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Malignant phyllodes tumors of the breast are poorly understood rare neoplasms with potential for aggressive
behavior. Few efficacious treatment options exist for progressed or metastatic disease. The molecular features of
malignant phyllodes tumors are poorly defined, and a deeper understanding of the genetics of these tumors may
shed light on pathogenesis and progression and potentially identify novel treatment approaches. We sequenced
510 cancer-related genes in 10 malignant phyllodes tumors, including 5 tumors with liposarcomatous
differentiation and 1 with myxoid chondrosarcoma-like differentiation. Intratumoral heterogeneity was assessed
by sequencing two separate areas in 7 tumors, including non-heterologous and heterologous components of
tumors with heterologous differentiation. Activating hotspot mutations in FGFR1 were identified in 2 tumors.
Additional recurrently mutated genes included TERT promoter (6/10), TP53 (4/10), PIK3CA (3/10), MED12 (3/10),
SETD2 (2/10) and KMT2D (2/10). Together, genomic aberrations in FGFR/EGFR PI-3 kinase and RAS pathways
were identified in 8 (80%) tumors and included mutually exclusive and potentially actionable activating FGFR1,
PIK3CA and BRAF V600E mutations, inactivating TSC2 mutation, EGFR amplification and PTEN loss. Seven
(70%) malignant phyllodes tumors harbored TERT aberrations (six promoter mutations, one amplification). For
comparison, TERT promoter mutations were identified by Sanger sequencing in 33% borderline (n= 12) and no
(0%, n= 8) benign phyllodes tumors (P= 0.391 and P= 0.013 vsmalignant tumors, respectively). Genetic features
specific to liposarcoma, including CDK4/MDM2 amplification, were not identified. Copy number analysis revealed
intratumoral heterogeneity and evidence for divergent tumor evolution in malignant phyllodes tumors with and
without heterologous differentiation. Tumors with liposarcomatous differentiation revealed more chromosomal
aberrations in non-heterologous components compared with liposarcomatous components. EGFR amplification
was heterogeneous and present only in the non-heterologous component of one tumor with liposarcomatous
differentiation. The results identify novel pathways involved in the pathogenesis of malignant phyllodes tumors,
which significantly increase our understanding of tumor biology and have potential clinical impact.
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Phyllodes tumors of the breast are rare bip-
hasic fibroepithelial neoplasms, which comprise

approximately 2.5% of fibroepithelial tumors of the
breast and o1% of all primary breast tumors.1,2
Clinical behavior is widely variable and correlates
in part with histological grade. Phyllodes tumors
are classified as benign (~60–75%), borderline
(~15–20%) or malignant (~10–20%) based on a
constellation of histological features.1,3–5 Phyllodes
tumor recurrence correlates with increasing grade,
with malignant tumors having the highest recurrence
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risk (up to ~30%).1,3 Distant metastasis occurs
essentially only in malignant phyllodes tumors, with
reported rates up to ~22%.3,6 Prognosis and survival
for patients with metastatic malignant phyllodes
tumors is poor, with few available treatment
options.1,3,7,8 Indeed, the mainstay of malignant
phyllodes tumor treatment is surgery with or without
radiation, with the role and efficacy of standard
chemotherapy being uncertain and without proven
benefit beyond palliation.7,9–13 A better grasp of the
genomic features of these poorly understood tumors
is therefore needed to shed light on their pathogen-
esis and progression in hopes of identifying novel
treatment approaches and potentially actionable
targets for the subset with aggressive behavior.

The pathogenesis and genetic alterations driving
the development and progression of phyllodes
tumors in general and of malignant phyllodes tumors
in particular remain poorly defined. Comparative
genomic hybridization studies have highlighted
recurrent large scale copy number alterations,
including gains of chromosome 1q, 5p, 7 and 8 and
losses of 6q, 9p, 10p and 13q, among others, with the
mean number of chromosomal alterations increasing
from benign to malignant phyllodes tumors.14–20
Presumed targets of copy number changes include
CDKN2A (9p), RB1 (13q) TP53 (17p) and EGFR (7p),
all of which may show aberrations in subsets of
phyllodes tumors.14,20–28 Immunohistochemical stu-
dies have also implicated insulin-like growth factor
and platelet-derived growth factor signaling in
phyllodes tumor development.29–31 Recent studies
have begun to examine the genomic features of
phyllodes tumors at higher resolution.21,24 Cani
et al.21 used targeted next-generation sequencing of
126 genes to identify hotspot mutations in codon 44
of MED12, a subunit of the multiprotein transcrip-
tional regulator Mediator complex, in phyllodes
tumors. MED12 mutations, which are also present
in fibroadenomas and uterine smooth muscle
tumors, have subsequently been identified across
the spectrum of benign, borderline and malignant
phyllodes tumors, with some, but not all,
authors reporting fewer MED12 mutations in
malignant compared with benign and borderline
tumors.21,32–39 The findings not only reveal a
common pathway potentially related to dysregulated
estrogen signaling in fibroepithelial lesions, but also
suggest that some malignant phyllodes tumors may
develop or progress along a separate pathway.32,37
Tan et al.24 performed whole-exome sequencing of
22 phyllodes tumors (10 benign, 8 borderline and
only 4 malignant tumors) and found recurrent
retinoic acid receptor alpha (RARA) mutations in
fibroadenomas, lower grade phyllodes tumors and 1
malignant phyllodes tumor, further supporting this
notion. TP53, NF1 and RB1 mutations and IGF1R,
MYC and CCND1 amplification appear to be more
common in borderline and/or malignant phyllodes
tumors compared with benign phyllodes tumors
or fibroadenomas and may be drivers for tumor

