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Tumor initiation (TI) in xenotransplantation models of head and neck squamous cell carcinoma (HNSCC) is an inefficient
process. Poor TI could be due to (1) posttransplant cell loss, (2) a rare sub-population of cancer stem cells or (3) a
requirement for specific cellular interactions, which rely on cell number. By tracking GFP-expressing HNSCC cells, we
conclude that the posttransplant loss of cancer cells is minimal in the xenotransplant model. Furthermore, an examination
of putative cancer stem cell markers (such as CD133, CD44, SP and label retention) in HNSCC cell lines revealed no
correlation between marker expression and tumorigenicity. In addition, single-cell clones randomly isolated from HNSCC
cell lines and then transplanted into mice were all capable of initiating tumors with efficiencies varying almost 34-fold. As
the observed variation in the clones was both more and less tumorigenic than the parental cells, a combination of two
clones, at suboptimal cell numbers for TI, was implanted into mice and was found to modulate the tumor-initiating
activity, thus indicating that TI is dependent on a ‘critical’ number of cells and, for the first time, that interactions between
clonal variants within tumors can modulate the overall tumor-initiating activity. Put in context with previous literature on
tumorigenic activity, we believe that interactions between clonal variants within a tumor as well as (1) stromal inter-
actions, (2) angiogenic activity, (3) immunocompetence and (4) cancer stem cells may all contribute to tumorigenic
potential and the propensity for tumor growth and recurrence.
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Squamous cell carcinoma of the head and neck (HNSCC) is
the sixth most common cancer globally and is associated with
a mortality rate of 40–50% in the developed world.1 Surgical
and radiation therapies are effective in removing localized
disease, and the addition of chemotherapy helps to control
disseminated disease and prevent relapse.2 However, despite
evidence of complete clinical remission in many patients,
tumor recurrence still occurs in approximately 1–3% of
patients per year and disease recurrence and subsequent
spread to local and distant sites is a frequent and fatal
complication of HNSCC.2 To improve cure rates in HNSCC,
it is important to develop therapies that can control tumor
recurrence and metastasis.

An obligate step in tumor recurrence is the ability of residual
cancer cells to re-establish a tumor at the primary or secondary
site. Thus, to understand tumor recurrence, we need to

understand the biological constraints involved in initiating tu-
mors. The major biological constraint on tumor initiation (TI)
is the inherent tumorigenic potential of tumor cells combined
with microenvironmental constraints imposed on the tumor.
The inherent ability of cells to initiate a tumor can be explained
by two models, namely the clonal evolution model (stochastic
model)3 and the cancer stem cell model.4 The clonal evolution
model states that cancer cells are genetically unstable, leading to
heterogeneity within tumors with respect to their genomes and
their tumorigenic potential.3,5 In addition, selective pressure
placed on the tumor by the tumor–host environment can
enrich cells with enhanced tumorigenic potential.3,5 In contrast,
the cancer stem cell model states that the ability to self-renew
and to initiate tumors is the sole domain of a sub-population
of tumor-initiating cells (referred to as cancer stem cells).
The ability of these models to explain TI is the subject of
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considerable debate at present.6–13 Identifying which of these
models describe TI in HNSCC will lead to a better under-
standing of tumor recurrence and perhaps better targeted
therapies.

In addition to transforming lesions acquired by tumor
cells, another determinant of tumorigenic potential is the
microenvironment. Microenvironmental constraints on
tumor progression include stromal interactions,14–16

immunoediting17–19 and angiogenesis.15 The significant
contribution by the immune system in regulating TI is clearly
demonstrated in immunosuppressed patients (eg, transplant
recipients) who are at a high risk of developing SCCs.20

Studies in immunocompetent patients/mice indicate that
immune-directed tumor cell killing involves both the innate
and the acquired immune system.17,18 Interactions between
cancer cells and their surrounding stroma have also been
demonstrated to support and facilitate the progression of
tumors.14–16 For example, it has been reported that pro-
gression from ductal carcinoma in situ to invasive carcinoma
is enhanced by stromal elements, such as myofibroblasts.21 In
addition, tumors with high growth rates have been shown to
enhance the recruitment of mesenchymal stem cells into
the tumor stroma22 and to stimulate neoangiogenesis.15,23

Moreover, tumor growth/progression can be stimulated by
macrophages.23 In contrast, there is also conflicting evidence
that suggests that carcinoma-associated fibroblasts do not
promote tumor progression.24 Taken together, the weight of
evidence suggests that TI is a complex process that results
from the combination of inherent cancer cell properties and
microenvironmental interactions. Given the heterogeneity
between tissue types (eg, mesenchyme vs bone marrow vs
epithelia), it is likely that the relative contribution of cancer
cells and the microenvironment will be tumor type specific,
ie, the constraints on leukemic development and progression
are likely to differ from those of the oral mucosae.

