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Abstract

Purpose—Adenoid cystic carcinoma (ACC) is a rare cancer arising from the major or minor
salivary gland tissues of the head and neck. There are currently no approved systemic agents or
known radiosensitizers for ACC. Unlike the more common head and neck squamous cell
carcinomas that frequently harbor TP53 mutations, ACC contain TP53 mutations at a rate of <5%,
rendering them an attractive target for MDM2 inhibition.

Experimental Design—We report the successful establishment and detailed characterization of
a TP53-WT ACC patient derived xenograft (PDX) which retained the histologic features of the
original patient tumor. We evaluated this model for response to the MDMZ2 inhibitor AMG 232 as
monotherapy and in combination with radiation (RT).
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Results—AMG 232 monotherapy induced modest tumor growth inhibition and RT monotherapy
induced a transient tumor growth delay in a dose dependent fashion. Strikingly, combination
treatment of AMG 232 with RT (including low dose RT of 2 Gy/fraction) induced dramatic tumor
response and high local tumor control rates three months following treatment. Post treatment
analysis revealed that while both AMG 232 and RT alone induced TP53 tumor suppressive
activities, combination therapy amplified this response with potent induction of apoptosis after
combination treatment.

Conclusions—These data identify that MDM2 inhibition can provide potent radiosensitization
in TP53-WT ACC. In light of the absence of effective systemic agents for ACC, the powerful
response profile observed here suggests that clinical trial evaluation of this drug/RT combination
may be warranted to improve local control in this challenging malignancy.
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Introduction

Malignancies of the salivary glands are a relatively rare and diverse group of tumors,
accounting for roughly 3% of all head and neck cancers (1). Adenoid cystic carcinoma
(ACC) comprises approximately 10% of salivary gland tumors and is characterized by a
generally slow but unpredictable growth rate and a high rate of eventual local and distant
metastasis (1). These tumors are categorized histologically as solid, tubular, or cribriform
patterns, with the solid form typically demonstrating more aggressive disease than the other
types (2-6). Despite modern surgical treatments for patients with newly diagnosed ACC,
both local and distant recurrences remain common, highlighting the need for improved
therapy options (7). Despite dozens of clinical trials examining drug therapies, there are no
FDA approved systemic agents for ACC with conventional and molecular therapeutics
eliciting crude response rates typically less than 10-20% (8-15). The most widely utilized
regimen of cisplatin plus vinorelbine has significant toxicities and a modestly higher
response rate (16). The current standard of care remains surgical resection and postoperative
radiotherapy (1,8); however, with a high propensity for local and distant failure. The
addition of cisplatin to adjuvant radiotherapy is currently being investigated in a randomized
RTOG study enrolling multiple salivary gland histologies including ACC, but these results
are not anticipated for several years.

The hallmark tumor suppressor protein p53 is a transcription factor that regulates cell cycle
progression, senescence, DNA repair, and apoptosis to control tumor cell growth (17). TP53
is mutated in roughly 50% of all tumors (18,19) but the majority of ACCs express wild-type
p53. This is in stark contrast to head and neck squamous cell carcinoma in which TP53
mutations are seen in over 50% of cases. In ACC, TP53 mutations have been identified in
approximately 5% of cases (20,21). p53 protein levels are regulated by MDMZ2, an E3
ubiquitin ligase, which targets p53 for proteasomal degradation (22). MDM2 inhibitors are
known to exhibit anti-tumor effects and are currently being studied in clinical trials (23-25).
In ACC, the promising efficacy of an MDM2 inhibitor alone or in combination with
cisplatin, has recently been demonstrated in the treatment of ACC patient derived xenografts
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(26,27). In this study, we investigated the radiosensitizing effect of AMG 232, a picomolar
affinity piperidinone inhibitor of MDMZ2 that is currently in clinical trials for several tumor
types. AMG 232 appears to synergize with p53 activating therapies such as DNA damaging
agents, likely potentiating p53 signaling, leading to increased apoptosis and decreased cell
proliferation (28-30).

