
Glioma-Associated Oncogene Family Zinc Finger 1 Expression
and Metastasis in Patients With Head and Neck Squamous Cell
Carcinoma Treated With Radiation Therapy (RTOG 9003)
Christine H. Chung, James J. Dignam, M. Elizabeth Hammond, Alexander C. Klimowicz, Stephanie K. Petrillo,
Anthony Magliocco, Richard Jordan, Andy Trotti, Sharon Spencer, Jay S. Cooper, Quynh-Thu Le,
and K. Kian Ang

From The Johns Hopkins University School
of Medicine, Baltimore, MD; Radiation
Therapy Oncology Group Statistical Center,
Philadelphia, PA; University of Chicago,
Chicago, IL; LDS Hospital, Salt Lake City,
UT; University of Calgary, Calgary, Alberta,
Canada; University of California at San Fran-
cisco Helen Diller Family Comprehensive
Cancer Center, San Francisco; Stanford
University Medical Center, Stanford, CA; H.
Lee Moffitt Cancer Center and Research
Institute, Tampa, FL; University of Alabama
at Birmingham Medical Center, Birming-
ham, AL; New York University Hospital,
New York; Maimonides Cancer Center,
Brooklyn, NY; and University of Texas MD
Anderson Cancer Center, Houston, TX.

Submitted August 21, 2010; accepted
January 10, 2011; published online ahead
of print at www.jco.org on February 28,
2011.

Terms in blue are defined in the glos-
sary, found at the end of this article
and online at www.jco.org.

This article’s content is solely the responsi-
bility of the authors and does not necessar-
ily represent the official views of the
National Cancer Institute or of the Pennsyl-
vania Department of Health.

Authors’ disclosures of potential conflicts
of interest and author contributions are
found at the end of this article.

Corresponding author: Christine H.
Chung, MD, Department of Oncology,
Johns Hopkins University School of
Medicine, 1650 Orleans St, CRB-1 Room
344, Baltimore, MD 21231-1000; e-mail:
cchung11@jhmi.edu.

© 2011 by American Society of Clinical
Oncology

0732-183X/11/2910-1326/$20.00

DOI: 10.1200/JCO.2010.32.3295

A B S T R A C T

Purpose
Glioma-associated oncogene family zinc finger 1 (GLI1) expression was assessed to determine a
potential role of hedgehog (Hh) signaling in head and neck squamous cell carcinoma (HNSCC).
Additional proteins known to be modulated by Hh signaling, including beta-catenin (CTNNB1) and
epidermal growth factor receptor (EGFR), were also assessed to determine the correlation among
these distinct signaling pathways.

Patients and Methods
Nuclear GLI1 and CTNNB1 expression levels were determined in tumors from patients enrolled on
Radiation Therapy Oncology Group (RTOG) 9003, a radiation fractionation trial. The results were
also correlated with previously determined EGFR expression. The expression levels were
evaluated in relation to three end points: time to metastasis (TTM), time to disease progression
(TDP), and overall survival (OS).

Results
Among 1,068 eligible patients, data on GLI1, CTNNB1, and EGFR were available in 339, 164, and
300 patients, respectively. Although CTNNB1 expression did not differentiate prognosis, GLI1 was
associated with poorer outcomes, adjusted for age, TNM stages, and Karnofsky performance
score, and the significant influence persisted in a multivariable analysis (quartile 4 [Q4] v Q1 to Q3:
TTM hazard ratio [HR], 2.7; 95% CI, 1.5 to 4.9; TDP HR, 1.6; 95% CI, 1.1 to 2.5; OS HR, 1.9; 95%
CI, 1.4 to 2.7). The significance of GLI1 persisted in a multivariable analysis that included EGFR
expression levels.

Conclusion
These data suggest that Hh signaling may play an important role in metastasis and that GLI1
could serve as a marker in HNSCC, but the regulatory mechanisms and oncogenic significance
need further investigation. Risk classification based on this analysis needs a validation in in-
dependent cohorts.

J Clin Oncol 29:1326-1334. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Although clinical outcomes for patients with lo-
cally advanced head and neck squamous cell car-
cinoma (HNSCC) have improved significantly
with multimodality treatment approaches, that is
not the case for patients with recurrence and/or
distant metastasis. Therefore, understanding the
biologic processes of treatment resistance and
metastasis is critical for successful intervention.
Furthermore, identification of novel therapeutic
targets for addressing metastasis and develop-
ment of clinically effective targeted agents to im-
prove survival remains a difficult challenge.

