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Abstract

Adenomyoepitheliomas (AMEs) of the breast are uncommon and span the morphologic spectrum of benign, atypical, in situ,
and invasive forms. In exceptionally rare cases, these tumors metastasize to regional lymph nodes or distant sites. In the era
of genomic characterization, data is limited regarding AMEs. The aim of this study was to provide insight into the molecular
underpinnings of a spectrum of AMEs. Seven cases of AMEs of the breast (benign-1, atypical-2, in situ-1, invasive-3) were
identified in our files. The seven samples were interrogated using the Oncomine Comprehensive Assay v3 (ThermoFisher).
Two atypical AMEs and the malignant in situ AME harbored the same gain-of-function PIK3CA mutation. The malignant
in situ AME also showed EGFR amplification, not described previously. Both a benign AME and a malignant invasive AME
shared the same gain-of-function AKT/ variant. The benign AME also showed a GNAS mutation. Moreover, the same gain-
of-function HRAS mutation was present in an atypical AME and a malignant invasive AME. We also identified co-occurring
HRAS and PIK3CA mutations in an ER-positive atypical AME, which has not been previously described. No fusion drivers
were detected. We describe the molecular characteristics of the spectrum of AME tumors of the breast, which harbor
alterations in the PI3K/AKT pathway. Our findings are clinically relevant with respect to the current options of targeted
therapy in the rare instances where malignant AME tumors of the breast progress.

Introduction

Adenomyoepitheliomas (AMEs) of the breast are rare
lesions first described by Hamperl in 1970 [1]. These
biphasic tumors are composed of both epithelial and
myoepithelial components and are thought to be variants
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of intraductal papillomata [2]. Based on architecture and/
or cytomorphology, AMEs can be classified into spindle,
tubular, lobulated, papillary, and mixed histologic pat-
terns [3, 4].

A majority of AMEs have a benign clinical course,
however, distant metastases from cases lacking atypia
or a proliferative component have been reported [5, 6].
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Therefore, according to the most recent edition of the World
Health Organization Classification of Tumors, AMEs may
be regarded as neoplasms with low malignant potential [7].
Overt malignant transformation of AMEs has been docu-
mented and is considered to be an extremely rare occurrence
[8-14]. Atypical AMEs demonstrate cytological atypia
without tumoral necrosis, high mitotic rates, or overgrowth
of the epithelial or myoepithelial components. Malignant
AMEs can be classified as either in situ malignant AME
or invasive malignant AME. In malignant AMEs, the
malignant component may be solely epithelial, solely
myoepithelial, or both epithelial and myoepithelial [7].
Metastases from malignant AMEs have been documented in
lymph nodes, soft tissue, lung, liver, thyroid, kidney, and
brain [6, 8-10, 15-18].

Given the rarity of AMEs, the literature regarding
genetic alterations is limited. Studies of both benign AMEs
and malignant AMEs have employed DNA ploidy analy-
sis, comparative genomic hybridization (cGH) analysis,
cytogenetics, targeted next-generation sequencing (NGS)
and whole exome sequencing (WES) [10, 16, 19-25].
Early genetic studies of benign AMEs showed a variety of
molecular alterations including microsatellite instability
and reciprocal translocations involving chromosomes 8
and 16 [22, 26]. Jones et al. reported a case of malignant
AME with losses at chromosomes 11q and 16q in the
primary tumor and an additional loss at 12q in the liver
metastasis [10].

Sequencing analyses have demonstrated recurrent muta-
tions in PIK3CA, AKTI, HRAS, and PIK3RI genes
[16, 20, 23]. Furthermore, a recent study by Geyer et al.
highlighted different recurrent alterations in AMEs based on
estrogen receptor (ER) status, with ER-positive tumors
more frequently harboring PIK3CA and AKTI activating
mutations and ER-negative tumors harboring HRAS muta-
tions [23]. The aim of this study was to describe a complete
spectrum of AMEs and provide further insight into the
molecular underpinnings of AMEs of the breast using a
target NGS-sequencing platform.