Among many anti-tumor effects, ionizing RT activates p53 to induce its array of tumor
suppressive functions. AMG 232 and other MDM2 inhibitors have been shown to
radiosensitize non-small cell lung cancer, breast cancer, colon cancer, melanoma, and
prostate cancer cell lines that are p53 wild type, with more modest efficacy in models that
harbor p53 mutations (31,32). Given the low rate of TP53 mutation in ACC and promising
preclinical data demonstrating a role for MDMZ2 inhibition in ACC, we hypothesized that the
combination of AMG 232 and RT would result in improved tumor control than either
treatment alone. Herein, we describe the characterization of an ACC PDX model, the potent
radiosensitizing effect of AMG 232 on this tumor, and analysis investigating molecular
mechanisms underlying this radiosensitization.

Materials and Methods

Mice

Six to eight-week-old female NOD-SCID gamma (NSG, NOD.Cg-Prkdcsc@ 1/2rgmIWjljSz])
mice (Jackson Laboratories) were used for PDX establishment and tissue amplification. Six
to eight-week-old female Hsd: athymic Nude-Foxn1" (Harlan Laboratories) were used for
therapy studies. Mice were kept in the Association for Assessment and Accreditation of
Laboratory Animal Care-approved Wisconsin Institute for Medical Research (WIMR)
Animal Care Facility, housed in specific pathogen free rooms, and had their clinical health
evaluated at least twice weekly. All studies involving mice were carried out in accordance
with a University of Wisconsin Institutional Animal Care and Use Committee approved
protocol.

PDX propagation and tumor harvesting

The UW-ACC-60 PDX was established and propagated as described previously for head and
neck squamous cell carcinomas (33,34). TP53 sequencing was performed on total genomic
DNA using the lllumina TruSeq Cancer Amplicon panel and has been deposited with the
sequence read archive under BioProject 1ID: PRINA3819009.

Genetic testing of ACC PDX and patient donor tumor

The identity of the first and fifth passages of the ACC PDX was confirmed to match its
original patient donor tumor via short tandem repeat (STR) testing. Total genomic DNA was
isolated from flash frozen tissue for all instances of the tumor using the Qiagen DNeasy Kkit.
An 18 loci STR assay (Promega PowerPlex 16 HS System #DC2100) was performed by the
UW Translational Initiatives in Pathology CORE facility. The same DNA samples were used
to test for presence of the MYB-NFIB gene fusion frequently detected in ACC via a PCR
based approach (35) using the following primer sets: MYB-1910F 5’-
AGCTCCGTTTTAATGGC-3'/NFIB-1096R 5'-GGGTATAAATGCCTGCCGTT-3';
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MYB-1910F 5"-AGCTCCGTTTTAATGGC-3’/ NFIB-1096R 5'-
GGGTATAAATGCCTGCCGTT-3’, MYB- 1693F 5 -GCAGGATGTGATCAAACAGG-3'/
NFIB-1197R 5’ -CCGGTAAGATGGGTGTCCTA-3". A ~750 bp DNA fragment containing
all sequences involved in or adjacent to known fusion regions in MYB and NFIB was
synthesized and served as a positive control. Primer specific for $-actin were used as a PCR
reaction control.

Treatment and measurement

When established tumors had reached sufficient size, tumor tissue was harvested from NSG
mice and passaged into nude mice via subcutaneous implantation in bilateral rear flanks.
Tumor volume was assessed weekly with Vernier Calipers and calculated according to the
equation V= (rt/6) x (large diameter) x (small diameter)2. These slow growing tumors
required approximately 3 months until average volume reached 250 mm3 at which time mice
(n=6/group) were randomized into treatment groups: control (vehicle), AMG 232, RT, or
combination of RT + AMG 232. Randomization resulted in a starting tumor size that was
not statistically different across all groups at the start of treatment. RT at the specified dose
(2Gy, 5Gy or 8 Gy per fraction) was delivered twice per week for four weeks for a total of
eight fractions. AMG 232 was delivered every day concurrent with RT for four weeks by
oral gavage at 50mg/kg, a level that fell within the range of doses used in prior studies in the
same mouse strain (31). Additional earlier unpublished work had highlighted the clinical
relevance of this dose showing that 50mg/kg produced drug exposure level in mice that is
similar to the exposure level observed in human trials at well tolerated doses. RT was
performed with a Precision Xray XRAD 320 with 1 Gy/min delivered at 320KV/12.5mA at
50cm SSD with a beam hardening filter with HVL~4mm Cu. The delivered dose rate was
confirmed monthly by ionization chamber. Mice were shielded with custom built lead jigs to
isolate exposure to the rear quarter of the body. Two hours following the initial treatment,
additional tumor-bearing mice were sacrificed and tumors were harvested for biomarker
analysis. Each tumor was divided in half for formalin-fixed paraffin-embedded (FFPE)
preservation and flash freezing in liquid nitrogen. At the end of the study, two mice from
either the vehicle or AMG 232 alone groups were retreated with vehicle or drug and 0, 2 or
8 Gy and tumors were harvested 48 hours post treatment to investigate additional post-
treatment effects (36).

