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Abstract

Purpose: There are no effective treatment options for patients
with advanced adenoid cystic carcinoma (ACC). Here, we
evaluated the effect of a new small molecule inhibitor of the
MDM2–p53 interaction (MI-773) in preclinical models of ACC.

Experimental Design: To evaluate the anti-tumor effect of MI-
773, we administered it to mice harboring three different patient-
derived xenograft (PDX) models of ACC expressing functional
p53. The effect ofMI-773 onMDM2, p53, phospho-p53, and p21
was examined by Western blots in 5 low passage primary human
ACC cell lines and in MI-773-treated PDX tumors.

Results: Single-agent MI-773 caused tumor regression in the 3
PDX models of ACC studied here. For example, we observed a
tumor growth inhibition index of 127% in UM-PDX-HACC-5
tumors that was associated with an increase in the fraction of

apoptotic cells (P¼ 0.015). The number of p53-positive cells was
increased in MI-773-treated PDX tumors (P < 0.001), with a
correspondent shift in p53 localization from the nucleus to the
cytoplasm. Western blots demonstrated that MI-773 potently
induced expression of p53 and its downstream targets p21,
MDM2, and induced phosphorylation of p53 (serine 392) in
low passage primary human ACC cells. Notably, MI-773 induced
a dose-dependent increase in the fraction of apoptotic ACC cells
and in the fraction of cells in the G1 phase of cell cycle (P < 0.05).

Conclusions: Collectively, these data demonstrate that ther-
apeutic inhibition of the MDM2–p53 interaction with MI-773
activates downstream effectors of apoptosis and causes robust
tumor regression in preclinical models of ACC. Clin Cancer Res;
22(14); 3550–9. �2016 AACR.

Introduction
Adenoid cystic carcinoma (ACC) is one of the two most

common malignant salivary gland tumors (1). ACC presents
with three different histologic growth patterns. Tubular is the

least aggressive, followed by cribriform, and most aggressive is
the solid growth pattern (1). Perineural invasion and metastatic
spread to distant sites (bones, lungs) are frequently seen in
these patients and contribute to poor long-term prognosis
(1–4). Although the primary site can be controlled in approx-
imately 30% of ACC patients, they tend to develop distant
metastasis and succumb to their disease (5). The standard
treatment for these patients is surgery followed by radiation
(5, 6). Systemic chemotherapy treatment has been attempted
(e.g., cisplatin, paclitaxel, doxorubicin); however, these thera-
pies have low responsive rates (5, 6). An effective systemic
therapeutic intervention is required to improve outcomes for
patients with ACC.

The function of the tumor suppressor p53 can be inactivated by
gene deletion or mutation (7); however, many tumors exhibit
wild-type and fully active p53. When p53 is not mutated, its
ability to regulate cellular growth, initiate apoptosis, and repair
DNA is prevented by the direct interaction with murine double
minute (MDM)-2 (8). The proto-oncogene MDM2 was first
identified in a spontaneously transformed mouse cell line, and
functions as a key negative regulator of p53 that "marks" it for
polyubiquitination and degradation through the 26S proteaso-
mal pathway (8, 9). Several studies have reported the expression
and function of p53 and MDM2 in malignant salivary gland
tumors (10–14). Indeed, it has been suggested that MDM2
participates in ACC tumorigenesis (10, 13, 14), providing a
scientific rationale for therapeutic targeting of the MDM2–p53
interaction in these tumors.
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We have recently reported the isolation and propagation of
tumorigenic mucoepidermoid carcinoma cell lines (15). Using
collagenase-hylauronidase to digest human tumors, we were able
to establish these tumorigenic cells in vitro using an optimal culture
medium and in vivo in xenograft tumors. Similar approaches with
humanACC tumors have failed to establish authentic, tumorigenic
ACC cell lines. The Tetsu laboratory reported contamination and
misidentification of six established ACC cell lines (16). They were
determined to be HeLa cells (ACC2, ACC3, ACCM), T24 bladder
cancer cells (ACCS) or derived from mouse (ACCNS) or rat
(CAC2). The Queimado laboratory was able to establish ACC cell
lines upon immortalization with HPV16 E6/E7 under a MMLV
promoter (17), but these cells were nontumorigenic. Similarly, the
El-Naggar laboratory developed an ACC cell line that was immor-
talized with human telomerase transcriptase (htert) that is non-
tumorigenic when transplanted in vivo (18). We have attempted
to generate tumorigenic ACC cell lines without success so far, and
therefore thework presentedhereutilizes lowpassage primaryACC
cells retrieved from surgical specimens for in vitro studies. Recently,
the Moskaluk laboratory was able to develop and characterize
xenograft model systems for the study of ACC in vivo (19) upon
direct transplantation of human ACC tumor tissues into immu-
nodeficientmice.We used a similar approach to establish a patient
derived xenograft model (PDX) of ACC, that is UM-PDX-HACC-5.
In addition to our in-house model, we also used the ACCx6 and
ACCx9models establishedby theMoskaluk laboratory (19) for the
developmental therapeutic studies included here.

