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Abstract
HER3 is a member of the epidermal growth factor receptor (EGFR) family of receptor tyrosine
kinases. In the present study, we investigated the capacity of the HER3 blocking antibody,
U3-1287/AMG888, to modulate the in vitro and in vivo radiation response of human squamous
cell carcinomas of the lung and head and neck. We screened a battery of cell lines from these
tumors for HER3 expression and demonstrated that all cell lines screened exhibited expression of
HER3. Importantly, U3-1287/AMG888 treatment could block both basal HER3 activity and
radiation induced HER3 activation. Proliferation assays indicated that HER3 blockade could
decrease the proliferation of both HNSCC cell line SCC6 and NSCLC cell line H226. Further, we
demonstrated that U3-1287/AMG888 can sensitize cells to radiation in clonogenic survival assays,
in addition to increasing DNA damage as detected via λ-H2AX immunofluo-rescence. To
determine if U3-1287/AMG888 could enhance radiation sensitivity in vivo we performed tumor
growth delay experiments using SCC6, SCC1483, and H226 xenografts. The results of these
experiments indicated that the combination of U3-1287/AMG888 and radiation could decrease
tumor growth in studies using single or fractionated doses of radiation. Analysis of HER3
expression in tumor samples indicated that radiation treatment activated HER3 in vivo and that
U3-1287/AMG888 could abrogate this activation. Immunohistochemistry analysis of SCC6
tumors treated with both U3-1287/AMG888 and a single dose of radiation demonstrated that
various cell survival and proliferation markers could be reduced. Collectively our findings suggest
that U3-1287/AMG888 in combination with radiation has an impact on cell and tumor growth by
increasing DNA damage and cell death. These findings suggest that HER3 may play an important
role in response to radiation therapy and blocking its activity in combination with radiation may be
of therapeutic benefit in human tumors.

Introduction
The HER family of receptor tyrosine kinases are key regulators of signaling pathways that
regulate numerous cell functions. The HER/ErbB family consists of four members, the
epidermal growth factor receptor (EGFR/ErbB1), HER2/Neu, HER3/ErbB3, and HER4/
ErbB4. Upon ligand binding at the cell surface, HER family receptors are activated and form
both homo- and hetero-dimer pairs with other HER family members (Yarden and Pines,
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2012). Dimerization activates the intrinsic tyrosine kinase activity of each receptor in the
pair leading to the phosphorylation of tyrosine residues on each partner’s C-terminal tail.
Phosphorylated tyrosines serve to recruit numerous adaptor and effector molecules that
signal through a multilayered network of proteins to ultimately influence cellular
proliferation, survival, motility, differentiation, angiogenesis, and metabolism (Yarden and
Pines, 2012).

The HER3 receptor is a unique HER family member in that it has a diminished tyrosine
kinase activity (Guy et al., 1994; Sierke et al., 1997). However, HER3 has been shown to
signal potently in heterodimeric partnerships, most notably with the HER2 receptor (Baselga
and Swain, 2009). Upon binding to its cognate ligand, neuregulin-1, HER3 can
heterodimerize with other HER family members leading to the direct recruitment of the p85
subunit of phosphoinositide 3-kinase (PI3K). The activation of PI3K leads to the conversion
of phosphatidylinositol 4,5-biphosphosphate (PIP2) to phosphatidylinositol 2,4,5-
triphosphate (PIP3) in the cell membrane (Campbell et al., 2010; Prigent and Gullick, 1994).
The serine/threonine kinase AKT can associate with PIP3 through its high affinity Pleckstrin
Homology (PH) domain, and subsequently become activated to induce a variety of cell
survival signaling pathways. HER3 heterodimers also lead to the activation of cell
proliferation signals through the recruitment of the adaptor protein GRB2 and the guanine
nucleotide exchange factor SOS, which promotes the activation of the small GTPase RAS
(Campbell et al., 2010). RAS can activate numerous cellular proliferation responses, most
notably through the activation of MAPK. Overall, HER3 containing heterodimers signal
through cell survival and proliferation pathways due to HER3’s ability to directly bind to
PI3K and GRB2, enhancing the tumorigenic potential of HER3 expressing tumors.