progression.21,24,28 In addition, telomerase reverse
transcriptase (TERT) was recently shown to be
amplified in a subset of malignant phyllodes tumors,
and TERT promoter mutations were identified by
Sanger sequencing in fibroadenomas and phyllodes
tumors.21,33 Together, these studies have begun to
shed light on phyllodes tumor pathogenesis and
progression, but the genomic features of malignant
phyllodes tumors in particular remain largely unex-
plored, in part due to the inclusion of only few
malignant tumors in prior exome sequencing studies
and the utilization of limited sequencing panels in
most malignant tumors studied. Given that patients
with malignant phyllodes tumors would be most
likely to benefit from systemic therapies, additional
studies are warranted.

Malignant heterologous differentiation is sufficient
for a diagnosis of malignancy irrespective of other
histological features and has been suggested, along
with stromal overgrowth, to be an important pre-
dictor of metastasis.1,2,40,41 Liposarcomatous differ-
entiation is the most common type of malignant
heterologous differentiation in phyllodes tumors,3
with tumors showing histological features of well-
differentiated, myxoid or pleomorphic liposarcoma.
The molecular features of heterologous differentia-
tion, and the genetic relationships of these elements
to matched non-heterologous components, have not
been studied. Indeed, although intratumoral hetero-
geneity is known to carry important clinical
implications for cancer treatment, progression and
metastasis, very little is known about intratu-
moral heterogeneity of phyllodes tumors, whether
it be in tumors with or without heterologous
differentiation.20,42–44

In this study, we sought to examine the genomic
features of malignant phyllodes tumors using
capture-based next-generation sequencing of 510
cancer-related genes, with the goal of identifying
driver mutations and pathways, as well as poten-
tially actionable drug targets, important for malig-
nant phyllodes tumor development and growth.
Malignant phyllodes tumors with and without heter-
ologous differentiation (including five with liposar-
comatous differentiation) were analyzed in order to
gain insight into intratumoral heterogeneity and
characterize the genomic features associated with
the malignant heterologous and non-heterologous
phenotypes.

Materials and methods

Study Population

This study was approved by the institutional review
boards of the University of California San Francisco
and Kaiser Permanente. For capture-based next-
generation DNA sequencing analysis, 10 primary
malignant phyllodes tumors were retrieved from the
archives of the Departments of Pathology of the
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University of California San Francisco, San Fran-
cisco General Hospital and Kaiser Permanente,
spanning years 2001 to 2013 (MPT1–MPT10). For
Sanger DNA sequencing, borderline (n=12) and
benign (n=8) phyllodes tumors were retrieved from
the archives of the University of California San
Francisco and San Francisco General Hospital Depart-
ments of Pathology, spanning years 2001–2015.
Specimens were fixed in 10% neutral-buffered
formalin and embedded in paraffin. All cases were
re-reviewed, and diagnoses and tumor grades were
independently confirmed by two breast pathologists
(GK and Y-YC) using criteria established by the World
Health Organization.1 Six malignant phyllodes
tumors had areas of malignant heterologous differ-
entiation, including five tumors with liposarcomatous
differentiation (focal or patchy in four cases and
diffuse in the fifth case) and one tumor with areas
reminiscent of myxoid chondrosarcoma. Clinical
information of patients with malignant phyllodes
tumors was obtained from the electronic medical
records of the respective institutions. Selected histo-
logical and clinicopathological parameters were
recorded, including patient age at diagnosis, tumor
size, type of surgical procedure, margin status,
treatment, recurrence and/or metastasis and survival
data, as well as the presence of stromal overgrowth
and the presence and type of malignant heterologous
differentiation.

Capture-Based Next-Generation DNA Sequencing

Matched normal and tumor tissues were selected
from 10 malignant phyllodes tumors for capture-
based next-generation DNA sequencing. Sequencing
was performed at the UCSF Clinical Cancer Geno-
mics Laboratory, using an assay that targets the
coding regions of 510 cancer-related genes, select
introns from 40 genes and TERT promoter, with a
total sequencing footprint of 2.8Mb (UCSF500
panel). Sequencing libraries were prepared from
genomic DNA extracted from punch biopsies of both
tumor and normal formalin-fixed paraffin-embedded
tissue. For malignant phyllodes tumors, stromal

areas without epithelium were punched for DNA
extraction. 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 computationally 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: 0.7.10-r789,
Samtools: 1.1 (using htslib 1.1), Picard tools: 1.97
(1504), GATK: 2014.4-3.3.0-0-ga3711, CNVkit:
0.3.3, Pindel: 0.2.5a7, SATK: 2013.1-10- gd6fa6c3,
Annovar: v2015Mar22, Freebayes: 0.9.20, and Delly:
0.5.9.45–54 Only insertions/deletions up to 100 bp in
length were included in the mutational analysis.
Somatic single-nucleotide variants and insertions/
deletions were visualized and verified using Inte-
grated 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).55 Large-scale
chromosomal changes were defined as those invol-
ving entire chromosomes or chromosome arms, and
focal changes were defined as those involving o3
megabases. For four malignant phyllodes tumors
with liposarcomatous differentiation (MPT1, MPT2,
MPT6 and MPT8) and the one malignant phyllodes
tumor with myxoid chondrosarcoma-like differentia-
tion (MPT5), DNA from heterologous and non-
heterologous areas was extracted and analyzed
separately. For one additional malignant phyllodes
tumor with diffuse liposarcomatous differentiation
(MPT7), DNA from two separate liposarcomatous
areas was extracted and analyzed separately.
For one malignant phyllodes tumor without hetero-
logous differentiation (MPT9), DNA was extracted
separately from two histologically distinct areas
(Figure 1).

