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Abstract
Pleomorphic (PLCIS) and florid (FLCIS) lobular carcinoma in situ are rare histologic variants of LCIS that are considered
more aggressive than classic LCIS (CLCIS), but optimal treatment is controversial. The genetic drivers of these lesions and
their clonal relationships to paired CLCIS and ILC have not been characterized. We used capture-based next-generation
sequencing to profile 16 LCIS variants (ten PLCIS, six FLCIS), including paired synchronous ILC and CLCIS in 11 and
nine cases, respectively. Recurrent pathogenic alterations included CDH1 (9/10 PLCIS, 6/6 FLCIS), PIK3CA (7/10 PLCIS,
2/6 FLCIS), ERBB2 (6/10 PLCIS, 2/6 FLCIS; six mutations, two amplifications), ERBB3 (1/10 PLCIS, 2/6 FLCIS), FOXA1
(4/10 PLCIS, 1/6 FLCIS), TP53 (3/10 PLCIS), and CCND1 (2/10 PLCIS, 1/6 FLCIS). Mutational profiles and mean copy
number alterations (CNA) were similar between LCIS variants with and without ILC. Compared with ILC in The Cancer
Genome Atlas (TCGA), PLCIS, FLCIS, and associated ILC were enriched for ERBB2 mutations, and PLCIS was enriched
for TP53 and FOXA1 mutations. Shared pathogenic mutations and CNA were identified between the LCIS variant and ILC
in all cases, and between CLCIS and the LCIS variant/ILC in 89%. CLCIS to PLCIS progression was associated with
increased mean nonsynonymous mutations and additional pathogenic alterations and/or CNA in 80%. Mean
nonsynonymous mutations and CNA were similar between PLCIS and ILC, although additional pathogenic mutations
were associated with invasion in a subset (43%). FLCIS harbored additional clonal pathogenic mutations in only 1/3 cases,
and these were not shared with ILC, which was genetically divergent. In another case, ILC was genetically more similar to
CLCIS than FLCIS. The results highlight clonal relationships between PLCIS/FLCIS and CLCIS, and implicate PLCIS as a
genetically advanced ILC precursor. Frequent ERBB2/ERBB3 alterations in PLCIS and FLCIS are consistent with more
aggressive behavior and may have prognostic and therapeutic implications.

Introduction

Classic lobular carcinoma in situ (CLCIS) is often an inci-
dental and multifocal finding that has long been considered
a risk factor for development of invasive carcinoma and is
managed accordingly. Pleomorphic (PLCIS) and florid
(FLCIS) lobular carcinoma in situ are rare LCIS variants

that can be distinguished from CLCIS histologically based
on the presence of increased nuclear pleomorphism in
PLCIS [1, 2] and marked ductal and lobular distention in
FLCIS [3–5] with or without comedo-type necrosis. In
contrast to CLCIS, PLCIS and FLCIS are often the targeted
lesion on core biopsy and show high upgrade rates to
invasive carcinoma or DCIS on surgical excision [6–14].
Indeed, PLCIS and FLCIS have been considered higher risk
lesions than CLCIS, based on a more aggressive biomarker
profile (more often ER− and/or HER2+), increased num-
bers of chromosomal copy number alterations (CNA), and
frequent association with invasive carcinoma, which is most
often of lobular phenotype [1, 14]. These features, together
with unifocal co-localization of PLCIS and FLCIS with
invasive lobular carcinoma (ILC), indirectly suggest that
these variants are more advanced precursor lesions to ILC
than CLCIS [14]. Recent genetic studies support the notion
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that some CLCIS are also nonobligate precursors clonally
related to paired ILC [15]. However, the genetics and
molecular drivers of PLCIS and FLCIS remain largely
unknown, with studies limited to CNA analysis by array
comparative genomic hybridization (aCGH). Furthermore,
because these studies primarily analyzed nonpaired PLCIS/
FLCIS and CLCIS, clonal relationships of these lesions
with CLCIS have only been indirectly inferred. The nature
of the genetic relationships between CLCIS, LCIS variants,
and ILC with respect to neoplastic progression remains
unknown.

In this study, we utilized a targeted capture-based next-
generation DNA sequencing panel of 479 cancer-related
genes to characterize the genomics of PLCIS and FLCIS and
to analyze the clonal relationships of these LCIS variants
with synchronous CLCIS and synchronous ILC. We also
analyzed the genetics of pure LCIS variants not associated
with invasive carcinoma. The findings advance our under-
standing of the origins and biology of PLCIS and FLCIS and
provide a genetic basis for their more aggressive behavior
and increased risk of progression to invasive carcinoma.

Materials and methods

Study population and histologic classification

This study was approved by the Institutional Review Board
of the University of California San Francisco (UCSF).
Sixteen cases of LCIS variants (seven PLCIS, five FLCIS,
and four mixed PLCIS and FLCIS) were selected from the
UCSF Pathology Department archives for genomic analy-
sis. Preferential selection of cases was based on the pre-
sence of synchronous CLCIS and/or ILC components,
technical feasibility of separating components to be ana-
lyzed without cross-contamination, and availability of suf-
ficient tissue for analysis. A larger clinicopathologic
analysis including a subset of these cases has been pre-
viously published [14]. Five PLCIS, all FLCIS, and all
mixed PLCIS/FLCIS were associated with CLCIS. Five
PLCIS, three FLCIS, and three mixed PLCIS/FLCIS were
associated with ILC (designated P1–P7, F1–F4), whereas
five LCIS variants (two apocrine PLCIS, two FLCIS, and
one mixed PLCIS/FLCIS) were ultimately pure, without
associated invasive cancer or DCIS (designated pP1–pP3,
pF1, pF2). All specimens were fixed in 10% neutral buf-
fered formalin and embedded in paraffin.

