Am J Cancer Res 2021;11(3):773-792
www.ajcr.us /ISSN:2156-6976/ajcr0123386

Original Article

Establishment of patient-derived xenograft models of
adenoid cystic carcinoma to assess pre-clinical
efficacy of combination therapy of a

PI3K inhibitor and retinoic acid

Bao Sun®?®", Yu Wang?23*, Jingjing Sun23, Chunye Zhang'23, Ronghui Xial3, Shengming Xu?34, Shuyang
Sun?34, Jiang Lit?3

1Department of Oral Pathology, Shanghai Ninth People’s Hospital, College of Stomatology, Shanghai Jiao Tong
University School of Medicine, Shanghai 200011, P. R. China; ?National Clinical Research Center for Oral
Diseases, Shanghai 200011, P. R. China; 3Shanghai Key Laboratory of Stomatology & Shanghai Research
Institute of Stomatology, Shanghai 200011, P. R. China; “Department of Oral and Maxillofacial-Head & Neck
Oncology, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200011, P. R.
China. “Equal contributors.

Received September 29, 2020; Accepted December 30, 2020; Epub March 1, 2021; Published March 15, 2021

Abstract: Due to the difficulties and long periods of establishment, preclinical animal models of adenoid cystic
carcinoma (ACC) are scarce but imperative. The researches involving molecular features and therapeutic targets
of ACC require an integrated group of preclinical animal models which can credibly retain the heterogeneity of this
tumor. Currently chemotherapies and targeting therapies have modest efficacy in ACC and the overall response rate
is rather low. Therefore, novel therapeutic regimen of ACC is urgently needed and remains a major clinical challenge.
We transplanted a group of tumor samples from human salivary ACC into immunodeficient mice to establish patient-
derived xenografts (PDXs). Patient tumors and their matched PDXs were conducted histological analyses, whole-
exome sequencing (WES) and RNA-seq respectively. 13 PDXs were successfully established from 34 ACC, involved
in 3 histological types, including cribriform, tubular, and solid. These ACC PDXs generally reflected the histopatho-
logical and molecular features of their corresponding original tumors. MYB/MYBL1-NFIB fusion (53.85%) and high-
frequency mutation genes, such as KDM6A, KMT2C, KMT2D, NOTCH1, NOTCH2, SMARCA4 and PIK3CA were mainly
conserved in PDXs. Guided by the genetic alterations, the efficiencies of retinoic acid (RA) and a PI3K inhibitor were
evaluated in ACC PDX models harboring both MYB fusion and PIK3CA amplification/mutation. Combination treat-
ment of the PI3K inhibitor and RA demonstrated remarkable inhibition of tumors in PDXs harboring both PIK3CA
mutation/amplification and MYB-NFIB fusion gene in vivo and in vitro. In this study, we displayed the morphologi-
cally and genetic featured PDXs which recapitulated the heterogeneity of original ACC tumors, indicating that the
models could be used as a platform for drug screening for therapy response. The feasibility of combination treat-
ment approaches for dual targets were confirmed, providing new regimens for personalized therapies in ACC.

Keywords: Adenoid cystic carcinoma, patient-derived xenograft, WES, targeting therapy, PI3K inhibitor, retinoic
acid

Introduction

Adenoid cystic carcinoma (ACC) is among the
most prevalent salivary malignancies, and also
occurred in breast, lung and lacrimal gland, etc.
Although ACC exhibits indolent growth, it has a
confirmed propensity for aggressive perineural
invasion and high rates of distant metastasis,
which ultimately result in low survival rates
and poor prognosis [1]. In histomorphology,

ACC consists of typical glandular epithelial and
myoepithelial cells, which arrange in cribriform,
tubular and solid patterns with abundant hya-
line extracellular secretion [2]. High-grade ACC,
with substantial solid components in the tumor,
is associated with a more advanced stage and
more prefer to distant metastases [3]. Current
treatments are still mainly surgery and adjuvant
radiation, and no systemic chemotherapy has
been proven to be fully effective [4]. The mecha-
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nisms involved in ACC are still poorly under-
stood. One important genetic alteration in ACC
is the recurrent 1(6;9) (q22-23; p23-24) translo-
cation, which is considered as a hallmark in the
pathogenesis of this disease and results in a
fusion gene named MYB-NFIB [5, 6]. This fusion
gene has been reported in over 50% of ACCs
and results in overexpression of MYB protein,
suggesting that MYB may be a potential thera-
peutic target for ACC [7]. Previous evidence
indicated that retinoic acid restrained MYB
expression, possibly by interrupting MYB-driven
transcriptional regulation [8]. At present, clini-
cal trials using all-trans retinoic acid has being
recruited for patients with confirmed advanced,
recurrent/metastatic ACC (Clinical Trials.gov:
NCT04433169).

On account of the complexity of this disease
process and the unclear etiology, no standard
treatment regimen has been designed for ACC,
which still consists of surgery and radiotherapy
[9]. There is no recommended specific chemo-
therapeutic regimen and conventional chemo-
therapeutic regimens, such as cisplatin and
doxorubicin, remain being used in clinical treat-
ments [10]. Consideration of the modest effi-
cacy of current chemotherapies in ACC, thera-
pies targeting various molecular have applied
to clinical trials in an aim to improve the long-
term prognosis of patients. NOTCH1 mutation
has been defined as a distinct group character-
ized by solid histology, distant metastasis, and
poor prognosis [11]. Recently, clinical trials tar-
geting NOTCH signaling (confirmed ACC with
NOTCH1/2/3/4 activating mutation) in a geno-
type-defined ACC subgroup have being per-
formed in a phase Il clinical trial, which is still
recruiting (Clinical Trials.gov: NCT03691207).

Overexpression of ¢c-KIT has been reported in
majority of ACCs, but inhibitors of c-KIT (e.g.,
dasatinib) are shown to be ineffective in a
phase Il clinical trial [12]. Drugs interfering epi-
dermal growth factor receptor (EGFR), including
cetuximab, gefitinib or lapatinib, did not ob-
tain objective responses, but some patients
attained prolonged stabilization [13-15]. More-
over, other clinical trials involving targeted ther-
apies for FGFR (fibroblast growth factor recep-
tor, FGFR), HER2 and VEGFR (vascular endothe-
lial growth factor receptor, VEGFR) showed par-
tial response [16-18]. Single agent, either in
clinical trials or basic research, has not yielded
active results yet. Effective combined thera-
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peutic regimen is required to improve long-term
outcomes for ACC patients currently.

