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Background: Phyllodes tumors are rare fibroepithelial neoplasms of the breast, which carry the potential risk of local recurrence
and metastasis. Phyllodes tumors share several histological features with fibroadenomas, and no widely accepted markers for
distinguishing these lesions have been identified.

Methods: We analyzed molecular abnormalities related to telomere elongation in tumors, including TERT promoter mutations, as
well as loss of expression of ATRX and DAXX, in a total of 104 phyllodes tumors and fibroadenomas.

Results: Sequencing analyses showed that TERT promoter mutations were frequent in phyllodes tumors (30/46, 65%), but rare in
fibroadenomas (4/58, 7%). Among phyllodes tumors, the mutations were more frequent in borderline tumors (13/15, 87%), but
were also common in benign (9/18, 50%) and malignant tumors (8/13, 62%). Remarkably, all but one TERT promoter-mutated
tumor also contained MED12 mutations, indicating that these mutations are strongly associated (P¼ 8.4� 10� 6). Expression of
ATRX and DAXX, as evaluated by immunohistochemistry, was retained in all tumors.

Conclusions: Our observations suggest a critical role of TERT promoter mutations, in cooperation with MED12 mutations, in the
development of phyllodes tumors. Because TERT promoter mutations are rare among fibroadenomas, their detection may be of
potential use in discriminating between phyllodes tumors and fibroadenomas.

Fibroadenomas and phyllodes tumors constitute the major
histological types of fibroepithelial tumors of the breast (Brogi,
2009; Tavassoli and Eusebi, 2009; Tan et al, 2012). Fibroadenomas
are one of the most common benign breast neoplasms, mainly
affecting young adults. Phyllodes tumors are rare, accounting for
o1% of all breast tumors, and are associated with a risk of local
recurrence and metastasis. Despite the distinct clinical behavior of
these tumors, there is significant overlap in their morphology,
particularly between benign phyllodes tumors and intracanalicular-
type fibroadenomas, and biopsy diagnosis of these lesions is often
challenging (Tsang et al, 2011; Yasir et al, 2014).

Recent studies have begun to address the genetic backgrounds of
fibroepithelial tumors of the breast. We and other researchers
previously reported that MED12 mutations are very common in
both phyllodes tumors and fibroadenomas (Lim et al, 2014; Cani
et al, 2015; Yoshida et al, 2015). The identification of a common
genetic alteration in these tumors implies a histogenetic relation-
ship. Malignant phyllodes tumors have also been reported to be
associated with aberrations in several classic oncogenes and tumor-
suppressor genes, including TP53, RB1, CDKN2A and EGFR
(Kersting et al, 2006; Jones et al, 2008; Cani et al, 2015). However,
despite their different biological behavior, no molecular
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abnormalities that distinguish benign and borderline phyllodes
tumors from fibroadenomas have been reported.

Telomeres are repetitive nucleotide sequences at the end of
chromosomes that are required for chromosomal integrity
(Aubert and Lansdorp, 2008). In the absence of telomerase
activity, telomeres shorten with each cell division, eventually
leading to senescence or cell death. Therefore, tumor cells require a
mechanism to maintain telomere length to acquire immortality.
Most commonly, tumor cells exhibit the increased telomerase
activity, which synthesizes telomeric DNA sequences (Kim et al,
1994; Shay and Bacchetti, 1997). TERT encodes the catalytic
subunit of telomerase, which is a major determinant of telomerase
activity (Aubert and Lansdorp, 2008). Its transcription is repressed
in the most quiescent somatic cells but is activated in the majority
of malignant tumors (Shay and Roninson, 2004). Recent studies
have shown that mutations in the TERT promoter are responsible
for overexpression of TERT in a range of tumors, including
melanomas, hepatocellular carcinomas and urothelial carcinomas
(Horn et al, 2013; Huang et al, 2013; Killela et al, 2013;
Heidenreich et al, 2014). Another subset of tumors uses a different
mechanism for telomere maintenance, which is known as the
alternative lengthening of telomeres (ALT; Cesare and Reddel,
2010). Interestingly, loss of ATRX and DAXX, both of which are
involved in chromatin remodeling, has been shown to be
closely associated with the ALT phenotype in several types of
tumors, including pancreatic neuroendocrine tumors, glioblasto-
mas and uterine leiomyosarcomas (Cesare and Reddel, 2010; Liau
et al, 2015).

