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Abstract

Breast fibroepithelial lesions (FELs) encompass the common fibroadenoma (FA) and relatively rare phyllodes tumour (PT);
the latter entity is usually classified as benign, borderline or malignant. Intratumoural heterogeneity is frequently present in
these tumours, making accurate histologic evaluation challenging. Despite their rarity, PTs are an important clinical problem
due to their propensity for recurrence and, in the case of malignant PT, metastasis. Surgical excision is the mainstay of
management. Recent work has uncovered myriad genetic alterations in breast FELs. In this study, exome sequencing was
performed on seven cases of morphologically heterogeneous breast FELs, including FAs, PTs of all grades, and a case of
metaplastic spindle cell carcinoma arising in PT, in order to elucidate their intratumoural genetic repertoire. Gene mutations
identified encompassed cell signalling, tumour suppressor, DNA repair and cell cycle regulating pathways. Mutations
common to multiple tumour regions generally showed higher variant allele frequency. Frequent mutations included MED12,
TP53, RARA and PIK3CA. Histological observations of increased cellular density and pleomorphism correlated with
mutational burden. Phylogenetic analyses revealed disparate pathways of possible tumour progression. In summary,

histological heterogeneity correlated with genetic changes in breast FELSs.
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Introduction

Breast fibroepithelial lesions (FELs), comprising fibroade-
nomas (FAs) and phyllodes tumours (PTs), represent a
distinct group of biphasic breast tumours characterized by
the intimate participation of epithelium and stroma [1]. FAs
are benign, while PTs range from histologically bland to
frankly malignant. Although constituting 0.5-1.5% of
breast tumours in Western series [2], PTs have been docu-
mented to be more common in Asian populations, with
reported incidences of up to 6.9% [3, 4], when compared
with the frequency of breast cancers. Malignant PTs,
behaviourally akin to sarcomas, have the potential for sig-
nificant morbidity and mortality, in the form of recurrences
and distant metastases [5].

Current PT grading, as proposed by the WHO Working
Group [1], is based on histological integration of multiple
parameters on a semi-quantitative basis, which despite
predictive utility across cohorts, cannot accurately ascertain
clinical behaviour in an individual patient. This is aside
from significant interobserver variability even amongst
experienced pathologists [6, 7]. A nomogram has been
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developed by our group, which incorporates histological
parameters and status of surgical margins as an individua-
lized risk-assessment tool [8]. This nomogram has been
validated across diverse populations [9, 10]. Nonetheless,
long-standing issues pertaining to the diagnosis and man-
agement of PT remain [11], which relate to difficulties in
pathological diagnosis and the lack of robust molecular
predictors of outcome.

While the accepted treatment of PT is complete surgical
excision, tumour recurrence remains an important clinical
problem [5]. Recurrence rates in a series of PTs were 10.9%,
144% and 29.6% for benign, borderline and malignant
tumours, respectively [8]. The role of adjuvant therapy is
controversial and is currently not a routine recommendation.

Intratumoural heterogeneity is a notable feature of PT.
Malignant PTs may harbour heterologous stromal elements
with heterogeneous histological and immunohistochemical
attributes, which can hold prognostic and therapeutic
importance. Array- comparative genomic hybridization
(CGH) analysis of paired primary and recurrent tumours
showed acquisition of new genetic changes in the progres-
sion from benign to malignant PT phenotypes, which allude
to the presence of sub-clones not easily identifiable by
histological evaluation alone [12].

Despite myriad biological markers that have been studied
in PTs, many showing an association with grade, their use
in defining grade and determining clinical behaviour in
specific cases remains limited at this time [13-21]. The role
of each tumour compartment, including morphologically
heterogeneous components, as well as their molecular
characteristics in lesional evolution and malignant trans-
formation, is currently not well-defined [12, 22, 23],
although small series have revealed novel genomic aberra-
tions [24].

In this study, we comprehensively mapped and analyzed
seven cases of breast FELs, in order to elucidate the genetic
alterations in morphologically heterogeneous tumour foci.

Methods

This study was approved by the institutional review board
of Singapore General Hospital (SGH), Singhealth, Singa-
pore. Seven cases of breast FELs (including FAs and PTs)
that demonstrated morphologic heterogeneity were retrieved
from the archives of the Department of Anatomical
Pathology, SGH, spanning 2006 and 2015. Clinical infor-
mation was obtained from institutional electronic case
records. All cases were re-reviewed, with diagnoses and
tumour grades independently confirmed by two pathologists
using standard criteria [1]. Regions were selected based on
the presence of morphological heterogeneity.