The conventional cancer cell lines and animal
models fail to accurately recapitulate intratu-
mor heterogeneity of ACC. ACC PDXs faithfully
retain the morphological and genetic character-
istics of the original tumors and have promoted
the progress of the preclinical and translational
research [19]. PDX models are established by
subcutaneous implantation of small pieces
of patient tumors into immunodeficient mice,
which are propagated to obtain cohorts of ani-
mals bearing tumors from patients. In addition,
tumor biological markers can be identified and
then preclinical trials can be performed though
PDXs to evaluate the responses to targeted
drugs [20]. Indeed, several studies in PDX mod-
els of ACC generated important preclinical
information that led to the further execution of
clinical trials. Felipe Nor et al demonstrated
that a small molecule (MI-773) interrupted
MDM2-p53 interaction and sensitized to cispla-
tin in low-passage primary human ACC models
[21]. Knowledge about the underlying genomic
landscape of ACC is needed to understand,
leading to the development of effective thera-
pies in future.

Here, we provided genomic profiles of a panel
of salivary ACC and established a group of
PDX models. Through whole-exome sequencing
(WES), bioinformatic analysis and histopatho-
logical verification, we found that the PDXs re-
capitulated the genetic stability of the matched
primary tumors. Based on the previous results,
a PI3K inhibitor was selected for combination
efficacy evaluation with RA in PDXs and PDX-
derived cells with PIK3CA amplification/muta-
tion and MYB. In addition, combination of the
PI3K inhibitor with conventional therapies were
further assessed.

Materials and methods
Patient tumor sample preparations

Tumor collection and related studies were per-
mitted by the Institutional Review Board and
the Ethics Committee of Shanghai Ninth Peo-
ple’s Hospital, Shanghai Jiao Tong University
School of Medicine. After patients’ informed
permission, fresh specimens were acquired
from patients undergoing surgical resection
without radiotherapy or chemotherapy. All ACC
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cases were diagnosed by at least two different
pathologists.

Establishment of xenografts

Fresh tumors were obtained from ACC patients
and immediately immersed in cold DMEM with
1% penicillin and streptomycin. After briefly
processing, tumor tissues from patients were
minced into small fragments (approximately
20-30 mm?3) and implanted into the flank region
of BALB/c nude mice (female mice, about 4-5
weeks old) subcutaneously. When the volume
reached approximately 2000 mm?3 (V = 0.5*ab?,
a refers to the largest tumor diameter and b
refers to the shortest diameter), the tumors
were harvested and passaged for subsequent
implantation. Parts of the fresh patient tumors
and passaged tumors were cryopreserved in
liquid nitrogen and embedded in paraffin for
histological analysis. All the above experiments
were conducted under the permission and the
supervision of the Institutional Animal Care and
Use Committee (IACUC) of Shanghai Jiao Tong
University School of Medicine.

Genomic analysis

Whole-exome sequencing: DNA from fresh-fro-
zen tumor tissue, normal salivary gland tissue,
blood or formalin-fixed and paraffin-embedded
(FFPE) samples were isolated (DNeasy Blood
and Tissue Kit, Cat# 69506, QIAGEN, USA) by
utilizing standard previous methods. Genomic
DNA (0.6 ug per sample) from each sample was
prepared for sequencing. Sequencing libraries
were produced by an Agilent SureSelect Hu-
man All Exon Kit V6 (Agilent Technologies, CA,
USA) following the manufacturer’s instructions.
In brief, 180-280 bp fragments were obtained
through a hydrodynamic shearing system (Co-
varis, Massachusetts, USA) and were connect-
ed to he joint to prepare the DNA libraries. The
libraries were enriched and captured by PCR
reaction and index tags were added to pre-
pare for subsequent sequencing. The products
were purified by an AMPure XP system (Cat#
A63987, Beckman Coulter, CA) and then quan-
tified through an Agilent High Sensitivity DNA
Assay (Agilent 2100 Bioanalyzer System). Tu-
mor and normal tissues were sequenced at
200x and 100x coverage, respectively.

Fusion gene identification: RNA from fresh-fro-
zen human tissue samples was isolated and
then was performed RNA-seq. The cDNA librar-

775

ies were constructed using the lllumina TruSeq
for mRNA. The libraries were sequenced at
2x100 paired-end at a mean coverage of 100-
200x depth in the annotated transcriptome.

Clustering and sequencing: The sample cluster-
ing was conducted through a cBot Cluster Ge-
neration System (Hiseq PE 150 Cluster Kit,
lllumina, CA, USA) according to the manufac-
turer’s recommendations. When clustering fin-
ished, the DNA libraries were sequenced by
the lllumina HiSeq platform and then 150 bp
paired-end reads were conducted.

To get the raw mapping results, the valid data
of sequencing was mapped to the human refer-
ence genome (UCSC GRCh37/hg19) by Bur-
rows-Wheeler Aligner software and the data
was stored in BAM format. The somatic SNV
was detected by muTect [22] and In/Dels were
detected by Strelka [23]. Control-FREEC was
applied to detect somatic CNV [24].

Detection of fusion gene transcripts

Total RNA from frozen fresh tissues was isolat-
ed with TRIzol reagent (Cat# 15596018,
Invitrogen, USA) as previously described [25].
RNA was treated with DNase and reverse tran-
scribed to cDNA according to the manufactur-
er's instructions. MYB-NFIB and NFIB-MAP3K5
fusion transcripts were detected by RT-PCR
with Premix Taqg DNA polymerase (RR902,
Takara, Japan), and new primers were devel-
oped as listed below.

MYB-NFIB: Forward primer: TGGGAAGGGGAC-
AGTCTGAA; Reverse primer: CTAGCCCAGGTA-
CCAGGACT; NFIB-MAP3K5: Forward primer 1:
CACCAAGCAGCAAAAGACCC; Reverse primer 1:
CAGTGACTGCAGAGAGTCCG; Forward primer 2:
CGGGGGTCAATCTTCAGAGG; Reverse primer 2:
GTAAAACAAGGACGGCTGCC.

Histological staining

Rabbit polyclonal antibodies against human
Ki67 (ab15580) and MYB (ab45150) were pur-
chased from Abcam (Cambridge, UK). Anti-
bodies for P63 (Gene Tech, Shanghai, China),
CK19 (Dako, Carpinteria, CA), and Ki67 (Dako,
Carpinteria, CA) were used in the following
immunohistochemical (IHC) staining analysis.
Both hematoxylin and eosin (H&E) and IHC
staining were performed on FFPE tissue sec-
tions of tumors and PDXs. All specimens were
sectioned (4 um thick), dewaxed and rehydrat-
ed as previously reported [26]. After sections
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were blocked with 3% H,0O,, Tri-EDTA solution
was used for antigen retrieval. Then, sections
were incubated with anti-MYB (dilution ratio,
1:100), anti-Ki67 (dilution ratio, 1:100), anti-
P63 (dilution ratio, 1:200), and anti-CK19 (dilu-
tion ratio, 1:200) antibodies diluted according
to the instructions overnight at 4°C. A goat-anti
rabbit secondary antibody (DAKO, Glostrup,
Denmark) labeled by horseradish peroxidase
(HRP) was then added at room temperature for
0.5 hour. Subsequently, HRP was visualized
with DAB, and the nuclei were stained with
hematoxylin.

