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ABSTRACT

Previous studies have shown that the type I IGFR (IGF1R) suppresses apop-
tosis when it is autoactivated by coupling its extracellular domain to a
matrix adhesion receptor complex consisting of syndecan-1 (Sdc1) andαvβ3
or αvβ5 integrin. We now report that head and neck squamous cell carci-
noma (HNSCC) relies on this receptor complex. Disruption of the complex
in HNSCC cells in vitro with a peptide mimetic of the organizer site in
Sdc1 (called SSTNIGF1R) inactivates IGF1R, even in the presence of IGF1,
and relieves the suppression of apoptosis signal-regulating kinase-1 (ASK1),
dramatically reducing tumor cell survival. Normal epithelial cells do not
assemble this receptor complex, require IGF1 to activate the IGF1R, and
are refractory to SSTNIGF1R. In vivo, SSTNIGF1R reduced the growth of
patient-derived HNSCC tumors in immunodeficient mice by 85%–95%.
IGF1R’s assimilation into the matrix receptor complex, which is detected in
these tumors using the proximity ligation assay (PLA), is quantitatively dis-
rupted by SSTNIGF1R, coincidingwithASK1 activation. PLA also detects the
IGF1R-containing receptor complex in the archival sections of tonsil carci-

nomas, whereas the adjacent benign epithelium is negative. Likewise, PLA
screening of oropharyngeal and adenoid cystic tumor microarrays demon-
strated that over 95% of the tumors contained this unique receptor complex
with no detectable expression in benign tissue. These findings suggest that
HNSCC upregulates and is highly dependent on IGF1R signaling via this
adhesion receptor complex. Targeting this mechanism with novel thera-
peutics, including highly specific SSTNIGF1R, is likely to offer promising
outcomes for patients with carcinoma.

Significance: A newly developed biomarker reveals upregulation of an an-
tiapoptotic IGF1R-integrin-syndecan receptor complex in head and neck
cancer and documents disruption of the complex in patient-derived tumor
xenografts (PDX) treated with the inhibitor SSTNIGF1R. A corresponding
blockade in PDX growth in the presence of this inhibitor demonstrates
that therapies designed to target this mechanism will likely offer promising
outcomes for patients with head and neck cancer.

Introduction
Head and neck squamous cell carcinoma (HNSCC) arises primarily in the mu-
cosa of the oral cavity, pharynx, and oropharynx, with over 600,000 new cases
diagnosed annually (1). Risk factors include smoking, alcohol consumption,
and human papillomavirus infection (2). Patients with node-negative HNSCC
are commonly treated with surgery or external beam radiation, whereas those
withmore advancedmetastatic disease undergo combination therapy involving
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surgery, radiation, and cisplatin chemotherapy (2). A fraction of these patients
may also benefit from cetuximab, a blocking antibody against the EGFR that is
overexpressed in HNSCC, although the majority of patients are resistant to this
therapy (3).

Another receptor tyrosine kinase (RTK) that has been linked to poor HN-
SCC disease outcomes is the type I IGFR (IGF1R; refs. 4–6). IGF1R and its
ligand IGF1 have long been recognized as regulators of cell growth, survival, and
transformation (7). In addition to HNSCC, IGF1R overexpression leads to poor
prognosis in a number of other solid tumors, including colorectal, pancreatic,
esophageal, ovarian, gastric, and non–small cell lung cancers (4–6, 8–14).

IGF1R protects tumor cells from stresses induced by cytotoxic cytokines, hy-
poxia, oxidative stress, and DNA damage (15), and downregulation of IGF1R
sensitizes tumor cells to apoptosis (16). Suppression of apoptosis by the IGF1R
has been linked to its association with the matrix receptor syndecan-1 (Sdc1;
ref. 17). Syndecans organize RTKs andmatrix-binding integrins into cell surface
signaling complexes that are critical for cell invasion and survival, particularly
in tumor cells (17–28). The kinases and integrins dock to specific binding mo-
tifs in the syndecan extracellular domains that can be mimicked by peptides
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(called “synstatins” or “SSTN”), leading to competitive blockade of receptor
docking (17–21, 23, 26, 28). IGF1R docks to Sdc1 together with the αvβ3 or
αvβ5 integrin (19). Peptide mimetics of the IGF1R and integrin docking site
in Sdc1 (collectively called “synstatin-IGF1R” or “SSTNIGF1R”) inactivate IGF1R
and the integrins in breast carcinoma,myeloma, and activated endothelial cells,
disrupting cell growth andmigration, activating apoptosis by reversing the sup-
pression of apoptosis signal-regulating kinase-1 (ASK1) that occurs downstream
of active IGF1R, and blocking tumor growth and tumor-induced angiogenesis
in animal models (refs. 17–19; reviewed in ref. 28).

Here, we examined whether IGF1R is functionally linked to Sdc1 and αV-
containing integrins in HNSCC. We used the proximity ligation assay (PLA;
ref. 29) to detect the IGF1R-containing receptor complex in human HNSCC
cell lines and in oropharyngeal and adenoid cystic tumor microarrays (TMA),
and tested whether SSTNIGF1R induced ASK1 activity and reduced cell growth
and survival in HNSCC cell lines in vitro and patient-derived tumor xenografts
(PDX) in vivo.