In this study, we examine the biological basis for TI of
HNSCC cells in a murine xenotransplantation model. On the
basis of stem cell marker analyses and clonal cell analyses, we
conclude that the initiation of HNSCC in a xenotransplant
model is most consistent with a stochastic model of TI. We
examined clonal variants derived from HNSCC cell lines and
found evidence that all variants retained an ability to initiate
tumors. Significantly, we found that clonal variants differed
in their transcript profiles, their TI activity and their histo-
morphology in vivo. We also found that the clonal variants
localized as foci within the xenotransplants and this was
confirmed in human tumors. In addition, we showed that an
admixture of the clonal variants could significantly modulate
TI activity. Thus we report, for the first time, that clonal
variants within HNSCCs can modulate TI activity.

MATERIALS AND METHODS
Cell Culture, TI and Tumor Collection
All HNSCC cell lines were obtained from the ATCC and
cultured as per ATCC recommendations (VA, USA). For TI

studies, single-cell suspensions were prepared from sub-
confluent or confluent cultures and injected (subcutaneously,
s.c.) into the neck scruff or along the lateral aspect of the back
of NOD/SCID mice (ARC, Murdoch, Western Australia).
Tumor size was monitored once a palpable mass was
detected. Once tumors reached 0.8 cm3, they were collected
and either stored in PBS for viable cell isolation or in 4%
formaldehyde (Australian Biostain, VIC, Australia) for 24 h
and then in 70% ethanol until prepared for sectioning and
histopathological analyses.

Side Population Analysis
Side population analysis was estimated as described pre-
viously.25 The only alteration to this procedure was a pre-
incubation of 30min, with or without 100 mM Verapamil
(Sigma-Aldrich, NSW, Australia), followed by incubation
with 15 mM Hoechst 33342 for 60min. The SP was analyzed
on a Cytomation Moflo (Beckmann Coulter, CA, USA)
equipped with a UV laser and high-speed four-way sorter
and summit v.4.3 software (Dako, Denmark).

Label Retaining Cell Analysis
Single-cell suspensions were incubated with 1.5 mM CFDA
(final concentration; Molecular Probes, OR, USA) in 1ml
PBS for 20min at 371C, and then 5� the volume of media
was added and cells were washed repeatedly in PBS. Cells
were plated and kept away from any light source until they
were trypsinized and analyzed on a FACSCanto 8 days later
(BD Bioscience Pharmingen, FL1 channel).

CD44 and CD133 Expression Analysis
Expression levels for CD44-PE/APC (BD Bioscience, Aus-
tralia) and CD133-APC (Miltenyi Biotec, NSW, Australia)
were estimated by FACS as described previously described26

using FACSCanto. In both instances, an isotype control was
included as a negative control.

Infection of Cell Lines with Lentivirus pLL 3.7 GFP Vector
A Detroit 562 cell line stably expressing GFP, was a generous
gift from the McMillan Laboratory (Diamantina Institute,
UQ, QLD, Australia) and was generated using a lentivirus
containing the pLL 3.7 GFP vector (Addgene plasmid 11795)
as described previously.27

In Vivo Tumor Imaging
Mice were anesthetized in the imaging chamber of a Kodak
FX imaging system (Kodak, NSW, Australia) using isoflurane
gas, an X-ray image was taken and GFP fluorescence was
estimated using an excitation wavelength of 465 nm and an
emission wavelength of 535 nm.

Single Clone Isolation and TI Assays
Single-cell suspensions were prepared as described pre-
viously,28 and then serially diluted in PBS. Cells were plated
at a concentration of 1.5 cells per well in a 48-well plate
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(Corning Life Sciences, MA, USA). Cells were monitored and
all wells containing more than a single colony were excluded.
Cells were expanded then injected into mice within 2–5
passages of initial isolation from the cell line.

