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Abstract

The morphologic assessment of uterine leiomyosarcoma (LMS) may be challenging, and 

diagnostic immunohistochemistry (IHC) is currently lacking. We evaluated the genomic landscape 

of 167 uterine LMS by targeted next-generation sequencing (NGS) to identify common genomic 

alterations. IHC corresponding to these genomic landmarks was applied to a test cohort of 

16 uterine LMS, 6 smooth muscle tumors of uncertain malignant potential (STUMP), and 6 

leiomyomas with NGS data, as well as a validation cohort of 8 uterine LMS, 12 STUMPs, 

21 leiomyomas and leiomyoma variants, 7 low-grade endometrial stromal sarcomas, and 2 

diagnostically challenging uterine smooth muscle tumors. IHC was individually interpreted by 
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three pathologists blinded to NGS data. Overall, 94% of LMS had ≥1 genomic alteration involving 

TP53, RB1, ATRX, PTEN, CDKN2A, or MDM2, with 80% having alterations in ≥2 of these 

genes. In the test cohort, an initial panel of p53, Rb, PTEN, and ATRX was applied, followed 

by a panel of DAXX, MTAP and MDM2 in cases without abnormalities. Abnormal p53, Rb, 

PTEN, and ATRX IHC was seen in 75%, 88%, 44%, and 38% of LMS, respectively. Two 

or more abnormal IHC results among these markers were seen in 81% of LMS. STUMPs 

demonstrated only one IHC abnormality involving these markers. No IHC abnormalities were seen 

in leiomyomas. In the validation cohort, abnormal p53, Rb, and PTEN IHC were seen in LMS, 

while rare STUMP or leiomyoma with bizarre nuclei showed IHC abnormalities involving only 

one of the markers. Abnormalities in ≥2 markers were present in both diagnostically challenging 

smooth muscle tumors, confirming LMS. Concordance was excellent among pathologists in 

the interpretation of IHC (Kappa: 0.97) and between IHC and NGS results (Kappa: 0.941). 

Uterine LMS have genomic landmark alterations for which IHC surrogates exist, and a diagnostic 

algorithm involving molecular-based IHC may aid in the evaluation of unusual uterine smooth 

muscle tumors.
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Introduction:

Leiomyosarcoma (LMS) is the most common malignant uterine mesenchymal neoplasm, 

constituting approximately 1% of gynecologic cancers1–3. It is characterized by an 

aggressive and often lethal disease course1,2. While there are several chemotherapy regimens 

that can achieve objective responses in patients with metastatic disease, complete responses 

are uncommon, and time to disease progression is relatively short2,4.

Its diagnosis is solely based on morphologic evaluation of nuclear atypia, tumor necrosis, 

and mitotic index. Any two of the following features are diagnostic of conventional or 

spindle cell LMS: diffuse moderate to severe cytologic atypia, tumor necrosis, and ≥10 

mitoses per 10 high power fields5. A lower diagnostic threshold is used for epithelioid and 

myxoid uterine LMS6,7.

Despite established morphologic criteria, LMS remains a challenging diagnosis in some 

uterine smooth muscle tumors. Evaluation of tumor necrosis is subjective, with only a 

moderate degree of reproducibility among gynecologic pathologists8. Tumor heterogeneity 

with foci resembling leiomyoma or admixtures of different smooth muscle cell types 

may complicate interpretation of histologic criteria9,10. Morphology is also unreliable in 

predicting outcomes in smooth muscle tumors of uncertain malignant potential (STUMP) as 

a subset demonstrates aggressive behavior11–13.

Limited data suggest that molecular biomarkers may aid the diagnostic evaluation of uterine 

LMS. The genetic landscape of uterine LMS is characterized by common alterations in 

cell cycle regulators, chromosomal instability, and whole genome duplication14–16. Uterine 

LMS contain alterations affecting the functions of p53, Rb, and PTEN proteins, along with 
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common alterations of the alternative telomere lengthening pathway16–19. These findings 

have led to studies investigating the role of immunohistochemistry (IHC) for several 

proteins, including p16, p53, p21, Ki-67, p21, stathmin 1, BCL2, PHH3, ATRX, and DAXX 

in uterine smooth muscle tumor classification20–28. However, the role of IHC in improving 

the diagnosis and prognostication of these lesions remains limited in clinical practice.

In this study, we evaluated the genetic landscape of uterine LMS by targeted DNA-based 

next-generation sequencing (NGS) to determine common genetic abnormalities that may be 

detectable by IHC. We then assessed a panel of IHC in LMS, STUMP, and leiomyomas 

while blinded to the sequencing data to determine its correlation with mutation and copy 

number alteration (CNA) status. We also applied the IHC panel to diagnostically challenging 

uterine smooth muscle tumors and mimickers of smooth muscle neoplasia, including low-

grade endometrial stromal sarcomas (LGESS), to assess its utility in clinical practice.