Materials and Methods
Reagents
SSTN peptides (LifeTein LLC) were reconstituted in DMEM (Life Tech-
nologies) containing 20 mmol/L HEPES (Sigma-Aldrich) for in vitro studies
or in phosphate-buffered 0.9% saline for use in vivo. Mouse SSTNIGF1R

(mSSTNIGF1R) and human SSTNIGF1R (hSSTNIGF1R) peptides are equally ef-
fective in human cells (18, 19) and both peptides have been used in these
studies. Active mSSTNIGF1R (amino acids 92–119 of mouse Sdc1) and inac-
tive mSSTNIGF1R (amino acids 94–119) are used in Figs. 1 and 4B. Active
hSSTNIGF1R (amino acids 89–120 in human Sdc1) is used in all other exper-
iments. Antibodies used were B-A38 (human Sdc1, Acris Antibodies) and a
rabbit polyclonal described in ref. 30; LM609 (αvβ3 integrin), P1F6 (αvβ5
integrin), and NBP1-85746 (ITGAV) from Novus Biologicals; IGF1R-specific
JBW902 (EMD Millipore), mAb 33255 (R&D Systems) and AF-305-NA from
R&D Systems; JY202 (EMDMillipore), and Alexa647-conjugated mouse mAb
K74-218 (BD Biosciences) against pY1131-IGF1R; 2E4 and D11C9 against ASK1,
and 3765S (pThr845-ASK1) were from Thermo Fisher Scientific; 252355 (to-
tal JNK) was from R&D Systems and E.665.10 (pThr183/pTyr185 JNK) was
from Thermo Fisher Scientific; D13E1 (p38MAPK), and 28B10 (pT183/Y185
p38MAPK) were from Cell Signaling Technology. The secondary antibod-
ies used were Alexa488 donkey anti-rabbit IgG (Invitrogen), and Alexa488
donkey anti-goat IgG (Invitrogen). Isotype controls and anti-phosphotyrosine
mAb PY20 were from BD Biosciences. DAPI was from Molecular Probes.
CellTiter-GLO, ApoTox-GLO, and Caspase3/7-GLO were purchased from
Promega. PathScan Stress andApoptosis SignalingAntibodyArrayKitwas pur-
chased from Cell Signaling Technology. Human recombinant DES(1–3)IGF1
was obtained from Gold Biotechnology, and the ASK1 inhibitor NQDI-1 (R&D
Systems). The Duolink in situ PLA probe anti-goat PLUS, Duolink in Situ PLA
Probe Anti-Rabbit Minus, and Duolink In Situ Detection Reagents Green were
purchased fromMillipore Sigma.

Cell Culture
Parental tert-immortalized human normal oral keratinocytes (NOK) and hu-
man tonsillar epithelial cells (HTE) were provided by Paul Lambert (University
of Wisconsin–Madison, Madison, WI). HaCaT keratinocytes (CVCL 0038)
were provided by Dr. Peter LaCelle (Roberts Wesleyan College, NY, USA).

FIGURE 1 Quantification of HNSCC cell numbers following treatment
with SSTNIGF1R. A, UM-SCC47 and SCC25 cell lines treated for up to 6
days with a concentration range of either active or inactive mSSTNIGF1R

(n = 1; quadruplicate wells/timepoint). B, Growth of five HNSCC cell lines
quantified after 4 days treatment with up to 30 μmol/L active
mSSTNIGF1R (n = 4; ± SD, Student t test; *, P < 0.01; **, P < 0.001; ***,
P < 0.0001). C, Growth of NOK, the, and HaCat nontransformed
epithelial cells quantified after 4 days treatment with up to 30 μmol/L
active mSSTNIGF1R (n = 3; ± SD, Student t test, not significant). Cell
numbers in A, B, and C are quantified using CellTiter-GLO and expressed
as relative light units.
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Human SCC25 HNC (CVCL 1682) cells were obtained from the ATCC. UM-
SCC47 (CVCL 7759), UM-SCC1 (CVCL 7707), TU-138 (CVCL 4910) and
UM-SCC-6 (CVCL 7773), UPCI:SCC-090 (CVCL 1899), UD-SCC2 (CVCL
E325), and UM-SCC22B (CVCL 7732) HNSCC cells were provided through
the auspices of the Wisconsin Head and Neck cancer SPORE (https://hn-
spore.wisc.edu). All cells, except for the NOKS and HTEs, were short tandem
repeat profiled using Genetica LabCorp within 6 months of use. Cells were
cultured at 37°C and 92.5% air/7.5% CO2. NOKs and HTEs were cultured in
complete keratinocyte serum-freemedium containing 100U/mL penicillin and
100 μg/mL streptomycin (Life Technologies). Other cell lines were cultured
as described previously (17–19, 23). Cells were passaged for a maximum of
3–4 months and screened for Mycoplasma approximately every 6 months by
the Small Molecule Screening Facility at the University of Wisconsin Carbone
Cancer Center using the R&D Systems MycoprobeMycoplasma Detection Kit
(catalog no. CUL001B).

