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Abstract

Uterine leiomyosarcoma (LMS) is a rare but deadly disease. Due to poor understand-
ing of the molecular and genetic causes of the disease, the diagnosis of LMS has been
based primarily on histology. Nuclear atypia is one of hallmarks in LMS, however,
it also occurs in 2 clinically benign variants, including smooth muscle tumors with
fumarate hydratase alteration (SMT-FH) and leiomyoma with bizarre nuclei (LM-BN).
In addition to nuclear atypia, many well recognized biomarkers used for LMS are also
frequently overexpressed in LM-BN, and the histogenesis and molecular natures for
LM-BN and LMS remain largely unknown. To characterize the molecular profiling of
LMS, SMT-FH, and LM-BN, we performed integrated comprehensive genomic profil-
ing including whole-genome sequencing (WGS) and RNA sequencing and genomic
microarray analyses to assess genome-wide copy number alterations (CNAs) and im-
munohistochemistry (IHC) in all 3 tumor types. We found that both LM-BN and LMS
showed genomic instability and harbored extensive CNAs throughout the whole ge-
nome. By contrast, the SMT-FH presented its characteristic 1g43-44 deletions in
all cases tested, with minimal CNAs in the rest of genomic regions. Further analy-
ses revealed that LMS and LM-BN groups showed similar patterns of CNAs that are
tended to cluster together and separated from the SMT-FH group. The integrated
molecular profiling enabled the detection of novel and traditional biomarkers and
showed excellent discrimination between LM-BN and LMS. Our study suggests that
LM-BN, despite having similar nuclear atypia to SMT-FH, showed similar genomic in-
stability but distinct genomic alterations with its malignant counterpart of LMS. The
integrated molecular profiling is of clinical importance in characterizing these rare

uterine smooth muscle tumors.
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1 | INTRODUCTION

Uterine smooth muscle tumors (USMTs) show a broad range of his-
tologic variants. Most such tumors are benign and are readily diag-
nosed and managed clinically. However, a small fraction of USMTs
present with marked nuclear atypia, and these tumors can generally
be divided into 3 tumor types, including smooth muscle tumors with
fumarate hydratase alteration (SMT-FH), leiomyoma with bizarre
nuclei (LM-BN), and leiomyosarcoma (LMS). LMS is a rare malig-
nancy that is identified in 1 in 200-800 hysterectomy specimens
for smooth muscle tumors.! LMS is a highly aggressive malignancy,
characterized by early metastasis, high rates of recurrence, and poor
prognosis.2 The diagnosis of LMS is primarily based on the histo-
logic triad of nuclear atypia, high mitotic index, and tumor necrosis.®
However, clinical manifestations of these tumors cannot always be
accurately predicted by histology alone,* and a subset—particularly
of those with severe nuclear atypia—may be misinterpreted.>

LM-BN is a rare variant of USMT, previously called “atypical leio-
myoma” or “symplastic leiomyoma.” It demonstrates its cytological
atypia with large and bizarre nuclei,” therefore the World Health
Organization (WHO 2014) recommended using the term “leiomyoma
with bizarre nuclei,” LM-BN can show focal or diffuse nuclear atypia,
with or without increased mitoses (generally up to 7-8 mitoses/10
high power fields). Based on several large case series, LM-BN tends
to have a benign clinical course” with occasional recurrence but no
identified fatalities.” A small fraction of LM-BN has also been shown
to harbor MED12 mutations,” suggesting a molecular relationship to
the usual-type leiomyomas.

SMT-FH is another variant of USMT with marked nuclear atypia.®
The nuclear atypia seen in SMT-FH is characterized by mostly round/
oval large and multinucleated nuclei with prominent nucleoli and
perinucleolar halos.>?'! Such nuclear features, along with other his-
tologic features, can be seen in most but not all SMT-FH.” SMT-FH
is caused by biallelic inactivation of fumarate hydratase (FH), which
can be detected by the absence of FH staining using immunohisto-
chemistry.g’11 SMT-FH can be induced by either germline or somatic
FH alterations, but the exact molecular mechanism for the latter re-
mains to be determined.!?

In contrast with SMT-FH, the histogenesis and causes of LMS and
LM-BN remain largely unknown. Genomic studies demonstrate that
both millerian and non-miillerian LMS show genomic instability, pre-
senting with complex genomic alterations and inactivation of RB and
TP53.1121% Cytogenetic studies have shown that LMS are genetically
complex, often exhibiting chaotic complex karyotypes, and no typi-
cal pathognomonic chromosomal aberrations.>*>*” Prior studies by
our group and others have suggested that LM-BN may harbor some
molecular changes commonly seen in LMS, 318 raising the question
of whether these 2 tumor types may share a common pathogenesis
or represent different stages of tumor progression, at least in some
cases. Furthermore, due to its non-negligible risk for recurrence and
unclear relation to LMS, clinical management of patients with LM-BN
remains controversial, especially for those who want to preserve fer-

tility. Further study comparing global genomic changes seen in LMS
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and LM-BN may provide additional insight into the molecular relation-
ship of these tumor types, with implications for tumorigenesis.

Our overall goal in this study was to examine the genome-wide
alterations including copy number alterations (CNAs), mutational
profiling, and gene expression signatures in LMS, LM-BN, and
SMT-FH, by using integrated comprehensive molecular profiling. In
particularly, a clear separation of LM-BN from SMT-FH based on FH
gene status will further justify the separation of SMT-FH as a distinct
molecular and diagnostic entity. Furthermore, we aimed to better
understand the genomic alterations in LM-BN and LMS to help elu-
cidate their molecular relationship and identify potential biomarkers
that could be useful clinically to help resolve diagnostically challeng-
ing cases.