Microarray Analysis and Conformation of Gene
Expression
RNA was collected from cells cultured in vitro and then
purified using the RNeasy mini kit (Qiagen, MD, USA) as per
the manufacturer’s instruction. The quality and quantity
of RNA was assessed using the Agilent 2100 BioAnalyser
(Agilent, CA, USA). Only RNA with a reading of Z7.5 was
used. Biotinylated cRNA probes were then generated using an
Illumina TotalPrep RNA amplification kit (Applied Biosys-
tems, Scoresby, VIC, Australia). Probes were then hybridized
to Illumina Human HT-12 BeadChip whole-genome arrays,
as per the manufacturer’s instructions. Data were then ana-
lyzed using R and Bioconductor (Applied Biosystems)29 and
genes upregulated or downregulated threefold, or more, with
a B value of Z3 (ie, exceeding the 95% confidence interval)
compared with the parental cell line were considered to be
differentially expressed.

Cell and Tumor Immunohistochemistry
Cells were cultured on chamber slides (Lab-tek, Thermo
Fisher, NY, USA) as described previously,28 then fixed in 4%
formaldehyde for 10min and stored in 70% ethanol. For
chamber slide staining, cells were permeablized in PBS/0.2%
Triton X-100 (Sigma-Aldrich) for 5min and then washed
twice in PBS before incubation with antibody. Tumor sam-
ples were paraffin embedded and 5 mm sections incubated in
a heating oven (561C) for 1 h before rehydration. Sections
were rehydrated through an alcohol series before antigen
retrieval (10mM sodium citrate buffer in a microwave for
5min on high). Sections were then allowed to rest at room
temperature for 20min, before immunohistochemistry. For
immunohistochemistry, cells/tumor sections were incubated
overnight with CEACAM6 (Biogenex, Australia) or MMP9
(R&D Systems, MN, USA) antibody (15 mg/ml) at 41C. After
this, sections were washed thoroughly in PBS and then

incubated with secondary and tertiary antibodies (LSAB2
System HRP, Dako) as per the manufacturer’s instructions.
Visualization was performed after incubation with Cardas-
sian DAB Chromagen (Applied Medical, QLD, Australia) as
per the manufacturer’s recommendations. All images were
taken on a Zeiss axiovert 135 microscope with a � 20 (EC
Plan-NEOFLUAR) or � 40 (Zeiss, LD achroplan) objective
lens (AxioVision Release 4.7.2, Carl Zeiss Pty Ltd, Australia).

RESULTS
We examined the biological constraints on HNSCC recur-
rence using a xenotransplant model of HNSCC. Im-
munocompetence is an established determinant of SCC
development and progression,19,20 and thus to exclude this
variable, we examined TI in the context of an immuno-
compromised mouse (NOD/SCID). TI of HNSCC cell lines
injected s.c. in NOD/SCID mice required 104 to 3� 105 cells
to initiate tumors (Table 1). To exclude the possibility that
inefficient TI was simply due to cell loss after implantation,
we injected GFP-expressing Detroit 562 cells s.c. into NOD/
SCID mice and measured fluorescence intensity over time
until tumors reached 0.8 cm3 (Figure 1). The intensity and
location of the fluorescence indicated that B60% of GFP
positivity remained by day 2 after which GFP positivity
increased with tumor growth (Figure 1a and b). These data
indicate that the majority of cells injected survive (Figure 1a
and b). This survival rate in vivo is similar to the ability of
these cells to establish colonies in vitro (53% for Detroit 562
cells), suggesting that the loss of cells upon plating or
injection may simply reflect the loss of viability after tryp-
sinization. To determine whether humanizing the tumor
microenvironment would enhance tumor-initiating activity,
GFP-positive Detroit 562 cells were coinjected with human
dermal fibroblasts or human epidermal keratinocytes (Figure
1c). These experiments indicated that neither tumor onset
nor tumor growth was significantly altered by the presence of
normal human stromal cells or keratinocytes (Figure 1c).
These data indicate that the inefficient initiation of Detroit
562 cells in NOD/SCID mice cannot be attributed to