Hedgehog (Hh) signaling is one of the key
master regulators of both invertebrate and verte-
brate development.1-4 Constitutive Hh signal
activation due to mutations or activating deregu-
lation is implicated in numerous neoplastic or
hyperplastic conditions. For instance, constitu-
tive activation of the Hh pathway has been shown
to play a critical role in tumorigenesis in malig-
nant medulloblastoma, basal cell carcinoma of
the skin, and breast, urogenital, GI, pancreatic,
and lung cancers.5-14 Although significant expres-
sion of proteins involved in Hh signaling has been
reported,15 the oncogenic role of protein expres-
sion has not been examined in HNSCC.
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There are three members of the Hh family of extracellular signal-
ing molecules—sonic hedgehog (SHH), Indian hedgehog, and desert
hedgehog—that activate a membrane receptor complex (Appendix
Fig A1, online only). Binding of Hh to a transmembrane receptor,
patched 1 (PTCH1), releases its inhibition of smoothened (SMO), a
distant cousin of the 7-transmembrane G-protein coupled receptor
family.16 Activation of SMO by Hh results in activation of glioma-
associated oncogene family zinc finger 1 (GLI1) along with GLI2 and
GLI3, which are thought to mediate most of the cellular effects.1 In the
absence of Hh, GLI transcription factors are phosphorylated, ubiqui-
tinated, and degraded. Although GLI1 and GLI2 generally function as
transcriptional activators, the partially degraded GLI3 can function as
a transcriptional repressor.17-21

Hh signaling is known to be induced in bronchial epithelial cells
exposed to cigarette smoke; thus, it contributes to cell proliferation,
anchorage-independent growth, and tumor formation in nude
mice.22 In addition, GLI can be activated by noncanonical pathways,
including RAS-MEK, AKT, and TGF-beta in the absence of Hh
ligands,23-26 and epidermal growth factor (EGF) signaling has been
shown to modulate Hh signaling in keratinocytes.27 Furthermore, Hh
signaling has been shown to induce epithelial-to-mesenchymal tran-
sition (EMT) by inhibition of WNT/beta-catenin (CTNNB1) signal-
ing and by upregulating secreted frizzled-related protein 1 (SFRP1).
EMT-related genes were one of the three most significant gene sets
that were enriched in high-risk patients with HNSCC in our previous
study.28,29 In recent studies, a novel SMO inhibitor, GDC-0449, in-
duced response and disease stabilization in patients with advanced
basal cell carcinoma and medulloblastoma who frequently harbor
inactivating mutations of PTCH1 or less common activating muta-
tions of SMO.30,31 As expected, overexpression of GLI1 mRNA, indi-
cating activation of the Hh pathway, was associated with clinical
benefits. The oncogenic significance and clinical development of Hh
pathway inhibitors were also summarized by Low et al32 in a recent
comprehensive review.

To assess a potential oncogenic role of Hh signaling in HNSCC,
we examined the nuclear expression of GLI1 in patients treated with
radiation therapy in the Radiation Therapy Oncology Group (RTOG)
9003 clinical trial. We also assessed the correlation of GLI1 expression
with CTNNB1 to determine the inhibitory effect of GLI1 on WNT
signaling and correlation with EGF receptor (EGFR) expression to
examine a potential noncanonical activation of GLI1 through the
EGFR pathway. Additionally, these protein expression levels were
correlated with clinical outcomes, including time to metastasis
(TTM), time to disease progression (TDP), and overall survival (OS),
to evaluate their roles as prognostic biomarkers.

PATIENTS AND METHODS

Patient Characteristics

The characteristics of patients enrolled on the RTOG 9003 clinical trial
have been reported in detail.33 Briefly, RTOG 9003 was a phase III trial that
compared hyperfractionation, split-course accelerated fractionation, and ac-
celerated fractionation with concomitant boost with standard fractionation
radiotherapy in American Joint Committee on Cancer (AJCC) stage III and IV
but M0 HNSCC. The paraffin blocks from the primary tumor and/or lymph
node metastasis were obtained from 430 patients, and tissue microarrays
(TMAs) were constructed for laboratory analyses.