Fluorescence in situ hybridization (FISH)

The MYB fusion status was assessed in FFEP
tissue sections using a MYB Break Apart Dual
Color Probe (ZTV-Z-2143-200; ZytoVision, Ger-
many) according to the manufacturer’s instruc-
tions. Pretreatment, including dewaxing and
proteolysis, was performed as previously de-
scribed. Denaturation was performed at 75°C
for 10 min, and then slides were transferred to
a humidified chamber for hybridization over-
night at 37°C. The hybridization signals of the
probe appeared as green fluorescence (close
to the MYB breakpoint region) and red fluores-
cence (distal to the breakpoint region). A trans-
location is indicated by one separate green sig-
nal and one separate red signal (separated by a
distance of >1 signal diameter). Isolated and
intact cells with distinct boundaries were
included and excluded overlapping cells. For
each case, we counted at least 100 cells. A
number of positive cells were over 30% of the
total cell count indicated MYB gene abnor-
malities.

Drug efficacy evaluation in vivo

BALB/c nude mice were randomly divided into
different treated groups when the tumors
reached a mean volume of 80-100 mm?3. Mice
in the treated group were orally administered
alpelisib (25 mg/kg), RA (40 mg/kg), cisplatin
(5 mg/kg), and corn oil (as the control). Both
alpelisib and RA were diluted in corn oil as pre-
viously reported [8]. The tumor size and weight
were monitored twice weekly. After 28 days
treatment, tumors were harvested, and a tumor
growth curve was constructed. The inhibition
effects (Tumor growth inhibition, TGI) were as-
sessed as follows: 1 - [(Treated, - Treated . )/
(Control___ - Control__ )].

final initial
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Western blot

Alpelisib was purchased from MedChemExpre-
ss (HY-15244, USA). RA was purchased from
Sigma-Aldrich (SIGMA-R2625, St. Louis, MO,
USA). The antibodies used in this procedure
were purchased from Cell Signaling Technolo-
gy (CST, Danvers, MA, USA) and Abcam (CA,
United States). AKT (CST, #4685), phospho-
AKT (Serd73, CST, #4060), phospho-AKT (CST,
Thr308, #13038), ERK1/2 (CST, #4695), phos-
pho-ERK1/2 (CST, p-ERK1/2; Tyr202/Tyr204,
#4370), P110a (CST, #4249), GAPDH (CST,
#2118) and MYB (Abcam, ab217945).

Immunoblotting was performed according to
standard SDS-PAGE protocols. In brief, proteins
from tissues were extracted with lysis buffer,
separated in SDS-PAGE gels (4%-20%) and then
transferred to PVDF membranes. When blocked
with 5% milk powder, membranes were incu-
bated with antibodies against MYB (dilution
ratio, 1:1000), P110« (dilution ratio, 1:1000),
p-AKT (dilution ratio, 1:1000), AKT (dilution
ratio, 1:1000), p-ERK (dilution ratio, 1:1000),
ERK (dilution ratio, 1:1000) and GAPDH (dilu-
tion ratio, 1:1000) at 4°C overnight. Then,
membranes above were incubated with a sec-
ondary anti-rabbit antibody (dilution ratio,
1:2500) at room temperature for 60 minutes.
The chemiluminescence signals were captured
through an Odyssey Infrared Imaging System
following the recommendations.

Patient-derived xenograft cells

Tumor tissues from 019-PDX (harboring the
PIK3CAR88Q mutation) and 044-PDX (harboring
PIK3CA amplification) were washed extensively
with serum-free DMEM, minced into small piec-
es and dissociated in DMEM with collagena-
se/hyaluronidase/dispase (STEM CELL Techno-
logies, CA) for 2 h at 37°C along with agitation.
And then cells were filtered through a 70-um
strainer, washed twice with PBS and suspend-
ed in complete medium supplemented with
insulin (Sigma-Aldrich, St. Louis, MO, USA) and
epidermal growth factor (Invitrogen, USA). Cells
were cultured at 37°C in a humidified atmo-
sphere containing 95% air and 5% CO,,.

Plasmid transfection

Full-length cDNAs of the PIK3CA-WT and PIK-
3CA-R88Q sequences were generated and
cloned into the pCMV2-Tag2A vector following
the manufacturer’s instructions. ACC-83 cells
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containing the PIK3CA-WT and PIK3CA-R88Q
mutation constructs were all selected in DMEM
with 600 mg/mL geneticin (G418) to generate
stable clones.

Cell viability assay

Cell viability was assessed by a Cell Counting
Kit-8 (CCK-8) assay (Bimake, Houston, USA).
After cells seeded in 96-well plates at a density
of 2,000 cells for each well, serial dilutions of
the PI3K inhibitor or vehicle (the same volume
of DMSO) were added for 72 h. The IC50 values
were calculated through GraphPad Prism soft-
ware 7.0.

Statistical analyses

Analyses were performed by GraphPad Prism
version 7.0 (GraphPad Software, La Jolla, CA,
USA). The analyses results are presented as
mean * SEM, which were at least triplicate
samples per group. Data of this study was per-
formed by one-way ANOVA to evaluate differ-
ences of groups. P<0.05 was considered statis-
tically significant.

Results

Patient cohort, clinical information, and muta-
tional profile of ACC

34 patients were enrolled in our study; 19 were
female and 15 were male. 5 patients (14.7%)
had recurrent tumors, and the others had pri-
mary tumors. As shown in Table S1, 9 tumors
exhibited varying proportion of solid compo-
nents, accounting more than 30% of the tumor;
the other tumors (n = 25) exhibited a mixed
tubular and cribriform arrangement of tumor
cells.

To determine the genomic alterations in this
group, patients with ACC, we performed WES to
describe the landscape of somatic genetic
alterations of the 34 patients with salivary ACC
in this study. The average sequencing depth
was 292.59x for tumors and 165.49x% for nor-
mal tissues. We mapped the sequence reads to
the human reference genome GRCh37/hgl9
and identified a total of 873 nonsynonymous
somatic mutations, including single nucleotide
variations (SNVs) and insertions and deletions
(In/Dels), involving in a total of 753 genes
among the 34 ACC tumors. Most of the filtered
and validated somatic mutations were mainly
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missense mutations. A median of 25 mutations
was present in each tumor (range 11-54),
accordingly an average of 0.93 mutations/Mb,
which was lower than that in other solid tumors
in head and neck (Figure 1A). Mutational signa-
ture analysis of 96 substitution patterns identi-
fied 3 signatures in the ACC samples (signa-
tures A, B and C; in Figure S1). Signature C was
featured by C>T mutations and was similar to
the previously described Signature6 (correla-
tion similarity: 0.82), which is associated with
defective DNA mismatch repair. The cosine cor-
relation similarity between signatures A and B
and the previously described signatures was
low (cosine similarity = 0.76 and 0.51 respec-
tively).

