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Abstract
Microcystic adnexal carcinoma is a locally aggressive sweat gland carcinoma characterized by its infiltrative growth and
histopathologic overlap with benign adnexal tumors, often posing challenges to both diagnosis and management.
Understanding the molecular underpinnings of microcystic adnexal carcinoma may allow for more accurate diagnosis and
identify potential targetable oncogenic drivers. We characterized 18 microcystic adnexal carcinomas by targeted,
multiplexed PCR-based DNA next-generation sequencing of the coding sequence of over 400 cancer-relevant genes. The
majority of cases had relatively few (<8) prioritized somatic mutations, and lacked an ultraviolet (UV) signature. The most
recurrent mutation was TP53 inactivation in four (22%) tumors. Frame-preserving insertions affecting the kinase domain of
JAK1 were detected in three (17%) cases, and were nonoverlapping with TP53 mutations. Seven (39%) cases demonstrated
copy number gain of at least one oncogene. By immunohistochemistry, p53 expression was significantly higher in
microcystic adnexal carcinomas with TP53 mutations compared with those without such mutations and syringomas.
Similarly, phospho-STAT3 expression was significantly higher in microcystic adnexal carcinomas harboring JAK1 kinase
insertions compared with those with wild-type JAK1 and syringomas. In conclusion, microcystic adnexal carcinomas are
molecularly heterogeneous tumors, with inactivated p53 or activated JAK/STAT signaling in a subset. Unlike most other
nonmelanoma skin cancers involving sun-exposed areas, most microcystic adnexal carcinomas lack evidence of UV
damage, and hence likely originate from a relatively photo-protected progenitor population in the dermis. These findings
have implications for the biology, diagnosis, and treatment of microcystic adnexal carcinomas, including potential for
therapeutic targeting of p53 or the JAK/STAT pathway in advanced tumors.

Introduction

Microcystic adnexal carcinoma is a well-differentiated
sweat gland carcinoma with a predilection for the face of
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elderly patients [1]. Although typically slow-growing and
only rarely metastasizing [2–5], microcystic adnexal carci-
noma is notorious for its locally aggressive growth, which
may require radical and disfiguring surgical excision in
order to achieve clear margins [6–8]. Furthermore, as its
deeply infiltrative growth may be associated with minimal
surface changes, the tumor may remain unrecognized for a
prolonged period of time until critical structures are
involved [9]. Microscopically, microcystic adnexal carci-
noma is composed of infiltrating small ducts and cords of
deceptively bland cells in a paucicellular or sclerotic stroma
[10]. When superficially sampled, these features are often
indistinguishable from those of a syringoma [11, 12].
Desmoplastic trichoepithelioma and morpheaform basal cell
carcinoma also frequently enter the differential diagnosis
[13–16]. Various immunohistochemical stains have been
explored as potential discriminators of these entities, how-
ever, a definitively distinctive immunophenotype is lacking
[15–17].

On a molecular level, very little is known regarding the
genetic alterations occurring in microcystic adnexal carci-
noma. In a recent case report, TP53 mutation and copy
number losses in CDKN2A and CDKN2B were identified in
a metastatic microcystic adnexal carcinoma [5]. Another
case demonstrated deletion of chromosome 6q by cytoge-
netic studies [18]. Other sweat gland carcinomas have been
more systematically investigated for genetic changes.
Among these are hidradenocarcinoma [19, 20], por-
ocarcinoma [21–23], endocrine mucin-producing sweat
gland carcinoma [24], aggressive digital papillary adeno-
carcinoma [25], as well as other eccrine and apocrine car-
cinomas. Some of the most common genetic changes
reported in these tumors were TP53 mutation, [21–23, 26]
EGFR amplification [20] and mutation [22], and HRAS
mutation [22]. Interestingly, ERBB2 amplification was only
a rare event in these carcinomas [19, 20, 27].

Given the significant challenges associated with the
diagnosis and treatment of microcystic adnexal carcinoma,
we aimed to identify recurrent genetic changes in a cohort
of 18 microcystic adnexal carcinomas that may serve as
diagnostic markers and/or potential targetable oncogenic
drivers in these tumors.