PCR and Sanger DNA Sequencing

Sanger sequencing of a 163 base pair fragment of the
TERT promoter spanning the region of hotspot

Figure 1 Representative images of malignant phyllodes tumors sequenced in this study. (a–c) This malignant phyllodes tumor (MPT8)
shows well-developed biphasic fibroepithelial architecture (a) with predominantly non-heterologous spindled stromal tumor cells (a, b)
and multiple scattered areas of liposarcomatous differentiation (a top left, c). Liposarcomatous differentiation is characterized by
pleomorphic atypical lipoblasts and other tumor cells with variably sized fat droplets and large hyperchromatic nuclei (c). (d–e) MPT7
shows well-developed biphasic fibroepithelial architecture throughout the tumor, with stroma composed of intimately admixed spindled
tumor cells and tumor cells with liposarcomatous differentiation. In focal areas, only few scattered lipoblastic tumor cells are present in a
predominant background of spindled tumor cells (e), whereas most areas demonstrate a predominance of liposarcomatous tumor cells (f).
(g–i) MPT5 shows areas of well-developed fibroepithelial growth (g, left) with typical spindled tumor cells (h), whereas other areas
(g, right) demonstrate stromal overgrowth by plumper tumor cells with moderate-to-high nuclear grade arranged in linear and poorly
formed acinar-like formations in a myxoid matrix (i). The histological features are similar to those of extraskeletal myxoid
chondrosarcoma. (j–l) MPT9 demonstrates histologically distinct areas without heterologous elements. In some areas of biphasic
fibroepithelial growth (j), the spindled tumor cells are less densely packed and show either mild or moderate nuclear atypia (moderate
atypia in k). Other areas demonstrate stromal overgrowth by highly cellular proliferations of spindled and giant pleomorphic tumor cells
with severe nuclear atypia (l). (m–n), MPT10. Focal areas of residual fibroepithelial growth (m, right) are present, but most of the tumor
demonstrates diffuse stromal overgrowth (m, left) by spindled tumor cells with moderate-to-severe atypia, numerous mitotic figures and
foci of necrosis (n). (hematoxylin and eosin, all images).
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mutations was performed for borderline and benign
phyllodes tumors, as previously described.33 Regions
of interest were macrodissected on unstained slides,
and genomic DNA was isolated using the QIAamp

DNA FFPE Tissue Kit, following the manufacturer’s
instructions (Qiagen, Valencia, CA, USA). PCR was
performedwithMyTaqMix (Bioline) using the following
primers: 5′-CAGCGCTGCCTGAAACTC-3′ (TERTp-F)
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and 5′-GTCCTGCCCCTTCACCTT-3′ (TERTp-R).
Following treatment with ExoSAP-IT (Affymetrix,
Cleveland, OH, USA), reaction products were
diluted and bidirectionally sequenced by Sanger
methodology at Elim Biopharmaceuticals (Hayward,
CA, USA) using the same primers. Sequences were
analyzed using Bioedit and CodonAligner software.

Tissue Microarray Construction

Tissue microarrays were constructed from the 10
malignant phyllodes tumors using three separate
2-mm punch biopsy tissue cores from each tumor
area to create triplicates for analysis.

Immunohistochemistry

Immunohistochemistry was performed on tissue
microarrays (EGFR, p53, p16, Rb, PTEN, βcatenin)
and whole tissue sections (EGFR, BRAF V600E). The
following antibodies were used: EGFR (5B7, undi-
luted (Roche, Ventana Medical Systems, Tucson,
AZ, USA), PTEN (6H2.1, 1:200 anti-background
(DAKO, Carpinteria, CA, USA), p16 (E6H4, predi-
luted (Roche, Ventana Medical Systems)), p53 (D0-7,
1:100 (Vector laboratories, Burlingame, CA, USA)),
Rb (G3-245, 1:100 (BD Biosciences, San Jose, CA,
USA)), BRAF V600E (VE1, prediluted (Roche,
Ventana Medical Systems)), and βcatenin (Clone
14, 1:400 (BD Biosciences, Franklin Lakes, NJ,
USA)). Antigen retrieval was as follows: for EGFR,
CC1 (Roche, Ventana Medical Systems); for PTEN
and Rb, Bond epitope retrieval solution 2 (Leica
Biosystems, Buffalo Grove, IL, USA); for p16, p53
and βcatenin, Bond epitope retrieval solution 1; and
for BRAF V600E, Ventana kit.

For p53, diffuse (≥ 90%) strong homogeneous
nuclear staining was considered positive, and no
nuclear staining was considered negative. Patchy
heterogeneous nuclear staining of weak-to-moderate
intensity was considered wild-type pattern.56–59 For
p16 and Rb, positive staining was defined as diffuse
(≥80%) moderate or strong nuclear/cytoplasmic
(p16) or nuclear only (Rb) staining, and lack of
staining was considered negative. Cases without
positive or negative p16 or Rb staining were
classified as decreased staining, which, for p16,
was o20% weak-to-moderate staining in all cases.
For PTEN, positive staining was defined as ≥ 90%
nuclear/cytoplasmic staining to reflect staining in
nearly all tumor cells, with decreased staining
defined as o90% and/or weak-to-moderate staining
only.60,61 EGFR staining was scored as 0 (no
staining), 1+ (weak membranous/cytoplasmic), 2+
(moderate membranous/cytoplasmic) or 3+ (strong
membranous/cytoplasmic) and classified as diffuse
(≥90%), non-diffuse (o90%) or focal (non-diffuse
staining in 1 of the 3 cores). βcatenin was scored as
positive (discernible nuclear staining) or negative
(indiscernible nuclear staining).

