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Summary Microglandular adenosis (MGA) is a rare breast lesion reported to be associated with invasive car-
cinoma in up to 20% to 30% of cases and has been proposed as a nonobligate precursor to basal-like breast
cancers. We identified a case of matrix-producing metaplastic carcinoma with morphologic and immunohis-
tochemical evidence of progression from MGA to atypical MGA, carcinoma in situ, and invasive carci-
noma. We performed whole-exome sequencing of each component (MGA, atypical MGA, carcinoma in
situ, and cancer) to characterize the mutational landscape of these foci. There was a significant copy number

overlap between all foci, including a segmental amplification of the CCND/ locus (partial chromosome 11
trisomy) and MYC (8q24.12-13). Using a bioinformatics approach, we were able to identify 3 putative
mutational clusters and recurrent, stop-gain nonsynonymous mutations in both ZNF862 and TP53 that were
shared across all foci. Finally, we identified a novel deleterious splice-acceptor site mutation of
chr5:5186164 G>T (chromosome 5p15) encoding the gene, ADAMTS16, in the invasive component.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Microglandular adenosis (MGA) is a rare borderline lesion
of the breast characterized by a proliferation of small glands
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within adipose or fibrous tissue, initially described as a benign
histologic, clinical, and radiographic mimicker of invasive car-
cinoma [ 1-3]. However, there has been growing evidence over
the past 4 decades that MGA can be associated with invasive
carcinoma and furthermore serve as a nonobligate precursor
lesion to the development of carcinoma [4-11].

Intriguingly, MGA-associated invasive carcinoma is typi-
cally triple negative and S100 positive, similar to MGA, point-
ing to a genetic progression [3,4,6,9]. Molecular studies using
comparative genomic hybridization (CGH) and microarray-
based CGH have demonstrated copy number alterations that
are shared between MGA, atypical MGA (AMGA) and
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invasive carcinoma [12-14]. More recent evidence has shown
a clonal evolution between MGA and invasive carcinoma
using targeted-capture massively parallel sequencing [15].
The defining molecular aberration in MGA and MGA-
associated carcinomas is the presence of somatic 7P53 muta-
tion, reportedly occurring in up to 75% of MGA-associated
carcinomas [12,15,16].

There is also growing histopathologic evidence that MGA
is the precursor lesion to matrix-producing metaplastic carci-
noma (MPMC), a rare subtype of metaplastic carcinoma
[4,9,17-19]. To our knowledge, no linkage study based on
whole-exome sequencing has been done to elucidate the line-
age relationship between MGA and MPMC.

We recently identified a case of MPMC, which demon-
strated morphologic evidence of transition from MGA to
AMGA, carcinoma in situ (CIS), and MPMC. All 4 compo-
nents retained the defining immunohistochemical marker of
MGA, that is, S100 staining and triple-negative phenotype.
We applied whole-exome sequencing to characterize the muta-
tional landscape of carcinoma progression.

2. Materials and methods

2.1. Case selection, histochemistry,
and immunohistochemistry

We selected a case of a metaplastic carcinoma with mesen-
chymal differentiation in juxtaposition to foci of MGA,
AMGA, and CIS from our institution’s archive. Hematoxylin
and eosin—stained sections of the case were reviewed inde-
pendently by 2 breast pathologists (F. D. and D. N.). Immuno-
histochemistry (IHC) was performed on de-paraffinized,
rehydrated sections obtained from each representative focus
from formalin-fixed, paraffin-embedded blocks using

streptavidin-biotin-peroxidase epitope retrieval using Ventana
automated system (Ventana, Tucson, AZ). Antibodies tested
include the following: estrogen receptor (ER; clone SPI;
Ventana), progesterone receptor (clone 1E2; Ventana), human
epidermal growth factor receptor 2 (clone 4B5; Ventana),
S100 (clone 4C4.9; Ventana), p53 (DO-7; Ventana), cyclin-
D1 (SP4-R; Ventana), epithelial membrane antigen (E29; Cell
Marque, Rocklin, CA), calponin (EP798Y; Ventana), and p63
(4A4; Ventana). Histochemical stain for reticulin (silver stain)
was performed.

2.2. Macrodissection and DNA extraction

The distinct foci of MGA, AMGA, CIS, and MPMC were
carefully outlined by marking the respective foci on the glass
slides along with a normal lymph node as control and sepa-
rately macrodissected from representative 8-pum-thick sections
from formalin-fixed, paraffin-embedded blocks. Genomic
DNA extraction was performed using QIAamp DNA FFPE
Tissue Kit (Qiagen, Germantown, MD).