Statistical analysis of PDX treatment study

A one-way analysis of variance (ANOVA) model was utilized, with the null hypothesis that
the group means of control, AMG, AMG+2Gy, AMG+5Gy and AMG+8Gy are equal was
tested globally. We investigated how well the model fit the data by reporting goodness-of-fit
statistics, including R-squared measures, which describe the percentage of variation in the
response explained by the model. Finally, we performed post-hoc analysis to assess the
effects of pairwise comparisons between the groups (i.e., AMG vs. Control, AMG vs AMG
+2Gy, AMG vs AMG+5Gy, AMG vs AMG+8GYy), using Tukey’s honestly significant
difference (HSD) post-hoc test. All statistical analyses were performed using the 2-sided
alpha significance level of 0.05, with STATA v14 software.
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The dose of RT required to result in 50% tumor control (TCDsg) was calculated at day 125.
The proportion of injection sites with no palpable tumor (tumor volume = 0) was calculated.
The confidence intervals of the proportion were used to set the range, the RT dose was
converted to Logq format, and the resulting data points fit to a Log(treatment) vs. response
curve using a least squares fit. The Log(TCDsgg) was compared by the extra sum-of-squares
F test using GraphPad Prism v7.0a.

To assess antagonistic, additive, or synergistic effects, we used the fractional product method
as previously described(37) one week after the end of treatment. Briefly, the observed
fractional tumor volume (FTV) is equal to the mean tumor volume of each treated group
(AMG 232, radiation, or AMG 232 + radiation) divided by the mean tumor volume of the
control group. The expected FTV from the combined treatment (FTV amc 232 + radiation) 1S
calculated by multiplying the observed FTV apmg 232 by the observed FTV agiation. Dividing
the expected FTV amG 232 + radiation DY the observed FTV apmc 232 + radiation Yields a synergy
assessment ratio in which a value >1 suggests that the combined treatments are effectively
synergistic, <1 antagonistic, and =1 additive.”

Histology and Immunohistochemistry

Hematoxylin and eosin (H&E) staining was used for formal pathologic analysis and to
assess tumor quality. Additional slides were processed by the UW Translational Research in
Pathology lab to assess for expression of p63, CD117, and CK5/6 by immunohistochemistry
(IHC). Staining for expression of p53, p-p53, and Ki-67 was performed by standard IHC
techniques as described previously(12,38). See Table S1 for reagent details. A no primary
antibody control slide was stained with each condition to ensure specificity of the reaction.
Briefly, slides were baked in an 80°C oven for 20 minutes to melt paraffin and deparaffinized
by soaking in xylene three times for 5 minutes each. Slides were then rehydrated in ethanol
through soaking in decreasing concentrations of ethanol (3x 100%, 2x95%, 1x80%,
1x50%). Heat-induced epitope retrieval followed rehydration. Slides were blocked for
endogenous peroxidase activity and nonspecific antibody interactions using 10% goat serum
in phosphate-buffered saline (PBS). Primary antibody prepared in 1% goat serum was
incubated overnight at 4°C (primary antibody dilutions per Supplemental Table S1). The
next day anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibodies
were applied to the slides for 30 minutes followed by a 2-minute development with 3,3’-
diaminobenzidine (DAB) (#SK-4100; Vector Laboratories, Burlingame, CA). Finally, slides
were counterstained with hematoxylin, dipped in fresh xylene and coverslipped with
Cytoseal XYL (Thermo Fisher Scientific, Waltham, MA) and a number 1.5 coverslip. Where
conducted, positive cell counts were performed using ImageJ with statistical analysis using
GraphPad Prism. Semi-quantitative analysis of IHC staining intensity was performed using
ImageJ with the Colour Deconvolution plugin.