All LCIS lacked complete membranous E-cadherin
immunostaining. CLCIS showed expansion (≥8 cells in
diameter) of at least 50% of the acini in a terminal duct
lobular unit (TDLU) by one or a mixture of the following
two cell types: type A cells (uniform, round, and small
nuclei up to 1.5× the size of a lymphocyte nucleus with

inconspicuous nucleoli), and type B cells (more abundant
cytoplasm and larger nuclei up to 2× the size of a lym-
phocyte nucleus, with more variability in size and shape and
more prominent nucleoli) [14]. PLCIS was defined by
marked nuclear pleomorphism (>2–3× variation in nuclear
size) with nuclei equivalent to high-grade DCIS and at least
some nuclei >4× the size of a lymphocyte (Fig. 1a) [1, 2].
Apocrine differentiation was defined by abundant eosino-
philic, granular cytoplasm, and enlarged rounded nuclei
with prominent nucleoli (Fig. 1c) [1]. FLCIS had cytologic
features of CLCIS (often type B cells, less commonly mixed
type A and type B cells) but were distinguished by marked
expansion of TDLUs or larger ducts with at least one of two
architectural features: (1) little to no intervening stroma
between expanded ductules of a TDLU, or (2) expansion of
an acinus/duct filling approximately one high-power field
(Fig. 1e) [14]. Each case was evaluated for the following
histologic features: the presence of CLCIS, comedonecrosis
associated with the LCIS variant, the size of the LCIS
variant, and, when applicable, the size, histologic type, and
grade of associated invasive carcinoma. Comedonecrosis
was defined as confluent necrosis comprising at least 30%
of the duct lumen [16].

Clinical information was obtained from the UCSF elec-
tronic medical record. Overall survival was calculated from
the date of first pathologic diagnosis until the date of death
or the date of last known alive for patients still alive or lost
to follow-up.

Immunohistochemistry

For all cases, ER, PR, and HER2 biomarker expression was
examined in the LCIS variant, in synchronous CLCIS, and
in associated invasive carcinoma. In cases with mixed
PLCIS/FLCIS, biomarker expression was only evaluated in
the sequenced components. Immunohistochemistry was
performed on whole tissue sections using the following
antibodies and dilutions: ER (SP1, prediluted, Roche,
Ventana Medical Systems, Tucson, AZ, USA); PR (IE2,
prediluted, Roche, Ventana Medical Systems); HER2 (4B5,
prediluted, Roche, Ventana Medical Systems); and E-
cadherin (HECD-1, 1:100, Invitrogen, Carlsbad, CA,
USA). Antigen retrieval was as follows: for ER, PR, and
HER2—CC1 (Roche, Ventana Medical Systems); for E-
cadherin—bond epitope retrieval solution 1 (Leica Biosys-
tems, Buffalo Grove, IL, USA). For ER, PR, and HER2,
positive staining was defined according to ASCO/CAP
guidelines [17, 18].

Capture-based next-generation DNA sequencing

For capture-based next-generation DNA sequencing, LCIS
variants and matched normal tissue were selected from all
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11 cases that were associated with invasive carcinoma. Only
LCIS variant tissue was sequenced for the five cases of pure
LCIS variants not associated with invasive carcinoma.
Synchronous ILC was sequenced in all 11 cases associated
with invasive carcinoma, and synchronous CLCIS was
sequenced in nine cases (four PLCIS, two FLCIS, and three
mixed PLCIS/FLCIS). In one case of mixed PLCIS/FLCIS
(case F3), two geographically distinct foci of CLCIS were
separately sequenced, and the FLCIS but not PLCIS com-
ponent was sequenced due to inability to accurately dissect
PLCIS from ILC. For the other mixed PLCIS/FLCIS cases
(cases P3, P5, and pP1), PLCIS was sequenced.

DNA sequencing was performed at the UCSF Clinical
Cancer Genomics Laboratory using an assay that targets the
coding regions of 479 cancer-related genes, select introns
from 42 genes, and the TERT promoter, with a total
sequencing footprint of 2.8Mb (UCSF500 panel; Supple-
mentary Table S1). Sequencing libraries were prepared from
genomic DNA extracted from tumor and normal formalin-
fixed paraffin-embedded tissue. Target enrichment was
performed by hybrid capture using a custom oligonucleotide

library. Sequencing was performed on an Illumina HiSeq
2500. Duplicate sequencing reads were removed computa-
tionally to allow for accurate allele frequency determination
and copy number calling. The analysis was based on the
human reference sequence UCSC build hg19 (NCBI build
37), using the following software packages: BWA: 0.7.13,
Samtools: 1.1 (using htslib 1.1), Picard tools: 1.97 (1504),
GATK: Appistry v2015.1.1–3.4.46-0-ga8e1d99, CNVkit:
0.7.2, Pindel: 0.2.5b8, SATK:Appistry v2015.1.1-1-
gea45d62, Annovar: v2016 Feb01, Freebayes: 0.9.20 and
Delly: 0.7.2 [19–29]. Only insertions/deletions up to 100
base pairs in length were included in the mutational analysis.
Somatic single-nucleotide variants and insertions/deletions
were visualized and verified using Integrated Genome
Viewer. Genome-wide copy number analysis based on on-
target and off-target reads was performed by CNVkit and
Nexus Copy Number (Biodiscovery, Hawthorne, CA, USA)
[24].

