Fig. 1F). To make the relation-
ships between HCV particles and exosomes clearer, we performed
the double-staining of immunoelectron microscopy using anti-
CD63 and anti-core protein. We observed the colocalization of
CD63 and HCV-core in the intraluminal vesicles in the MVB
(Fig. 1G). These data together suggested that HCV virions and exo-
somes are present in the same or very similar compartments.
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2010). Although-the detailed mechanisms are not fully elucidated, we
propose that normal trafficking via MVBs is required for the forma-
tion of complete HCV particles.

In this study we found the relationship between HCV and exo-
some from three experiments. First, by using immunoelectron mi-
croscopy, we demonstrated that HCV core protein and CD63
colocalized each other in MVB. Second, the confocal microscopy an-
alyses revealed that exosomal marker N-Rh-PE colocalized with the
core protein. Third, purified exosomal fraction possessed infectivity
to Huh7 cells. These results suggest that HCV particles indeed colo-
calize with exosomes, and contain exosome marker proteins. This
notion is not surprising because various viruses have been shown
to acquire parts of host cell-derived proteins (Kolegraff et al,
2006). These phenomenons seem to reflect a fact that a number of

virus carry host factors either during the assembly, or the release
from their respective host cells. In Fig. 1A, the peaks for the HCV
core protein and CD63 do not entirely correspond (1.18 g/mli and
1.15 g/ml, respectively). In general, HCV particles and exosomes in
diameter are very similar (50 nm and 30-100 nm, respectively). On
the other hand, HCV particles contain genomes which consist of a
positive-sense RNA molecule approximately 9.6 kb in length. It is
possible that the density of HCV particles is somewhat higher than
that of exosomes. Further study will be required to elucidate how

"HCV particles and exosomes were similarly or differentially pro-

duced in MVB.

The detailed mechanisms by which HCV utilizes the ESCRT ma-
chinery for its release are still unknown. Capsid proteins of several vi-
ruses, such as HIV and HTLV-1 interact with ESCRT proteins via the
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A previous study suggested that human herpes virus-6 (HHV-6) is
released together with internal vesicles through MVBs by the cellular
exosomal pathway: HHV-6 undergoes maturation in the trans-Golgi
network {TGN) and post-TGN-derived vacuoles, which express an
exosomal marker, CD63, and MVBs contain HHV-6 envelope glyco-
proteins along with CD63 (Mori et al., 2008). in addition, HIV virions
released into the culture supernatant also contain CD63 (Gould et al.,
2003), and CD63-positive exosomes derived from HIV-infected cells
contain HIV Gag proteins (Booth et al., 2006). Here we showed that
CD63-positive exosomal fractions can also contain HCV particles.
Taken together, these observations support the idea that exosomal
secretion and the budding of HCV, HHV6, and HIV share overlapping
pathways.

Conclusion

Since we here provide evidence that Hrs is important in exosome
secretion and HCV release, Hrs may be one of the key players in HCV
release, through the exosomal pathway. Controlling this pathway
could become one of novel therapeutic strategies for chronic viral
infections.

Materials and methods
Ethics statements

This study was conducted according to the principles expressed in
the Declaration of Helsinki. The study was approved by the research
committees of the Miyagi Cancer Center and Tohoku University.

Cells

Huh7 and Huh7.5.1 (gift from Dr. Chisari, The Scripps Research In-
stitute, CA) cells were maintained in Dulbecco's modified essential
medium containing 10% fetal calf serum and antibiotics. To express
Hrs-specific short hairpin RNA (shRNA), a retroviral vector was gen-
erated as described previously {(Tamai et al., 2007). in brief, a se-
quence encoding human Hrs-specific shRNA, was inserted into
pSIREN-RetroQ (BD Biosciences) to make pSIREN-RetroQ-Hrs. The
target sequence consisted of nucleotides 302-320 (5'-AGG-
TAAACGTCCGTAACAA-3’) of the human hrs cDNA. A control plasmid,
pSIREN-RetroQ-Luc, targeted bp 413-434 of firefly luciferase (5'-
GCAATAGTTCACGCTGAAAAG-3'). The retrovirus was prepared ds
previously described (Tamai et al, 2007). A human AMSH-specific
short hairpin RNA (shRNA), pSIREN-RetroQ-AMSH, was also generat-
ed using pSIREN-RetroQ (Kyuuma et al., 2007). The target sequence
within the human AMSH cDNA was nucleotides 651-669 (5'-GCAG-
CAATTGGAACAGGAA-3'). A human Rab27a-specific shRNA lentiviral
vector was purchased from Sigma. LDH assay was performed accord-
ing to the manufacturer's protocol (Roche, Basel, Switzerland).