Methods and Materials:

Case Selection

After obtaining Institutional Review Board approval, the pathology archives of Memorial 

Sloan Kettering Cancer Center (MSKCC) were retrospectively searched for all primary or 

metastatic uterine LMS that were previously assessed by NGS as part of the clinical work 

up. All consecutively sequenced uterine smooth muscle tumors (n=179), including LMS 

(n=167), STUMP (n=6), and leiomyoma (n=6), successfully profiled between 2014 and 

2019 were included to characterize the genetic landscape of uterine LMS and to develop 

an IHC panel of possible surrogate markers that may correlate with mutation and CNA 

status determined by NGS. Sequenced LMS with available complete sets of hematoxylin-

and-eosin-stained slides were histologically re-reviewed blinded to the NGS profile, and 

percentages of spindled, epithelioid, and myxoid morphologies were recorded. A test cohort 

comprising a subset of profiled tumors (n=28) were randomly chosen with stratification 

used to ensure representation of LMS (n=16), STUMP (n=6), and leiomyoma (n=6) for IHC 

correlation. IHC validation was performed retrospectively on a separate cohort of uterine 

smooth muscle tumors (n=41) and LGESS (n=7) that were reviewed at MSKCC in 2020 

and did not have NGS data. Available clinical data, including follow-up, of the validation 

cohort were recorded. All cases undergoing NGS and/or IHC were histologically confirmed 

by expert gynecologic pathologists at MSKCC.

Targeted Massively Parallel Sequencing and Genomic Data Extraction

Tumor and matched peripheral blood samples were subjected to targeted DNA NGS using 

the MSK Integrated Mutational Profiling of Actionable Cancer Targets (MSK-IMPACT), 

a clinically validated NGS assay that targets all coding exons and selected regulatory 

regions and introns of 410 [n=58 (LMS, n=56; STUMP, n=2)] or 468 [n=121 (LMS, n=111; 

STUMP, n=4; leiomyoma, n=6)] key cancer-associated genes29,30. DNA was sequenced to 

an average of 622 (range, 179–1211)-fold sequence coverage. All patient-level clinical and 

genomic data are available at the cBioPortal.
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The genomic data, including somatic mutations, CNA, and structural variants, were 

extracted as previously described30. GISTIC 2.0 (version 2.0.23) was used to analyze the 

broad copy number data31. The mutational data included chromosomal location, base-pair 

change, protein change, predicted functional impact of the mutation, and the associated 

variant frequency. Data on allele-specific CNA and ploidy were extracted using the ‘facets’ 

R package (version 0.5.14)32. This package is an allele-specific copy-number analysis 

pipeline for NGS data that is optimized for the MSK-IMPACT assay, which utilizes 

heterozygous sites of both a tumor and a normal sample to measure allelic imbalance 

between the two samples and allows for evaluation of loss of heterozygosity (LOH), copy 

neutral LOH, and ploidy as well as providing an integer copy number assessment of a 

specific gene.

Immunohistochemistry (IHC)

After identification of common uterine LMS-associated genetic alterations detected by 

MSK-IMPACT, a panel of commercially available antibodies (n=7) were selected for IHC 

confirmation of mutation and CNA status in the test and validation cohorts. The cases were 

randomly chosen for the test cohort among uterine smooth muscle tumors with available 

formalin-fixed, paraffin-embedded tissue that were subjected to clinical NGS. For the 

validation cohort, a random selection of uterine smooth muscle tumors and LGESS that 

were evaluated as part of routine clinical practice were chosen. Primary antibodies included 

p53, ATRX, DAXX, Rb, PTEN, mTAP, and MDM2 (Table 1). IHC testing was performed as 

an initial panel of p53, ATRX, Rb, and PTEN with subsequent testing for mTAP and MDM2 

in cases with wild-type p53 expression and staining for DAXX in cases with retained ATRX 

expression (see rationale in the results section). IHC interrogation of CDKN2C alterations, 

which can be seen in a small subset of uterine LMS was not included in the panel due to the 

lack of a clinically validated immunohistochemical biomarker.

Null (complete absence of expression) or over-expression (diffuse nuclear or cytoplasmic 

expression) of p53 was considered a mutant pattern. A wild-type p53 pattern was defined as 

heterogeneous nuclear expression of variable intensity. Null expression (complete absence of 

nuclear ATRX, DAXX, Rb, and cytoplasmic PTEN staining) was considered mutant pattern 

for these proteins. Wild-type patterns were defined as positive nuclear ATRX, DAXX, and 

Rb or cytoplasmic PTEN expression. Since Rb expression in non-mutant tissue is often 

weak and heterogenous, positivity of any intensity or extent was considered wild-type 

pattern. Evaluation of CDKN2A abnormalities was performed using anti-mTAP, a surrogate 

marker in which absence of cytoplasmic expression was considered mutant pattern, while 

cytoplasmic positivity of any extent or intensity was considered wild-type pattern. Diffuse 

nuclear MDM2 expression was considered mutant pattern, while absence of expression 

was considered wild-type pattern (Figure 1). All cases were reviewed by three gynecologic 

pathologists (AMB, LHE, SC) who were blinded to the genomic profile of the samples and 

independently scored and evaluated the IHC. Slides for which disagreement existed between 

at least two pathologists were documented.
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Statistical Analysis

Evaluation for mutual exclusivity/co-occurrence was performed using the ‘DISCOVER’ R 

package (v0.9)33. Concordance analysis between NGS and IHC was performed using the 

Nam’s score and McNemar test. Inter-assay agreement was measured using the Cohen’s 

Kappa index, and interobserver agreement was measured using the Fleiss Kappa index.