Macrodissection

Eight serial unstained formalin-fixed paraffin-embedded
(FFPE) sections (10 um thick) from each region were cut on a
microtome (Leica) per case, mounted onto glass slides and
stored at —20 °C until required. A corresponding haematox-
ylin and eosin (HE)-stained slide was reviewed and marked
by a pathologist for regions of interest (ROIs), comprising
tumour and adjacent normal areas. The reverse side of the
unstained slide was then drawn with a marker, guided by the
HE slide as a reference. Tissue samples within the marked
areas were then scraped and collected into a 1.5 mL micro-
centrifuge tube using disposable sterile surgical blades.

Exome sequencing

Matched normal tissue and tumour ROIs were selected from
each tumour for whole-exome sequencing to profile protein-
coding regions of the genomes. Genomic DNA was
extracted using a Qiagen kit on FFPE tissue. FFPE genomic
DNA yield and quality were determined using PicoGreen
fluorometric analysis and an in-house developed multiplex
PCR system. Only samples that passed quality control
checks for quality and minimum quantity (>200ng) were
pursued for exome sequencing. Extracted genomic DNA
was subjected to fragmentation with the Covaris S2 system
following recommended settings. Sequencing library pre-
paration was performed with sequencing adaptor ligation
using the Kappa hyper prep kit (Kappa Biosystems).
Enrichment of coding sequences was performed by
employing the SureSelectXT Human All Exon v5 (51 Mb)
kit (Agilent Technologies) according to the manufacturer’s
recommended protocol. Exome-enriched libraries were then
sequenced on Illumina’s HiSeq 3000/4000 sequencing
platform to generate 150-bp paired-end reads.

Paired reads for all samples were mapped to hgl9 using
BWA-MEM [25]. Raw mappings were processed for
marking duplicates and local realignment using Picard tools
(http://broadinstitute.github.io/picard/) and GATK [26].
Qualities of the mapping were checked using Qualimap
[27, 28]. Somatic mutations were called using consensus
approaches with MuSE [29], MuTect2 [30], Scalpel [31],
Strelka [32] and VarScan2 [33, 34] and subsequently
annotated using wANNOVAR [35], where synonymous
variants excluded. Confident non-synonymous variants
were those satisfying all the following criteria:

(1) Reported by at least two variant callers.

(2) Not in in dbSNP [36] unless it is in COSMIC [37] or
ClinVar [38, 39] databases.

(3) Minor allele frequency in the population is no more
than 0.1%.
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Discrete-characters Wagner parsimony method (pars) in
the PHYLIP [40] package was used to generate the phylo-
genetic trees using the following settings:

(1) “Outgroup root” is the control normal sample.
(2) “Randomize input order of species” is set to “Yes”
(seed =9999).

Results

Case 1 (PT1)

A 52-year-old Chinese female with a left breast tumour
underwent a left simple mastectomy following a diagnosis of
high-grade sarcoma on trucut biopsy. Histology showed a
malignant PT measuring 13.5 cm in maximum dimension. The
tumour comprised an area of relatively banal, leaf-like stromal
fronds morphologically reminiscent of a benign PT, adjacent
to highly cellular sheets and fascicles of spindled cells dis-
playing brisk mitotic activity (31/10hpf) with focal infarction
and hyalinization. The background displayed a myxoid qual-
ity. Skeletal muscle invasion was present, as well as skin
ulceration. No malignant heterologous element was identified.
Exome sequencing was performed on the region mor-
phologically akin to a “benign” PT, as well as two regions
of frankly malignant PT, one of which was adjacent to the
“benign PT” region, and the other at an area of stromal
permeation:
A—malignant PT stromal
permeation).
B—malignant PT component.
C—more classic, “benign PT”-appearing component.

component (area of

All three regions shared mutations in ADAMTSI7,
MFSDI10, EZHI, FAMI3C, NCOR2, KMT2D, ATPIA3,
DDAH?2, TRIM72, RORC and ATF?7. In addition, regions A
and B, which were histologically malignant, had common
TMEMSA and FOSL2 mutations not found in region C
(Fig. 1).

Mutations shared across multiple tumour samples of PT1
had comparable and higher variant allele frequency since they
were likely to be early events in tumourigenesis. The mutation
pattern supported a linear progression model in this tumour.

No recurrences were documented at the time of this study
(5 years from last surgery).

Case 2 (PT2)

A 65-year-old Chinese female first presented with a right
breast lump in 2007, which revealed histological features
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in keeping with a borderline PT, exhibiting mild-to-
moderate stromal nuclear pleomorphism, readily dis-
cernible mitoses (7/10hpf), and focal stromal overgrowth.
Tumour borders could not be accurately assessed, due to
tumour extension to cauterized margins. However,
where assessable, focally infiltrative margins were
observed. There were no features of concomitant or con-
current metaplastic carcinoma, morphologically or
immunohistochemically.