The Wang laboratory has recently developed a new class
of small molecule inhibitors of the MDM2–p53 interaction.
They have reported that MDM2 inhibitors induce tumor cell
apoptosis and inhibit xenograft (e.g., osteosarcoma, prostate,
and colon cancer) tumor growth (20–23). Indeed, MI-773
(SAR405838) has advanced into phase I clinical trials for cancer
treatment (20). MI-773 binds to MDM2 with high affinity
(Ki ¼ 0.88 nmol/L) and blocks the p53–MDM2 interaction
(20). Consequently, MI-773 inhibits MDM2-mediated p53
protein degradation resulting in p53 accumulation, activates
downstream transcription of p53-targeted genes (e.g., MDM2,
p21), and causes apoptotic cell death. However, it is unclear if

MI-773 can overcome the typical resistance to therapy observed
in ACCs. The purpose of this study was to evaluate the anti-
tumor effect of single agent MI-773 in preclinical models of
ACC.

Materials and Methods
Low passage primary human ACC cells

Patients with ACC were recruited and consented with the Uni-
versity of Michigan Head and Neck SPORE consent form that was
reviewed and approved by our institutional review board (IRB).
HumanACC tumorswereminced anddigested to generate primary
cell cultures, as previously described (15). In contrast to mucoe-
pidermoid carcinomas that were amenable to the spontaneous
establishment of immortalized cell lines, the ACC cells used here
could be expanded to <20 passages, and therefore are considered
low passage primary ACC cells. These primary ACC cells were
named the University of Michigan-Human ACC (UM-HACC)
series (Supplementary Table S1), and were grown in a salivary
gland culture medium (SGM) consisting of high glucose Dulbec-
co's Modified Eagle Medium (DMEM; Invitrogen) supplemented
with 2 mmol/L L-glutamine (Invitrogen), 1% antibiotic (AAA;
Sigma-Aldrich), 10% FBS, 20 ng/mL epidermal growth factor
(Sigma-Aldrich), 400 ng/mL hydrocortisone, 5 mg/mL insulin,
50 ng/mL nystatin, and 1% amphotericin B (Sigma-Aldrich).
UM-HACC-1 cells were derived from a tumor that presented with
perineural invasion. UM-HACC-2A cells were derived from an
aggressive primary tumor, which presented with a lymph node
metastasis (UM-HACC-2B cells). UM-HACC-5 cells were derived
from a patient that had perineural and bone invasion at the time of
surgery. Cells derived from the UM-HACC-6 patient grew from a
recurrent tumor that presented with perineural invasion approx-
imately 15 years after initial diagnosis and treatment, reflecting the
slowbut aggressive course ofACC. In confirmatory studies,we used
2 additional PDX models of ACC: ACCx6 derived from a lung
metastasis and ACCx9 derived from a primary tumor located in the
parotid gland (Supplementary Table S1) that were generated and
fully characterized in the Moskaluk laboratory (19).

