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Abstract
Recent studies have demonstrated recurrent activating mutations involving the classical MAPK and PI3K signaling
pathways in a large proportion of histiocytic neoplasms, such as Langerhans cell histiocytosis. However, very little is known
about the molecular genetics of histiocytic sarcoma, a rare aggressive malignant neoplasm that shows pathologic
characteristics of mature macrophages. Here we report the genomic characteristics of a large cohort of histiocytic sarcomas
(n= 28) using a targeted next-generation sequencing approach to identify driver alterations. We identified recurrent
mutations involving the RAS-MAPK signaling pathway (MAP2K1, KRAS, NRAS, BRAF, PTPN11, NF1, CBL) in a majority
(57%) of histiocytic sarcoma cases and report a clinical response to a MEK inhibitor (Cobimetinib) in a patient with a NF1-
mutated histiocytic sarcoma. A smaller subset of cases (21%) also showed mutations resulting in activation of the PI3K
signaling pathway (PTEN, MTOR, PIK3R1, PIK3CA). In addition, the tumor-suppressor gene CDKN2A was the most
frequently altered gene (46%). Further, a subset of histiocytic sarcoma cases shows striking molecular genetic similarities to
B cell lymphomas, supporting a clonal relationship between B cell neoplasms and a subset of histiocytic sarcomas. These
findings support a cooperative role for MAPK, PI3K, and cyclin-CDK4/6-INK4 signaling in the pathogenesis of histiocytic
sarcoma and provide a rational basis for targeting these pathways.

Introduction

The histiocytic/dendritic cell neoplasms are a heterogeneous
group of tumors characterized by tissue infiltration by
neoplastic cells of macrophage/dendritic cell lineage [1, 2].
Recent studies have demonstrated recurrent activating
mutations involving the classical mitogen-activated protein
kinase (MAPK) and phosphoinositide-3 kinase (PI3K)/

AKT/mammalian target of rapamycin (MTOR) signaling
pathways in Langerhans cell histiocytosis and
Erdheim–Chester disease, two of the most common of the
histiocytic/dendritic cell neoplasms. The identification of
recurrent BRAFV600E mutations in these tumors led to the
study of vemurafenib (RAF kinase inhibitor) for the treat-
ment of BRAFV600E-mutated histiocytoses [3, 4] and its
eventual approval for the treatment of Erdheim–Chester
disease by the Food and Drug Administration.

However, very little is known about the molecular genetics
of histiocytic sarcoma, one of the most aggressive histiocytic
neoplasms. Histiocytic sarcoma is an extremely rare malig-
nant neoplasm of presumed myeloid origin that shows his-
topathologic characteristics of mature macrophages/
histiocytes [5]. A subset of these neoplasms can arise through
clonal evolution of pre-existing hematologic neoplasms [6, 7].
There is no standardized therapy for histiocytic sarcoma.
Despite the lack of prospective clinical data, combination
chemotherapy regimens similar to those used in the treatment
of non-Hodgkin lymphomas are often used. However,
response rates to these regimens are mixed with frequent
resistance to therapy [8]. The lack of a comprehensive
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understanding of the molecular genetics of histiocytic sar-
coma has hindered the use of rational targeted therapies.

The goal of this study was to systematically evaluate the
genomic characteristics of histiocytic sarcoma using a tar-
geted next-generation sequencing approach to better
understand the biology of this rare aggressive tumor and
also to uncover potential targets for therapy. Here we report
the genomic characterization of a large cohort of histiocytic
sarcomas and the findings from an index patient who
experienced a clinical response after receiving genomically
directed targeted therapy.

Methods

Patient identification and tumor samples

After appropriate institutional review board approval, all
cases of histiocytic sarcoma diagnosed at Brigham and
Women’s Hospital over an 18-year period (2000–2018)
were identified. Patients who received preoperative che-
motherapy or radiotherapy were excluded. All slides were
retrospectively reviewed and diagnoses were independently
confirmed by two experienced pathologists. Only cases that
showed prominent atypia and mitotic activity with strong
expression of at least two macrophage lineage markers
(CD163, CD68, lysozyme, PU.1/SPI1, CD4) were included.
Cases with at least 20% tumor cellularity were included to
yield sufficient DNA for sequencing. Microdissection was
necessary in a subset of cases to enrich for tumor DNA.

Targeted next-generation sequencing

Targeted sequencing of all exonic and selected intronic
regions of 447 cancer-associated genes (OncoPanel POPv3)
was performed on nearly all cases (25/28) using hybrid
capture with a custom probe set (Agilent SureSelect, Agi-
lent Technologies, Santa Clara, CA) and massively parallel
sequencing (HiSeq 2500, Illumina, San Diego, CA), as
previously described [9]. For three cases, sequencing data
were obtained from an older version of our next-generation
sequencing panel (OncoPanel POPv2). Most of the genes
covered by POPv2 were also covered by POPv3 (200/250;
see supplementary tables for full list).