The patient was lost to follow-up for 6 years until 2013,
when she presented with a right breast mass over the pre-
vious excision site. The tumour measured 2.5 cm in max-
imum dimension and comprised intersecting fascicles of
plump spindled cells with frequent mitoses (13/10hpf),
irregular permeative margins, and rare, diminutive, intratu-
moural epithelial nests. Foci of necrosis were present. The
tumour cells showed diffuse cytoplasmic MNF116 and
SMA immunoreactivity with patchy calponin, smooth
muscle myosin heavy chain and p63 staining, and non-
specific cytoplasmic beta-catenin positivity. No significant
CK7, CK14, 34-beta-E12 or CD34 staining was seen. ER,
PR and c-erb-B2 were negative. The overall immunomor-
phological findings were regarded as most in keeping with a
spindle cell metaplastic carcinoma, with immunopositivity
for smooth muscle markers possibly reflecting myoepithe-
lial differentiation.

Exome sequencing was performed on a representative
section from each tumour:

D—borderline PT (2007).
E—spindle cell metaplastic carcinoma (2013).

Alterations in MEDI2, CMTM5, DBF4B, C3orf67,
STARDY, PINI, NFI and GIT2 were shared by both
regions, which were obtained from tumours temporally
separated by 6 years (Fig. 1).

The mutation pattern supported a linear progression
model in this tumour.

The patient was subsequently lost to follow-up.

Case 3 (PT3)

A 59-year-old Chinese female presented with four right-
sided breast nodules which were excised. Three of the
nodules, ranging in size from 0.6 to 2.3 cm, showed features
of hyalinized FAs, while the remaining nodule exhibited
features of a borderline PT, measuring 5.8 cm in maximum
dimension. The PT revealed leaf-like stromal fronds, mild
stromal atypia, stromal hypercellularity, focal stromal
overgrowth and 11 mitoses/10hpf. Focally permeative
tumour margins were observed.

Exome sequencing was performed on a representative
region of the PT and the largest FA, respectively:
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Fig. 1 Cases PT1 and PT2 and their mutations. Light microscopy
images at low magnification show malignant PT regions (a, b) of case
PT1, and a more “benign PT” appearing component (¢); and of case
PT2’s borderline PT (d) diagnosed in 2007, and spindle cell meta-
plastic carcinoma (e) in 2013. The latter shows diffuse cytoplasmic
MNF116 immunoreactivity. The tables reflect their corresponding

F—borderline PT.
G—nhyalinised FA.

No common genetic alterations were found between the
two regions. Among numerous mutations, region F notably
demonstrated mutations in MEDI2 and RBI, and region G
in KMT2D (Fig. 2).

The lack of shared gene mutations among the regions
suggested a parallel progression model in this tumour.

No recurrences were documented at the time of this study
(4 years from last surgery).

Case 4 (PT4)

A 69-year-old Chinese female underwent a right simple
mastectomy for a right breast mass measuring 8§ cm in
maximum dimension. A prior core biopsy had rendered a
diagnosis of a spindle cell neoplasm. The tumour in the

Phylogenetic tree
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2
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g normal
<

Variant allele frequency

E D

normal

mutations and variant allele frequencies (darker shades of red reflect
higher VAF, closer to 100%; darker shades of blue reflect lower VAF,
closer to 0%). Phylogenetic trees indicate genes mutated in all samples
(blue), those mutated in at least two samples (green), and those
mutated in one sample (red).

mastectomy contained foci morphologically reminiscent of
FA, as well as areas of stromal hypercellularity, overgrowth
and focally permeative margins, consistent with a borderline
PT. The stromal cells were highlighted by CD34 and
vimentin, while showing no significant AE1/3 and calponin
staining.

Exome sequencing was performed on an FA-like area, as
well as two areas of PT stroma:

H—FA-like area.
I—PT stroma.
J—PT stroma.

All three regions demonstrated genetic alterations in
ZNF86, AMPDI, SLC23Al1, ZNF630, NRID2, FBRS,
ZBTB7A, SLC22A6, TNXB, CFAP20, CD3EAP and
PPPIR3F. Regions I and J, in addition, exhibited common
NRAS, SLCI13A2, BCCIP, C8orf58, BCCIP, ERBB4 and

SPRINGER NATURE
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Fig. 2 Cases PT3 and PT4 and their mutations. Light microscopy images of case PT3 depict features of a borderline PT (f) and FA (g); and of
case PT4’s borderline PT with an FA-like area (h) and stromal regions (i, j).

KILHIL23 mutations, which were not found in the histolo-
gically dissimilar region H. Region H was also noted to
exhibit PIK3CA mutation (Fig. 2).