Patient-derived xenograft ACC models
To establish a patient-derived xenograft (PDX) model of ACC,

human tumor fragments from the UM-HACC-5 patient were
transplanted subcutaneously into the dorsal region ofmale severe
combined immunodeficient (SCID) mice (CB.17.SCID; Charles
River). Two of six initial patient tumor fragments transplanted,
grew, and were retransplanted in vivo into new male or female
mice for up to 12 passages. When tumors reached an average of
250mm3, mice were randomized into groups and received either
vehicle (polyethylene glycol-200 þ D-a-tocopherol polyethylene
glycol 1000 succinate; Sigma-Aldrich), or treatment with 10, 50,
or 100 mg/kg MI-773 daily by oral gavage. The Institutional
Animal Care and Use Committee of the University of Michigan
reviewed and approved these procedures. The ACCx6 and ACCx9
models were treated with vehicle or 100 mg/kg MI-773 at South
Texas Accelerated Research Therapeutics (START) using the same
protocol as described above.

Patient, xenograft tumor, and primary ACC tumor cell
authentication

To validate identification of UM-HACC-1,-2A,-2B,-5, and -6
cells, genomic DNA was extracted using the Wizard Genomic
DNA Purification Kit (Promega). DNA genotyping by short

Translational Relevance

There are no safe and effective therapies for advanced
adenoid cystic carcinoma. Adenoid cystic carcinoma is typi-
cally treated with surgery and adjuvant radiation. However,
even if the primary site is controlled, patients frequently
succumb to distant disease. Despite multiple clinical trials,
there is no effective chemotherapeutic for the recurrent/met-
astatic population.Here, we unveil the therapeutic efficacy of a
new small molecule inhibitor of the MDM2–p53 interaction
(MI-773) in preclinical models of adenoid cystic carcinoma.
We show robust tumor regression in three patient-derived
xenograft (PDX) tumor models of adenoid cystic carcinoma,
and demonstrate that the mechanism of tumor regression is
associated with MI-773–induced tumor cell apoptosis. Col-
lectively, these data suggest that patients with adenoid cystic
carcinoma might benefit from therapeutic inhibition of
MDM2–p53 interaction.
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tandem repeat (STR) profiling was performed and analyzed
independently by Genetica DNA Laboratories (Burlington, NC)
for each matching human tumor, xenograft tumor, and low
passage cells. STR profiling confirmed the identity of the low
passage primary ACC cells and UM-HACC-5 PDX model (Sup-
plementary Table S2).

Gene sequencing, Western blot, immunohistochemistry, in situ
TUNEL staining, and FISH

DNA was extracted from the UM-HACC-5 patient saliva and
tumor tissue, UM-PDX-HACC-5 tumors (passages 9,12), low
passage primary human ACC cells UM-HACC-1 (p11), UM-
HACC-5 (p8), UM-HACC-6 (p7), UM-HACC-2A (p6), and
analyzed for p53 mutations at the University of Michigan DNA
Sequencing Core. Sequences were analyzed using the BLAST
tool from the National Center for Biotechnology Information
(blast.ncbi.nim.nih.gov). Amino acid sequences were generated
using ExPASy online tool (Swiss Institute of Bioinformatics).
RNA was extracted with TRizol and protein was extracted with
NP-40 lysis buffer from UM-PDX-HACC-5 tumor tissue or UM-
HACC cells plated at 2 � 105 cells per 60 mm3 dishes and
grown to 90% confluence in SGM. Lysates were analyzed by
PAGE and membranes were blocked for 60 minutes in 5%milk
in TBST. Membranes were probed with antibodies to MDM2,
p53, EGFR, E-Cadherin, B-actin (Santa Cruz Biotechnology),
phospho-p53 (S392), or p21 (Cell Signaling) in TBST, over-
night at 4�C. For dose response studies, 2 � 105 cells were
plated, attached overnight, treated in fresh medium with 0 to
10 mmol/L MI-773 for 24 hours. Immunohistochemistry was
performed on vehicle and MI-773–treated tumors to detect
p53, and cytokeratin-7 (Cell Signaling) using standard meth-
ods. TUNEL analysis was performed according to manufac-
turer's instruction using an in situ Cell Death Detection Kit
(Roche). Morphometric image analysis was performed for cells
undergoing apoptosis or expressing p53 using the software
Image-J (NIH, Bethesda, MD). Images of 10 fields of each slide
(three slides per group) were captured at 400� magnification
using a QImaging-ExiAqua monochrome digital camera
attached to a Nikon Microscope (Nikon) and visualized with
QCapturePro software. All positive and negative cells were
counted in each field and the percentage of total number of
positive cells was calculated. Fluorescence in situ hybridization
(FISH) analysis was performed using a centromeric BAC probe
labeled in fluorescein and a telomeric BAC probe labeled with
5-Rox (red), as described (19).

