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Abstract

Understanding the timing and spectrum of genetic alterations that contribute to the development of pancreatic
cancer is essential for effective interventions and treatments. The aim of this study was to characterize somatic ATM
alterations in noninvasive pancreatic precursor lesions and invasive pancreatic adenocarcinomas from patients with
and without pathogenic germline ATM variants. DNA was isolated and sequenced from the invasive pancreatic ductal
adenocarcinomas and precursor lesions of patients with a pathogenic germline ATM variant. Tumor and precursor
lesions from these patients as well as colloid carcinoma from patients without a germline ATM variant were
immunolabeled to assess ATM expression. Among patients with a pathogenic germline ATM variant, somatic ATM
alterations, either mutations and/or loss of protein expression, were identified in 75.0% of invasive pancreatic
adenocarcinomas but only 7.1% of pancreatic precursor lesions. Loss of ATM expression was also detected in 31.0%
of colloid carcinomas from patients unselected for germline ATM status, significantly higher than in pancreatic
precursor lesions [pancreatic intraepithelial neoplasms (p = 0.0013); intraductal papillary mucinous neoplasms,
p = 0.0040] and pancreatic ductal adenocarcinoma (p = 0.0076) unselected for germline ATM status. These data
are consistent with the second hit to ATM being a late event in pancreatic tumorigenesis.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction with more than 55,000 people diagnosed with the
disease in 2021. Patients with PDAC often harbor

Pancreatic ductal adenocarcinoma (PDAC) is a lethal gem‘ﬂi.n.e pathogenic Variants.ir.l pancreatig cancer sus-
disease with a 5-year survival rate of just 11% [1]. The  ceptibility genes [2-4], and clinical care guidelines now
incidence of PDAC in the United States has increased, = recommend offering patients with PDAC and their

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0002-1020-6606
https://orcid.org/0000-0002-4960-875X
https://orcid.org/0000-0003-3930-7096
https://orcid.org/0000-0002-4286-2296
https://orcid.org/0000-0003-4554-5672
https://orcid.org/0000-0002-0494-9067
https://orcid.org/0000-0002-8709-0664
mailto:nrobert8@jhmi.edu
http://wileyonlinelibrary.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpath.6136&domain=pdf&date_stamp=2023-06-22

456 RM Paranal, Z Jiang, D Hutchings, V Kryklyva, C Gauthier et al

first-degree relatives germline genetic testing [5,6].
Furthermore, individuals with a strong family history
of PDAC or individuals with a known pathogenic
germline variant in a pancreatic cancer susceptibility
gene are recommended to consider annual surveillance
once they reach age criteria [7,8].

ATM codes for a member of the phosphoinositide
3-kinase-related protein kinase (PIKK) family and the
protein is a crucial component of DNA damage response
that ultimately plays a role in cell death, cell survival,
cell cycle arrest, apoptosis, and DNA repair [9,10].
Approximately 2—-3% of patients with PDAC and 1.6%
of patients with surgically resected intraductal papillary
mucinous neoplasm (IPMN) [11], a pancreatic cancer
precursor lesion, carry a pathogenic germline ATM
variant [2,12—17]. Importantly, individuals with a path-
ogenic germline ATM variant have a significantly
increased risk of developing PDAC. We recently esti-
mated age-specific risk of pancreatic cancer in 130 pan-
creatic cancer kindred with a pathogenic germline ATM
variant using a modified segregated analysis and found
that the cumulative risk of pancreatic cancer was 1.1%
(95% CI: 0.8-1.3%) by age 50, 6.3% (95% CI:
3.9-8.7%) by age 70, and 9.5% (95% CI: 5.0-14.0%)
by age 80 [18]. These cumulative risk estimates are
consistent with a previously published odds ratio of
pancreatic cancer in pathogenic germline ATM variant
carriers of 5.71 (95% CI: 4.38-7.30) compared to pub-
licly available gnomAD control data [4].

PDAC develops from noninvasive precursor lesions
that include pancreatic intraepithelial neoplasia lesions
(PanINs) and IPMNs. Studying these precursor lesions is
important to further our understanding of pancreatic
tumorigenesis. In particular, understanding the timing
and spectrum of genetic alterations that contribute to
the development of PDAC is essential for effective
interventions and treatments. For example, cancers from
patients with germline and/or somatic mutations that
lead to defects in homology-directed repair or mismatch
repair may be more susceptible to poly(ADP-ribose)
polymerase (PARP) 1 inhibitors and immunotherapy,
respectively [19-21]. Similarly, the loss of ATM-
mediated DNA repair in neoplastic cells may increase
their susceptibility to ionizing radiation and ATR
inhibitors. In vitro studies of multiple pancreatic cancer
cell lines demonstrated significant radiosensitivity after
shRNA knockdown of ATM expression, and we have
reported significant pathologic response to radiation
therapy in a patient with pancreatic cancer and a path-
ogenic germline ATM variant [22]. Additionally, stud-
ies of pancreatic and prostate cancer cell lines indicated
ATM loss increased sensitivity to ATR inhibitors
[23-25]. Furthermore, preclinical in vitro and in vivo
studies have shown that inhibitors of PARP, ATR, and
DNA-dependent protein kinase (DNA-PK) act syner-
gistically to target pancreatic cancer cells with
ATM loss and may improve outcomes when used as
maintenance therapy after folinic acid, fluorouracil,
irinotecan, and oxaliplatin (FOLFIRINOX) induction
therapy [26,27].