Materials and methods

Case selection

This study was conducted according to previously approved
Institutional Review Board protocols at the University of
Michigan and Massachusetts General Hospital. The surgical
pathology databases at these institutions were searched for
“microcystic adnexal carcinoma” over 2001–2018 (University

of Michigan) and 2012–2017 (Massachusetts General Hos-
pital). The original hematoxylin-eosin (H&E) stained slides
were reviewed by two board-certified dermatopathologists
(MPC and PWH) to confirm the diagnosis. Only cases with
available formalin-fixed, paraffin-embedded tissue blocks
containing adequate amount of tumor were selected.

Clinical and histopathologic review

Clinical data including patient’s age at diagnosis, sex, race,
location of tumor, and follow-up data were obtained from
electronic medical records. The H&E slides of each case
were examined by MPC for the following features: keratin
microcysts, squamous differentiation, follicular differentia-
tion, solid component, involvement of subcutaneous fat and/
or skeletal muscle, perineural invasion, angiotropism, tumor-
associated inflammation, and prominent desmoplasia.

Targeted multiplexed PCR-based NGS

At least four 10-μm-thick formalin-fixed paraffin-embedded
sections were obtained from each tumor. Using H&E sec-
tions as a guide, the areas with highest tumor purity were
macrodissected using a scalpel. DNA was isolated using the
Qiagen Allprep formalin-fixed paraffin-embedded DNA/
RNA Kit (Qiagen) and the Qiagen QIAcube (Qiagen)
according to the manufacturer's instructions, and were
quantified using the Qubit 2.0 fluorometer (Life Technolo-
gies). Targeted multiplexed PCR (mxPCR)-based next-
generation sequencing (NGS) was performed as previously
described [28–30]. Forty nanograms of DNA per sample
were used to generate libraries using the Ion AmpliSeq
Library Kit 2.0 (Thermo Fisher Scientific) and targeted
mxPCR with barcode incorporation using the Comprehen-
sive Cancer Panel (CCP; Thermo Fisher Scientific), which
targets 1,688,650 bases from 15,992 amplicons representing
409 cancer genes (Supplementary Table S1). Template
preparation was performed using the Ion PI Hi-Q Template
OT2 200 Kit (Thermo Fisher Scientific) and the Ion One-
Touch ES Instrument (Thermo Fisher Scientific). Sequen-
cing of templated libraries was then performed on an Ion
Proton sequencer (Thermo Fisher Scientific) with Ion PI
chips (Thermo Fisher Scientific) using the Ion PI Hi-Q
Sequencing 200 Kit (Thermo Fisher Scientific) according to
the manufacturer's instructions.

Variant calling and prioritization

NGS data analysis was performed using Torrent Suite
(version 5.0.4) and in-house previously-validated bioinfor-
matics pipelines [31]. Sequencing reads were aligned with
TMAP, and variant calling was performed using the var-
iantCaller plugin. Annotated variants were filtered to
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remove poorly supported calls, sequencing artifacts, and
germline alterations. Variants present in the 1000 Genomes
Projects, Exome Sequencing Project, and/or Exome
Aggregation Consortium (ExAC) databases at population
allele frequencies >0.1% were considered germline and
excluded. Variants present in ExAC with a variant fraction
between 40 and 60% or >90% were also excluded unless
occurring at a well-supported somatic mutation hotspot in
COSMIC (https://cancer.sanger.ac.uk/cosmic). Variants
called in >4% of internally-sequenced samples using the
same panel (CCP), as well as variants with extreme skewing
of flow-corrected reads [0.2 < (FSAF/FSAR) or (FDP/DP)
> 5)], were also excluded. For all tumor samples, variants
with flow-corrected variant allele containing reads counts
(FAO) of <10 and flow-corrected read depth (FDP) of <50
were excluded; in addition, for tumor samples obtained
prior to 2013, C→T and G→A variants were excluded if the
FAO <15. For tumor samples with an estimated tumor
content >20%, variants with an overall variant fraction
(FAO/FDP) of <10% were excluded unless otherwise
prioritized (see below for details); for tumor samples with
an estimated tumor content ≤20%, variants with an overall
variant fraction of <5% were excluded. High-confidence
somatic variants passing the above criteria were visualized
using the Integrated Genomics Viewer (Broad Institute) for
read level confirmation. After filtering and visual con-
firmation, potential driving alterations were prioritized
using the COSMIC database. Recurrent variants [including
novel frame-preserving insertions/deletions (indels)] in
known oncogenes and deleterious variants in established
tumor suppressors were considered prioritized.