Statistical analysis was performed using paired and
unpaired Student’s t tests and Fisher exact test as appro-
priate, with p < 0.05 considered significant.

Fig. 1 Representative images
of LCIS variants sequenced in
this study. a, b Pleomorphic
LCIS (a) (case P6) showed
marked nuclear pleomorphism,
equivalent to that of high-grade
DCIS, and associated invasive
lobular carcinoma (b) typically
showed pleomorphic cytology
and growth pattern. c, d This
pure pleomorphic LCIS (pP2)
had apocrine cytology,
characterized by large cells with
abundant eosinophilic granular
cytoplasm (c). The neoplastic
cells lack estrogen receptor
expression (d). e, f Florid LCIS
(case F1) had similar cytology to
classic LCIS but showed marked
expansion of terminal duct
lobular units or ducts, with little
to no intervening stroma
between expanded lobules (e).
The associated invasive lobular
carcinoma in this case showed
classic cytology and growth
pattern (f).
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Results

Clinicopathologic features of pleomorphic and florid
lobular carcinoma in situ variants and synchronous
invasive carcinomas

The clinicopathologic features of cases in the study popu-
lation are listed in Table 1. All patients were women, with
an average age of 63 years (range 53–81) for PLCIS, 53
years (range 40–68) for FLCIS, and 67 years for mixed
PLCIS/FLCIS (range 60-74). Fourteen LCIS variants (five
PLCIS, five FLCIS, and all four mixed PLCIS/FLCIS)
arose in a background of CLCIS, and 11 LCIS variants (five
PLCIS, three FLCIS, and three mixed PLCIS/FLCIS)
were associated with synchronous ILC. Three PLCIS and
one mixed PLCIS/FLCIS also had synchronous DCIS, and
one mixed PLCIS/FLCIS had synchronous DCIS and a
small focus of invasive ductal carcinoma.

All patients with associated ILC underwent surgical
excision and axillary lymph node sampling. The average
size of the LCIS variant was 4.3 cm (range 1.8–10 cm), and
the average size of synchronous ILC was 3.4 cm (range
0.3–9.1 cm). Invasive carcinomas associated with PLCIS or
mixed PLCIS/FLCIS were pleomorphic ILC in all but one
case (88%, n= 8) (Fig. 1b). All invasive carcinomas asso-
ciated with FLCIS were classic ILC (Fig. 1f). Nine (82%)
ILC were modified Scarff-Bloom-Richardson (mSBR)
grade 2, and two (18%) were mSBR grade 3. Two patients
with ILC associated with mixed PLCIS/FLCIS had lymph
node metastasis; the remaining patients were all node
negative. One patient with lymph node metastasis died of
disease (survival 20 months); all other patients with inva-
sive carcinoma are alive with no evidence of disease (mean
follow-up 47 months).

Five LCIS variants (two PLCIS, two FLCIS, and one
mixed PLCIS/FLCIS) were not associated with either
invasive carcinoma or DCIS (designated pure PLCIS or
pure FLCIS). Both pure PLCIS had apocrine differentiation.
All patients are alive with no evidence of disease (mean
follow-up 55 months).

Biomarker expression

Biomarker expression was evaluated in the sequenced LCIS
variants (ten PLCIS, six FLCIS) and sequenced synchro-
nous CLCIS and ILC. Seven PLCIS were ER-positive and
three were ER-negative, the latter including both cases of
apocrine PLCIS (Fig. 1c, d); only 3/10 were PR-positive.
All FLCIS were ER-positive and 5/6 were PR-positive. Two
PLCIS had ERBB2 amplification with HER2 protein over-
expression (Supplementary Fig. S1). Hormone receptor and
HER2 status of paired ILC correlated with the respective
LCIS variant in 9/11 cases (Table 1). Of the exceptions, one

PLCIS (case P6) was weakly ER-positive, whereas the
synchronous ILC was triple negative, and one FLCIS (case
F4) was PR-positive, whereas the synchronous ILC was
PR-negative. Hormone receptor and HER2 status of paired
CLCIS correlated with the respective LCIS variant in 3/5
PLCIS and 3/3 FLCIS; two cases of PR-negative PLCIS
had synchronous PR-positive CLCIS (cases P5 and P6). In
one case (P3), paired CLCIS, PLCIS, and ILC were all
triple (ER, PR, and HER2) positive (Supplementary
Fig. S1C–F).