Cytotoxicity, flow cytometry, and p53 gene silencing
Sulforhodamine B (SRB) or the WST-1 (Roche) cytotoxicity

assay were performed to determine the effect of MI-773 on
ACC cell viability, as we described (24). Briefly, 1 to 3 � 103

UM-HACC cells were plated per well, and treated with 0 to
40 mmol/L MI-773 for 24 to 96 hours. To assess apoptosis,
2 � 105 cells were plated in 60 mm3 dishes, attached overnight,

and treated with 0 to 20 mmol/L MI-773 for 72 hours. Cells
were lysed with a hypotonic buffer and stained with propidium
iodide, as described (24). Primary low passage ACC cells
(UM-HACC-5) were stably transduced with lentiviral vectors
expressing shRNA-p53 or scrambled sequence control shRNA-C
(University of Michigan Vector Core) and selected with 1.0 mg/
mL puromycin (Sigma).

Statistical analyses
Censored survival estimates were determined using Kaplan–

Meier curves and statistical significance was determined using log
rank (Mantel–Cox) test. Tumor growth inhibition (TGI) was
calculated using the formula: 1 � [(Treated final � Treated
initial)/(Control final � Control initial)]. Percent shrinkage was
determined by 1 � (Treated final – Treated initial) � 100. One-
way ANOVA, followed by post hoc tests (Tukey test), Mann–
Whitney U-test, or Student t-test were used to determine signif-
icant differences in tumor growth, weight, volume, apoptosis
levels, cell viability, TUNEL, and p53 expression in control and
treated tumors. Significance was determined at P < 0.05.

Results
Establishment and characterization of a PDX model of ACC

To establish the UM-PDX-HACC-5 model, we transplanted
human tumor fragments into SCID mice (Supplementary
Fig. S1). Two oral pathologists (FN, MDM) evaluated the
histopathology of these tumors and observed a tubular-cribri-
form pattern with areas of perineural invasion (Supplementary
Fig. S1A), which is representative of the typical pathobiology of
ACC. The first passage xenograft tumors showed similar histo-
pathologic patterns to the human tumor. With increasing in vivo
passages, the PDX tumors acquired a more solid subtype with
frequent mitotic figures and cellular pleomorphism, which
correlated with a sharp increase in tumor growth rates and
tumor take (Supplementary Fig. S1A and S1B). Although first
passage tumors reached 600 to 900 mm3 within 70 to 84 days,
higher passage tumors reached similar size in approximately 35
to 40 days (Supplementary Fig. S1B). Notably, tumor take was
consistently high (93/113, 82.3%) for this model (Supplemen-
tary Fig. S1C).

To determine if UM-PDX-HACC-5 tumors had the MYB–NFIB
translocation, fluorescent in situ hybridization (FISH) analysis
was performedonpassage 3 tumors. Thebreak-apart photo shows
at least two cells with two fused red/green signals indicating intact
MYB loci. The fusion FISH photo shows a representative cell with
distinct green and red signals indicating the 2 genes remain
separate (Supplementary Fig. S1D). These results indicate that
the UM-PDX-HACC-5model is representative of the 30% to 40%
of ACC that do not have the MYB–NFIB translocation. Notably,
we observed that the expression of key targets of MI-773 (i.e.,
MDM2, p53, p63) is relatively stable over in vivo passaging
(Supplementary Fig. S1E).