Data processing and variant classification

Data processing and analysis were performed using MuTect
and GATK for single-nucleotide variants [10, 11], Indelocator
for insertions and deletions (http://archive.broadinstitute.org/ca
ncer/cga/indelocator), an internally developed algorithm
(RobustCNV) for copy-number variations (Dana Farber
Cancer Institute, Boston, MA), and BreakMer for large

structural variations [12]. The validated analytical sensitivity
for the detection of single-nucleotide variants is ~10% variant
allele fraction. Manual review and annotation were performed
for all single-nucleotide variants, copy-number variations, and
translocation calls made by the bioinformatics pipeline. Var-
iants that were previously reported as single-nucleotide poly-
morphisms in gnomAD were excluded as likely germline
variants. Variants were classified as pathogenic if one or more
of the following conditions were met: (1) reported in COS-
MIC as a recurrent event, (2) reported in OncoKB as at least
likely oncogenic, (3) compelling evidence of biological effect
in the literature. The remaining variants were classified as
variants of uncertain significance. The following copy-number
alterations were classified as pathogenic: amplifications,
homozygous deletions, concurrent copy-number gain/loss and
pathogenic mutation involving the same gene (e.g., loss of
heterozygosity, amplification of allele bearing an activating
mutation) and focal (1–5 genes) copy gains or losses of
oncogenes/tumor-suppressor genes that are shared across the
cohort (>10% of cases). The variant allele fractions were
normalized for variability in tumor purity (“corrected” variant
allele fraction) by dividing the allele fraction by the tumor
purity (by morphologic/immunohistochemical assessment).

Aberrant somatic hypermutation analysis

To investigate for evidence of aberrant somatic hypermuta-
tion, we manually reviewed all variants that were identified in
a set of previously reported target genes: BCL6, BCL2, CIITA,
PAX5, MYC, PIM1, SOCS1 (aberrant somatic hypermutation
target genes) [13]. We then excluded all variants with an allele
frequency of ≥ 40% to exclude germline single-nucleotide
polymorphisms. Additionally, the number of mutations
involving WRCY/RGYW (W=A or T, R=A or G, Y=C
or T) motifs were also quantified for each case. Mutation
density at these target genes was calculated by dividing the
total number of variants identified in these genes by the total
number of base pairs of target genes covered. Cases with
mutation density greater than the third quartile were classified
as showing an “aberrant somatic hypermutation signature.”
The mutations identified in these cases were further char-
acterized to demonstrate that they showed features of those in
B cell lymphomas with evidence of aberrant somatic hyper-
mutation, i.e., recurrent single-nucleotide substitutions invol-
ving a set of target genes, located within 2 kb distal to the
transcription start site, bias for transition over transversion
mutations, and WRCY/RGYW motif bias [13].

The WRCY enrichment/motif bias ratio was calculated
by dividing the observed number of mutations by the
expected number of mutations at WRCY motifs. The
expected number of mutations in a WRCY motif is calcu-
lated by taking the percentage of bases occurring at WRCY
motifs in a given target region and multiplying it by the total
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number of single-nucleotide variants identified in that target
region. Statistical significance (P < 0.05) of bias for transi-
tion over transversion mutations and mutations at WRCY
motifs was calculated using a Pearson’s Chi-squared test.
Statistical significance of differences between proportions
was calculated using a “N-1” Chi-squared test.

Immunohistochemistry

Immunohistochemistry for phosphorylated extracellular
signal–regulated kinase (p-ERK), phosphorylated S6 riboso-
mal protein (p-S6RP), p16, and phosphatase and tensin
homolog protein (PTEN) was performed on selected cases to
validate candidate driver gene alterations. Programmed death
ligand 1 (PD-L1) staining was also performed on selected
cases. Pressure cooker antigen retrieval was performed
(Target Retrieval Solution, pH 6.1; Dako, Carpinteria, CA)
prior to immunohistochemistry using the following antibodies
and corresponding dilutions: p-ERK 1/2 (Thr202/Tyr204)
(rabbit monoclonal, D13.14.4E, Cell Signaling Technology,
Danvers, MA, 1:300), pS6 ribosomal protein (Ser235/Ser236)
(rabbit monoclonal, D57.2.2E, Cell Signaling Technology,
1:75), p16 (mouse monoclonal, E6H4, Ventana, Oro Valley,
AZ, 1:100), PTEN (rabbit monoclonal, 138G6, Cell Signaling
Technology, 1:100), PU.1 (mouse monoclonal, G148-74, BD
Biosciences, San Jose, CA 1:200), CD163 (mouse mono-
clonal, 10D6, Leica, Buffalo Grove, IL, 1:250), CD68 (mouse
monoclonal, KP-1, Leica, 1:250), and lysozyme (rabbit
polyclonal, Dako, 1:7500).