Genetics of pleomorphic and florid lobular
carcinoma in situ variants

The mean target coverage of next-generation DNA
sequencing was 533 (±246) unique reads per target interval
for PLCIS, 718 (±310) unique reads per target interval for
FLCIS, 519 (±318) unique reads per target interval for ILC,
and 621 (±356) unique reads per target interval for CLCIS
(Supplementary Table S2).

Predicted pathogenic and/or recurrent alterations identi-
fied in PLCIS and FLCIS are shown in Fig. 2, and a list of
all identified nonsynonymous coding mutations is provided
in Supplementary Table S3. The mean number of non-
synonymous coding mutations in UCSF500 panel genes
per case was similar between PLCIS (7.3 ± 3.1) and FLCIS
(8.0 ± 1.8) (p= 0.693, n= 7 and 4, respectively), and the
mean number of predicted pathogenic alterations per case
was also similar (4.3 ± 0.9 in PLCIS, n= 10, vs. 5 ± 2.1 in
FLCIS, n= 6) (p= 0.371).

Ninety-four percent (15/16) of cases had frameshift,
nonsense, or missense mutations in CDH1, with loss of
heterozygosity in 93% (14/15), consistent with lobular
differentiation. The single case (PLCIS, P2) without CDH1
mutation had monoallelic 16q loss, and E-cadherin protein
loss was confirmed by immunohistochemistry (not shown).
All PLCIS and FLCIS harbored pathogenic alterations in
ERBB2, ERBB3, and/or downstream phosphatidyl inositol-3
kinase (PI-3K) pathway genes. Pathogenic alterations in
PIK3CA and/or PIK3R1 were present in 70% PLCIS and
67% FLCIS and most frequently included constitutively
activating hotspot mutations in the helical or kinase domain
of PIK3CA (seven PLCIS and two FLCIS). Sixty percent of
PLCIS (6/10) harbored pathogenic ERBB2 alterations,
including known hotspot mutations in the ERBB2 kinase
domain (p.L755S and p.T862A, two cases each) [30–34] in
four cases and ERBB2 amplification in two additional cases
(Fig. 2 and Supplementary Fig. S2A). Two of the three
sequenced pure PLCIS had ERBB2 kinase domain muta-
tions. Hotspot ERBB2 mutations (p.L755S and p.
G778_P780dup) were also identified in 33% (2/6) FLCIS,
none of which had ERBB2 amplification [34]. One PLCIS
and two FLCIS harbored ERBB3 mutations, which included
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known pathogenic kinase domain (p.E928G, PLCIS case
P6) and extracellular domain (p.T355I, FLCIS case pF1)
mutations [35]. A p.H798L mutation in FLCIS (case pF2)
has not been previously characterized but is located near the
ATP binding site in the kinase domain (Fig. 2, Supple-
mentary Fig. S2B). Two of the three ERBB3 mutations co-
occurred with hotspot ERBB2 mutations. Together, ERBB2
and/or ERBB3 alterations were present in 60% (6/10)
PLCIS and 50% (3/6) FLCIS.

Mutations in the forkhead transcription factor FOXA1
were identified in 40% (4/10) PLCIS and 17% (1/6) FLCIS.

FOXA1 mutations in PLCIS were truncating (p.C268*),
known hotspots (p.D226N, p.S250F), or missense muta-
tions in the forkhead domain (p.S174L) [33, 34]. In the
FLCIS case (F4), two nearby FOXA1 missense mutations in
the forkhead domain (p.C258W and p.C268W) were pre-
sent on separate alleles.

TP53 mutations were identified in 30% (3/10) PLCIS but
not in FLCIS. Conversely, CBFB mutations were identified
in FLCIS (2/6) but not in PLCIS. Other recurrently altered
genes included CCND1 (amplification in 2/10 PLCIS and 1/
6 FLCIS), GATA3 (missense mutations in 1/10 PLCIS and

Fig. 2 Summary of predicted
pathogenic and/or recurrent
alterations in pleomorphic
LCIS and florid LCIS. aPLCIS
indicates apocrine PLCIS,
FLCIS florid LCIS, LCIS
lobular carcinoma in situ, PLCIS
pleomorphic LCIS. Asterisk
indicates sequenced LCIS
variant component of mixed
PLCIS/FLCIS case.
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1/6 FLCIS), and ARHGAP35 (truncating mutations in 1/10
PLCIS and 1/6 FLCIS). One patient with PLCIS (P3) and
ERBB2 amplification was a germline pathogenic BRCA2
carrier (p.V3365fs), but none of the lesional samples
showed somatic loss of heterozygosity at this allele.

Copy number analysis revealed 16q loss in all cases and
1q gain in 73% (n= 15), with a mean of 11.3 ± 9.3 CNA in
PLCIS (n= 9) compared with 4.7 ± 2.9 in FLCIS (n= 6)
(p= 0.116, two-tailed t test). Additional recurrent CNA
included loss of distal or whole-arm 8p in 44% (4/9) PLCIS
and 33% (2/6) FLCIS; gain of 8q or whole-chromosome 8
in 33% (3/9) PLCIS and 33% (2/6) FLCIS; loss of distal or
whole-arm 11q in 44% (4/9) PLCIS and 33% (2/6) FLCIS;
loss of 13q or whole-chromosome 13 in 44% (4/9) PLCIS
and 17% (1/6) FLCIS; gain of distal or whole-arm 16p in
22% (2/9) PLCIS and 33% (2/6) FLCIS; loss of distal or
whole-arm 17p in 56% (5/9) PLCIS and 17% (1/6) FLCIS;
gain of interstitial or whole-arm 17q in 33% (3/9) PLCIS
and 17% (1/6) FLCIS, and loss of distal or whole-arm 18q
or whole-chromosome 18 in 44% (4/9) PLCIS and 17%
(1/6) FLCIS (Supplementary Table S4).