Immunoblotting

Lysates were prepared from flash frozen tumor by homogenization with Dounce
homogenizer in NP40 buffer supplemented with protease/phosphatase inhibitor cocktail
(Cell Signaling Technologies #5872) followed by sonication. Equal amounts of protein were
analyzed by SDS-PAGE (50pg/well) and transferred to polyvinylidene difluoride (PVDF)
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membranes (Immobilon-FL). Protein targets of interest were analyzed by specific primary
antibodies, detected via incubation with anti-mouse or anti-rabbit (as appropriate) near
infrared-conjugated secondary antibodies (LiCOR), and imaged on a LiCOR Odyssey FC.
Antibodies and sources are listed in Table S1.

In situ hybridization by RNAScope

Results

RNA levels were examined using the RNAscope 2.5 HD Detection Reagent — Brown
(Advanced Cell Diagnostics) according to manufacturer’s protocol. Slides were baked at
60°C for an hour and then deparaffinized by incubating in Xylene twice for 5 minutes. Slides
were then treated in 100% ethanol twice, for 1 minute each, at room temperature and then
air dried. Heated antigen retrieval was carried out using RNAscope 1x Target Retrieval
Reagents. RNAscope hydrogen peroxide was added to the tissue sections and the slides were
incubated for 10 minutes and dried. Slides were then baked in the HybEZ Oven at 40°C for
30 minutes. After baking, the Hs-CDKNZ1A hybridization probe (ACD 311401) was applied
to the slides and incubated in the HybEZ oven for 2 hours at 40°C. The probe was followed
by the application of Hybridization Amps 1 — 6. Slides were washed between the application
of the probe and amps using 1x RNAscope wash buffer. Signal detection was carried out
using DAB, slides were counterstained using 50% Hematoxylin, and washed with 0.02%
ammonia water. Slides were then dehydrated using 70% ethanol, 95% ethanol (2x),
incubated in xylene for 5 minutes and then cover-slipped using Cytoseal XYL (Thermo
Fisher Scientific, Waltham, MA) and a number 1.5 coverslip.

Apoptotic body count—The xenograft specimens were fixed in 10% buffered formalin
and processed for routine paraffin sections. The 5-micron sections were stained by
hematoxylin and eosin. The number of apoptotic bodies per field was counted with a 60x
objective and 10x eyepiece under light microscopy on hematoxylin-eosin stained slides by a
blinded pathologist (RH). Areas adjacent to necrosis were avoided. Apoptotic bodies were
identified as shrunken cells with compact, segregated and sharply delineated chromatin with
a deeply eosinophilic cytoplasm. Five to ten random fields were examined in each specimen
depending on the size of tissue and average was taken to represent the count for each
condition.

Establishment and characterization of adenoid cystic carcinoma PDX

The PDX was established in NSG mice from a portion of a surgical specimen from a patient
with a regional recurrence of ACC arising over 10 years after initial diagnosis. The PDX
appeared approximately 3 months after implantation and was able to be successfully
passaged for additional analyses. Comparison of H&E and IHC staining between the patient
tumor and subsequent passages was performed by a board-certified pathologist specializing
in head and neck cancer (RH). Evaluation of the patient tumor (Figure 1A) demonstrated an
infiltrative tumor with collagenous and fibrotic stroma that was infiltrated by lymphocytes
and plasma cells. Blood vessels were present in the stroma and invaginated into the tumor
lobules. The tumor had a predominantly cribriform growth pattern with smaller areas
displaying a solid growth pattern. Intracystic spaces filled with basophilic material were also
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identified. Comedonecrosis was present in less than 5% of the tumor mass. Evaluation of the
15t and 5™ passages of the PDX tumor (Figure 1A) demonstrated a similar growth pattern
and morphology to the original tumor with a predominantly cribriform pattern. The PDX
tumors were well circumscribed with scant collagenous stroma infiltrated by a small number
of macrophages and mast cells. Blood vessels were observed only in the stroma. The NSG
mice do not generate B and T cells accounting for the lack of lymphocytes. The PDX tissue
also demonstrated greater comedonecrosis (25-30%) relative to the patient tissue. A
biphasic appearance typical of ACC was observed in both the patient primary and PDX
tumors. The tumor was comprised of a luminal epithelium forming scattered ductules and
abluminal (myoepithelial) cells, with abluminal cells forming the predominant cell type.
This biphasic feature is highlighted by immunohistochemical studies of CD117, CK5/6, and
p63: CD117 stains the luminal lining cells but not abluminal cells; p63 stains the abluminal
cells only; CK5/6 stains abluminal cells weakly and stains luminal epithelium strongly. This
luminal/abluminal pattern remained consistent across multiple passages of the PDX. STR
profiling of the patient tumor and the same two passages of PDX confirmed the genetic
identity of the patient and xenograft tumors (Table S2). A PCR based approach was used to
test for the MYB-NFIB fusion commonly observed in ACC: both the original patient tumor
and both PDX passages were found to be negative for this genetic lesion (Figure S1).