The mutation pattern supported a linear progression
model in this tumour. Regions I and J appeared genetically
“closer” in tumourigenesis as compared with region H,
which paralleled the morphologic findings.

At the same setting, a left mastectomy was performed for
a synchronous left invasive ductal carcinoma. The patient
presented 3 years later with biopsy-proven metastatic car-
cinoma involving the liver, porta hepatis, spleen and peri-
aortic region, and died shortly thereafter.

Case 5 (PT5)

A 38-year-old Malay female underwent wide excision of a
left breast mass measuring 5 cm in maximum dimension.
Histology revealed a heterogeneous appearance, with rela-
tively banal foci morphologically reminiscent of FA, as well
as areas of marked stromal cellularity, pronounced nuclear
pleomorphism, and irregular margins, in keeping with
malignant PT. In addition, a few areas showed stromal
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disposition around benign epithelial elements in a fashion
evocative of periductal stromal tumour (PST).

Exome sequencing was performed on five areas: two FA-
like foci, two PST-like foci, and one area of frankly
malignant PT stroma:

K—FA-like area.
L—FA-like area.
M—PST-like area.
N—PST-like area.
O—malignant PT area.

All five regions shared PER3 mutations. Regions L, M,
N and O had common mutations in ADAMTS16, SLC5A4
and TP53. In addition, regions M, N and O possessed
common KLHDC2, MGAT3, NADK2, PDGFRB and UBR4
mutations, in contradistinction to regions K and L, which
appeared histologically banal and lacked these mutations
(Fig. 3).

Regions M, N and O shared mutations across multiple
regions with comparable and higher variant allele fre-
quency, suggestive of a linear progression model. However,
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Fig. 3 Cases PT5 and PT6 and their mutations. Light microscopy
images of case PT5 show a malignant PT (o) with FA-like areas (k, 1)
and periductal stromal tumour-like components (m, n). Images of case

the paucity of shared mutations for regions K and L sug-
gested parallel progression in relation to the other three
regions.

No recurrences were documented at the time of this study
(4 years from last surgery).

Case 6 (PT6)

A 69-year-old Chinese female with a left breast tumour
underwent left simple mastectomy. No information on any

PT6 show a malignant PT with keratin positive area (r) and stromal
areas (p, q, s, t). Diffuse staining for CAMS5.2 was observed in
some areas.

prior core biopsy was available. On gross examination,
three separate tumour nodules in close proximity were seen,
measuring 16, 2 and 2cm, respectively in maximum
dimensions. The patient passed away a year after the
diagnosis.

The dominant tumour exhibited marked histologic het-
erogeneity of the stromal component, ranging from rela-
tively uniform, small, rounded cells in a chondromyxoid
background, to pleomorphic spindled cells focally arranged
in a vague herringbone pattern, as well as groups of plump

SPRINGER NATURE
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cells with rhabdoid morphology. Several multinucleated
giant cells were present. Frequent mitoses, up to 47 per 10
high power fields (hpfs), were identified. The tumour border
was permeative, with focal invasion into underlying skeletal
muscle. In places, epithelium-lined fronds were identified,;
infarction was present, though with preservation of “ghost”
leaf-like architecture.

Diffuse staining of tumour cells for CAMS5.2 was
observed in some areas, with similar but less intense
staining noted with MNF116. EMA, AE1/3, CK5/6, CK7,
CK14 and p63 were negative. No significant CD34, CD31,
D2-40, Factor VIII or S100 staining was seen. The rhabdoid
cells were focally highlighted by desmin and less strongly
by SMA, while myogenin and myoD1 showed no sig-
nificant staining.

The second and third tumour nodules showed similar
histological appearances, comprising malignant spindled
cells arranged in a vague storiform fashion, with occasional
rhabdoid cells.

Exome sequencing was performed on three histologically
heterogeneous areas of the dominant tumour nodule, and on
one region each of the two smaller tumour nodules:

P—dominant tumour (spindled cells within chondromyx-
oid stroma).

Q—dominant tumour (rhabdoid cells).
R—dominant tumour (rhabdoid cells,
positivity).

S—second tumour nodule.

T—third tumour nodule.

with Kkeratin

All five regions shared myriad mutations, including
MEDI2, ANKI, SPTY2DI, CCDC151, CDK4, KDMO6A,
SYNDIGIL, GPRIN3, WDFY4, SLC2A10, SLC22A23 and
CDH?7. Regions Q, R, S and T shared mutations in TP53
and SVEPI, while regions P and Q had shared mutations in
COL3A1 and IL22RA] (Fig. 3).