Flow Cytometry
Tomeasure cell surface receptor expression, suspended cells were incubated for
1 hour on ice with 1 μg of primary antibody per 5 × 105 cells, washed, coun-
terstained with Alexa488-conjugated goat secondary antibodies, and scanned
on a Thermo Fisher Scientific Attune NxT benchtop cytometer. Cell scatter and
propidium iodide (PI) staining profiles were used to gate live single-cell events.

Immunoprecipitations
Immunoprecipitation of IGF1R with or without competing SSTN peptide was
carried out as described previously (18, 19) using 0.5–1.0 mg of input/sample
and lysis buffer supplemented with HALT protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific).

Cell Proliferation Assays
Cells (1–2× 103/well) were plated in 96-well plates in complete culturemedium
in the presence or absence of the SSTNIGF1R peptide for 72–120 hours, or
alternatively in the presence or absence of the SSTNIGF1R peptide or ASK in-
hibitor for 24 hours. Cell growth was measured against a standard curve using
CellTiter-GLO, in accordance with the manufacturer’s instructions.

Caspase Assay and Apoptosis Marker Array
The activation of stress/apoptosismarkers was analyzed as described previously
(17). Caspase activity was measured in cells in complete culture medium with
SSTNIGF1R or ASK inhibitor for 24 hours using Caspase 3/7-GLO in accordance
with the manufacturer’s instructions.

Tumor Formation in Animals
Animal studies were approved by the University of Wisconsin–Madison In-
stitutional Animal Care and Use Committee in accordance with the NIH
guidelines. UW-SCC22 or UW-SCC64 PDXs derived from head and neck tu-
mors (31, 32) were provided by Wisconsin Head and Neck Cancer SPORE
(https://hn-spore.wisc.edu). Minced tissue isolated from host mice was sub-
cutaneously injected into both flanks of 6–8 weeks old female, athymic Foxnnu

outbred nude mice (Harlan Laboratories). After 1 week, animals were random-
ized and surgically implantedwithAlzet (Durect Corp.) osmotic pumps (Model
2004) delivering 0.25 μL/hour of either PBS or PBS containing 4 mmol/L
hSSTNIGF1R for 4 weeks. Animals were humanely sacrificed, bled, and tumors
were removed and fixed in 4% paraformaldehyde before paraffin embedding
and sectioning.

Serum Peptide and IGF1 Analysis
SSTNIGF1R levels in the serum of treated animals were measured in triplicate
using an AB Sciex QTrap 5500 mass spectrometry system at the UW School
of Pharmacy and quantified by comparison with a standard curve of peptide
in mouse serum. IGF1 levels in the serum of animals bearing UW-SCC22 or
UW-SCC64 tumors were measured using an ELISA kit from Thermo Fisher
Scientific (EMIGF1) and compared with a mouse IGF1 standard according to
the manufacturer’s instructions.

Immunofluorescent Receptor Staining and PLA
Cultured Cells

UM-SCC47 cells treated with or without the SSTNIGF1R peptide for 6 hours
were fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton X-100 in
1× CMF-PBS (pH 7.4), and blocked for 1 hour at room temperature in a 3%
BSA/CMF-PBS solution. Cells were stained with 1 μg/mL anti-Sdc1 polyclonal
antibody, 2 μg/mL ITGAV antibody (NBP1-85746), or 4 μg/mL antibody to
IGF1R (AF-305-NA) for 1 hour at room temperature, followed by incubation
with 4 μg/mL Alexa488-conjugated secondary antibodies for 1 hour at room
temperature. The nuclei were stained with 3 μmol/L DAPI (Molecular Probes)
in 1× CMF-PBS (pH 7.4) for 10 minutes. For PLA, antibodies against ITGAV
and IGF1R were used as described previously, followed by staining with PLA
reagents according to the manufacturer’s instructions.

Tumor Sections

Paraffin-embedded PDX sections, sections of deidentified archival tumors
from patients with tonsil carcinoma, or TMAs assembled from patients with
deidentified oropharyngeal (TMA-01, TMA-02) or adenoid cystic (TMA-03)
carcinoma were deparaffinized and subjected to antigen retrieval by heating in
10 mmol/L sodium citrate (pH 6.0) with 0.05% Tween 20 until boiling and then
maintained at 99°C for 20 minutes before cooling to room temperature. The
sections were then used for receptor and PLA staining, as described above. Flu-
orescent images were acquired using either a Zeiss PlanAPOCHROMAT 20X
objective (0.8 NA) or 40X (1.4 NA) and a Zeiss AxioCamMrmCCD camera on
a Zeiss Axio Imager.M2 microscopy system. CellProfiler 3.1.5 (Carpenter Lab,
Broad Institute of Harvard and MIT) was used to quantify nuclei and PLA sig-
nals with threshold limits based on relevant comparative controls. Cell Profiler
software analysis was checked by direct comparison with visual quantifica-
tion of PLA dots or DAPI-stained nuclei in test images to accurately quantify
PLA dots per cell and to exclude false or background fluorescence. The speci-
ficity of the antibodies used and the concentrations of PLA reagents used were
optimized on test samples before use on experimental sections.

Data Availability
The data generated in this study are available for this article.