Figure 1.
MI-773 induces tumor regression in UM-PDX-HACC-5, a PDX model of ACC. A, graph depicting average tumor volume in mice that received 10, 100 mg/kg
MI-773 or vehicle via daily oral gavage for 20 days. Treatment started when tumors were approximately 200 mm3. � , P < 0.05. B, Kaplan–Meier
analysis of time to failure, as defined by doubling tumor volume as compared to pretreatment volume (n ¼ 6–8/group). C, photographs of the mice
and tumors immediately after euthanasia. D, graphs depicting actual weight and volume of tumors retrieved from the mice at the termination of the
experiment. E, graph depicting mouse weight for the duration of the experiment.
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MI-773 promotes ACC tumor regression
To evaluate the antitumor effect of MI-773, PDX tumors were

transplanted into SCID mice, allowed to grow to an average of
250 mm3, and then mice were treated with 0 to 100 mg/kg MI-
773. MI-773 at 10 mg/kg modestly reduced the rate of tumor
growth, whereas 100 mg/kg caused significant tumor regression
(Fig. 1A). Control tumors reached an average of 1,000 mm3 at
20 days of treatment, compared to an average volume of 600
mm3 for the 10 mg/kg group and 30 mm3 for the 100 mg/kg
group. Kaplan–Meier analysis showed an increase in tumor
failure, defined as two times increase in tumor volume as
compared to pretreatment volume (P ¼ 0.044), for vehicle-
treated mice when compared to mice treated with 100 mg/kg
MI-773 (Fig. 1B and C). These data were confirmed by the
evaluation of tumor weight and volume at the end of the
experiment (Fig. 1D). MI-773 was well tolerated by the mice,
as shown by the lack of observable weight loss during the
experimental period (Fig. 1E). To better understand the anti-
tumor effect of MI-773 in preclinical models of ACC, the tumor
growth inhibition (TGI) index was calculated for each treat-
ment condition. Although 10 mg/kg MI-773 mediated a TGI of
34%, 100 mg/kg MI-773 had a TGI of 127%, with robust tumor
shrinkage of 86% (Table 1). Two additional PDX models of
ACC (ACCx6 and ACCx9; ref.19) were used to verify the scope
of the antitumor effect of MI-773. We observed that MI-773
mediated tumor regression in the ACCx6 model (P ¼ 0.044)
and in the ACCx9 model (P ¼ 0.012), as compared to vehicle-
treated controls (Fig. 2A and B). As expected, MI-773 was well
tolerated in these mice, as demonstrated by maintenance of
body weight in the treatment group (Fig. 2C and D).

To further verify the antitumor effect of MI-773, two indepen-
dent experiments were performed using the UM-PDX-HACC-5
model. Again, 100 mg/kg MI-773 mediated potent tumor regres-
sion (Supplementary Figs. S2A, S2D, S2F and S3A, S3D, S3F).
Treated tumors were visibly smaller, andmice did not lose weight
upon treatment (Supplementary Figs. S2C, S2E and S3C, S3E).We
noted that 10 or 50 mg/kg MI-773 were not sufficient to cause
significant tumor regression, suggesting that a higher dose (e.g.,
100 mg/kg) is necessary for measurable antitumor effect in mice
(Fig. 1A and Supplementary Fig. S3A). Kaplan–Meier analyses
confirmed that 100 mg/kg MI-773 prevents tumor failure, when
compared to vehicle or lower dose MI-773 (Supplementary
Figs. 2SB and 3SB). Taken together, these data demonstrate that
single-agent MI-773 mediates ACC tumor regression without
observable systemic cytotoxicity in mice.