Antigen gene rearrangement studies

DNA was isolated from paraffin-embedded tissue using the
QIAGEN QIAamp DNA Mini Kit (QIAgen 51304). Mul-
tiplex PCR was then performed on DNA using primers
differentially labeled with fluorescent dyes that hybridize to
conserved framework (regions 1, 2, and 3) and joining
regions of the immunoglobulin heavy chain locus at
14q32.33 (IGH gene clonality assay–ABI fluorescence
detection—cat# 11010061, InVivoScribe Technologies,
BIOMED-2, San Diego, CA). The PCR products were then
analyzed by capillary gel electrophoresis. This analysis was
only performed on selected cases (13/28) with sufficient
residual DNA after next-generation sequencing.

Results

Patient cohort characteristics

The cohort included 28 patients with a mean age of 53 years
(range: 12–92 years) and a female predominance (19/28; 68%
female) (Table 1). Nearly all cases were newly diagnosed

primary tumors except one case that was a recurrence 8 years
following primary resection (no prior chemotherapy or radio-
therapy received). The included cases were from a variety of
nodal (6; 21%) and extranodal sites. The most frequently
involved extranodal sites were skin (18%), gastrointestinal
tract (11%), brain (11%), and bone/soft tissue (11%). The
majority of patients presented with unifocal disease (19; 68%).
A subset of patients had a preceding/concurrent diagnosis of
another hematologic neoplasm (Total: 6, 21%; B-
lymphoblastic leukemia: 2; diffuse large B cell lymphoma:
1; follicular lymphoma: 1; low-grade B cell lymphoma,
unclassified: 1, juvenile xanthogranuloma: 1). All evaluated
cases (26/26) showed diffuse and strong CD163 expression,
the most specific available marker of macrophage lineage; all
15 evaluated cases were also positive for PU.1 (SPI1).

Histiocytic sarcoma genome complexity

Our next-generation sequencing approach allowed us to
map an average of 11,199,267 reads per sample, at a mean

Table 1 Patient cohort characteristics

Total number of cases, n 28

Age, mean 53 years

Range 12–92 years

Gender, n (%)

Male 9 (32)

Female 19 (68)

Anatomic site, n (%)

Lymph node 6 (21)

Skin 5 (18)

Gastrointestinal tract 3 (11)

Brain 3 (11)

Bone/soft tissue 3 (11)

Liver 1 (3.5)

Omentum 1 (3.5)

Kidney 1 (3.5)

Spleen 1 (3.5)

Breast 1 (3.5)

Heart 1 (3.5)

Pleura 1 (3.5)

Salivary gland 1 (3.5)

Tumor focality, n (%)

Unifocal 19 (68)

Multifocal 9 (32)

History of hematologic neoplasm, n (%) 6 (21)

B-lymphoblastic leukemia 2 (7)

Diffuse large B cell lymphoma 1 (3.5)

Follicular lymphoma 1 (3.5)

Low grade B cell lymphoma, unclassified 1 (3.5)

Multicentric juvenile xanthogranuloma 1 (3.5)
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depth of 301×, with an average of 98% of the target
sequences being covered by at least 30 reads. A total of 131
somatic-coding mutations were identified with a mean
coding mutational burden of 3.56/Mb (range: 0–10.64),
which is relatively low when compared to most other
malignant neoplasms (Fig. 1a). The mean number of single-
nucleotide variants/indels and copy-number alterations per
case was 4.7 (range: 0–14) and 5.3 (range: 0–30), respec-
tively. Of the 131 coding mutations, missense mutations
(84%) were the most frequent, followed by nonsense (9%),
frameshift (6%), and in-frame insertions/deletions (1%).
Nearly half of these mutations (48%; 63/131) were classi-
fied as likely pathogenic. Among nucleotide substitutions,
there was a significant enrichment of transitions over
transversions (2.2×, P < 0.05). Among the 146 copy-
number alterations identified, focal (1–5 genes) gains
(37%) and losses (41%) accounted for the majority of
events with occasional segmental (15%) and whole-
chromosome-level (7%) gains and losses. About 18% (27/
146) of these events were classified as pathogenic or
recurrent. Focal copy-number loss (one or two copy loss)
involving 9p21.3 was by far the most frequent copy-number
alteration (Fig. 1).