Results:

Genomic Landscape of Uterine Leiomyosarcoma (LMS)

Among uterine LMS, 98% (n=163/167) showed at least one genomic alteration among the 

genes included in MSK-IMPACT. At least two genomic alterations were identified in 96% 

(n=156/163) of samples, while only 4% (n=7/163) showed only one genomic alteration. The 

median fraction of genome altered in these tumors was 0.331 (Interquartile range [IQR], 

0.216 – 0.519). The median number of somatic mutations in these tumors was three (IQR, 1 

– 4).

The most altered genes in uterine LMS were TP53 (n=119/167, 71%), followed by RB1 
(n=85/167, 51%), ATRX (n=64/167, 38%), PTEN (n=40/167, 24%), MED12 (n=27/167, 

16%), CDKN2A (n=14/167, 8%), DAXX (n=7/167, 4%), CDKN2C (n=7/167, 4%), CIC 
(n=7/167, 4%) and MDM2 (n=5/167, 3%). Alterations involving one or more of these genes 

were seen in 96% (n=160/167) of uterine LMS (Figure 2A). Other alterations involved 

AMER1 (n=6/167, 4%), BCOR (n=10/167, 6%), and JAK2 (n=5/167, 3%). Alterations in 

TP53, ATRX, and MED12 mainly consisted of single nucleotide variants (SNV); mutations 

in these genes were observed in 61%, 34%, and 17% of uterine LMS, respectively. 

In contrast, alterations in RB1, PTEN, and CDKN2A mainly consisted of homozygous 

deletions of these genes (Figure 2A). Homozygous deletions and SNVs in these genes 

were mutually exclusive (DISCOVER P: <0.001). Alterations in TP53, RB1, ATRX, PTEN, 

and MED12 showed tendency towards co-occurrence, while alterations in TP53 showed 

mutual exclusivity with CDKN2A and MDM2 alterations (DISCOVER P: <0.001 and 0.002, 

respectively) (Figure 2B). Alterations in ATRX and DAXX were also mutually exclusive 

(DISCOVER P: 0.048) (Figure 2B). Rare LMS (n=3/167, 2%) had homozygous deletion 

of CDKN2C in absence of alterations in the above referenced genes. A previous study 

suggested that CDKN2C and CIC are often co-deleted in LMS34; however, we observed this 

phenomenon in only one case in our cohort.

Uterine LMS showed frequent CNA; the most common chromosome arm level alterations 

were gains of chromosome arms 1q, 5p, 8q, and 19p as well as losses of 2p, 2q, 10p, 

10q, 16q, and 19q. The most common focal CNA included gains/amplifications of 1q22 

and 17p12. The most common focal losses included 6p22, 13q14, and 17p13 (Figure 2C). 

Unsupervised hierarchical clustering based on focal copy number loci showed uterine LMS 

divided into four distinct groups defined by 1q22 gains, 17p12 gains, 5p13.1 gains, and the 

absence of the characteristics mentioned above (Figure 2D).

Rare tumors (n=8/167, 5%) showed intrachromosomal rearrangements resulting in predicted 

non-functional fusion transcripts involving commonly altered tumor suppressor genes of 

uterine LMS including ATRX (n=3), RB1 (n=3), and PTEN (n=1). Rearrangements as well 
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as intragenic duplication of exons 1 and 2 of the TP53 gene with a breakpoint within exon 

2 (n=1) (Supplemental Figure 1) were also detected. The intrachromosomal rearrangements 

mainly consisted of inversion events (n=5), intragenic duplications (n=2), and one intragenic 

deletion. In addition, one case showed a translocation between exon 8 of the PTEN gene on 

chromosome 10 with the LINC01205 gene on chromosome 3.

Overall, 94% (n=157/167) of samples had at least one genomic alteration involving either 

TP53, RB1, ATRX, PTEN, CDKN2A, or MDM2, with 80% (n=133/167) having alterations 

in at least two of these genes. Together, these alterations were considered genomic 

landmarks of uterine LMS.

Correlation of Genomic Landmarks and Morphologic Features in Uterine Leiomyosarcoma 
(LMS)

Among the sequenced LMS, 65 tumors had complete sets of hematoxylin-and-eosin stained 

slides available for morphologic assessment blinded to the NGS data. Among them, 51% 

were exclusively spindled (n=33/65), 30% were predominantly spindled with any amount of 

myxoid matrix (n=19/65), and 10% were spindled with any epithelioid features (n=7/65). 

Among tumors with any degree of epithelioid histology, 9% showed ≥50% epithelioid 

appearance and were thus considered epithelioid LMS (n=6/65). None of the tumors with 

any myxoid matrix were diagnosed as myxoid LMS.

