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Müllerian adenosarcomas are malignant gynecologic neoplasms. Advanced staging and sarcomatous overgrowth
predict poor prognosis. Because the genomic landscape remains poorly understood, we conducted this study to
characterize the genomewide copy number variations in adenosarcomas. Sixteen tumors, including eight with and
eight without sarcomatous overgrowth, were subjected to a molecular inversion probe array analysis. Copy
number variations, particularly losses, were significantly higher in cases with sarcomatous overgrowth. Frequent
gains of chromosomal 12q were noted, often involving cancer-associated genes CDK4 (six cases), MDM2, CPM,
YEATS4, DDIT3, GLI1 (five each), HMGA2 and STAT6 (four), without association with sarcomatous overgrowth
status. The most frequent losses involved chromosomes 13q (five cases), 9p, 16q and 17q (four cases each) and
were almost limited to cases with sarcomatous overgrowth. MDM2 and CDK4 amplification, as well as losses of
RB1 (observed in two cases) and CDKN2A/B (one case), was verified by FISH. By immunohistochemistry, all
MDM2/CDK4-coamplified cases were confirmed to overexpress both encoded proteins, whereas all four cases with
(plus an additional four without) gain of HMGA2 overexpressed the HMGA2 protein. Both cases with RB1 loss were
negative for the immunostaining of the encoded protein. Chromothripsis-like copy number profiles involving
chromosome 12 or 14 were observed in three fatal cases, all of which harbored sarcomatous overgrowth. With
whole chromosome painting and deconvolution fluorescent microscopy, dividing tumor cells in all three
cases were shown to have scattered extrachromosomal materials derived from chromosomes involved
by chromothripsis, suggesting that this phenomenon may serve as visual evidence for chromothripsis in paraffin
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tissue. In conclusion, we identified frequent chromosome 12q amplifications, including loci containing potential
pharmacological targets. Global chromosomal instability and chromothripsis were more frequent in cases with
sarcomatous overgrowth. To our knowledge, this is the first time that evidence of chromothripsis has been
demonstrated in paraffin-embedded clinical tissues and in adenosarcomas.
Modern Pathology (2016) 29, 1070–1082; doi:10.1038/modpathol.2016.99; published online 3 June 2016

Müllerian adenosarcomas are malignant mixed
epithelial–mesenchymal neoplasms that arise most
frequently in the uterine corpus.1,2 They account for
approximately 5% of all primary uterine sarcomas
and can affect women from a wide age range.3,4 Most
Müllerian adenosarcomas present as polypoid endo-
metrial masses, and can be accompanied by exten-
sive myometrial invasion and extrauterine spread.
Histologically, adenosarcomas display a biphasic
appearance with admixed sarcoma components and
benign-appearing Müllerian glands. Sarcomatous
overgrowth, defined as the presence of at least 25%
tumor area overgrown by a pure sarcomatous
component, is seen in a subset of cases.2,5 Clinically,
a majority of adenosarcomas present with low-stage
disease and follow an indolent clinical course after
surgical treatment. Tumors showing sarcomatous
overgrowth or deep myometrial invasion, however,
behave more aggressively.4,6–8 Adenosarcomas less
frequently occur in the ovary, where they pose a
greater risk of peritoneal spread and a worse
prognosis.8 The mainstay of treatment for localized
Müllerian adenosarcomas is surgery,9 whereas more
advanced diseases often entail other modalities of
treatment, although the roles of adjuvant chemother-
apy and/or radiation therapy in the management of
adenosarcomas are not well-defined. The previous
lack of knowledge regarding the molecular and
genetic basis of Müllerian adenosarcomas has hin-
dered our ability to develop tumor-specific thera-
peutic strategies.

Recently, the unraveling of the genetic background
of adenosarcomas has begun. A panel of 275 cancer-
associated genes were interrogated on adenosarco-
mas from 18 patients with targeted sequencing, and
the most frequent findings included MDM2 and
CDK4 amplification (28%) as well as mutations
involving a variety of PIK3CA/AKT/PTEN pathway
members (72%).10 A more recent study employing
whole-exome, target-capture and RNA sequencing
found amplification of MDM2/CDK4/HMGA2 and
TERT genes, recurrent mutations of FGFR2, KMT2C,
and DICER1 genes, as well as nuclear receptor
coactivator family gene rearrangement, each in a
minority of cases.11 However, an overview of the
chromosomal aberrations at a genomewide level is
still lacking. In this report, we employed a molecular
inversion probe array to characterize the genome-
wide copy number variations in 16 adenosarcomas,
with an emphasis on the genomic landscape that
defined sarcomatous overgrowth.