RAS-MAPK pathway mutations and clinical response
to mitogen-activated extracellular signal-regulated
kinase (MEK) inhibition in a patient with NF1-
mutated histiocytic sarcoma

Over half (16/28; 57%) of the cases showed at least one
mutation in genes involved in the classical MAPK signaling
pathway, in a largely mutually exclusive manner (Figs. 2
and 3a). MAP2K1 (5/28; 18%) was the most frequently
mutated gene in this pathway, with most mutations occur-
ring at the negative regulatory helix and the core kinase
domains (Fig. 3b). Hotspot-activating KRAS and NRAS
mutations were also observed (involving codons 12, 13 and
146), along with two gain-of-function mutations involving
the SH2 domain of PTPN11. All cases with activating
KRAS mutations also showed concurrent evidence of copy-
number gains involving KRAS. Loss-of-function truncating
NF1 mutations and a CBL RING domain (T402_L405del)
mutation were also observed. Although no canonical
BRAFV600E mutations were identified in our study, one
kinase-impaired BRAF variant (D594N) and another variant
of possible intermediate kinase activity (G469R) [14] were
identified. Finally, one case also showed a TPM3–NTRK1
fusion at canonical breakpoints (intron 1 of TPM3 and
intron 11 of NTRK1); this case was otherwise morpholo-
gically and immunophenotypically typical of histiocytic
sarcoma. Functional activation of RAS/MAPK signaling in
our cohort was further supported by strong pERK and/or
pS6RP staining in nearly all evaluated cases (5/6) harboring

activating mutations in this pathway (Figs. 3c and 4a,
supplementary table 2).

We hypothesized that targeted therapy with cobimetinib,
a MEK inhibitor that targets signaling downstream of RAS,
could represent a rational therapeutic approach for patients
with activating mutations in this pathway. Accordingly, a
39-year-old male with a history of B-lymphoblastic leuke-
mia (in remission) and newly diagnosed NF1-mutated his-
tiocytic sarcoma was treated with 3 cycles of cobimetinib
therapy and showed a dramatic improvement of symptoms
and a radiologic partial response (Fig. 3c). Unfortunately,
the patient eventually developed progressive disease while
on therapy; sequencing of the tumor showed the acquisition
of a CBL RING domain mutation (C396R), in addition to
the previously identified NF1 mutation.

PI3K-AKT-MTOR pathway mutations and CDKN2A
alterations

A subset of cases (21%) also showed pathogenic mutations
predicted to lead to activation of the PI3K-AKT-MTOR
signaling pathway: PTEN (D24H, Q171R), MTOR
(S2215Y), PIK3R1 (c.1425+1G>A), and PIK3CA
(H1047L) (Fig. 1a). For example, one case of histiocytic
sarcoma presenting as a rectal mass harbored a pathogenic
PTEN mutation (p.D24H) located within the N-terminal
cytoplasmic localization sequence. Immunohistochemistry
for pS6RP showed diffuse and strong expression consistent
with PI3K/AKT/MTOR pathway activation. Moreover,
PTEN showed markedly diminished cytoplasmic expression
and abnormal nucleolar localization of the protein (Fig. 4a).
The majority (20/25) of activating RAS-MAPK and PI3K-
AKT pathway mutations were identified at high allele
fractions (corrected variant allele fraction >25%, mean:
42.8%), suggesting that these driver mutations were likely
present in a large fraction of tumor cells.

The tumor-suppressor CDKN2A was the single most
frequently altered gene (13/28; 46%) in our cohort (Fig. 1),
most commonly as the result of focal copy loss involving
9p21.3 (10/13; 77%), encompassing CDKN2A, CDKN2B,
and MTAP genes. These findings were also validated using
immunohistochemistry for p16 protein expression (i.e., all
cases with genetic evidence of biallelic CDKN2A inactiva-
tion showed complete loss of p16 protein expression;
Fig. 4b).

PD-L1 expression and copy-number analysis at
9p24.1

The majority of tested cases (8/10) showed expression of
PD-L1 on neoplastic cells (defined as expression in >5% of
lesional cells). Of note, most cases (5/10) showed strong
membranous staining in a large subset of lesional cells
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Fig. 1 Coding genome complexity of histiocytic sarcoma. a Tumor
mutational burden (TMB, number of coding mutations/Mb) of his-
tiocytic sarcoma and other tumor types. Data on other tumor types
obtained from DFCI/BWH PROFILE cohort data (using internal