AQUA Staining of GLI1 and CTNNB1

Automated quantitative protein expression analysis (AQUA) was per-
formed by using the HistoRx System (HistoRx, New Haven, CT). TMA slides
were processed in Dako Target Retrieval Solution (Dako Cytomation, Carpin-
teria, CA) by using a Biocare Medical Decloaking Chamber (Biocare Medical,
Concord, CA) for 6 minutes at 121°C. Slides were blocked in Cell Signaling
Technology’s antibody dilution/protein blocking solution (Cell Signaling
Technology, Danvers, MA). Areas of tumor were labeled by using a 1:100
dilution of either the mouse anticytokeratin (AE1/AE3) antibody or the rabbit
antibovine cytokeratin polyclonal antibody (Dako Cytomation) and visual-
ized by using the goat antimouse or goat antirabbit Alexa 555 SFX kit (Invit-
rogen, Carlsbad, CA). GLI1 was stained by using H-300 rabbit anti-GLI1
polyclonal antibody at a concentration of 1:200 (Santa Cruz Biotechnology,
Santa Cruz, CA). CTNNB1 was stained by using anti–beta-catenin-1 mouse
monoclonal antibody at a concentration of 1:1,000 (Dako Cytomation). Pri-
mary antibodies were visualized with either the mouse or rabbit EnVision Plus
DAB Kit (Dako Cytomation) by using the TSA-CY5 tyramide amplification
kit (PerkinElmer, Fremont, CA). Slides were mounted by using ProLong Gold
Anti-Fade mounting medium containing 4,6-diamidino-2-phenylindole-2-
HCI (Invitrogen). In addition to data for these two proteins, data on EGFR
staining from two of the four arms of the RTOG 9003 trial were obtained from
a previously published study34 and examined for correlation with data for the
proteins in this study. Automated image acquisition and analysis using AQUA
were performed as previously described.35

Statistical Methods

Three time-to-event end points were evaluated: (1) TTM, in which
failure was defined as regional or distant progression (as a first failure site, with
local progression, second primary tumor, and death before progression treated
as competing events that censor TTM); (2) TDP, in which failure was defined
as local, regional, or distant progression event (with second primary cancer
and death treated as competing events that censor TDP); and (3) OS, in which
failure was defined as death due to any cause. In relation to the TTM end point,
we also evaluated time to distant metastasis events alone. All event times were
measured from date of random assignment to the date of event occurrence,
censored by competing event occurrence or last follow-up.

Patient and disease characteristics and event frequencies among those
with and without marker values were compared to establish whether the
analysis cohorts were representative of all trial participants. Because the pop-
ulation of patients with the two array–derived biomarker values consisted of
overlapping but not identical cohorts, we re-evaluated main results on a single
cohort consisting of those who had all array marker values. Descriptive statis-
tics were used to evaluate distributional properties of GLI1, CTNNB1, and
EGFR. Graphical methods and correlation statistics were used to assess asso-
ciations between markers. Associations between markers and patient and
disease characteristics were evaluated by comparing marker summary statistics
within categories of characteristics and examining cross-classified tables of
marker quartiles and characteristics.

For the three end points, average annual failure rates (events per total
person-time) were computed within quartiles of each marker. The Cox pro-
portional hazards model was used to evaluate the influence of markers on risk
of failure for OS and the event-specific end points of metastasis and progres-
sion.36,37 We estimated hazard ratios (HRs) and 95% CIs for each marker by
using martingale residual plots to guide choice of the functional form.38 The
forms that were considered included the addition of a quadratic term for
nonlinearity and a logarithmic transform for skewness and to down-weight
outliers. Marker effects on the HR appeared to be either linear or to have a
threshold effect (ie, only large values were important), and thus we opted for
quartile categories to represent marker effects. Graphical methods were used to
assess the appropriateness of the proportional hazards assumption. Subse-
quently, other potentially prognostic factors were included to control for
confounding effects on each marker. Finally, all markers were considered
together to assess the joint prognostic effect. Cumulative incidence functions39

for TTM and TDP and Kaplan-Meier survival functions40 for OS were esti-
mated in strata by marker value category. Curves generated by using nonpara-
metric methods and the models (averaged over other covariates41) were
similar, and we presented the former in this study.
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Although the sample size for this analysis is limited by the number of
patients with marker values, power is sufficient to detect clinically mean-
ingful relative hazards (in the range of 1.50 and above) associated with
the markers.