The overall genetic alterations in our study
mostly coincide with previous reported in The
Cancer Genome Atlas (TCGA, adenoid Cystic
Carcinoma Project, 2019). We identified sever-
al altered genes that were markedly enriched in
chromatin remodeling, Notch signaling path-
way and PI3K signaling, for example, NOTCH1,
NOTCH2, ARID1A, KMT2C, KDM6A and KMT2D.
In addition to MYB/MYBL1-NFIB fusion ge-
ne (58.82%), we also found other alterations
in MYB and NFIB in several tumors, inclu-
ding amplification and missense mutation.
Other high frequently mutated genes ANAPC1
(17.68%), ANKRD18B (14.71%), GYPB (11.76%),
MYPOP (8.82%), RUNX1 (8.82%) and RPL5
(8.82%) regulate the proliferation or apoptosis
of tumor cells by participating in different cel-
lular biological processes. In addition, MDM4
and MDM2, regulators of P53 in the DNA dam-
age response, were amplified in several solid
tumor (Figure 1C).

WES data was also applied to depict the somat-
ic copy number variations (CNV) in ACC. The
most common CNVs were amplifications of
1921.1 (NOTCH2), 19p13.2 (MUC16), and
4024 (FATA, FBXW7) (0<0.01) and losses of
12913.13, and 64926 (q<0.01).

The somatic mutations, CNVs, and fusion tran-
scripts according to the ACC pathological sub-
type are illustrated in Figure 1. We analyzed
the somatic mutation frequency profiles across
the genome. At the genome-wide level, MYB
(67%), ARID1A (67%), NOTCH2 (78%), SMAR-
CA2 (56%), MDM4 (67%), KMT2C (67%), HRA-
RS (44%), and EP300 (44%) were more signifi-
cantly altered in solid ACC than in other types
of ACC. Other genes, including NFIB, RPL5,
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Figure 1. The genomic profiles of solid ACC and non-solid ACC. A, B. Mutation burden and CNVs of ACC. C. The land-
scape of solid and non-solid ACC. The left column exhibits high-frequency gene alterations in solid ACC; the right
column, non-solid ACC. The percentages of samples harboring the mutant genes with respect to the total number
of samples are listed on the right sides of the two columns. The different colors represented different types of gene
alterations. The red asterisk indicates the genes with significant differences (P<0.05).

ARID1B, and NPEPPS, were observed to have a
high mutation frequency across all types ACC.

Establishment of ACC PDXs and clinical infor-
mation of the patients

Tumor specimen were obtained from 34 ACC
patients and implanted subcutaneously in the
nude mice after simple processing procedure
(n>3). A total of 13 PDX models successfully
grew through at least 3 serial passages, corre-
sponding to a take rate of 38%, which was
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lower than that of other solid tumors [27].
According to the demographic characteristics,
6 of these tumor specimens were obtained
from male patients and 7 were obtained from
female (Table 1). At the time of surgery, these
patients were 26-70 years old (median, 55
years old). 6 tumors were present in major sali-
vary glands, 2 in the minor salivary glands in
the palate and the base of the tongue, 3 in the
maxillary sinus and 2 in the maxilla. Of these
13 PDXs, 2 were derived from recurrent tumors
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Table 1. The successfully engrafted PDXs and their matched patients’ information

FISH" of  RNA-Se Time to . ) Matched
. ) ) >ed . Last FISH®  RNA-seqof  Pathological
No. Age Sex Status Site Pathological type patient  of patient 1t PDX normal
passage of PDXs PDXs type of PDXs .
tumors tumors (Days) tissue

009 70 Female Recurrenttumor submandibular gland Cribriform/Tubular + MYB-NFIB 126 P6 + MYB-NFIB Cribriform/Tubular pa

010 52 Male Primary tumor  maxillary bone Zygomatic bone  Cribriform/Tubular/ 96 P7 - Solid P
Solid (Solid 50%)

019 30 Male Primary tumor Palate Cribriform/Tubular/ + MYB-NFIB 219 P6 + MYB-NFIB Cribriform/Tubular F°
Solid (Solid 20%)

023 66 Male Primary tumor sublingual gland Cribriform/Tubular ND™* - 96 P3 - Cribriform/Tubular F

026 58 Female Primary tumor sublingual gland Cribriform/Tubular + MYB-NFIB 150 P4 + MYB-NFIB Cribriform/Tubular F

031 38 Female Primarytumor maxillary sinus Cribriform/Tubular/ + MYB-NFIB 87 P4 + MYB-NFIB solid P
Solid (Solid 40%)

033 61 Female Primary tumor submandibular gland Cribriform/Tubular - MYBL1-NFIB 164 P2 - MYBL1-NFIB  Cribriform/Tubular F

034 62 Female Primary tumor maxillary sinus Cribriform/Tubular/ + NFIB-MAP3K5 76 P6 + NFIB-MAP3K5 Solid N
Solid (Solid 80%)

044 26 Female Recurrenttumor maxillary sinus Cribriform/Tubular/ + MYB-NFIB 32 P6 + MYB-NFIB Solid F
Solid (Solid 80%)

047 55 Male  Recurrent tumor submandibular gland Cribriform/Tubular - - 126 P2 - Cribriform/Tubular F

052 33 Male Primary tumor maxillary bone Cribriform/Tubular/ - - 102 P2 ND Solid F
Solid (Solid 50%)

055 55 Male Primary tumor Base of Tongue Cribriform/Tubular + MYB-NFIB 98 P2 + MYB-NFIB Cribriform/Tubular F

(Solid 10%)
057 67 Female Primary tumor Parotid gland Cribriform/Tubular - - 62 P3 - Cribriform/Tubular F

“MYB break apart probe;
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; “'ND, not done. a, paraffin-embedded tissue; b, frozen tissue.
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and the rest derived from primary untreated
tumors (Table 1).

The preliminary engrafted tumors were quite
indolent and required 113.21+45.84 days to
attain the standard volume (600-800 mm3).
The tumor growth latency period was decrea-
sed in subsequent serial passages (mean
engraftment time in passage 3 to reach 600
mm3: approximately 72.5+4.95 days; to reach
1000 mm?3: 102.5+2.25 days) tumor growth

(Figure S2).