instance of cBioportal [43, 44]). b Classification of coding mutations. c
Pattern of nucleotide substitutions. d Stacked histogram showing fre-
quency of genome-wide copy-number alterations across the cohort
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Fig. 2 Mutational landscape of histiocytic sarcoma. a Summary table
of all pathogenic variants (single-nucleotide variants, small insertions/
deletions, copy number, and structural alterations) identified in 28
cases of histiocytic sarcoma grouped by pathway (likely single-
nucleotide polymorphisms and variants of uncertain significance
excluded). Each column represents data for a single patient. Relevant
clinical data (location, tumor focality, history of B cell lymphoma) and

the presence/absence of an aberrant somatic hypermutation signature
are also provided for each case. The colored cells indicate the presence
of a history of B cell lymphoma and an aberrant somatic hypermuta-
tion signature. The histogram on top shows tumor mutational burden
(number of coding mutations/megabase). b Genes arranged in
decreasing order of mutation frequency (top 20)

Identification of diverse activating mutations of the RAS-MAPK pathway in histiocytic sarcoma 835
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(>20%). Expression of PD-L1 was also observed in normal
macrophages (internal control) with no significant differ-
ences in staining intensity in tumor cells relative to mac-
rophages. None of these cases showed evidence of copy-
number gain involving 9p24.1 (which includes CD274/PD-
L1; Fig. 5).

Molecular genetic overlap with B cell neoplasms:
further evidence for a clonal relationship

A subset of cases (7/28; 25%) showed a mutational sig-
nature of “aberrant somatic hypermutation” in genes that are
known to be targets of this process (BCL6, BCL2, CIITA,
MYC, SOCS1, PAX5) [15] (Fig. 6a–c). Further, this sig-
nature was more frequently seen in tumors of patients with a
history of B cell lymphoma (3/7, 43% vs 2/21, 9%; P <
0.05). Cases with aberrant somatic hypermutation also more
frequently (6/7, 86% vs 3/21, 14%; P < 0.05) showed co-
mutations in genes involved in Toll-like receptor (TLR)/
nuclear factor (NF)-κB signaling and epigenetic regulation
(e.g., KMT2D), which are frequently identified in B cell
lymphomas (Fig. 6d). Interestingly, we also observed a
significant association between the presence of RAS-MAPK
and/or CDKN2A mutations and the presence of an aberrant
somatic hypermutation signature (P < 0.05) or a history of B
cell lymphoma (P < 0.05). Finally, 5 of the 13 tested cases

(39%) showed a clonal immunoglobulin heavy chain gene
rearrangement (Fig. 6d).

Discussion

Our study provides the first detailed description of the
coding genome of human histiocytic sarcoma using a tar-
geted next-generation sequencing approach on a large
cohort of well-characterized cases (N= 28). The mean
somatic coding mutational burden was low (3.56/Mb) when
compared to other epithelial and non-epithelial malig-
nancies. A pathogenic driver genetic alteration was identi-
fied in the vast majority of cases (86%; 24/28). Of note,
nearly all genes with pathogenic mutations identified in this
study were covered by both versions of the sequencing
panel used (36/41). Our findings significantly expand the
current understanding of the pathogenesis of histiocytic
sarcoma and offer new opportunities for the use of rational
targeted therapies to treat this disease.

We have identified recurrent activating genetic altera-
tions involving the classical MAPK signaling pathway in
the majority of cases (16/28; 57%). Individual case reports
and small case series have described oncogenic-activating
mutations involving the RAS/RAF/MEK/ERK pathway
including BRAF (V600E, G464V, G466R, F595L) [16–18],
KRAS (Q61H) [16], PTPN11 (E72K, G503V) [16, 19], and
MAP2K1 [17, 20] in histiocytic sarcoma. However, this is
the first large series demonstrating recurrent mutations
involving the RAS/MAPK pathway in a large subset of
histiocytic sarcoma cases. In our series, activating MAP2K1
mutations involving the negative regulatory helix and the
core kinase domains were most frequent. These gain-of-
function mutations have been previously described in a
number of other tumor types, including histiocytic neo-
plasms [2, 21, 22]. Hotspot-activating KRAS mutations were
also identified in four cases, all of which, interestingly,
showed concurrent KRAS copy gain. This is a well-
described phenomenon in other solid tumors such as lung
adenocarcinoma, where mutant KRAS copy gain is asso-
ciated with advanced disease and a distinct metabolic pro-
gram with unique therapeutic vulnerabilities in vitro and
in vivo [23]. The two likely activating mutations involving
the SH2 domain of PTPN11 have been described as
recurrent in juvenile myelomonocytic leukemia and other
myeloid neoplasms [24]. Further, one previous study [16]
reported an activating PTPN11 tyrosine phosphatase
domain mutation (p.G503V) in a case of histiocytic sar-
coma. Although no canonical BRAFV600E mutations were
identified in our study, one kinase-impaired BRAF variant
(D594N) and another variant of possible intermediate
kinase activity (G469R) [14] were identified. These low-
activity BRAF mutants have been shown to drive MEK/