RESULTS

Patient Cohort Comparison for GLI1, CTNNB1,

and EGFR Expression

Detailed patient characteristics with protein expression data
are summarized in Table 1. Representative tumors with AQUA
staining using GLI1 and CTNNB1 are shown in Figure 1. Of 1,068
eligible patients, 339 had GLI1 data, 164 had CTNNB1 data, and
300 had EGFR data. The difference in the number of data points or
patient tumors per protein staining is due to progressive depletion
of cores in each TMA as the TMA blocks were cut deeper. The

EGFR data were obtained from patients in two (standard and
accelerated radiation) of the four treatment arms of the trial, as
previously published.34 The subcohorts with different protein
staining were similar to the entire cohort with respect to patient
and disease characteristics. Comparisons of patients with and with-
out data points for each protein did not reveal major differences in
characteristics (Appendix Table A1, online only). Finally, the pro-
portion of patients with failures for the end points evaluated in this
report did not differ among those with and without protein stain-
ing values (data not shown).

Summary Statistics for GLI1, CTNNB1, and

EGFR Expression

Descriptive statistics on the protein expression levels are pro-
vided in Table 2. The CTNNB1 detection range was wider than that for
GLI1 because the AQUA score was obtained by using the newer

Table 1. Characteristics of RTOG 9003 Cohort and Subcohorts With Protein Expression Data for GLI1, CTNNB1, and EGFR

Characteristic

RTOG 9003 Cohort
(N � 1,068)

GLI1
(n � 339)

CTNNB1
(n � 164)

EGFR
(n � 300)

No. % No. % No. % No. %

Treatments
Standard 266 24.9 78 23.0 32 19.0 154 51.3
Hypofractionation 261 24.4 100 29.5 49 29.2 — —
Split-course accelerated fractionation 274 25.7 88 26.0 54 32.1 — —
Accelerated fractionation with

concomitant boost 267 25.0 73 21.5 29 17.3 146 48.7
Sex

Male 851 79.7 263 77.6 132 78.6 226 75.3
Female 217 20.3 76 22.4 32 19.0 74 24.7

KPS
60 48 4.5 16 4.7 9 5.4 14 4.7
70 121 11.3 48 14.2 27 16.1 39 13.0
80 243 22.8 75 22.1 43 25.6 69 23.0
90 494 46.3 153 45.1 68 40.5 132 44.0
100 162 15.2 47 13.9 17 10.1 46 15.3

Age at diagnosis, years
� 55 336 31.5 109 32.2 56 33.3 89 29.7
56-65 395 37.0 119 35.1 60 35.7 120 40.0
� 66 337 31.6 111 32.7 48 28.6 91 30.3

Primary site
Oral cavity 110 10.3 33 9.7 15 8.9 35 11.7
Oropharynx 646 60.5 191 56.3 100 59.5 166 55.3
Hypopharynx 140 13.1 43 12.7 18 10.7 41 13.7
Larynx 172 16.1 72 21.2 31 18.5 58 19.3

T stage
T1 62 5.8 10 2.9 6 3.6 23 7.7
T2 287 26.9 83 24.5 37 22.0 79 26.3
T3 405 37.9 148 43.7 76 45.2 109 36.3
T4 313 29.3 98 28.9 45 26.8 88 29.3
Tx 1 0.1 — — — — 1 0.3

N stage
N0 238 22.3 79 23.3 40 23.8 57 19.0
N1 212 19.9 78 23.0 33 19.6 59 19.7
N2a 103 9.6 26 7.7 11 6.5 31 10.3
N2b 200 18.7 63 18.6 33 19.6 58 19.3
N2c 189 17.7 60 17.7 31 18.5 59 19.7
N3 126 11.8 33 9.7 16 9.5 36 12.0

Abbreviations: RTOG, Radiation Therapy Oncology Group; GLI1, glioma-associated oncogene family zinc finger 1; CTNNB1, beta-catenin; EGFR, epidermal
growth factor receptor; KPS, Karnofsky performance score.
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software. Spearman rank correlation statistics for protein pairs indi-
cate statistically significant negative correlation between CTNNB1
and EGFR expression (r��0.30; P�0.02 [P for Ho:correlation�0];
N [patients with values for both proteins] � 60); however, there was
no correlation between GLI1 and CTNNB1 (r � �0.07; P � .40;
n � 147) and between GLI1 and EGFR (r � 0.02; P � .81; n � 149). In
general, there was no strong association between patient or disease

characteristics such as TNM stages and protein expression values
(Appendix Tables A2 to A4, online only). EGFR expression tended to
be higher for patients with higher tumor stage. Nodal stage and pri-
mary site did not show an association with any of the protein expres-
sion variables. Patient characteristics (age, sex, performance score)
also did not show any association with any of the protein expres-
sion variables.