The ability for HER3 to recruit PI3K has made it a critical dimerization partner to other
HER family members since most tumors require PI3K/AKT signaling for enhanced survival.
Thus, aggressive tumors often express HER3, including tumors of the breast (Bobrow et al.,
1997), non-small cell lung (NSCLC) (Yi et al., 1997), metastatic colon (mCRC)
(Kapitanovic et al., 2000), head and neck (HNSCC) (Takikita et al., 2011), pancreas
(Lemoine et al., 1992), ovary (Rajkumar et al., 1993; Tanner et al., 2006), clear cell
sarcomas (Schaefer et al., 2006), stomach (Rajkumar et al., 1993), and skin (Buac et al.,
2009). In HNSCC and NSCLC, HER3 expression has been observed in approximately 77%
of HNSCC and 30% of NSCLC tumor samples, where it was correlated with worse overall
survival (Ocana et al., 2013; Takikita et al., 2011; Yi et al., 1997). HER3 overexpression is
also commonly observed in tumors that have become resistant to various types of
therapeutic agents, most well studied in resistance to both HER2 and EGFR targeting agents
(Erjala et al., 2006; Garrett et al., 2011; Sergina et al., 2007; Wheeler et al., 2008).
Currently, there are various anti-HER3 targeting agents being investigated for clinical use,
one of which being the anti-HER3 antibody U3-1287/AMG888. U3-1287/AMG888 has
shown promising anti-tumor effects in lung (Treder et al., 2008), head and neck (Freeman et
al., 2011), and breast cancer (Garrett et al., 2011; 2013) in-vitro and invivo cancer models,
where it effectively blocked HER3 phosphorylation, degraded total HER3 levels, and
decreased tumor burden. A phase-I clinical study has deemed U3-1287/AMG888 safe for
patient use, and is now being expanded to a phase-II study for treatment of various solid
tumor types (LoRusso et al., 2013).

While anti-HER family monoclonal antibodies demonstrate success as monotherapy in
certain types of tumors, various studies have demonstrated even greater response rates when
these agents are combined with radiation therapy (Bonner et al., 2006; Jensen et al., 2011).
In 2006, a pivotal study demonstrated that EGFR expressing HNSCC patients treated
concurrently with cetuximab, an anti-EGFR monoclonal antibody (mAb), and radiation
yielded a 10% overall survival advantage as compared to patients treated with radiotherapy
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alone. Preclinical data suggests that EGFR inhibition can abrogate radiation induced cell
survival and DNA damage repair pathways leading to enhanced anti-tumor responses
(Huang et al., 1999; Huang and Harari, 2000; Milas et al., 2000; Rodemann et al., 2007).
While HER3 is expressed in HNSCC and NSCLC, the beneficial anti-tumor effect of
radiation in combination with an anti-HER3 monoclonal antibody remains unexplored.

The objective of the current study was to analyze the efficacy of the anti-HER3 monoclonal
antibody U3-1287/AMG888 in combination with radiation treatment. Examination of
multiple HNSCC, NSCLC, and CRC cell lines indicated that numerous lines expressed both
total and activated forms of HER3. Treatment of numerous cell lines with U3-1287/
AMG888 effectively inhibited basal and radiation induced activation of HER3 and the
downstream effector kinase AKT. Further, cell proliferation assays indicated that HER3
blockade could decrease the growth of the HNSCC cell line SCC6 and the NSCLC cell line
H226, and increase sensitivity of these cell lines to radiation therapy as measured by
clonogenic survival assays. The combinatorial treatment of U3-1287/AMG888 and radiation
also lead to significant increases in DNA damage as detected via λ-H2AX
immunofluorescence at different time points post radiation treatment. HNSCC and NSCLC
mouse xenografts treated with U3- 1287/AMG888 in combination with radiation decreased
tumor growth more potently than tumors treated with either therapy alone. Analysis of these
tumors indicated that U3-1287/AMG888 could inhibit basal and radiation induced activation
of HER3, AKT, rpS6, and MAPK. Overall, these data suggest that blocking HER3 activity
can enhance the efficacy of radiation therapy, a combinatorial treatment that may benefit
human tumors.

Results
HER3 is expressed in NSCLC, HNSCC, and CRC tumor cell lines

HER3 has been shown to play a crucial role in initiating oncogenic signaling pathways in
numerous cancers (Campbell et al., 2010). While HER3 gene amplification is rare, HER3
expression and activation is commonly observed in numerous cancer types (Ocana et al.,
2013). Examination of multiple HNSCC, NSCLC, and CRC tumor cell lines demonstrated
that many express both total and activated HER3 (Figure 1A), suggesting that HER3 may
play a role in enhancing the tumorigenic phenotype of these cell lines.