Fig. 3 RAS/MAPK pathway alterations in histiocytic sarcoma and
response to targeted therapy in a patient with NF1-mutated histiocytic
sarcoma. a Summary of activating mutations involving the RAS/
MAPK signaling pathway. b Schematic showing coding mutations of
the most frequently mutated genes of the RAS/MAPK signaling
pathway including a TPM3-NTRK1 fusion between exons 1–7 of
TPM3 (coiled-coil domain) and exons 12–17 of NTRK1 (includes the
kinase domain). c Clinical timeline of events with corresponding
imaging, histopathologic, and molecular findings. (i) Baseline coronal
FDG-PET/CT showing intensely FDG-avid retroperitoneal and
mesenteric lymphadenopathy (arrows). Biopsy of the mesenteric
lymph node showed sheets of large atypical histiocytoid cells
(Hematoxylin & Eosin stain, ×400 magnification) with highly pleo-
morphic forms and giant cells. A NF1-truncating mutation was iden-
tified at diagnosis (p.C1032Lfs*7), which would result in loss of the
major catalytic GAP-related domain (GRD) (schematic below images),
(ii) Partial metabolic response after three cycles of cobimetinib with
residual FDG-avid mesenteric lymph nodes (arrows), (iii) Disease
progression after five cycles with increased mesenteric and retro-
peritoneal adenopathy (lower arrows) as well as new FDG-avid
supraclavicular and mediastinal adenopathy (upper arrows). A biopsy
of the same mesenteric lymph node at disease progression showed
slightly decreased tumor cellularity with stromal hyalinization (×400
magnification). There was also dramatic reduction in phosphorylated
ERK expression on cobimetinib therapy consistent with drug-mediated
MEK inhibition (×400 magnification); however, there was persistent
expression of phosphorylated S6 protein (data not shown). This was
also associated with the acquisition of a CBL RING domain mutation
(p.C396R) (schematic below images). d Table showing mutations and
respective allele fractions at diagnosis and at disease progression fol-
lowing therapy
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ERK signaling in a RAS-dependent manner and frequently
coexist with loss-of-function NF1 mutations or activating
RAS mutations [14, 18], as was observed in our study. This

co-mutation pattern has also been previously described in
histiocytic sarcoma [16, 18]. One case also harbored a
TPM3-NTRK1 rearrangement, resulting in fusion of the N-
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terminal coiled-coil domain of TPM3 to the C-terminal
kinase domain of NTRK1. This likely results in constitutive
dimerization and ligand-independent activation of the
NTRK1 kinase domain, which is sensitive to TRKA kinase
inhibition [25]. NTRK fusions can be identified in a wide
range of malignancies and can be targeted with a potent
TRK small molecular inhibitor to produce marked and
durable responses, regardless of patient age or tumor type
[26].

There are also published case reports of demonstrable
responses to drugs targeting the RAS-MAPK pathway.
Recently, Gounder et al. [20] demonstrated a durable
complete response (>2 years) to trametinib in a patient with
MAP2K1-mutated (p.F53L) histiocytic sarcoma. Voruz
et al. [19] described a case of multifocal histiocytic sarcoma
harboring a PTPN11 (p.E72K) mutation, which showed
partial response to MEK inhibition by trametinib. Idbaih
et al. [27] treated a patient with isolated central nervous
system histiocytic sarcoma harboring a BRAF p.V600E
mutation with vemurafenib who had a dramatic clinical and
radiologic response. In the latter two reports, the tumors
eventually became refractory to targeted therapy and a
potential mechanism of resistance was not explored. In our
patient, we identified an oncogenic CBL RING finger
mutation that emerged at the time of disease progression,
which might lead to resistance by promoting escape from
MEK dependence by broad downstream activation of
alternative signaling pathways, such as PI3K/AKT signal-
ing via loss of ubiquitin/proteasome-mediated degradation
of diverse tyrosine kinases. There is emerging in vivo and
in vitro evidence from studying CBL-mutated myeloid
neoplasms that RING finger mutations result in sustained
Akt pro-survival signaling [28, 29]. There is also a reported
case of a CBL RING domain mutation (C384R) potentially
driving resistance to third-generation tyrosine kinase inhi-
bitors in lung adenocarcinoma [30].