As part of the standard characterization of our PDXs, tumor tissue was isolated, gDNA was
prepared, and Illumina HotSpot sequencing was performed as previously described (38) to
determine the TP53 status of this tumor. With over 50x coverage over the most common
sites of TP53 mutation, no oncogenic TP53 SNPs or INDELSs were observed in either the
patient tumor or any subsequent passage (Figure 1B). A cancer risk associated P72R
alteration was identified in greater than 95% of reads for the patient and both PDX passages,
consistent with a germline alteration (39). Given the fidelity of this PDX model to a typical
TP53 WT ACC tumor we hypothesized that it would be a good candidate for MDM2
inhibition and RT combination therapy and proceeded to test this treatment regimen.

Combination of AMG 232 with escalating RT dose

We investigated the ability of AMG 232 to radiosensitize ACC in a pilot study using a single
RT dose (5 Gy) delivered twice weekly over 4 weeks with concurrent daily AMG 232
(Figure S2A). Tracking of mouse weights indicated that this treatment combination was well
tolerated by the animals (Figure S2B). The promising results of this study led us to conduct
a dose escalation experiment combining a single dose level of AMG 232 (50 mg/kg) with an
escalating dose of RT of 2, 5, or 8 Gy/fraction for a total of 8 fractions (Figure 2A). AMG
232 alone had minimal sustained effect on tumor growth, while the 3 RT alone groups
slowed tumor growth in a dose dependent manner, but did not cause prolonged tumor
regression. Strikingly, with as little as 2Gy/fraction (16 Gy total), the combination of AMG
232 and RT resulted in rapid and sustained tumor regression. To assess the extent of tumor
control, mice were followed over 100 days after the end of treatment and still no tumor
regrowth was observed. Animals treated with either 5 or 8 Gy/fraction demonstrated more
rapid tumor shrinkage and also had no apparent tumor regrowth at the end of the study.
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Statistical analysis was performed to determine whether increased RT dose produced an anti-
tumor benefit. One-way analysis of variance (ANOVA) model was conducted to determine
whether the mean volumes were different between five treatment groups: Control, AMG
232, AMG 232+2Gy, AMG 232+5Gy, and AMG 232+8Gy. There was a statistically
significant difference between groups as determined by ANOVA (F(4,45) = 14.47,
p<0.0001), with approximately 56% of the variance being explained by the model. In
addition, a Tukey’s post-hoc test shows that mean scores were significantly lower in AMG
+2Gy group compared to AMG alone group (—0.657.54 + 160.118 (SD), p=0.002).
Similarly, a statistically significant difference revealed a lower mean score for all the
combination therapy groups compared to either the control or AMG 232 only groups.
However, there was no statistically significant difference between AMG+2Gy vs AMG+5Gy
(p=0.998) or AMG+5Gy vs AMG+8Gy (p=0.999). These data suggest that increasing doses
from 2Gy to 8Gy within the combination arms were not statistically different from each
other. To further assess the ability of AMG 232 to improve tumor control, a TCDg
calculation was performed (Figure 2B). RT alone failed to control any tumors (TCDsgq >
8Gyl/fraction) while combination with AMG 232 significantly decreased the TCDsg (<0.6
Gyl/fraction, p<0.0001) consistent with radiosensitization. We used the fractional product
methods to calculate a synergy assessment ratio for AMG 232 and each radiation dose. The
ratio’s calculated (2.1, 3.2, and 3.3 for 2 Gy, 5 Gy, and 8Gy, respectively) are consistent with
a finding of synergy between radiation and AMG 232.