The anti-HER3 monoclonal antibody U3-1287/AMG888 can inhibit the activation of HER3
and downstream signaling pathways in vitro

Since HER3 was strongly activated in multiple cancer cell lines (Figure 1A), we examined
the ability for the anti-HER3 monoclonal antibody U3-1287/AMG888 to inhibit both HER3
activation and downstream signaling pathways. We demonstrate that U3-1287/AMG888 can
inhibit the activity of HER3 at tyrosine 1289 in multiple NSCLC and HNSCC tumor cell
lines in a dose dependent manner (Figure 1B). We further show that the activation of the
HER3 downstream signaling effector AKT can be inhibited in a dose dependent manner.
Overall, these findings indicate that U3-1287/AMG888 can effectively target HER3 in a
battery of NSCLC and HNSCC tumor cell lines.

U3-1287/AMG888 can prevent ionizing radiation induced activation of HER3 and AKT in
vitro

Ionizing radiation has been shown to enhance the activation of cell proliferation and survival
pathways in numerous tumor types (Rodemann et al., 2007), including the compensatory
activation of EGFR, HER3, and the downstream effector kinase AKT (Contessa et al., 2006;
Dent et al., 2003; Schmidt-Ullrich, 2003). Treatment of both SCC6 and H226 cells with

Li et al. Page 3

Discov Med. Author manuscript; available in PMC 2014 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



radiation lead to increases in HER3 and AKT activation between 5–60 minutes post 4 Gy
radiation (Figure 2A).

Importantly, we demonstrated that cells pre-incubated with 20 µg/mL of U3-1287/AMG888
for 24 hours prior to radiation exhibited a pronounced decrease in activated HER3 and AKT.
In cells pre-treated with U3-1287/AMG888, HER3 activation remained inhibited 60 minutes
post radiation, while AKT activation was severely diminished as compared to cells treated
with radiation only. We further show via confocal immuno-fluorescent microscopy (IF) that
radiation (4 Gy) can effectively activate HER3 (approximately 24% and 27% higher than
vehicle treated SCC6 and H226 cells), and that U3-1287/AMG888 treatment either alone or
in combination with radiation can effectively inhibit HER3 activation (approximately 35%
and 41% lower than vehicle treated SCC6 and H226 cells) (Figure 2B). Overall, these data
suggest that U3-1287/AMG888 can effectively inhibit baseline HER3 activity and radiation-
induced activation of HER3 and AKT.

U3-1287/AMG888 in combination with radiation can impact cell proliferation and DNA
damage repair in vitro

Based on our previous findings that U3-1287/AMG888 treatment could effectively prevent
radiation-induced activation of both HER3 and AKT, we hypothesized that U3-1287/
AMG888 could enhance the sensitivity of both HNSCC and NSCLC cell lines to radiation.
We demonstrate that increasing concentrations of U3-1287/AMG888 can significantly
inhibit the growth of both SCC6 and H226 cell lines; 100 µg/ml of U3-1287/AMG888
treatment inhibited cell growth approximately 40% in SCC6 cells, and 30% in H226 cells
(Figure 3A). To determine the effect of U3-1287/AMG888 on radiation response, we pre-
incubated both cell lines with U3-1287/AMG888 for 4 hours prior to radiation treatment,
and subsequently measured their ability to survive in clonogenic survival assays (Figure
3B). U3-1287/AMG888 pre-treated SCC6 and H226 cells exhibited increased sensitivity to
radiation, demonstrated by an increase in the slope of the radiation survival curves.

Finally, we analyzed the rate of DNA damage repair post U3-1287/AMG888 and radiation
treatment (Figure 3C). Cells were pre-treated with either U3-1287/AMG888 or vehicle 24
hours prior to radiation treatment. Cells were fixed and stained for γ-H2AX foci at 0, 1, 4, 8,
and 24 hours post radiation treatment. These data demonstrated that SCC6 and H226 cells
pre-treated with U3-1287/AMG888 had increased γ-H2AX foci at 1, 4, 8, and 24 hours post
radiation, with statistical significance seen at 1 hour and 24 hours in SCC6 and 1 hour in
H226 cells when compared to cells treated with radiation only. Overall, both SCC6 and
H226 cells exhibit significant enhancements of γ-H2AX staining upon dual treatment
demonstrating that this combination can induce a higher level of DNA damage than
radiation therapy alone.