2 | MATERIALS AND METHODS
2.1 | Case collection and clinical information

Cases were identified from our institutional laboratory informa-
tion system database from 1994 to 2018. The candidate cases were
reviewed and cases with typical histology that met the diagnostic
criteria of SMT-FH, LM-BN or LMS were selected for this study
(Figure S1). In total, 88 cases were included in this study: 28 cases
of SMT-FH, 25 of LM-BN, and 35 of LMS. All tumors were evaluated
by histology and immunohistochemistry by excluding other uterine
mesenchymal tumors, including perivascular epithelioid cell tumor
(PEComa), inflammatory myofibroblastic tumor, and endometrial
stromal tumors. All tumors were included for biomarker expression
analysis. Among them, 5 SMT-FH, 13 LM-BN, and 10 LMS cases and
15 normal myometrium controls were subjected to whole-genome
sequencing (WGS) and analyzed. In addition, 13 SMT-FH and 8
myometrial controls were selected for Affymetrix OncoScan® copy
number alterations (CNAs) analysis. Each patient’s clinical character-
istics and patient’s demographic data were recorded, including the
patient’s age, tumor size, surgical procedure, and original pathologic
diagnosis (Tables 1 and S1). Clinical follow-up was assessed both
as recurrence and overall survival following the time of diagnosis.
Recurrence was defined as histopathologically proven recurrence
recorded in our institutional database, with patients censored for
recurrence outcomes at the time of the last specimen in the data-
base. Survival analyses, including assessment of the probability of
recurrence-free survival and overall survival at specific time points,
were performed using the Kaplan-Meier method. The study was ap-
proved by our Institutional Review Board (IRB#5TU00205311).

2.2 | Genomic DNA extraction

DNA was isolated from formalin-fixed paraffin-embedded (FFPE)
tumor tissue, including 13 SMT-FH, 13 LM-BN, 10 LMS, and 15 myo-
metrial tissue samples. For each specimen, 12 FFPE sections (5 um

thickness) were cut from a single block. Two of the 12 sections for
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TABLE 1 Clinical and histological

Type SMT-FH LM-BN LMS P-value feature of SMT-FH, LM-BN, and LMS
No. cases (n) 28 25 35
Age (y) Mean + SEM 4097 +1.56 42.88 +2.01 55.62 + 2.26 <.001
Tumor size Mean + SEM 9.74 + 0.84 6.28 +0.97 10.64 + 1.25 .0182
(cm)
Surgery type Hysterectomy 13 (46.4) 21 (84.0) 33(94.3)
[n (%)]
Tumorectomy 15 (53.6) 4(16.0) 2(5.7) <.001
Severe nuclear  Focal/ 78.6% 60.7% 0.0%
atypia multifocal
Diffuse 21.4% 39.3% 100% <.001
Mitosis/10 <1 25.0% 24.0% 0.0%
HPF
1-5 71.4% 60.0% 5.7%
6-10 3.6% 16.0% 5.7%
>10 0.0% 0.0% 88.6% <.001
Tumor necrosis Absence 96.4% 100% 5.7%
Focal 3.6% 8.6%
Extensive 58.7% <.001
Follow-up (mo) Median (IQR)  85.5(28.8, 41.5(12.8, 55.2(13.7,
204.3) 134.3) 120.2)
Overall ly 100% 100% 76% (64%, 91%)
survival
(95% Cl) 2y 100% 100% 68% (55%, 85%)
5y 100% 100% 50% (36%, 69%)

each specimen were stained with hematoxylin and eosin (H&E) to
confirm the correct tumor types and serve as a guide for macro-
dissection of the remaining 10 unstained sections, which were
subsequently collected for DNA extraction. Total genomic DNA
was isolated using the ZYMO RESEARCH Quick-DNA™ FFPE Kit
(ZYMO RESEARCH, D3067, USA) and following the manufacturer's
instructions. DNA was quantitated using a Qubit™ fluorometer (Life
Technologies) and DNA quality was assessed by evaluating the sam-
ple's A, o/A,q, ratio and its integrity by 1% agarose gel electropho-
resis (Figure S2A).

2.3 | Library preparation and whole-
genome sequencing

A DNA library and WGS were prepared and performed using the
BGISEQ-500 platform (BGlI). In brief, genomic DNA was fragmented
using Covaris technology to produce a fragment size between 150 bp
and 250 bp. End repair of DNA fragments was performed, and an “A”
base was added at the 3'-end of each strand. Adapters were ligated
to both ends of the end-repaired/dA-tailed DNA fragments, then
amplified by ligation-mediated PCR (LM-PCR), followed by single-
strand separation and cyclization. Rolling circle amplification (RCA)
was performed to produce DNA nanoballs (DNBs). Each resulting
qualified captured library was loaded onto the BGISEQ-500 plat-

form and high-throughput sequencing was performed to ensure that

each sample met the average sequencing coverage requirement.
Raw data were filtered by removing sequences using the following
rules: (a) reads from the adapter; (b) a low-quality base ratio (base
quality less than or equal to 5); (c) an unknown base (“N” base) ratio
of more than 10%. After data cleaning, sequence data from each
sample were mapped to the human reference genome (GRCh37/
HG19) using Burrows-Wheeler Aligner (BWA) software and a data
analysis quality control (QC)system.