Copy number analysis

Amplicon-level read counts were determined using the
coverageAnalysis plugin. Normalized, GC content-
corrected read counts for each tumor sample were divided
by the average of a pool of normal male tissue samples to
generate amplicon-level copy number ratios, and weighted
gene-level copy number estimates were determined as
described previously [29, 32]. Genes with a log2 copy
number ratio estimate of <−1 or >0.80 were considered to
have high-level loss (deletion) or gain (amplification),
respectively.

UV signature analysis

Ultraviolet (UV) signature mutations were defined as C→T
transitions at dipyrimidine sites (specifically, C→T transi-
tions preceded by a 5′ C or T). For samples with a pre-
dominance of C→T transitions, UV signature mutations
were considered to be enriched if the ratio of these muta-
tions to all C→T transitions significantly exceeded 0.5

(specifically, the lower bound of the 95% confidence
interval calculated by the Clopper–Pearson approach was
greater than 0.5). GraphPad Prism 7.00 software was used
for this analysis.

Immunohistochemistry for p53 and phospho-STAT3

Four-micron-thick formalin-fixed paraffin-embedded sec-
tions were prepared from microcystic adnexal carcinoma
cases with available tissue after NGS, and a cohort of
16 syringomas collected from University of Michigan
Department of Pathology. These sections were immunos-
tained with p53 and phospho-STAT3 antibodies according
to the following protocols.

For p53, slides were deparaffinized, and heat-induced
epitope retrieval was performed on the Ventana Benchmark
Ultra immunostainer using a CC1 standard cell conditioning
solution (Ventana Medical Systems) for 64 min. After
blocking endogenous peroxidase activity, the slides were
incubated for 32 min at 36 °C with a mouse monoclonal
anti-p53 antibody (clone DO-7, predilute, Ventana) and
subsequently detected by the Ultraview DAB detection
system (Ventana).

For phospho-STAT3, slides were incubated at 60 °C for
at least 2 h, and placed in EnVision FLEX Target Retrieval
Solution, high pH (Agilent Dako) in a PT Link instrument
(Agilent Dako) at 75 °C, heated to 97 °C for 20 min, and
then cooled to 75 °C. Slides were then washed in 1×
EnVision FLEX Wash Buffer (Agilent Dako), treated with
Peroxidazed 1 (Biocare Medical), and Background Punisher
(Biocare Medical). Rabbit monoclonal anti-STAT3 (phos-
pho Y705) (clone EP2147Y, 1:200, Abcam) was added to
each slide and incubated overnight at 4 °C, followed by a
wash in 1× EnVision Wash Buffer and incubation in Mach2
Doublestain 1 (Biocare Medical). Slides were then treated
with a Betazoid DAB solution (Biocare Medical), rinsed
twice in distilled water, and treated with EnVision FLEX
Hematoxylin (Agilent Dako).

Staining for each antibody was interpreted indepen-
dently by MPC and PWH. For each case the staining
intensity was graded (0= negative, 1=weak, 2=moder-
ate, and 3= strong) and weighted by the percentage of cells
with each intensity, giving rise to an h-score between 0 and
300. The averaged final h-score was calculated for each
case. Scorers were blinded to mutation status; blinding was
not possible for diagnosis (microcystic adnexal carcinoma
vs. syringoma).

Statistical analysis

The microcystic adnexal carcinoma cases were divided into
molecular subclasses based on NGS data. Clinical, histo-
pathologic, and immunohistochemical findings were
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compared between different subclasses and/or between
microcystic adnexal carcinomas and syringomas using least
squares mean test with Tukey–Cramer adjustment. A p value
of <0.05 was considered statistically significant when com-
paring two groups (e.g., microcystic adnexal carcinomas
with a particular mutation vs. microcystic adnexal carcino-
mas without the mutation). A more stringent p value cutoff
of <0.01 was adopted when analyzing multiple subclasses
(e.g., microcystic adnexal carcinomas with different genetic
aberrations).

Results

Targeted NGS was performed on 20 microcystic adnexal
carcinoma cases identified with sufficient formalin-fixed
paraffin-embedded tissues, of which two were subsequently
excluded due to poor DNA quality. The final cohort con-
sisted of 18 microcystic adnexal carcinoma cases from 18
patients.