In this subset of cases, 53 (82%) had alterations involving at least two of the landmark 

genes. As expected, TP53 was the most commonly altered gene (n=44/65, 68%) followed 

by RB1 (n=40/65, 62%), PTEN (n=23/65, 36%), ATRX (n=22/65, 34%), MED12 (n=7/65, 

11%), DAXX (n=6/65, 9%), CDKN2C (n=5/65, 8%), CDKN2A (n=4/65, 6%) and MDM2 
(n=2/65, 3%). The distribution of the genomic alterations did not show any correlation with 

presence of any morphologic features (P >0.05 for all comparisons) (Supplemental Table 1).

Immunohistochemical Interrogation of Genomic Landmarks in Uterine Smooth Muscle 
Tumors

An IHC panel was designed to evaluate expression of proteins corresponding to TP53, RB1, 

ATRX, PTEN, CDKN2A, or MDM2 genes. A randomly selected test cohort of 28 uterine 

smooth muscle tumors consisting of LMS (n=16), STUMP (n=6), and leiomyoma (n=6; 

including 3 cases of benign metastasizing leiomyoma) that were previously sequenced by 

MSK-IMPACT as described above were evaluated by IHC targeting the genomic landmarks 

of uterine LMS. An initial panel of p53, Rb, PTEN, and ATRX IHC was performed on the 

entire test cohort (n=28) and interpreted independently by three gynecologic pathologists 

blinded to the NGS data. For all tumors, including those that did not harbor any alterations 

in the initial IHC panel of p53, Rb, PTEN, and ATRX, additional IHC testing of DAXX, 

MTAP, and MDM2 was performed. Subsequently, these additional IHC markers were also 

evaluated in cases harboring the corresponding genomic alterations.

Among uterine LMS, IHC abnormalities in p53, Rb, PTEN, and ATRX were seen in 

75% (n=12/16), 88% (n=14/16), 44% (n=7/16), and 38% (n=6/16) of tumors, respectively 

(Figure 3). Two or more abnormal IHC results among these four markers were seen in 

81% of uterine LMS (n=13/16). Abnormal ATRX IHC expression was seen in one STUMP 
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(n=1/6, 17%), and another STUMP showed null pattern staining with p53 (n=1/6, 17%). No 

abnormalities in these four markers were seen in leiomyomas.

For all tumors, including LMS (n=1), STUMP (n=5), and leiomyomas (n=6), that did not 

harbor any alterations in the initial IHC panel of p53, Rb, PTEN, and ATRX, additional 

IHC testing of DAXX, MTAP, and MDM2 was performed. Abnormal expression of all three 

markers were observed in the single LMS (case 16). Among the remaining STUMP cases, 

two demonstrated only one IHC abnormality involving DAXX (case 17) or MTAP (case 19). 

No DAXX, MTAP, or MDM2 IHC abnormalities were seen in leiomyomas (Figure 3).

Concordance was excellent among three gynecologic pathologists in the interpretation of 

IHC results (Fleiss Kappa: 0.97, X2 P: <0.0001). There was disagreement only in the 

interpretation of p53 IHC in two uterine LMS (cases 12 and 16), in which the p53 IHC 

was interpreted as wild-type by one pathologist and aberrant by the other two pathologists 

(Supplemental Figure 2). Interpretation of all remaining markers was concordant among all 

pathologists.

NGS testing showed that all uterine LMS (n=16, 100%) in the test cohort demonstrated 

alterations in TP53, RB1, PTEN, ATRX, DAXX, CDKN2A, and/or MDM2. Except for one 

tumor (case 12), all uterine LMS showed alterations in at least two of these landmark genes. 

Most (n=15/16, 94%) had alterations involving at least one of the TP53, RB1, PTEN, and 

ATRX genes; the remaining case (case 16) did not harbor alterations in any of these genes 

and instead had abnormalities in DAXX, CDKN2A, and MDM2. TP53 (n=13/16, 81%) and 

RB1 (n=13/16, 81%) were the most commonly altered genes in the test cohort of uterine 

LMS, followed by PTEN (n=8/16, 50%) and ATRX (n=7/16, 44%). Alterations in RB1 were 

homozygous deletions (n=10/13, 77%) or mutations (n=2/13, 15%). One tumor (case 2) had 

an RB1 intrachromosomal rearrangement consisting of an inversion of exons 1–20 of the 

gene forming a non-functional fusion of RB1 with the promoter of LRCC63 (Supplemental 

Figure 1).

Four STUMP (n=4/6, 67%) each harbored one alteration in TP53, ATRX, DAXX, and 

CDKN2A, respectively. Two remaining STUMP each showed an alteration involving 

CDKN2C (n=2/6, 33%), while leiomyomas (n=6), including benign metastasizing 

leiomyomas, did not harbor alterations in any of the landmark genes (Figure 3).

Excellent concordance was observed between IHC and genomic profiles (Cohen’s kappa: 

0.941, X2 P: <0.0001) (Figure 3). Only four IHC results in four uterine LMS (cases 2–

4 and 7) were discordant with their corresponding genomic profiles. One LMS (case 2) 

demonstrated retained cytoplasmic PTEN staining (wild-type pattern) despite harboring a 

PTEN deletion. Another LMS (case 4) showed retained nuclear ATRX staining (wild-type 

pattern) but had an ATRX deletion. P53 staining was wild-type in one LMS (case 7) with a 

TP53 mutation, while aberrant (overexpression) in another LMS (case 3) harboring LOH of 

the TP53 gene (Figure 3).