Results
The reliance of HNSCC on IGF1R coupled to Sdc1 was initially examined by
screening the UM-SCC47 and SCC25 tongue carcinoma cell lines for their
response to active or inactive mSSTNIGF1R peptides. These peptides were ex-
tensively defined previously and shown to disrupt this mechanism in either
mouse or human tumor and/or vascular endothelial cells (18, 19). This screen
shows that both cell lines appear to rely on this receptor complex; both exhib-
ited reduced cell numbers in the presence of the active peptide administered
over 6 days, with an IC50 in the range of 1–10 μmol/L, whereas the inactive
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FIGURE 2 Cell Surface expression of Sdc1, IGF1R, and αvβ3 or αvβ5 integrins in HNSCC and nontransformed epithelial cells. Flow cytometry analysis
of HNSCC (A) and nontransformed epithelial cells (B). Data shown are a representative example of duplicate scans of each cell line.

peptide had no effect (Fig. 1A). This screen was extended to other cells us-
ing a 4-day timepoint for a comparative analysis with normal epithelial cells.
UM-SCC1, TU-138, SCC6, SCC90, and UD-SCC2 HNSCC cell lines exhibited
reduced growth in the presence of active mSSTNIGF1R (Fig. 1B). In contrast,
NOKs, normal HTE cells, and human epidermal HaCaT keratinocytes (Fig. 1C)
were unaffected by the peptide.

Docking of IGF1R with Sdc1 requires the coassembly of Sdc1 with the αvβ3
or αvβ5 integrin (19). This predicts that the peptide-responsive HNSCC cells
coexpress all three of these receptors. Accordingly, flow cytometry analysis
demonstrated that the HNSCC cells analyzed in Fig. 1 expressed Sdc1 and
αvβ3 or αvβ5 integrins along with IGF1R (Fig. 2A). In contrast, whereas Sdc1
and IGF1R are expressed on the peptide-resistant NOKs, HTEs, and HaCaT
keratinocytes, these cells lack surface expression of the integrins (Fig. 2B).

As a third step in this screen, we verified abundant cell surface expression
of these three receptors on UM-SCC47 cells by indirect immunofluorescence
staining (Fig. 3A), then used these cells to refine the proximity ligation assay
to screen for assembly of the three receptors into a single complex and the
disruption of this complex by SSTNIGF1R (ref. 29; see model in Fig. 3B). Im-
portantly, no change in cell surface expression of any receptor is observed in
cells treated with SSTNIGF1R compared with vehicle alone (Fig. 3A). Next, to
determine whether IGF1R and integrin are indeed paired via their coassembly
with syndecan, we detected their close apposition using PLA. Note that the in-
tegrins are observed in the PLA by staining their αV subunit (ITGAV) because
our ultimate goal is to develop PLA for use on paraffin-embedded tumor sec-
tions and commercial antibodies to the integrin β3 or β5 subunits that work on
paraffin-embedded specimens could not be identified. PLA staining detected
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FIGURE 3 Detection of assembled receptor complex using proximity ligation assay. A, Staining of fixed UM-SCC47 cells pretreated for 6 hours with
vehicle or 30 μmol/L hSSTNIGF1R, then stained for SDC1, IGF1R, or ITGAV compared with control rabbit (Rbt) or goat (Gt) IgG (bar = 50 μm). Data are
representative of duplicate experiments. B, Model of PLA between ITGAV and IGF1R. C, PLA between ITGAV and IGF1R (ITGAV:IGF1R) in fixed
UM-SCC47 cells pretreated for 6 hours with vehicle (left top) or 30 μmol/L hSSTNIGF1R (right top), compared with PLA between ITGAV and control
goat IgG or IGF1R and control rabbit IgG in vehicle-treated cells (bottom left; bar = 50 μm). Individual cells are identified by DAPI-stained nuclei. PLA
is quantified as dots per cell across 15 images over three experiments and graphed as a percentage of PLA observed in untreated cells for ease of
comparison (± SD, Student t test; ***, P ≤ 0.001). For reference, the average for the untreated cells was 72 dots per cell.

significant colocalization of IGF1R and ITGAV in untreated UM-SCC47 cells,
but the signal is lost in cells pretreated for 6 hours with hSSTNIGF1R (Fig. 3C)
despite the abundant expression of all three receptors at the cell surface (cf.
Fig. 3A).

Previous studies have shown that IGF1R is constitutively activated in an IGF1-
independentmanner when engaged with Sdc1 and this is blocked by SSTNIGF1R