Clinical and histopathologic findings

The mean age of patients was 70 years (range, 31–93 years;
median, 72 years). Half of the patients were women. Of the
15 patients whose race was known, one was African
American and the rest were Caucasian. Fifteen (83%)
tumors were located on the face; the remaining three tumors
were located on the scalp, arm, and axilla. Follow-up data
was available for 14 patients. None of these patients
experienced local recurrence or metastasis over an average
follow-up period of 27 months (range, 2–72 months; med-
ian, 24 months).

Histopathologically, all microcystic adnexal carcinomas
displayed ductal differentiation with mild cytologic atypia
and no to rare mitoses. Most (67%) microcystic adnexal
carcinomas were deeply infiltrative tumors with involve-
ment of skeletal muscles. A subset of cases displayed ker-
atin microcysts (67%), squamous differentiation (67%),
follicular differentiation (28%), and solid tumor nests
(44%). Perineural invasion was found in 56% of cases,
whereas angiotropism was seen in 17%. Tumor-associated
inflammation ranged from minimal to moderate. Prominent
desmoplasia was present in three (17%) cases. The clinical
and histopathologic findings in all cases are listed in
Table 1.

Tumor mutation burden and UV signature

Tumor purity of each sample was estimated on H&E sec-
tions and ranged from 10 to 80% (mean, 44%) (Supple-
mentary Table S2). Targeted mxPCR NGS generated an
average of 8,208,033 mapped reads yielding an average

depth of 525× (range: 270–800×) targeted base coverage
(Supplementary Table S2). After stringent filtering, we
identified an average of 12 high-confidence somatic muta-
tions (range, 2–69) per sample, with the majority of cases
harboring <8 mutations (Fig. 1a; Supplementary Table S3).
On average, there was <1 high-confidence prioritized
driving somatic mutation (range, 0–3) per sample.

One case (MAC-6) demonstrated the highest tumor
mutation burden in this cohort with significant enrichment
of UV signature mutations (Fig. 1a; Supplementary
Table S3). The remaining 17 (94%) cases did not show a
UV mutation signature. Interestingly, MAC-6 also cohar-
bored TP53 and PTCH1 mutations (Supplementary
Table S3); while these molecular changes raised suspicion
for a basal cell carcinoma, re-review of the histopathologic
features confirmed the diagnosis of microcystic adnexal
carcinoma (Supplementary Fig. S1).

Recurrent prioritized mutations and protein
expression

Two genes were found to be recurrently mutated after
prioritization. Four (22%) cases harbored one or multiple
inactivating missense mutations involving the TP53 gene.
The same mutations have been previously reported in a
wide variety of human malignancies [33–43]. Immunohis-
tochemistry for p53 performed on 13 microcystic adnexal
carcinoma cases revealed overexpression in the mutant
TP53 subset relative to the wild-type subset (mean h-scores,
118 vs. 25; p < 0.0001) (Table 2; Fig. 2). Expression of p53
was also higher in the mutant microcystic adnexal carci-
nomas compared with syringomas (118 vs. 9; p < 0.0001)
(Fig. 2). No significant difference was observed between
microcystic adnexal carcinomas with wild-type TP53 and
syringomas (p= 0.1410) (Fig. 2).

Frame-preserving indel mutations in the JAK1 gene were
identified in three (17%) cases, confirmed by Sanger sequen-
cing (data not shown). The insertions were located in the
kinase domain of JAK1 around its activation loop (Fig. 3a).
Despite different indel events in MAC-7 and MAC-17, both
resulted in the same amino acid change (P1044_V1045dup).
The other indel event in MAC-2 resulted in E1012delinsDK,
which is the precise amino acid position of the JAK1 insertion
previously reported in early T-cell precursor acute lympho-
blastic leukemia (E1012insK) [44]. Immunohistochemistry for
phospho-STAT3 revealed increased expression in the mutant
JAK1 microcystic adnexal carcinomas compared with the
wild-type microcystic adnexal carcinomas (mean h-scores, 160
vs. 56; p < 0.0001) (Table 2) and syringomas (160 vs. 18; p <
0.0001) (Fig. 3b, c). Higher phospho-STAT3 expression was
also observed in microcystic adnexal carcinomas with wild-
type JAK1 compared with syringomas (56 vs. 18;
p= 0.0047) (Fig. 3b, c).
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Copy number alterations

Seven (39%) microcystic adnexal carcinoma cases demon-
strated copy number gain of at least one of these oncogenes:
JAK2, MAF, MAFB, JUN, and FGFR1 (Fig. 1b; Supple-
mentary Table S4). Only one case showed loss of CDKN2A.