Materials and methods

Material Collection and Pathological Review

Primary Müllerian adenosarcomas diagnosed between
1995 and 2014 were identified from the pathology
archives of National Taiwan University Hospital
(Taipei, Taiwan). The histology was reviewed by three
pathologists (JCL, K-TK, and M-CL). The diagnosis of
adenosarcoma and sarcomatous overgrowth was
based on the criteria adopted by the World Health
Organization.2 All available cases with sarcomatous
overgrowth were included, and the same number of
cases without sarcomatous overgrowth was selected
according to the availability of adequate tumor
proportion (≧75%; cases with the highest tumor
proportion were preferred). This study was approved
by the National Taiwan University Hospital Research
Ethics Committee.

Molecular Inversion Probe Array Analysis

At least 80 ng genomic DNA extracted from each
sample was subjected to the molecular inversion
probe array using the OncoScan FFPE Assay Kit
(Affymetrix, Santa Clara, CA) as previously
described.12 Arbitrary cutoffs were used to define a
homozygous deletion, a loss, and a gain with copy
numbers of o0.5, o1.5, and 43, respectively, as
previously described.13 To evaluate the quantitative
level of genomewide copy number changes, a
chromosome instability index was calculated as
previously described.13 As a modification, the length
of the copy number variation segments was also
taken into consideration by multiplying the length of
each segment by its inferred copy number. Subse-
quently, Wilcoxon rank-sum test was performed to
assess the significance level of the chromosome
instability values between different groups. The
cutoff significance level was 0.05. The microarray
data have been submitted to the Gene Expression
Omnibus with accession number GSE67107 (http://
www.ncbi.nlm.nih.gov/pubmed/11752295).

Fluorescence In Situ Hybridization

Four-μm-thick tissue slides were used for fluores-
cence in situ hybridization (FISH) analysis. The FISH
probes used included Vysis LSI MDM2/CEP12 probe
and Vysis CDKN2A/CEP9 probe (also covering the
CDKN2B locus; Abbott Molecular, Des Plaines, IL);
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CDK4/SE12 probe (Leica Biosystems, Nußloch,
Germany); ZytoLight SPEC RB1/13q12 dual color
probe (ZytoVision GmbH, Bremerhaven, Germany);
and whole chromosome 12 and 14 painting probes
(Applied Spectral Imaging, Carlsbad, CA) The results
were observed under a fluorescent microscope (Axio
Imager 2, Carl Zeiss MicroImaging GmbH, Jena,
Germany) by a pathologist (CWL) blinded to the
clinical and molecular data. For MDM2 and CDK4
copy numbers, 20 nuclei were counted for each case;
the consensus criteria recommended for HER2
FISH were adopted for interpretation of the
results.14 For CDKN2A/B and RB1 copy numbers,
50 nuclei were counted; monoallelic deletion was
defined as 450% nuclei harboring only 1 signal of
respective locus, and relative deletion was defined as
a CDKN2A/CEP9 or RB1/13q12 ratio of o0.8 in the
absence of monoallelic deletion, as previously
described.15

For chromosome painting, the dividing tumor cells
at M-phase were searched for. Image acquisition was
performed with wide-field DeltaVision deconvolution
microscope (Applied Precision, South El Monte, CA),
as previously described,16 by an experienced techni-
cian (CAC) blinded to the molecular inversion probe
array data. Stacks of optical section images were
collected through SoftWorX application suite software.
Both 2D and 3D images were generated and analyzed
with VoloCity software (Perkin-Elmer, Waltham, MA).

Immunohistochemistry

Four-μm-thick tissue slides were subjected to immu-
nohistochemistry using the following primary anti-
bodies: MDM2 (Invitrogen, Grand Island, NY; clone
1F2; dilution 1:50), CDK4 (Santa Cruz, Santa Cruz,
CA; clone C-22; dilution 1:800), HMGA2 (BioCheck,
Foster City, CA; dilution 1:2000), and retinoblastoma
gene protein (RB; Leica Biosystems, Nußloch, Ger-
many; clone 1F8; dilution 1:100). A complete loss of
nuclear RB expression in the tumor cells was
considered as a negative result. For the remaining
immunostains, either a diffuse (450% tumor cells)
and at least moderate or focal (10–50%) but strong
nuclear staining pattern (obscuring nuclear contours)
was considered as a positive result.

The reader is referred to the Online Methods in
Supplementary Information for more details about
the molecular inversion probe array analysis results,
FISH, and immunohistochemistry.