A subset of cases also showed activating mutations
involving the PI3K-AKT-MTOR signaling pathway.
These include known hotspot kinase-activating mutations
involving MTOR (S2215Y) and PIK3CA (H1047L).
Activating PIK3CA mutations have been identified pre-
viously in one case of histiocytic sarcoma [16] and cases
of BRAF-wild-type Erdheim–Chester disease [2]. We also
identified a relatively uncommon inactivating PTEN (p.
D24H) mutation, located within the N-terminal cyto-
plasmic localization sequence, which has been shown to
result in abnormal nuclear sequestration and loss of
cytoplasmic localization, resulting in impaired growth-
suppressive properties of PTEN [31]. Consistent with this
model, immunohistochemistry for PTEN showed mark-
edly diminished cytoplasmic expression and abnormal
nucleolar localization and pS6RP showed strong expres-
sion, supporting functional PI3K pathway activation. We
also identified a splice donor site mutation involving
PIK3R1 (c.1425+1G>A), which has been shown to result
in exon 11 skipping, loss of the inter-SH2 domain, and
hyperactive, constitutive PI3K signaling. This mutation
has been identified in patients with immunodeficiency
disorders but not previously as a somatic mutation in
cancer [32]. Of note, the activating RAS-MAPK and
PI3K-AKT pathway mutations were identified at rela-
tively high allele fractions, suggesting that these muta-
tions are present in a large fraction of tumor cells and are
likely drivers of tumor biology.

The CDKN2A tumor-suppressor gene was the most fre-
quently altered gene, by mutation or deletion. The most
frequent mechanism of CDKN2A inactivation was through
focal deletion at 9p21.3, which may or may not include the
nearby genes CDKN2B and MTAP. Among cases with focal
9p21.3 deletion, over half showed evidence of biallelic
deletion. Moreover, immunohistochemistry for p16 was
also a useful surrogate marker for CDKN2A deletion (100%
concordance in 8 cases examined). The CDKN2A gene
encodes for two proteins, p16(INK4) and p14(ARF),
through shared coding regions and alternate reading frames.
These proteins function as a cyclin-dependent kinase inhi-
bitor and stabilize p53 levels through MDM2 binding,
respectively. Therefore, CDKN2A is an important tumor-
suppressor gene that is inactivated frequently in a variety of
human malignancies [33]. Homozygous CDKN2A deletion
has been previously demonstrated in a case of histiocytic
sarcoma arising through clonal evolution of B-
lymphoblastic leukemia [34]. One study has also shown
that CDKN2A and PTEN double mutant mice [35] have a
dramatically increased incidence of histiocytic sarcoma. In
keeping with this, we observed frequent mutations involved
PI3K-AKT-MTOR and cyclin D-CDK4/6-INK4-Rb path-
ways and also a trend (not statistically significant) toward
the co-occurrence of mutations involving these pathways,

Fig. 4 Immunohistochemical validation of candidate driver genes. a A
case of histiocytic sarcoma (i-H&E x400 magnification, ii-H&E x1000
magnification; arrowheads show mitotic figures; iii-iv-immunohis-
tochemistry x400 magnification) harboring a NF1 loss-of-function
mutation and two-copy deletion involving 9p21.3 including CDKN2A
(lower). The tumor showed diffuse and strong expression of p-ERK (v-
x400 magnification). Immunohistochemistry for p16 demonstrated
loss of staining in tumor cells (arrowheads show intact expression of
p16 in background inflammatory cells; vi-x1000 magnification). b A
case of histiocytic sarcoma (H&E x400 magnification) presenting as a
rectal mass with PTEN mutation involving the N-terminal cytoplasmic
localization sequence. Immunohistochemistry for p-S6 protein showed
diffuse and strong expression (x400 magnification). Immunohis-
tochemistry for PTEN (x1000 magnification) showed loss of cyto-
plasmic protein expression in tumor cells and abnormal nucleolar
localization (arrowheads). Note intact expression of PTEN in back-
ground stromal and inflammatory cells (arrow)
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further supporting a model of cooperative interaction
between these pathways in the pathogenesis of histiocytic
sarcoma.

We also describe frequent, albeit variable, PD-L1
expression in the lesional cells of histiocytic sarcoma, as
has been previously described [36, 37]. Since PD-L1 is also
expressed in normal macrophages [37], this finding may
simply represent further evidence of macrophage lineage in
this tumor. We did not identify a clear structural genetic

mechanism for PD-L1 expression in histiocytic sarcoma, as
described in other hematologic malignancies [38]. Expres-
sion of PD-L1 is associated with a suppressive immune
microenvironment in BRAFV600E-mutated Langerhans cell
histiocytosis [39]; its biologic significance in other histio-
cytic neoplasms is unclear. The utility of PD-L1/PD-1
blockade in histiocytic neoplasms is currently unknown but
is being explored in a clinical trial (NCT03316573).