PDXs conserved the original histomorphologi-
cal and molecular features through passaging

Among the 13 engrafted PDXs, 6 were cribri-
form or tubular type and 7 were mixed-type
with different percentages of solid components
(ranging from 10%-80%). Especially for patient
tumors with solid components more than 30%
(5 cases), the corresponding PDX tumors were
composed completely of solid components
after several passage engraftments. Immuno-
histochemical staining of the epithelial marker
CK19, myoepithelial marker p63, tumor prolif-
eration marker Ki67 and ACC specific marker
MYB was performed on the patient tumors and
PDX, respectively (Figure 2A). The histological
morphology and immunohistochemical bio-
markers in the original patient tumors were
mainly preserved in the PDXs. As shown in
Figure 2, histologic comparison of PDXs with
the matched tumors showed no obvious differ-
ences in tumor morphology; tubular, cribriform
and solid arrangements of tumor cells were
preserved. Moreover, MYB fusion was also
found across the implanted PDXs. As summa-
rized in Table 1, MYB-NFIB fusion was identi-
fied in 7 tumors and was also verified through
RNA-seq and RT-PCR (Figure S3). Here, a dual
color break apart probe targeting MYB was
applied for detection of this fusion in patient
tumors and PDXs. A signal pattern consisting of
one separate red or green signal indicates one
normal 6qg23.3-g23.3 locus and the other
affected by a translocation. The FISH analysis
of two patient tumors and their matched PDXs
(019-ACC and 044-ACC) were shown in Figure
2; both of these tumors were positive for the
MYB break apart signal (Figure 2A).

Somatic mutations is maintained in ACC PDXs

To assess whether the ACC molecular subtypes
were preserved in the matched PDXs, we per-
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formed genomic analysis to systematically
compare the two groups. WES resulted in 223x
coverage more than 99.75% of the target
exome in PDXs, 243x coverage over 99.77% of
the target exome in tumors, and 137x coverage
more than an average of 99.62% of the exome
in normal samples (PBMCs or normal salivary
gland tissues).

Firstly, germline genomic DNA extracted from
normal salivary gland tissues or PBMCs of each
patient was used as the reference genome.
Tumor mutation burden (TMB) of PDXs re-
mained as low as those in the patient tumors
(TMB in PDXs: 1.035 mutations/Mb; TMB in
patients: 1.037 mutations/Mb), but no signifi-
cant differences were observed between the
two groups (P = 0.73), which indicating the con-
sistency between the PDXs and their matched
tumors (Figures 2C, S4). The C>T transition was
ubiquitous in all the 13 ACC PDXs.

Next, parallel exome sequencing analyses of
the PDXs and matched tumors were performed.
A high correlation was found between PDXs
and tumors in the total number of somatic non-
synonymous SNVs and In/Dels (Figure 2B). The
detected mutations and copy numbers were
highly conserved in the PDXs. Pearson correla-
tion analysis of the changes of SNVs and In/
Dels in the PDXs and matched patients tumors
showed that the correlation coefficient (R?) was
between 0.958 and 0.982, suggesting a strong
correlation between the two groups (Figure
2B). Then, the Wilcoxon signed-rank test was
performed on CNVs in the PDXs and patient
tumors, and no significant difference was found
(P = 0.33). Moreover, Genomic Identification of
Significant Targets in Cancer (GISTIC) mainly
identifies the recurrent amplification or dele-
tion of fragments in the genome throughout the
sample population. Each mutated segment is
given a G-score, and the overall amplification or
deletion trend is finally obtained. Here, the
G-score was obtained by analyzing the PDXs
and patient tumors, and the two groups were
found to correspond to each other (Figure S4).
In Figure 2, it showed the profiles of the most
frequently mutated genes, somatic CNVs, and
fusion transcripts were provided by clinical
molecular subtype. We analyzed the somatic
mutation frequency profiles across genes using
the program MuSic. Despite the low overall
mutation frequency, 394 mutations were iden-
tified across 342 mutated genes in patient
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Figure 2. Genetic consistency between the patient tumors and matched PDXs. A. Histological analysis of ACC patient tumors and PDXs. HE and IHC staining of hu-
man ACC tumors. The image in the box denoted with dotted black lines in the first panel is magnified in the second panel. The tumors from patients 019-ACC and
044-ACC and their matched PDXs were hybridized with the MYB break-apart probe. Both groups showed a positive pattern-one separate green signal and one red
signal as indicated by the white arrows in the third panel. Scale bars: 500 um (first panel); 250 um (middle three panels); and 100 um (fifth panel). B. Correlation
matrix showing the Pearson correlation coefficient between each tumor and PDX (R% 0.958-0.984). C. The Wilcoxon signed-rank test was used to compare the
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patient tumors versus PDXs are shown.
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tumors, and 185 (54.09%) of these were pres-
ent in both the patient tumors and PDXs ac-
ross 13 tumors. And then we assessed our
PDXs for the maintenance of variants describ-
ed previously, which were significantly mutated
in the TCGA cohort of ACC. Genes with report-
ed mutations in the cohort included NOTCH2
(53.85%), PIK3CA (46.15%), KMT2D (46.15%),
KDMGA (42.13%), KMT2C (42.31%), SMARCA4
(42.31%), and NOTCH1 (42.31%). High-frequ-
ency mutations were also detected in EP300,
NFIB, RPL5, and so on. Almost putative driver
mutations were conserved in the matched
PDXs, as shown in Figure 2D.

CNVs are conserved when passaging

The Copy number variations were estimated by
comparing the tumor or PDX data with data
from normal samples. To evaluate whether
CNVs were conserved, we assessed the corre-
lation coefficient between paired tumors and
PDXs. The Pearson correlation coefficient be-
tween the tumors and corresponding PDXs
ranged from 0.958 to 0.982 and was signifi-
cantly higher. Recurrent CNVs included amplifi-
cations and losses in chromosomes 2q11.1,
4035.2, 2q11.2 and 4p16.3. In addition, we
evaluated genes known to exhibit CNVs. We
detected amplifications of NOTCH2, SMARCAA4,
PIK3CA, EP300, and MYB and loss of KMT2D
in patient tumors and the corresponding PDXs
(Figure 2D).

New fusion genes identified in our cohort and
PDXs

As summarized in Table 1, we identified the
previously reported fusion gene MYB-NFIB in
7 PDXs, and this fusion was also detected in
their matched PDXs. Another fusion gene,
NFIB-MAP3K5, observed in a patient tumor
(034-ACC) was conserved in subsequent en-
grafted mice, and was verified by RT-PCR and
Sanger sequencing (Figure S3).