Materials and methods
Case selection

Seven cases of AMEs of the breast were identified in our
files including four cases of malignant AMEs (three inva-
sive and one in situ), two atypical AMEs, and one benign
AME. All available pathological material for each case were
reviewed. All clinical data were retrieved from the medical
records and dates of recurrence or last contact were recor-
ded. Institutional review board approval was obtained for all
aspects of this study.

Pathologic examination

All available hematoxylin and eosin (H&E) slides from
each case were reviewed by four pathologists (SJS/SH/PSG/
PIJM). For benign and atypical AMEs, the following char-
acteristics were evaluated: nuclear atypia, mitoses, and
prominent component (in atypical AME). For cases with
carcinoma, the following characteristics were evaluated:
uniphasic versus biphasic malignant proliferation, necrosis,
nuclear grade, and presence of non-glandular differentia-
tion. The block with the best preserved and highest volume
of tumor was selected for further analysis. In cases with
carcinoma, the block with the greatest volume of neoplastic
component was chosen for further analysis.

Immunohistochemistry

ER immunohistochemistry was performed on slides pre-
pared from representative tumor blocks. Immunostained
slides were examined by routine light microscopy by a
single pathologist (PSG) and scored. Positivity for ER was
defined as >1% nuclear positivity.

Nucleic acid extraction

Tumor DNA and RNA were extracted from 5 pm-thick
formalin-fixed paraffin-embedded (FFPE) tissue sections.
Tumor tissue was macrodissected based on annotation of a
corresponding H&E slide. Extraction was performed by
using the Maxwell” 16 FFPE Plus LEV DNA & RNA
Purification Kits on an automated Maxwell 16 Research
extraction system (Promega, Madison, USA). The Maxwell
RNase A solution and DNase I were used to, respectively,
digest RNA and DNA during the two different procedures
of nucleic acids’ isolation. The Qubit 3.0 Fluorometer
(Thermo Fisher Scientific) was employed for sample
quantitation by means of the highly sensitive and accurate
fluorescence-based Qubit™ quantitation assays.

DNA and RNA NGS and data analysis

NGS library preparation for the Oncomine Comprehensive
Assay v3 (OCAv3, ThermoFisher Scientific) using extrac-
ted DNA and RNA was performed using the Ion Ampli-
Seq™ Library Preparation on the IonChef™ System
protocol (ThermoFisher Scientific). Sequencing was per-
formed on the IonTorrent™ S5 XL platform, following
manufacturer protocols and using positive control cell line
mixtures (Horizon Discovery). OCAv3 is an amplicon-
based, targeted assay that enables the detection of relevant
SNVs (gene hotspots and full coding regions, see Supple-
mentary Table 1), amplifications, gene fusions, and indels
from 161 unique genes. Genomic data were analyzed, and
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NED
NED
NED
NED
NED

Lumpectomy 23

Negative

Tis

1.4
1.2
1.6
14

4.8

78

Malignant in situ AME
Malignant invasive AME 66

37

Mastectomy
Lumpectomy 21

Positive

Nla
NA
NA
NO

T1

Positive

NA
NA
T2

45

Atypical AME
Atypical AME

5
6

Lumpectomy

Positive

74

Malignant invasive AME 42

16

Mastectomy

Negative

AME adenomyoepithelioma, L left, R right, cm centimeters, ER estrogen receptor, NA not applicable, DOD died of disease, NED no evidence of disease.

alterations were detected using the IonReporter™ software,
version 5.6 (ThermoFisher Scientific).