Bioinformatics data analysis was performed using Basepair soft-
ware (https://www.basepairtech.com/), and raw sequencing data
from the BGISEQ machine. In brief, data were analyzed as follows:
reads from cleaned sequence data were mapped to the hg19 (UCSC)
and DNA sequences from normal myometrium using BWA (v.0.7.5)
with parameters “mem -t 8 -P -M.” Generated files were sorted, and
PCR duplicates were removed using Picard (v.1.105) (http://broad
institute.github.io/picard). Subsequently, the BAM files were in-
dexed using SAMtools (v.0.1.19). The WGS had a quality score of 20
(Q20), and 95%-96% of reads were successfully aligned (Figure S2).

2.4 | Chromosomal microarray analysis

Chromosomal microarray analysis (CMA) was performed in 13
SMT-FH tumors on Affymetrix OncoScan® CNA arrays (Thermo Fisher
Scientific). The data were analyzed using Affymetrix Chromosome

Analysis Suite (ChAS) software and reviewed independently by 2
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cytogeneticists. CNAs, including copy number gains or losses, and copy
neutral loss of heterozygosity (CN-LOH), were manually reviewed.

2.5 | Copy number alteration calling by whole-
genome sequencing

The CNAs from read-depth data obtained from WGS were called using
the Genome Analysis Toolkit 4.0 software (https://gatk.broadinsti
tute.org/hc/en-us). The coverage of 10-kb windows with sufficient
mapping quality and read density was recorded and subsequently
corrected for GC content and replication timing. In brief, the cover-
age values of tumors were normalized by myometrial controls and
log-transformed to yield log-ratios. GISTIC 2.0 analysis was performed
to identify significant foci of somatic CNAs. Significance of CNAs
identified in specific chromosome regions was assessed through use
of random permutation tests which simulate the null distribution of
CNAs across the genome,19 as implemented by the GISTIC 2.0 analy-
sis. The generated P-values were corrected for multiple comparisons
using the Benjamini-Hochberg false discovery rate (FDR) procedure %°
to obtain g-values. The following criteria were used to determine sig-
nificance of whole-gene gain or loss events: fold change > 2.0 (gain) or
<-2.0 (loss), and a g-value < 0.25 (implying a 25% FDR).

2.6 | Principal component analysis

Principal component analysis (PCA) of these based on significant focal
CNA regions that were identified for LM-BN and LMS using the above
GISTIC 2.0 analysis was also performed using the online tool ClustVis?!
(https://biit.cs.ut.ee/clustvis/) with unit variance scaling applied to the
row and singular value decomposition (SVD) imputation for principal
components (PC). The first 2 PCs were considered sufficient to explain

the observed variation and were visualized as a 2D scatter plot.

2.7 | Gene enrichment and molecular
pathway analysis

For gene enrichment analyses, we performed Gene Ontology (GO)
analysis (GO annotations: biological process, molecular function,
cellular compartment, and protein domain) using the STRING (v.11.0)
database to confirm enrichment results with topological features
from gene interaction networks. The route of gene cluster and re-
lated functions was determined using Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis (http://www.genome.jp/). A

P-value < .05 was considered to be statistically significant.

2.8 | RNA sequencing

RNA-seq was performed by Genewiz (South Plainfield). Total RNA

was extracted from FFPE tumor tissue (n = 3) and myometrial
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tissue (n = 3) using the QIAGEN RNeasy FFPE kit (Qiagen). RNA
was quantified using a Qubit 2.0 fluorometer and RNA integrity
was checked using the Agilent TapeStation 4200 system (Agilent
Technologies). RNA sequencing libraries were prepared using the
NEBNext Ultra RNA Library Prep Kit for lllumina and following
the manufacturer's instructions (NEB). Briefly, samples under-
went ribosomal RNA depletion, stranded RNA library prepara-
tion, and multiplexing and cluster generation, followed by the
lllumina HiSeq (Illumina) system at 2 x 150 base pairs for paired-
end sequencing in a high output mode. The clean reads were
mapped to the Homo sapiens GRCh37 reference genome avail-
able on ENSEMBL using STAR aligner v.2.5.2b. Feature “Counts”
within the Subread package v.1.5.2 was applied to calculate
unique gene hit counts. After extraction of gene hit counts, the
gene hit counts table was used for downstream differential ex-
pression analysis. DESeq2 was used to identify differential ex-
pression analysis between groups. Differentially expressed genes
were identified using a threshold adjusted P-value < .05 and ab-
solute log2 fold change > 1. RNA sequence data were submit-
ted to the NCBI Sequence Read Archive (SRA accession number:
PRJNA649753).

2.9 | Tissue microarrays

FFPE tissue blocks containing SMT-FH, LM-BN, LMS and myome-
trium controls were selected for each case, and 2 mm tissue cores
were taken to create a tissue microarray (TMA). The TMA was ar-
ranged to allow a comfortable distance of 4 pm between samples.
The first and last slides of each TMA were stained with H&E to con-
duct quality assurance by confirming the presence of the correct
tumor types.