The mutational profiles of PLCIS or FLCIS and the total
number of predicted pathogenic mutations in UCSF500
panel genes per case were similar between LCIS variants
associated with invasive carcinoma (range 3–8, n= 11) and
pure LCIS variants without invasive carcinoma (range 3–5,
n= 5) and included ERBB2 and ERBB3 mutations in both
groups (Fig. 2). Although mean CNA were similar between
LCIS variants associated with invasive carcinoma (10.8 ±
9.1) and those that were pure (4.4 ± 1.8; p= 0.15, two-tailed
t test), wider CNA variation was observed in the former
group (range 2–27 vs. 2–7), which closely paralleled
associated ILC (p= 0.051, paired two-tailed t test) (Fig. 3
and Supplementary Table S4). Recurrent CNA in PLCIS
associated with invasive carcinoma that were absent in pure
PLCIS included losses in distal or whole-arm 11q (4/7 vs. 0/
3), 13q or whole-chromosome 13 (4/7 vs. 0/3), and distal or
whole-arm 17p (5/7 vs. 0/3). No recurrent CNA dis-
tinguished FLCIS associated with invasive carcinoma from
pure FLCIS; however, this comparison was limited by small
sample size.

Genetic relationships of pleomorphic and florid
lobular carcinoma in situ with synchronous classic
lobular carcinoma in situ and invasive lobular
carcinoma

For the eleven cases with synchronous invasive carcinoma,
sequencing results were compared across paired synchro-
nous components (PLCIS or FLCIS, ILC, and CLCIS, when
available) to identify clonal relationships and genetic fea-
tures associated with progression. Paired predicted patho-
genic and/or recurrent alterations are shown in Fig. 3. A list

of all identified nonsynonymous mutations are provided in
Supplementary Table S3, and all CNA are provided in
Supplementary Table S4. In 8 of 9 (89%) cases in which
synchronous CLCIS was sequenced in addition to the LCIS
variant (5/6 PLCIS, 3/3 FLCIS), the paired components
were clonally related to one another and shared pathogenic
aberrations and CNA. A clonally distinct CLCIS component
was identified in two cases (PLCIS case P7 and FLCIS case
F3), which in both harbored different CDH1 frameshift
mutations from the respective paired LCIS variant and ILC.
In one of these (case F3), a second focus of CLCIS was
additionally sequenced and found to be clonally related to
paired FLCIS/ILC. In all 11 cases in which synchronous
ILC was sequenced in addition to the LCIS variant (seven
PLCIS, four FLCIS), the paired components were clonally
related to one another and harbored shared pathogenic
mutations and CNA.

Loss of 16q and CDH1 mutations were shared between
CLCIS, PLCIS or FLCIS, and ILC in all clonally related
cases. In three of the four cases with paired CLCIS and
hotspot PIK3CA mutations, the mutations were clonal and
shared between CLCIS and the LCIS variant (two PLCIS,
one FLCIS), consistent with other studies that PIK3CA
mutations tend to occur early in lobular carcinogenesis and
are present at the CLCIS stage [15, 36].

Pleomorphic lobular neoplasia progression

Compared with paired CLCIS, PLCIS was associated with
additional clonal pathogenic mutations in 4/5 (80%) cases
and with additional CNA in 2/3 (67%) cases. Paired ana-
lysis revealed more nonsynonymous coding mutations in
UCSF500 panel genes per case in PLCIS (mean 6.6 ± 3.3)
compared with CLCIS (mean 4.4 ± 2.6) (p= 0.03, paired
two-tailed t test, n= 6). Progression from CLCIS to PLCIS
was associated with TP53 mutation in both evaluable cases
with TP53 mutations. Whereas one of these (P5) had an
identical truncating TP53 mutation in paired PLCIS and
ILC, the other (P3) had different TP53 mutations in PLCIS
and ILC, indicative of driver-level genetic divergence at this
stage. Indeed, 2/5 CLCIS and 3/7 PLCIS had private
pathogenic mutations not present in their respective paired
components, and 2/6 PLCIS had private CNA not present in
paired ILC, consistent with clonal heterogeneity at early and
later stages of in situ lobular carcinogenesis. In one case
(P6), progression to PLCIS was associated with con-
comitant pathogenic ERBB2 and ERBB3 mutations, and
progression to ILC was associated with two additional
private ERBB3 mutations. However, two other cases shared
either ERBB2 mutation (P5) or ERBB2 amplification (P3)
among all three components (CLCIS, PLCIS, and ILC),
indicating that ERBB2 aberrations can occur either early or
late in the pleomorphic lobular neoplasia pathway.
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Fig. 3 Summary of predicted pathogenic and/or recurrent altera-
tions in paired classic LCIS, pleomorphic LCIS or florid LCIS,
and invasive lobular carcinoma. aPLCIS indicates apocrine PLCIS,
CLCIS classic LCIS, FLCIS florid LCIS, ILC invasive lobular

carcinoma, LCIS lobular carcinoma in situ, PILC pleomorphic ILC,
PLCIS pleomorphic LCIS. Asterisk indicates sequenced LCIS variant
component of mixed PLCIS/FLCIS case.
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Similarly, CCND1 amplification was associated with pro-
gression from CLCIS to PLCIS/ILC in one case (P5) but
was present in all three components in another case (P4).

