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Abstract

Histiocytic sarcoma and tumors with dendritic cell differentiation (HDT) are uncommon neoplasms often with an aggressive
clinical course that may occur in association with another hematologic malignancy or mediastinal germ cell tumor
(secondary HDT, sHDT). Previous studies have shown mutations in the RAS/MAPK pathway in HDT and have
demonstrated a clonal relationship between HDT and associated lymphoid malignancies through common translocations or
identical immunoglobulin or T-cell receptor gene rearrangements. We performed whole exome sequencing on 16 cases of
sHDT to further evaluate the spectrum of mutations that occur in sHDT in the context of an associated lymphoid
malignancy, including cases associated with follicular lymphoma (FL), chronic lymphocytic leukemia/small lymphocytic
lymphoma, B- and T-cell acute lymphoblastic leukemia/lymphoma and peripheral T-cell lymphoma, NOS. In addition, we
assessed the clonal relationship between the HDT and the associated lymphoid malignancy in three cases for which matched
samples were available. We found mutations in RAS/MAPK pathway genes in 14/16 cases of sHDT associated with diverse
mature and precursor B-cell and T-cell neoplasms, involving KRAS (8/16), BRAF (2/16), NRAS (2/16), MAP2K1 (1/16), and
NFI (1/16). In addition, we note that FL-associated sHDT frequently shares a similar mutational profile to the associated
malignancy, identifying mutations in CREBBP or KMT2D in all cases and “aberrant” somatic hypermutation in 5/6 cases.
Our study confirms the role of the RAS/MAPK pathway in the pathogenesis of sHDT, provides further evidence of a
common neoplastic precursor and, in the case of FL, gives additional insight into the stage in lymphomagenesis at which
transdifferentiation may occur.

Introduction

The clonal relationship between co-occurring lymphoid and
histiocytic/dendritic neoplasms is a well-documented phe-
nomenon, most often in relation to low grade B-cell lym-
phoma (BCL) including follicular lymphoma (FL) [1, 2]
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and chronic lymphocytic leukemia/small lymphocytic
lymphoma (CLL/SLL) [3], but is also described in cases of
B- and T-acute lymphoblastic leukemia/lymphoma [4-6].
Although rare, in these cases, the histiocytic/dendritic
neoplasm and the associated lymphoid tumor have been
shown to share identical structural rearrangements (such as
the IGH/BCL2 translocation) [1, 2], clonal immunoglobulin
or T-cell receptor (TRG) gene rearrangements [1-6] or in
some cases, identical pathogenic mutations [7, 8].

Several theories have been proposed to explain the
origin and evolution of these related neoplasms of see-
mingly different lineage, including origin from a common
neoplastic progenitor, transdifferentiation of a mature
lymphoid cell to one of myeloid lineage or alternatively
dedifferentiation of a lymphoid cell to an immature pro-
genitor with subsequent differentiation along the myeloid/
dendritic lineage [1, 9]. Despite these hypotheses, the
mechanism by which this process occurs remains poorly
understood.
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With the advent of next generation sequencing, muta-
tional analysis has given insight into the molecular patho-
genesis of histiocytic and dendritic cell tumors and has
shown a central role for driving alterations in genes of the
RAS/MAPK pathway. This also holds true for histiocytic/
dendritic tumors that arise in association with lymphoid
neoplasia, with case reports documenting responses to MEK
inhibition in MAP2KI-mutated histiocytic sarcoma asso-
ciated with FL [10], as well as mutations in KRAS [11],
BRAF [12], NFI [13], and NRAS [8, 14]. With this in mind,
we sought to further the understanding of the mutational
landscape of secondary histiocytic/dendritic neoplasms,
firstly by performing whole exome sequencing on a cohort
of cases associated with diverse lymphoid malignancies of
both B-cell and T-cell origin, and secondly by evaluating
the clonal relationship between the lymphoid and histiocy-
tic/dendritic tumors in three cases for which a matched
sample of the associated lymphoid malignancy was
available.

Materials and methods
Case selection

Sixteen cases of secondary histiocytic/dendritic tumors
(sHDT) comprising 15 histiocytic sarcomas (HS) and 1
indeterminate dendritic cell tumor (IDCT) were identified
from the files of the Hematopathology Section of the
National Cancer Institute under an IRB approved protocol.
Associated hematologic malignancies included FL, aggres-
sive BCL, CLL/SLL, T-lymphoblastic leukemia/lymphoma
(T-ALL), B-lymphoblastic leukemia/lymphoma (B-ALL)
and peripheral T-cell lymphoma, NOS (PTCL). Several of
these cases have been previously reported in the literature
with limited molecular analysis and clonality studies
(Table 1); however, none have had mutational analysis
performed prior to the current study. Material from the
associated lymphoid malignancy was available in 3 cases (1
FL and 2 T-ALL).