2.10 | Immunohistochemistry

Immunohistochemical (IHC) analysis was performed on biomark-
ers selected based on the results of the above genomic analyses,
including AGR2, ATAD3, DUSP2, MT1G, NR4A2, FH, PTBP1, p16,
PGR, and SIK1. The antibody information and working conditions
are summarized in Table S2. IHC was performed on a Ventana
Nexus automated system, as described previously.22 H&E and
IHC slides were scanned using a slide scanner (Hamamatsu, pa-
thology core facility, NU) and a selected tumor area of equal size
for each core (c. 20% of a well stained area of tumor core with
0.8 mm diameter circle or square area) was quantified based on
the integrated density of biomarker staining using ImageJ soft-
ware.?® In brief, the IHC stained TMA were analyzed using Image)J
IHC profiler (https://sourceforge.net/projects/ihcprofiler). Once
the “Nuclear Stained Image” or “Cytoplasmic Stained Image” was
selected for specific biomarkers, the threshold was adjusted in
accordance with the software instructions, and quantitative

scores were calculated.
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2.11 | Statistical analysis

Student t test and ANOVA were performed using GraphPad Prism
software v.8. Histologic features (nonparametric) were analyzed
using Pearson chi-square, Fisher exact, and Kruskal-Wallis tests, as
appropriate. Age range, tumor size, and other parametric factors
were analyzed by ANOVA, with a P-value < .05 considered statis-
tically significant. The selected biomarkers for IHC analysis were
assessed on their ability to discriminate between LM-BN and LMS
when used in combination, combining the biomarkers that showed
a significant difference in expression between LMS and LM-BN. A
logistic regression model (the “full” model) was developed using
the integrated density of brown staining for all included biomark-
ers as the predictor variables and LMS as the binary outcome
variable. This model was restricted only to the 25 LM-BN cases
and 35 LMS cases. Once the “full” model was developed, we de-
termined the optimal combination of biomarkers for distinguish-
ing between LMS and LM-BN using the Least Absolute Shrinkage
and Selection Operator (LASSO) algorithm,24 with the lambda pa-
rameter automatically selected to minimize the cross-validation
error (lambda = 0.1108). A receiver operating characteristic (ROC)
curve for discriminating LMS from LM-BN was constructed using
the linear predictors from this model, with leave-one-out cross-
validation used to estimate out-of-sample performance and pre-
vent model overfitting. Overall discrimination was assessed via
the area under the ROC curve (AUC), with confidence intervals
estimated via the DeLong method. Logistic regression and AUC
analyses were performed using R v.4.0.2 (https://www.R-proje
ct.org), with the “pROC” package,?> and the LASSO algorithm was
performed using the “glmnet” package.?®

3 | RESULTS
3.1 | Histopathologic features

The purpose of this study was to investigate and compare the global
genomic alterations in 3 different USMTs, including SMT-FH, LM-
BN, and LMS. In particularly, we wanted to evaluate differences and
common changes associated with these 3 different tumor types with
similar nuclear pleomorphism/atypia. To this end, all selected cases
were subjected to further histologic evaluation, in addition to the
original clinical diagnosis. In brief, all tumor types showed marked
nuclear atypia in focal, multifocal, or diffuse patterns, characterized
by large, pleomorphic, and hyperchromatic nuclei. Most SMT-FH
could be readily diagnosed based on specific nuclear and histologic
features (Figure 1A), and some cases showed overlapping nuclear
features with LM-BN (Figure S1). Therefore, all selected cases
were subjected to immunostaining for FH. Cases with both typical
nuclear features and immunonegativity for FH were classified as
SMT-FH, and they were all sporadic cases. All LM-BN and LMS were
positive for FH (Figure 1B). Close examination of the morphologic

characteristics of the nuclear atypia in the 3 tumor types showed

that: (a) 28 cases of SMT-FH had large round and oval nuclei with
hyperchromatic and coarse chromatin, distinct nuclear membranes,
prominent nucleoli and some perinucleolar halos; (b) 25 cases of LM-
BN were recognized by large spindled and/or rounded nuclei with
nuclear membrane irregularities and dark chromatin, commonly de-
scribed bizarre nuclei. Nineteen cases had mitoses up to 4/10 high
power fields, and 6 cases had mitoses of 5-7/10 high power fields
(Table $1).>7?” The latter would be defined as STUMP in accordance
with the new WHO tumor classification (2020); and (c) 35 cases of
conventional LMS contained a broad range of nuclear atypia, includ-
ing large nuclear size with pleomorphism, hyperchromasia, nuclear
membrane irregularity, and prominent nucleoli (Figures 1A and S1).
The general clinical and pathologic characteristics of these 3 tumor
types are summarized in Table 1 and Table S1.

3.2 | Genome-wide copy number
alterations analysis

To explore the genome-wide copy number changes, WGS on the
BGISEQ-500 platform was performed in 5 SMT-FH, 13 LM-BN, 10
LMS and 15 myometria (normal controls). The clean number of base
pairs sequenced ranged from 10.5 to 11.7 billion in tumor samples,
and 10.6 billion in corresponding myometrium samples. After WGS,
tumor data were normalized to their corresponding myometrial se-
quences, CNAs were analyzed by GATK4 at a resolution of 10 kb
(Figure S3). Overall, CNAs varied widely among 3 different tumor
types, with an overall low level of CNAs seen in SMT-FH, an interme-
diate level seen in LM-BN, and a high level seen in LMS (Figures 2A
and S4). Copy number losses were much more common than copy
number gains in all tumor types.

The total lengths (Mb) of the genome with copy number gains in
SMT-FH and LM-BN were very low and no difference between the 2
tumor types was found. The length of copy number gains in LMS was
significantly higher than that of SMT-FH and LM-BN (Figure 2B). The
total length of copy number losses was significantly higher in LM-BN
and LMS than that of SMT-FH (Figure 2C). Our data indicated that
the SMT-FH is a tumor type with less genomic complexity showing
overall lower CNAs across the entire genome. The LM-BN showed
a median complexity level with a higher frequent focal CNAs, how-
ever its total basepair length of CNAs was much lower than that of
LMS (Figure 2A) and LMS has the highest genomic complexity. No
difference in CNAs was found between LM-BN with <5 and >4 mi-

toses/10 high power fields (data not shown).