solation and purification of exosomes

Exosomes were purified as previously described (Ostrowski et al.,
2010). In brief, the cell culture medium was centrifuged for 10 min at
300xg, 10 min at 1200x g, and 30 min at 10,000 xg to remove cells
and debris. The supernatant obtained from the last spin was then cen-
trifuged for 60 min at 100,000 x g, and the pellet was solubilized in
lysis buffer (1% Nonidet P-40, 20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1mM EDTA, 1mM phenylmethylsulfony! fluoride, and
20 pg/ml aprotinin) and analyzed by BCA protein assay (Pierce, Rock-
ford, IL, USA), according to the manufacturer's protocol. For sucrose
density gradient centrifugation, sucrose gradients were prepared
according to a former procedure (Abe and Davies, 1986). In brief,
5ml 72% sucrose/PBS was overlaid with 5ml 8.4% sucrose/PBS in
10 ml tubes, and the tubes stoppered and kept horizontal for 3 h at

room temperature, after which they were slowly returned to the up-
right position. The exosomal suspension was layered onto a gradient
sucrose and centrifuged at 100,000 x g for 20 h in a Beckmann SW41Ti
rotor.

Western blotting

Immunoblotting was performed as described previously
(Takeuchi et al., 1999). In brief, total cell lysates were prepared with
NP-40-containing lysis buffer (described above). The lysates were
pre-cleared by centrifugation (10,000 xg) for 20 min at 4 °C, and the
supernatants were separated by SDS-PAGE and transferred onto poly-
vinyl difluoride (PVDF) membranes (Millipore). After being blocked
with 5% nonfat milk in Tris-buffered saline (TBS) containing 0.1%
Tween 20, the membranes were probed with the indicated primary
antibodies. After another wash, the membranes were probed with
HRP-conjugated secondary antibodies (Cell Signaling). For dot-blot
analyses, cell lysates were spotted onto PVDF membranes. The mem-
branes were blocked as described above and incubated with the indi-
cated antibodies.

Generation and quantification of cell culture HCV RNA and infectious
titer )

The HCV strain JFH-1 was a gift from Dr. T. Wakita (National Insti-
tute of Infectious Diseases, Japan) (Wakita et al,, 2005). Cell-culture-
derived, infectious HCV was generated as described previously
(Wakita et al,, 2005). The HCV was quantified as follows: RNA was
extracted from the Huh7 culture supernatant using the QlAamp
Viral RNA Kit (Qiagen, Valencia, CA). The HCV RNA was quantified
by real-time reverse transcription polymerase chain reaction using
TagMan EZ RT-PCR Core Reagents (Applied Biosystems, Foster City,
CA), according to the manufacturer's protocol, using the published
primers and probe (Takeuchi et al., 1999). The filtered (0.45 um) cul-
ture supernatant of HCV-infected Huh-7.5.1 cells containing 2 x 10®
HCV RNA copies/ml (equivalent to 9.7x10* focus-forming units
{ffu]/ml) was used for experiments. To analyze HCV-RNA in the su-
pernatant, Huh7 cells (2x10° cells in 6-well plate) were infected
with JFH-1 (multiplicity of infection, MOI=0.01), washed with PBS
twice after 4 h, the supernatants were collected, and the cells were
reseeded at 2x10° cells per 6-well plate at the indicated times.
Huh?7 cells were irradiated with X-rays (25 Gy) before infection to ex-
clude the effect of cell proliferation in some experiments. To quantify
the intracellular HCV titer, infected Huh7 cells were harvested at the
indicated times and lysed by three freeze-thaw cycles. The virus titer
was determined by focus-forming unit assay, as previously described
(Kato et al., 2006).

Antibodies for immunoelectron microscopy

An anti-HCV-core mouse monoclonal antibody (mAb) (2H9, a gift
from Dr. Wakita, National Institute of Infectious Diseases, Japan) and
a human anti-E2 mAb (CBHS, a gift from Dr. Foung, Department of
Pathology, Stanford School of Medicine) were used as primary
antibodies. As secondary antibodies for immunoelectron microscopy,
5-nm-colloidal-immunogold-labeled anti-mouse goat [gG and 5-nm-
immunogold-labeled anti-human goat IgG antibodies (EY Laborato-
ries, San Mateo, CA) were used.