In vivo evaluation of RA efficacy

To validate drug efficacies, we proceeded an
evaluation according to our genetically and
histologically characterized ACC PDX models.
First, single-agent treatment with RA (40 mg/
kg) and cisplatin (5 mg/kg) were performed in
the PDX models (044-PDX, Figure 3). Treatment
of this PDX model, which harbored the MYB-
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NFIB fusion gene and PIK3CA amplification,
resulted in varying degrees of TGl. RA (TGl =
61.83%) exhibited a better tumor growth in-
hibitory effect than cisplatin (TGl = 46.55%),
although the difference between the RA-treat-
ed group and the combination group (TGl =
63.22%) was not obvious. In addition, the tox-
icities of RA and cisplatin were with well toler-
ance during the treatment period. To confirm
that the TGI induced by RA was specific to
downregulation of MYB, we performed IHC
staining of MYB in the PDXs after treatment in
28 days. Treatment of 044-PDX with RA with/
without cisplatin inhibited MYB expression to
various degrees. However, cell proliferation, as
assessed by Ki67 staining, was reduced sig-
nificantly in all treatment groups. Statistical
analysis of the MYB and Ki67 staining results
showed no difference between the groups
treated with RA with or without cisplatin.

In vivo effects of alpelisib combined with cis-
platin in a PDX with PIK3CA amplification

According to the WES results, 044-PDX har-
bored both MYB-NFIB fusion and PIK3CA am-
plification; hence, we tested the antitumor
effect of alpelisib combined with cisplatin in
044-PDX. In this PDX model, the combination
of alpelisib and cisplatin showed greater in-
hibition of tumor growth (TGl = 68.88%) than
did single-agent treatment. The inhibitory ef-
fects of single-agent treatment with alpelisib
(54.44%) and cisplatin (46.50%) did not differ
significantly (Figure 4A, 4B). Additionally, the
toxicities of alpelisib and cisplatin were well
tolerated during the treatment period.

We detected the protein levels of P110«, AKT,
ERK and the phosphorylation levels of AKT
and ERK after 28 days of treatment (Figure
4C). The combination treatment (alpelisib and
cisplatin) caused significant reductions in the
level of P110«x, MYB, p-AKT and p-ERK. Alpe-
lisib treatment either with or without cisplatin
inhibited P110a expression. Interestingly, the
MYB level was also decreased after alpelisib
treatment. In addition, we performed IHC stain-
ing of MYB and Ki67 in all treatment groups.
The combination treatment resulted in a mark-
ed reduction in both the number of Ki67-label-
ed cells and the MYB level. However, no signifi-
cant difference was observed between the
alpelisib and cisplatin treated groups (Figure

Am J Cancer Res 2021;11(3):773-792
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Figure 3. In vivo drug efficacy evaluation in MYB-NFIB-positive PDX models. A-C. Retinoic acid and cisplatin were
administered orally to mice bearing PDX models (044-PDX, the third passage, P3) daily for 28 days. Tumor vol-
umes and mouse weights were measured twice weekly, and the results are summarized as the mean + SD values
(Student’s t-test), n = 5. D, E. HE and immunohistological staining of MYB and Ki67 in tumors were performed on
samples from the four groups after 28 days of treatment. The MYB and Ki67 staining scores are summarized as the
mean * SD values, *P<0.05, **P<0.01. Scale bar: 250 pm.

4E, 4F). Furthermore, we evaluated the inhibi- alone (TGl = 67.84%, Figure 5E). Combination

tory efficacy of alpelisib in combination with
cisplatin in patient-derived orthotopic xeno-
grafts. However, alpelisib did not exert inhibito-
ry effect on lung metastasis (data not shown).

In vivo effects of alpelisib combined with RA in
a PDX with the PIK3CARS8¢ mutation

We also evaluated the inhibitory effects of
alpelisib and RA in 019-PDX, which harbored
PIK3CAR&8 mutation and MYB-NFIB fusion. The
combination of alpelisib and RA induced stron-
ger inhibition of tumor growth than either agent
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treatment with alpelisib and RA resulted in
marked reductions in both the number of Ki67-
labeled cells and the MYB level (Figure 5E, 5F).

Effects of alpelisib on proliferation and PI3K
pathway activity in ACC cells harboring PIK3CA
alterations

To evaluate the oncogenic potential of ampli-
fied or mutant forms of PIK3CA, we stably
transfected ACC-83 cells with plasmids con-
taining the wild-type (wt) or R88Q mutant
P110a subunit of PI3K or empty vector. As

Am J Cancer Res 2021;11(3):773-792
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Figure 4. In vivo drug efficacy evaluation in PDX models with PIK3CA amplification. A-D. Alpelisib (25 mg/kg) and
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components in tumors after 28 days of treatment. E. Representative images of HE, Ki67 and MYB staining in tumors
after 28 days of treatment with alpelisib and cisplatin. F. The Ki67 and MYB staining scores are summarized as the

mean + SEM values. Scale bar: 250 ym.

shown in Figure 6, cells transfected with the
wt or mutant PIK3CA plasmid showed compa-
rable increases in the level of p110a. As a con-
sequence of PI3K activation, the phosphoryla-
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tion of AKT at both Ser473 and Thr308 as
well as p-S6 were increased. The effects of
the PI3K inhibitor alpelisib on cell proliferation
were evaluated by a CCK-8 assay. Alpelisib
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Figure 5. In vivo drug efficacy evaluation in PDX models with PIK3CA mutation and the MYB-NFIB fusion. A. Sche-
matic illustration of PIK3CA mutations. B. The PIK3CA mutation status of 019-ACC and the corresponding PDX are
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results are shown. Scale bar: 250 um. *P<0.05, **P<0.01.

impaired cell proliferation in a concentration-
dependent manner in both PIK3CA-amplified
and PIK3CA-mutated cells. The concentration
required to achieve the half-maximal inhibition
of cell proliferation was approximately 3.583
to 8.299 pmol/L in cells with PIK3CA-ampli-
fication and 1.354 to 3.353 pmol/L in cells
with PIK3CA mutation. Then we analyzed the
modulation of PI3K-AKT pathway activity in
transfected cells with PIK3CA amplification/
mutation. Alpelisib inhibited the phosphoryla-
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tion of AKT (Ser473 and Thr308) and p-S6 in-
dependent of the PIK3CA status (Figure 6).