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

A recent study of cancers arising in patients
with pathogenic germline ATM variants found that
17 of 19 (89.5%) evaluable cancers had -either
somatic loss of heterozygosity (LOH) encompassing
the variant or additional somatic mutations in
ATM [28]. The important role of ATM in pancreatic
tumorigenesis is further supported by an in vivo
study indicating that loss of ATM expression accel-
erates pancreatic cancer formation [29]. However,
the timing of ATM inactivation is still poorly
understood.

In this study we characterized the timing and spectrum
of somatic ATM alterations in invasive adenocarcinomas
and precursor lesions from patients with PDAC and a
pathogenic germline ATM variant using a targeted gene
panel and immunohistochemistry (IHC). We also
explored the role of ATM loss in pancreatic tumorigen-
esis in precursor lesions and invasive carcinoma, strati-
fied by histologic subtype, in patients unselected for
germline ATM status using immunohistochemical label-
ing IHC).

Materials and methods

Ethics approval

The study was reviewed by and approval obtained
from the Johns Hopkins Institutional Review Board.

Patient selection

Twenty-four patients (P1-P24) with surgically
resected pancreatic cancer and pathogenic germline
ATM variants previously identified in research studies
were collected from the Johns Hopkins Hospital,
Memorial Sloan Kettering Cancer Center, University
of Pittsburgh Medical Center, and Radboud University
Medical Center Nijmegen. All patients included in
the study had formalin-fixed paraffin-embedded
(FFPE) tissue available that included invasive carci-
noma, PanINs, IPMNs, suitable for DNA sequencing
(15 of 24 patients), and/or immunostaining (24 of 24
patients). The histomorphology and clinicopathologic
features of 16 of these patients were reported
previously [22].

Pathologic review

Hematoxylin and eosin (H&E)-stained slides from FFPE
resection specimens and tissue microarrays (TMAs)
were reviewed. Invasive carcinomas and precursor
lesions, including pancreatic intraepithelial neoplasia
(PanIN) and intraductal papillary mucinous neoplasm
(IPMN), were identified for laser capture microdis-
section and IHC. Invasive pancreatic carcinomas were
classified by histologic subtype according to World
Health Organization criteria [30]. Neoplastic precursor
lesions were graded for dysplasia based on consensus
recommendations [31].
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Laser capture microdissection of invasive carcinoma
and precursor lesions

Ten to 20 serial tissue sections from FFPE tissue blocks
were cut onto membrane slides (Carl Zeiss Microscopy,
LLC, White Plains, NY, USA, Catalog No.: 415190-
9041-000) at 10-pm thickness. Deparaffinization and
staining were performed as described previously [32].
Sixteen invasive carcinoma samples were microdissected
from 14 patients. Morphologically and regionally distinct
precursor lesions were microdissected, including one
IPMN region and 13 PanIN regions from eight patients
(Table 1). Microdissection was performed using a Leica
LMD7000 laser-capture microscope (Leica Microsystems,
Wetzlar, Hesse, Germany).

DNA extraction

DNA from laser-capture microdissected tissue (invasive
carcinoma or precursor lesions) or four to six 4-pm
sections of FFPE blocks containing duodenum (non-
neoplastic tissue) was extracted using the QIAamp
DNA FFPE Tissue Kit (Qiagen, Germantown, MD,
USA, Catalog No.: 56404) and deparaffinization solu-
tion (Qiagen, Catalog No.: 19093) as previously
described [11]. Extracted DNA was quantified with the
Qubit 3.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA) using the Qubit 1x dsDNA BR
Assay Kit (Thermo Fisher Scientific, Catalog No.:
Q32853). Sufficient microdissected neoplastic DNA
for sequencing was available from 15 of the 24 patients.

Targeted gene sequencing

DNA sequence libraries for each sample were prepared
using the Nextera Flex for Enrichment Kit protocol
(Illumina, San Diego, CA, USA, Catalog No.: 20025524).
Sequence libraries were PCR amplified before amplifica-
tion with a custom Illumina AmpliSeq panel (Illumina)
according to the manufacturer’s specifications (supplemen-
tary material, Table S1). Fragment size and yields of ampli-
fied libraries were determined using an Agilent Bioanalyzer
2100 (Agilent, Santa Clara, CA, USA, Catalog No.:
G2939BA) and a Qubit 3.0 Fluorometer (Thermo Fisher
Scientific) using the Qubit 1x dsDNA HS Assay Kit
(Thermo Fisher Scientific, Catalog No.: Q33230).
Amplified libraries were sequenced using an Illumina
MiSeq genome analyzer and the MiSeq Reagent Kit ver-
sion 2 (500 cycles) (Illumina, Catalog No.: MS-102-2003)
configured to produce 2 x 150 bp paired-end reads.