Results

Clinicopathologic Features of the Study Groups

Fifteen uterine and one ovarian Müllerian adenosar-
comas were submitted for molecular inversion probe
array analysis, including all eight cases with sarco-
matous overgrowth (ie, cases S1–8 where ‘S’ stands
for Sarcomatous overgrowth) as well as eight T
ab
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without (ie, cases N1–8 where ‘N’ stands for Non-
sarcomatous overgrowth). Four other available cases
without sarcomatous overgrowth were excluded
because of relatively low neoplastic cell purity even
with tissue coring. The patients’ ages ranged from 22
to 77 years (median 50 years). During a median
follow-up of 11 months, seven tumors with sarco-
matous overgrowth claimed the respective patients’
lives; by contrast, all patients in the ‘N’ group were
alive without evidence of disease after a median
follow-up of 47.5 months. Table 1 presents the
clinicopathologic features.

Genomewide Copy Number Variations

Frequent (appearing in at least 25% or four cases)
gains were limited to various segments on chromo-
some 12 (p12.3 and q13.3–21.13). Gains of 12q13.3-
q14.1 (encompassing CDK4) were noted in six cases
(37.5%). In five, five, and four cases, respectively,
the amplicon that contained CDK4 also included
DDIT3, GLI1, and STAT6 loci. Gains of 12q15
(including CPM, MDM2, and YEATS4) were
observed in five cases. Gains of the HMGA2 gene at
12q14.3 were found in four cases, all of which also
had concurrent gains of the aforementioned genes in
chromosome 12q13.3-q14.1. Gains of the entire or
partial PIK3C2G gene on 12p12.3 were noted in five
cases. Otherwise, frequent gains were also found in
5p, 7p, 8q, and 14q.

On the other hand, frequent losses were observed
in chromosomes 9p, 13q, 15q, 16q, 17q, and 22q.
Except for 15q13.3 and 22q11.23 (containing GSTT1
gene locus, which might represent a germline
polymorphism17), most of these chromosomal losses
were predominantly observed in the ‘S’ group of
cases. Homozygous deletions were infrequent.
Figure 1 illustrates the overall and group-wise
prevalence of gains and losses across all chromo-
somes. Supplementary Figure S1 demonstrates the
genomewide copy number variations of each case.
Table 2 lists chromosomal regions with frequent
gains or losses and the genes encompassed.

Validation of Copy Number Changes by FISH and
Immunohistochemistry

As MDM2 and CDK4 gains were the most frequent
copy number variations in the current cohort and
well-established commercial FISH probes and anti-
bodies were available for MDM2 and CDK4, we chose
these two genes for further analysis to validate the
status of gain derived from the molecular inversion
probe array data. As a result, coamplification of both
genes was confirmed in all five cases by FISH, with
concomitant overexpression of MDM2 and CDK4
proteins as demonstrated with immunohistochemistry.
In cases belonging to the ‘S’ group, the sarcomatous-
overgrowth and non-sarcomatous-overgrowth compo-
nents in each tumor showed similar copy number
status. Figure 2a–e demonstrates the histology, FISH,
and immunostains of a representative case. The
glandular components of four adenosarcomas that
had MDM2/CDK4 coamplification was included in
the sections for FISH analysis, and none of the
admixed glands showed amplification of either gene
(Figure 2b and c and Supplementary Figure S2A). By
contrast, none of the remaining 11 tumors had
amplification of either gene or overexpressed respec-
tive encoded proteins (Figure 2f–j) except for case N7,
which exhibited focal positive CDK4 immunostain-
ing. It is noteworthy that case S2, where low-level
gain of CDK4 gene (with inferred copy number of
3.39) was revealed by microarray, showed chromo-
some 12 polysomy by FISH (with 3.35 and 4.00 copies
of centromere and CDK4, respectively) and negative
CDK4 immunostaining.

To verify the losses detected by molecular inver-
sion probe array while considering the potential
biological relevance and availability of reliable com-
mercial probes, the copy numbers of tumor suppres-
sors CDKN2A/B (9p21.3) and RB1 (13q14.2) were
further validated in 12 cases (including all cases with
inferred loss) by FISH. Interpretable results were
obtained in 11 and 12 cases, respectively. Consistent
with the microarray data, monoallelic RB1 deletions
were corroborated in cases S1 and S6. Furthermore,
both cases proved to be negative for RB protein by

Figure 1 The genomic landscape of adenosarcoma revealing the prevalence of copy number gains (in blue) and losses (in red) across the
chromosomes in all tumors as well as in tumors with (‘S’ group) and without (‘N’ group) sarcomatous overgrowth.
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Table 2 Chromosomal segments frequently gained or lost, genes involved, and respective copy numbers

Chr. Start End Cytoband Genes

Samples with copy number variation (copy numbers)