Table 1 Tumor-initiation activity of HNSCC cell lines

Cell lines 106 cells 3� 105 cells 105 cells 3� 104 cells 104 cells 3� 103 cells

Detroit 562 5/5 (6.2) 5/5 (12.2) 5/5 (21) 4/5 (40.75) 4/5 (28.5) 0/5

Cal 27 5/5 (22.6) 5/5 (30.4) 4/5 (36.25) 5/5 (27.4) 4/5 (42.5) 0/5

FaDu 5/5 (15) 4/5 (18.25) 5/5 (26.6) 1/5 (45) 4/5 (50) —

SCC25 — 5/5 (18.2) 5/5 (38.2) 1/5 (80) — —

SCC9 — 5/5 (59.2) 1/5 (28) 0/5 — —

SCC15 2/4 (29) 1/4 (52) 0/5 0/5 — —

NOD/SCID mice were injected subcutaneously with varying numbers of cells from HNSCC cell lines. Mice were then monitored for 90 days to assess the time to
onset of a palpable tumor. Data are presented as the number of mice with tumors/total number of mice injected (average days to onset of tumors).
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posttransplant loss of cells or the lack of signals provided by
human fibroblasts or keratinocytes.

Given that the majority of cells remain viable after im-
plantation, we examined whether we could identify sub-po-
pulations of cells, within six HNSCC cell lines, that expressed
markers or activities commonly associated with a stem cell-
like phenotype. For example, expressions of CD4430 and
CD13331 have been used previously to enrich tumor stem
cells in HNSCCs and other solid tumors26,30,31 that possess
stem cell-like activity. The presence of a side population32

or a slow cycling label retaining population of cells33 has
been reported in normal keratinocyte stem cells and has also
been reported in hematopoetic34,35 and epithelial malig-
nancies.36,37 Therefore, we measured these markers in
HNSCC cell lines (Figure 2). All cell lines expressed a SP, a
CD44þ ve sub-population and a label retaining sub-popula-
tion of cells (Figure 2a). In addition, all cell lines, except SCC
9 and SCC15, contained a small CD133þ ve sub-population
of cells (Figure 2). These data indicate that cell lines contain

sub-populations of cells that can be distinguished on the
basis of their expression of markers previously associated
with stem cell-like activity. However, there was no correlation
between the relative abundance of cells expressing these
markers and the minimum number of cells, of each cell line,
required to initiate tumors (Figure 2b). In addition, there was
no correlation between the expression of these markers and
the time taken by the individual cell lines to form a palpable
tumor (not shown). Taken together, these data suggest that
the differential expression of these markers may be unrelated
to tumor-initiating activity.

To formally test whether tumor-initiating activity resided
in a sub-population of tumor-initiating cells or whether all
cells retained an ability for self-renewal and TI, we randomly
established single-cell clones from the most (Detroit 562), an
intermediate (Cal 27) and the least tumorigenic cell lines
(SCC15). Colonies were established from randomly isolated
individual cells with 20–60% efficiency (ie, minimal selection
pressure). Isolated clones were expanded and injected into

Day 0 Day 2

Negative
control

Detroit
562 107

Day 8Day 4 Day 15

Cells injected

HDF 106 0/3

HEK 106 0/4 -

Detroit 562 103 0/8 -

Detroit 562 105 5/8 14.5

Detroit 562 103 + HDF 106 0/4 -

Detroit 562 105 + HDF 106 4/4 13.25

Detroit 562 103 + HEK 106 0/3 -

Detroit 562 105 + HEK 106 4/4 21

Number of mice Av time to onset

-

Figure 1 Determining whether cell loss or coinjection with fibroblasts or keratinocytes alters tumor-initiating activity and tumor cell viability. (a) Detroit 562

cells stably expressing GFP were implanted subcutaneously in NOD/SCID mice and fluorescence was monitored over time (days). The site of injection

is indicated with the arrow. Spurious fluorescence outside the injection site is due to autofluorescence of any remaining fur in the surrounding area.