DNA extraction, BCL2 translocation and clonality
studies

DNA was extracted from formalin-fixed paraffin embedded
(FFPE) tissue sections using QTAGEN QIAamp DNA FFPE
Tissue Kit on a QIAcube robotic system according to the
manufacturer’s protocol (QIAGEN, Germantown, MD,
USA). In cases with composite components, the histiocytic/
dendritic component was macrodissected. BCL2 transloca-
tions were detected in two cases using a break-apart FISH
probe (described later) or by PCR for the IGH/BCL2 (MBR)
translocation as described elsewhere [15]. Four of six

FL-associated cases were previously published and had
IGH/BCL2 status determined according to methods descri-
bed at that time [1]. Clonality studies were performed as
previously described [15] or as described at initial pub-
lication [1, 3, 4, 6].

Whole exome sequencing, variant annotation, and
filtration

Exome libraries were prepared in 17 cases (14 HDT and 3
paired lymphoid malignancies) using Agilent SureSelect"
reagents (Agilent, Santa Clara, CA, USA) and in 2 cases
using Accel-NGS 2 S Hyb DNA library Kit (Swift Bios-
ciences, Ann Arbor, MI, USA). Targets were captured using
SureSelect Human All Exon V5 4 UTR target enrichment
kit and sequenced on an Illumina HiSeq3000 with TruSeq
V2 chemistry (Illumina, San Diego, CA, USA). Alignment
and variant calling were performed utilizing the Center for
Cancer Research Collaborative Bioinformatics Resource
(CCBR) Pipeliner workflow (https://github.com/CCBR/
Pipeliner). Reads were trimmed using Trimmomatic v0.33
[16] and mapped to the hs37d5 human reference genome
(ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/technical/refer-

ence/phase2_reference_assembly_sequence/hs37d5.fa.gz)

using BWA-mem v0.7.15 [17]. Resulting BAM files were
then sorted using Samtools v1.3 (http://www.htslib.org/)
[18] and PCR duplicates were marked using Picard v2.1.1
(https://broadinstitute.github.io/picard/). Indel realignment
and base recalibration was performed using GATK v3.7
[19]. Read- and alignment-level quality was assessed using
MultiQC v1.7 (http://multiqc.info/) to aggregate QC metrics
from FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/), FastQ Screen (https://www .bioinformatics.
babraham.ac.uk/projects/fastq_screen/), Qualimap (http:/
qualimap.bioinfo.cipf.es/) [20], Bamtools (http://github.
org/pezmaster3 1/bamtools) [21], and Trimmomatic [16].

Variant calling was performed on each sample using two
variant callers (MuTect 1.1.7 and MuTect2) [22]. An
internal panel of normals developed from >400 normal
germline samples accumulated at CCBR was used to
remove sequencing artifacts and common variants at >
0.001 frequency in EXAC (excluding the TCGA) r0.3.1
[23], 1000 Genomes Project [24] or gnomAD [23]. Variants
were annotated using vef2maf v1.6.17 (https://github.com/
mskcc/vef2maf) and Ensembl VEP 92 [25], followed by
CADD GRCh37-v1.4 [26], ClinVar [27] and the COSMIC
database v88 (http://cancer.sanger.ac.uk) [28].

At final filtration, variants were further filtered for >20x
total coverage, =6 reads supporting the mutant allele, and
>0.05 and <0.99 frequency in the tumor sample. In order to
exclude germline mutations, we retained only those variants
present in gnomAD at a frequency of <0.0001 and with a
CADD score of >20. We also used a targeted gene list
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(Supplementary Table 1) to reduce the number of variants
for assessment. The methods used in the filtering and gen-
eration of the targeted gene list has been described in detail
elsewhere [15]. Genes associated with clonal hematopoiesis
were not rescued. Variants in the targeted gene list meeting
one of the following criteria were considered significant:

(1) Present in a recurrently mutated gene (gene mutated in
24 samples).

(2) Splice site, nonsense mutation or frameshift/in-frame
insertion or deletion.

(3) Variant present >2 times in the COSMIC database v88
(http://cancer.sanger.ac.uk) [28], or designated as
pathogenic/likely pathogenic in ClinVar [27].

(4) Variant present once in the COSMIC database v88
(http://cancer.sanger.ac.uk) [28], but occurring within
a known hotspot, or domain as described in the
literature.

Assessment of “aberrant” somatic hypermutation

Coverage statistics were reviewed for the top 20 most fre-
quently mutated genes reported to be targeted by “aberrant”
somatic hypermutation (aSHM) [13, 29-31], and genes with
an average of >90% of nucleotides in the first 2000 base
pairs covered at >20x in 14 or more samples were retained
for evaluation (BCL2, TMSB4X, and LTB). Variants in these
3 genes were retained if present in >6 reads, at a depth of
>20 reads. To remove potential germline events, variants
that were present in gnomAD or at an allele frequency of
>0.4 were excluded. The number of mutations involving
RGYW/WRCY motifs, transitions, and transversions were
quantified. The RGYW/WRCY motif bias ratio was cal-
culated by dividing the observed number of mutations by
the expected number of mutations occurring within these
motifs.