U3-1287/AMG888 in combination with radiation inhibits the growth of HNSCC and NSCLC
tumor xenograft models

To further evaluate the efficacy of U3-1287/AMG888 combined with radiation therapy, we
inoculated SCC6, SCC1483, and H226 cell lines into athymic mice. Once tumors reached
100–200 mm3, mice were divided into two groups to receive either a single or fractionated
dose of radiation (Figure 4). In the single radiation dose group, xenograft mice (12 mice/
group) were administered with IgG, U3-1287/AMG888 (8 mg/kg), radiation (at indicated
doses), or the combination (Figure 4). In the fractionated dose treatment group (Figure 4),
xenograft mice were administered with IgG, U3-1287/AMG888 (4 mg/kg), radiation (twice
a week at indicated doses), or a combination of both U3-1287/AMG888 and radiation
(Figure 4). All three xenograft tumor models demonstrated statistically significant
reductions in tumor volumes when treated with U3-1287/AMG888 in combination with
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either a single or fractionated dose of radiation as compared to single therapy treated mice or
IgG control treated mice. Collectively, these data demonstrate that U3-1287/AMG888 can
enhance the sensitivity of HNSCC and NSCLC xenograft tumor models to radiation therapy.

To validate that U3-1287/AMG888 effectively inhibited the activation of HER3 in vivo, we
isolated protein from tumors treated with a single dose of radiation. Xenograft tumors
treated with radiation only (XRT) demonstrated activated levels of HER3 (most notably in
SCC1483 and H226 cells), while tumors treated with U3-1287/AMG888 in combination
with radiation expressed approximately 78%, 43%, and 97% less HER3 activity in SCC6,
SCC1483, and H226 tumors, respectively (quantification was performed using ImageJ
analysis of the average band intensities between two tumors per treatment group) (Figure 5).
Interestingly, total levels of HER3 were also decreased in SCC1483 and H226 xenograft
tumors treated with U3-1287/AMG888, a phenomenon that was not observed in vitro.
Overall, these data suggest that inhibition of HER3 activity may play a role in enhancing
HNSCC and NSCLC tumor xenograft sensitivity to radiation treatment.

U3-1287/AMG888 in combination with radiation can inhibit signaling through cell
proliferation and survival pathways in vivo

To further analyze the radiosensitizing effect of U3-1287/AMG888, we performed
immunohistochemical analysis for various cell proliferation and survival markers from
SCC6 tumors treated with a single dose of radiation (Figure 6). The cell markers stained for
include phospho AKT (serine 473) and phospho rpS6 (serine 235/236) as survival markers,
phospho p44/42 MAPK (threonine 202 and tyrosine 204) and PCNA as proliferation
markers, and γ-H2AX as a DNA damage marker. Tumors treated with a single dose of
radiation in combination with U3-1287/AMG888 demonstrated prominent decreases in
activity of all proliferation and survival markers analyzed, with phospho-rpS6 inhibition
being the most prominent (quantified via ImageJ analysis of the average staining intensity
measured from 3 random fields, two tumors per treatment group) (Figure 6). Additionally,
SCC6 tumors treated with combination therapy contained a 2.97 fold increase in γ-H2AX
staining, a significantly higher level of DNA damage as compared to tumors treated with
either therapy alone. These data suggest that U3-1287/AMG888 treatment in combination
with radiation can inhibit cell proliferation and survival signals in vivo, providing a rationale
for the use of this combination in a clinical setting.

Discussion
Many human cancers are characterized by altered signaling of HER family receptors
including HNSCC, NSCLC, CRC, and breast cancer (Yarden and Pines, 2012). While the
development of therapeutics targeting both the EGFR and HER2 receptors have been
ongoing for decades, the limited kinase activity of the HER3 receptor has led to the delayed
development of cancer therapeutics targeting its activation. However, it is now clear that
HER3 not only exhibits low-level kinase activity (Shi et al., 2010), but also forms potent
dimers with other HER family members to drive tumorigenesis and resistance to other HER
family targeting agents (Erjala et al., 2006; Garrett et al., 2011; Sergina et al., 2007;
Wheeler et al., 2008). Thus, HER3 is now a promising molecular target in several human
cancers.

In the present study we demonstrate that HER3 is expressed and active in several human
cancer cell lines originating from NSCLC, HNSCC, and CRC origin. HER3 inhibition,
achieved through treatment with the monoclonal antibody U3-1287/AMG888 in
combination with radiation therapy, inhibited both basal and radiation induced activation of
HER3 and AKT. Further, we demonstrate that U3-1287/AMG888 can sensitize cells to
radiation in clonogenic survival assays, in addition to enhancing DNA damage. Importantly,
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U3-1287/AMG888 in combination with both single and fractionated doses of radiation
diminished growth of in vivo xenograft tumor models, which was accompanied by a
decrease in HER3, AKT, MAPK, and rpS6 activation. Overall, our results reveal that HER3
blockade in combination with radiation may prove to be a strong anti-cancer treatment
regime.