(17, 19). More importantly, this block by the peptide extends to IGF1R acti-
vated by IGF1 as well, although the mechanism for inhibiting ligand-mediated
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FIGURE 4 Analysis of ASK-mediated apoptosis activated by SSTNIGF1R in HNSCC cells. A, Active IGF1R is detected by staining with anti-p1131 on
Western blots following immunoprecipitation from HaCat or UM-SCC47 cells after 3 hours treatment with or without 100 ng/mL DES(1–3)IGF1 in the
presence of IGF1R inhibitor (2 μmol/L BMS-754807) or 30 μmol/L hSSTNIGF1R. Data are representative of three experiments. B, Cell lysates from
UM-SCC47 and SCC25 HNSCC cells grown for 16 hours in the presence or absence of 30 μmol/L mSSTNIGF1R are compared with nontransformed
HaCat, NOK, or HTE cells using an antibody array to analyze the relative fold changes in expression and/or phosphorylation levels of stress and
apoptotic markers compared with normal (N) levels observed in vehicle-treated cells. Data represent duplicate experiments and duplicate
samples/experiment; significant increases or decreases are noted (boldface, arrowheads; ± SD, Student t test). Activation of p38MAPK (pp38MAPK),
JNK (pJNK), and ASK1 (pT845ASK1) are analyzed in UM-SCC47 cells treated for up to 3 hours with 30 μmol/L hSSTNIGF1R in the absence (C) or
presence (D) of DES(1–3)IGF1. Data shown are representative of triplicate experiments. E, Cell numbers compared with relative caspase activity is
quantified in UM-SCC47 cells treated for 24 hours with vehicle or 30 μmol/L hSSTNIGF1R in the presence of increasing concentrations of ASK inhibitor
NQD1. Cell numbers are determined using the CellTitre Glo assay, expressed as relative light units and graphed as a percentage of cells treated with
vehicle alone. Relative caspase activity is measured using the Caspase 3/7-GLO kit and expressed as fold change from cells treated with vehicle alone.
Data represent triplicate samples from triplicate experiments (± SD, Student t test; ***, P ≤ 0.001).

activation is not understood (17). Extending this finding to HNSCC, consti-
tutively active IGF1R is identified in UW-SCC47 cells by staining for pY1131
in the absence of IGF1, whereas IGF1R was not active in HaCat cells used

as a nontransformed control (Fig. 4A). Although this is likely to be constitu-
tive activation due to IGF1R incorporation into the adhesion receptor complex
with Sdc1, we cannot rule out the possibility that activation is due to autocrine

102 Cancer Res Commun; 3(1) January 2023 https://doi.org/10.1158/2767-9764.CRC-22-0274 | CANCER RESEARCH COMMUNICATIONS

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/3/1/97/3285413/crc-22-0274.pdf by guest on 19 M

ay 2023



SSTNIGF1R Inhibits HNSCC

IGF1 production by the UM-SCC47 cells. As expected, Y1131 phosphorylation
is stimulated by exogenous DES(1–3)IGF1 in both cell lines and inhibited by
the IGF1R kinase inhibitor BMS-754807 (Fig. 4A). DES(1–3)IGF1 is a truncated
IGF1 variant with greatly reduced affinity for IGF1-binding proteins (IGFBP)
and was used to avoid potential effects of IGFBPs secreted by the tumors cells.
IGF1-mediated activation of IGF1R in HaCat cells is unaffected by SSTNIGF1R,
indicating that IGF1R is activated in its classic ligand-dependent manner and
acts independently of Sdc1 in these cells. However, IGF1-mediated activation
of IGF1R is blocked by SSTNIGF1R in the tumor cells (Fig. 4A), indicating that
activation of IGF1R with or without IGF1 in the tumor cells is highly dependent
on its linkage to Sdc1.

Prior work also demonstrated that IGF1R activated by its linkage to Sdc1 sup-
presses apoptosis by inhibiting the activation of ASK1 (17, 19). ASK1 is present in
the Sdc1/IGF1R/integrin complex where phosphorylation by IGF1R, in part, in-
hibits its autoactivation (17, 33). This suppression is reversed when tumor cells
are treated with SSTNIGF1R, with the expression of apoptotic markers following
within an hour and increasing over the ensuing 24 hours (17). Screening of an
apoptotic antibody array using lysates of UM-SCC47 or SCC25 HNSCC cells
treated for 16 hours with 30 μmol/L SSTNIGF1R revealed a significant change
in apoptotic markers when the tumor cells were treated with the peptide, as
evidenced by significant increases in activated caspase 3 and PARP, and re-
duced levels of survivin and phosphorylated Erk, Akt, and Bad (Fig. 4B). The
NOK, HTE, and HaCaT keratinocyte controls showed little or no response to
the peptide (Fig. 4B).

Inhibition of IGF1R signaling by SSTNIGF1R has been shown to activate the
p38MAPK and JNK signaling cascades downstream of ASK1 (17), enzymes
known to activate apoptosis (34). Similarly, the inhibition of IGF1R in the
HNSCC tumor cells is accompanied by major increases in active p38MAPK
and JNK (Fig. 4B–D). Examining the temporal activation of this MAPK cas-
cade, we observed that active ASK1 (pT845), pp38MAPK, and pJNK increased
30 minutes after the treatment of UM-SCC47 cells with SSTNIGF1R (Fig. 4C).
This increase is not suppressed by exogenous IGF1 (Fig. 4D), consistent with
the inability of IGF1 to activate the IGF1R in the presence of SSTNIGF1R. To
confirm that induction of apoptosis via ASK activation explains the effects of
SSTNIGF1R on the growth of tumor cells, UM-SCC47 cells were grown in the
presence of SSTNIGF1R and the ASK inhibitor NQD1. Increasing concentrations
of NQD1 up to 30 μmol/L gradually reduce caspase 3 activation induced by 30
μmol/L SSTNIGF1R, which was mirrored by 80% restoration of cell growth in
the SSTN-treated cells (Fig. 4E).