2.3. Whole-exome sequencing and mutational
analysis

Genomic DNA was subjected to whole-exome sequenc-
ing (xGen Exome Research Panel v1.0; Integrated DNA
Technologies, Coralville, IA; catalog no. 1056115) on Illumina,
San Diego, CA HiSeq 4000 platform with a mean coverage
of 96-134x of targeted exome regions. The results were demul-
tiplexed and converted to FASTQ format using Illumina
bel2fastq software. The reads were adapted and quality trimmed
with Trimmomatic and then aligned to the human reference
genome (build hgl9/GRCh37) using the Burrows-Wheeler
Aligner with the BWA-MEM algorithm according to
methods previously described [19-21]. Low-confidence

Fig. 1  Representative histologic progression of MGA to MPMC (hematoxylin and eosin). MGA (A, original magnification x20), AMGA

(B, x20), CIS (C, *x20), and MPMC (D, x20; E, x40).
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Fig. 2  Copy number profile analysis (non—log scale) demonstrates complex pattern of copy number gains and losses compared with a normal lymph node control. The color coding is based on
the predicted copy numbers: red indicates copy number gain, and blue indicates copy number loss. All foci show copy number gains in chromosome 8q, 11q, and 17q (arrowheads). Copy number
losses are seen in 1p, 6q, 8q, 9p, 13q, and 16q.
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mappings (mapping quality <10) and duplicate reads were
removed using Sambamba software v0.6.8 [22]. Further
local indel realignment and base-quality score recalibration
were performed using the Genome Analysis Toolkit [23].
Single-nucleotide and small indel somatic variants were
called with MuTect2. Detection of copy number alterations
and allelic imbalances were calculated using Control-FREEC
according to methods previously described [24]. PyClone
was used to convert the allelic frequency into a cellular
prevalence score (CPS) to estimate the relative proportion of
lesional cells harboring mutational clusters [25]. ANNOVAR
was used to annotate variants with genomic context and
functional consequence on genes as well as identify presence
in public mutation and pathogenicity databases [26].

2.4. Sanger sequencing

Mutations in 7P53 and ADAMTS16 were validated using
Sanger technique, according to methodology previous de-
scribed [27].

3. Results

Gross examination of the tumor showed a firm tan-white
mass with central hemorrhage, measuring 4.5 x 3 cm. On his-
tologic examination, MGA was composed of round to oval
tubules lined by a single layer of cuboidal epithelium distrib-
uted haphazardly in fibroadipose tissue. The lumen contained
brightly eosinophilic material (Fig. 1A). AMGA was defined
as foci of irregular, crowded tubules with less prominent to
complete loss of the intraluminal eosinophilic material and
evident cytologic atypia manifested by nuclear enlargement,
increased nuclear to cytoplasmic ratio, hyperchromasia, pleo-
morphism, and prominent nucleoli (Fig. 1B) [6]. MGA-CIS

demonstrated sheet-like or alveolar growth patterns of cells
with cytologic atypia, mitotic activity, and punctate single-cell
necrosis (Fig. 1C). The invasive carcinoma was poorly differ-
entiated showing malignant cells with marked cytologic atypia
and bizarre, multilobated and “popcorn” nuclei embedded
in an extensive extracellular chondroid matrix. There was
brisk mitotic activity with numerous atypical mitotic figures
(Fig. 1D and E). A clear transition was identified between
MGA-AMGA and the accompanying MPMC. MGA and
AMGA shared a less defined transition but appeared as distinct
regions (Supplementary Fig. 1A and B). The MGA compo-
nent measured approximately 1.0 cm.

MGA, AMGA, CIS, and associated MPMC displayed
S100 protein expression and were negative for ER, progester-
one receptor, HER2, and p53 by IHC (data not shown). MGA,
AMGA, and CIS showed complete absence of immunoreac-
tivity for calponin and p63 (Supplementary Fig. 2A and B).
Epithelial membrane antigen showed variable immunoreactiv-
ity in MGA and AMGA in agreement with the literature
(Supplementary Fig. 2C) [6]. Reticulin silver stain highlighted
the basement membrane around the MGA and AMGA glands
(Supplementary Fig. 2D).