Progression from PLCIS to ILC was not associated with
a significant increase in the total number of nonsynonymous
coding mutations (mean 6.6 ± 3.3 in PLCIS vs. 7.3 ± 4.3 in
ILC) (p= 0.518, paired two-tailed t test, n= 7) or CNA
(mean 14.8 ± 9.6 in PLCIS vs. 17.2 ± 8.4 in ILC) (p=
0.376, paired two-tailed t test, n= 6). PLCIS harbored
similar or identical CNA to synchronous ILC (Fig. 4),
including two PLCIS with more CNA than associated ILC
(Supplementary Fig. S3A–C). In contrast, paired CLCIS
harbored fewer nonsynonymous coding mutations (mean
4.4 ± 2.6) than ILC (p= 0.027, paired two-tailed t test, n=
5). Mean CNA in the three evaluable cases of CLCIS (6.7 ±
3.4, n= 3) was also less than paired ILC, although the
sample size of paired lesions was too small for meaningful
statistical analysis (Supplementary Table S4). Progression
from PLCIS to ILC was associated with additional clonal
pathogenic mutations in 3/7 (43%) cases, including NF1,
WRN, and HIST1H3B in one case (P1), CDKN1B and
KMT2A in another (P3), and ERBB3 in the third (P6).
Progression from PLCIS to ILC was also associated with
additional CNA in 4/6 (67%) cases, including recurrent
losses in 4p or whole-chromosome 4 in two cases (P3 and
P6). No other recurrent alterations were associated with
progression to invasion.

Florid lobular neoplasia progression

Progression from CLCIS to FLCIS was associated with
additional clonal pathogenic mutations in only 1/3 cases
(F4), which included PIK3R1, FOXA1, and KMT2C
(Fig. 3). However, paired FLCIS and ILC were genetically
divergent in this case, with different clonal FOXA1 muta-
tions in both components, and FLCIS also had other private
clonal and subclonal pathogenic mutations compared with
CLCIS and ILC. Indeed, all four cases with FLCIS harbored
private pathogenic mutations in the FLCIS component,
again suggestive of driver-level genetic divergence at this
level of lobular carcinogenesis.

Overall, the mean number of nonsynonymous coding
mutations was 5.3 ± 1.5 in ILC compared with 7.8 ± 2.1 in
FLCIS and 4.3 ± 2.6 in CLCIS, but the sample size of
paired lesions was too small for meaningful statistical
analysis. Mean CNA per case were 11.3 ± 8.5 in ILC
compared with 4.8 ± 3.8 in FLCIS (p= 0.07, paired two-
tailed t test, n= 4), and all four cases had additional private
CNA in ILC compared with FLCIS. In the two evaluable
cases with CLCIS, no additional CNA were identified in
paired FLCIS. In one case (F4), FLCIS had only two CNA
(1q gain and 16 loss), identical to synchronous CLCIS and
fewer than associated ILC (Supplementary Fig. S3D–G).

Interestingly, ILC in the other case (F2) shared identical
CNA with paired CLCIS and more than FLCIS, suggesting
direct progression to ILC from CLCIS and not FLCIS. In
the remaining three cases, progression to ILC was asso-
ciated with clonal pathogenic aberrations in MCL1 and RB1
(F1), ASXL2 (F3), and FOXA1 (F4). No recurrent alterations
associated with progression to invasion were identified.

Comparative genetics of pleomorphic and florid
lobular neoplasia with other invasive lobular
carcinomas

The genomic profiles of PLCIS, FLCIS, and associated ILC
in our study were compared with publicly available
sequencing data of ILC (n= 127) previously analyzed in
The Cancer Genome Atlas (TCGA) (Fig. 5) [33, 34, 37].
PLCIS, FLCIS, and LCIS variant-associated ILC were more
likely to harbor ERBB2 mutations than ILC in the TCGA
cohort (40%, 33%, and 27%, compared with 4% in TCGA,
p= 0.002, p= 0.032, and p= 0.017, respectively) or to
have either ERBB2 or ERBB3 alterations (60%, 50%, and
45%, compared with 11% in TCGA, p < 0.001, p= 0.006,
and p= 0.008, respectively). ERBB3 mutations were more
common in FLCIS (33%) than TCGA ILC (1%) (p=
0.005). FOXA1 mutations were more frequent in PLCIS
(40%) than ILC in the TCGA cohort (7%) (p= 0.008), and
this trended toward significance in ILC associated with
LCIS variants (27%, p= 0.056). ILC associated with
PLCIS harbored TP53 mutations more frequently than ILC
in the TCGA cohort (43% vs. 8%, respectively; p= 0.02)
and was also more likely to harbor mutations in HIST1H3B
(29% vs. 2%, p= 0.02). In contrast to PLCIS, FLCIS, and/
or associated ILC, there were no significant differences
between CLCIS associated with these LCIS variants and
ILC in the TCGA cohort.