MI-773 induces ACC apoptosis
To begin to evaluate possible mechanisms of MI-773–

induced ACC tumor regression, we performed in situ TUNEL
analysis (Fig. 3A) in tissues collected from mice treated in the
experiment showed in Figure 1. The percentage of apoptotic
cells in the MI-773–treated tumors was higher (P ¼ 0.015) than

in tumors from vehicle-treated mice (Fig. 3B). To further under-
stand mechanisms of MI-773–induced ACC cell death, we
performed viability assays on low passage UM-HACC-5 cells
that showed low micromolar IC50 for MI-773 upon 48 or
96 hours of treatment (Fig. 3C). We also observed a dose-
dependent induction of UM-HACC-5 apoptosis after 72 hours
(Fig. 3D) that was accompanied by a gradual decrease in the
fraction of cells in G2–Mphase of cell cycle (Fig. 3E). Additional
cell viability assays performed in UM-HACC-5 and UM-HACC-
6 cells in vitro showed similar trends of response to MI-773
treatment (Supplementary Fig. S4A and S4B). To verify the
dependency of MI-7730s effect on the function of p53, we
partially silenced p53 expression in UM-HACC-5 cells with an
shRNA-p53 construct. We observed that p53-silenced cells
exhibit a higher IC50 than shRNA-C control cells (Supplemen-
tary Fig. S4C–S4E).

Histopathologic characteristics associated with MI-773–
induced tumor regression

To improve the characterization of the tumors treated with
MI-773, two oral pathologists (FN, MDM) performed histo-
pathologic analysis of tissue specimens upon termination of
treatment. In vehicle control tumors, intense cellular pleomor-
phism, cells with large and/or hyperchromatic nucleus, prom-
inent nucleoli, and loosely packed chromatin, altered nuclear–
cytoplasmic ratio, and frequent infiltration in muscle, nerve,
and adipose tissue were observed (Supplementary Fig. S5A).
The morphology of tumors treated with MI-773 was very
different: round cells exhibited a vacuolated cytoplasm and
many granules were surrounded by a hyaline connective tissue
(Supplementary Fig. S5B). Treated tumors did not invade into
adjacent muscle tissue, but infiltration of tumor cells into nerve
and adipose tissues were present in some areas. To confirm that
the unusual-shaped cells were indeed epithelial, immunohis-
tochemical staining was performed and showed high cytoker-
atin-7 positivity in both vehicle and MI-773–treated tumors
(Fig. 4A). Immunohistochemical staining also showed more
p53-positive cells in MI-773–treated tumors than in vehicle
control tumors (P < 0.001; Fig. 4A and B). Notably, although
most of the vehicle-treated tumors exhibited p53 primarily
localized in the nucleus, tumors treated with MI-773 showed
primarily cytoplasmic localization of p53 (Fig. 4A and C). In
addition, increased levels of p53 and phospho-p53 (S392)
proteins were detected in tumors treated with MI-773, when
compared to vehicle tumors (Fig. 4D).

MI-773 potently activates MDM2, p53, and p21 in low passage
ACC cells

Low passage ACC cells were screened by Western blot for
basal levels of p53, EGFR, and ECAD, using as controls
two mucoepidermoid carcinoma cell lines (UM-HMC-3A,
UM-HMC-3B) previously characterized in our laboratory

Table 1. Table showing tumor growth inhibition (TGI) index and percent tumor shrinkage in mice treated with vehicle, 10, 100 mg/kg MI-773, as compared to
pretreatment volumes

Treatment Dose (mg/kg) Route/schedule Pretreatment (mean � SD) Final (mean � SD) Mean difference TGI Shrinkage (%)

Vehicle 0 P.O.; daily 167.2 � 90.1 934.9 � 936.0 þ767.7 – NA
MI-773 10 P.O.; daily 239.2 � 51.4 740.3 � 350.2 þ501.1 34 NA
MI-773 100 P.O.; daily 242.3 � 80.9 33.0 � 4.9 �209.2 127 86