Upon correlation of the IHC results with corresponding genomic profiles of the test cohort, 

MDM2 and DAXX IHC were each performed in two LMS (cases 5 and 11) (Figure 3). 
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Case 5 harbored MDM2 amplification confirmed by MDM2 IHC, while case 11 harbored a 

frameshift mutation involving DAXX which was also confirmed by DAXX IHC.

The variant allele frequency of the mutations in the test cohort was compared with the 

estimated tumor purity and showed excellent correlation with a B coefficient of 0.85 (R2: 

0.46, Pearson P: 0.008), with ATRX mutations being the only outliers. Evaluation of the 

total and allele specific total copy number of TP53 by ‘facets’ in these tumors showed LOH 

and copy neutral LOH in 9 of 10 samples with TP53 mutations and homozygous deletions 

in another 3 tumors, supporting bi-allelic inactivation of landmark tumor suppressor genes in 

uterine LMS (Supplemental Figure 3).

Validation of Immunohistochemistry

p53, Rb, PTEN, and ATRX IHC was evaluated in routine clinical cases, including uterine 

LMS (n=8), STUMP (n=12), leiomyoma and leiomyoma variants (n=21), and LGESS (n=7). 

Leiomyoma variants included cellular leiomyoma (n=1) and leiomyoma with bizarre nuclei 

(n=13; fumarate hydratase deficient, n=10, fumarate hydratase retained, n=3) (Figure 4). 

Six LMS (Cases 29–34) demonstrated abnormal p53 and Rb; two cases had abnormal 

PTEN expression, one of which also showed abnormal ATRX staining. IHC abnormalities 

were observed in a subset of STUMP (n=4/12, 25%), including abnormal p53 (n=1), Rb 

(n=2), and PTEN (n=1) expression. Among leiomyoma and leiomyoma variants (n=21), 

two fumarate hydratase deficient tumors each showed one alteration in either p53 or Rb 

expression (Figure 4). No IHC abnormalities were seen among LGESS.

The IHC panel was then applied to two diagnostically challenging uterine smooth muscle 

tumors (Cases 77 and 78) for which NGS data was unavailable. One patient (Case 77) had 

a 9 cm uterine submucosal smooth muscle tumor with epithelioid (<50%) and spindled 

morphology, mild nuclear atypia, no tumor necrosis, and a mitotic index of 7 mitotic figures 

per 10 high power fields and thus did not fulfill morphologic criteria for epithelioid LMS 

(Figure 5A). No IHC abnormalities were detected in ATRX, p53, or PTEN. However, loss 

of Rb and DAXX IHC expression was observed, leading to a diagnosis of LMS (Figure 5B, 

5C). Another patient (Case 78) had FIGO stage 4 uterine LMS with spindled, myxoid, and 

epithelioid features that demonstrated marked nuclear atypia, tumor necrosis, a mitotic index 

of 51 mitotic figures per 10 high power fields (Figure 5D). IHC demonstrated loss of PTEN 

and ATRX expression (Figure 5E, 5F) with null p53 and retained RB expression. However, 

a polypectomy performed eight years prior demonstrated a spindle cell proliferation with 

mild nuclear atypia, focal myxoid features, no necrosis, and a mitotic index 6 per 10 high 

power fields (Figure 5G). IHC performed on the polypectomy specimen demonstrated loss 

of PTEN and ATRX (Figure 5H, 5I) with aberrant null p53 expression in the atypical 

spindle cell proliferation, suggesting LMS by molecular-based IHC, despite insufficient 

morphologic criteria for malignancy. Overall sensitivity and specificity of using at least two 

abnormal IHC findings were 92% and 100%, respectively (Supplemental Table 2).

Discussion:

In this study, we characterized the genomic profile of uterine LMS and identified surrogate 

IHC markers that may assist in the diagnostic evaluation of challenging uterine smooth 
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muscle tumors. Through NGS analysis, we showed that uterine LMS is frequently 

characterized by genomic alterations affecting cell cycle regulators namely RB1 deletion, 

TP53 and cell cycle regulatory pathway alterations (TP53, CDKN2A, CDKN2C and 

MDM2), and alternate lengthening of telomeres through ATRX or DAXX alterations and 

deletions of PTEN35. These genetic abnormalities followed a non-redundant manner leading 

to mutual exclusivity of alterations affecting the same pathway (i.e. between alterations 

of TP53, MDM2, and CDKN2A as well as ATRX and DAXX). We also confirmed that 

alterations of these genes result in abnormal protein expression determined by IHC (with the 

exception of CDKN2C for which no clinically validated immunohistochemical biomarker 

was available)15,18,35. Excellent concordance of p53, RB, ATRX, PTEN, DAXX, MTAP, 

and MDM2 IHC was observed when correlated to genomic profiles of uterine LMS. Any 

two abnormalities in an initial IHC panel of p53, RB, ATRX, and PTEN was informative 

in approximately 81% of LMS, which increases to 88% with the addition of DAXX, 

MTAP, and MDM2. IHC and/or NGS profiles of uterine LMS were distinct from STUMP, 

leiomyoma including morphologic variants, and LGESS. Notably, STUMP and leiomyoma 

variants demonstrated no or at most one abnormality in uterine LMS genomic landmarks. 