Analysis of genetic data

Sequence reads were aligned to the human genome hg19
using Burrows-Wheeler Aligner (BWA) (SourceForge,
San Diego, CA, USA) [33]. Somatic mutation and
germline variant calling was performed using the
Genome Analysis Toolkit (GATK) Mutect2 and haplo-
type caller pipelines (Broad Institute, Cambridge, MA,
USA) [34,35]. Mutations were filtered with GATK
FilterMutectCalls (Broad Institute). Default settings

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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were used. Somatic mutations and germline variants
were annotated with ANNOVAR (GitHub, San
Francisco, CA, USA) [36]. Somatic mutations were
visually inspected in IGV (Broad Institute) [37].

Immunohistochemistry

IHC for the ATM protein was performed as previously
described using an anti-ATM primary antibody (Abcam,
Cambridge, UK, Catalog No.: 32420, 1:100 dilution) and
4-pm tissue sections from archived FFPE tissue blocks or
tissue microarrays (Oncology Tissue Services, The Johns
Hopkins University, Baltimore, MD, USA) [38]. Tissue
sections from patients with surgically resected PDAC and
a pathogenic germline ATM variant included 25 invasive
carcinoma samples from 22 patients, four IPMN samples
from four patients, and 24 PanIN samples from 12 patients
(Table 1). Tissue microarrays (TMAs) were generated
from patients unselected for germline AT status and
grouped by lesion type. TMAs contained samples from
105 patients with IPMN (80 low-grade IPMN and
47 high-grade IPMN samples; 94 nonintestinal-type and
15 intestinal-type samples), 51 patients with PanIN
(53 samples), and 29 patients with colloid carcinoma
(30 samples). Nuclear ATM labeling was scored by
board-certified pathologists (DH and LDW). ATM was
determined to be lost when >90% of neoplastic cells
lacked positive labeling, as described previously [39].

Statistical analysis

Prism6 (GraphPad, Boston, MA, USA) was used for all
statistical analyses. To assess differences in ATM loss
between different pancreatic lesions, a Fisher’s exact test
was used. A p value < 0.05 was considered significant.
As the TMAs included multiple samples for some
patients, the most severe ATM characterization for a
given lesion type, for example loss of ATM, was used
for each patient when conducting statistical analyses.

Results

Characteristics of patients with germline ATM
alterations

For patients with germline ATM alterations, clinicopatho-
logic and ATM variant data are detailed in Table 1. In the
patient cohort, 62.5% were female (15 of 24 patients),
predominantly white (12 of 14 patients with race data;
85.7%) and had a median age range of 60-69 years. The
most common cancer histological type among patients was
infiltrating ductal adenocarcinoma (20 of 24 patients;
83.3%). Colloid carcinoma was diagnosed in three
patients (12.5%) and adenosquamous carcinoma in one
patient (4.2%). Of the 15 patients with information on
receipt of neoadjuvant therapy, five received neoadjuvant
chemotherapy (33.3%) including gemcitabine and nab-
paclitaxel (three patients), gemcitabine and paclitaxel
(one patient), and FOLFIRINOX (one patient). ATM
germline variants were classified as pathogenic or likely
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pathogenic based on American College of Medical
Genetics guidelines. Pathogenic or likely pathogenic var-
iants included six nonsense variants (25.0%), eight frame-
shift deletions (33.3%), one frameshift insertion (4.2%),
seven splicing variants (29.2%), and two missense vari-
ants (8.3%).

Immunohistochemical analysis of invasive
carcinoma and precursor lesions from patients with
germline ATM alterations

To determine the prevalence of loss of ATM expression,
we immunolabeled histological sections containing
invasive carcinoma, PanIN, and/or IPMN from
24 patients. In total, 25 invasive carcinoma samples
from 22 patients, 24 PanIN samples (all low-grade) from
12 patients, four IPMN samples (three low-grade and
one high-grade) each from a different patient were char-
acterized (Table 1). Loss of ATM expression was
observed in invasive carcinoma samples from 17 of
22 patients (77.3%) (Table 2). Loss of ATM expression
was also observed in one of four IPMNs (25.0%). Of
note, the IPMN sample with loss of ATM expression
was the only precursor lesion analyzed with high-grade
dysplasia (Figure 1). We found that ATM expression
was intact for PanlNs, all low-grade, that were assessed
(Table 2). Loss of ATM expression was statistically
more prevalent in invasive carcinoma compared to
PanIN (Fisher’s exact test; p < 0.001) (Table 3).

459

Targeted sequencing of invasive carcinoma and
precursor lesions

Invasive carcinomas, PanINs, and/or IPMN from
15 patients were sequenced using the custom amplicon
panel covering the coding regions of ATM, KRAS,
GNAS, TP53, CDKN2A, and SMAD4 (supplementary
material, Table S1). In total, 15 invasive carcinoma
samples from 12 patients, 12 PanIN samples from seven
patients, and one IPMN sample were sequenced
(Table 1).

Across all samples, target regions were sequenced to a
mean depth of 204x (range: 60-451x), with 83.1%
(range: 42.5-92.2%) of target bases covered at a mini-
mum of 50x. Coverage was similar for invasive carci-
noma (217 mean coverage; 84.2% at 50x), precursor
lesions (194 x mean coverage; 85.5% at 50x), and nor-
mal tissue samples (200X mean coverage; 80.0% at
50x) (supplementary material, Table S2).