Quantitative real-time polymerase chain reaction

To confirm the knock-down of Rab27a, quantitative real-time PCR
was performed. Total RNA was prepared from cells with the RNeasy
Mini kit (Qiagen). Complementary deoxyribonucleic acid (cDNA) was
synthesized using an oligo d(T)12-18 primer with a Primescript reverse
transcriptase (Takara Bio Inc, Japan) and subjected to quantitative real-
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth
most common cancer worldwide, with nearly 500,000 new cases
and an estimated 300,000 deaths reported every year. This term
includes various independent cancers, such as oral, nasopharyn-
geal, oropharyngeal, and hypopharyngeal cancers [1]. Hypophar-
yngeal cancer (HPC), a malignancy of the hypopharynx, accounts
for approximately 10% of all HNSCGCs. Epidemiological studies
indicate that tobacco and alcohol consumption contribute to its
carcinogenesis {2]. Unfortunately, about 80% of HPC cases are
advanced at the time of diagnosis, i.e., the patients are in stage 111
or IV [3], so treatment is difficult. Radical surgery such as total
laryngopharyngoesophagectomy results in loss of the voice, and
concurrent chemoradiotherapy often causes life-threatening side
effects. Delayed regional lymph node metastasis, distant metasta-
sis, and additional primary malignancies frequently occur during
the course of the disease [3]. The 5-year survival rate of HPC
patients is no more than 30% [4], suggesting a strong need for
innovative treatment strategies.

The accumulating evidence of recent years supports the cancer
stem cell (or initiating cell) theory [5,6]. In this fascinating
scenario, cancers are composed of a hierarchy of heterogeneous
cell populations, and are initiated from a limited subpopulation of
cells with stem cell-like properties. With their self-renewal activity
and tumor-initiating capability, cancer stem cells (CSCs) or cancer
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initiating cells (CICs) generate non-cancer stem cells as an
‘Offspring’ population. Resistance to chemotherapy and radio-
therapy is another characteristic of CSCs. Thus, CSCs can be
responsible for treatment failures of chemotherapy and radiother-
apy, and poor clinical outcomes. Toward the goal of developing
new CSC-targeting therapies, researchers have sought to identify
and characterize cell-surface markers for CSCs.

In HNSCC, CD44" cells have been identified as CSCs. When
clinical cancer specimens are xenografted into immunodeficient
mice, CD44" cells but not CD44~ cells initiate tumors, and the
resulting tumors generate a hierarchy of heterogeneous cell
populations [7]. However, a recent study showed that CD44~
cells form spheres, possess tumor-initiating capability, and are
chemoresistant, like CD44" cells [8]. Thus, the CSCs may be
dynamic and heterogeneous in various microenvironments [9],
and the CD44" cells may not represent pure HNSCC CSCs. In
addition, HNSCC itself is heterogeneous, representing various
cancer types, as described above. Therefore, targeting research for
each cancer type may lead to the identification of additional CSC
markers.

CD271 is a transmembrane protein that belongs to the tumor

- necrosis factor receptor superfamily. It is also a nerve growth

factor receptor (NGFR), and interacts with neurotrophins, such as
NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT3), and neurotrophin-4 (NT4), with low affinity {10]. Former
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studies suggest that the tissue stem cells of oral [11], laryngeal [12],
and esophageal [13] squamous epithelia express CD271. CD271 is
also associated with the CSCs of malignant melanoma [14,15] and
esophageal squamous cell carcinoma [16].

In the present study, we demonstrate that the CD271% cell
population of HPC possesses tumor-initiating capability in zivo,
and has several CSC-like characteristics.