Radiation therapy in combination with anti-HER family targeting agents has proven to be
beneficial in various tumor settings (Bonner et al., 2006; Jensen et al., 2011). One of the
most influential examples includes EGFR blockade in combination with radiation in
HNSCC. Early preclinical studies with the use of cetuximab demonstrated potent
radiosensitizing potential (Huang et al., 1999; Huang and Harari, 2000). Xenograft studies
in HNSCC, in addition to other solid tumor types, yielded even more potent growth
inhibitory effects than observed in vitro (Huang and Harari, 2000; Milas et al., 2000; Raben
et al., 2005), similar to the results we present in the current study. Following preclinical
modeling, a phase III multinational clinical study in locoregionally advanced HNSCC
patients demonstrated that cetuximab given simultaneously with radiation could improve
both local control and overall survival as compared to radiation treatment alone (Bonner et
al., 2006). In a recent phase II study, cetuximab in combination with radiation in stage III
NSCLC patients proved to be safe and feasible even in elderly patients (Jensen et al., 2011).
Small molecule TKI’s targeting the EGFR and HER2 have also demonstrated substantial
survival advantages when combined with radiation treatment in various cancers (Chinnaiyan
et al., 2005; Sambade et al., 2010). While the effects of EGFR and HER2 blockade in
combination with radiation therapy have demonstrated substantial clinical benefits, HER3
blockade in combination with radiation has remained unexplored.

HER3 overexpression has proven to play a large role in the promotion of various cancers via
initiating strong signaling through the PI3K/AKT signaling network. In the current study we
demonstrate that we can effectively reduce signaling through the PI3K/AKT signaling
network with U3-1287/AMG888 treatment both in vitro (Figure 2) and in vivo (Figure 6).
Additionally, we demonstrate that U3-1287/AMG888 can prevent radiation-induced
compensatory activation of HER3. Compensatory activation of receptor tyrosine kinases is
often observed post radiation therapy (Coffer et al., 1995; Devary et al., 1992; Dittmann et
al., 2009; Knebel et al., 1996; Singh et al., 2009; Sturla et al., 2005; Xu et al., 2006).
Various studies have indicated that radiation and UV exposure can activate the EGFR via
protein phosphatase inhibition (Knebel et al., 1996; Sturla et al., 2005; Xu et al., 2006),
induction of EGF ligand shedding (Singh et al., 2009), and enhancement of membrane lipid
peroxidation through the release of reactive oxygen species (Dittmann et al., 2009). Whether
radiation can activate HER3 via one of these mechanisms remains unexplored but highly
possible. Additionally, it is well accepted that treating cancer cells with anti-EGFR agents
prior to radiation can prevent compensatory upregulation of cell survival and proliferation
pathways, leading to more prolonged antitumor responses (Chinnaiyan et al., 2005; Huang
and Harari, 2000; Santiago et al., 2010). Recent data suggests that the dual inhibition of
EGFR and HER3 yield potent radio-sensitizing effects (Huang et al., 2013). Our data
indicate that treatment with U3-1287/AMG888 in combination with radiation can potently
inhibit AKT, MAPK, and rpS6 (Figure 6), and thus this combination may provide benefit in
the treatment of tumors resistant to EGFR targeting agents.

In the current study we observed strong antitumor effects upon combined U3-1287/
AMG888 and radiation treatment in several tumor xenografts (Figure 4). The reduced tumor
burden of mice treated with both U3-1287/AMG888 and radiation treatment may be due to
microenvironmental factors that cannot be measured in in vitro settings, including the
impact on angiogenesis and tumor targeting by the immune system via antibody dependent
cellular cytotoxicity. There have been various reports identifying the role of HER2:HER3
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heterodimers in the regulation of tumor angiogenesis, and one recent report attributed HER3
to playing a specific role through knockdown with MiR-148a leading to a large reduction of
tumor angiogenesis in vivo (Kumar and Yarmand-Bagheri, 2001; Yu et al., 2011).