Of note, region R, which stained positive for cytokeratin
markers on immunohistochemical interrogation, was found
to harbour mutations in EGFR and KRTAP5-5 (keratin-
associated protein 5-5).

As alluded to above, mutations shared across multiple
tumour regions possessed higher variant allele frequency,
which was expected since they likely represented early
events of tumourigenesis.

A linear branching phylogenetic tree supported a linear
progression model in this tumour.

Case 7 (PT7)
A Chinese female with a history of multiple FELs first

presented in 1992, aged 20, with a left-sided FA. She

SPRINGER NATURE

subsequently underwent excision biopsies for a left-sided
FA in 2007, a left PT in 2015 and a left FA in 2015.

The PT, which measured 14 cm in maximum dimension,
showed borderline features, including variable stromal cel-
lularity with peri-epithelial accentuation, mitoses up to 11/
10hpf, and focally permeative borders with adipocytic
entrapment. Stromal atypia was mild. No significant stromal
overgrowth or malignant heterologous stromal element was
identified. Tumour abutted the excision margin. The back-
ground showed focal myxoid oedema and haemorrhage.

The FAs showed banal features.

Exome sequencing was performed on a selected region
from each of the five tumours:

U, V and W (1992, 1995, 2007 lesions)—FAs.
X—Dborderline PT.
Y—FA.

No recurrences were documented at the time of this study
(3 years from last surgery).

No common genes were mutated across all regions.
MEDI2 and RARA mutations were found in both regions X
and Y (Fig. 4).

The starburst phylogenetic tree pattern suggested a par-
allel progression model in this tumour.

In summary, out of 25 regions analyzed, the most com-
mon recurrently mutated genes were MEDI2 and TP53
(Table 1, Fig. 5).

MED]I2 was mutated in ten regions (one FA, three bor-
derline PTs, five malignant PTs and one metaplastic carci-
noma arising in the background of previous PT).

TP53 mutation was observed in eight regions (one FA-
like area within a malignant PT, two PST-like areas within a
malignant PT and five malignant PTs).

Of note, RARA mutation was found in two regions (one
FA and one borderline PT), while PIK3CA mutation was
elucidated in one region (one FA-like area within a
borderline PT).

Discussion

Multi-region exome sequencing identified a diverse set of
mutations among morphologically distinct lesions. Border-
line and malignant PTs disclosed cancer-related aberrations
which were not seen in their FA counterparts, such as RBI
(in PT3) and ERBB4 (in PT4). However, one FA region in
PT5 had a similar missense TP53 G73T mutation as its
neighbouring malignant PT, and one FA-like area in PT4
harboured a PIK3CA mutation, concurring with our recent
finding [41] that it is not impossible for FAs to also harbour
such mutations.
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Fig. 4 Case PT7 and its mutations. Light microscopy images show case PT7 which had a history of multiple FAs (u—w, y) and a borderline PT (x).

Table 1 List of cases and their corresponding mutations via exome sequencing.

Case Description No. of Mutations
mutations
PT1 Malignant PT with a more classic, “benign PT”-appearing 26 ADAMTS17, ADAMTSI15, ATF7, ATP1A3, B4GALTS, DDAH2,
component DDX54, DOCKS, EVX2, EZH1, FAM13C, FOSL2, GDPD4, GNAS,

KMT2D, MFSD10, NCOR2, NETO1, NRAS, PDGFRB, RASEF,
RORC, TMEMSA, TPX2, TRIM72, TTC17

PT2 Borderline PT and subsequent spindle cell metaplastic carcinoma 15 MEDI12, ALKBHS8, C1QA, C3orf67, CMTMS, DAGLA, DBF4B,
GIT2, IGFIR, NF1, NOC2L, OR1Al, PIN1, SLC9C2, STARD9Y
PT3 Borderline PT and separate hyalinised FA 15 ATP2B1, C18orf54, DOCK6, GRKS5, KDELR1, KMT2D, MED12,

NAPIL3, PLCEI, RARG, RB1, SLC11A2, SPIREI,
TMEM141, UBE3C

PT4 Borderline PT with FA-like area 34 AMPDI1, ANTXRL, ATP9B, BCCIP, C8orf58, CAPN15, CD3EAP,
CFAP20, ERBB4, FBRS, HCN1, KLHL23, LSP1, MELTF, MSH6,
NPTXR, NR1D2, NRAS, PIK3CA, PPPIR3F, PRKACA, RITA1,
RSPH4A, SIRPG, SLC13A2, SLC22A6, SLC23A1, STXBPI, TNXB,
TOGARAM?2, ZBTB7A, ZFHX4, ZNF630, ZNF786