Materials and Methods

Tumor Implantation

Alfter obtaining informed consent, fresh tumor specimens were
obtained at the Miyagi Cancer Center (MCC), transported to the
laboratory in cooled PBS(—), and subjected to further analyses. All
tumor samples were anonymized in accordance with the MCC
Institutional Review Board. NOD/SCID/IL-2RyC™ (NOG)
mice purchased from the Central Institute for Experimental
Animals Japan were anesthetized with pentobarbital. Once the
mice were asleep, skin incisions were made, and small pieces of
tumor specimens about 50 mm® were implanted under the skin of
the flank on both sides. Tumor formation was monitored weekly,
and the tumor volume was calculated by the formula: 1/
2xvertical range xhorizontal rangexheight. When the original
tumors in the xenotransplanted NOG mice reached over 10 mm
in diameter, the mice were sacrificed, and the tumors were divided
into samples for single-cell digestion, sphere formation, formalin
fixation for histology, or serial passage in mice. The animal care
and experimental protocols were performed in strict accordance
with the procedures and guidelines established by the MCC
administrative panels for laboratory animal care. All surgeries
were performed under anesthesia, and all efforts were made to
minimize suffering.

Preparation of Single-cell Suspensions from Tumor Tissue
Specimens

Under aseptic conditions, tumors were cut into small fragments,
and finely minced with a sterile scalpel. After being washed with
PBS(—), the tumor tissue was soaked in a solution containing
PBS(~), I mg/ml DNasel (Roche), and 1 mg/ml Collagenase/
Dispase (Roche), and incubated at 37°C for 2 or 3 hours, until
complete digestion had occurred. The cells were passed through
a 40-um nylon mesh, and washed 3 times with PBS(—). After
centrifugation, the pool of single cells was divided, and the cells
were used for FACS analyses or sphere culture. For sphere culture,
the cells were suspended in serum-free DMEM/F12 supplemented
with B27 (Invitrogen), human recombinant epidermal growth
factor (EGF: 20 ng/pl: Peprotech), and human basic fibroblast
growth factor (bFGF: 20 ng/ul: Peprotech) on ultra-low attach-
ment culture dishes (Corning).

Flow Cytometry Analysis and Cell Sorting

Dissociated single cells were suspended in PBS(-) with 3% FBS.
The cells were stained with anti-human specific EpCAM
antibodies (1:10, FITC-conjugated, Miltenyi Biotec), anti-human
CD271 antibodies (1:10, APC-conjugated, Miltenyi Biotec), anti-
human CD44 antibodies (1:10, APC-conjugated, Becton Dick-
inson), anti-human CD133 antibodies (1:10, APC-conjugated,
Miltenyi Biotec), and anti-mouse IgGl, x isotype control
antibodies (1:20, APC and FITC-conjugated, Biolegend and
Becton Dickinson, respectively). 7-AAD was used to exclude dead
cells (Sigma, 1 pg/ml). The stained cells were either analyzed with
a FACSCanto™ 11 (Becton Dickinson) or sorted with a FACSAr-
ia™ II (Becton Dickinson), in accordance with the manufacturer’s
protocol.
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Real-time Reverse Transcription (RT)-PCR

The total RNA was purified from sorted single cells or tissue
specimens using a mirVana™™ miRNA Isolation Kit (Ambion),
and transcribed using a PrimScript Il cDNA Synthesis Kit (Takara
Bio). Real-time RT-PCR was performed using Brilliant III Ultra-
Fast SYBR Green QPCR Master Mix (Agilent Technologies).
GAPDH was used as an endogenous reference gene. The primer
sequences used for real-time RT-PCR are listed in Table S1.

Immunohistochemistry (IHC)

Paraffin-embedded, formalin-fixed, 3-um tissue sections were
deparaffinized in xylene, and rehydrated through ethanol to
distilled water. Heat-induced epitope retrieval was performed by
microwaving sections in a pH 9.0 target retrieval solution (Dako).
The endogenous peroxidase was blocked with 0.3% H,0,. The
sections were incubated with primary antibodies to human CD271
(1:4000, BD Biosciences) for 20 min, or to CD34 (Nichirei
Biosciences) or Ki-67 (1:10, Santa Cruz Biotechnology) for
60 min, at 37°C. The sections stained for CD271 were incubated
for 15 min with mouse LINKER (Dako), then secondary
antibodies and DAB Chromogen (Envision™ FLEX Kit, Dako)
were applied as described in the manufacturer’s protocol. To the
sections stained for CD34 or Ki-67, Simple Stain AP (M) (Nichirei
Biosciences) was applied as the secondary antibody, and the
staining was visualized with New Fuchsin Substrate (Nichirei
Biosciences). For the double staining of CD34 or Ki-67,with
CD271, the CD34 or Ki-67 staining was performed first, followed
by that for CD271, as described above.