RT and AMG 232 activate p53 and downstream signaling

We next investigated the molecular response to this treatment regimen. The effect on p53
and p-p53 levels was examined by western blotting and immunohistochemistry on xenograft
tissues harvested 2 hours post treatment. Total p53 levels were fairly stable with some
increase at higher RT doses, while both AMG 232 or RT alone did activate p53 as shown by
higher p-p53 levels. The combination of RT and AMG 232 showed increased p53 and p-p53
activation relative to RT or AMG 232 alone (Fig. 3A and 3B). Semi-quantitative analysis of
the IHC images confirmed increased p53 and p-p53 activation in treated tumors (Fig S3).
DNA damage was detected by immunoblot for TH2AX and KU80 two hours post RT;
expression of TH2AX was RT dose dependent, but the addition of AMG 232 had no effect.
Little effect on KU80 was observed. Tumor samples harvested 48 hours post treatment
revealed that AMG 232 treatment promoted elevated levels of MDM2 consistent with
feedback that is typical after prolonged exposure to an inhibitor, with elevated levels of the
P53 effector protein PUMA observed in all treated tumors (Figure 3A).

Downstream effects of p53 activation were evaluated by CDKNZ1A response (Figure 3C). At
2 hours post treatment, elevated CDKN1A RNA was identified by in situ hybridization
(RNAScope) in both the AMG 232 and RT single modality treatments with the combination
presenting even greater expression. This effect was confirmed at the protein level where the
combination produced elevated CDKN1A as seen by IHC. Semi-quantitative analysis of the
IHC images showed a dose dependent elevation of CDKN1A with increasing radiation (Fig
S3). Together the results confirmed that the treatment regimen was inducing expected DNA
damage and TP53 mediated tumor suppressive pathways.
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RT and AMG 232 cooperatively induce anti-proliferative and pro-apoptotic responses

We next evaluated the growth and cell death impact of these treatments on the ACC PDX.
Using tumor tissue harvested 48 hours post a single dose of drug and or RT, we
immunostained for the proliferation marker Ki-67 and counted positive nuclei from multiple
fields for each condition (Figure 4A). Relative to mock treated animals, all treatments
reduced cell proliferation, with a greater reduction and higher level of significance for the
high dose RT+AMG 232 combination. We next immunostained for cleaved caspase 3, a
marker of early stages of apoptosis, in tumors 48 hours post retreatment with a single dose
of AMG 232 or RT (Figure 4B). Based on counting of cleaved caspase 3 positive nuclei,
neither AMG 232 nor 2Gy RT alone increased apoptosis in these tissues. While the 8Gy
fraction did have higher counts, it did not reach statistical significance. Consistent with the
rapid shrinkage of the tumors in the AMG 232+RT arms, both of these treatments presented
significantly elevated caspase staining in a dose dependent manner. We analyzed later stages
of apoptosis by counting apoptotic bodies in multiple high-powered fields for the same
samples. In this analysis, only the AMG 232 + 8Gy treatment produced a statically
significant increase in apoptosis, with the AMG 232+2Gy counts slightly elevated after this
single fraction (Figure 4C). Overall these results are consistent with an anti-proliferative,
growth delay impact of the AMG 232 and RT single modality treatments, but a cell death
inducing, tumor shrinking effect of the combination.

Discussion

ACC patients have limited treatment options beyond surgery and RT and long-term
prognosis remains poor. There is a need for novel therapeutic options to improve care,
particularly for patients with metastatic disease. The rarity of the disease, the lack of robust
preclinical models, and the absence of effective systemic therapies to date remains a major
challenge for ACC patients. We developed and characterized a PDX model (UW-ACC-60)
representing one of only a handful available for sustained preclinical investigation of ACC
(27,40). This model represents the most prevalent type of ACC seen in patients, the
cribriform sub-type, and maintains its histologic features over multiple passages.

Targeted sequencing demonstrated that this model, like the majority of ACCs, does not
contain a TP53 function altering mutation, making it amenable for treatment approaches that
rely on functional p53. The low rate of TP53 mutations seen in ACC has led other groups to
investigate the efficacy of MDM2 inhibitors as potential systemic therapies given alone, or
in combination with cisplatin. Nor and colleagues used PDXs established at their institution
to demonstrate that a MDM2 inhibitor, M1-773, slowed growth of ACC both alone and when
combined with cisplatin (26,27). They showed that MDMZ2 inhibition led to p53 activation,
induction of apoptosis, tumor growth delay, and could prevent the recurrence of surgically
resected xenografted tumors.