PT5 Malignant PT with periductal stromal tumour-like and FA- 9 ADAMTS16, KLHDC2, MGAT3, NADK2, PDGFRB, PER3,
like areas SLC5A4, TP53, UBR4
PT6 Malignant PT with rhabdoid cells and keratin positivity 24 ANKI1, ANOS8, CCDC151, CDH7, CDK4, COL1A2, COL3Al,

GPRIN3, IL22RA1, KDM6A, MBTPS1, MED12, MSANTD4, NRAS,
RBM27, RHOH, SF1, SLC22A23, SLC2A10, SPTY2D1, SVEPI,
SYNDIGIL, TP53, WDFY4

PT7 FAs and subsequent borderline PT 34 ADGB, ALPI, BCORLI1, CYP2W1, DHX9, DICER1, FAMI184A,
HEATR4, HTATSF1, IREB2, KIF21B, LAGE3, MAN1A1, MC5R,
MEDI, MED12, NSRP1, OMD, PEX19, PIEZO1, PKHDI1, PLCLI,
PPPIR13L, PVR, RARA, RP2, RPAP2, SNAPCI1, SNEDI1, SPACA4,
TAS2R40, TCERGIL, TTLL4, USP37

Genes in bold indicate they were mutated in more than one case.
Other somatic alterations could have contributed to the  regions of PT1 and PT5, but not in the patients’ benign PT

mesenchymal histology in driving differentiation and pro-  and FA components, respectively. The gene encodes for
liferation. PDGFRB was mutated in the malignant PT  platelet-derived growth factor receptor B, and activating

SPRINGER NATURE



1740

B. Y. Tan et al.

23 7 Total mutations / region

PER3
SLC22A23 I
SLC2A10
SPTY2D1 I
SYNDIG1L |
WDF Y4
ADAMTS16
KMT2D
NRAS |
SVEP! NN
ADAMTS17
AMPD1
ATF7
ATP1A3
CD3EAP
CFAPZg

2
IL22RA1 I |
KLHL23

m Missense_Mutation
m In_Frame_Ins
® In_Frame_Del

Mutation Types:

L
CrmkFALX>D>2==Z0-dX0o<o~-"2IowWwLoO

Frame_Shift_Del
Nonsense_Mutation
Splice_Site

Total regions /
, jotal regions /gene
L

2%

pees
°
X

o
X

PT4 Patient

= Multi_Hit

Fig. 5 Waterfall plot of recurrently mutated genetic aberrations in 25 regions and their mutation types. Vertical bars show the total number

of mutations within each region, including non-recurrently mutated genes.

mutations were found in gastrointestinal stromal tumours,
while breast and lung cancer cells acquire PDGFR
expression following epithelial-to-mesenchymal transition
(EMT), promoting metastasis [42]. Kim et al. and Pareja
et al. reported PDGFRB mutation in a malignant PT (1/13,
8% and 1/11, 9% respectively) [43, 44], while Moon et al.
observed PDGFRA and PDGFRB alterations in a set of
malignant PTs [45]. In contrast, Carvalho et al. found no
activating PDGFRA mutations in 19 PTs (13 benign and 6
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malignant) [46]. It may be interesting to study the clinical
relevance of this aberration, as targeted treatment against
the PDGFR pathway was noted to suppress PT growth
in vivo [45].

Another recurrently mutated gene was NRAS, observed
in malignant PT (case PT6), in the benign PT component of
malignant PT (case PT1), and borderline PT (case PT4). It
encodes for the GTPase NRas protein, and its mutation
results in an active GTP state. It activates PI3K signalling
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and MAPK pathway, leading to cell growth, differentiation
and survival [47]. Our finding is in line with that of Pareja
et al and Jardim et al, who observed NRAS mutation in
malignant PTs (1/11, 9% and 1/1, 100% respectively)
[44, 47].

The spindle cell metaplastic carcinoma (region E) of case
PT2 harboured ORIAI and insulin-like growth factor-1
receptor (/GFIR) mutations, which were absent in a prior
borderline PT. ORIAI belongs to the class A G-protein-
coupled receptor. While its function has yet to be fully
characterized, other olfactory receptor (OR) genes such
OR2W3 and OR2B6 were found to be correlated to breast
cancer progression [48]. Another member of the olfactory
subfamily, prostate-specific G-protein-coupled receptor,
could also activate NF-xB through the AKT pathway and
induce EMT [49]. Activation of IGFIR could result in
downstream activation of two signalling pathways, namely,
IRS-1/PI3K/Akt and Ras/Raf/ERK pathways. Both path-
ways regulate transcription factors of ZEB, Snail and Twist
families, which are key markers in causing EMT [50].
Whether metaplastic carcinoma progresses from a fibroe-
pithelial tumour remains an area for further investigation, as
malignancy can occur in the epithelial compartment of these
tumours [51, 52]. A case study by Muller et al., in which a
benign PT first recurred as a malignant PT, and later on as a
malignant PT with coexisting spindle cell metaplastic breast
carcinoma in the same location over a 7-year period, sug-
gests that this phenomenon may occur [53].