Somatic mutations identified in sequenced samples
are presented in Figure 2 and supplementary material,
Table S3. Somatic mutations in ATM were identified in
six of 15 sequenced invasive carcinoma samples
(40.0%) representing five of 12 patients (41.7%) and
one of 12 sequenced PanIN samples (8.3%) had a
somatic mutation in ATM. No ATM somatic mutations
were identified in the single sequenced IPMN sample.
ATM somatic mutations identified included truncating
mutations (nonsense, frameshift indel, and splicing;

Table 2. Samples from patients with pathogenic germline ATM variant available for immunolabeling and targeted sequencing.

ID No. immunostained samples

PanIN* IPMN*

P1
P2
P3
P4
P5
P6
P7
P8 = 1
P9 1 S
P10 = s
P11 = =
P12 2 S
P13 1 s
P14 =
P15 4 =
P16 = S
P17 1

P18 = 1M
P19 = -
P20 = S
P21 - -
P22 = =
P23 = S
P24 = =
Total 24 4 25

- 1

_ W == NN
= ==
1

G G G O S Ny R |

—_

Invasive carcinoma

No. sequenced samples

PanIN* IPMN" Invasive carcinoma
1 o o

3 1 1

- - 1

- - 1

= = 2

1 - 1

- - 1

1 - 2

- - 2

= = 1

1 - -

1 - -

- - 1

4 = 1

- - 1
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fIPMNs were all low-grade except where indicated by superscripted H.
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Figure 1. ATM IHC images of PDAC and pancreatic cancer precursor lesions. Black scale bar, 100 pm. (A) PanIN showing retention of nuclear
ATM staining. (B) Low-grade IPMN showing retention of nuclear ATM staining. (C) High-grade IPMN showing loss of nuclear ATM staining.
(D) PDAC showing retention of nuclear ATM staining. (E) PDAC showing loss of nuclear ATM staining.

Table 3. ATM expression status in invasive carcinoma, IPMN, and PanIN from patients with a pathogenic germline ATM variant as determined
by immunolabeling.

Lesion morphology Lost Retained Total Percent lost P value

PanIN 0 24 24 0 <0.0001
IPMN 1 3 4 25.0 0.1048
Invasive carcinoma 18 7 25 72.0

Two-tailed p values (PanIN versus invasive carcinoma and IPMN versus invasive carcinoma) calculated using a Fisher's exact test.

IPMN, intraductal papillary mucinous neoplasm; PanlIN, Pancreatic intraepithelial neoplasm.

three of seven mutations; 42.9%) and missense muta-
tions (four of seven mutations; 57.1%).

Hotspot KRAS mutations were frequently identified in
invasive carcinomas (13 of 15 samples; 86.7%), PanINs
(11 of 12 samples; 91.7%), and the IPMN (one of one
sample; 100%). While most sequenced samples had only
one KRAS somatic mutation, the single sequenced IPMN
sample (P2) had both p.G12D and p.Q61H somatic
mutations (supplementary material, Table S2). The spec-
trum of KRAS somatic mutations identified included
p-G12D (eight of 26 KRAS mutations; 30.8%), p.G12R

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

(seven of 26; 26.9%), p.G12V (six of 26; 23.1%),
p-G13D (one of 26; 3.8%), and p.Q61H (four of 26;
15.4%). Somatic mutations in GNAS, TP53, and
SMAD4 were infrequent in sequenced invasive carci-
noma and precursor samples (Figure 2; supplementary
material, Table S2). No somatic mutations in CDKN2A
were identified; however, we did not assess copy number
alterations or chromosomal alterations in sequenced
samples.

We did not observe the co-occurrence of TP53
somatic mutations with either ATM somatic mutation
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Figure 2. OncoPrint diagram showing immunolabeling and somatic mutation status for invasive carcinoma, PanIN, and IPMN samples in
patients with a pathogenic germline ATM variant. ATM expression status (ATM™C)  determined by immunolabeling. Lost ATM
expression - blue square. Retained ATM expression - red square. Not assessed - white rectangle. Genetic alterations in ATM, KRAS, GNAS,
TP53, and SMAD4 determined by targeted next-generation sequencing. Missense somatic mutations - green square. Truncating somatic
mutations - black square. No mutation identified - gray rectangle. Not assessed - white rectangle. Samples grouped by histologic type.

or loss of ATM expression (Figure 2). In one patient
(P5), with two sequenced invasive carcinoma samples,
somatic mutations in ATM and SMAD4 were identified
in both samples. Notably the ATM somatic mutation
(NM_000051:¢.76294+1G>T) was the same in each
sample, while the two SMAD4 somatic mutations were
different (NP_005350.1:p.H132N and NP_005350.1:
p-R361T) (supplementary material, Table S3). These
data suggest a common origin for both sequenced carci-
nomas, where the somatic mutation in ATM occurred
before the somatic mutations in SMAD4.