(b) Fluorescent intensity was measured in mice after injection of 107 GFP-expressing Detroit 562 cells. Initial fluorescence was arbitrarily set at 100%. Data

are presented as mean±range of two independent experiments. (c) Detroit 562 cells were injected alone or in combination with normal human dermal

fibroblasts (HDFs) or normal human epidermal keratinocytes (HEKs). The total monitoring period was 90 days. Data are presented as the number of mice

bearing tumors/total number of mice injected.
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mice within 2–5 passages. The tumor-initiating activity of the
individual clones was then assessed in NOD/SCID mice
(Table 2). All clones were capable of initiating tumors with
varying efficiency (Table 2). For example, clone 1 of Detroit
562 cells was capable of forming tumors with 3� 103 cells,
whereas clone 5 required 105 cells to initiate a tumor (ie,
33-fold difference) and took the longest period of time to
initiate a tumor (Table 2). These data indicate that the ability
to initiate tumors is shared by most, if not all, cells within
individual HNSCC cell lines and that the ability to initiate
tumors can vary considerably between individual clones
within a tumor. These data also indicate that clonal variants
persist within established HNSCC cell lines.

The most tumorigenic clone of Detroit 562 cells (clone 1)
or SCC15 (clone 2) were 3- and 10-fold more tumorigenic
than their parental derivative, respectively (compare Table 1
with Table 2). As clones were established and injected within
2–5 passages, it is unlikely that there has been selection, thus
raising the issue that individual clonal variants could interact
with one another to modulate TI activity. We examined
whether mixing Detroit clones 1 and 5 together at varying
cell numbers could modulate the overall TI (Figure 3). Figure
3a indicates that 103 clone 1 cells or 3� 104 clone 5 cells were
unable to form tumors when injected alone (Figure 3a).
However, 103 clone 1 and 3� 104 clone 5 cells, when mixed,
could initiate tumors (Figure 3a). These data indicate that
interactions between clonal variants, within a tumor, have the
capacity to modulate the overall TI activity. In addition,
qualitative analysis of the histomorphology of tumors derived
from parental cells revealed considerable heterotypia. In
contrast, tumors derived from clone 1 and clone 5 were
homogeneous within a tumor but differed significantly from
one another, and parental cells, with respect to cell size,
basophilia and the appearance of the invading stroma
(Figure 3b). To examine these differences at a molecular level,
and to quantitate the contribution of each clone to the tu-
mor, we compared the transcriptomes of clones 1 and 5 and
the parental cell line (GSE19994). The expression of CEA-
CAM6 was highest in parental Detroit 562 cells (23.09-fold
change) and in clone 1 (16.22-fold change) than in clone 5.
In contrast, MMP9 was poorly expressed in parental Detroit
562 cells (�4.481-fold change) and in clone 1 (�4.534-fold
change) when compared with clone 5. A detailed account of
this analysis is being prepared for publication elsewhere
(Cameron et al, in preparation). These data were confirmed
immunohistochemically in vitro (Figure 4). CEACAM6 was
most highly expressed in the majority of Detroit 562 cells,
followed by expression in clone 1 with little evidence of
staining in clone 5 cultures (Figure 4a). In contrast, MMP9
was expressed in only a few cells within cultures of parental
Detroit 562 cells, not at all in clone 1, and was highly
expressed in clone 5 in vitro (Figure 4a). These data, confirm
that MMP9þ ve and CEACAM6þ ve clonal variants exist
within parental Detroit 562 cell cultures, indicating that these
clones were not generated through selection pressure
incurred during the derivation of the clones. Similarly,
CEACAM6 is abundantly expressed in discrete foci within
Detroit 562-derived tumors and clone 1-derived tumors,
whereas it is poorly expressed in clone 5-derived tumors
(Figure 4b). Conversely, MMP9 is only present focally in
Detroit 562-derived tumors and not at all in clone 1-derived
tumors (Figure 4b). Clone 5-derived tumors displayed
abundant MMP9 expression (Figure 4b). Significantly,
tumors derived from an admixture of clone 1 and clone 5
resulted in CEACAM6þ ve and MMP9þ ve tumors (Figure 4b),
indicating that both clone 1 and clone 5 cells contribute to
the growth of tumors. In addition, examination of serial
sections indicated that CEACAM6 and MMP9 were
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Figure 2 Expression of putative cancer stem cell markers in HNSCC cell

lines. Cell surface marker expression (CD44 and CD133) and functional

attributes (side population and label retention) of cancer stem cells were

used to identify the sub-population of cells within the six HNSCC cell lines.