‘S’ group ‘N’ group Case number of

Frequently
gained

Gain Loss

5 14002973 14469161 p15.2 69.79% region overlaps with TRIO (+) S2 (3.20), S3 (3.38), S5 (3.46), S6 (4.02) 4 0
7 25469619 25899147 p15.3-p15.2 No protein-coding gene S2 (3.17), S6 (1.34), S7 (4.18), S8 (3.35) N5 (3.94) 4 1
8 128861562 128966324 q24.21 No protein-coding gene S1 (3.60), S7 (3.35), S8 (3.30) N1 (3.28), N5 (3.19) 5 0
8 128966324 130063055 q24.21 No protein-coding gene S1 (3.60), S4 (3.58), S7 (3.35), S8 (3.30) N1 (3.28), N5 (3.19) 6 0
8 130063055 130107139 q24.21 No protein-coding gene S1 (3.60), S4 (3.58), S7 (3.35), S8 (3.30) N5 (3.19) 5 0
8 130107139 130190155 q24.21 No protein-coding gene S1 (3.60), S4 (3.58), S7 (3.35), S8 (3.30) 4 0
8 133952710 134594980 q24.22 NDRG1 (− ), SLA (− ), ST3GAL1 (− ), WISP1 (+), 30.27% region

overlaps with TG (+)
S1 (3.60), S8 (3.30) N1 (3.25), N5 (3.77) 4 0

12 18369537 18390595 p12.3 No protein-coding gene S1 (4.28), S2 (3.37), S4 (3.57), S7 (3.71) 4 0
12 18390595 18587749 p12.3 87.89% region overlaps with PIK3C2G (+) S1 (4.28), S2 (3.37), S4 (3.57), S7 (3.71) N5 (3.79) 5 0
12 18587749 18590323 p12.3 Intron of PIK3C2G (+) S1 (4.28), S2 (3.37), S4 (3.57) N5 (3.79) 4 0
12 57314551 57662938 q13.3 GPR182 (+), LRP1 (+), MYO1A (− ), NAB2 (+), NDUFA4L2 (− ), NXPH4

(+), RDH16 (− ), SDR9C7 (− ), SHMT2 (+), STAC3 (− ), STAT6 (− ),
TAC3 (− ), TMEM194A (− ), ZBTB39 (− ), 4.42% region overlaps with
R3HDM2 (− )

S1 (4.29), S2 (3.39), S3 (4.92) N1 (4.51) 4 0

12 57662938 58095994 q13.3 ARHGAP9 (− ), ARHGEF25 (+), B4GALNT1 (− ), DCTN2 (− ), DDIT3
(− ), DTX3 (+), GLI1 (+), INHBC (+), INHBE (+), KIF5A (+), MARS (+),
MBD6 (+), PIP4K2C (+), SLC26A10 (+), 1.91% region overlaps with OS9
(+), 9.54% region overlaps with R3HDM2 (− )

S1 (4.29), S2 (3.39), S3 (4.92) N1 (4.51), N2 (3.57) 5 0

12 58095994 58415437 q13.3-q14.1 AGAP2 (− ), AVIL (− ), CDK4 (− ), CTDSP2 (− ), CYP27B1 (− ),
MARCH9 (+), METTL1 (− ), METTL21B (+), TSFM (+), TSPAN31 (+),
XRCC6BP1 (+), 6.06% region overlaps with OS9 (+)

S1 (4.29), S2 (3.39), S3 (4.92), S6 (9.20) N1 (4.51), N2 (3.57) 6 0

12 58415437 58463763 q14.1 No protein-coding gene S2 (3.39), S3 (4.92), S6 (9.20) N1 (4.51), N2 (3.57) 5 0
12 58463763 59587988 q14.1 LRIG3 (− ) S2 (3.39), S3 (4.92), S6 (1.33) N1 (4.51), N2 (3.57) 4 1
12 66188349 66380269 q14.3 HMGA2 (+) S2 (4.14), S3 (4.79), S6 (1.27) N1 (4.38), N2 (3.90) 4 1
12 66380269 66547930 q14.3 LLPH (− ), 10.27% region overlaps with TMBIM4 (− ) S2 (4.14), S3 (4.79), S6 (9.55) N1 (4.38), N2 (3.90) 5 0
12 66547930 66789905 q14.3 HELB (+), IRAK3 (+), 20.12% region overlaps with GRIP1 (− ), 6.58%

region overlaps with TMBIM4 (− )
S3 (4.79), S6 (9.55) N1 (4.38), N2 (3.90) 4 0

12 68187627 68217137 q15 No protein-coding gene S1 (5.11), S3 (4.79) N1 (4.38), N2 (3.90) 4 0
12 68217137 68427073 q15 No protein-coding gene S1 (5.11), S3 (4.79), S6 (1.28) N1 (4.38), N2 (3.90) 4 1
12 68427073 69138985 q15 IFNG (− ), IL22 (− ), IL26 (− ), MDM1 (− ), NUP107 (+), RAP1B (+) S1 (5.11), S3 (4.79), S6 (4.02) N1 (4.38), N2 (3.90) 5 0
12 69138985 70063299 q15 CCT2 (+), CPM (− ), CPSF6 (+), FRS2 (+), LRRC10 (− ), LYZ (+), MDM2