Molecular-based IHC may be useful in challenging uterine smooth muscle tumors that may 

not fulfill morphologic criteria for malignancy.

The vast majority of uterine LMS have at least two landmark genomic alterations with 

TP53 and RB1 alterations being the most commonly observed pair15. The synergistic 

effect of the co-inactivation of Rb and p53 proteins has been well-established in other 

malignancies,36 such as small cell carcinoma37, prostate carcinoma38, ovarian cancer,39 

and osteosarcoma40. Comparison of uterine LMS with STUMP and leiomyoma shows that 

any uterine smooth muscle tumor that harbors two or more of the landmark alterations by 

NGS or IHC is invariably LMS, while rare LMS may only harbor one alteration or show 

abnormality in expression of just one IHC marker. The absence of abnormalities in any of 

the markers, particularly in a smooth muscle tumor lacking sufficient morphologic features 

for malignancy, renders a diagnosis of LMS highly unlikely.

The landmark alterations involving a combination of TP53, RB1, ATRX, PTEN, DAXX, 

CDKN2A, and MDM2 are ubiquitous in solid tumors; however, in the context of uterine 

mesenchymal tumors, these alterations are highly enriched in uterine LMS. Mohammad 

et al. recently showed wild-type p53 IHC patterns among high-grade endometrial 

stromal sarcoma (HGESS), LGESS, inflammatory myofibroblastic tumors, and sarcomas 

with PDGFB fusion. Only 1 of 11 NTRK fusion-positive sarcomas showed aberrant 

p53 expression, and that tumor demonstrated marked nuclear pleomorphism41. High-

grade Mullerian adenosarcoma with or without stromal overgrowth may harbor TP53, 

ATRX and/or MDM2 alterations42,43, and malignant perivascular epithelioid cell tumors 

(PEComa) may harbor alterations of TP53, ATRX, or RB144. Given this genomic overlap, 

interpretation of mutational profiles and surrogate IHC results are informative only in the 

appropriate histologic context and when myogenic differentiation is confirmed. HGESS, 

LGESS, NTRK, and PDGFB fusion-positive sarcomas can largely be excluded based on 

absence of desmin expression without confirmation of landmark alterations by mutational 

profiling or surrogate IHC. ALK IHC and confirmation of ALK fusion are helpful in 

identification of ALK-rearranged inflammatory myofibroblastic tumor and myofibroblastic 
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sarcomas. High-grade adenosarcoma with sarcomatous overgrowth usually demonstrates 

foci of biphasic growth, periglandular stromal condensation, and phyllodes-like architecture. 

Diagnostic criteria for uterine PEComa is controversial, but absence of melanocytic 

marker expression, TSC1/TSC2 alterations, and TFE3 rearrangements favors smooth muscle 

neoplasia45.

Among differential diagnoses, the distinction between LMS and STUMP or leiomyoma with 

bizarre nuclei is likely the most challenging in practice. Leiomyomas with bizarre nuclei 

definitionally demonstrate unifocal, multifocal, or diffuse marked cytologic atypia; low 

mitotic activity; and no tumor necrosis. A subset of sporadic leiomyomas with bizarre nuclei 

harbor somatic FH mutations or homozygous deletions46. Rare FH-deficient tumors may 

also harbor TP53 mutations46; in the absence of other alterations involving LMS-associated 

landmark genes, these TP53-mutant leiomyomas with bizarre nuclei that are also FH-

deficient would not be categorized as LMS by our proposed IHC panel. Biallelic inactivation 

of FH has been reported in uterine LMS47–49, and some FH-deficient uterine smooth muscle 

tumors demonstrate elevated mitotic activity (≥5 mitotic figures/10 high power fields) that 

would be considered STUMP. Application of our diagnostic algorithm in these unusual 

tumors and acquisition of long-term clinical follow-up require additional study. A recent 

study also reported TP53 and RB1 alterations in rare FH-proficient leiomyomas with bizarre 

nuclei, but no outcome data was provided46. By our IHC panel, these tumors would have 

likely been classified as LMS, and clinical follow-up of those patients would be of great 

interest.

While most uterine LMS easily fulfill morphologic criteria for malignancy, the utility of 

the proposed IHC panel is maximized when applied to diagnostically challenging smooth 

muscle tumors, particularly those that would otherwise be diagnosed as STUMP. In our 

study, surrogate IHC was especially informative in two smooth muscle tumors that showed 

some worrisome histologic features but did not fulfill diagnostic criteria for malignancy. One 

tumor showed <50% epithelioid morphology, no atypia or necrosis, and a mitotic index of 

7 mitotic figures per 10 high power; loss of Rb and DAXX IHC expression was observed 

which led to a diagnosis of LMS. In a patient with known advanced stage uterine LMS, a 

prior endometrial polypectomy specimen showed a mildly atypical spindle cell proliferation 

with focal myxoid features, no necrosis, and 6 mitotic figures per 10 high power fields; 

loss of PTEN and ATRX along with aberrant null p53 expression suggested the presence of 

LMS by molecular-based IHC at the time of polypectomy, despite insufficient morphologic 

criteria for malignancy. Given the study findings, we now routinely performed this IHC 

panel on STUMP and lesions such as these that would otherwise be misclassified as benign.