Sanger sequencing

For genes of interest (PIK3CA, AKT1, and HRAS), PCR was
performed using custom PCR primers designed to amplify
short (~200-400 bp) regions in FFPE samples. A human
gDNA control sample was run in parallel with the FFPE
samples to confirm a successful PCR and end-sequencing
was performed using PCR primers. After enzymatic
purification, sequencing was achieved through BigDye
Terminator Cycle Sequencing. Data analysis was performed
with DNASTAR Lasergenel2 software and the threshold
for SNP detection was set to 10%. Mutations from the
reference sequence were called whenever sequence quality
and coverage allowed.

Results
Patient characteristics and follow-up

All patients were female with a median age of 56 years
(range: 42-78 years; mean: 58 years). The median tumor
size was 1.5 cm (range: 1.2-4.8 cm; mean: 2.1 cm). Five
patients underwent breast-conserving surgery and two
patients had mastectomies. Additional clinicopathologic
characteristics of the cohort are summarized in Table 1.
Follow up was available for six patients with a median of
22 months (range: 11-37; mean: 22 months). Of the
four patients with malignant AME, 1 patient (AME1)
presented with lung metastases 8 months following sur-
gery and died of disease 24 months following surgery.
The other three cases of malignant AME (AME3, AME4,
and AME7) were all alive without disease at 23, 37,
and 16 months following surgery, respectively. The two
cases of atypical AME were alive without disease at last
follow-up.

Histopathology

All seven AME cases were biphasic in nature with a
nodular proliferation of epithelial and myoepithelial cells.
The case of benign AME was a well-circumscribed and
nodular tumor lacking a complete fibrous capsule (AME?2)
(Fig. 1a and b). No overt cytologic atypia was present and
there were equal ratios of epithelial and myoepithelial
components. One atypical AME was multinodular and
displayed moderate cytological atypia with a prominent
myoepithelial component. Mitoses were identified within
myoepithelial and epithelial cells (AMES5). The second
atypical AME was well circumscribed with equal
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Fig. 1 Benign and atypical
adenomyoepithelial (AME)
tumors. a Example of benign
AME that is well-circumscribed
with nodular growth and a
papillary configuration. Sanger
sequencing confirmed the
presence of an AKT] variant
(E17K) (inset). B This benign
AME demonstrates equal
proportions of epithelial and
myoepithelial elements with
bland cytologic features.

¢ Example of atypical AME that
is well circumscribed with
focal papillary architecture
(upper right). d This atypical
AME shows myoepithelial
prominence with cytologic
atypia.

proportions of the epithelial and myoepithelial compo-
nents and displayed cytologic atypia predominantly in the
epithelial component (Fig. 1c and d) (AME6). Mitoses
were identified within the epithelial component. The dis-
tinction of atypical AME and malignant in situ AME was
based on the presence of severe cytologic atypia, necrosis,
and brisk mitotic activity which would be beyond that
allowable for the diagnosis of an atypical AME. The
malignant in situ AME was multinodular and demon-
strated a neoplastic proliferation of epithelial cells with
moderate to severe cytologic atypia, focal necrosis, and
brisk mitotic activity. Focal sebaceous and squamous
differentiation was also present (Fig. 2a and b) (AME3).
No stromal invasion was identified. Beyond the borders of
the malignant in situ AME, was an adjacent 5 mm focus of
ductal carcinoma in situ (DCIS) comprised of solid and
cribriform architectural types with low nuclear grade and
calcifications (not shown). In this case (AME3), the
malignant component comprised a vast proportion of the
tumor (~90%). Of the three malignant invasive AMEs,
one had metastasis to a regional lymph node. The primary
tumor was infiltrative with large areas of necrosis. The
tumor was biphasic and composed of malignant glandular
and focal squamous epithelial cells and malignant myoe-
pithelial cells with spindle and clear cell morphology
(Fig. 2c and d) (AMEIl). The associated lymph node
metastasis also demonstrated focal squamous differentia-
tion (Fig. 2e and f). In this case (AMEL), the malignant
component represented the majority of the tumor (~80%).