(+), SLC35E3 (+), YEATS4 (+), 1.72% region overlaps with BEST3 (− )
S1 (5.11), S3 (4.79), S6 (9.19) N1 (4.38), N2 (3.90) 5 0

12 70063299 70937191 q15 CNOT2 (+), KCNMB4 (+), RAB3IP (+), 3.04% region overlaps with
PTPRB (− ), 3.42% region overlaps with BEST3 (− )

S3 (4.79), S6 (9.19) N1 (4.38), N2 (3.90) 4 0

12 73087630 73365902 q21.1 No protein-coding gene S3 (3.84), S6 (3.93) N1 (4.38), N2 (3.90) 4 0
12 91313872 91359718 q21.33 CCER1 (− ), 4.94% region overlaps with EPYC (− ) S1 (3.82), S4 (3.71), S6 (1.28) N2 (3.19), N5 (4.38) 4 1
12 91359718 91885474 q21.33 DCN (− ), KERA (− ), LUM (− ), 7.43% region overlaps with EPYC (− ) S1 (3.82), S4 (3.71), S6 (1.28), S7 (4.26) N2 (3.19), N5 (4.38) 5 1
14 68760113 68935899 q24.1 Contained within RAD51B (+) S5 (4.02), S7 (3.76) N1 (3.35), N5 (3.67) 4 0

Frequently lost
9 8920634 10564954 p24.1-p23 Contained within PTPRD (− ) S1 (3.43), S3 (1.23), S5 (1.30), S6 (1.28), S8 (1.21) 1 4
9 11542643 13067673 p23 LURAP1L (+), TYRP1 (+) S3 (1.23), S5 (1.35), S6 (1.28), S8 (1.21) 0 4
9 13067673 13292483 p23 MPDZ (− ) S1 (3.05), S3 (1.23), S5 (1.35), S6 (1.28), S8 (1.21) 1 4
13 19084823 19374325 q11 No protein-coding gene S3 (1.43), S5 (1.28), S6 (1.29), S7 (1.49), S8 (1.27) 0 5
13 19374325 20220348 q11-q12.11 TPTE2 (− ), TUBA3C (− ), 1.48% region overlaps with MPHOSPH8 (+) S3 (1.43), S5 (1.28), S6 (1.29), S7 (1.49) 0 4
13 28542151 28584900 q12.2 URAD (− ), 17.52% region overlaps with FLT3 (− ), 3.17% region

overlaps with CDX2 (− )
S5 (1.41), S6 (1.29), S7 (1.40) N5 (1.31) 0 4

13 28584900 28647213 q12.2 Contained within FLT3 (− ) S3 (1.38), S5 (1.41), S6 (1.29), S7 (1.40) N5 (1.31) 0 5
13 28647213 28664099 q12.2 Intron of FLT3 (− ) S3 (1.38), S5 (1.41), S6 (1.29), S7 (1.40) 0 4
13 54937714 56044244 q14.3-q21.1 No protein-coding gene S1 (1.25), S3 (1.42), S5 (1.40), S6 (1.30) 0 4
15 32477443 32720163 q13.3 GOLGA8K (− ) S5 (0.48), S6 (1.28) N2 (1.03), N8 (0.17) 0 4
16 51501932 52024498 q12.1 No protein-coding gene S3 (1.38), S4 (3.64), S5 (1.32), S6 (1.26), S8 (1.21) 1 4
16 52024498 57204694 q12.1-q13 AKTIP (− ), AMFR (− ), BBS2 (− ), C16orf97 (− ), CAPNS2 (+), CES1

(− ), CES5A (− ), CETP (+), CHD9 (+), CPNE2 (+), FTO (+), GNAO1 (+),
HERPUD1 (+), IRX3 (− ), IRX5 (+), IRX6 (+), LOC643802 (− ), LPCAT2

S3 (1.38), S5 (1.32), S6 (1.26), S8 (1.21) 0 4
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immunohistochemistry. Of the three cases with
inferred CDKN2A/B loss, monoallelic deletion was
confirmed by FISH in S6, whereas the other two cases
demonstrated relative deletion of this locus with
chromosome 9 polysomy. Meanwhile, the remaining
cases analyzed showed no evidence of deletion of
either locus. In cases where deletions were confirmed
in the sarcomatous-overgrowth component, those
deletions were also conspicuously present in the
matched non-sarcomatous-overgrowth areas with simi-
lar copy numbers. Representative FISH and immuno-
histochemistry results are shown in Supplementary
Figure S2B–F and Supplementary Table S1.