ATM loss in patients unselected for germline ATM
status

We next determined the prevalence of ATM loss in
precursor lesions and invasive carcinoma in patients
with PDAC unselected for ATM status. As we previously
published data on the prevalence of ATM loss in inva-
sive carcinoma from 555 patients with PDAC using the
same antibody and scoring system [39], we determined
the ATM expression status of PanIN and IPMN from
51 and 105 patients unselected for pathogenic germline
ATM variants, respectively. The prevalence of ATM loss
was similar in PanIN (two of 51 patients; 3.9%) and
IPMN (nine of 105 patients; 8.6%) (Fisher’s exact test;
p = 0.5058), in low-grade IPMN (five of 80 patients;
6.3%) and high-grade IPMN (four of 47 patients; 8.5%)
(Fisher’s exact test; p = 0.7251), and intestinal-type
IPMN (zero of 15 patients; 0%) and nonintestinal type

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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IPMN (nine of 94; 9.6%)
p = 0.3563).

We next compared the prevalence of ATM loss in
pancreatic precursor lesions to our previously published
data on ATM loss in 555 patients with PDAC unselected
for ATM germline status. We did not identify any statis-
tically significant differences in ATM loss between
PanIN (two of 51 patients; 3.9%) and PDAC (67 of
555 patients; 12.1%) between the two groups (Fisher’s
exact test; p = 0.1040) or IPMN (nine of 105 patients;
8.6%) and PDAC (67 of 555 patients; 12.1%) (Fisher’s
exact test; p = 0.4038).

We also determined the prevalence of ATM loss by
IHC in 29 patients with colloid carcinoma unselected for
ATM germline status. The prevalence of ATM loss in
patients with colloid carcinoma (nine of 29 patients;
31.0%) was significantly higher compared to usual
PDAC (67 of 555 patients; 12.1%) (Fisher’s exact test;
p = 0.0076), IPMN (nine of 105 patients; 8.6%)
(Fisher’s exact test; p = 0.0040), or PanIN (two of
51 patients; 3.9%) (Fisher’s exact test; p = 0.0013).
These data clearly indicate that loss of ATM is an impor-
tant aspect of the pathogenesis of colloid carcinomas.

Interestingly, six patients had multiple samples
assessed that were discordant for ATM expression status
(supplementary material, Table S4). In general, discor-
dant expression occurred within samples of the same
histological type and grade (one patient with PanIN, one
patient with low-grade IPMN, two patients with high-
grade IPMN, and one patient with colloid carcinoma)
and likely represented clonal heterogeneity. However,

(Fisher’s exact test;
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one patient who had samples of low-grade and high-grade
IPMN assessed had ATM loss restricted to the high-grade
sample (supplementary material, Figure S1).

Discussion

ATM is a pancreatic cancer susceptibility gene fre-
quently identified by germline genetic testing in patients
with PDAC and their relatives [12,14]. In carriers of a
pathogenic germline ATM variant, the risk of developing
PDAC is high, at 9.5% by age 80 years [18]. However,
despite these clear findings supporting the importance of
ATM in the development of PDAC, little is known about
the role of ATM in pancreatic tumorigenesis. For exam-
ple, as ATM is a tumor suppressor gene, the remaining
wildtype copy of ATM in individuals with a pathogenic
germline ATM variant is predicted to be mutated or lost
during tumorigenesis [40]. Understanding the preva-
lence, timing, and type of somatic alterations that result
in loss of ATM during the development of PDAC is
essential to improve clinical surveillance, early detection
initiatives, chemoprevention, and targeted therapies.

The prevalence of somatic loss of ATM in invasive
carcinoma from patients with PDAC and pathogenic
germline ATM variants, by somatic mutation and/or loss
of ATM expression, was 75% (18 of 24 patients;
Figure 2 and Table 2). The 25% of patients without an
identifiable somatic alteration in ATM in their invasive
carcinoma suggests that either the wildtype ATM allele is
not somatically altered or that somatic loss occurred by a
mechanism not detected by the approaches used to
assess somatic ATM status in this study. Regardless,
these data clearly indicate that somatic loss of ATM in
invasive carcinoma is common in patients with PDAC
and a pathogenic germline ATM variant.

A recent study suggested that somatic mutations in
TP53 are mutually exclusive with inactivation of the
ATM gene [28]. In support of this observation, we did
not identify any 7P53 somatic mutations in any precursor
or invasive carcinoma samples that had either a somatic
mutation in ATM or loss of ATM expression (Figure 2);
however, this observation was not statistically significant.
Analysis of additional samples is necessary to confirm
mutual exclusivity of 7P53 somatic mutation and somatic
ATM mutations or loss of ATM expression in patients
with a pathogenic germline ATM variant.

We were also able to determine the prevalence of
ATM loss in colloid carcinomas unselected for germline
ATM status using IHC. We found that ATM loss was
common in colloid carcinomas (nine of 29 samples;
31.0%) and that ATM loss was significantly more prev-
alent in this subtype of pancreatic cancer compared to
PDAC unselected for subtype, PanIN, and IPMN. These
data indicate that loss of ATM is an important event in
the development of colloid carcinomas, which is also
supported by our previous observations of an increased
prevalence of colloid carcinomas in patients with path-
ogenic germline ATM variants [22].