Next, we tried to isolate patient-derived xeno-
graft cells (PDCs) from the established PIK3CA-
amplified PDX (044-PDX) for in vitro assays.
The morphological characteristics of the PDCs
were shown in Figure 6A. In PDCs with PIK3CA
amplification, alpelisib (0.1 and 1 nM) dose-
dependently inhibited P110« level and PI3K/
AKT signaling after treatment at 2, 4 and 6
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Figure 6. In vitro drug efficacy evaluation using PIK3CA"" and PIK3CAR® cells. A. Morphology of ACC cell cultures
and expression of the epithelial cell marker pan cytokeratin (CK) in the cells from 044-ACC PDX (the third pas-
sage, P3). First panel: 20x, scale bar, 200 um; Second panel: 40x, scale bar, 10 um. B. Primary cells were treated
with 0.1 pymol/L and 1 ymol/L alpelisib for 2, 4, and 6 h. Cells were lysed, and the indicated protein levels were
quantified by western blot analysis. C. Dose-response curves of alpelisib in 72-hour proliferation assays for ACC-83
cells transfected with cDNA of PIK3CA"T and PIK3CAR®8 cells. D. Western blot showing the levels of PI3K subunit
P110a, pAKT (Serd73, Thr308) and pS6 in whole-cell lysates from PIK3CA"T and PIK3CAR® cells. E. Immunoblot
analysis of PI3K/AKT pathway components in PIK3CA"" and PIK3CAR® cells treated with alpelisib for 6 h.

hours, as shown by the western blot results molecular drivers responsible for ACC initiation
(Figure 6). and progression has been restrained because

the lack of experimental models, which hin-
Discussion dered progress in the discovery of therapies for

ACC. Therefore, the establishment of PDX mod-
The main purpose of this study was to better els will extremely contribute to the identifica-
characterize salivary ACC, especial solid-type, tion of crutial genomic alterations in engrafted
though comprehensive molecular and patho- tumors [19]. The models are of great value and
logical analysis. Currently, research on the key significance for exploring the processes that
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lead to late recurrence and metastasis and
developing novel targeted therapies [28, 29].
Compared with cell lines and other animal
models, PDXs have been advocated as super-
ior preclinical cancer models for biomarker
studies and evaluation of new treatment
modalities [30-32].

Over a 3-year period, we collected 34 paired
tumors and normal samples from Chinese ACC
patients who only underwent surgical excision
without radiotherapy or chemotherapy. From
these 34 ACC patients, we established 13
PDXs and successfully passaged for at least
three generations, with a higher success rate
(38.24%) than before. The time required for ini-
tial PDX engraftments (first passage) from
patient tumors was much longer than the en-
graftment time for other solid tumors in head
and neck [33]. Previous studies have shown
that it is extremely difficult to establish ACC
PDX models which requires longer periods and
higher costs than that for other tumors [34,
35]. To investigate potential factors influencing
PDX establishment, we evaluated the charac-
teristics of both the patients and PDXs. We did
not observe any statistically significant correla-
tion between the PDXs and patient characteris-
tics, such as age or sex. Regarding the patho-
logic features of the tumors, although the tu-
mor site did not correlate with engraftment
success, tumor histomorphology turned was
relevant. In our study, 9 of the 34 ACC samples
had solid components, and the rest were cribri-
form/tubular mixed type. 5 of the engrafted
PDXs were solid-type (5 of 9, 55.56%) and the
others were mixed type (8 of 25, 32%). Given
the more aggressive features, solid-type ACC is
more easily to survive in mice, thus the suc-
cessful rate of solid-type ACC PDX is relatively
higher.

The PDX group in our study was composed
exclusively of patients with salivary ACC, thus
capturing the clinical gene expression and
mutational profiles of this disease. By compar-
ing the genomic landscape of the PDXs to the
patient tumors, we successfully confirmed that
the PDXs maintained the genetic characteris-
tics of the matched patient tumors. Known
recurrently mutated genes, such as NOTCH1,
KMT2C and KDMG6A, and CNVs on chromo-
somes 2ql11.1, 4935.2, 2911.2 and 4p16.3
were recurrently present in our patient tumors
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and confirmed in the corresponding PDXs. We
further performed mRNA analysis to better
understand the genetic alterations. Notably,
the results confirmed that MYB-NFIB fusion
appeared in over 60% of the tumors, and addi-
tional fusion gene involving NFIB with a differ-
ent partner (MAP3K5) was also detected.
Translocated enhancers from MYB chromo-
somal rearrangements in ACC produce positive
feedback loops that result in MYB overexpres-
sion and tumor transformation [36]. The etio-
logic and functional implications of the novel
fusion gene need further to be explained.
Potential driver events, including MYB-NFIB
gene fusion, hotspot mutations of known onco-
genes and inactivation of tumor suppressor
genes, were also conserved in the correspond-
ing PDXs. The PDXs partly recapitulated the
molecular and genetic characteristics of the
original patient tumors.

Although the sample size in this study was
small, the pathological type classifier in our
study was related to the xenograft growth rate.
In our sequenced cohort, genomic alterations
were captured and this study showed how
effectively ACC PDXs could individually main-
tain their matched tumors. Recapitulation of
somatic mutations, CNVs and other genomic
alterations in PDXs were also described in this
study, which mean the potential utility of our
PDXs for exploring the mechanisms of targeted
drugs in precision oncology in future.

The association between PDX engraftment suc-
cess rate and poor patient prognosis has previ-
ously been discussed in other cancers, includ-
ing breast cancer and squamous cell carcino-
ma, suggesting that engraftment ability is relat-
ed to cancer aggressiveness and patient prog-
nosis [33, 37]. When tumor tissues were
implanted into immunodeficient mice, the
growth rate of tumors from different patients
was variable. Mice were monitored for at least
6 months, and engraftment and non-engraft-
ment were then assessed through tumor vol-
ume. Some patient tumors grew rapidly after
implantation into the mice, and the PDXs
attained the standard volume for 3-4 months
of growth and could be passaged continuously
for at least 3 passages. After being removed
from humans and transplanted into mice
months later, some tumors showed signs of
stagnant growth or even an inability to develop
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into tumors. Of the 13 engrafted tumors found
in this study, 11 exhibited nerve or bone inva-
sion characteristics. Although PDX engraftment
success was independently associated with
patient prognosis, we also tried to confirm
whether successful engraftment was related
with any potential mutations or CNVs. The inte-
grated frequency of genetic alterations in our
PDXs and patient tumors was mainly coincident
with previous TCGA findings. Molecular profiles
of engrafted versus non-engrafted samples
showed that the frequency in gene mutations
of ARID1A, PIK3CA, EP300, and VARS was high-
er in the engrafted samples, which suggested
that these genes might contribute to the
engraftment ability.

Here, we used several established ACC PDX
models to evaluate the efficiency of combina-
tion therapy targeting MYB and PIK3CA altera-
tion. One PDX was generated from an ACC
located in a minor salivary gland from the max-
illary sinus that exhibited a solid histological
type and generated lung metastasis in late
stage. This PDX exhibited an aggressive growth
pattern, growing to 1500-2000 mm?3 within 30
days. Moreover, this PDX harbored both MYB-
NFIB fusion and PIK3CA amplification; thus, it
was considered suitable for therapeutic devel-
opment studies.