Discussion

In this study, we used capture-based next-generation
sequencing to analyze the genetics of PLCIS and FLCIS,
including those present as pure lesions and those associated
with invasive carcinoma. Our findings demonstrate a similar
spectrum of aberrations in both groups, with notable
enrichment for pathogenic alterations in the PI-3K pathway,
ERBB2/ERBB3, and FOXA1. The results also reveal clonal
relationships between CLCIS, LCIS variants, and ILC and
demonstrate that PLCIS is a genetically advanced direct
precursor to ILC.

Frequent association of PLCIS and FLCIS with CLCIS,
as well as shared biomarker profiles, loss of E-cadherin
expression, and 1q gain and 16q loss has suggested that
these LCIS variants evolve along the lobular lineage; on the
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other hand, increased CNA in the LCIS variants has sug-
gested that they are genetically more advanced than CLCIS
[1, 4, 14]. However, previous genetic studies of PLCIS and

FLCIS have been primarily limited to aCGH analysis of
nonpaired PLCIS, FLCIS, and CLCIS and could not
establish clonal relationships between these lesions [1, 4].
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Only a rare PLCIS/PILC pair analyzed by aCGH has sug-
gested a genetic relationship [38]. Here, we provide direct
evidence that PLCIS and FLCIS are descended from syn-
chronous paired CLCIS precursors and also show that
PLCIS in particular is a genetically more advanced lesion.
PLCIS shared truncal mutations (such as CDH1, PIK3CA,
and PTEN, among others) with paired CLCIS but also
harbored comparatively more nonsynonymous coding
mutations in UCSF500 panel genes, additional pathogenic
aberrations in genes such as TP53, ERBB2, ERBB3, and
CCND1, and increased CNA. In contrast, there were no
significant differences in the mean number of total non-
synonymous mutations or CNA between paired PLCIS and
ILC, together suggesting that PLCIS is genetically more
advanced than CLCIS and similar to ILC. On the other
hand, although the altered genomic fraction appeared to be
similar overall between PLCIS and ILC, the acquisition of
pathogenic mutations such as NF1, WRN, ERBB3, and
FOXA1 in some ILC suggests a role for these genes in
invasion in individual cases. Although cross-platform
comparisons are not accurate, this study and our prior
work using aCGH [1] suggest fewer genetic alterations in
PLCIS than published studies of high-grade DCIS, despite
the histologic similarities between these lesions [39, 40].
Rather, our study supports the concept that PLCIS is a
genetically advanced precursor in the lobular lineage that
more closely resembles ILC.

In contrast to PLCIS, FLCIS as a group were not
obviously more advanced genetically than paired CLCIS.
FLCIS harbored more clonal pathogenic mutations than
paired CLCIS in only one case (F4), but these were not
shared with ILC, which was instead genetically divergent
from FLCIS. ILC in another case (F2) was genetically more
closely related to paired CLCIS than FLCIS, whereas the
third evaluable case was not informative in this respect.
Although analysis is limited by the small number of paired

CLCIS/FLCIS/ILC samples, the findings suggest that
FLCIS-associated ILC does not necessarily develop from
the synchronous FLCIS in these cases but can progress
directly from the CLCIS precursor. This is in contrast to
PLCIS-associated ILC, which more often progressed from
CLCIS to PLCIS to ILC. In this respect, we found evidence
for subclonal or clonal heterogeneity and/or genetic diver-
gence in all cases of FLCIS and in smaller subsets of PLCIS
and CLCIS, including identification of synchronous CLCIS
clones that were unrelated to paired LCIS variants or ILC.
This in situ heterogeneity likely provides the soil for
selection and neoplastic progression to PLCIS/FLCIS or
ILC [15]. Interestingly, PIK3CA and PIK3R1 mutations
were commonly private to FLCIS (and less frequently
PLCIS), suggesting that these alterations are not always
among the earliest in situ genetic events and are also not
necessarily required for progression to invasion. Although
our data do not obviously implicate FLCIS in the progres-
sion from CLCIS to ILC in paired cases, the presence of
frequent ERBB2/ERBB3 alterations in FLCIS and the fre-
quent association with ILC [3, 14] nevertheless indicate that
this variant has aggressive potential. If not a direct pre-
cursor, one could hypothesize that FLCIS may instead serve
as a surrogate marker for the presence of LCIS that is more
aggressive than typical CLCIS. Additional studies with
larger numbers of FLCIS paired with CLCIS and ILC
would be illustrative.