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

Several lines of evidence from our study suggest that
loss of ATM is a relatively late event in pancreatic
tumorigenesis. Somatic mutations and/or loss of
expression of ATM were almost completely restricted
to invasive carcinoma in patients with PDAC and a
pathogenic germline ATM variant, with only one
of 28 immunolabeled precursor lesions and one of
13 sequenced precursor lesions demonstrating loss of
ATM expression or a somatic mutation in ATM, respec-
tively (Table 2; Figure 2). The precursor lesion with loss
of ATM expression was a high-grade IPMN. All other
immunolabeled precursor lesions were low-grade and
had intact ATM expression. Of note, we could not estab-
lish whether the high-grade IPMN sampled was a pre-
cursor lesion or represented ductal cancerization. The
precursor lesion with a somatic mutation in ATM was
a PanIN, and the mutation resulted in a missense
change of unknown functional consequence (p.R832C;
Supplementary Table S3). While immunostaining of the
PanIN demonstrated retention of ATM expression, inva-
sive carcinoma from the same patient demonstrated loss
of ATM expression, indicating a different mechanism
for somatic loss of ATM in the patient’s invasive carci-
noma compared to their PanIN.

While we did not see a significant difference in the
prevalence of ATM loss between precursor lesions and
PDAC in patients unselected for germline ATM status,
the total number of PanIN and IPMN samples included
in our study was small, and a larger study incorporating
more patients with precursor lesions is necessary to
elucidate differences in prevalence. Notably, however,
one patient with IPMN with both high-grade and low-
grade dysplasia had ATM loss that was restricted to
the high-grade component (supplementary material,
Table S3 and Figure S1). The late biallelic inactivation
of ATM in germline ATM alteration carriers is consistent
with evidence that patients with pathogenic ATM vari-
ants do not have an increase in pancreatic precursor
lesions [22].

Finally, we also found that ATM loss was statistically
more prevalent in colloid carcinomas compared with
PDAC unselected for histologic subtype, IPMN, and
PanIN from patients unselected for germline ATM status.
Furthermore, lack of ATM expression in the more com-
mon precursor to colloid carcinoma, intestinal-type
IPMN, was not detected in this study. This might have
been due to the small numbers available for study, or it
might reflect the late occurrence of ATM alterations in
the progression of IPMN to colloid carcinoma. Given the
evidence that ATM loss is a later event in patients with
pathogenic germline ATM variants, additional studies
are warranted to assess the utility of ATM loss as a
biomarker of progression.

In summary, we presented an analysis of ATM loss
during pancreatic tumorigenesis in patients with a path-
ogenic germline ATM variant and those unselected for
germline ATM status. We found that loss of ATM was a
common event in patients with a pathogenic germline
ATM variant who developed PDAC, as well as in
patients with colloid carcinoma unselected for germline
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ATM status. We also found that loss of ATM was likely a
later event in pancreatic tumorigenesis. These observa-
tions could have implications for the use of ATM loss as
a biomarker of neoplastic progression and patient care.

Acknowledgements

This study was supported by National Institutes of
Health/National Cancer Institute P50 CA62924 and
RO0O CA190889; Susan Wojcicki and Dennis Troper,
The Sol Goldman Pancreatic Cancer Research Center;
the Rolfe Pancreatic Cancer Foundation; the Joseph
C. Monastra Foundation; the Gerald O. Mann
Charitable Foundation (Harriet and Allan Wulfstat,
Trustees); and the Dutch Cancer Society (Grant 2016-1
10289). We thank Kevin T. Jamouss for help with slide
imaging.

Author contributions statement

NJR conceptualized the study. CLW, JH, DSK, REB,
ADS, MGG, LAAB, RHH, APK, TL, LDW and NJR
designed the experiments. CLW, JH, DSK, REB, ADS,
AD, LZ, MGG, LAAB, RHH, APK, TL and NJR pro-
vided resources. RMP, ZJ, DH, VK, CG, LZ, RHH,
APK, LDW and NJR curated the data. RMP, ZJ, DH,
VK, CG, KF, NN, BH, MS, TL, LDW and NJR
acquired, analyzed, and interpreted the data. RMP and
NJR wrote the manuscript. RMP, ZJ, DH, VK, CG, KF,
NN, BH, MS, CLW, JH, DSK, REB, ADS, AD, LZ,
MGG, LAAB, RHH, APK, TL, LDW and NJR
reviewed and edited the manuscript. NJR was responsi-
ble for supervision and administration of the study.

Data availability statement

Histological images and targeted gene panel data are
available on request from the corresponding author in
accordance with institutional policies.

References

1. Siegel RL, Miller KD, Fuchs HE, et al. Cancer statistics, 2021. CA
Cancer J Clin 2021; 71: 7-33.

2. Shindo K, Yu J, Suenaga M, et al. Deleterious germline mutations in
patients with apparently sporadic pancreatic adenocarcinoma. J Clin
Oncol 2017; 35: 3382-3390.

3. Yurgelun MB, Chittenden AB, Morales-Oyarvide V, et al. Germline
cancer susceptibility gene variants, somatic second hits, and survival
outcomes in patients with resected pancreatic cancer. Genet Med
2019; 21: 213-223.

4. Hu C, Hart SN, Polley EC, e al. Association between inherited
germline mutations in cancer predisposition genes and risk of pancre-
atic cancer. JAMA 2018; 319: 2401-2409.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd

on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

463

. Tempero MA, Malafa MP, Al-Hawary M, et al. Pancreatic

adenocarcinoma, version 2.2021, NCCN clinical practice guidelines
in oncology. J Natl Compr Canc Netw 2021; 19: 439-457.