In vivo Tumorigenesis Assay

Dissociated tumors were sorted based on the human EpCAM
and CD271 expression, as EpCAM"™ CD271" cells or EpCAM™
CD271" cells. The sorted cells were suspended in 200 pl of
Matrigel matrix (BD Biosciences) at 4°C, then subcutaneously
injected into the flanks of NOG mice with a |-ml syringe. Each
mouse received CD2717 cells in the right side, and CD2717 cells
in the left. Tumor formation was monitored by weekly inspection
and palpation.

In vivo Chemotherapy Assay

Cisplatin (CDDP), an anti-cancer drug classified as a platinum
reagent, was administered intravenously or intraperitoneally at 5
or 7.5 mg/kg. One week later, the mice were euthanized, and the
tumors were extracted. The tumors were divided and either fixed
with formalin for IHC, or dissociated into single cells and
subjected to FACS analysis.

Statistics

The analyses of disease-specific survival and relapse-free
survival were conducted with Kaplan-Meier methods, and the
log rank test was used to evaluate the difference between groups.
Fisher’s exact test was used to compare two groups (“strong”
versus “moderate-to-weak” CD271 expression) in resected tumors
from 28 cases of HPC, and the chi-square test was used to
compare the same two groups in the IHC study of 83 HPC cases.
The average values of Nanog expression between the two groups
was analyzed with Student’s t-test. The level of significance was set
at p<<0.05.

Ethics .

The Institutional Review Board of the MCC approved this
study protocol, and written informed consent was obtained from
cach subject. The protocol of animal experiments was approved
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by the MCC Animal Care and Use Committee (Permit Number:
MCC-AE-2011-8).

Results

HPC Tumors Include a Subpopulation of CD2717 Cells

To investigate tumor initiation and cancer stem cells, fresh
primary tumor specimens obtained from HPC patients un-
dergoing surgery were implanted under the skin of 8-10-week-
old NOG mice. Three independent human HPC specimens with
similar clinical characteristics were used to establish primary
xenograft lines (HPCM1-3) (Table 82). The histology of each
xenograft was consistent with its primary sample (Figure SI).

To characterize the serially xenotransplanted tumor lines, their
cell-surface marker expression was analyzed. Each tumor was
extracted from the host and prepared as a single-cell suspension.

. Because EpCAM is reported to be a diagnostic tumor-cell marker
for HNSCC [17], the human EpCAM-positive cells were strictly
gated to eliminate host-derived cells, and analyzed by flow
cytometry. Among the CSC markers tested, the cells were
negative for CD133, and 3.4% of the tumor cells were positive
for CD44 (data not shown). Unexpectedly, we observed a CD271*
subpopulation among the three HPC lines tested (Figure 1A). In
repeated experiments, the CD2717 population represented 2.99 to
20.1% of the cells in HPCMI. Similar CD271" populations were
clearly present in the other two lines: 2.90-9.54% for HPCM2 and
19.1% for HPCM3. Next, we analyzed paraffin-embedded
sections of tumors derived from the xenotransplanted HPC lines
for CD271 by IHC (Figure 1B). Within the typical squamous cell
carcinomas formed by the three lines, CD271" cells were mainly
present in the basal layer of the tumor, almost restricted to the
peripheral zone of the tumor nest, and scarce in the center portion
(Figure 1B). Under high magnification, CD271" cells were
observed next to the stroma (Figure 1B-d). These CD271" cells
exhibited morphologically immature phenotypes, whereas the
CD271" cells in the central zone of the tumor nest had more
mature, flattened, and keratinized shapes (Figure 1B-e). To
further characterize the localization of CD2717" cells within the
HPC, we stained cytokeratins (CKs) in serial sections (Figure $2).
CK5/6 tends to localize to basal layers and proliferating
suprabasal compartments, and the CD271" cells were localized
within the CK5/6-positive region. The CD2717 cells were also
moderately positive for CK8, which marks undifferentiated SCC
cells. These results suggest that the CD271" population is included
in the basal-layer portion of the CK5/6-positive area, and partially
overlaps with CK8-positive undifferentiated cells.