NOTE: TGI greater than 50 is typically considered significant.
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(15). We observed that baseline p53 levels varied according to
cell line, but they were relatively stable over different passages
in most cell lines (Fig. 5A and B). EGFR and ECAD expression
levels were lower in UM-HACC-2B cells than in the other UM-
HACC cells (Fig. 5A), and highly expressed in UM-HMC-3A and
UM-HMC-3B, as previously reported (15). We then evaluated
the effect of MI-773 on the activation of key downstream
effectors and observed a potent and dose-dependent activation
of MDM2, p53, and p21 in all five low passage primary human
ACC cell lines evaluated here (Fig. 5C). We also observed an
overall pattern of induction of p53 phosphorylation at serine
392 promoted by increasing concentrations of MI-773
(Fig. 5D). These results suggested that the p53 axis is functional
in the ACC models studied here. Nevertheless, we performed
DNA sequencing that showed wild-type TP53 gene in all ACC
models used here, except for a possible polymorphism at
position 72 in the UM-HACC-5 cells that was not observed in
the correspondent UM-PDX-HACC-5 model (Supplementary
Fig. S6). Taken together, these data support a potent and
specific pro-apoptotic effect of MI-773 mediated by the activa-
tion of the p53 signaling axis in several preclinical models of
human ACC.

Discussion
A cure is typically not achievable for many patients with ACC

due to the lack of effective and safe systemic antitumor agents for
this malignancy. The lack of experimental models has hindered
progress in the discovery of therapies for this cancer. Patients are

left without alternatives beyond surgery (when possible) and
radiation. Here we characterize a new PDX model of ACC, and
used two previously established models of ACC (19), to test a
novel potent and specific smallmolecule inhibitor of theMDM2–
p53 interaction.

The UM-PDX-HACC-5 model was generated from an ACC
located in a minor salivary gland from the hard palate that
exhibited a primarily solid histopathologic subtype, which
correlates with more aggressive disease in humans (1). PDX
tumors at in vivo passages 2 and higher grew to 2,000 mm3

within 30 days, exhibiting a vigorous growth pattern character-
istic of highly aggressive tumors. We consider this model
uniquely suited for developmental therapeutic studies because
it is very aggressive, and therefore it provides a rigorous platform
for the testing of new anticancer drugs. To better mimic epide-
miological realities and clinical scenarios, we chose to perform
our experiments in female mice reflecting the fact that ACC is
more common in women (25). In addition, the work with the
UM-PDX-HACC-5 model, we also tested MI-773 in ACCx6 PDX
tumors derived from a lung metastasis (grade 2) and in the
ACCx9 PDX model developed from a primary parotid tumor
(grade 3). It is well-known that a specific gene translocation
identified as t(6:9) results in the fusion of MYB proto-oncogene
with the transcription factor NFIB and is rather frequent in ACCs
(26–28). This translocation is detected in ACCx9 tumors, but
was not present in ACCx6 (19) or UM-PDX-HACC-5 tumors.
Therefore, the preclinical models used here represent a diverse
panel of ACC tumors that is perhaps representative of the typical
diversity of presentation of this disease.

Figure 2.
MI-773 induces tumor regression in two
additional PDX models of ACC. A, B,
graphs depicting average tumor
volume in mice harboring ACCx6 (A) or
ACCx9 (B) that received 100 mg/kg
MI-773 or vehicle via daily oral gavage.
Treatment started when tumors
were approximately 200 mm3. C, D,
graphs depicting mouse weight for
the duration of the experiment.
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MI-773–mediated potent tumor regression in the three PDX
models evaluated here, despite differences in tumor site,
grade, or MYB-NFIB status. Indeed, we observed robust and
unequivocal tumor regression caused by single-agent MI-773 in
several independent experiments. Notably, the tumor regres-
sion observed here was not accompanied by objective signs of
systemic toxicities, as shown by the maintenance of mouse
weight throughout the experimental period.