Although previous studies have reported telomerase activity in a
small number of phyllodes tumors and fibroadenomas (Hiyama
et al, 1996; Mokbel et al, 1999), the mechanisms underlying
telomere maintenance in these tumors have not been previously
examined. In the present study, we analyzed the molecular
abnormalities involved in telomere elongation, including TERT
promoter mutations, as well as loss of expression of ATRX and
DAXX, in a series of phyllodes tumors and fibroadenomas.

MATERIALS AND METHODS

Tissue samples. This study was approved by the ethics committee
of the National Cancer Center, Tokyo, Japan. All the tissue samples
were obtained from the National Cancer Center Hospital, Tokyo,
Japan. The resected specimens were routinely fixed in 10% formalin
and embedded in paraffin. This study examined 46 phyllodes
tumors and 58 fibroadenomas that had previously been analyzed to
determine their MED12 mutation status (Yoshida et al, 2015). The
phyllodes tumors were subclassified according to the WHO
classification as benign, borderline or malignant lesions (Tan et al,
2012). Fibroadenomas were classified as intracanalicular-type,
pericanalicular-type and complex-type (Tan et al, 2012).

Mutational analysis. Ten-micrometer-thick sections of paraffin-
embedded specimens were deparaffinized, stained briefly with
hematoxylin and subjected to DNA extraction. The lesions were
microdissected using sterilized toothpicks under a microscope. The
dissected samples were incubated in DNA extraction buffer at
50 1C overnight, heated at 100 1C for 10min to inactivate
proteinase K, and then directly subjected to PCR using a pair
of primers encompassing the core promoter region of TERT
(50-CAGCGCTGCCTGAAACTC-30 and 50-GTCCTGCCCCTTCA
CCTT-30) as described previously (Horn et al, 2013; Yoshida et al,
2015). The PCR products were purified and sequenced bidir-
ectionally using an Applied Biosystems 3130 Genetic Analyzer
(Applied Biosystems, Foster, CA, USA). All mutations were
confirmed by re-analysis of the respective specimens, including
DNA extraction.

A microdissection-based analysis was performed in selected
cases with a TERT promoter mutation. The epithelial and stromal
components were microdissected separately using a laser micro-
dissection system (MMI CellCut system; Molecular Machines and
Industries, Glattbrugg, Switzerland). The isolated samples were
then examined for the presence of TERT promoter mutations, as
described above.

Histology and immunohistochemistry. Histological analysis was
performed in accordance with WHO classification (Tan et al,
2012). Two pathologists (MY and SS) independently scored each
case for tumor border, stromal cellularity, stromal atypia, mitosis,
stromal overgrowth and malignant heterologous component
(Supplementary Table 1). Mitotic counts were quantified per 10
high-power fields with the field size adjusted to 0.196mm2.
Discrepant cases were reviewed together to achieve consensus.

Immunohistochemical analysis was performed on formalin-
fixed paraffin-embedded specimens. Antigen retrieval was per-
formed by autoclaving in a 10mM citrate buffer (pH 6.0) for
10min. Anti-ATRX (HPA001906; 1:200 dilution; Sigma-Aldrich,
St. Louis, MO, USA) and anti-DAXX (HPA008736; 1:250 dilution;
Sigma-Aldrich) antibodies were used as the primary antibodies
(Heaphy et al, 2011). For staining, we used an automated stainer
(Dako, Glostrup, Denmark), according to the manufacturer’s
protocol. ChemMate EnVision (Dako) methods were used for
detection. Tumors showing uniformly negative staining were
regarded as showing loss of expression, using lymphocytes and
endothelial cells as internal positive controls.

Statistical analysis. Fisher’s exact test or an extended Fisher’s
exact test was used to analyze categorical variables. A Mann-
Whitney’s U-test was used for analysis of continuous variables. P-
valueso0.05 were considered to indicate statistical significance.

RESULTS

Sequencing analyses revealed TERT promoter mutations in 30 of 46
phyllodes tumors (65%) and in 4 of 58 fibroadenomas (7%;
Figure 1A, Table 1, Supplementary Table 1), indicating a substantial
difference in these two tumor types (P¼ 1.5� 10� 10). Remarkably,
all but one of the TERT promoter-mutated tumors concurrently
harbored MED12 mutations (P¼ 8.4� 10� 6). Non-tumor tissue
specimens were available for 17 of the phyllodes tumors and three of
the fibroadenomas with TERT promoter mutations, and sequencing
analyses of these samples did not identify any mutations, indicating
the somatic nature of TERT promoter mutations.