3.3 | 1g43-44 deletion in SMT-FH

CNA analysis in 5 SMT-FH showed loss of chromosome 1q43-44,
where the FH gene is located (Figure 3A). This finding prompted us to
use a different platform for CNA analysis in more tumor samples. The
original 5 cases and an additional 8 randomly selected SMT-FH tumors

were examined using Affymetrix OncoScan® CNA arrays. As shown
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FIGURE 1 Histology of SMT-FH,

LM-BN, and LMS. A, Photomicrographs (A)
of histologic and cytological features in

each of 3 examples of SMT-FH, LM-BN,

and LMS. B, Immunostaining for FH in

tissue microarray of 28 cases of SMT-

FH, 25 cases of LM-BN and 35 cases of

LMS. *-***: enlarged inserts for detailed
immunostaining for FH

(B)
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in Figure 3B, loss of 1q43-44 was observed in all 13 cases analyzed
by GISTIC 2.0 software. Further analysis revealed that 53.8% (7/13)
of SMT-FH showed loss of both copies of 1g43-44, indicating the ho-
mozygous deletions of the FH gene, and 46.2% (6/13) showed loss of
a single copy (Figure 3C) indicating the heterozygous deletion of the
FH gene. Of those tumors with only a single copy loss of FH, only 2
cases showed missense mutations of FH gene (Figure 3C). A plot of
CNA frequency of chromosome 1 in 3 tumor types is summarized in
Figure 3D. Our findings suggested that sporadic SMT-FH may be fre-
quently associated with deletion of FH genomic regions, and that point
mutations account for a small fraction of somatic SMT-FH, as we re-
ported previously.11 Genomic alterations in other chromosome regions
were much less common in SMT-FH (see below), suggesting a simple
FH-driven tumorigenesis process in this tumor type. Interestingly, the
other significant CNA regions observed in SMT-FH, although much
less common than the loss of 1q43-44, were also observed in LM-BN

(as described in later sections and in Figure Sé).

n;%

A
gfg

-4
suee

3.4 | CNAs comparison between LM-BN and LMS

As most SMT-FH showed very simple CNAs, as illustrated previ-
ously, that were completely different from other 2 tumor types,
we were interested in comparing CNAs between LM-BN and LMS.
Both LM-BN and LMS showed a high frequency of CNAs, including
mostly copy number losses (Figure 2A,B). The GISTIC 2.0 analysis of
LM-BN and LMS identified 43 regions of CNA that were present at a
higher frequency than would be expected due to chance (g < 0.25),
including 9 copy number gains and 34 copy number losses (Figure 4A
and Table S3). In all 43 significant peaks, the frequent changes oc-
curring in 230% of both LM-BN and LMS were segmental gains of
chromosomes 1g21.1 and 15q14, and losses on 1p36.32, 2p25.1,
2g37.3,5935.3, 7936.3, 9934.3, 10q26.3, 11p15.5, 13q14.2, 14q11.2,
16p13.3, 16qg21, 17p13.1, 19p13.3, 19q13.43, 22q13.2, Xp22.31 and
Xq28. Of note, 3 copy number losses were presented in >50% of LMS
and LM-BN, including 9q34.3 (61.5% for LM-BN and 50% for LMS),
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FIGURE 2 Genomic copy number
alterations (CNAs) analysis of SMT-FH,

LM-BN, and LMS. A, Copy number gains
(red) and losses (blue) were displayed

for 5 SMT-FH, 13 LM-BN and 10 LMS
(x-axis: tumor type; y-axis: chromosomal
location). B and C, Quantitation of the
total base length of gains (B) and losses
(C) by tumor types were shown. Error bars
represent the standard error of the mean.
*P < .05; **P < .005; ***P < .001; n.s., not
significant

>

(A) SMT-FH LM-BN LMS
B L B JUE
=l m W !
2 -_= =
— — —
3 = —
4 p— = -_— -
5 = = - —— ——
6 = | |
7 — —
8 =am B =
o = N - = |
10 : - _= |
11 — — = -
12 iy = B
13 —— T = —
o - ==
17 [ = — -
x % =0k
12345 67 8 91011121314151617 18 192021222324 2526 27 28
(B) ©)
2%10°- e 1.5%108+ ik
g ns : § ek
1.5%1004 il
g & 1x10%
Q = Q
E 1x106- E o
g ‘ s
54
& 5x105- . E g 5*10 -
= 1l = - ko=
SMT-FH LM-BN LMS SMT-FH LM-BN

13q14.2 (53.8% for LM-BN and 90% for LMS) and 22q13.2 (61.5% for
LM-BN and 60% for LMS) (Figure 4A and Table S3). Further analysis
of 43 significant CNA regions by Venn diagram revealed that 37 were
shared between LM-BN and LMS, and 6 were present in LM-BN only
(Figure 4B). Interestingly 3 of these 6 copy number losses in LM-BN
showed high frequency, including 8g24.3 (53.8%), 15q11.2 (69.2%),
and 20q13.33 (53.8%) (Figure 4B and Table S3).