Previous studies reported HMGA2 amplification or
overexpression, respectively, without matched copy
number and protein expression data addressing the
possible causative relationship.10,11 To correlate the
protein expression status with our molecular inver-
sion probe array findings, HMGA2 immunostaining
was performed in this series and was positive in all
four cases with HMGA2 gains (Supplementary
Figure S2G–I). It is noteworthy that four additional
cases without HMGA2 gain also showed positive
immunostaining, indicating other mechanisms of
upregulating HMGA2 expression. Taken together,
these analyses validated the capability of the current
microarray-based platform to detect gains and losses
using the current cutoff thresholds.

Chromosome Instability Assessment and
Clinicopathologic Correlation

To determine whether the phenomenon of sarcoma-
tous overgrowth might reflect genomewide chromo-
somal instability, the chromosome instability indices
were compared between the two groups (Figure 3).
As expected, the ‘S’ group had significantly higher
chromosome instability indices than the ‘N’ group
(mean 198.3 vs 41.9; P=0.0002). When considered
separately, both losses and gains contributed to the
higher chromosomal instability of the ‘S’ group
(mean 124.8 vs 9.1 for losses and 117.7 vs 32.8 for
gains), although the statistical significance was sub-
stantially higher for the part of losses by a difference
of two orders of magnitude (P=0.0002 for losses vs
P=0.0165 for gains; Figure 3). By contrast, as the
most frequently amplified loci, the copy number
status of MDM2 and CDK4 was not significantly
associated with the chromosome instability index
(mean 147.8 vs 107.6 in cases with and without
MDM2/CDK4 coamplification; P=0.3773). The only
surviving case in the ‘S’ group (S7) had the lowest
chromosome instability index attributed to chromo-
somal losses (but not gains) among this group.

Identification of Chromothripsis-Like Copy Number
Profiles with Chromosome Painting Correlation

In three clinically fatal tumors harboring sarcoma-
tous overgrowth, conspicuous fluctuation of copyT
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number with neighboring chromosomal regions
showing oscillations toward different directions (eg,
gain vs loss) was noted in chromosome 12q13.11–q15
(S1), 12q13.12-q21.31 (S6), and 14q21.1–q24.2 (S5),
respectively (Figure 4). This highly fragmented status

involving single chromosomes indicated the phenom-
enon of chromothripsis.18,19 Both cases S1 and S6
also harbored amplifications involving chromosome
12 (including CDK4 and MDM2 genes), implying that
chromothripsis might be the mechanism accounting

Figure 2 Histology, MDM2 FISH, CDK4 FISH, MDM2 immunostaining, and CDK4 immunostaining in cases with (a–e, case N1) and
without (f–j, case N3) MDM2/CDK4 coamplification. For MDM2 and CDK4 FISH, red signals indicate MDM2 or CDK4 loci, while green
signals indicate centromeres of chromosome 12. Note that the benign glandular epithelia (delineated by yellow-dashed lines in the left-
lower corner of b and c) do not harbor amplification of either gene.
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for amplification of these loci. In comparison, cases
N1, N2, and S3 also had amplifications of these loci
despite no evidence of chromothripsis (Figure 4), thus
implying a different mechanism of amplification.

To further visualize the status of respective
chromosomes involved by chromothripsis, the
three cases were then subjected to chromosome 12
and 14 painting (Figure 5a and b, Supplementary
Figure S3A, and Supplementary Videos 1 and 2).
Long intact segments of chromosome 14 were
observed in cases S1 and S6, which was also true
for chromosome 12 in case S5. By contrast, small
scattered fragments, in addition to normal-appearing
long segments, composed of chromosome 12 mate-
rial were observed in cases S1 and S6; this was also
true for chromosome 14 in case S5. This was
consistent with chromothripsis-like profiles of
respective chromosomes shown by the molecular
inversion probe array data. Case N1 served as the
control and showed intact chromosome 12 segments
despite MDM2 amplification, again indicating a
distinct mechanism of MDM2 amplification in lack
of chromosome 12 chromothripsis (Supplementary
Figure S3B). Furthermore, mixed chromosome
12 painting and MDM2/CEP12 probes were applied

to cases S1 and N1 to compare the patterns of MDM2
amplification in cases with vs without chromosome
12 chromothripsis. Interestingly, in case S1 the
amplified MDM2 signals were scattered mainly in
extrachromosomal locations, whereas those in case
N1 tended to be located on an elongated arm of
chromosome 12 (Figure 5c and d and Supplementary
Videos 3 and 4).