The mean DNA coverage was 96x for the normal control
(Ilymph node) and 102-134x for the lesions MGA through
MPMC. There was a significant overlap in copy number pro-
files among all 4 tested entities when compared with lymph
node control. All foci shared discrete high amplification in
the CCND1 locus (copy number >4) with associated partial
chromosome 11 trisomy. Similarly, there was partial trisomy
of chromosome 8q with focal high amplification of 8q24.12-
13 encompassing the MYC locus. Other segmental events in-
cluded partial trisomy of 17925.3 and partial monosomy of
chromosomes 1p, 5q, 6q, 8q, 9p, 13q, 16q, and 17p (Fig. 2).
These findings highlight the complex genomic aberrations in
MGA and further corroborate its relatedness to the correspond-
ing carcinoma. To further validate our findings, we performed

Fig. 3  Representative photomicrographs of MGA (A), AMGA (B), CIS (C), and MPMC (D). Cyclin D1 THC, original magnification x20.
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Fig. 4 Prevalence of clonal populations across foci using PyClone. A, Three distinct mutational clusters (1-3) are shared at similar variant allele

frequencies across all tested samples. B, The calculated CPS, a refined parameter derived from the VAF used to detect the clusters. The higher the
score, the more prevalent is the cluster (set of genes/variants) within the tested tissue. Cluster 1 (red line) is the most prevalent among all 3 detected
clusters and is maintained through the evolutionary process from MGA to MPMC. Clusters 2 and 3 represent subclones.

cyclin D1 THC on the 4 foci of MGA, AMGA, CIS, and
MPMC to find a correlate for partial trisomy of chromosome
11. The 4 foci demonstrated diffuse (>50%) and strong nuclear
reactivity for cyclin D1 (Fig. 3), whereas the adjacent benign
breast tissue showed weak nuclear cyclin D1 labeling (<5%).
To investigate clonal evolution between MGA and carcinoma,
we used a bioinformatics analysis pipeline (PyClone) that se-
lects genes with similar variant allele frequency (VAF) and
builds clusters accordingly. This VAF is converted into a
CPS, which represents the strength of a particular cluster. Each
cluster can be regarded as a clone [25]. Using this approach, 3
distinct gene clusters were identified as shared among all foci
(Fig. 4A). Cluster A featured 29 unique genes and defined a
predominant clone that showed the highest prevalence score;
clusters B and C had 4 and 1 genes, respectively, and showed
a lower prevalence score, indicating their subclonal nature.
The list of individual genes contained within each cluster is
represented in Supplementary Table.

Within the predominant cluster 1, MPMC showed higher
variant allele frequencies and a higher CPS (VAF ranging be-
tween 25% and 85%; mean CPS, 0.85; Fig. 3B) compared
with MGA (VAF ranging between 25% and 65%; mean
CPS, 0.69) for all shared variants. These findings demonstrate
that MPMC represents the end result of a clonal evolution and
expansion of preexisting MGA.

MGA, AMGA, CIS, and MPMC harbored an expansive
repertoire of nonsynonymous somatic mutations, including re-
current 7P53 and ZNF§62 stop-gain mutations observed in all
foci (Supplementary Table). Somatic mutation in 7P53
R213X was subsequently verified using Sanger sequencing
(Supplementary Fig. 3A). Interestingly, a nonsynonymous
point mutation in ADAMTS16 at chr5:5186164 G>T within

the TAG codon was only observed in the carcinoma. This
event involves the acceptor splice site at the boundaries of in-
tron 4 and exon 5 and is potentially deleterious to ADAMTS16
protein function. This mutation was subsequently verified
using Sanger sequencing (Supplementary Fig. 3B).

4. Discussion

The data herein is the first example of using whole-exome
sequencing to analyze MGA, its related lesions, and associated
metaplastic carcinoma to provide further validation of its role as
a nonobligate precursor to development of triple-negative
MPMC. We expand on the complex genetic background of
MGA and further support previous studies using CGH and
targeted-capture massively parallel sequencing that demon-
strated copy number gains in 8q and corresponding 5q/17p
losses [12,13,15]. Our findings show that MGA is a genetically
advanced lesion with copy number gains in 11q and 17q and
partial monosomy in 1p, 6q, 8q, 9p, 13q, and 16q. These copy
number alterations were conserved and present in AMGA,
CIS, and invasive carcinoma. In keeping with segmental am-
plification of CCNDI gene, we identified cyclin D1 protein
overexpression in >50% of the nuclei of the lesional cells from
MGA to MPMC compared with <5% of the adjacent normal
breast lobules. This finding has been observed in ER+
luminal-type breast cancers but rarely in triple-negative
breast cancer [28]. Cyclin D1—overexpressing tumors are of
prognostic importance as well, as diffuse and strong staining
of cyclin D1 may represent a more aggressive phenotype [29].