Comparative analysis of molecular subclasses

Additional statistical analyses were performed after group-
ing the microcystic adnexal carcinoma cases into four
molecular subclasses: (1) the “TP53” group harboring
missense TP53 mutations; (2) the “JAK1” group harboring
frame-preserving JAK1 mutations; (3) the “Other” group
with amplification of other oncogenes (JAK2, MAF, MAFB,
JUN, or FGFR1) without JAK1 or TP53 mutations; and (4)
the “Unknown” group lacking any identifiable driver events
(Table 2; Fig. 1b).

With regard to anatomic site, all subclasses occurred on
the face, whereas tumors on sites other than the face were
in the “Other” or “Unknown” subclass. Tumor mutation
burden did not correlate with any molecular subclasses.
The TP53 group was associated with a significantly lower
mean tumor purity compared to all other groups (p=
0.0028); however, H&E re-review did not identify an
explanation for this finding, as depth of invasion (Clark
level) and tumor-associated inflammation were not sig-
nificantly different compared with other groups. None of
the other examined histopathologic features (keratin
microcysts, squamous differentiation, follicular differ-
entiation, solid component, involvement of subcutaneous
fat and/or skeletal muscle, perineural invasion, angiotrop-
ism, tumor-associated inflammation, and prominent des-
moplasia) were found to be associated with molecular
subclasses. Hence, despite distinct genetic aberrations,
different molecular subclasses of microcystic adnexal car-
cinoma are associated with similar tumor morphology and
invasive characteristics.

Table 2 Immunohistochemical findings in different molecular
subclasses of microcystic adnexal carcinomas (MACs).

Case Tumor purity Molecular
subclass

p53
h-score

Phospho-
STAT3 h-score

MAC-1 60% Unknown 27.5 125

MAC-2 60% JAK1 45 195

MAC-3 80% Other 35 20

MAC-4 50% Other 0 NA

MAC-5 40% Other 12.5 80

MAC-6 20% TP53 NA NA

MAC-7 50% JAK1 65 175

MAC-8 75% Other 5 10

MAC-10 60% Unknown 25 62.5

MAC-11 65% Other 22.5 22.5

MAC-13 15% TP53 175 80

MAC-14 15% TP53 55 77.5

MAC-15 10% Unknown 25 15

MAC-16 20% TP53 125 65

MAC-17 40% JAK1 7.5 110

MAC-18 50% Unknown NA NA

MAC-20 40% Unknown NA NA

MAC-21 35% Unknown NA NA

Fig. 1 Genomic changes in microcystic adnexal carcinomas
(MACs). a Mutation burden across 409 cancer genes, by mutation
type. In one case (MAC-6, marked by asterisk) a statistically sig-
nificant UV signature was present. b Genomic alterations in MAC

suggest molecular subclasses. Truncating, Stop-gain or frameshift
insertion. FPI, Frame-preserving indel. SNV, Single nucleotide
variation.
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Fig. 2 TP53 mutations in
microcystic adnexal
carcinomas (MACs).
a Representative p53 staining in
MACs with and without TP53
mutation and syringoma. b H-
score quantitation of p53 staining
by tumor type. Asterisks indicate
statistically significant p values.
MT, Mutant. WT, Wild-type.

Fig. 3 JAK1 mutations associated with STAT3 activation in
microcystic adnexal carcinomas (MACs). a In silico structure of
JAK1 kinase domain, demonstrating indels detected in MACs (red)
adjacent to activation loop (green). b Representative phospho-STAT3

staining in MACs with and without JAK1 mutation and syringoma.
c H-score quantitation of phospho-STAT3 staining by tumor type.
Asterisks indicate statistically significant p values. MT, Mutant. WT,
Wild-type.
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Discussion

Diagnosis and treatment of microcystic adnexal carcinomas
can be challenging, and understanding their molecular
underpinnings may lead to improved management of these
patients. Aside from a few case reports [5, 18], little is
known regarding the genetic aberrations in microcystic
adnexal carcinoma. We aimed to identify useful diagnostic
markers and potentially targetable genetic changes in
microcystic adnexal carcinoma. Using targeted mxPCR
NGS, we were able to analyze 18 microcystic adnexal
carcinoma samples for tumor mutation burden, UV muta-
tional signature, driver mutations, and copy number varia-
tions. Expression of selected proteins was also evaluated by
immunohistochemistry to identify potentially useful surro-
gate markers for the recurrent driver events in these tumors.