Both borderline PT (region D) and spindle cell meta-
plastic carcinoma (region E) displayed similar MEDI2 p.
G44D and PINI p.K95N alterations, which may suggest a
relationship between the two tumours. PINI is over-
expressed in multiple cancers, including prostate, breast,
lung, ovary and cervical tumours [54], reported to upregu-
late >50 oncogenes or proliferation-promoting factors and
inhibit >20 tumour suppressors [55]. PINI also promotes
EMT by increasing the transcriptional activity of STAT3 in
MCEF-7 breast cancer cell lines, augmenting invasion and
metastasis of cancer cells by activating NF-«xB, p53, B-
catenin and BRD [56].

Identical nucleotide and protein changes were observed
for those alterations harboured across all regions of
respective cases, except cases PT3 and PT7, which did not
have common mutations. This may indicate clonal related-
ness between tumours, despite being of different histologi-
cal phenotypes (see Supplementary material, Table S1).
FAs had historically been regarded as polyclonic stromal
and epithelial proliferations [57], while PTs possessed
monoclonal stromal growth [58]. However, monoclonality
in FA stroma and polyclonality in PT stroma were reported
in one PCR-based clonality assay study [59]. Although
previously considered to be de novo lesions, evidence
has accumulated that at least some PTs may derive from

pre-existing FAs [59, 60]. Clonal analysis of PTs and FAs
that developed sequentially in the same patient revealed that
not only were all lesions monoclonal, but that they also
contained the same inactivated allele [61]. An exome
sequencing analysis of paired longitudinally-acquired
tumour samples from patients with initial FAs and sub-
sequent PT recurrences by Tan et al. showed results sug-
gestive of linear progression in two out of five cases [62].

Lae et al., in a CGH study of 30 PT cases, revealed
recurrent chromosome imbalances in 55, 91 and 100% of
benign, borderline and malignant PTs, respectively [63]. In
that study, two distinct patterns of genomic imbalance in
PTs were found: none or a few chromosomal changes
corresponding to benign tumours, and numerous recurrent
chromosomal changes, in particular 1q gain and 13q loss,
that were seen in malignant ones. CGH findings segregating
PTs into benign and malignant groups were also reported by
Lv et al. [64] and Jones et al. [12]. In the latter study, areas
of PTs that appeared histologically similar were found to be
genomically heterogeneous on CGH analysis. mRNA
expression profiling of 23 PTs found 162 genes to be
upregulated in borderline and malignant PTs [65]. Ang et al.
elucidated 29 genes that segregated 21 PTs into appropriate
histologic grades using Affymetrix U133Plus 2.0 Gene-
Chips [18]. Studies addressing the role of promoter
methylation found methylation status to be associated with
high-grade PT histology [12, 66, 67]. In a gene expression
study of 75 breast fibroepithelial tumours by Vidal et al., the
majority of FAs, benign and borderline PTs were identified
as normal breast-like, while malignant PTs were more likely
to be basal-like and claudin-low by intrinsic breast cancer
subtyping [68].

Whole-genome profiling of 53 borderline and malignant
PTs by Lae et al., using the Human CNV370 BeadChip
microarray containing 370,000 SNP markers, identified a
high number of copy number variations, including gains of
7p and 8q, losses of 13q (encompassing the RBI gene) and
10p, losses in 9p21.3 and the presence of amplifications,
especially involving EGFR, as markers of potentially
malignant tumours [69]. Liu et al., in a genomic profiling
study of ten malignant PTs with and without heterologous
sarcomatous differentiation, found genomic aberrations in
FGFR/EGFR PI-3 kinase and RAS pathways in 80% of
cases, as well as TERT aberrations in 70% of the tumours
[24]. Significant intratumoural heterogeneity with evidence
of divergent evolution was revealed by copy number ana-
lysis in that study.