Copy number analysis

Copy number was estimated from the exome sequencing
data using default settings for CNVkit v0.8.5 [32]. Calls
from CNVkit were also exported in nexus.ogt format for
review and annotation in Nexus 9.0 Software (BioDiscov-
ery, Hawthorne, CA).

Fluorescent in-situ hybridization (FISH)

FISH was performed to test for CDKN2A deletion using the
Vysis LSI CDKN2A SpectrumOrange Probe (9p21) (Abbott
Molecular, Des Plaines IL, USA) with Vysis CEP 9 (9p11-
qll Alpha Satellite DNA) Aqua Probe (Abbott Molecular)
as a reference. FISH for the BCL2 translocation was

performed using BCL2 FISH DNA probe, Split Signal,
Code no: Y5407 (Dako, Carpinteria, CA, USA). The
hybridization procedure and additional methods have been
described in detail elsewhere [15].

Evaluation of the clonal relationship between
lymphoid and histiocytic/dendritic tumors

The clonal relationship between three HDT and paired
lymphoid malignancies was assessed using the variants
identified following variant filtration. In order to identify
additional mutations that may have been filtered, and to
examine models for the clonal architecture of the samples,
SuperFreq version 1.2.6 [33] was used. Non-synonymous,
exonic mutations were prioritized as per the default algo-
rithm. The resulting clonal structures were revised in the
context of tumor purity, variant allele frequencies, and copy
number alterations.

Results

Cohort features: histology, immunohistochemistry
and clonality studies

The 16 HDT cases in the cohort comprised HS (15/16) or
IDCT (1/16) with a male predominance (13/16 cases,
81.25%). The associated malignancies were FL (6/16
cases), BCL (1/16 cases), CLL/SLL (2/16 cases), B-ALL
(2/16 cases), T-ALL (4/16 cases), and PTCL NOS (1/16
cases) (Table 1). In fifteen cases, the HDT developed either
concurrently or subsequently to the associated lymphoid
malignancy. In one case, the HDT was diagnosed three
years prior to the associated aggressive BCL. Seven cases
have been previously published in the literature without
sequencing data [1, 3, 4, 6], Table 1 and Supplementary
Table 2.

Clonality studies were performed or had results available
in all cases. Immunoglobulin (IG) or TRG gene rearrange-
ments were detected in 15/16 HDT. Two cases (one CLL-
associated and one B-ALL associated) had both IG and
TRG rearrangements. In 9 cases with available information,
the clonal IG or TRG rearrangement identified was similar
to the associated lymphoid malignancy, either by PCR
product size or by sequence similarity as previously pub-
lished; however, in 4 cases the HDT was macrodissected
from the associated lymphoid malignancy or the possibility
of small volume residual lymphoid tumor was considered,
and therefore contamination, though minimized, cannot be
entirely excluded (Supplementary Table 3). All cases
associated with FL had a BCL2 translocation confirmed
either by FISH or PCR. In the case with negative clonality
analysis, sequence similarity between the IGH/BCL2
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breakpoints in the FL and HDT had been previously
demonstrated [1].

Secondary histiocytic/dendritic neoplasms
associated with diverse lymphoid malignancies have
frequent alterations of the RAS/MAPK pathway

Whole exome sequencing was performed on 16 histiocytic/
dendritic cell tumors and 3 matched lymphoid malig-
nancies. Median coverage ranged from 223x to 417x. In the
absence of matched germline samples, stringent variant
filtration was performed as described above. All variants
discovered are listed in Supplementary Table 4. Consistent
with previous studies, we found a high frequency of
mutations in the RAS/MAPK pathway, with mutations
present in 14/16 cases (87.5%). The mutations were present
independent of the associated lymphoid malignancy,
although the two cases without RAS pathway mutations
were both associated with T-ALL. The most frequently
mutated gene was KRAS, occurring in 8 cases including 4/6
FL cases (p.Q61H [HDTO02, HDT11, HDT13]; p.G12D
[HDT12]), 2/4 T-ALL cases (p.K117N [HDTO08]; p.G12D
[HDT15]), 1/1 PTCL-associated case (p.G12A [HDTOS])
and 1/2 CLL-associated cases (p.G12A [HDT14]). Muta-
tions in BRAF and NRAS were each present in two cases. A
BRAF p.V600OE was present in a case associated with BCL
[HDTO06] and a p.D594G mutation was present in 1/6 FL-
associated cases [HDT10]. NRAS mutations were present in
1/2 CLL-associated cases (p.Q61K [HDTO03]) and 1/2 B-
ALL-associated cases (p.G12D [HDT16]). Single mutations
were identified in MAP2K] in 1/6 FL-associated cases (p.
F53L [HDTO1]) and NFI in 1/2 B-ALL- associated cases
(p.C2223* [HDTO04]).