The histopathologic changes reported here correlated with a
significant increase in p53 expression and a shift in the local-

ization of p53 from the nucleus to the cytoplasm in tumors
treated with MI-773. It is well known that p53 has multiple
roles depending on its cellular location and level of activation
(29–31). When located in the nucleus, p53 functions primarily
as a transcription factor to induce expression of several pro-
teins related to cell signaling, angiogenesis, autophagy, and
apoptosis. Cytoplasmic functions of p53 include transcrip-
tion-independent mechanisms to induce apoptosis by inter-
acting directly with pro-apoptotic proteins (29–31). The cor-
relation of significant induction of apoptosis with the

Figure 3.
MI-773 induces tumor cell apoptosis. A, photomicrographs of TUNEL-positive cells (green) and DAPI (blue) in tumors from mice that received vehicle,
10 or 100 mg/kg MI-773. B, graph depicting the percentage of TUNEL-positive cells from tumors represented in A. C, graph depicting toxicity of MI-773
in UM-HACC-5 cells in vitro, as determined by SRB assay. D, graph depicting the fraction of apoptotic cells after 72 hours of treatment with MI-773,
as determined by the fraction of cells in sub-G0–G1 after propidium iodide staining. E, graph depicting the fraction of cells/cell cycle phase after 72 hours
of treatment with MI-773, as determined by propidium iodide staining. Different lower case letters represent P < 0.05.
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shuttling of p53 from the nucleus to the cytoplasm upon
treatment with MI-773 suggests that this small molecule
inhibitor is working through transcription-independent
mechanisms to induce tumor cell death in vivo.

Results from our in vivo experiments, and particularly the
Western blots performed with a panel of primary human low
passage ACC cells demonstrated a potent, dose-dependent
activation of p53 and its downstream transcriptional targets
p21 and MDM2. We also observed potent induction of phos-
phorylation of p53 at the Serine 392 position by MI-773. This is

considered a common site for p53 phosphorylation by various
therapeutic agents, such as etoposide, UV, ionizing radiation,
and Nutlin3, another inhibitor of the MDM2–p53 interaction
(32, 33). Collectively, these data provide support to the specific
effect of MI-773 on its expected targets, and suggest the func-
tion of wild-type p53 in these cells (20). Indeed, gene sequenc-
ing revealed that the TP53 gene was not mutated in any of the
ACC models evaluated here. The only change that we observed
was a polymorphism at amino acid 72 that was detected in our
UM-HACC-5 low passage cells. This polymorphism (arginine

Figure 4.
MI-773 induces p53 expression in ACC tumors in vivo. A, photomicrographs of immunohistochemistry for p53 and cytokeratin 7 in vehicle or 100 mg/kg
MI-773–treated tumors. Inserts depict representative cells at high magnification. Note the shift of p53 from the nucleus (vehicle group) to the
cytoplasm (MI-773-treated group). B, graph depicting the percentage of p53-positive cells in ACC tumors represented in A. P < 0.05. C, graph
depicting the localization of p53 (nucleus or cytoplasm) in tumors retrieved from mice that received vehicle or 100 mg/kg MI-773. Different lower case
letters represent P < 0.05. Scale bars ¼ 50 mm. D, Western blot showing p53 and phospho-p53 (Ser392) in whole tumor lysates prepared from mice that
received vehicle, 50, or 100 mg/kg MI-773.
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or proline) has been well documented as having no impact on
p53 function (34, 35).

In summary, we present here strong preclinical evidence for
the therapeutic potential of the new small molecule inhibitor of
the MDM2–p53 interaction (MI-773) in ACC. The develop-
ment of potent inhibitors of MDM2 is an area of intense
research today, as demonstrated by the fact that seven small
molecule inhibitors of MDM2 (including MI-773) are currently
in clinical trials (33). Considering the potent tumor regression
observed with single-agent MI-773 in models of aggressive
ACC, it is tempting to say that MDM2 inhibition may offer
the first effective therapy for these patients. This hypothesis,
however, will have to be challenged in well-conducted ran-
domized clinical trials.
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