We also examined the CD271 expression within clinically
dissected HPC specimens. First, we confirmed that CD271% cells
were present in the most basal layer of normal hypopharyngeal
mucosa (Figure 1C-a). Similarly, in a carcinoma i situ (CIS)
specimen, CD2717 cells were restricted to the basal layer, and
were absent from the more differentiated upper layers
(Figure 1C-b). Typically, most of the cancer cells located in
the invasive front were CD271% (Figure 1C—c,d). We also
examined whether CD2717 cells were located close to the
vasculature within tumors. We found that CD34" microvascular
endothelial cells (red in Figure 1D) were located in the CD271"
cell areas, and magnified images showed that some CD34" and
CD271% cells were near each other, or in direct contact
(Figure 1D-a,b). Of note, in most of the specimens, the
CD271" cells formed dense clusters that were surrounded by
stroma, which contained CD34" microvessels (Figure 1D—c,d,e).
Together, these data indicated that CD2717 cells are present in
the invasive front and in the perivascular area of tumors.It is well
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known that cells from various cancers, including HNSCC, that
form spheres under suspension culture conditions include CSCs
[18]. Hence, we examined whether sphere-formation culture
would affect the CD271 expression. Dissociated cancer cells
generated spheres that survived for 12 days, and single cells
prepared from these spheres were subjected to CD271 analysis
(Figure 1E). CD27] was expressed in 46.5% of these cells, in
contrast to the original HPCM1 cell tumor, in which 2.99-20.1%
of the cells were CD2717. This result suggested that in zitro sphere
formation caused the enrichment of CD2717 cells.

We also examined whether the CD2717 cells are a proliferating
population. Double -staining experiments with Ki-67 and CD271
showed that the CD271” cells mostly resided in the basal layer,
whereas the Ki-67-positive cells localized mainly to the relatively
differentiated suprabasal layers (Figure 1F). These results suggest
that the CD2717 cells are not actively proliferating in vio.

CD2717" Cells are Tumorigenic and Differentiate in vivo
We next examined the in w0 tumorigenicity of the CD271" cells
of the three HPC lines. Thirty to 100,000 CD271" or CD271"
cells were subcutaneously injected into each side of the same
mouse to avoid any host/environmental differences (Figure 2A).
The accuracy of sorting was confirmed by FACS analysis
(Figure 2B). The xenotransplantation results are summarized in
Table 1. In HPCM]1, the CD271" cells initiated tumors at an
extremely high rate, even when fewer than 300 cells (but at least
30 cells) were injected. Thirty CD271 " cells generated a tumor in
only one of six inoculations, and the tumor that formed was much
smaller than those initiated by the CD271" cells (Figure 2C).

‘Similarly, for HPCM2, all the tumors that formed, except for one,

arose from CD271" cells. Although the CD271 " cells in HPCM3
generated tumors, they showed a longer latency and lower
frequency than those that developed from CD271" cells. These
data indicated that the CD2717 cells possessed higher tumorige-
nicity than the CD271" cells i vivo.

Morphologically, the CD271% cells formed tumors that re-
sembled the original one histologically, with typical SCC features:
basal cell-like morphology in the peripheral zone, and differenti-
ated cells-in the central portion of the tumor nest (Figure 2D).
The generated tumors were also examined for CD271 expression
by flow cytometry. The tumors arising from the CD271" cells
contained both CD271" and CD271" cells (Figure 2D). Thus,
the CD2717 population has the potential to generate a hierarchy
of CD271-expressing and non-expressing cells, as well as the
ability to initiate cancer.

Gene Expression Profile of CD271* Cells Reveals Some
Characteristics of Stemness and Invasiveness

We next asked whether the CD271" population had character-
istics associated with malignant cells in terms of stemness and
invasion/metastasis. First, the expression of pluripotent stem cell-
related genes, Nanog, Sox2, and Oct-4 was examined. Real-time
RT-PCR analyses indicated that the MNanog expression was
significantly higher in the CD271" cells of the three HPC lines
than in the CD271 cells (Figure 3A). IHC of serial sections
showed the inclusion of CD271 cells in the Nanog-positive basal
layer (Figure 83A). However, the expression of Sox2 and Oct-4
showed no consistent tendency (Figure S4). Next, the expression
of three secretion-type invasion-related genes, MMPI, MMP2, and
MMPI0 was examined (Figure 3B). CD271" cells from the three
HPC lines showed a marked elevation in MMPI, which ranged
from 2.3 to 7.3-fold compared with the CD271" cells. Likewise,
MMP2 was increased 3.6—4 fold in the GD271" cells. Prominent
MMPI0 up-regulation was seen in the CD271" population of
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