SSTNIGF1R has a half-life (∼24 hours) which allows its use as a therapeutic agent
in vivo (17). Accordingly, the peptide was delivered at 4.3 mg/kg/day to treat the
UW-SCC22 HNSCC PDX for a period of 4 weeks, either by constant infusion
via an Alzet pump or twice weekly subcutaneous injection. Tumors in control
animals treated with saline grew from 102 ± 21 mm3 to 2,767 ± 631 mm3 over
this period, whereas tumors treated with pump-delivered SSTNIGF1R grew to
270 ± 49 mm3, a reduction of approximately 94% (P < 0.001; Fig. 5A). Tu-
mors treated with the injected peptide grew to 664 ± 138 mm3, a reduction of
79% (P < 0.001) compared with controls. Analysis of peptides in the plasma of
treated animals following sacrifice revealed a higher steady-state concentration
when delivered by pump (32 μmol/L) compared with injection (13 μmol/L),
explaining the disparity in tumor growth. Staining of fixed, paraffin-embedded
tumor sections demonstrated abundant expression of Sdc1, IGF1R, and αV-
containing integrin in both the saline-treated and SSTNIGF1R (pump)-treated

tumors (Fig. 5B; the tumors selected for staining are marked with asterisks in
Fig. 5A). However, whereas PLA detected abundant ITGAV and IGF1R pair-
ing in the saline-treated tumors, pairing was reduced by 90% in the tumors
in which the plasma SSTNIGF1R concentration was 13 μmol/L and reduced to
nearly undetectable levels when it reached 32 μmol/L due to pump-mediated
delivery (Fig. 5C). Positive staining for pT845-ASK-1 confirmed its activation
in tumors treated with SSTNIGF1R (Fig. 5D).

This experiment was repeated using a second PDX (UW-SCC64), with the pep-
tide delivered by the pump only. SSTNIGF1R reduced tumor growth by 85%
(P< 0.001) compared with saline-treated controls (Fig. 6A). Abundant expres-
sion of Sdc1, IGF1R, and ITGAV was observed in control tumors and tumors
harvested after 3-day SSTN treatment, but was reduced in tumors treated for 5
weeks with SSTNIGF1R likely due to necrosis (Fig. 6B). PLA analysis of control
tumors indicated extensive pairing of ITGAV and IGF1R, which was already re-
duced by 80% after 3-day treatment with SSTN and essentially abolished in the
5-week tumors (Fig. 6C), accompanied by pT845 staining indicative of ASK-1
activation as early as the 3-day timepoint (Fig. 6D).

Current therapeutic approaches targeting the IGF1R, such as blocking antibod-
ies and kinase inhibitors, do not distinguish between normal and transformed
cells, thereby causing increases in plasma IGF1 by inhibiting the IGF1 feedback
loop in the hypothalamus, which depends on IGF1R (35). In contrast, serum
levels of IGF1 in animals subjected to SSTNIGF1R while bearing UW-SCC22 or
UW-SCC64 tumors showed no change, supporting the notion that the peptide
affects IGF1R in tumors but not in normal physiologic processes (Table 1).

Given the efficacy of SSTNIGF1R against HNSCC cell lines and PDXs, we used
PLA as a biomarker for the Sdc1:IGF1R:ITGAV receptor complex in archival
tumors. Nine cases of tonsillar carcinoma were initially analyzed using PLA,
although case #5 was ultimately excluded because of high endogenous fluores-
cence that precluded further study. Cases #1 and #9, representing two tumors
that exhibited negative PLA, and cases #2–4 representing the spectrum of pos-
itive PLA results observed in the remaining six cases are shown in Fig. 7A.
Relative levels of ITGAV:IGF1R pairing observed in each of the eight cases are
shown in Fig. 7B. All three receptors (Sdc1, ITGAV, and IGF1R) showed strong
membranous and/or cytoplasmic staining in the three PLA-positive tumors
(Fig. 7A). However, one or more of the three required receptors showed low
to negative expression in the two PLA-negative tumors, with the IGF1R in case
#1 and both Sdc1 and ITGAV in case #9 expressed below our detection levels
(Fig. 7A). PLA also failed to detect the receptor complex in benign epithelial
tissue adjacent to PLA-positive tumors, represented by cases #2 and #4; mod-
erate expression of Sdc1 and ITGAV is observed in the benign tissue, but levels
of IGF1R were below our detection limit (Fig. 7A).