Fig. 5 Frequent expression of PD-L1 in histiocytic sarcoma is not
associated with gains of 9p24. a Pie chart and histogram showing
frequency and extent (percentage of lesional cells positive) of PD-L1
protein expression, respectively, in 10 cases of histiocytic sarcoma. b
Case of histiocytic sarcoma presenting as a parotid mass (left, H&E

x400 magnification) showing diffuse and strong membranous reac-
tivity for PD-L1 (right, x400 magnification) but c no evidence of copy-
number changes at 9p24.1 (red dotted lines show area between 9p23
and 9p24.2)
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Fig. 6 Evidence for aberrant somatic hypermutation in histiocytic
sarcomas. a A subset of cases (red squares, 7/28) showing high
mutation frequency at target genes of aberrant somatic hypermutation;
(right) location and characteristics of mutations involving BCL6. b
Distribution of somatic mutations involving target genes of somatic
hypermutation as a function of distance from the transcription start site
(TSS). Average mutation density indicates the group mean of the
average number of mutations per case within overlapping intervals of

500 bp. c Summary characteristics of mutations involving target genes
of somatic hypermutation. d Molecular genetic overlap between a
subset of histiocytic sarcomas and B cell lymphomas. Each column
represents a single case of histiocytic sarcoma with combined mutation
data in selected genes recurrently mutated in B cell lymphomas, the
presence of an aberrant somatic hypermutation signature, documented
history of B cell lymphoma, and the presence of a clonal IGH gene
rearrangement
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Finally, in a subset of cases (25%), we also identified a
mutational signature that resembles aberrant somatic
hypermutation. Aberrant somatic hypermutation is a con-
sequence of mis-targeting of somatic hypermutation
machinery to proto-oncogenes instead of immunoglobulin
genes in B cell-derived tumors, such as diffuse large B cell
lymphoma [13, 40]. Interestingly, in our series, this group
was enriched for patients with a history of B cell lymphoma
and tumors with co-mutations in genes that are frequently
mutated in B cell neoplasms (TLR/NF-κB signaling and
epigenetic regulation). These findings suggest molecular
genetic overlap between histiocytic sarcoma and B cell
neoplasms. Previous studies have demonstrated a clear
clonal relationship between follicular lymphoma [7],
chronic lymphocytic leukemia [6] and other hematologic
malignancies [41] and histiocytic/dendritic cell neoplasms
using comparative sequencing/PCR of immunoglobulin
genes and/or cytogenetic (e.g., fluorescence in situ hybri-
dization) methods. In addition, Chen et al. [42] observed
that nearly half of all sporadic cases (unrelated to a pre-
existing B cell neoplasm) of histiocytic/dendritic cell sar-
comas can show clonal rearrangements of immunoglobulin
genes. We have confirmed this result in our cohort, where
we observed clonal immunoglobulin heavy chain gene
rearrangements in a large subset (~40%) of evaluated cases.
There was no statistically significant relationship between
the presence of clonal immunoglobulin gene rearrange-
ments and history of lymphoma or the presence of an
aberrant somatic hypermutation signature, but this is likely
limited by small sample sizes (insufficient DNA for PCR
analysis). Finally, we also observed that cases showing an
aberrant somatic hypermutation signature and patients with
a history of B cell lymphoma more frequently showed RAS-
MAPK mutations and/or CDKN2A alterations. Overall,
these findings further support the prevailing notion that a
subset of histiocytic sarcomas arise as a result of clonal
evolution from pre-existing B cell neoplasms or B cell
lineage-committed precursors with a possible role for RAS/
MAPK and/or CDKN2A mutations in orchestrating this
transformation. However, one major limitation of our study
is the lack of comparative genetic analysis of histiocytic
sarcoma and preceding B cell lymphoma in the same patient
to distinguish cases of true “secondary” histiocytic sarcoma
arising out of clonal evolution of B cell malignancies from
“primary” histiocytic sarcomas.

In summary, we have identified diverse and activating
RAS-MAPK and PI3K-AKT-MTOR pathway mutations
and CDKN2A tumor-suppressor gene alterations in the
majority of histiocytic sarcomas. Further, a subset of cases
harboring these mutations also show striking genetic simi-
larities with B cell lymphomas. These findings support a
model of cooperative interaction between RAS-MAPK,
PI3K-AKT-MTOR, and cyclin D-CDK4/6-INK4-Rb

pathways in histiocytic sarcoma and clonal evolution from B
cell neoplasia, providing a rational basis for the targeting of
these pathways in the treatment of this aggressive disease.
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