(a) The percentage of cells expressing each of the markers (±s.e.m.) was

determined in at least three independent experiments. (b) Plot of the

correlation between the expression (expressed as a percentage of the total

cell population) of each putative stem cell marker vs the minimum number

of cells, of each cell line, sufficient to initiate a tumor. Each individual point

represents data from an individual cell line. Data were derived from at least

three independent experiments and are expressed as mean±s.e.m.
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expressed in nonoverlapping foci within tumors derived from
clone 1þ clone 5 or tumors derived from parental Detroit
562 cells (Figure 4c). Finally, analysis of 4 human HNSCCs
demonstrated that 4 of 4 and 3 of 4 HNSCCs were CEA-
CAM6þ ve or MMP9þ ve, respectively. In all instances, CEA-
CAM6 or MMP9 positivity occurred in nonoverlapping foci.
This indicates that our analysis of the Detroit 562 clonal
variants is relevant to human SCCs.

DISCUSSION
In this study, we used a xenotransplant model of HNSCC to
identify biological determinants of TI. The data demonstrate
that interactions between clonal cell variants within tumors
can modulate the tumor-initiating activity of HNSCCs. This
is significant for two reasons, first, these data show that
tumors are composed of functionally distinct clonal variants
that differ in their ability to initiate a tumor, differ in their
gene signatures and differ in their histomorphology. As these
differences are function based, this suggests that treatment
strategies targeting HNSCC would need to target all func-
tionally distinct variants within a tumor. Second, this study
suggests that interactions between clonal variants within a
tumor should be included in a growing list of factors that can
modulate TI, such as the microenvironment, angiogenesis,
the immune system and/or the presence of cancer cells with
stem-like properties.

The presence of clonal variants within tumors is not novel.
However, the demonstration that clonal variants vary in their
inherent tumor-initiating activity and can modulate the
inherent tumor-initiating activity of one another is novel.
The existence of inherently tumorigenic clonal variants
provides several key insights into TI. First, these data are
consistent with the clonal evolution model of TI and in-
consistent with the cancer stem cell model. In particular,
random isolation of clonal variants indicated that TI

(although variable) was a property shared by most, if not all,
cells within the HNSCC tumor cell lines. Although we did
find evidence for expression of putative cancer stem cell
markers within the HNSCC cell lines, we found no correla-
tion between their expression and the TI activity of the
cell lines. In particular, CD44 has previously been reported to
be enriched in HNSCC cancer stem cells;11 yet we found it
to be abundantly expressed (490% of cells expressing) in 3
of 6 cell lines, indicating that it is not associated with a
sub-population of specialist tumor-initiating cells. Given
that, TI required thousands of cells, this indicates that the
presence of a CD44þ cell was not sufficient to initiate a
tumor. Thus, the observation that randomly isolated
individual clones gave rise to colonies that could initiate
tumors indicates that TI occurs only if sufficient cells are
present. However, this cell-number dependence is not
dependent on a sub-population of tumor-initiating cells.
Rather, TI activity is an attribute of most, if not all cells,
within the cell lines. Moreover, we provide evidence that
tumors and tumor cell lines were composed of clonal variants
that differed in their inherent TI activity, histomorphology
and gene signatures (eg, MMP9þ ve CEACAM6�ve vs CEA-
CAM6þ ve MMP9�ve). This is consistent with a stochastic
basis for TI and development as provided by the clonal
evolution model.3 The observation that most, if not all,
HNSCC cells can form tumors has not been reported for
HNSCC but is similar to the findings of a recent study
in melanoma.7 Although it could be argued that variant
phenotypes reflect a hierarchy arising from an asymmetric
division of cancer stem cells, the TI activity of the randomly
isolated clones would argue against this. Similarly, it is
possible that no single marker1,11 may be sufficient to enrich
stem cell-like tumor-initiating cells. However, this also
remains unlikely given that randomly isolated cells give rise
to colonies capable of initiating tumors in vivo.