Statistics

Statistical analysis of differences between groups
was performed using Fisher exact test. Differences
between means were calculated using t-test.
Results were considered statistically significant if
Po0.05.

Results

Histological and Clinical Features of Malignant
Phyllodes Tumors

The clinicopathological features of the primary
malignant phyllodes tumors analyzed in this study
are shown in Table 1. Six of the 10 tumors showed
areas of malignant heterologous differentiation, with
5 of these demonstrating liposarcomatous differen-
tiation (MPT1, MPT2, MPT6-8) and one showing
myxoid chondrosarcoma-like differentiation (MPT5)
(Figure 1 and Supplementary Table S1). In four cases
with liposarcomatous differentiation and the sole
case with myxoid chondrosarcoma-like elements,
heterologous components were focal or patchy and
spatially distinct from non-heterologous elements,
whereas one liposarcomatous tumor (MPT7) demon-
strated diffuse liposarcomatous differentiation in a
biphasic fibroepithelial background (Figure 1). One
patient was known to have Li–Fraumeni syndrome
and had a germline TP53c.202G4T (p.68*) mutation
(MPT9). No germline mutations were known or
detected in the other nine patients. Three patients
died of disease, which was preceded in all cases by
at least one distant metastasis (MPT3, MPT6 and
MPT10) and by local breast recurrence and axillary
lymph node metastasis in one patient (MPT3)
(Table 1).

The Spectrum of Genomic Aberrations in Malignant
Phyllodes Tumors

Sequencing revealed 47 somatic non-synonymous
mutations or insertions/deletions in 33 genes, 7 of
which were recurrently mutated (pathogenic muta-
tions shown in Figure 2, additional mutations of
uncertain pathogenicity in Supplementary Figure S1).
The total number of non-synonymous single-nucleo-
tide variants and insertions/deletions in UCSF500
panel genes ranged from 2 per tumor (MPT8
and MPT10) to 10 per tumor (MPT6), and the
number of known pathogenic mutations ranged
from 1 (MPT10) to 5 (MPT3 and MPT4) (Figure 2
and Supplementary Figure S1). The mean target
tumor coverage was 414.3 (range 166.2–927.6;
Supplementary Table S2).

Recurrently mutated genes included TERT
promoter (6/10), TP53 (4/10), MED12 (3/10),
PIK3CA (3/10), FGFR1 (2/10), SETD2 (2/10) and
KMT2D/MLL2 (2/10) (Figure 2 and Supplementary
Table S3).
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Eight (80%) of the 10 malignant phyllodes tumors
showed mutations in genes involved in FGFR or
EGFR signaling through phosphatidyl inositol-3
kinase (PI-3K) or RAS pathways. These included
mutually exclusive activating hotspot mutations of
FGFR1 (MPT2 and MPT4), PIK3CA (MPT5–MPT7)
and BRAF (MPT3), EGFR amplification (MPT8)
and an inactivating frameshift mutation of TSC2
(p.V1475fs) with associated loss of heterozygosity
(MPT9). MPT4 had homozygous PTEN deletion in
addition to the hotspot FGFR1 mutation (Figures
2–4). PIK3CA mutations were in hotspots in the
helical (c.1624G4A, p.E542K) and kinase
(c.3140A4G, H1047R) domains, known to result in
constitutive activation and considered pathogenic.62
FGFR1 mutations (c.1638C4A and c.1966A4G)
were both located in the protein kinase domain
(p.N546K and p.K656E). Both FGFR1 mutations have
been previously described in a variety of central
nervous system neoplasms and were shown to be
activating in vitro.63–67 MPT3 with BRAF p.V600E
mutation was particularly aggressive despite adju-
vant chemotherapy, with local recurrence showing
skeletal muscle invasion ~ 6 months after diagnosis
and death from disease within ~ 14 months (Table 1).
Immunohistochemical staining using an antibody
specific for BRAF V600E confirmed expression of
the mutant protein in the tumor cells (Figure 3).
Amplification of a narrow region on chromosome 7p
including EGFR was only present in the non-
heterologous component and not in the liposarco-
matous area of MPT8. Immunohistochemistry
confirmed strong EGFR expression in non-
heterologous areas only (Figure 4).

All TERT mutations (chr5:g.1,295,228 C4T,
c. -124C4T, MPT1-6) were in one of the two
previously described hotspots in the promoter.33,68
One additional tumor (MPT8) revealed high-level
TERT amplification (Supplementary Figures S2 and
S3). Given the high recurrence of TERT aberrations
in malignant phyllodes tumors (7/10, 70%), we
sought to determine the frequency of TERT promoter
mutations across the histological spectrum of phyl-
lodes tumors. TERT promoter mutations were iden-
tified in 4 of the 12 (33%) borderline phyllodes
tumors (P=0.391 vs MPT) and 0 of the 8 (0%) benign
phyllodes tumors (P=0.013 vs malignant phyllodes
tumors) by Sanger sequencing. As in malignant
phyllodes tumors, all TERT promoter mutations
in borderline tumors were at the previously
described hotspot (chr5:g.1,295,228 C4T, c.
-124C4T, Supplementary Figure S3). Malignant
phyllodes tumors with TERT alterations demon-
strated fewer large-scale chromosomal alterations
(mean=3.6) than malignant phyllodes tumors lack-
ing TERT aberrations (mean=16; P=0.006).