Discussion

The genetic basis of Müllerian adenosarcomas had
been poorly defined until recent efforts started to
shed light on this rare neoplasm. By employing
next-generation sequencing-based platforms, ampli-
fications of MDM2, CDK4, HMGA2, MYBL1, TERT
genes, mutations of PIK3CA/AKT/PTEN pathway
members and FGFR2, KMT2C and DICER1 genes,
as well as rearrangement of nuclear receptor coacti-
vator family members were each disclosed in a
subset of cases.10,11 However, the genomic copy
number landscape, especially the one that correlates
with sarcomatous overgrowth and aggressive biol-
ogy, has not been fully explored. In the present

Figure 2 Continued.
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study, we were able to characterize the genomewide
copy number variation in 16 adenosarcomas for the
first time. In line with the previous report,10,11
concurrent gains of loci in 12q13–15 containing
CDK4 and MDM2 were the most frequent copy
number variation events. Known as oncogenes
involved in cell-cycle regulation and progression,
MDM2 and/or CDK4 has been implicated in a wide

spectrum of human cancers.20–25 In dedifferentiated
liposarcoma, for instance, amplification of MDM2 is
nearly always accompanied by CPM, HMGA2, and
YEATS4 in the same amplicon, while CDK4 can
sometimes have GLI1 and DDIT3 as the amplification
partners.26,27 These findings are similar to what has
been observed in our adenosarcoma cases. Interest-
ingly, the amplification of MDM2 and CDK4 seemed

Figure 4 Analyses of molecular inversion probe array data demonstrate chromothripsis-like pattern of copy number oscillation in
chromosome 12 in case S6 (a, b) and case S1 (c), as well as chromosome 14 in case S5 (d). For comparison, case N1 shows chromosome 12
amplification without evidence of chromothripsis (e).

Figure 3 From left to right: Overall chromosome instability indices as well as the fractions contributed by gains and losses, respectively, of
the two groups of cases. On the right: Overall chromosome instability indices of cases with vswithoutMDM2/CDK4 coamplification. (Error
bar: mean±95% confidence interval. Asterisks denote reaching statistical significance, with their number indicating the difference in the
order of magnitude.)
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to be limited to the mesenchymal component,
suggesting a non-neoplastic nature of the glandular
component, consistent with the recent findings.11
Finally, selective therapeutic reagents antagonizing
MDM2 and CDK4 have shown some efficacy in
clinical trials in other tumor types with amplifica-
tions of respective genes (http://www.clinicaltrials.
gov/)28,29 Therefore, patients with advanced stage

adenosarcomas should be tested for MDM2 and
CDK4 amplification and allowed access to these
emerging therapies.

HMGA2 is a chromatin-associated protein and
transcriptional regulator. Rearrangement and resul-
tant overexpression of HMGA2 has been implicated
in a variety of human neoplasms.30 Whereas our data
confirmed that all four cases with gains of HMGA2

Figure 5 Chromosome 12 and 14 dual painting in case S1 (a) and case S5 (b). Note that chromosome 14 (labeled in red) in (a) and
chromosome 12 (green) in (b) are mainly presented as long intact segments, whereas scattered tiny extrachromosomal materials derived
from chromosome 12 (a) and chromosome 14 (b) are additionally observed. (c, case S1 and d, case N1) Mixed chromosome 12 painting and
MDM2 FISH. Red signals indicate MDM2 loci and strong green signals indicate centromeres of chromosome 12 (CEP12 probe).
Chromosome 12 is painted in weak green and artificially outlined by yellow-dashed lines for visual clarity. Note that in case S1 the
amplified MDM2 signals are largely scattered outside the parental chromosome 12, whereas in case N1 the amplified MDM2 signals are
distributed along an elongated arm of chromosome 12. See also Supplementary Videos 1, 2, 3, and 4 for three-dimensional reconstruction
of (a), (b), (c), and (d), respectively.
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also expressed the encoded protein, four additional
cases without the gain expressed HMGA2 protein
as well, indicating alternative mechanisms of upre-
gulating this protein, such as genetic rearrangement.
Interestingly, HMGA2 rearrangement or amplifica-
tion has been implicated in some endometrial
polyps.31,32 Therefore, the finding of frequentHMGA2
amplification and overexpression in adenosarcoma
perhaps provides a possible tumorigenic link between
both of these benign and malignant counterparts of
polypoid endometrial mesenchymal tumors.