Among the phyllodes tumors, the presence of TERT promoter
mutations was significantly associated with older age, but not with
tumor size (Table 2). Analysis of tumor grade showed that
borderline tumors more frequently possessed mutations, but the
difference was not significant when the three different tumor
grades were compared. The association with MED12 mutations
was significant among phyllodes tumors. Histological evaluation
showed that TERT promoter mutational status was significantly
correlated with stromal cellularity, but not with the other
morphological features (Table 2, Supplementary Table 1). In
addition, when a comparison was made among benign phyllodes
tumors, lesions with a TERT promoter mutation tended to show an
edematous stroma, compared with TERT mutation-negative
tumors, which showed a more fibrous stroma (Figure 1A and B).

All four fibroadenomas with TERT promoter mutations,
including two intracanalicular-type and two pericanalicular-type
lesions, also possessedMED12 mutations (Supplementary Table 1).
Histological re-examination confirmed the original diagnosis of the
respective tumors, but we were unable to identify any distinct
morphological features that distinguished them from TERT
promoter mutation-negative tumors (Figure 1C and D).
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We performed a microdissection-based analysis of five phyllodes
tumors and two fibroadenomas with TERT promoter mutations, to
examine whether the epithelial component also harbored a TERT
promoter mutation. The epithelial and stromal components were
separately microdissected and subjected to sequencing analyses. The
results showed that the TERT promoter mutations were only present
in the stromal components, in all cases (Figure 2B).

Immunohistochemical analysis showed diffuse nuclear expression
of ATRX and DAXX in all phyllodes tumors and fibroadenomas
(Figure 3A and B), suggesting that inactivation of these factors,
which is related to the ALT phenotype, does not play a major role in
the tumorigenesis of fibroepithelial tumors of the breast.

DISCUSSION

The present study showed that TERT promoter mutations are
frequent in phyllodes tumors, regardless of tumor grade. TERT
promoter mutations are the second most frequent genetic
aberration reported to date in phyllodes tumors, following
MED12 mutations, which were identified in 80% of cases in the

A B
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Figure 1. Histology of phyllodes tumors and fibroadenomas.
(A) Benign phyllodes tumor with a TERT promoter mutation.
A distended and compressed duct lined by epithelium and expansion
of moderately cellular and edematous stroma. (B) Benign phyllodes
tumor without TERT promoter mutation. Compressed and partly
dilated ducts and relatively fibrous stroma. (C) Intracanalicular-type
fibroadenoma with a TERT mutation. Slit-like ducts compressed by
proliferating stroma. (D) Pericanalicular-type fibroadenoma. Tubular
ducts surrounded by edematous stroma.

Table 1. TERT promoter mutations in phyllodes tumors and
fibroadenomas of the breast

Histology
Number
of cases

Total
mutated

Nucleotide
change

Cases
mutated

Phyllodes tumor 46 30 (65%)

Benign 18 9 (50%) c.-146C4T 3
c.-124C4T 5
c.-124C4A 1

Borderline 15 13 (87%) c.-124C4T 13
Malignant 13 8 (62%) c.-146C4T 1

c.-124C4T 7

Fibroadenoma 58 4 (7%)

Intracanalicular 32 2 (6%) c.-124C4T 2
Pericanalicular 20 2 (10%) c.-124C4T 2
Complex 6 0

Table 2. Correlation between TERT promoter mutation status
and clinicopathological variables in phyllodes tumors of the
breast

TERT promoter mutation

Present Absent P-value
Age, year-old 54.5 (34–67) 42.5 (26–58) 0.0051

Tumor size (mm) 50 (10–130) 42 (12–160) 0.39

Grade
Benign 9 9 0.086
Borderline 13 2
Malignant 8 5

Tumor border
Well-defined 16 9 1.0
Permeativea 14 7

Stromal cellularity
Low 7 9 0.049
Moderate-to-high 23 7

Stromal atypia
None or mild 12 10 0.22
Moderate-to-marked 18 6

Mitosis/10HPFs
0–4 18 10 1.0
p5 12 6

Stromal overgrowth
Absent 18 9 1.0
Presentb 12 7

Malignant heterologous component
Absent 29 14 0.27
Present 1 2

MED12 mutation
Absent 1 8 3.6� 10� 4

Present 29 8
Abbreviation: HPF, high-power field. Age and tumor size are indicated as the median
(range).
aIncludes lesions with focally permeative borders.
bIncludes lesions with focal stromal overgrowth.
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A