DAPI
Blue

Cytokeratin
Green

Protein of Interest
Red

Merge

A

B

Fig 1. Representative images of auto-
mated quantitative protein expression anal-
ysis (AQUA) of head and neck squamous
cell cancer and the control tissues; (A)
glioma-associated oncogene family zinc
finger 1, and (B) beta-catenin. DAPI,
4,6-diamidino-2-phenylindole-2-HCI.
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Univariate Analyses

Proportions and rates of failure were similar in patients in the
trial as a whole and in the subcohorts defined by availability of protein
expression data (data not shown). Each protein expression was exam-
ined individually for a prognostic influence on the three outcomes:
TTM, TDP, and OS. Each protein was evaluated on a continuous scale
with model diagnostics used to evaluate how changes in the covariate
might be related to hazard of failure; each protein was also evaluated
by using a simple partition of the marker distribution into quartiles
and by contrasting hazard of failure in the second through fourth
quartiles with that of the first quartile. The data are summarized in
Appendix Table A5 (online only). Increasing GLI1 expression values
were associated with worse outcomes for all end points, with a ten-
dency toward a threshold effect at the highest quartile of values for
metastases and progression. Patients in the highest quartile had an
approximately 2.5-fold greater risk of metastasis and a 1.9-fold greater
risk of death. CTNNB1 did not show any consistent association with
any of the end points. As seen previously,34 increased EGFR was
associated with greater failure risk for all three end points. Analysis of
EGFR on a continuous scale and HRs by quartile indicated that pa-
tients with values above the median showed a large increment in risk of
failure relative to those with values below the median.

Multivariable Models

Other covariates associated with one or more outcomes were age
at diagnosis, stage components (tumor and lymph node involve-
ment), and Karnofsky performance score. Treatment arm assignment
was also included in multivariable models. HRs for each protein from
models that included these covariates are summarized in Table 3. For
GLI1 and EGFR, prognostic influence persisted after adjustment for
other covariates, and results were similar to those in the univariate
analyses. For EGFR, values greater than the median have a 1.76- to
2.05-fold greater failure risk for the three end points. For GLI1, pa-
tients with values in the upper quartile had significantly greater risk of
failure for all end points (HR, 1.65 to 2.68), and the strongest correla-
tion was seen with risk of metastasis. Again, CTNNB1 did not show a
statistically significant prognostic effect on metastasis, disease progres-
sion, or survival.

For models involving multiple proteins, initially GLI1 and
CTNNB1 were considered. As was seen previously, CTNNB1 did not
show meaningful and consistent associations with outcomes and was
not considered further in models that evaluated markers simultane-
ously. In a model that combined GLI1 expression levels (n � 339
patients) and clinical data, high GLI1 values were associated with
increased risk of failure for all end points (Table 4). Finally, GLI1 and

Table 2. Summary Statistics for Protein Staining Intensity Values of GLI1, CTNNB1, and EGFR

Variable No. Mean Minimum Maximum Lower Quartile Median Upper Quartile

GLI1 339 453.82 1.96 877.58 410.86 462.06 508.09
CTNNB1 164 6,379.99 1,138.07 9,981.88 5,489.25 6,520.72 7,484.41
EGFR 300 75.81 5.96 99.98 59.15 87.39 97.58

Abbreviations: GLI1, glioma-associated oncogene family zinc finger 1; CTNNB1, beta-catenin; EGFR, epidermal growth factor receptor.