U3-1287/AMG-888 has been previously tested for efficacy in various cell models of
HNSCC (Freeman et al., 2011), NSCLC (Treder et al., 2008), and breast cancer (Garrett et
al., 2011; 2013). In both HNSCC and NSCLC preclinical models, U3-1287/AMG888
demonstrated strong anti-tumor effects as a single agent, which was further enhanced by
dual treatment with anti-EGFR agents (Freeman et al., 2011; Treder et al., 2008). In
preclinical breast cancer models, U3-1287/AMG888 demonstrated anti-tumor activity;
several investigators hypothesized that U3-1287/AMG888 may act in synergy with both
trastuzumab or lapatinib in HER2 positive breast cancer patients (Abramson and Arteaga,
2011; Garrett et al., 2011; 2013). Additionally, original studies using U3-1287/AMG888
demonstrated that it could inhibit the activation of HER3 in addition to promoting HER3
internalization and degradation (Hettmann, 2010). In the current study we observed a
substantial loss of total HER3 protein in SCC1483 and H226 xenograft tumors treated with
U3-1287/AMG888 (Figure 5); the degradation of total HER3 may be another reason for why
an enhanced anti-tumor effect was observed with dual U3-1287/AMG888 and radiation
treatment in vivo. Currently, U3-1287/AMG888 has undergone phase I clinical testing,
where it was deemed well tolerated by patients with solid tumors (LoRusso et al., 2013).
The study presented herein is the first to demonstrate preclinical success with U3-1287/
AMG888 in combination with radiation therapy, suggesting that this combination may
provide further clinical benefit.

In conclusion, treatment with U3-1287/AMG888 in combination with radiation therapy
holds promise for tumors that express HER3. HNSCC and NSCLC often express HER3, and
radiation therapy is a common treatment regime for these tumor types. Additionally,
HNSCC and NSCLC tumors are generally treated with anti-EGFR therapies, many of which
contain intrinsic or acquired resistance to these therapeutic agents. Since HER3 expression is
often observed in anti-EGFR therapy resistant tumors, HER3 blockade may prove
advantageous in this setting. We demonstrate that blockade of HER3 activity with U3-1287/
AMG888 can prevent signaling through proliferation and survival pathways, which remain
inhibited upon radiation treatment. Importantly, we observe a prominent anti-tumor response
in vivo as compared to either agent alone, suggesting the importance for further investigation
of combined therapy for clinical use in the future.

Materials and Methods
Cell culture and therapeutics

Five NSCLC cell lines (NCI-H226, H292, H358, H520, and A549) and 5 colorectal cancer
cell lines (Caco2, SW48, LS180, Lovo, and HCT116) were purchased from ATCC
(Manassas, VA, USA) and maintained in 10% fetal bovine serum (FBS) in RPMI1640 or
DMEM (Mediatech Inc., Manassas, VA, USA) with 1% penicillin and streptomycin. Five
HNSCC lines (UM-SCC1, UM-SCC4, UM-SCC6, UM-SCC11A, and UM-SCC1483 cells)
were kindly supplied by Dr. T. Carey (University of Michigan, MI, USA) (Brenner et al.,
2010) and maintained in 10% FBS (Invitrogen, Carlsbad, CA, USA) in DMEM
supplemented with 1% hydrocortisone and 1% penicillin and streptomycin. U3-1287/
AMG888 was provided by U3 Pharma (Martinsried, Germany).
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Cell proliferation assay
Cells were seeded in 96-well plate and exposed to doses of U3-1287/AMG888 for 72 hours.
Cell proliferation was tested by Cell Counting Kit-8 (Dojindo Molecular Technologies,
Rockville, MD, USA).

Clonogenic assay
An equal number of cells were seeded into six-well tissue culture plates. After allowing cells
time to attach (6 hours), U3-1287/AMG888 or the vehicle control (IgG) was added at
specified concentrations. The plates were irradiated 4 hours later at the doses of 2, 4, 6, and
8 Gy. Ten to 14 days after seeding, colonies were stained with crystal violet, the number of
colonies containing at least 50 cells was determined and the surviving fractions were
calculated. Survival curves were generated after normalizing for cytotoxicity generated by
U3-1287/AMG888 alone. Data presented are the mean ± SE from at least three independent
experiments.

Immunoblotting analysis
Following treatment, cells were lysed with buffer (50 mM HEPES, pH 7.4, 150 mM NaCl,
0.1% Tween-20, 10% glycerol, 2.5 mM EGTA, 1 mM EDTA, 1 mM DTT, 1 mM PMSF,
and 10 µg/ml of leupeptin and aprotinin). Protein was quantitated using a standard Bradford
absorbance assay. Equal amounts of protein were fractionated by SDS-PAGE. Thereafter,
proteins were transferred to PVDF membrane and analyzed by incubation with the
appropriate primary antibody. Proteins were detected via incubation with HRP-conjugated
secondary antibodies and ECL chemiluminescence detection system. NIH ImageJ was used
to evaluate densitometry of western blots. The antibodies used in this study were as follows.
HER3, AKT, MAPK, horseradish peroxidase-conjugated goat-anti-rabbit IgG, and goat-
anti-mouse IgG were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). p-HER3 (Tyr1289), p-AKT (Ser473), p-rpS6 (Ser235/236), p-p44/42 MAPK
(Thr202/Tyr204), and PCNA were purchased from Cell Signaling Technology (Beverly,
MA, USA). α-tubulin was purchased from Calbiochem (San Diego, CA, USA).