. Stoffel EM, McKernin SE, Brand R, et al. Evaluating susceptibility to

pancreatic cancer: ASCO provisional clinical opinion. J Clin Oncol
2019; 37: 153-164.

. Canto MI, Harinck F, Hruban RH, et al. International cancer of the

pancreas screening (CAPS) consortium summit on the management
of patients with increased risk for familial pancreatic cancer. Gut
2013; 62: 339-347.

. Syngal S, Brand RE, Church JM, et al. ACG clinical guideline:

genetic testing and management of hereditary gastrointestinal cancer
syndromes. Am J Gastroenterol 2015; 110: 223-262.

. Lavin MF, Scott S, Gueven N, et al. Functional consequences of

sequence alterations in the ATM gene. DNA Repair 2004; 3:
1197-1205.

Pizarro JG, Folch J, de la Torre AV, et al. ATM is involved in cell-
cycle control through the regulation of retinoblastoma protein phos-
phorylation. J Cell Biochem 2010; 110: 210-218.

Skaro M, Nanda N, Gauthier C, et al. Prevalence of germline muta-
tions associated with cancer risk in patients with intraductal papillary
mucinous neoplasms. Gastroenterology 2019; 156: 1905-1913.
Roberts NJ, Jiao Y, Yu J, et al. ATM mutations in patients with
hereditary pancreatic cancer. Cancer Discov 2012; 2: 41-46.

Takai E, Yachida S, Shimizu K, ef al. Germline mutations in Japanese
familial pancreatic cancer patients. Oncotarget 2016; 7:
74227-74235.

Roberts NJ, Norris AL, Petersen GM, et al. Whole genome sequenc-
ing defines the genetic heterogeneity of familial pancreatic cancer.
Cancer Discov 2016; 6: 166—-175.

Chaffee KG, Oberg AL, McWilliams RR, et al. Prevalence of germ-
line mutations in cancer genes among pancreatic cancer patients with
a positive family history. Genet Med 2018; 20: 119-127.

Cancer Genome Atlas Research Network. Electronic address aadhe,
cancer genome atlas research N. integrated genomic characterization
of pancreatic ductal adenocarcinoma. Cancer Cell 2017; 32:
185-203.e13.

Smith AL, Wong C, Cuggia A, et al. Reflex testing for germline
BRCAI, BRCA2, PALB2, and ATM mutations in pancreatic cancer:
mutation prevalence and clinical outcomes from two Canadian
research registries. JCO Precis Oncol 2018; 2: 1-16.

Hsu F-C, Roberts NJ, Childs E, et al. Risk of pancreatic cancer among
individuals with pathogenic variants in the ATM gene. JAMA Oncol
2021; 7: 1664-1668.

O’Reilly EM, Lee JW, Lowery MA, et al. Phase 1 trial evaluating
cisplatin, gemcitabine, and veliparib in 2 patient cohorts: germline
BRCA mutation carriers and wild-type BRCA pancreatic ductal ade-
nocarcinoma. Cancer 2018; 124: 1374-1382.

Villarroel MC, Rajeshkumar NV, Garrido-Laguna 1, er al.
Personalizing cancer treatment in the age of global genomic analyses:
PALB2 gene mutations and the response to DNA damaging agents in
pancreatic cancer. Mol Cancer Ther 2011; 10: 3-8.

Le DT, Durham JN, Smith KN, e al. Mismatch repair deficiency
predicts response of solid tumors to PD-1 blockade. Science 2017;
357: 409-413.

Hutchings D, Jiang Z, Skaro M, et al. Histomorphology of pancreatic
cancer in patients with inherited ATM serine/threonine kinase patho-
genic variants. Mod Pathol 2019; 32: 1806-1813.

Rafiei S, Fitzpatrick K, Liu D, et al. ATM loss confers greater
sensitivity to ATR inhibition than PARP inhibition in prostate cancer.
Cancer Res 2020; 80: 2094-2100.

Dunlop CR, Wallez Y, Johnson TI, et al. Complete loss of ATM
function augments replication catastrophe induced by ATR inhibition
and gemcitabine in pancreatic cancer models. Br J Cancer 2020; 123:
1424-1436.

J Pathol 2023; 260: 455-464
www.thejournalofpathology.com

85UB017 SUOLULLIOD 3AIER.D 3ot |dde au3 Aq paueAof fe SSPILE VO ‘35N JO S3|NJ 0 AXeIq1T 8UIUO /3|1 UO (SUORIPLIOD-PUR-SWRHLIOD™A8 | 1M ARe.q | U1 |UO//SaNY) SUO RIPUOD pue swie | 8y} &8s *[£202/80/2z] Uo Ariqiauliuo As|im ‘Ariqi AiseAn oenn Aq 9€T9'URed/200T 0T/I0p/wo0 A8 M Areiq1jeuluo's euIno foosyred)/:sdny WoJj papeo|umoq ‘v ‘€202 ‘9686960T


http://www.pathsoc.org
http://www.thejournalofpathology.com

464

25.

26.

217.

28.

29.

30.

31.