Table 3. Effects of GLI1, CTNNB1, and EGFR Individually, Adjusted for Other Patient and Tumor Characteristics, Including Age at Diagnosis, Stage
Components (tumor and lymph node involvement), Karnofsky Performance Score, and Treatment Arm Assignment

Characteristic

Regional-Distant Metastasis Progression Mortality

HR 95% CI HR 95% CI HR 95% CI

GLI1
Continuous� 1.00 1.00 to 1.01 1.00 1.00 to 1.00 1.00 1.00 to 1.00
Q1 1.00 — 1.00 — 1.00 —
Q2 1.33 0.69 to 2.56 1.09 0.69 to 1.72 1.31 0.92 to 1.87
Q3 1.07 0.55 to 2.10 0.95 0.60 to 1.51 1.44 1.02 to 2.03
Q4 2.68 1.46 to 4.91 1.65 1.06 to 2.55 1.93 1.37 to 2.71

CTNNB1
Continuous� 1.00 1.00 to 1.00 1.00 1.00 to 1.00 1.00 1.00 to 1.00
Q1 1.00 — 1.00 — 1.00 —
Q2 0.87 0.36 to 2.13 1.24 0.65 to 2.39 1.28 0.79 to 2.09
Q3 0.88 0.36 to 2.14 1.18 0.60 to 2.29 1.06 0.62 to 1.80
Q4 0.69 0.30 to 1.61 0.56 0.28 to 1.14 0.84 0.51 to 1.37

EGFR
Continuous� 1.01 1.00 to 1.02 1.01 1.00 to 1.02 1.01 1.00 to 1.02
Q1 1.00 — 1.00 — 1.00 —
Q2 1.54 0.82 to 2.92 1.35 0.80 to 2.27 1.28 0.88 to 1.86
Q3 1.76 0.92 to 3.38 1.90 1.15 to 3.15 2.05 1.42 to 2.97
Q4 1.93 1.01 to 3.71 2.21 1.34 to 3.64 1.77 1.22 to 2.59

Abbreviations: GLI1, glioma-associated oncogene family zinc finger 1; CTNNB1, beta-catenin; EGFR, epidermal growth factor receptor; HR, hazard ratio; Q, quartile.
�Per 10-unit increment.
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EGFR were considered together. Because EGFR was evaluated among
patients from only two treatment arms of the study, the sample of
patients with both markers was limited to 149 patients. EGFR expres-
sion levels greater than the median value of 87 remained as a signifi-
cant predictor of progression and survival (Table 4). High GLI1
expression levels were associated with nearly a three-fold greater risk
of metastasis and remained modestly associated with progression and
death. Because we had evidence that GLI1 expression was associated
with metastasis, we further examined distant metastasis alone as an
end point in the models with multiple markers. Again, GLI1 expres-
sion was strongly associated with distant metastasis (HR, 2.70; 95% CI,
1.47 to 4.96; P � .001); however, GLI1 expression was marginally
significant when combined with EGFR expression (HR, 2.53; 95% CI,
0.99 to 6.48; P � .054). EGFR expression was not associated with
distant metastasis (HR, 2.01; 95% CI, 0.81 to 5.20; P � .131), as was
previously reported.42

To illustrate risk of failure over time according to the protein values,
we computed cumulative metastasis and risk of disease progression for
patients with GLI1 values in the highest quartile and EGFR values above
the median compared with patients with lower values (Fig 2). For OS,
distinctpatternsofprognosisovertimebyGLI1andEGFRwerealsoseen.
By considering EGFR and GLI1 together, we defined a low-risk group
(EGFR below the median and GLI1 below the fourth quartile) and a
high-risk group (EGFR at the median or higher and GLI1 in the fourth
quartile). For all four end points, the low-risk and high-risk patients have
substantially different prognosis through 8 years of follow-up.

DISCUSSION

Identification of novel therapeutic targets and agents is critical for
improving clinical management of HNSCC. Recent studies have
shown that the Hh pathway provides an important oncogenic signal-
ing in numerous epithelial neoplasms; however, it has not been eval-
uated in HNSCC. In this study, we examined a potential involvement
of the Hh pathway in HNSCC by assessing the expression levels of a
key downstream effector protein, GLI1.

We found that GLI1 activation, determined by nuclear GLI1
expression, is frequent and is associated with metastasis and poor
survival in HNSCC. This is consistent with the data for esophageal
SCC in which GLI1 activation has been associated with lymph node
metastasis and tumor progression after chemoradiotherapy.43,44 Fur-
thermore, high GLI1 activation was associated with distant metastasis.
Because of the differences between treatments for patients with distant
metastases and for those with regional metastases, identification of
patients with a high risk of distant metastasis would have significant
implications in treatment decisions. Currently, patients with locally
advanced HNSCC are treated with induction chemotherapy to de-
crease the risk of distant metastasis and provide better disease con-
trol.45 However, distant metastasis is relatively rare in HNSCC, and
there is no predictive biomarker for selecting patients with a signifi-
cant risk. Whether and to what extent current chemotherapy regimens
can prevent distant metastasis has not been clearly resolved because
there are no clinical trial data available for comparing the distant
metastasis rates between patients treated with induction chemothera-
py followed by concurrent chemoradiotherapy and those treated with
concurrent chemoradiotherapy alone. Predictive biomarkers to select
patients with high risk of distant metastasis and identification of tar-
geted agents that can prevent distant metastasis would provide clinical
benefits to HNSCC patients.