MED12 mutations were found in three malignant
phyllodes tumors, and all affected exon 2. Two
tumors (MPT1 and MPT2) had non-synonymous
mutations (c.130G4C) at hotspot codon 44 (G44R)
and one tumor (MPT3) had an in-frame deletionT
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(c.117_161del, p.39_54del).21,32–39,69–71 All malig-
nant phyllodes tumors with MED12 mutations also
had TERT promoter mutations, whereas 3 of the 6
malignant phyllodes tumors with TERT promoter
mutations and the 1 with TERT amplification lacked
MED12 mutations (Figure 2).

The histone methyltransferases SETD2 and
KMT2D were mutated in two tumors each, and these
were non-overlapping mutations. MPT2 and MPT4
had two SETD2 mutations each, though the muta-
tions were too far apart to determine whether they
affected different alleles. MPT2 had a SETD2 frame-
shift mutation (c.4670_4671del, p.T1557fs) and an
in-frame deletion (c.5470_5472del, p.1824_1824del).
MPT4 had a SETD2 stopgain (c.2120T4G, p.L707*)
and frameshift deletion (c.3965delG, p.R1322fs)
(Figure 2). Interestingly, both tumors with SETD2
mutations also had FGFR1 mutations and TERT
promoter mutations. Mutations in KMT2D consisted
of one stopgain (c.12304C4T, p.Q4102*; MPT3) and
one missense (c.16385A4G, p. D5462G; MPT6)
(Figure 2 and Supplementary Table S3). Homozy-
gous deletion of the DNA methyltransferase
DNMT3A was also identified in the tumor (MPT6)
with the missense KMT2D mutation.

Aberrations were identified in common tumor-
suppressor pathways, including non-overlapping
mutations in TP53 (4 tumors), CDKN2A (2 tumors),
PTEN (1 tumor) and CHEK2 (1 tumor) (Figure 2).
TP53 mutations (MPT5, MPT7, MPT8 and MPT9)
were in each case associated with loss of hetero-
zygosity. Tumors with TP53 missense mutations
predicted to be pathogenic showed strong diffuse
p53 expression, while tumors with frameshift dele-
tions (c.626_627del, p.R209fs) or stopgain mutations

(c.202G4T, p.E68*) showed no immunoreactivity
for p53 (Supplementary Table S4). Two of the
tumors with TP53 mutations also showed RB1
alteration. MPT8 had a frameshift RB1 mutation
(c.998_1014del, p.A333fs) in association with loss of
heterozygosity in one tumor, and MPT9 had homo-
zygous loss of RB1. Both of these tumors had
reduced Rb protein expression as compared with
those without RB1 alterations (Supplementary Table
S4). Homozygous loss of chromosome 9p21 includ-
ing the CDKN2A locus was identified in two tumors
(MPT3 and MPT6). CDKN2A deletions correlated
with p16 immunohistochemistry, with all tumors
that harbored hemizygous or homozygous CDKN2A
deletions showing either decreased or absent p16
expression, compared with retained diffuse expres-
sion in tumors without deletions of CDKN2A
(Supplementary Table S4). One tumor (MPT4)
showed homozygous PTEN deletion. As was the
case for p53, p16 and Rb, genomic aberration of
PTEN was associated with reduced protein expres-
sion by immunohistochemistry (Supplementary
Table S4). One tumor showed a somatic nonsense
mutation (p.Y297*) in the DNA damage checkpoint
kinase and tumor-suppressor CHEK2, which was
associated with loss of heterozygosity. Another
tumor (MPT5) showed nonsense mutation and loss
of heterozygosity of the CDKN1B tumor suppressor
(encoding p27Kip1).

Genomic aberrations specific to malignant hetero-
logous differentiation were not identified. CDK4/
MDM2 amplifications characteristic of classic lipo-
sarcoma at other sites were not present in any of the
tumors.
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Figure 2 Genomic aberrations in malignant phyllodes tumors. Summary of pathogenic genomic aberrations identified in malignant
phyllodes tumors. For additional aberrations of uncertain pathogenicity, see Supplementary Figure S1.
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Figure 3 Malignant phyllodes tumor with BRAF V600E mutation. (a–d) Histological sections of this tumor (MPT3) demonstrate areas with
well-developed, moderately cellular biphasic fibroepithelial growth (a, c), as well as areas with stromal overgrowth of pleomorphic
spindled tumor cells with scattered osteoclast-like giant cells and distinctly infiltrative border (b, d). No osteoid or bone formation is
present. (e) Screenshot of Integrated Genome Viewer, showing somatic BRAF c.1799T4A (p.V600E) mutation in the tumor sample.
(f) Immunohistochemical staining for BRAF V600E confirmed expression of the mutant protein in the tumor cells.
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Intratumoral Heterogeneity in Malignant Phyllodes
Tumors With andWithout Heterologous Differentiation

Copy number analysis of separate areas in 7 of the 10
malignant phyllodes tumors revealed significant
intratumoral genomic heterogeneity in tumors with
and without heterologous differentiation. Copy
number alterations that were shared between the
two separately sequenced components were found in
all tumors. However, additional private copy number
changes present in only one of the sequenced
components were also identified in all cases,
suggestive of divergent evolution (Figures 5 and 6,
Supplementary Tables S4 and S5). The vast majority
of mutations (43/47, 91.5%), on the other hand, were
identified in both sequenced areas (Figure 2).