Table 2 Tumor-initiating activity of clones derived from randomly isolated HNSCC cells

Cell lines
Clone 106 cells 3� 105 cells 105 cells 3� 104 cells 104 cells 3� 103 cells

Detroit 562 Clone 1 — — 6/6 (20.33) 4/8 (26.5) 1/4 (47) 1/26 (50)

Detroit 562 Clone 2 — 2/2 (10) 2/4 (17) 0/6 0/6 0/6

Detroit 562 Clone 3 — — 4/5 (14.75) 7/10 (18.9) 0/4 0/6

Detroit 562 Clone 4 — — 2/4 (18.5) 0/4 0/4 0/12

Detroit 562 Clone 5 — 2/4 (9) 5/14(59.6) 0/12 0/4 —

Detroit 562 Clone 6 — — 3/4 (6) 3/4 (33) 1/4 (42) —

Cal 27 Clone 1 — — 2/2 (28.5) 3/4 (27.33) 2/4 (23) 0/6

Cal 27 Clone 2 — — 1/2 (31) 3/4 (35.33) 1/4 (57) 0/6

SCC 15 Clone 1 1/2 (61) 0/2 0/2 — — —

SCC 15 Clone 2 — 5/6 (32.2) 6/6 (34.33) 3/4 (26.33) 0/8 —

Individual cells were randomly isolated from the Detroit 562, Cal 27 or SCC15 cell lines, expanded in tissue culture and injected into NOD/SCID mice within 2–5
passages of initial isolation. Data are presented as number of mice with tumors/total number of mice injected (average days to onset of tumors).

HNSCC initiation is not due to a cancer stem cell

SR Cameron et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 90 November 2010 1599

http://www.laboratoryinvestigation.org


The heterogeneity within HNSCC cell lines with respect
to histomorphology and CEACAM6/MMP9 expression is
significant because it indicates that functionally distinct

populations are also genetically distinct. The identification of
MMP9þ ve and CEACAM6þ ve clonal variants suggests that
the inherent TI activity may be modulated by differential

Clones

Clone 1 3x102 0/8 -

1x103 0/12 -

3x103 0/6 -

1x104 1/4

Clone 5 3x104 0/6

Clone 1 + Clone 5 3x102 + 3x104 0/6 -

2/6 561x103 + 3x104

3x103 + 3x104 2/6 50.5

1x104 + 3x104 5/6 32.2

-

73

Av. time to onset Number of miceNumber of cells

Clone 1Parental

Clone 5Clone 1 + 5

Figure 3 HNSCC clonal variants modulate each others’ tumor-initiating activity. An admix study was performed using varying numbers of the Detroit 562

cells or the most (clone 1) and least (clone5) tumorigenic clonal variants of the Detroit 562 cell line. (a) Tumor-initiating activity presented as numbers of

mice bearing tumors/total number of mice injected. The average time (days) to onset of tumors is also shown. (b) Hematoxylin and eosin-stained

histological sections of the Detroit 562 parental cell line, clone1, clone 5 and an admix of clone 1 (103 cells)þ clone 5 (3� 104 cells). The different

morphology of cells and the tumor organization in the parental cell line (arrowheads) vs clonal variants must be noted. The differences in the structure of

the stromal elements within clone 5 and clone 1 (arrowheads) must also be noted. Finally, the relative basophilia of clone 5 tumor cells vs clone 1 cells and

the presence of lacunae-like structures (asterisks) within clone 5 tumors must be noted.
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expression of genes involved in tumorigenesis or in adapting
tumor cells to the microenvironment. Significantly, we were
able to use MMP9 and CEACAM6 as ‘model’ probes for two
clonal variants within the HNSCC cell population and show

that the differential expression pattern was maintained in the
parental cell line in vitro and in tumors derived from the
parental cell line. More significantly, we found that human
HNSCCs also displayed foci of CEACAM6þ ve or MMP9þ ve

CEACAM6 MMP9 CEACAM6 MMP9

Detroit
562

Clone 1

Clone 1 Clone 1 +
Clone 5

Clone 5
Clone 5

Detroit
562
negative

Patient
tumour

CEACAM6 MMP9H&E

40x 20x 40x20x4x

Clone1
+ Clone 5
Region 1

Clone 1
+ Clone 5
Region 2

Figure 4 Expression of CEACAM6 or MMP9 in clonal variants in vitro and in vivo. Markers for clone 1 (CEACAM6) and clone 5 (MMP9) of the Detroit 562

parental cells were used to identify the different clones either in vitro or in vivo. (a) Detroit 562 parental cells or clone 1 or clone 5 variants were cultured on

chamber slides and stained for CEACAM6 or MMP9 expression immunohistochemically (� 40 magnification). A representative slide from at least three

independent experiments is shown. (b) CEACAM6 and MMP9 expression was determined, immunohistochemically, in tumors derived from the Detroit 562

parental cell line, clone 1, clone 5, clone 1 (1000)þ clone 5 (3� 104) or in a patient oral SCC (� 20 magnification). In some instances, focal expressions of