VAF analysis identified 3 putative mutational clusters that
were conserved with increasing frequencies as the lesion
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progressed to invasive carcinoma. The largest mutational
cluster (cluster 1) showed the highest cellular prevalence com-
pared with the other 2 identified clusters with increasing fre-
quency along the MGA to carcinoma spectrum. This finding
suggests that molecular progression from MGA to MPMC
involves evolution from a single shared clone (cluster 1), with
the other 2 mutational clusters representing divergent sub-
clones. These data are in line with a previous study supporting
clonality in MGA-related invasive carcinoma [15].

In agreement with previous studies, we also identified
several nonsynonymous point mutations in MGA [12,14-16].
Our study showed a recurrent stop-gain 7P53 R213X mutation
that was conserved across all foci. This finding is consistent
with previous findings of MGA-associated carcinomas harbor-
ing 7P53 mutations albeit at a locus hitherto unreported. In
our hands, MGA, AMGA, CIS, and MPMC were completely
negative for p53 on IHC, suggesting that premature termina-
tion of p53 protein synthesis by stop-gain mutation may render
the protein altered or generate a truncated form that is not
recognized by the antibody.

We also found a recurrent stop-gain mutation in the
ZNF862 gene. ZNF862 is a zinc-finger protein that may play
arole as a transcriptional coactivator of the SWI/SNF-related,
matrix-associated, actin-dependent regulator of chromatin
(SMARC2A). The association with breast carcinoma has not
been explored and warrants future investigation.

In addition to 7P53 and ZNF862, we found a progressive
accumulation of nonsynonymous somatic mutations as MGA
progressed to carcinoma. FAT4 somatic point mutation was
found in CIS and MPMC but not in MGA. FAT4 is a compo-
nent of the Hippo signaling pathway and has recently been
implicated as a tumor suppressor in triple-negative breast
cancer [30,31].

An intriguing finding within the mutational profile
was a splice-acceptor site mutation of chr5:5186164 G>T
(chromosome 5p15) encoding the gene, ADAMTS16. This
mutation was restricted to the invasive MPMC component.
ADAMTSI6 protein is a member of the ADAMTS (a disinte-
grin and metalloproteinase with thrombospondin motifs)
protein family and is normally expressed in the developing
lung and kidney as well as adult prostate and brain [32]. It
is differentially expressed in human synovium and cartilage.
In addition, a few members of the ADAMTS family of
proteinases include aggrecanases, a group of extracellular
proteolytic enzymes whose substrates encompass large
proteoglycans in cartilage [33]. In particular, Surridge et al
[34] demonstrated that ADAMTS16 overexpression leads to
decreased cell proliferation and migration in chondrocytes.
In vivo studies have found ADAMTS16 gene to be downregu-
lated in a chondrosarcoma cell culture line, OUMS-27 [35]. It
is tempting to postulate that perhaps a deleterious ADAMTS16
mutation may lead to dysregulation of the extracellular
matrix composition. However, further studies and in vivo
modeling are required to support a claim that this gene may
play a pathogenic role in the switch from in situ to invasive

phenotype.

The limitations of this study are that it involves only a
single case. Given the rarity of MGA-associated carcinomas
(and even more exceptional MGA-associated MPMC), they
are difficult to study. More sequencing data are needed
to add to the repertoire of studies that implicate MGA as
a nonobligate precursor to invasive carcinoma. However,
we believe that this whole-exome sequencing study sheds ad-
ditional light on the molecular progression of MGA into
MPMC and lends further support that MGA can function as
a nonobligate precursor to this particularly rare form of breast
cancer. Furthermore, we identify CCND/ amplification with
its corresponding abnormal cyclin D1 protein expression in
the spectrum of MGA-associated lesions and their correspond-
ing MPMC. Lastly, we describe a novel mutation in
ADAMTS16 gene that warrants further investigation to study
its pathogenic role in the development of MPMC.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.humpath.2018.10.021.
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