As both LM-BN and LMS tumor types share many similar
CNAs throughout the genome, a PCA was performed to determine
whether CNAs data as a whole could be used to separate LM-BN and
LMS into distinct entities. PCA on the 43 significant CNA regions
showed the 2 principal components, which explained 36.8% of the
overall variance, shown in Figure 4C. These results also displayed
some separation of LM-BN and LMS into 2 related clusters, although
significant overlap remained, with 69.6% of cases falling within both
clusters. Unsupervised hierarchical clustering analysis of the same
43 CNA regions (Figure 4D) showed similar findings of a significant
amount of overlap but distinction between the clusters. Overall, our
findings indicated that although both LM-BN and LMS show higher
genomic instability, with many similar CNA changes, however the

CNA patterns in these 2 tumor types are distinguishable.

LMS
3.5 | CNAs associated candidate genes in LM-BN

To evaluate whether CNAs in specific genes may be associated
with tumor type, GISTIC2.0 analysis with a cut-off of g < 0.25 was
performed. Thirty-three regions showed a high level of regional
CNAs in LM-BN, 26 losses and 7 gains (Figure 5A). The most fre-
quent copy number gains (>40% of cases) were gains of 1p36.21,
1g21.1 and 15q14, and frequent copy number losses (>40%
of cases) were observed in 1p36.33, 5p15.33, 8g24.3, 9934.3,
13q14.3, 14q11.2, 15q11.2, 16p13.3, 17p13.2, 19p13.3, 20q13.33,
22q13.33, and Xp21.2 (Figure 5A and Table S4). These regions har-
bored many important candidate oncogenes and tumor suppressor
genes, which could potentially be related to LM-BN tumorigenesis.
Among more than 700 genes found in these regions, there were
39 cancer-associated genes that were frequently lost in LM-BN
(Table S4). Enrichment analysis (in the GO annotation and STRING
databases) revealed a significantly predicted interaction network
(P = 3.6 x 10™%. Among these 39 genes, 17 of them were centered
and linked by NOTCH1 (Figure 5B), suggesting an important role
of NOTCH1 in LM-BN. In addition, gains of the PRAMEF family of
genes (1p36.21), losses of the ATAD3 gene cluster (1p36.33), TERT
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(5p15.33), RB1 (13qg14.3), TSC2 (16p13.3), and PTPB1 (19p13.3)
were of greatest interest.

To evaluate whether CNAs in LM-BN affect the target gene ex-
pression, RNA-seq analysis was performed in LM-BN and matched
normal myometrium controls. Overall, 357 and 329 genes were sig-
nificantly upregulated or downregulated compared with normal myo-
metrium (P-value < .05 and fold change > 1.8; Figure 5C). Volcano
plots visualized the significantly differently expressed significant
genes in LM-BN (Figure 5D) and 63 downregulated genes shown by
RNA-seq were present as copy number losses in LM-BN and LMS
(Figure 5A,D). These 63 downregulated genes were involved in pro-
tein binding, extracellular exosome, negative regulation of apopto-

sis, and positive regulation of smooth muscle cell proliferation as

detected by GO analysis (Table S4). Copy number gains were less
common in LM-BN, very few upregulated genes found by RNA-
seq were matched to copy number gains (data not shown). When
combining the candidate genes identified in CNAs (729 genes) and
RNA-seq (686 genes), the PI3K-Akt signaling pathway ranked top
(Figure 5E). Collectively, all data suggested that NOTCH1, extra-
cellular exosome, smooth muscle proliferation, and AKT pathways
might be important in LM-BN pathogenesis.

As with LM-BN, copy number losses accounted for the majority
of CNAs found in LMS (Figure 5F). The most frequent copy num-
ber losses (240% of cases) were losses in 1p36.22, 4935.1, 7p22.1,
7q21.11, 10g22.1, 11p15.3, 11g22.3, 13q14.11, 14q11.2, 21q22.3,

and 22q13.1, and the most frequent copy number gains were gains
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in 1g21.1, 15q11.2, and 17p12 (Figure 5F and Table S4). Loss of
ENO1 (1p36.22, 70%); SMAD1 (4q35.1, 40%); RB1 (13q14.11, 80% of
cases); PGR (11g22.1, 40% of cases); SIRT4 (12q24.31, 30%); CCAR1,
FASTK and PTEN (10922, 90% of cases); and SMARCB1 and CHEK2
(22913.1, 60%), as well as gain of PAK1 (11q14.1, 30%) were signifi-
cantly common in LMS (Figure 5F and Table S4). Except for RB1, all
were highly altered in LMS, but not in LM-BN or SMT-FH.

3.6 | Selected biomarker expression analysis in 3
tumor types

Copy number loss of 1q43-44 (Figure 3B) was responsible for loss
of FH expression by IHC (Figure 1) in most sporadic SMT-FH. We
aimed to explore candidate biomarkers in genomic regions that
showed differential CNAs between LM-BN and LMS. Copy number