Mutational profiles of UV signature are characterized by
high tumor mutation burden with a predominance of C→T
transitions at dipyrimidine sites [45]. We have previously
detected UV signature mutations in other skin tumors using
the same sequencing approach employed in this study
[46, 47]. Despite frequent involvement of sun-exposed skin,
we found that most microcystic adnexal carcinomas had a
low tumor mutation burden, and only one case (with TP53
mutation) displayed statistically significant enrichment for
UV signature mutations. While the low number of muta-
tions hindered statistical power of this analysis for most of
our samples, the low tumor mutation burden by itself
represents indirect evidence for the absence of UV muta-
tional signature. Overall, the lack of a UV signature in the
vast majority of cases suggests that most microcystic
adnexal carcinomas arise from a relatively sun-protected
progenitor population in the deeper dermis, unlike most
other nonmelanoma skin cancers frequently occurring on
chronically sun-exposed skin [46, 48–50].

Inactivating mutations in TP53 were found in 22% of our
microcystic adnexal carcinoma cases. This frequency is
relatively low compared with cutaneous squamous cell
carcinoma and basal cell carcinoma, in which TP53 was
found to be mutated in up to 94% [51] and 61% [52] of
cases, respectively. Other cutaneous carcinomas with fre-
quent TP53 mutations include virus-negative Merkel cell
carcinoma (88%) [40] and porocarcinoma (67–80%)
[22, 23]. As TP53 mutations in cutaneous carcinomas are
often UV-induced [23, 33], the absence of a UV mutational
signature in the vast majority of microcystic adnexal car-
cinomas likely explains the relatively low frequency of
TP53 mutations in these cases. The wild-type TP53 status
of many microcystic adnexal carcinomas suggests potential
susceptibility to therapy by MDM2 antagonists such as
nutlin [53].

Most mutations in TP53 result in more stable isoforms of
the p53 protein than wild-type p53 [54, 55]. Overexpression

of p53, as shown by immunohistochemistry, thereby serves
as a useful indicator of TP53 mutation [56]. A previous
study has demonstrated positive p53 staining in 23% of
sweat gland carcinomas (not including microcystic adnexal
carcinoma), whereas only 2% of benign sweat gland neo-
plasms expressed p53 [57]. As expected, microcystic
adnexal carcinomas harboring TP53 mutations were asso-
ciated with significantly higher levels of p53 expression
compared with those without TP53 mutations and syr-
ingomas. Strong nuclear staining was noted in the majority
of the tumor cells in TP53-mutated microcystic adnexal
carcinomas. These findings support the use of p53 as a
surrogate immunohistochemical marker for mutant p53,
which may aid in distinguishing TP53-mutated microcystic
adnexal carcinoma from syringoma in a partial biopsy.

Another recurrently mutated gene was JAK1, in which
frame-preserving insertions were found in 17% of the
microcystic adnexal carcinoma cases. Two of these resulted
in the same amino acid change, while the other was pre-
viously reported in T-cell precursor acute lymphoblastic
leukemia [44]. These insertions were located in the kinase
domain around the activation loop. Interestingly, most of
the known activating JAK mutations are located in the
pseudokinase (inhibitory) domain, rather than the kinase
domain itself [58–63]. We hypothesized that the JAK1
insertions in microcystic adnexal carcinomas are also acti-
vating, either by directly increasing the catalytic activity of
the kinase domain, or by blocking its interaction with the
inhibitory domain. To test this hypothesis, we studied
phospho-STAT3 expression in microcystic adnexal carci-
nomas and syringomas. Activated JAKs mediate phos-
phorylation of the STAT proteins and their translocation to
the nucleus, resulting in downstream activation of onco-
genes [64–66]. Demonstration of increased phospho-
STAT3 (a usual partner of JAK1) by immunohistochem-
istry thereby supports an activated JAK1–STAT3 pathway.
Indeed, we showed that microcystic adnexal carcinomas
harboring JAK1 mutations expressed significantly higher
levels of phospho-STAT3 compared with those without the
mutations, as well as syringomas. Together, these findings
make for a strong argument that the JAK1 mutations found
in this cohort are functionally relevant. JAK inhibitors have
been approved for management of certain myeloid neo-
plasms, and are in Phase 2 trials for the treatment of several
types of carcinoma [67]. Our results suggest JAK1 inhibi-
tion as a potential novel therapeutic approach for micro-
cystic adnexal carcinomas with activation of this pathway.