One limitation of our study is that the mechanism of GLI1 acti-
vation and its biologic role have not been examined, and the mecha-
nistic studies that use cell line models are currently ongoing. GLI1 can
be activated through both canonical pathways and noncanonical
pathways. Known activating mutations in canonical Hh pathway pro-
teins that associated with Hh-targeting agents has not been examined
in HNSCC. EGFR expression, which may activate GLI1 via a nonca-
nonical pathway through RAS/MEK or AKT, was not associated with
GLI1 expression in our data, suggesting that metastasis and poor
survival seen with GLI1 may be independent of EGFR signaling. This
lack of interaction was substantiated by the finding that GLI1 and
EGFR were independently prognostic determinants in our multivari-
able statistical model. Furthermore, although most of the Hh signaling

Table 4. Multiple Marker Models Including Clinical and Laboratory Data

Model

Regional-Distant Metastasis Progression Mortality

HR 95% CI P HR 95% CI P HR 95% CI P

Without EGFR (n � 339) 86 Events 160 Events 280 Events
N2 v N0-N1 2.56 1.54 to 4.25 � .001 1.30 0.91 to 1.84 .145 1.45 1.11 to 1.90 .006
N3 v N0-N1 2.84 1.31 to 6.16 .008 1.54 0.89 to 2.66 .120 1.90 1.24 to 2.91 .003
T4 v T1-T3 0.89 0.51 to 1.56 .688 1.83 1.29 to 2.60 .001 1.50 1.13 to 1.97 .005
KPS � 90 v 90� 0.76 0.44 to 1.30 .307 0.80 0.55 to 1.16 .231 1.31 1.00 to 1.71 .051
Age 65� v � 65 years 1.39 0.86 to 2.25 .182 1.44 1.02 to 2.03 .040 1.83 1.41 to 2.37 � .001
GLI1 Q4 v Q1-Q3 2.45 1.55 to 3.86 � .001 1.60 1.13 to 2.27 .008 1.58 1.21 to 2.07 � .001

With EGFR (n � 149) 32 Events 65 Events 125 Events
N2 v N0-N1 2.33 1.02 to 5.33 .046 1.15 0.66 to 2.00 .615 1.21 0.81 to 1.81 .345
N3 v N0-N1 2.02 0.53 to 7.69 .301 1.55 0.69 to 3.47 .289 1.81 1.00 to 3.26 .049
T4 v T1-T3 2.07 0.87 to 4.97 .102 2.62 1.45 to 4.75 .002 1.41 0.93 to 2.13 .102
KPS � 90 v 90� 0.72 0.31 to 1.67 .446 0.81 0.46 to 1.42 .458 1.42 0.97 to 2.09 .075
GLI1 Q4 v Q1-Q3 2.93 1.40 to 6.10 .004 1.68 0.97 to 2.90 .065 1.46 0.98 to 2.16 .061
EGFR Q3-Q4 v Q1-Q2 1.83 0.89 to 3.79 .103 2.17 1.28 to 3.67 .004 1.70 1.18 to 2.46 .005

Abbreviations: HR, hazard ratio; EGFR, epidermal growth factor receptor; N, TNM stage; T, TNM stage; KPS, Karnofsky performance score; GLI1, glioma-associated
oncogene family zinc finger 1; Q, quartile.
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studies performed in the context of cancer1,46,47 have focused on direct
cell autonomous promotion of proliferation, differentiation, EMT,
and tumorigenesis, the Hh signaling in development is typically me-
diated through paracrine effects. A recent study by Yauch et al48

reported that Hh-GLI activation was required in the tissue mesen-
chyme surrounding pancreatic cancer cells to support tumor growth
by paracrine effects. The role of paracrine signaling in HNSCC is
under active investigation.