Based on the critical need for innovative approaches to improve local control for patients
both newly diagnosed with ACC and dealing with local-regional recurrences, we began this
project to investigate potential radiosensitizers of ACC. Building on work the work by Nor
and colleagues (26,27), and our success using AMG 232 to radiosensitize lung squamous
cell carcinoma in addition to cell lines derived from colon, breast, sarcoma, and melanoma
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(31), we combined AMG 232 with RT in ACC. We hypothesized that radiation induced p53
activity would be enhanced by inhibiting MDM2, a negative regulator of p53. This
combination would thus take advantage of the low rate of TP53 mutation seen in ACC. The
combination of RT and AMG 232 resulted not only in growth delay typically seen in
xenograft studies, but also complete regression of the tumors that persisted for months after
the conclusion of treatment. While both MDMZ2 inhibition or RT alone were sufficient to
activate p53 signaling, as single modalities they had modest effects on tumor growth.
Combination treatment decreased Ki67 staining and induced apoptosis consistent with not
only growth delay but also the observed tumor regression. AMG 232 + RT resulted in
greater p53 pathway induction than either treatment alone as demonstrated by upregulation
of p53 target genes and increased protein expression. Given the key role of p53 as a tumor
suppressor these findings are not unexpected and in fact complement what both we, and Nor
and colleagues, have previously demonstrated regarding the mechanism of MDMZ2 inhibition
as an anti-cancer therapy.

Radiosensitization and xenograft cures were observed with total RT doses as low as 16 Gy
delivered over 4 weeks. While additional studies confirming the efficacy of AMG 232 in
combination with low dose RT would be needed, these results are encouraging. Many ACC
patients live years after completion of adjuvant RT and often are faced with the difficult
decision to undergo repeated operations and/or reirradiation due to local and/or regional
tumor progression. This work raises the possibility that a radiosensitizer could be combined
with focal radiation to improve local tumor control. Using modern techniques, highly
conformal radiation can be easily delivered to sites of measureable disease while limiting the
volume of normal tissues receiving appreciable RT dose. While this combination would need
to be carefully studied to ensure reasonable normal tissue toxicity; we did not identify any
significant toxicity in the mice treated with combination therapy.

We acknowledge several limitations of this study. As with most current PDX studies, we
completed these experiments in immunocompromised animals thus limiting our ability to
identify immunologic mechanisms and focused the study on intrinsic radiosensitivity. It is
possible that the addition of immune mediated cell death driven by RT and AMG 232 would
require even lower doses to achieve similar results. While there are several other described
ACC PDX models (27,28), the studies in this manuscript clearly utilize only a single in vivo
model developed from a single patient. The fact that the histology of this model (cribiform
subtype) is the most common type of ACC and that the mutational profile is consistent with
recently published sequencing of ACC patients suggests that these results may have more
broad implications, but additional work is needed to confirm these findings. Finally, because
no ACC immortalized cell lines are publicly available (41), and we have thus far been unable
to establish a reliable in vitro model, our experiments were limited to in vivo studies. We
have an active tissue donation protocol on-going and are seeking to generate additional
PDXs and derive cell lines or 3D culture models of ACC to further these and future
investigations.

In conclusion, we have demonstrated robust radiosensitization of an ACC PDX by
combining the MDM2 inhibitor AMG 232 with relatively low doses of RT. Physicians who
care for ACC patients know all too well the desperate need for both new systemic agents as
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well as improved local control for these patients. Given the low frequency of TP53 mutation
in ACC, tumor characterization or patient selection criteria to identify patients with wild-
type TP53 may be unnecessary for a clinical trial. This work adds to the growing evidence
that targeting MDM2, alone or in combination with another anti-cancer therapy, in patients
with ACC may be a successful treatment strategy. Through continued work we may yet be
able to improve quality of life, and potentially improve survival, in patients living with ACC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Adenoid cystic carcinoma is a rare form of salivary gland cancer in which localized
tumor progression can significantly harm quality of life. Adjuvant radiation is commonly
used for newly diagnosed disease, and many patients eventually undergo reirradiation for
palliation. Here, we demonstrate robust radiosensitization of ACC using a MDM2
inhibitor in a patient-derived xenograft model. The combination of MDM2 inhibition and
low-dose radiation causes tumor regression by reactivating p53 leading to growth arrest
and apoptosis. These data add to the growing literature suggesting that MDM2 inhibition
is a promising approach in ACC and suggest that patients with ACC could benefit from
combination therapy of AMG 232 and radiation.
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Figure 1. Characterization of Adenoid Cystic Carcinoma PDX
A: H&E and immunohistochemical (IHC) staining of the primary patient tumor, the first