IHC and NGS results appear equivalent in identifying alterations of the landmark alterations 

in uterine LMS, highlighting the utility of IHC as a surrogate for genomic alterations. While 

prior studies have suggested using p16 as a surrogate marker for CDKN2A alterations, we 

suggest utilizing MTAP IHC for this purpose. The absence of p16 labeling can be seen 

in CDKN2A non-altered tumors; furthermore, in cases with absent p16 labeling, the gene 

inactivation mechanism is unknown. In contrast, since the MTAP gene is often co-deleted 

with CDKN2A, absence of IHC labelling for MTAP is a more reliable surrogate marker of 

CDKN2A gene deletion50.
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Prior studies have attempted to use adjunct tools for the diagnosis of uterine smooth muscle 

tumors. Abnormal p53 and p16 protein expression in uterine LMS has been shown in 

multiple studies and have been applied with varying degrees of success for distinguishing 

uterine LMS from its mimics either alone or in combination with proliferation markers 

such as Ki67 and MCM223,51–53. Croce et al. used comparative genomic hybridization to 

risk stratify STUMP and showed that high-risk STUMP and uterine LMS have similar 

array-CGH landscapes54. More recently, Schaefer et al. used a combination of p53, Rb, 

p16, and PTEN IHC for evaluation of uterine and soft tissue LMS; they showed abnormal 

expression of p53 and Rb in >80% of all LMS and abnormal PTEN expression in >40% of 

the samples and further established that these abnormalities often co-occur15.

Based on our results, we propose a diagnostic algorithm for challenging uterine smooth 

muscle tumors with atypical features (Figure 6). A smooth muscle tumor can be classified 

as LMS if it fulfills the morphologic criteria for malignancy. In the setting of a smooth 

muscle tumor with any unusual features, such as STUMP, for which morphology is not 

conclusive, IHC may be performed. The data presented here suggest a first round of IHC 

for p53, ATRX, Rb, and PTEN is often informative. Abnormal results in any two or more 

of these markers should prompt a diagnosis of LMS. If less than two markers are abnormal, 

then IHC for MDM2, DAXX, and MTAP can be pursued. Given mutual exclusivity of 

TP53 alterations with CDKN2A and MDM2 alterations, MTAP and MDM2 IHC should be 

performed in p53 wild-type cases. ATRX and DAXX alterations are also mutually exclusive, 

so DAXX IHC should be performed in the setting of retained ATRX expression. After these 

evaluation steps, any uterine smooth muscle tumor with two or more abnormal IHC results 

likely represents LMS. Tumors with one abnormal IHC result may represent STUMP or 

LMS, and those with no abnormal IHC results are likely either leiomyoma or STUMP. An 

important research question is whether STUMP with one abnormal IHC result compared 

to no abnormal IHC results have a higher risk for recurrence or more aggressive clinical 

behavior.

Careful interpretation of IHC is paramount with the use of this diagnostic algorithm 

(Supplemental Table 3). In brief, aberrant p53 expression is defined by strong and diffuse 

nuclear or cytoplasmic staining (overexpression) or complete absence of staining (null). The 

complete absence of nuclear ATRX, DAXX, Rb, and cytoplasmic PTEN and mTAP staining 

is required for designation as a mutant pattern for these proteins. Diffuse nuclear MDM2 

expression is considered mutant pattern. Given the frequent presence of non-neoplastic 

inflammatory or endothelial cells within the tumor, interpretation of these IHC markers 

must only be made in tumor cells. Evaluation of ATRX, DAXX, PTEN, and mTAP staining 

patterns is usually straightforward given that complete loss of expression in tumor cells is 

readily apparent in the presence of an internal positive control.

However, interpretational difficulties may occur in assessing p53, RB1, and MDM2 staining. 

Wild-type p53 expression may show variable extent ranging from staining of few tumor 

nuclei to staining of many tumor nuclei, the latter which can be confused with aberrant 

overexpression. However, the expression pattern of p53 in the tumor should always be 

compared to the internal control, and any variability in the intensity of nuclear staining 

should be interpreted as wild-type. The complete absence of p53 staining of the tumor 
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cells should be considered a mutant pattern if the internal control staining is adequate, and 

its recognition is usually straightforward except in limited tissue samples. Interpretation of 

Rb is often difficult as wild-type Rb often shows faint and heterogenous staining. In our 

experience, loss of Rb expression is determined when there is complete absence of nuclear 

staining of any intensity in the tumor cells. This often requires review of multiple fields 

at high magnification, and careful interpretation of staining in tumor cells only given that 

nuclear staining is expected in endothelial and inflammatory cells (Supplemental Figure 

4). MDM2 immunohistochemistry is more frequently used in the evaluation of lipomatous 

soft tissue tumors and may be variable in extent and intensity of staining. In this study, 

however, nuclear MDM2 staining was diffuse and seen only in LMS harboring MDM2 
amplification; MDM2 expression was otherwise completely negative in the remaining 

tumors in the test and validation cohorts. Patchy, focal, or rare nuclear MDM2 staining may 

be interpreted as equivocal, and MDM2 amplification should be confirmed by fluorescence 

in situ hybridization.