The findings of our mechanistic studies of reti-
noic acid receptor signaling, which inactivated
MYB proteins, were consistent with those previ-
ous studies [8]. RA treatment in ACC xenografts
resulted in TGl and decreased MYB expression
[8]. MYB has key roles in the pathogenesis of
ACC [38, 39]. In our research, in a PDX harbor-
ing the MYB-NFIB fusion gene (044-PDX), RA
treatment partially inhibited tumor growth, but
no significant difference was seen when RA
was combined with a routine-chemotherapy.

Genomic characterization studies displayed
that several genetic alterations were frequently
found in PDX. Aberrant activation of PI3K sig-
naling pathway showed a prominent role in the
pathogenesis of solid tumors [40]. Previous
study showed that PIK3CA altered in 5% ACC
patients and mutations and amplifications of
PIK3CA were frequently localized in exon 9
(E545K and E542K) and exon 20 (H1047R)
[41-43]. To test the potential efficiency of at-
tractive targeted agent for PIK3CA, the admin-
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istration of PI3K inhibitor in combining with
chemotherapeutics mediated tumor regres-
sion. Notably, the tumor inhibition caused by
single inhibitor or combination of drugs was not
accompanied by objective systemic toxicities,
as displayed by the maintenance of weight dur-
ing the experimental period.

Furthermore, both the results of in vitro and in
vivo indicated that retinoic acid and PI3K inhibi-
tor induced inhibition of MYB and P110« and
decreased the level of its downstream signa-
ling target genes. Our study demonstrated that
alpelisib is a potent agent resistant to the ACCs
bearing PIK3CA-amplification/mutation and
emphasized how the repurposing of drugs can
contribute to explore effective precision treat-
ments for a specific proportion of ACC.

In vitro, the results of IHC staining and western
blot analysis of ACC PDXs demonstrated po-
tent, dose-dependent suppression of Ki67 and
P110a expression and downstream PI3K sig-
naling pathway activity. The results of PI3K
inhibitor treatment indicated that the prolifera-
tion of tumor cells was suppressed and that
both MYB and P110a were downregulated at
different time points. In addition, we also evalu-
ated the efficiency of RA in another PDX derived
from a primary parotid tumor. In both of these
PDXs, MYB fusion with the transcription factor
NFIB was present, and MYB expression was
high. The western blot results from the PDXs
and low-passage ACC cells also showed that
the levels of P110a and its downstream targets
were reduced after treatment with PI3K inhibi-
tor. In addition, MYB expression was inhibited
in both the PI3K-treated group and the combi-
nation-treated group. Collectively, these data
indicated the effect of this PI3K inhibitor on its
expected targets and showed that the effects
of this drug are enhanced when it is used in
combination with other routine-chemothera-
peutic drugs.

In summary, we presented preclinical evidence
for the therapeutic potential of a PI3K inhibitor
and RA in ACC PDXs harboring both PIK3CA-
amplification/mutation and MYB-NFIB fusion.
The combination of a PI3K inhibitor with RA and
chemotherapeutic drugs may provide an effec-
tive, selective therapeutic approach for these
ACC patients.

Am J Cancer Res 2021;11(3):773-792
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Table S1. Clinical information of all ACC patients in this study

Number age sex status Site pathological type '\S:(ez/ llVI a\g;g- Metastasis
009ACC 70 Female Recurrent  Submandibular gland Cribriform/Tubular + lung
010ACC 52 Male Primary Maxillary bone Zygomatic bone Solid -
019ACC 30 Male Primary Palate Cribriform/Tubular +
023ACC 66 Male Primary Sublingual gland Cribriform/Tubular -
026ACC 58 Female Primary Sublingual gland Cribriform/Tubular

027ACC 58 Female Primary Sublingual gland Cribriform/Tubular

028ACC 42 Female Primary Palate Cribriform/Tubular -
030ACC 66 Female Primary Submandibular gland Cribriform/Tubular +
031ACC 38 Female Primary Maxillary sinus Cribriform/Tubular/Solid (Solid 40%) -
032ACC 71 Male Primary Sublingual gland Cribriform/Tubular -
033ACC 61 Female Primary Submandibular gland Cribriform/Tubular MYBL1+
034ACC 62 Female Primary Maxillary sinus Solid -
035ACC 42 Male Primary Sublingual gland Cribriform/Tubular -
036ACC 36 Female Primary Palate Cribriform/Tubular

038ACC 53 Male Primary Parotid gland Cribriform/Tubular

043ACC 56 Male Primary Submandibular gland Solid -
044ACC 26 Female Recurrent  Maxillary sinus Solid + lung
047ACC 55 Male Recurrent  Submandibular gland Cribriform -
052ACC 33 Male Primary Maxillary bone Solid -
054ACC 61 Female Primary Sublingual gland Cribriform/Tubular MYBL1+
055ACC 55 Male Primary Base of tongue Cribriform/Tubular +
057ACC 67 Female Primary Parotid gland Cribriform/Tubular -
062ACC 49 Female Primary Base of tongue Cribriform/Tubular +
064ACC 89 Female Primary Buccal mucosa Solid +
065ACC 61 Female Primary Parotid gland Cribriform/Tubular +
066ACC 62 Female Primary Palate Cribriform/Tubular +
068ACC 45 Male Primary Submandibular gland Cribriform/Tubular -
069ACC 63 Female Recurrent  Maxillary sinus Cribriform/Tubular/Solid (solid <20%) -
071ACC 46 Female Primary Oropharynx Cribriform/Tubular +
072ACC 56 Male Recurrent  Palate Solid +
073ACC 49 Male Primary Palate Cribriform/Tubular +
074ACC 74 Female Primary Maxillary sinus Cribriform +
076ACC 39 Male Primary Palate Solid +
077ACC 56 Male Primary Palate Cribriform/Tubular MYBL1+
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Figure S1. Mutation spectrum and mutational signature. A. Mutation spectrum. The different colors represent 6 different mutation types. B. Mutational signature.
The mutation types of ACC samples were clustered by the nonnegative matrix factorization (NMF) algorithm, and each mutation characteristic represented one or
more tumor mutation processes. C. CNVs in 34 ACC tumors.
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Figure S2. Growth curve of PDXs from P21 to P3. 010-ACC and 019-ACC PDX growth curve are shown. P1-P3 (passage
1 to passage 3). The x-axis indicates time and the Y-ordinate showed tumor volume.
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Figure S3. Identification of fusion genes. A. MYB-NFIB in several ACC tumors were verified by RT-PCR. B-D. RNA-seq
analysis identified the fusion gene NFIB-MAP3K5 in one ACC patient sample and PDX. NFIB-MAP3K5 gene fusion
product was verified by RT-PCR and Sanger sequencing.
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Figure S4. Mutation burden and SNVs in ACC patient tumors and PDXs. A, B. TMB and gene spectrum of ACC patient
tumors and PDXs. C. G-scores of ACC patient tumors and PDXs.