The second invasive malignant AME was multinodular
with invasive tumor borders. The tumor was biphasic and
composed of predominately malignant myoepithelial cells
with spindle and clear cell morphology and also malignant
glandular epithelial cells (AME4). In this case (AME4),
the malignant component comprised a large part of the
tumor (~60%). The third invasive malignant AME was
diffusely infiltrative and associated with necrosis. The
biphasic tumor was comprised of malignant glandular
epithelial cells (AME7). All of the malignant AME (one
in situ and three invasive) demonstrated high-grade nuclei
and mitoses were easily identified. In this case (AME7),
the malignant component comprised a broad proportion of
the tumor (~80%). Additional clinicopathologic char-
acteristics of the cohort are summarized in Table 2.
No variables demonstrated a clear association with spe-
cific genomic alterations.

Immunohistochemistry

The benign AME, the two atypical AMEs (Fig. 3a and b),
and one malignant invasive AME (AME4) were ER-
positive. ER positivity was present in both the epithelial
and myoepithelial cells for all four of these tumors,
however, the epithelial positivity was predominately more
diffuse and strong than that of the myoepithelial cell
staining. The malignant in situ AME and two other
malignant invasive AME (AMEl1 and AME7) were
negative for ER (Table 1).

SPRINGER NATURE
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Fig. 2 Malignant
adenomyoepithelial (AME)
tumors. a Example of malignant
in situ AME with a nodular
configuration. b High
magnification of this malignant
in situ AME shows a
monotonous population of
epithelial cells with intermediate
grade nuclei and focal squamous
features. Sanger sequencing
confirmed the presence of a
PIK3CA mutation (H1047P)
(inset). ¢ Example of malignant
AME with invasive growth and
necrosis. d This malignant
invasive AME showed biphasic
proliferation with glandular,
clear cell, and spindle
morphology. Sanger sequencing
showed an HRAS mutation
(G12D) (inset). € The same
malignant invasive AME was
associated with metastases to a
lymph node. f The metastatic
AME in lymph node showed
both glandular and
myoepithelial components and
squamous differentiation (left).

Mutations detected by oncomine v3

The two atypical AMEs and the malignant in situ AME
both harbored the same gain-of-function PIK3CA muta-
tion (H1047P; COSM249874), with a similar variant
allele frequency of 31-35%. The malignant in situ
AME also showed EGFR amplification. The EGFR
amplification showed a 45.83-fold change (CNV con-
fidence interval: 5%: 40.55; 95%: 51.8). The benign
AME and one malignant invasive AME (AME4) both
shared the same gain-of-function AKT! variant (E17K;
COSM33765) with variant allele frequencies of 31% and
16%, respectively. The benign AME also demonstrated the
gain-of-function GNAS mutation (R201C; COSM27887),
with an allele frequency of 28%. Moreover, the same gain-of-
function HRAS mutation (G12D; COSM484) was present
in one atypical AME (AMES) and in a malignant invasive
AME (AMEIl). The variant allele frequencies for HRAS

SPRINGER NATURE

were 45% and 21%, respectively, and average read depth
was 1082x. The Oncomine Comprehensive Assay v3
(OCAvV3) interrogates HRAS hotspots that include both
codon 61 and codon 12 (Supplementary Table 1). No fusions
were detected in any of our cases. The sequencing results of
the cohort are summarized in Fig. 4. Since microdissection
was not performed, the aforementioned detected alterations
were not stratified based on epithelial versus myoepithelial
components of the tumors. While copy number alterations
are evaluable for a specific set of genes, evaluation of broad
copy number alterations are beyond the scope of the OCAv3
test.

Sanger sequencing
Sanger sequencing confirmed a selection of mutations in

four representative cases: PIK3CA on AME3, AKTI on
AME4 and AME2, and HRAS on AME].
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Table 2 Histopathologic features of benign and malignant adenomyoepitheliomas.