Finally, we used the PLA technique to screen the proximity of ITGAV and
IGF1R in archival oropharyngeal and adenoid cystic TMAs containing trip-
licate cores of tumor and matched normal tissues, when available. Samples
were categorized as primary, recurrent, ormetastatic (Supplementary Table S1).
Oropharyngeal and adenoid cystic carcinomas showed similar receptor com-
plex expression (Fig. 7C). Combined, greater than 95% of the primary tumor
samples (n= 164), recurrent tumors (n= 104), and metastases to lymph nodes
or other sites (n = 85) exhibited positive PLA, defined as > 0.2 PLA dots per
cell (range, 0.2–17.9). Staining of benign salivary gland tissue frompatients with
adenoid cystic carcinoma (n= 43) or control staining of oropharyngeal tumors
was uniformly negative (range, 0.0–0.06 PLA dots/cell; Fig. 7C).
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FIGURE 5 Response of PDX UW-SCC22 to hSSTNIGF1R. A, UW-SCC22 PDXs implanted subcutaneously as bilateral tumors on the flanks of nude mice
were allowed to establish for 1 week, followed by systemic delivery of 4.3 mg/kg/day hSSTNIGF1R via Alzet pump, saline alone delivered by Alzet
pumps, or twice weekly subcutaneous injection of hSSTNIGF1R in saline. Tumor size (0.524 × length × width2) was documented for 4 weeks. B, Fixed,
paraffin-embedded sections of tumors treated for 4 weeks with either saline or hSSTNIGF1R (pump delivery) are stained for expression of SDC1, IGF1R,
or ITGAV compared with control goat (Gt) or rabbit (Rbt) IgG (bar = 50 μm). C, PLA is conducted between IGF1R and ITGAV in the tumors treated for
4 weeks either with saline, hSSTNIGF1R in Alzet pumps (pump) or tumors subjected to biweekly hSSTNIGF1R injection (inject) and is graphed as dots per
cell (visualized using DAPI-stained nuclei). As controls, PLA is conducted using goat anti-IGF1R and nonspecific rabbit IgG or rabbit anti-ITGAV and
nonspecific goat IgG (bar = 50 μm; ± SD, Student t test; ***, P ≤ 0.001). D, Sections of tumors treated with saline or hSSTNIGF1R delivered by injection
or pump for 4 weeks are stained with anti-pT845-ASK1 antibody compared with nonspecific IgG control (Ctrl; bar = 50 μm).

Discussion
This work reveals the prevalent expression inHNSCC of a previously described
three-receptor complex consisting of IGF1R, the αV-containing αvβ3 or αvβ5
integrin and Sdc1 that suppresses apoptosis in cancer cells (refs. 17–19; reviewed
extensively in ref. 28). SSTNIGF1R mimics the defined site in the extracellular
domain of Sdc1 responsible for the interaction between IGF1R and integrins

(18, 19). It competes for this docking, disrupts the complex, and reverses the
suppression of apoptosis, which depends on the active IGF1R (18, 19).

IGF1R is incorporated into the matrix adhesion receptor complex only if the
αvβ3 or αvβ5 integrin is engaged with Sdc1 (19). Therefore, a positive PLA sig-
nal between the IGF1R and the alpha-V subunit of integrin indicates that the full
functional complex is assembled. This signal shows that over 95% of archival
human oropharyngeal and adenoid cystic carcinoma tumors express this
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FIGURE 6 PLA and ASK1 activation in PDX UW-SCC64. Bilateral UW-SCC64 PDXs were implanted and treated with either saline or hSSTNIGF1R

delivered by Alzet pump (A), fixed, embedded, and sections stained for receptor expression (B) or for PLA (C) as described for UW-SCC22 PDXs in
figure legend 5; a cohort of mice were sacrificed after 3 days of treatment to analyze the effects of hSSTNIGF1R after this short exposure (bar = 50 μm;
± SD, Student t test; ***, P ≤ 0.001). D, Sections of tumors treated with hSSTNIGF1R or saline for 3 days and 5 weeks are stained with anti-pT845-ASK1
antibody compared with nonspecific IgG control (Ctrl; bar = 50 μm).

TABLE 1 Serum IGF1 levels in treated mice

IGF1 (ng/mL) ± SD

UW-SCC22
Saline (control) 34.8 ± 1.0
SSTNIGF1R 34.6 ± 0.9
UW-SCC64
Saline (control) 34.0 ± 0.9
SSTNIGF1R 33.7 ± 1.1

NOTE: Blood samples (n = 6) are from animals treated with hSSTNIGF1R or
saline delivered by Alzet pumps.

complex, including primary, recurrent, andmetastatic tumors. This is especially
striking given the complete lack of the receptor complex in adjacent benign
tissues, mirroring its absence in normal epithelial cells in culture. It seems
reasonable to speculate that the receptor complex does have a role in normal ep-
ithelia at some point, perhaps during development or in wound healing, but its
lack of expression in epithelia frommature organs clearly reduces the potential
for off-target effects by SSTNIGF1R and supports a high degree of specificity of
the peptide toward carcinomas. The reasons for its absence in normal epithelia
seem to vary; benign tonsillar epithelial cells in vivo appear to express Sdc1 and
the alpha-V integrins, but lack IGF1R, whereas normal epithelial cells in culture
express Sdc1 and IGF1R, but lack αvβ3 and αvβ5 integrins, potentially reflect-
ing divergence that occurs during growth selection in vitro. However, whether
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FIGURE 7 PLA screen of archival human head and neck carcinomas. A, Consecutive serial paraffin sections of eight archival human tongue tumors
were stained for Sdc1, ITGAV, or IGF1R, or subjected to PLA to detect coupling of ITGAV and IGF1R. Shown are three of the six positive PLA cases (cases
#2–4) representative of the range of observed staining, including the two tumor cases containing adjacent benign tissue, along with the two cases
(cases #9 and #1) demonstrating negative PLA. Tissue histology as viewed by hematoxylin and eosin (H&E) staining and benign tissue and the tumor
margins are marked (dashed line), if present. Triangles within the benign tissue (B) or tumor (T) identify the areas examined by PLA at higher
magnification (bar = 50 μm). B, Quantification of ITGAV:IGF1R PLA intensity (PLA dots/cell) in the eight cases of tongue carcinoma arranged in order
of intensity (PLA is quantified as dots per cell across 15 images over three experiments). Case #5 was excluded because of high endogenous
fluorescence. C, Quantification of ITGAV:IGF1R PLA conducted on three tissue microarrays [one adenoid cystic carcinoma microarray and two
oropharyngeal squamous cell carcinoma (OPSCC) microarrays]. PLA quantified as fluorescent dots per cell for each tissue based on the averaged
staining of three microarray sections and expressed as a violin plot (solid line is the median and dotted lines are quartiles). Range for the tumors is
0.000–17.704 dots per cell and benign tissue is 0.004–0.056. Negative control staining of the same sections ranges from 0.000 to 0.057 dots per cell.