Perkhofer L, Schmitt A, Romero Carrasco MC, et al. ATM deficiency
generating genomic instability sensitizes pancreatic ductal adenocar-
cinoma cells to therapy-induced DNA damage. Cancer Res 2017;77:
5576-5590.

Gout J, Perkhofer L, Morawe M, et al. Synergistic targeting and
resistance to PARP inhibition in DNA damage repair-deficient pan-
creatic cancer. Gut 2021; 70: 743-760.

Roger E, Gout J, Arnold F, et al. Maintenance therapy for ATM-
deficient pancreatic cancer by multiple DNA damage response inter-
ferences after platinum-based chemotherapy. Cell 2020; 9: 2110.
Park W, O’Connor CA, Bandlamudi C, et al. Clinico-genomic char-
acterization of ATM and HRD in pancreas cancer: application for
practice. Clin Cancer Res 2022; 28: 4782-4792.

Russell R, Perkhofer L, Liebau S, er al. Loss of ATM accelerates
pancreatic cancer formation and epithelial-mesenchymal transition.
Nat Commun 2015; 6: 7677.

Bosman FT, World Health Organization, International Agency for
Research on Cancer. WHO Classification of Tumours of the Digestive
System. International Agency for Research on Cancer: Lyon,
20105 417.

Basturk O, Hong SM, Wood LD, et al. A revised classification system
and recommendations from the Baltimore consensus meeting for
neoplastic precursor lesions in the pancreas. Am J Surg Pathol
2015; 39: 1730-1741.

32.

33.

34.

35.

36.

37.

38.

39.

40.

RM Paranal, Z Jiang, D Hutchings, V Kryklyva, C Gauthier et al

Hosoda W, Chianchiano P, Griffin JF, et al. Genetic analyses of
isolated high-grade pancreatic intraepithelial neoplasia (HG-PanIN)
reveal paucity of alterations in TP53 and SMAD4. J Pathol 2017,
242: 16-23.

Li H, Durbin R. Fast and accurate long-read alignment with burrows-
wheeler transform. Bioinformatics 2010; 26: 589-595.

Benjamin D, Sato T, Cibulskis K, et al. Calling somatic SNVs and
indels with Mutect2. bioRxiv 2019: 861054. [Not peer reviewed].
Poplin R, Ruano-Rubio V, DePristo MA, et al. Scaling accurate
genetic variant discovery to tens of thousands of samples. bioRxiv
2018: 201178. [Not peer reviewed].

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of
genetic variants from high-throughput sequencing data. Nucleic Acids
Res 2010; 38: el64.

Robinson JT, Thorvaldsdéttir H, Wenger AM, et al. Variant review
with the integrative genomics viewer. Cancer Res 2017;77: e31-e34.
Kaur H, Salles DC, Murali S, et al. Genomic and clinicopathologic
characterization of ATM-deficient prostate cancer. Clin Cancer Res
2020; 26: 4869-4881.

Kim H, Saka B, Knight S, et al. Having pancreatic cancer with
tumoral loss of ATM and normal TP53 protein expression is associ-
ated with a poorer prognosis. Clin Cancer Res 2014; 20: 1865-1872.
Knudson AG Jr. Mutation and cancer: statistical study of
retinoblastoma. Proc Natl Acad Sci U S A 1971; 68: 820-823.

SUPPLEMENTARY MATERIAL ONLINE

Figure S1. Low-grade and high-grade IPMN samples from individual patient discordant for ATM expression
Table S1. Targeted capture regions
Table S2. Summary sequencing statistics for sequenced samples

Table S3. Somatic mutations identified in patient samples

Table S4. Discordant ATM expression in patients unselected for germline ATM status

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2023; 260: 455-464
www.thejournalofpathology.com

85UB017 SUOLULLIOD 3AIER.D 3ot |dde au3 Aq paueAof fe SSPILE VO ‘35N JO S3|NJ 0 AXeIq1T 8UIUO /3|1 UO (SUORIPLIOD-PUR-SWRHLIOD™A8 | 1M ARe.q | U1 |UO//SaNY) SUO RIPUOD pue swie | 8y} &8s *[£202/80/2z] Uo Ariqiauliuo As|im ‘Ariqi AiseAn oenn Aq 9€T9'URed/200T 0T/I0p/wo0 A8 M Areiq1jeuluo's euIno foosyred)/:sdny WoJj papeo|umoq ‘v ‘€202 ‘9686960T


http://www.pathsoc.org
http://www.thejournalofpathology.com

	Somatic loss of ATM is a late event in pancreatic tumorigenesis
	Introduction
	Materials and methods
	Ethics approval
	Patient selection
	Pathologic review
	Laser capture microdissection of invasive carcinoma and precursor lesions
	DNA extraction
	Targeted gene sequencing
	Analysis of genetic data
	Immunohistochemistry
	Statistical analysis

	Results
	Characteristics of patients with germline ATM alterations
	Immunohistochemical analysis of invasive carcinoma and precursor lesions from patients with germline ATM alterations
	Targeted sequencing of invasive carcinoma and precursor lesions
	ATM loss in patients unselected for germline ATM status

	Discussion
	Acknowledgements
	Author contributions statement
	Data availability statement

	References