All tumors with liposarcomatous differentiation in
which non-heterologous and heterologous compo-
nents could be evaluated separately (n=4) showed
increased private chromosomal changes in the non-
heterologous areas compared with liposarcomatous
areas. Indeed, only one malignant phyllodes tumor
with liposarcomatous differentiation (MPT1) showed
private large-scale chromosomal changes (9p loss
and 22 loss) in the liposarcomatous component
(Figure 5 and Supplementary Table S6). Additional
evidence of divergent evolution in tumors with
liposarcomatous differentiation included the
presence of high-level EGFR amplification in the
non-heterologous but not the liposarcomatous
component of MPT8 (Figures 2 and 3). The fifth
malignant phyllodes tumor with liposarcomatous
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Figure 4 Heterogeneous EGFR amplification in malignant phyllodes tumor. (a–c) MPT8 demonstrates EGFR amplification in spindled
tumor cells without heterologous differentiation. (a) Copy number analysis reveals EGFR amplification in non-heterologous tumor
component. (b) Non-heterologous component (hematoxylin and eosin). (c) Immunohistochemical staining confirms strong membranous
and cytoplasmic overexpression of EGFR. (d–f) Foci of liposarcomatous differentiation lack EGFR amplification. (d) Copy number analysis
of sequenced liposarcomatous tumor component shows lack of EGFR amplification. (e) Liposarcomatous component (hematoxylin and
eosin). (f) Immunohistochemical staining of liposarcomatous area shows lack of EGFR overexpression, with only weak background
staining.
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differentiation (MPT7) showed diffuse liposarcoma
throughout the tumor, albeit with differing histolo-
gical features (Figures 1d–f). No differences in large-

scale copy number changes were identified between
separately analyzed liposarcomatous areas (Figure 5,
Supplementary Table S6). Of the four malignant

Non-heterologous

Liposarcomatous

MPT1

Non-heterologous

Liposarcomatous
MPT6

MPT8

Non-heterologous

Liposarcomatous 1

Liposarcomatous 2

MPT7

Liposarcomatous

Non-heterologous

Liposarcomatous
MPT2

Figure 5 Intratumoral heterogeneity in malignant phyllodes tumors with liposarcomatous differentiation. (a–d) Genome-wide copy
number analysis of malignant phyllodes tumors with liposarcomatous differentiation and separately analyzed non-heterologous and
liposarcomatous components (MPT1, MPT2, MPT6 and MPT8). Note that more private copy number alterations are present in non-
heterologous compared with liposarcomatous components of the paired tumor samples in all cases, in addition to copy number alterations
shared between the two components. Thick black arrows—large-scale (chromosome or whole-chromosome arm level) copy number
alterations shared between the two components, thin black arrows—smaller-scale (sub-chromosomal arm) copy number alterations shared
between the two components, thick red arrows—large-scale (chromosome or whole-chromosome arm level) copy number alterations
private to only one of the components, thin red arrows—smaller-scale (sub-chromosomal arm) copy number alterations private to only one
of the components. In (d), the long stippled red arrow highlights EGFR amplification (7p11.2), which is present only in the non-
heterologous component of this tumor, and the long stippled grey arrows highlight TERT amplification (5p15.33), which is shared between
the components. (e) Genome-wide copy number analysis of MPT7 with two separately analyzed liposarcomatous components.
Annotations are the same as described for panels (a–d). Copy number changes are shown as matched tumor minus normal log2 ratios.
Chromosomes are organized from 1 (left) to X (right).
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phyllodes tumors with liposarcomatous differentia-
tion with separately evaluable heterologous and
non-heterologous components, a missense KMT2D
variant in the non-heterologous but not the liposar-
comatous component of MPT6 was the only identi-
fied mutation that was not present in both sequenced
components (Figure 2). The presence of this muta-
tion in only the non-heterologous area could not be
explained by differences in tumor cellularity, depth
of coverage or mutant allele frequencies between the
two components (Supplementary Table S3).

One malignant phyllodes tumor with liposarcoma-
tous differentiation (MPT6) and aggressive behavior
resulting in multiple metastases and death showed a
striking complex pattern of numerous alternating
gains and losses with interspersed copy number
neutral areas affecting chromosome 3 and, to a lesser
degree, chromosome 5, suggestive of chromothrip-
sis.72–74 The aberrations were shared among the
non-heterologous and liposarcomatous components,
indicating that they arose before the different areas
underwent independent evolution, with additional
superimposed changes in the non-heterologous com-
ponent (Supplementary Figure S4 and Figure 5).

Analysis of the malignant phyllodes tumor
with myxoid chondrosarcoma-like differentiation
(MPT5, Figure 1g–i) also revealed heterogeneity
between non-heterologous and heterologous compo-
nents. However, in contrast to tumors with liposar-
comatous differentiation, the heterologous area of

MPT5 showed more copy number alterations
than the non-heterologous component (Figure 6a,
Supplementary Table S6). In addition, TP53 muta-
tion with loss of heterozygosity was identified only
in the chondrosarcoma-like component of this tumor,
whereas non-heterologous areas showed MDM4 and
CDKN1Bmutations not present in the chondrosarcoma-
like areas (Figure 2a). The differences could not be
explained by differences in tumor cellularity, depth of
coverage or mutant allele frequencies between the
components (Supplementary Table S3).