In conclusion, we have shown that uterine LMS have several genomic landmark alterations 

involving TP53, RB1, PTEN, ATRX, DAXX, CDKN2A, and MDM2 for which IHC 

surrogates exist. Correlation between p53, RB, PTEN, ATRX, DAXX, MTAP, and MDM2 

abnormalities detected by IHC and NGS profiles is excellent. Excellent reproducibility 

is observed in the interpretation of these IHC markers among pathologists. A diagnostic 

algorithm involving molecular-based IHC can aid in the evaluation of unusual uterine 

smooth muscle tumors. Future work on larger and independent cohorts is needed to validate 

the utility of this diagnostic algorithm.
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Figure 1. Molecular-based immunohistochemical (IHC) profiles of uterine leiomyosarcoma 
(LMS)
Wild-type and mutant expression patterns of p53, Rb, PTEN, ATRX, DAXX, MTAP, and 

MDM2 are shown.
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Figure 2. Somatic mutations and copy number alterations (CNA) in uterine leiomyosarcoma 
(LMS)
(A) Oncoprint depicting the most recurrent genomic alterations in uterine LMS. Each 

column represents a tumor with the top bar graph depicting the number and distribution of 

alterations per sample. Rows show alterations for each gene. The right bar graph shows the 

number and distribution of alterations for each gene. Mutation types and clinicopathologic 

features are color-coded according to the legend. (B) Spearman distance matrix showing the 

somatic interaction of commonly altered genes in uterine LMS. The * and O correspond 

to p-value as determined by DISCOVER algorithm. The colors correspond to the spearman 

distance in accordance with the legend. (C) Summary of CNA in uterine LMS based on 

GISTIC results. Loci and genes depicted in blue represent deletions, and the ones depicted 

in red represent gains/amplifications. The Y-axis represents G-score which considers the 
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amplitude of the aberration as well as the frequency of its occurrence across samples. (D) 

Unsupervised hierarchical clustering of the most commonly altered genomic regions in 

uterine LMS.
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Figure 3. Evaluation of concordance between next generation sequencing (NGS) results and 
immunohistochemistry (IHC) results
Oncoprint depicting the genomic alterations in a selected cohort of uterine smooth muscle 

tumors consisting of leiomyosarcoma (LMS), smooth muscle tumor of uncertain malignant 

potential (STUMP), leiomyoma (LM), and benign metastasizing leiomyoma (BMLM). Each 

column represents a tumor sample with bottom rows depicting the somatic alterations 

based on NGS and the top rows depicting the corresponding IHC results. The last row 

shows concordance status between NGS and IHC with yellow-colored boxes showing minor 

discordance (one marker discordance); the discordant marker is marked with a star in 

the corresponding IHC row. For two samples, the reviewing pathologists disagreed on the 

interpretation of the p53 IHC. N/A: not applicable.
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Figure 4. Validation of immunohistochemistry (IHC) panel in uterine smooth muscle tumors and 
endometrial stromal sarcomas
Oncoprint depicting the results of p53, Rb, PTEN, and ATRX in a routine clinical cases 

including leiomyosarcoma (LMS), smooth muscle tumor of uncertain malignant potential 

(STUMP), leiomyoma (LM), LM variants including cellular LM, fumarate hydratase 

deficient LM with bizarre nuclei and fumarate hydratase retained LM with bizarre nuclei, 

and low-grade endometrial stromal sarcoma (LGESS). Uterine LMS (with the exception of 

cases 77 and 78) fulfilled morphologic criteria for malignancy.
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Figure 5. Utility of molecular-based immunohistochemistry (IHC) in diagnostically challenging 
uterine smooth muscle tumors.
(A) Case 77 demonstrating epithelioid cells with mild nuclear atypia, no tumor necrosis, and 

low mitotic activity. (B) Loss of Rb and (C) DAXX IHC expression in the tumor (center and 

right) with positive internal control (endometrial glands and stroma, left). (D) Hysterectomy 

specimen from Case 78 demonstrating marked nuclear atypia. (E) Loss of cytoplasmic 

PTEN and (F) loss of nuclear ATRX IHC expression in the tumor (center and right) 

with positive internal control (myometrium, left). (G) A prior polypectomy demonstrating 

atypical spindle cells surrounding an endometrial gland. (H) Loss of cytoplasmic PTEN 

and (I) loss of nuclear ATRX in the atypical spindle cell proliferation with positive internal 

control (surrounding endometrial stroma and glands).
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Figure 6. 
Proposed decision support algorithm for diagnosis of uterine smooth muscle neoplasms with 

atypical features
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