passage PDX and the most recent (fifth passage) PDX. IHC diagnostic markers for ACC
included CD117, stains the luminal lining cells but not abluminal cells; p63 stains the
abluminal cells only; CK5/6 stains abluminal cells weakly and stains luminal epithelium
strongly. B: (left) Summary of non-synonymous mutations identified by hotspot sequencing.
Green-no oncogenic mutations identified. Red-potentially oncogenic mutation identified.
(right) Coverage map of TP53 sequencing. Grey bars are histogram of counts for each target
amplicon. Orange bars are TP53 coding DNA sequence with intervening non-coding regions
indicated by dashed line. Blue boxes are target amplicons included in the sequencing panel.
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Figure 2. RT and AMG 232 combination therapy of ACC PDX
A: Growth curves representing tumor volume of the 8 treatment groups as a function of days

post engraftment. Filled symbols represent mock/RT only groups; open symbols are AMG
232/RT combination groups. RT fractions were delivered on days indicated by inverted
triangles. AMG 232 or vehicle was delivered by oral gavage 1x/day over time period shown.

B: TCD50 analysis of ACC PDX +/- AMG 232; data were fit to a log(treatment) vs.

response curve using a least squares fit. TCD50 with RT alone was not reached and can only
be stated as > 8Gy. In combination with AMG 232, the TDC50 was calculated at 0.6Gy with

a 95% Cl of 0.01 to 1.5 Gy. Error bars are 95% confidence intervals.
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Figure 3. TP53 pathway activation in responseto RT and MDM2 inhibition
A: Left panel -immunoblot for p53, p-p53, T-H,AX, and Ku80 of ACC PDX tissue two

hours following AMG 232, RT, or combination treatment. Right panel -immunoblot of
MDM2 and PUMA 48 hours following AMG 232, RT, or combination treatment. B:
Representative fields of immunohistochemistry staining for p53 and p-p53 of ACC tumor
samples two hours post RT and AMG 232 treatment. Scale bars are 20 pm. C:
Representative fields of in situ RNA staining for CDKNZ1A (top) and CDKNZ1A protein
(a.k.a. p21) IHC (bottom) of ACC tumor samples two hours post RT and AMG 232

treatment. Scale bars are 20 pm.
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Figure 4. Proliferation and apoptosis markersfollowing RT and AMG 232 treatment
A. Ki-67 immunostaining of PDX samples harvested 48 hrs post treatment. Images are

representative 20x fields, scale bars are 10 um. Treatment was scored by counting Ki-67
positive nuclei from 3 20x fields per condition. Bar plots present mean counts with SD;
statistical analysis by one-way ANOVA with Tukey’s multiple comparisons (ns — not
significant, *<0.05, **<0.01, ****<(0.0001). B: Cleaved caspase 3 staining and
quantification of 48-hour post treatment tumor samples. Images are representative 40x
fields, scale bars are 20 pm. Cl-caspase3 positive nuclei within the tumor were counted for 3
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40x fields for duplicate tumor samples, stromal regions were ignored. Cells presenting
cytoplasmic or background staining were not included in counts. Bars are mean of all fields
scored for a given condition with SD; statistical analysis by one-way ANOVA with Tukey’s
multiple comparisons (ns — not significant, *<0.05, ****<0.0001). C: Quantification of
apoptotic bodies in 48-hour post treatment tumor samples in H&E stained slides. Five to ten
60x fields were counted for duplicate tumor samples. Representative images are shown for
mock and AMG 232+8Gy treatments (scale bars 20 um) with inset images with arrows
highlighting apoptotic bodies (scale bars 5 um). Bars are mean of all fields scored for a
given condition with SD; statistical analysis by one-way ANOVA with Tukey’s multiple
comparisons (ns — not significant, ****<0.0001).
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