MPT9, which did not show heterologous differ-
entiation, showed significantly more chromosomal
aberrations in histologically more atypical areas
compared with less atypical areas (Figures 1j–l and
6b, Supplementary Table S6). Interestingly, this
tumor harbored different TSC2 mutations with loss
of heterozygosity in the two components, a splice
site variant (c.1716+1G4T) in the less atypical area
and a TSC2 frameshift deletion (c.4425_4426del, p.
V1475fs) in the more progressed area (Figure 2,
Supplementary Table S3), suggestive of dysregula-
tion of the same pathway by two different presumed
loss-of-function alterations of TSC2.

Discussion

Recent studies have begun to shed light on the
molecular pathology and progression of mammary

Non-heterologous

Chondrosarcoma-like

MPT5

chrXchr1

MPT9

Less cellular/atypical

More cellular/atypical

chr1 chrX

Figure 6 Intratumoral heterogeneity in malignant phyllodes tumors. (a) Genome-wide copy number analysis of separately analyzed non-
heterologous and myxoid chondrosarcoma-like components of MPT5. Note the presence of numerous copy number alterations private to
the myxoid chondrosarcoma-like area, in addition to copy number alterations shared between the components. (b) Genome-wide copy
number analysis of two separately analyzed non-heterologous components of MPT9, one of which is histologically less atypical
(see Figure 1k), and the other of which is highly atypical with pleomorphic giant cells (see Figure 1l). Note the presence of numerous copy
number alterations private to the histologically more atypical area, in addition to copy number alterations shared between the
components. Thick black arrows—large-scale (chromosome or whole-chromosome arm level) copy number alterations shared between the
two components, thin black arrows—smaller-scale (sub-chromosomal arm) copy number alterations shared between the two components,
thick red arrows—large-scale (chromosome or whole-chromosome arm level) copy number alterations private to only one of the
components, thin red arrows—smaller-scale (sub-chromosomal arm) copy number alterations private to only one of the components.
Copy number changes are shown as matched tumor minus normal log2 ratios. Chromosomes are organized from 1 (left) to X (right).
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fibroepithelial lesions,21,24 but these have included
only few malignant phyllodes tumors. Given the risk
of a subset of malignant phyllodes tumors for
metastasis and death with limited treatment options,
a deeper knowledge of the genetic features of these
poorly understood and potentially aggressive tumors
is necessary in order to explore putative therapeutic
approaches. This is the first study to utilize an
extensive targeted sequencing panel focusing speci-
fically on malignant phyllodes tumors. Using
capture-based next-generation sequencing of 510
cancer-related genes, we have identified recurrently
mutated oncogenic drivers in malignant phyllodes
tumors, notably including frequent and potentially
actionable aberrations in FGFR1 and associated
PI-3K/RAS pathway genes, and highlighted the
presence of intratumoral heterogeneity.

FGFR signaling is deregulated in many cancers
and is emerging as a potential target for therapy.75
We describe for the first time FGFR1-activating
hotspot mutations N546K and K656E in malignant
phyllodes tumors. These mutations have been
described in central nervous system tumors, such
as pilocytic astrocytomas and rosette-forming glio-
neuronal tumors of the fourth ventricle, and have
been shown to be activating in vitro, with N546K
causing receptor autophosphorylation.63,64,66,67,76
Tsang et al.28 recently reported FGFR1 amplification
in a malignant phyllodes tumor, but prior exome
sequencing of 18 benign and borderline phyllodes
tumors failed to identify FGFR1 aberrations in these
tumors.24 Our results implicate FGFR1 as an onco-
genic driver in malignant phyllodes tumors and
suggest that these aberrations may be involved in
tumor progression. Furthermore, together with other
mutually exclusive potentially actionable activating
mutations in PIK3CA and BRAF (V600E), EGFR
amplification and inactivation of PTEN and TSC2,
our data suggest a role for the FGFR PI-3K/RAS
signaling axis in malignant phyllodes tumor devel-
opment. Inactivation of the cell cycle inhibitor
p27Kip (CDKN1B) is interesting in this context, as
PI-3K downregulates p27, and FGFR1 stimulates
proliferation of mesenchymal stem cells via p27
inactivation.77,78 PIK3CA mutations have been pre-
viously reported in 5 of the 35 borderline phyllodes
tumors and 1 malignant phyllodes tumor in a
separate study, although only 2 of these were
hotspots (both borderline tumors).24,28 A case report
of a malignant phyllodes tumor with activating
NRAS (Q61L) mutation and phosphorylated AKT
and mTOR has also been published, and NF1
mutations have been described in borderline and
malignant phyllodes tumors.21,24,79 EGFR is ampli-
fied in a subset of malignant phyllodes
tumors,14,21–24,28 and IGF and PDGF signaling has
been implicated in phyllodes tumor development,
further implicating PI-3K/RAS signaling through
receptor tyrosine kinases in tumor development
and/or progression.21,29,31,80 All malignant phyllodes
tumors with pathogenic FGFR1/PI-3K/RAS pathway

aberrations also harbored inactivation of a patho-
genic tumor suppressor, indicative of cooperation
between oncogenic and inactivated tumor-
suppressor pathways.