Highly recurrent somatic mutations in MEDI2 (Med-
iator complex subunit 12) were initially discovered in FAs
[70]; these mutations were subsequently reported in both
FAs and PTs by multiple groups [71-75], with reported
frequencies of MEDI2 mutations in PTs ranging from 43 to
77% (62, 75, 76]. Piscuoglio et al. discovered identical
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MED 12 mutations in multiple ipsilateral synchronous FELs
(FAs, PTs) in the same patient, suggestive of clonal relat-
edness in different lesions [77]. Subsequently, Pareja et al.
demonstrated that PTs with FA-like areas contained highly
recurrent mutations in exon 2 of MEDI2, while PTs
without FA-like areas were more likely to be MED12 wild
type with more genetic alterations in cancer-related genes,
such as EGFR [44]. These results suggested two distinct
pathways of PT development: an FA-dependent, MED2-
mutated pathway of progressive genetic alterations in
cancer genes (such as TERT), and a MED]2-independent
pathway of de novo PT histogenesis following early cancer
gene aberrations. This hypothesis corroborates the obser-
vation of improved disease-free survival in patients whose
PTs harboured MEDI2 mutations as compared with those
without [76].

Tan et al. found RARA mutations to be present in both
FAs and PTs, while PTs exhibited mutations in FLNA,
SETD2 and KMT2D, as well as additional mutations in
cancer-associated genes including NFI, RBI, TP53,
PIK3CA, ERBB4 and EGFR [62]. Tsang et al., in an ana-
lysis of TERT protein expression in 207 PTs, found high
stromal TERT and positive margins to correlate with worse
recurrence-free survival in PTs [78]. Nozad et al., who
subjected 24 malignant PTs to comprehensive genomic
profiling, found TP53, TERT, NF1, MEDI2, CDKN2A/B
and MLL2 to be the most commonly mutated genes [79].
Deep sequencing performed on 17 PTs in a study by Kim
et al. found MEDI2 and TERT to be the most common
genetic alterations [43]. All 5 of 12 malignant PTs with
local recurrence harboured RARA mutations, while 2
malignant PTs with lung metastases revealed similar
BRCA2, SETD2 and TSCI genetic changes.

In our study, gene mutations identified encompassed cell
signalling, tumour suppressor, DNA repair and cell cycle
regulating pathways. In general, mutations shared across
multiple tumour regions showed higher variant allele fre-
quency, which is consonant with their early role in
tumourigenesis. Light microscopic morphological attributes
of increasing cellular density and pleomorphism correlated
with greater mutational burdens. A high prevalence of
MEDI2 mutation, as well as recurrent mutations in 7P53,
RARA and PIK3CA, was noted. KMT2D, NRAS, PDGFRB
and RBI mutations were also identified. Phylogenetic ana-
lyses revealed likely disparate pathways of tumour
progression.

An important limitation of this study is that we did not
specifically analyze the stromal and epithelial components
separately. It had been postulated that the epithelium in
FELs, although histologically banal, is more than an
innocuous bystander in lesional evolution. Epithelial-
stromal interactions (ESI) between the ductular epithelium
and adjacent fibrovascular stroma of the breast are required
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for normal mammary development, as well as development
and progression of neoplasia. Immunohistochemical stu-
dies and molecular analysis comparing allelic imbalances
highlight the importance of ESI in PTs [80-82]. ESIs may
play a role in the acquisition of proliferative characteristics
and malignant progression of tumour stroma. Dietrich et al.
elucidated clonal abnormalities in both the epithelium and
stroma of PTs [83], while Kuijper et al. also demonstrated
monoclonality in PT epithelium [59]. These findings sug-
gest the possible presence of a putative precursor cell with
epithelial-stromal plasticity that may be the origin of
diverse lesional components. Although laser microdissec-
tion of tumour epithelium was initially attempted in this
study, the sequencing data generated was unsuitable for
use, due to likely inadvertent contamination by tumour
stroma.

Surgical excision is the current mainstay of therapy for
PTs. Tumour recurrence remains an important clinical
problem. Marked intratumoural genetic heterogeneity,
which may not be readily apparent clinically or histologi-
cally, can contribute to under-recognition of subclones that
may progress and recur. On the other hand, there likely also
exists a group of PTs with benign biology that are over-
treated [22]. The role of adjuvant therapy is currently
unclear beyond that of palliation [84-86]. In a retrospective
study of 36 malignant PTs profiled using gene sequencing,
gene copy number analysis, whole-genome expression, and
protein expression, there was consistent overexpression of
genes involved in angiogenesis, including VEGFA, Angio-
poietin-2, VCAMI1, PDGFRA and PTTGI, in addition to
EGFR, PIK3CA, TP53 and RBI mutations [87]. In addition,
three PTs exhibited above-threshold (>5%) PD-L1 expres-
sion, suggesting that further investigations into the roles of
anti-angiogenic and immunomodulatory agents in the
management of PTs may be warranted.

Our findings affirm the complex genetic makeup of
breast FELs, with the burden of genetic aberrations
appearing to parallel light microscopic features of malig-
nancy. Larger studies to determine their prognostic and
therapeutic implications may underpin risk-stratified man-
agement and guide novel directed therapies.
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