Immunofluorescence assay
Approximately 2 × 103 cells were seeded in a four-well glass chamber slides (Nalgene
Nunc, Naperville, IL, USA). After the treatment, cells were washed 3 times with PBS and
fixed with 2% formaldehyde for 15 minutes at room temperature. Cells were incubated in
icecold 100% methanol for 10 minutes at −20°C and blocked with 5% normal serum in PBS
with 0.3% Triton X100 solution for 1 hour at room temperature and incubated with p-HER3
or λ-H2AX (Cell Signaling Technology) antibodies overnight at 4°C. Next, cells were
incubated with FITC-conjugated appropriate secondary antibody in PBS containing 0.3%
Triton X100 and 1% BSA for 2 hour. Slides were mounted using ProLong gold with DAPI
(Invitrogen). Photographs were captured by a Nikon confocal microscope and pixel intensity
was quantitated via ImageJ.

Mouse xenograft models
Athymic nude mice (4- to 6-week old; male) were obtained from the Harlan Laboratories
(Indianapolis, IN, USA). All animal procedures and maintenance were conducted in
accordance with the institutional guidelines of the University of Wisconsin. Cells were
injected bilaterally in the dorsal flanks of the mice at day 0 (2 × 106 cells). Once tumors
reached expected volumes (200–300 mm3) mice were treated with 1) IgG, 2) U3-1287/
AMG888, 3) radiation (single or fractionated dosing), or 4) the combination. Measurements
were evaluated by digital calipers and calculated by the formula (π)/6 × (large diameter) ×
(small diameter)2.
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Mouse tumor collection and protein isolation
Tumors were collected 24 hours after the treatments. Mice were sedated using isofluorane
mixed with oxygen until unconscious. Mice were euthanized by cervical dislocation and
tumors were promptly collected, washed in PBS, and frozen on dry ice. Tumors were
crushed using a mortar and pestle until the tumor was the consistency of a powder. Whole
cell protein lysate was obtained with lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl,
0.1% Tween-20, 10% glycerol, 2.5 mM EGTA, 1 mM EDTA, 1 mM DTT, 1 mM PMSF,
and 10 µg/ml of leupeptin and aprotinin), sonicated, and quantified. Protein quantitation and
immunoblotting analysis were performed as stated above.

Immunohistochemistry
Xenograft tumors were fixed in 10% neutral buffered formalin, paraffin embedded, and
serially cut onto slides. Immunohistochemical staining was performed for PCNA, p-MAPK,
p-AKT, p-rpS6, and γ-H2AX. In brief, specimens were deparaffinized and rehydrated
routinely, following antigen retrieval by citrate buffer (pH=6.0) for 15 minutes at 98°C in
water bath, incubation in 3% hydrogen peroxide for 10 minutes, and 3% BSA blocking for
30 minutes. Staining was performed as below: incubation in primary antibody diluted at 4°C
overnight, incubation in biotinylated secondary antibody for 30 minutes at room
temperature, and peroxidase visualization using Dako Cytomation Liquid DAB+Substrate
Chromogen System (Dako North America, Inc., Carpinteria, CA). Quantitation of staining
intensity was performed with ImageJ.