ER status Location of Benign AME

Metaplasia/

Location of

Mitoses Location of Cytologic atypia
mitoses

Prominent/
malignant

Myoepithelial cell

morphology

Architecture

Case Diagnosis

ER staining component in

associated findings

cytologic atypia

malignant cases

component

Present

NA

E and M 13/10 HPF E and M Severe E and M Squamous Negative

Spindled,

Papillary

Malignant

1

epitheliod, clear

invasive AME
Benign AME
Malignant

NA

E>M
NA

NA None Positive

Mild

Papillary Epitheliod, clear 2/10 HPF  E and M

2
3

Present

Negative

Focal squamous
and sebaceous
metaplasia;

Moderate to severe E>M

12/10 HPF E and M

E

Papillary/ Epitheliod, clear

lobulated

in situ AME

adjacent low-

grade DCIS

None

Present

E and M

Positive

Moderate to severe E>M

5/10 HPF  E and M

Spindled, clear M>E

Lobulated/
spindled

Malignant

4

invasive AME
Atypical AME
Atypical AME
Malignant

NA
NA

E>M

Positive

M>E None
E>M

Moderate

4/10 HPF  E and M
3/10 HPF  E

M>E

Epithelioid, clear

Clear

Papillary

5
6

E>M
NA

Positive

None

Moderate

NA

Papillary

Present

Negative

None

Severe

20/10 HPF E

Clear

Lobulated/

tubular

invasive AME

AME adenomyoepithelioma, ER estrogen receptor, E epithelial, M myoepithelial, NA not applicable, HPF high power field.

Discussion

We present the molecular features of the spectrum of AMEs
of the breast including benign, atypical, malignant in situ, and
malignant invasive cases. Recurrent molecular alterations
include activating mutations in PIK3CA, AKTI, and HRAS.

The presence of alterations in the PI3K/AKT/mTOR
pathway is common in breast cancer. Of the mutated genes,
PIK3CA is the most common (36%) with somatic altera-
tions with the other genes including PIK3R1 (3%), PTEN
(3%), and AKTI (2%) being very uncommon [27, 28]. In
the reported literature, 48% of AMEs harbor PIK3CA
mutations and 17% AMEs harbor AKTI mutations
[16, 20, 23, 29, 30]. We too found that PIK3CA and AKTI
mutations are common in AMEs (42% and 29%, respec-
tively). We reaffirm that PIK3CA and AKTI mutations are
mutually exclusive and that AKT] mutations are common in
ER-positive tumors [23, 29]. These findings suggest that
similar to breast cancer, the PI3K/AKT/mTOR pathway is
important in the pathogenesis of AMEs, however, the fre-
quency of AKTI gene mutations is higher in AMEs com-
pared to breast carcinomas, which is in keeping with recent
studies. While malignant AMEs and metastatic disease are
rare, treatment options for patients with advanced disease
are often limited to conventional chemotherapies for which
there are little data available regarding efficacy [17]. Given
the advent of PI3K, AKT, and mTOR inhibitors, the pos-
sibility of targeted therapy exists for patients with malignant
AMEs that harbor mutations in the PI3K/AKT/mTOR
pathway [31, 32].

Contrary to prior studies, we report co-occurring HRAS
and PIK3CA mutations in an ER-positive AME [23, 29].
While others have suggested that HRAS mutation is possi-
bly instrumental in the acquisition of an ER-negative
aggressive phenotype, our finding suggests that this may not
be the only mechanism involved. We note that while most
of the HRAS mutations in AMEs involve Q61, we identified
G12D mutations in our tumors. Both of these are hotspot
mutations, and G12D mutations have also been observed in
other benign and malignant mammary lesions [33, 34].
Additionally, MAPK/MEK inhibitors may be considered in
patients with tumors harboring HRAS mutations and data
suggests that patients with concurrent HRAS and PIK3CA
may benefit from mTOR inhibitors [35].