TERT promoter mutations were highly recurrent
in malignant phyllodes tumors (6 of the 10 cases),
with another tumor showing TERT amplification.
Whereas TERT is not expressed in most somatic
tissues, TERT promoter mutations can lead to
reactivation of TERT expression and may help
explain increased telomerase activity, a hallmark of
cancer.68,81–85 The identification of TERT promoter
mutations in a smaller subset (33%) of borderline
phyllodes tumors but not in benign phyllodes
tumors suggests that TERT promoter mutations
and/or telomerase reactivation may have a role in
phyllodes tumor progression. Telomerase expression
or activity has not been described in phyllodes
tumors, but absent or only low levels of expression
and activity have been described in fibroa-
denomas.86,87 A recent study identified TERT
promoter mutations not only in borderline and
malignant phyllodes tumors but also in benign
phyllodes tumors and in few fibroadenomas.33
Differences from our findings may be at least partly
due to differences in tumor grading and classifica-
tion.88 Whereas TERT promoter mutations were
closely correlated with MED12 mutations in that
study, only half of malignant phyllodes tumors with
TERT promoter mutations also had MED12 muta-
tions in our series of malignant tumors.33

Recurrent hotspot MED12 exon 2 and RARA
ligand-binding domain mutations in fibroepithelial
lesions implicates dysregulated hormonal signaling
in these tumors.21,24,32–39,71,89–91 It is interesting in
this context that we identified an ESR1 mutation
(C530L) near a previously characterized cluster of
activating hotspot mutations (L536Q, Y537S/N/C,
D538G) in hormone-resistant breast cancer (Supple-
mentary Figure S1).92,93 The identification in malig-
nant phyllodes tumors of only rare RARA mutations
(~10%, 2 of the 20 combined cases in a previous
study and ours), which are prevalent in benign and
borderline phyllodes tumors (41% combined24),
suggests the possibility that these aberrations may
be selected against during tumor progression, but
additional studies are warranted.

Pathogenic aberrations were also identified in the
recurrently mutated histone methyltransferases
SETD2 and KMT2D and in the DNA methyltransfer-
ase DNMT3A. SETD2 and KMT2D act as tumor
suppressors in multiple cancers, including phyllodes
tumors,94–97 but were reported in one study to be
rare in fibroadenomas.24 The results point to a role
for altered chromatin regulation in phyllodes
tumors. Studies addressing chromatin state altera-
tions and transcriptional effects in phyllodes tumors
may shed light on the role of chromatin modification
in tumor development.

The molecular features of heterologous differentia-
tion have not been investigated prior to this study.
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We found no genomic aberrations specific to
liposarcomatous differentiation, including mutations
or CDK4/MDM2 amplifications characteristic of soft
tissue well-differentiated liposarcoma. Lyle et al.
also recently failed to identify CDK4/MDM2 ampli-
fications by fluorescence in situ hybridization in
malignant phyllodes tumors with well-differentiated
liposarcomatous components.98,99 The results sug-
gest that liposarcomatous differentiation in
malignant phyllodes tumors develops through
mechanisms distinct from that of true soft tissue
liposarcomas, despite similar histological features.

Finally, our results highlight the presence of
intratumoral heterogeneity with evidence of diver-
gent evolution in malignant phyllodes tumors,
which is predominantly reflected in copy number
alterations. The presence of increased private copy
number alterations in non-heterologous compared
with liposarcomatous components of malignant
phyllodes tumors with liposarcomatous differentia-
tion indicates that liposarcomatous areas of these
tumors are more chromosomally stable and that the
differentiated liposarcomatous state may fundamen-
tally support chromosomal stability.100 In our
experience, liposarcomatous differentiation of meta-
static malignant phyllodes tumor foci is rare, even in
cases where the primary tumor demonstrates lipo-
sarcomatous differentiation, although the rarity of
these tumors and especially their metastases pre-
cludes a systematic analysis. We speculate that this
may be a reflection, at least in part, of the increased
chromosomal stability in the liposarcomatous com-
ponents compared with non-heterologous compo-
nents of these tumors. In this study, both metastatic
foci of the sole malignant tumor with liposarcoma-
tous differentiation that metastasized (MPT6) were
indeed composed of only non-heterologous stroma
without liposarcomatous differentiation, although
conclusions cannot be easily drawn from a single
case. Future studies comparing the genomic features
of non-heterologous and liposarcomatous compo-
nents of a larger number of malignant phyllodes
tumors with their metastases would be useful to
further address this issue. Interestingly in this
context, three of the four tumors with separately
analyzed liposarcomatous and non-heterologous
components (MPT1, MPT6 and MPT8) showed
significantly more mitotic activity in non-hetero-
logous areas than in liposarcomatous areas, suggest-
ing that the histological features may broadly reflect
the progressed genomic changes. A similar correla-
tion was seen in separately sequenced components
of the tumor with myxoid chondrosarcoma-like
differentiation (MPT5) and in the tumor with
separately sequenced non-heterologous but histolo-
gically distinct components (MPT9) (Supplementary
Table S1). The identification of EGFR amplification
in only the non-heterologous component of a
malignant phyllodes tumor with liposarcomatous
differentiation highlights potential clinical signifi-
cance of intratumoral heterogeneity in these tumors.

In summary, we have identified mutually exclu-
sive activating hotspot mutations in FGFR1 and
related PI-3K/RAS signaling genes in malignant
phyllodes tumors, which, in addition to other
drivers, such as TERT promoter, TP53, MED12 and
histone methyltransferases SETD2 and KMT2D, are
implicated in tumor pathogenesis and/or progres-
sion. Genomic features specific to liposarcomatous
differentiation were not identified, but heterologous
and non-heterologous components of malignant
phyllodes tumors show evidence of divergent evolu-
tion, which may have clinical implications with
regards to clonal selection and tumor progression.
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