M LM-BN M LMS

loss of the 1p36.33 region containing the ATAD3 gene cluster was
found in 76.9% of LM-BN, but was found much less frequently in
the other 2 tumor types (Figure 5A). Immunostaining revealed sig-
nificantly lower ATAD3 expression in LM-BN compared with either
LMS or SMT-FH (Figure 6A). Loss of the 19p13.3 genomic region
containing the PTBP1 gene was frequently seen in LMS, and immu-
nostaining showed a significantly reduced PTBP1 expression in LMS
compared with LM-BN and SMT-FH (Figure 6A). Copy number loss
for RB1 was seen in 80% of LMS and 30% LM-BN (Figure 5A). P16
is an RB1 downstream effector. As shown in Figure 6A, strong and
diffuse immunoreactivity for p16 was found in most LMS and some
LM-BN, but very few were found in SMT-FH. Lastly, over 40% of
LMS had loss of the PGR genomic region. PGR expression was absent
in almost all LMS, but PGR was highly expressed in the other 2 tumor
types (Figure 6A). The preliminary results suggested that CNAs in
LM-BN and LMS could be further explored for new biomarkers for
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pathogenesis of these 2 tumor types. Many cancer-associated genes ARG2, DUSP2, MT1G, NR4A2, and SIK1, for immunohistochemis-
were found to have copy number loss and were downregulated in try, as they were present in regions of copy number loss and down-
RNA-seq in LM-BN (Figure 5). We selected 5 such markers, including regulated in RNA-seq. All markers were downregulated in LM-BN
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FIGURE 6 Immunohistochemistry analysis of the selected biomarkers in SMT-FH, LM-BN, and LMS. A, Immunohistochemical analysis
of 9 biomarkers in 3 different tumors. Dot plot (upper) summarizes the quantitative scores of immunointensity using ImageJ software (see
Materials and Methods). Red bars indicated mean and standard errors. Each dot represents one sample. *P < .05; **P < .005; ***P < .001;
n.s., not significant. Tissue microarray (bottom) illustrates the actual immunostain (brown color) with counterstain of hematoxylin (blue
color) in 3 tumor types. Cores that did not have sufficient tissue for an IHC score are marked with a red cross. B, ROC curve for optimal
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and LMS (Figure 6A), and 8 markers showed a significant difference
in expression levels between LM-BN and LMS, including AGR2,
ATAD3, DUSP2, NR4A2, PR, p16, PTBP1, and SIK1. When these
markers were combined via logistic regression, these 8 IHC markers
showed excellent discrimination in our cohort, with an AUC of 0.99
(0.97, 1.00). When the LASSO algorithm was applied to this model,
the optimal combination of markers for discriminating between LMS
and LM-BN included 6 IHC markers: AGR2, ATAD3, DUSP2, NR4A2,
pl6, and PTBP1. The optimal model also showed excellent discrimi-
nation in our cohort, with an AUC of 0.98 (0.96, 1.00). As shown in
Figure 6B, the performance of this optimal model was robust when
out-of-sample performance was estimated by leave-one-out cross-
validation, with an AUC of 0.89 (95% confidence interval (Cl) 0.78,
1.00). Immunostaining for pAKT also showed significant upregula-
tion in both LM-BN and LMS (Figure S6B), indicating highly activated
AKT signaling in these 2 tumor types.

4 | DISCUSSION

Although there have been many recent technical advances de-
scribing the genomic landscape of LMS, its underlying causes
and pathogenesis remain to be established. Although the current
classification of LMS and its mimics, including LM-BN and other
atypical smooth muscle tumors (ASMT), continue to rely on mor-
phologic criteria,® diagnostic challenges remain due to: (i) inter-
observer variability on key histologic criteria; (ii) a lack of reliable
clinical ancillary testing; and (iii) shared expression of highly rel-
evant biomarkers.! This raises the question of whether LMS arises
primarily as a de novo process or as a progression from previously
existing ASMT or LM-BN. As LMS is characterized by genomic
instability—as evidenced by pervasive, seemingly random karyo-

14,28_ 4

typic abnormalities, especially for copy number changes
comparison of the genome-wide CNAs between LMS and LM-BN
may provide insight into the tumorigenesis of these 2 tumor types.
Furthermore, separating SMT-FH from LM-BN based on morpho-
logic and molecular analysis would be expected to provide more
homogenous tumor types and, thus, cleaner, more informative
genomic data for LM-BN than has been studied previously.”1%18
To our knowledge, this is the first comprehensive, high-resolution
molecular profiling in the 3 different tumor types of SMT-FH, LM-
BN, and LMS to date.

LM-BN were originally designated as “atypical leiomyomas with a
low risk of recurrence,”® and several recent large case series studies
have suggested that, unlike LMS, LM-BN behave in a benign fashion
with no contribution to patient mortality.>”%” Both LMS and LM-BN
present morphologically with marked nuclear atypia and, although
the latter typically shows nuclear atypia with a more degenerative
appearance, clear distinction of the 2 tumor types based on morpho-
logic characteristics of the nuclear atypia is not easy in all cases.??
Of note, a case that showed progression from LM-BN to LMS was
reported recently.!® Our group also showed previously that LM-

BN has a similar frequency of mutations with LMS in select genes,
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including TP53, MED12, and PTEN(1). Little information is known,
however, about the genome-wide genomic alterations seen in LM-
BN and how they compare with LMS. After histologic and IHC eval-
uation to exclude SMT-FH, 13 LM-BN samples were subjected to
whole-genome copy number analysis. Widespread genomic CNAs
were observed, involving nearly all chromosomes (Figure 2), indi-
cating chromosomal instability in LM-BN. In particularly, LM-BN
showed frequent copy number losses in chromosome arms 16q, 17p,
17q, 19q, 22q, Xp, and Xq, as well as frequent copy number gains in
chromosome arms 1q, 16p, and 19p, similar to previously published
data (Figure S5).* The frequently observed CNAs in focal genomic
regions included 7 peaks showing gains and 26 showing losses in
LM-BN (Figure 5 and Table S4).