The third molecular subclass demonstrated copy number
gain of various oncogenes, namely JAK2, MAF, MAFB,
JUN, and FGFR1. Amplification of JAK2 has been
described in triple-negative breast carcinoma [68, 69],
gastric adenocarcinoma [70], nonsmall cell lung carcinoma
[71], renal cell carcinoma [72], melanoma [73], as well as
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lymphoma [74]. Interestingly, JAK2 amplification often co-
occurs with amplification of adjacent genes PD-L1 and PD-
L2 on 9p24.1 [68–74], and hence is associated with high
PD-L1 expression and possible enhanced response to anti-
PD-1 immunotherapy [73]. The MAF and MAFB genes
encode the c-Maf and MafB proteins, respectively. Ampli-
fication of MAF has been shown in breast carcinoma
[75, 76], and amplification of MAFB in colorectal carci-
noma [77]. Similarly, amplifications of JUN [78–80] and
FGFR1 [81–83] have been associated with various malig-
nancies. Further studies are needed to better assess the
incidence and potential prognostic and therapeutic impli-
cations of these oncogene amplifications in microcystic
adnexal carcinoma.

In one-third of our cases no driver oncogenic events were
identified. It is possible that these tumors may be driven by
events not detectable by our targeted NGS approach, such
as gene fusions. Gene fusions have been described in other
cutaneous adnexal neoplasms. For example, cutaneous
secretory carcinoma typically harbors ETV6-NTRK3 gene
fusion [84, 85], whereas hidradenoma is associated with
CRTC1-MAML2 or CRTC3-MAML2 fusion [86, 87]. To
identify potential gene fusions in microcystic adnexal car-
cinoma, a follow-up RNA sequencing study will be
required.

Our study is limited by the relatively small number of
cases. Some cases were excluded from this cohort due to
low tumor purity, as the infiltrative cords and ducts in
microcystic adnexal carcinoma are often separated by an
ample amount of stroma as well as many pilosebaceous
units on the face. Given the average sequencing depth
(525×) relative to a minimum tumor percentage of 10%, we
do not anticipate that significant mutations were missed by
our approach. However, sample size may limit the power of
our study for identifying significant differences between
groups. As described above, although our panel is capable
of detecting mutation and copy number change events in
most genes with known relevance to cancer, a limitation of
our approach is that some types of driver events, including
gene fusions and promoter mutations/rearrangements, will
not be detected. Another potential limitation is the lack of
comparison to normal germline DNA, which may impact
individual mutation calls and estimates of total mutational
burden; however, our bioinformatics pipeline incorporates
data from multiple large germline sequencing databases (see
Materials and Methods for details) to reduce potential
inclusion of germline variants. Finally, while copy number
assessment by amplicon-based targeted NGS typically
demonstrates high concordance with other more conven-
tional methods (e.g., fluorescence in situ hybridization,
chromosomal microarray, etc.) [32], low tumor content, and
intratumoral heterogeneity may reduce the sensitivity of
NGS-based approaches.

To our knowledge, this is the first report of the molecular
changes in microcystic adnexal carcinomas using targeted
NGS. Our results showed that microcystic adnexal carcinomas
are genetically heterogeneous tumors, which may be grouped
into several molecular subclasses based on a few recurrent
driver events. We also demonstrated that high levels of p53 or
phospho-STAT3 expression may support a diagnosis of
microcystic adnexal carcinoma when syringoma is in the dif-
ferential diagnosis. Lastly, the majority of microcystic adnexal
carcinomas lack evidence of association with UV damage.
Future studies should focus on assessment for gene fusions in
the “unknown” molecular subclass, and the utility of addi-
tional immunohistochemical markers such as c-Maf, MafB,
and PD-L1 (in relation to JAK2 amplification) in aiding
diagnosis and consideration for potential therapeutic options.
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