The enrichment of ERBB2 and ERBB3 alterations in
PLCIS and FLCIS, which are shared in associated ILC, may
have prognostic and/or management implications. Sequen-
cing of a large cohort of ILC previously demonstrated a
higher prevalence of ERBB2 and ERBB3 mutations in ILC
than in invasive breast cancers overall, with ERBB2/ERBB3
mutations or ERBB2 amplification present in 14.5% of ILC
and an even higher prevalence (23.1%) in the mixed, non-
classic histologic subtype [41]. Other studies have observed
a high frequency of ERBB2 mutations in solid or pleo-
morphic variants of ILC [42, 43]. Furthermore, ERBB2
mutations have been identified at higher frequency (18%) in
relapsed ILC and have been associated with worse out-
comes in multiple studies [44–47]. A recently described
prognostic molecular signature (LobSig) for ILC revealed a
high prevalence of ERBB2 (20%) and ERBB3 (14.3%)
mutations in tumors associated with poor outcomes (LobSig
high) [46]. In comparison to these studies and to TCGA
data [37], our results demonstrate an even higher frequency
of ERBB2/ERBB3 alterations in PLCIS (60%), FLCIS
(50%), and ILC associated with these variants (45%),
including ERBB2 mutations in 40% PLCIS and 33%
FLCIS. Our results indicate that ERBB2 and ERBB3
mutations are early events in the progression of these
tumors and provide further evidence for the aggressive
biological potential of these LCIS variants, supporting their

Fig. 4 Copy number alterations in paired classic LCIS, pleo-
morphic LCIS, and invasive lobular carcinoma. a–d Representative
hematoxylin and eosin images of the areas sequenced from paired
CLCIS (a), PLCIS (b), and ILC (c) in case P4. The three components
shared most copy number alterations, including CCND1 amplification,
with three additional changes shared only by PLCIS and ILC (d).
e–h Representative hematoxylin and eosin images of the areas
sequenced from paired CLCIS (e), PLCIS (f), and pleomorphic ILC
(g) in case P5. PLCIS and pleomorphic ILC shared numerous copy
number alterations, whereas synchronous CLCIS shared only three of
these with PLCIS and ILC (h). Chromosomes are organized from 1
(left) to X (right). Thick arrows indicate large-scale (chromosome or
whole-chromosome arm level) copy number alterations; thin arrows,
smaller-scale (sub-chromosomal arm) alterations; dotted arrows, sub-
clonal loss or copy neutral loss of heterozygosity; arrowheads,
amplification. Black indicates copy number alterations shared among
CLCIS, the LCIS variant, and ILC; red, copy number alterations
shared between the LCIS variant and ILC; blue, copy number altera-
tions private to a single component.
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excision [6–14]. Interestingly in this regard, a small subset
of CLCIS associated with PLCIS and FLCIS in our study
also harbored ERBB2 mutations, and one PLCIS-associated
CLCIS had ERBB2 amplification, suggesting that these
aberrations can potentially occur very early in lobular car-
cinogenesis, prior to recognized morphologic changes of the
LCIS variants. In contrast, the vast majority of CLCIS have
been shown to lack ERBB2 or ERBB3 aberrations [15, 48].
Whether ERBB2/ERRB3-altered or other subsets of CLCIS
have more aggressive precursor potential than other CLCIS
will require further study.

Identification of ERBB2/ERBB3 mutations in tumors
lacking ERBB2 amplification may have therapeutic value.
Breast cancers with ERBB2 mutations have demonstrated
sensitivity to small molecule tyrosine kinase inhibitors in
preclinical models and clinical trials [31, 32]. The most
highly recurrent ERBB2 mutation in our study, p.L755S,
confers resistance to the reversable tyrosine kinase inhibitor

lapatinib [30, 32] but shows sensitivity to the irreversible
tyrosine kinase inhibitor neratinib [32]. In a recently pub-
lished basket trial of cancers with ERRB2 and ERBB3
mutations, tumors with the common ERBB2 kinase domain
mutations reported here (p.L755S, p.G778_P780dup)
showed best responses to neratinib therapy [31]. The
occurrence and functional relevance of ERRB3 mutations is
less well studied, although functional studies in cell lines
and animal models have demonstrated that ERBB3 muta-
tions promote ligand-independent oncogenic signaling that
is effectively blocked by anti-ERBB antibodies and small
molecule inhibitors [35, 49]. These studies and case reports
[50–52] suggest that patients with ERBB2- and ERBB3-
mutated breast cancers may benefit from existing HER2-
targeted drugs. The high frequency of these alterations in
our cohort supports evaluating the clinical benefit of
mutation testing in PLCIS- and FLCIS-associated invasive
carcinoma as an important area for further study and also

Fig. 5 Comparison of genetics
of LCIS variants and
associated invasive lobular
carcinoma with invasive
lobular carcinoma in the
cancer genome atlas (TCGA).
All data except TCGA ILC are
from cases in this study. *p <
0.05.
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opens a discussion of potential preventative therapeutic
intervention for patients with high risk LCIS variants.

In conclusion, our results demonstrate clonal relation-
ships between PLCIS/FLCIS and synchronous CLCIS and
ILC, delineating genetic progression in the lobular neopla-
sia pathway, and implicate PLCIS as a direct precursor to
ILC. Frequent ERBB2 and ERBB3 activating mutations or
amplifications in particular are consistent with more
aggressive behavior of PLCIS, FLCIS, and associated ILC
and may have treatment implications. The genetic simila-
rities between pure LCIS variants and those associated with
ILC suggest that pure LCIS variants may also have
aggressive potential. Larger-scale molecular studies and
long-term clinical follow-up data are indicated to better
stratify classification and management of these lesions.
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