Statistical analysis
A two-way ANOVA analysis was performed and P≤0.05 was considered significant at the
95% confidence level as shown by the asterisks (*). Statistical analysis comparing
differences in fluorescent and staining intensities were evaluated via Student t-test.
Differences were considered statistically significant if P≤0.05.
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Figure 1.
(A) HER3 expression profile in multiple carcinoma cell lines. Five head and neck squamous
carcinoma (HNSCC) cell lines (SCC1, SCC4, SCC6, SCC11A, and SCC1483), five human
non-small cell lung cancer (NSCLC) cell lines (H226, H292, H358, H520, and A549), and
five colorectal cancer (CRC) cell lines (Caco2, SW48, LS180, Lovo, and HCT116) were
cultured in relevant mediums. Whole cell lysate was obtained and fractionated by SDS-
PAGE gel electrophoresis followed by immunoblotting with the indicated antibodies. (B)
U3-1287/AMG888 effectively targets HER3 and AKT activation. SCC6, SCC1483,
SCC11A, SCC38, H226, and A549 cells were treated with the indicated doses of U3-1287/
AMG888 for 24 hours. Whole cell lysate was obtained and fractionated by SDS-PAGE gel
electrophoresis followed by immunoblotting with the indicated antibodies.
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Figure 2.
U3-1287/AMG888 can inhibit radiation-induced activation of HER3 and AKT. (A) HER3
was transiently activated by radiation and blocked by U3-1287/AMG888. SCC6 and H226
cells were pre-incubated with/without U3-1287/AMG888 (20 µg/ml) for 24 hours. After
exposure to 4 Gy radiation, whole cell lysates were isolated at the indicated times,
fractionated by SDS-PAGE gel electrophoresis followed by immunoblotting with p-HER3,
HER3, p-AKT, and AKT antibodies. (B) Immunofluorescence (IF) staining of pHER3-
Y1289 demonstrates that radiation can activate HER3, and U3-1287/AMG888 can block
this activation. SCC6 and H226 cells were pre-incubated with/without U3-1287/AMG888
(20 µg/ml) for 24 hours. 30 minutes post 4 Gy radiation, cells were fixed for IF. Graphs
indicate relative pixel intensity differences between treatment groups. Data presented are the
mean±SD; *, P≤0.05 and normalized to control. Western blot quantitation of pHER3 and
pAKT was performed via ImageJ, and all values were normalized to lane 1 (untreated cells).
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Figure 3.
(A) U3-1287/AMG888 can inhibit cell proliferation in a dose-dependent manner. SCC6 and
H226 cells were seeded in 96-well plates and incubated with the indicated doses of
U3-1287/AMG888 for 72 hours. Cell proliferation was detected using CCK8 assays. (B)
U3-1287/AMG888 can sensitize cells to radiation. SCC6 and H226 cells were incubated
with the indicated doses of U3-1287/AMG888 for 4 hours, and radiated with indicated
doses. Clonogenic assays were performed as described. Control curves were exposed to
radiation without U3-1287/AMG888 treatment. (C) Combination of U3-1287/AMG888 with
radiation can increase DNA damage. SCC6 and H226 cells were incubated with U3-1287/
AMG888 for 24 hours prior to 4 Gy radiation treatment. Cells were fixed and stained for γ-
H2AX foci 1, 4, 8, and 24 hours post radiation. Confocal microscopy images represent 4
hours post radiation therapy. Data presented are the mean±SD; *, P≤0.05 and normalized to
control in (A), and radiation alone in (B), and (C).
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Figure 4.
U3-1287/AMG888 in combination with radiation can delay the growth of HNSCC and
NSCLC xenograft tumors. SCC6, SCC1483, and H226 xenografts were established as
described in Materials and Methods. Mice were treated with vehicle control, single dose or
fractionated dosing of radiation, U3-1287/AMG888 (at doses indicated in figure), or
U3-1287/AMG888 in combination with radiation. Tumor volumes were presented as the
mean tumor size±SE. *, P≤0.05.
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Figure 5.
U3-1287/AMG888 can inhibit basal and radiation-induced activation of HER3 in xenograft
tumors. SCC6 xenograft tumors treated with single dose of radiation (16 Gy), U3-1287/
AMG888 (8 mg/kg) or combination of both. Tumors were harvested and protein isolated 24
hours after the last treatment, fractionated by SDS-PAGE gel electrophoresis and followed
by immunoblotting with HER3 and p-HER3 Y1289. Western blot quantitation of pHER3
was averaged between two tumors of the same treatment group via ImageJ, and all values
were normalized to the average of the control (vehicle treated) tumors.
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Figure 6.
U3-1287/AMG888 in combination with radiation can reduce cell proliferation and survival
signals, and enhance γ-H2AX foci in xenograft tumors. SCC6 xenograft tumors treated with
single dose of radiation (16 Gy), U3-1287/AMG888 (8 mg/kg), or combination of both were
harvested 24 hours post treatment. IHC staining was performed as described in Materials
and Methods. Images depict the expression of pAKT (Ser473), p-rpS6 (Ser235/236), p-
p44/42 MAPK (Thr202/Tyr204), PCNA, and γ-H2AX in xenograft tumors. Images were
quantified via taking the average staining intensity measured from two tumors per treatment
group (3 images/tumor).
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