Figure 2. TERT promoter mutations in phyllodes tumors and a
fibroadenoma. (A) TERT promoter mutations in phyllodes tumors and a
fibroadenoma. (B) Microdissection-based analysis of TERT promoter
mutations. Epithelial and stromal components of phyllodes tumors or
fibroadenomas were separately microdissected and analyzed for the
presence of TERT promoter mutations. The arrowheads indicate
nucleotide substitutions.
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present cohort (Yoshida et al, 2015). These mutations have
previously been reported in various tumors and have been shown
to enhance promoter activity (Horn et al, 2013; Huang et al, 2013;
Killela et al, 2013). Interestingly, TERT promoter mutations were
identified almost exclusively in tumors with a MED12 mutation,
indicating the synergistic roles of these two genetic abnormalities.
TERT promoter mutation was also closely associated with older
age. A similar association has been reported in thyroid carcinomas
(Liu et al, 2014). As the telomere shortens with age, TERT
promoter mutations have been suggested to have more major roles
in preventing crisis caused by telomere shortening when oncogenic
events take place in aged cells.

In contrast, none of the tumors showed loss of ATRX or DAXX,
which are involved in ALT (Heaphy et al, 2011; Lovejoy et al,
2012). These observations suggest that the activation of telomerase
by TERT promoter mutations plays a major role in telomere
maintenance in phyllodes tumors.

The prevalence of TERT promoter mutations in malignant
phyllodes tumors was lower than that in borderline tumors. This
may simply be a bias due to the limited number of cases;
alternatively, this observation might imply that a subset of
malignant phyllodes tumors is directly derived from TERT
mutation-negative precursors, rather than via stepwise progression
from borderline tumors. Previous studies have shown that
abnormal expression of some tumor-suppressor gene products,
including p16, p53 and Rb, is almost exclusively observed in
malignant phyllodes tumors (Tse et al, 2002; Tan et al, 2005;
Cimino-Mathews et al, 2013). It seems possible that the acquisition
of these molecular abnormalities is sufficient to gain malignant
phenotypes, even in the absence of TERT promoter mutations.

TERT promoter mutations were rare among fibroadenomas.
Considering that MED12 mutations were commonly detected in
both fibroadenomas and phyllodes tumors, the difference in the

prevalence of TERT promoter mutations may potentially explain the
differences in the biological behavior of these tumors. The growth of
fibroadenomas is usually self-limited, and they often undergo
involution (Tavassoli and Eusebi, 2009; Tan et al, 2012). Conceivably,
the lack of telomerase activity in fibroadenomas may eventually lead
to senescence and/or cell death of tumor cells and prevent continuous
growth. On the other hand, continuous growth and local recurrence
appear to reflect the immortality of tumor cells, which require a
mechanism for telomere elongation, in phyllodes tumors.

The presence of TERT promoter mutations in a small subset of
fibroadenomas is of potential interest. Although these included two
pericanalicular-type fibroadenomas, which are morphologically
dissimilar to phyllodes tumors, some of these lesions may represent
early-stage phyllodes tumors. Our review failed to identify
morphological features specific to TERT promoter-mutated fibroa-
denomas. In addition, TERT promoter mutations do not appear to
be associated with older age or larger tumor size in fibroadenomas.
However, this could be owing to the limited number of cases
analyzed, and future studies may determine the clinicopathological
significance of TERT promoter mutations in fibroadenomas.

Microdissection-based analysis showed that TERT promoter
mutations were only present in the stromal component, and not in
the epithelial component, in both phyllodes tumors and fibroade-
nomas. This observation is consistent with observations of MED12
mutations in previous studies (Lim et al, 2014; Yoshida et al, 2015),
and supports the idea that stromal cells are the principal neoplastic
component of these fibroepithelial tumors. However, the consistent
presence of epithelial components in these tumors implies the
requirement for epithelium-derived factors in the proliferation of
tumoral stromal cells, as previously suggested (Sawhney et al, 1992;
Sawyer et al, 2002). Phyllodes tumors and fibroadenomas may be
developed through interactions between neoplastic stroma and
reactive epithelium.

The clinical management of phyllodes tumors and fibroadeno-
mas differs significantly. Because of their self-limited nature, many
fibroadenomas are treated by simple excision; follow-up alone,
without surgical intervention, is sometimes a valid option (Cant
et al, 1995; Brogi, 2009). However, phyllodes tumors need to be
removed with sufficient margins, to reduce the risk of recurrence
(Chen et al, 2005; Brogi, 2009). Therefore, preoperative diagnosis
has a significant impact on the determination of appropriate
clinical management. However, distinction of phyllodes tumors
from fibroadenomas is often challenging (Tsang et al, 2011; Yasir
et al, 2014), and there are no reliable molecular markers are
currently available to distinguish between these tumors. On the
basis of the difference in prevalence observed between these two
types of tumors, TERT promoter mutations might be of potential
use as an ancillary diagnostic tool.
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