formation of the complex depends solely on regulation of receptor expression
or also on factors that control receptor trafficking to the cell surface, influence
their incorporation into specialized lipid domains in the plasma membrane, or
control their assembly with intracellular signaling components is a possibility
that remains to be studied.

The initial description of this receptor complex has been one of the numerous
studies over the past several decades to demonstrate that signaling by RTKs

is closely coordinated with cell-matrix adhesion. Syndecans have been shown
to be the organizers of integrin-RTK complexes involving IGF1R, VEGFR2
(KDR), HER2, EGFR, and RON kinase (reviewed in ref. 28) with others likely
yet to be discovered. RTK activation in these mechanisms depends on en-
gagement with syndecan and is typically ligand independent, setting these
mechanisms apart from classical mechanisms of RTK activation. As confirmed
here, assembly of IGF1R with Sdc1 and integrins in tumor cells, together with
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the subsequent clustering that occurs when Sdc1 engages the matrix, consti-
tutively activates IGF1R kinase, even in the absence of IGF1 (19). Accordingly,
antibodies that block IGF1 binding do not block this mechanism (17), allow-
ing it to escape therapeutics designed to disrupt ligand activation of the IGF1R.
This indicates a major difference between transformed and benign epithelial
cells: IGF1R activation in cultured normal epithelial cells depends on IGF1 and
is not affected by SSTNIGF1R, confirming the specificity of this peptide competi-
tor for IGF1R assembled with Sdc1. In contrast, IGF1R activation in tumor cells
is strictly dependent on Sdc1, even if IGF1 is present, and is therefore blocked by
SSTNIGF1R. This suggests that IGF1R is assembled into an activation-signaling
architecture in tumor cells that is significantly different from that in normal
cells and that IGF1R activation is tightly linked to matrix adhesion, potentially
offering unique therapeutic targets. Other studies have also described nonclas-
sical mechanisms of IGF1R signaling, demonstrating that IGF1 ligand binding
directly to αvβ3 and α6β4 integrins is necessary for downstream signaling (36,
37) and that FAK, amajor signaling kinase localized tomatrix adhesions, is acti-
vated by IGF1 in HNSCC cells, leading to cell growth and suppressed apoptosis
(38, 39).

Part of the signaling architecture in tumor cells is ASK1, a MAP3K that is as-
sociated with the receptor complex (17). ASK1 is suppressed via serine and/or
threonine and tyrosine phosphorylation when IGF1R kinase is activated (17).
Inhibition of the IGF1R by SSTNIGF1R relieves the suppression of ASK-1 and
allows its autoactivation and activation of apoptosis via JNK and p38MAPK
(17). Downstream signaling from IGF1R also activates cytoplasmic talin, which
engages and activates the αvβ3 and αvβ5 integrins involved in cell migra-
tion/invasion (19), potentially contributing to their purported roles in apoptosis
and IGF1R signaling (36–38).

SSTNIGF1R is remarkably stable in vivo, allowing its use in tumor models and
potentially as a cancer therapeutic (ref. 17; reviewed in ref. 28). PLA on the PDX
models employed here confirms that it acts on its intended target in vivo, effec-
tively abolishing the interaction of IGF1R with the integrin coupled to Sdc1,
which correlates with activated ASK-1 and reduced growth in the treated tu-
mors. Although not examined here, it is likely that SSTNIGF1R also suppresses
the growth of these tumors by reducing angiogenesis. Previous studies have
shown that the receptor complex is expressed in endothelial cells during patho-
logic angiogenesis and that SSTNIGF1R blocks tumor-induced angiogenesis in
breast cancer and myeloma models by over 90% (17, 18). Similar to its role
in tumor cells, the receptor complex on activated endothelial cells suppresses
ASK1 and apoptosis, as described here. It also plays a major role in the activa-
tion of VEGFR2 signaling, relying on amechanism in which the αvβ3 and αvβ5

integrins are coupled via VE-cadherin to activate VEGFR2 (40). The extensive
expression of this receptor complex inHNSCC and the positive results obtained
here when select HNSCC PDXs were treated with SSTNIGF1R in vivo, suggest
that its signaling mechanisms play a prominent role in this disease.
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