CEACAM6 or MMP9 are highlighted by arrowheads. (c) Hematoxylin and eosin staining or CEACAM6 or MMP9 expression on serial sections of two regions of

a tumor derived from clone 1þ 5 as described in panel b (� 20 and � 40 magnification). Inset panels depict IgG-negative controls.
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cells within the tumor. These data not only highlight the
clinical relevance of our findings but also indicate that clonal
variants remain in discrete foci within a tumor, which is
consistent with them being clone-specific progeny. The pres-
ence of functionally distinct clonal variants also indicates that
for therapies to be curative they will need to (1) target all
clonal variants and (2) reduce tumor cell numbers below a
‘TI threshold’ (discussed below). The concept that significant
variability in response to chemotherapeutics exists within
tumor cell lines was recently shown in multiple tumor cell
lines.38

Although it is clear that most tumor cells within the
HNSCC cell lines retained TI activity, it is also clear that the
process of TI is an inefficient one. Given that NOD/SCID
mice lack B cells, T cells and NK cells coupled with the ob-
servation that HNSCC cells implanted in mice retain viable
tumor-initiating activity, it is apparent that other factors exist
that retard TI and growth and contribute to cell-number
dependence for TI. This cell-number dependency could be
considered a ‘tumor initiation threshold’ above which tu-
mors can grow and below which tumors may not develop.
Such a threshold is consistent with clinical data relating to
micrometastasis, in which small foci (o2mm) have been
found in patients who have undergone treatment for breast,
prostate and colon cancer.39 In these instances, the presence
of micrometastases did not predict recurrence or the devel-
opment of clinically relevant tumors, suggesting that tumor
dormancy can occur.40 Numerous explanations for tumor
dormancy have been proposed. For example, tumor dor-
mancy can be explained by the immune editing hypoth-
esis19,41 or by an inability to stimulate neoangiogenesis.42,43

Whatever the explanation, our observation that TI is cell
number dependent is consistent with clinical observation and
predicts that a critical number of cells may be required to
alter the microenvironment from tumor suppressive to
tumor permissive.

Cell number dependence relating to TI varies between
individual clones and cell lines. This raises the question
of what prevents TI in vivo and what is responsible for
the variability between clonal variants and cell lines. We
have excluded postimplant cell loss and the presence of a
sub-population of tumor-initiating cells. It is also unlikely
that it is simply the cell number per se44 as the addition of
keratinocytes or fibroblasts does not facilitate TI. Moreover,
as TI could be reproducibly enhanced simply by admixing
different clonal variants, it would seem unlikely that TI, in
the context of our xenotransplant model, requires further
mutational events. One explanation is that below the TI
threshold, there are microenvironmental pressures that are
tumor suppressive. The microenvironmental constraints
could be due to cell lines or clonal variants not making
sufficient factors to promote tumor growth or neutralize
tumor-suppressive factors present in the host environment.
Alternatively, tumor suppression could be due to an inability
to encourage angiogenesis or to promote stromal interac-

tions/infiltration required to support or facilitate angiogen-
esis or tumor development. The importance of the stroma for
the development and maintenance of a tumor phenotype has
received considerable attention recently. For example, the
use of antiangiogenic therapies to treat tumors or prevent
recurrence/metastasis is well established.45 In addition, a
recent study found that myofibrobalsts surrounding ductal
carcinoma in situ of the breast could promote progression to
carcinoma in situ.46 Moreover, Karnoub et al22 recently
showed that infiltration of breast tumors by bone marrow-
derived mesenchymal stem cells could promote breast cancer
growth and metastasis. Thus, there are clear precedents for
the contribution of the tumor stroma to tumor progression
and growth. For this reason, we believe that the TI threshold,
dictated by clonal cell variant interactions within the tumor,
is likely to be linked to their ability to modify the stromal
environment to make it tumor permissive.
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