In recent years, much effort has been directed at the development of
small molecule inhibitors of the Hh pathway as a potential cancer
treatment.49-53 However, most of the currently available small molecule
inhibitors, includingcyclopamineandGDC-0449,appeartobelimitedby
poor in vivo bioavailability. In addition, current inhibitors mostly target
upstream receptors such as SMO48,54 while the downstream GLI tran-
scriptionfactorscanbeactivatedbyanoncanonicalpathwayindependent
of Hh-Smo signaling.23-26 Noncanonical pathway activation of GLI has
been proposed as one of the resistance mechanisms. Further understand-
ing of the Hh-GLI pathway and its role in development of distant metas-
tasis may present ways to apply these novel agents in the prevention and
control of distant metastasis in HNSCC.

In summary, we show that GLI1 is frequently activated in and asso-
ciated with metastasis in HNSCC. Further understanding of regulatory
mechanisms, oncogenic significance, and important pathway crosstalk,
including Hh/GLI, WNT/CTNNB1, and EGFR will improve therapeutic
strategies. Additionally, risk classification based on this analysis needs a
validation in independent cohorts through future studies in HNSCC.
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Fig 2. Cumulative incidence functions (A-C) and Kaplan-Meier survival curves (D) according to risk groups defined by quartiles (Q) of glioma-associated oncogene family
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Glossary Terms

AKT: A transforming serine-threonine kinase involved in cell
survival.

AQUA (automated quantitative protein expression
analysis): This technology overcomes limitations associated
with traditional “brown stain” immunohistochemistry (IHC). In
traditional IHC, protein expression is reported on a quantized
scale such as 0, 1, 2, 3. Biologic material rarely is expressed in
such neatly quantized packets, but rather is expressed on a con-
tinuous scale. AQUA is a method of computerized interpretation
of fluorescence IHC images that allows protein expression to be
automatically assigned to subcellular compartment and expressed
on a continuous scale.

beta-catenin: Originally identified as a component of cell-cell
adhesion complexes composed of cadherins and actin, �-catenin
has now been shown to be a downstream signaling molecule in
the Wnt signaling pathway.

Canonical pathway: A core pathway established for a given
molecule in the cell in which molecular interactions occur in a
linear and stepwise manner. Although clustering expression data
groups functionally related genes, they do not order pathway
components according to physical or regulatory relationships.
Software is now available for linking significant genes in one’s exper-
iments with a world collection of biologic networks created from
millions of individually modeled relationships between genes, pro-
teins, complexes, cells, and tissues. The software allows a view of
one’s data, integrated in biologic networks according to different
biologic context and identifies canonical and noncanonical pathways
that connect molecules within a biologic network.

EGFR (epidermal growth factor receptor): Also known as HER-1,
EGFR belongs to a family of receptors (HER-2, HER-3, HER-4 are other mem-
bers of the family) and binds to the EGF, TGF-�, and other related proteins,
leading to the generation of proliferative and survival signals within the cell. It
also belongs to the larger family of tyrosine kinase receptors and is generally
overexpressed in several solid tumors of epithelial origin.

EMT (epithelial-to-mesenchymal transition): Cellular changes
that occur in epithelial cells to lose epithelial cell junction proteins
and to gain mesenchymal phenotypes by expressing proteins such as
vimentin and fibronectin.

GLI1 (glioma-associated oncogene family zinc finger
1): GLI1 is a transcription factor which is activated by the hedgehog
signaling cascade.

PTCH1 (patched 1): PTCH1 is a receptor for three hedgehog
ligands (sonic, desert and Indian hedgehogs). It represses the activity
of smoothened (SMO). Upon the binding of hedgehog ligands, it
releases the inhibition on SMO activity.

SHH (sonic hedgehog): SHH is one of the ligands for the
PATCHED1 protein (PTCH1). Binding of SHH to PTCH1 is one of
the early steps in activation of the hedgehog signaling cascade.

SMO (smoothened): SMO is a receptor that is inhibited by
PTCH1. When one of the hedgehog ligands binds PTCH1, PTCH1
releases the inhibition of SMO and SMO activates the hedgehog sig-
nal transduction cascade. Downstream of SMO is a family of tran-
scription factors, GLI, which are key proteins to mediate the
hedgehog signal. The hedgehog signaling pathway is important in
cell proliferation and differentiation during embryonic development
and tumorigenesis.
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