Whereas gains of chromosome 12q seemed evenly
distributed to tumors regardless of the status of
sarcomatous overgrowth, chromosomal losses were
obviously enriched in more aggressive tumors with
sarcomatous overgrowth. Among the most frequent
losses disclosed in this study, those involving
chromosomal segments in 9p, 13q, 16q, and 17q
were almost limited to the ‘S’ group of tumors. Some
well-known tumor suppressors were identified in the
recurrently deleted loci, including NF1 (17q11.2),
CDKN2A and CDKN2B (9p21), RB1 (13q14), as well
as TP53 (17p13.1), which were deleted in four, three,
two, and two cases, respectively, all of them
belonging to the ‘S’ group. In addition, a parallel
comparative FISH analysis confirmed that the losses
of CDKN2A/B and RB1 were present in both the
sarcomatous overgrowth and non-overgrowth areas
of cases analyzed. Collectively, these observations
suggested that the partial loss of these tumor
suppressors preceded, and possibly set the stage
for, the full-blown sarcomatous overgrowth.

Global chromosomal instability, as quantified
with a chromosome instability index, was clearly
associated with more aggressive tumors in the
present study, a phenomenon that has been observed
in other human cancers including gynecological
malignancies.33,34 Notably, the amplifications of loci
containing MDM2 and CDK4 did not significantly
correlate with the chromosome instability index,
suggesting that these changes might not be
randomly secondary to global chromosomal instabil-
ity. Together with its frequent occurrence, this
finding indicated critical roles for MDM2 and CDK4
amplification in the tumorigenesis of a subset of
adenosarcomas. By contrast, chromosomal losses
preferentially occurred in the ‘S’ group of tumors,
which had significantly higher chromosome instabil-
ity indices than the ‘N’ group. This suggests that
some elements in the frequently deleted regions
could have critical roles in maintaining chromoso-
mal integrity, possibly including some of the
aforementioned tumor suppressors that have been
implicated in chromosomal instability.35,36

Chromothripsis has been described as a cellular
catastrophe that causes pulverization of one or a few
chromosomes, typically with massive rearrange-
ments of the affected chromosome regions accom-
panied by numerous copy number losses and
gains.18,37 To infer chromothripsis with array-based
copy number profiling data, various criteria have

been applied, the central common part of which is to
identify oscillating copy number states on a single
chromosome.38–41 On the basis of copy number
profiling, chromothripsis was present in an esti-
mated 1–3% of human cancers.18,42 By contrast, 19%
(3/16) of cases (and 38% of the ‘S’ group) in the
current series presented copy number profiles suggest-
ing chromothripsis, a phenomenon unprecedented in
adenosarcoma. All the three tumors belonged to the ‘S’
group, which is consistent with previous observations
that chromothripsis is generally correlated with poor
prognosis.19,43 It is worth noting that this series was
enriched for tumors with sarcomatous overgrowth
with the intent to compare and disclose key features
associated with aggressiveness, thus leading to a
possible overestimation of the overall incidence of
chromothripsis in adenosarcoma. Furthermore, by
whole chromosome painting, we observed small
extrachromosomal fragments derived from chromo-
somes that had chromothripsis-like copy number
profiles. It has been implied that chromothripsis
causes amplifications in the form of double
minutes.18,38 The chromosome painting analysis
suggested that amplification of chromosome 12 in
cases S1 and S6 might have resulted from chromo-
thripsis through double minute formation, whereas
amplifications in chromosomes without chromothrip-
sis might have been caused by other mechanisms.44
Indeed, the mixed chromosome 12 painting and
MDM2 FISH in Figure 5d might give a hint of
homogeneously staining region as the mechanism of
amplification.

Collectively, these results imply the possible
utility of chromosomal painting, in conjunction with
high-resolution microscopy, as a surrogate for high-
throughput platforms to detect chromothripsis.
Importantly, this approach is also applicable to FFPE
samples, which are generally deemed suboptimal for
genomic research. However, it does have significant
limitations. First, chromothripsis unaccompanied by
conspicuous amplification should evade detection.
Second, this approach seems pragmatic only in
tumors with frequent amplification of certain well-
established loci (such as those containing MDM2 and
CDK4 in liposarcomas). Third, as chromosome
painting aims at dividing cells to obtain interpretable
results, it may not be suitable for tumors with low
mitotic count. Finally, it remains to be determined
whether the current evidence of chromothripsis (as
detected by either microarray or chromosome
painting) represents true chromothripsis or not.
Next-generation sequencing-based methods may be
required for validation.

In conclusion, we characterized the genomewide
copy number variation in 16 Müllerian adenosarco-
mas and observed frequent amplification of chromo-
some 12q13-q21 containing oncogenes such as
MDM2, YEATS4, CDK4, and HMGA2, some being
potential therapeutic targets. Global chromosomal
instability, particularly in association with increased
copy number losses and chromothripsis-like
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features, was frequently found in clinically aggres-
sive tumors with sarcomatous overgrowth. Finally,
chromothripsis-like copy number profiles corre-
sponded to a distinct FISH pattern that implied
extrachromosomal double minute formation.
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