To our knowledge, this is the first report of an EGFR
gene amplification in an AME. EGFR gene mutations
have been previously reported, however, no prior cases
have shown amplification [29]. EGFR gene amplifications
are present in a subset of lung adenocarcinomas and
squamous cell carcinomas and in approximately half of
glioblastomas [36]. While anti-EGFR therapy has shown
little efficacy in the treatment of EGFR gene-amplified
glioblastoma, EGFR gene amplification has been

SPRINGER NATURE



1770

P. S. Ginter et al.

Fig. 3 Estrogen receptor-
positive atypical
adenomyoepithelial (AME)
tumor with PIK3CA and
HRAS mutation. a Atypical
AME with multinodular growth
and papillary configuration.
b This atypical AME shows
cytologic atypia and mitosis.
The tumor was positive for
estrogen receptor (inset).

ER Status

®

Diagnosis

AKT1 HRAS GNAS EGFR
PIK3CA H1047P E17K G120 R201C _ amplification

Positive
Positive

Benign AME
Atypical AME
Atypical AME

Malignant in situ AME
Malignant invasive AME
Malignant invasive AME
Malignant invasive AME

Positive
Negative
Positive
Negative
Negative

Benign
H\Abwmwwg

Malignant

31% 28%
31% 21%
33%

3% A\

16%

45%

Mutation type I
Hotspot mutation Allelicfrequency
Amplification

Fig. 4 Molecular alterations in benign and malignant adenomyoe-
pithelial tumors of the Breast. Somatic mutations and amplifications
in adenomyoepitheliomas of the breast identified using the Oncomine

implicated as a mechanism of drug resistance in other
cancer types [37, 38]. As such, its role as a therapeutic
target in AMEs is unclear.

In the benign AME, we found co-occurring AKT! and
GNAS mutations, a finding which has been previously
reported [29]. Mutant GNAS results in constitutively
increased cAMP formation. The GNAS R201C mutation
detected in our benign AME tumor has been reported in
other tumor types including ovarian Leydig cell tumors
[39, 40], precursor and malignant lesions of the gastro-
intestinal tract [41], fibrous dysplasia [42], melanomas [41],
and in at least one invasive mammary carcinoma [43].
Distinct functionally relevant GNAS mutations (i.e. R201H)
have also been reported in usual ductal hyperplasia arising
in mammary papillomas [44]. The presence of oncogenic
GNAS mutations suggests a yet unrecognized role of altered
G-protein signaling in a subset of benign and malignant
mammary lesions, including AMEs.

Finally, we failed to detect any 7P53 mutations,
including in our ER-negative malignant AMEs, similar to
previous findings [16, 20, 23, 29, 30].

We acknowledge that small sample size, targeted sequen-
cing approach, and limited clinical follow-up are limitations
of our study. Despite these, we report new findings in ade-
nomyoepithelial tumors of the breast: the first case of an ER-
positive AME with HRAS G12D and PIK3CA mutations and
an EGFR gene amplification in an AME.

SPRINGER NATURE

Comprehensive Assay v3 are plotted. Allelic frequency of mutations is
noted. Cases are shown in rows (Benign cases at the top; Malignant
cases at the bottom), and estrogen receptor status and genes in columns.

Conclusion

Herein, we add to the limited data regarding the molecular
characteristics of AMEs of the breast. While we confirm
prior findings that these tumors frequently harbor mutations
in the PI3K/AKT/mTOR pathway, that PIK3CA and AKT]
mutations are mutually exclusive, and that AKT/ mutations
are common in ER-positive tumors, we report the first cases
of co-existing HRAS G12D and PIK3CA mutations in an
ER-positive AME. These findings suggest that our under-
standing of the molecular underpinnings of these rare
tumors will further evolve as additional studies are avail-
able. Additionally, we report the first EGFR-amplified
AME. Our findings further suggest that therapy targeting
PIK3CA, AKTI, and HRAS may be options for patients with
progressive malignant AMEs of the breast.
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