LMS is characterized by genomic instability and frequent
CNAs. 12143031 gimilar to previous results (Figure S5), we observed
multifocal, random, high-frequency CNAs, involving nearly all chro-
mosomes (Figure 2), with the most frequent losses seen in 10g22.1,
13q14.11, 1p36.22,2933.1, 229g13.1, and 11p15.3, and the most fre-
quent gains seenin 15q11.2, 17p12, and 1g21.1. LMS tended to have
large regions of CNAs, indicating that large-scale genomic structural
alterations appear to play an important role in LMS (Figure 2). This
study displays a high frequency of CNAs that are present in both
LM-BN and LMS, with 37-shared CNA peaks identified, including 8
gains and 29 losses (Figure 4B). Both LM-BN and LMS also show
large numbers of CNAs per tumor sample, particularly with copy
number losses. PCA of the significant CNA foci demonstrated sub-
stantial overlap between LMS and LM-BN (Figure 4C). Similarly, an
unsupervised hierarchical cluster analysis of the same data showed
the 2 tumor types branching together on dendrograms, indicating
that these histologically similar entities show overlapping genomic
copy number alteration, consistent with a recent study by Lehtonen
and colleagues.’®

We also identified many CNAs that were commonly seen in
LM-BN, but not in LMS, such as losses of 1g21.1, 5p13.33, 11q11,
8g24.3, 15911.2, and 20q13.33 (Figure 4 and Table S3). These
CNA differences may provide a molecular basis for differentiating
LM-BN from LMS. Loss of 1p36.33 is frequently seen in LM-BN
(76.9% of cases), but is much less commonly seen in SMT-FH and
LMS (Figure 5 and Table S4). Interestingly, leiomyoma with loss of
1p, specifically loss of 1p36, was previously reported to be associ-
ated with cellular smooth muscle tumor with nuclear atypia®? and
such tumors had a gene expression profile that was more similar to
LMS than to the usual-type leiomyoma or myometrium.32 Therefore,
frequent losses of 1p36.33 in this study may be closely related to
LM-BN. 1p36.33 mainly includes cellular senescence, PI3K-Akt,
and NOD-like receptor signaling pathways and the role of 1p36.33
loss in LM-BN deserves further investigation.'*%® The ATAD3 gene
family, mapped to 1p36.33, includes ATAD3A, ATAD3B, and ATAD3C.
Immunoreactivity for ATAD3 is lower to absent in LM-BN compared
with LMS (Figure 6), supporting the CNAs. ATAD3 is a tumor sup-
pressor and a mitochondrial membrane ATPase. It is a target gene of
¢-MYC,%* and copy number gains or amplifications of ATAD3 are fre-

quently associated with multiple tumor types probably by increasing
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35-38 and mitochondrial DNA integrity.®’

resistance to apoptosis
Our findings suggested that ATAD3 could be potentially used as a
biomarker to distinguish LM-BN and LMS. The role of ATADS alter-
ations in tumorigenesis of LM-BN warrants further investigation.
AGR2 (p53 inhibitor), MT1G (promoting cell differentiation), DUSP2
(cellular proliferation and differentiation), NR4A2 (a nuclear tran-
scription regulator), and SIK1(regulator of smooth muscle cells) are
all tumor suppressor genes and are differentially expressed among
the 3 tumor types (Figure 6). Due to the characteristic and differ-
ential expression patterns of these novel biomarkers as shown by
immunohistochemistry, they have the potential to be diagnostically
useful when used in combination to distinguish LM-BN and LMS
(Figure 6B). However, assessing the true clinical utility of these IHC
biomarkers, as used by pathologists in clinical practice, requires as-
sessment of whether manual scoring of the biomarkers would per-
form as well as the automated scoring utilized in our analysis; this
remains an important question for future research studies.

SMT-FH can be readily diagnosed by its histology in conjunction
with IHC or CNA analysis. The significant finding was the homozy-
gous or heterozygous loss of chromosome 1g43-44 in 100% (13/13)
of SMT-FH, but not in LM-BN and LMS. This region contains FH,
which is the primary driver gene for SMT-FH development. FH is one
of the key enzymes in the Krebs tricarboxylic acid cycle and cata-
lyzes the conversion of fumarate to malate.*° Sporadic SMT-FH is

mostly caused by somatic FH alteration,*#4

and about one-quarter
of them are caused by FH gene mutations.!>* Genomic deletion
of FH in tumors has been detected by FISH* and CGH.'® A recent
study®® reported copy number loss at the FH locus in 30.8% of LM-
BN, however this study did not separate SMT-FH from LM-BN. Our
findings suggested that sporadic SMT-FH is mainly associated with
deletion of the FH genomic region and that point mutations account
for a relatively small fraction of SMT-FH. In addition to the 1q43-44
deletion, SMT-FH presents with a much lower global frequency of
CNAs than LM-BN and LMS.

In summary, to our knowledge, this is the first comprehensive
analysis of genome-wide CNAs in 3 distinct uterine smooth muscle
tumor types with marked nuclear atypia. SMT-FH showed character-
istic genomic alterations leading to the loss of FH. Both LM-BN and
LMS showed a high level of chromosomal instability and significant
overlap in recurrent loci of copy number losses, suggesting that these
2 tumor types may be closely related and have overlapping patho-
genesis. Finally, this study suggests that ATADS, and several other
novel biomarkers, may be potentially useful surrogate markers to help
distinguish LM-BN and LMS. Future studies will focus on the mech-
anisms behind the observed genomic instability in LM-BN and LMS.
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