With the exception of the NFI mutation, all RAS path-
way mutations discovered occur in well-described onco-
genic hotspots. The NF alteration is a nonsense mutation
and therefore predicted to be inactivating, and in the context
of a tumor suppressor gene, significant. The mutational
profile of the cases is detailed in Fig. 1.

Follicular lymphoma-associated histiocytic sarcoma
and follicular lymphoma share a common
mutational profile

In view of the known clonal relationship between lymphoid
and histiocytic/dendritic tumors, we specifically assessed
each case for alterations in genes that are known to be
mutated in lymphoid malignancies (Supplementary
Table 1). All FL-associated cases had mutations that occur
early in the pathogenesis of FL, with 5/6 cases harboring
mutations in CREBBP (p.S1436N [HDTO02]; p.I1483F
[HDT10]; p.R1446H [HDT11]; p.S1680del [HDT12 and
HDT13] and p.R1446C [HDT13]) and 5/6 cases with
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Fig. 1 Mutational profile of sHDT. Cases are divided according to
the associated malignancy. Each row represents a gene and each col-
umn represents a sample.

mutations in KMT2D (p.Q3570* [HDTO1]; p.W4730* and
p-W4377*% [HDTI10]; c.14644-2A>C and p.Q773*
[HDT11] and p.R2801* [HDT12] and p.Q3394* [HDT13]).
Additional mutations associated with FL/DLBCL were also
present at lesser frequencies, including in TNFRSFI14 (p.
Wi12* [HDTI2]; c.460+2T>G [HDTI13]), POU2AFI
(c.164+2T>C [HDTOl]; c.1l6+1G>A [HDTI2)),
FOXO! (p.R21H [HDTO1]; p.E9* [HDT10]), B2M (p.
L85fs [HDT10]); SGKI (p.Q125* [HDT12]), PIK3CD (p.
E1021K [HDTI10]), CARDI11 (p.G126D [HDTO1]), and
MYDS8S8 (p.M240T [HDTO1]), Fig. 1 and Supplementary
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Tables 4 and 5 [34]. Consistent with their relationship to the
associated FL, all six cases had a BCL2 translocation
documented by FISH or PCR and clonal IG gene rearran-
gements were demonstrated in all but one case.

We were able to evaluate the clonal relationship of one
case of HS to an associated grade 3B FL [HDTO1]. In this
case, the diagnostic biopsy showed FL and HDT, and a
biopsy taken 7 months later showed only HDT. We
sequenced the FL component of the diagnostic biopsy and
the HDT from the biopsy at 7 months. Both tumors shared
identical IGK gene rearrangements (IGH rearrangement was
not detected in either tumor), harbored identical mutations
in KMT2D, BCL2 and POU2AF1, and a BCL2 translocation
was identified in the HDT by FISH. The FL had additional
mutations in BIRC3, MDM?2 and PIM1 that were not present
in the HS (Supplementary Table 6). Interestingly, the HS
showed multiple additional “B-cell lymphoma” mutations
that were not present in the associated FL, including in
MYDS88, WHSCI, CARDI11, FOXOI1, WAS, and P2RYS, as
well as homozygous deletion of CDKN2A and a mutation in
the RAS pathway gene, MAP2KI. These findings are con-
sistent with origin of the HS and FL from a common neo-
plastic B-cell and suggest a pathogenic role for the RAS
pathway in the development of the HS. MAP2K1 mutations,
although associated with pediatric-type FL [35], are not
common in adult-type FL [34] (Fig. 2).

HDT associated with other mature B-cell malignancies
may also have a mutational profile that is reminiscent of the
associated lymphoid tumor. We identified mutations in
CREBBP (p.S1680del and p.Q1209fs), GNA13 (p.Q27* and
p.SOfs), IRF4 (p.C99R) and IRFS (p.Q46*) in the single
case of HS associated with aggressive BCL [HDTO06]. In
addition, 1/2 cases associated with CLL [HDTO3] had
mutations in NOTCHI (p.P2514fs) and TP53 (p.R280G),
both described in CLL. Neither CLL-associated case in this
study had mutations in CREBBP, KMT2D, or other muta-
tions typically associated with FL/DLBCL.

Histiocytic/dendritic neoplasms associated with
lymphoblastic leukemia/lymphoma

The two cases associated with B-ALL had RAS pathway
mutations as described above. In addition, both had clonal
IG rearrangements and one case also had a clonal TRG gene
rearrangement [HDT16]. Co-occurring NFI and SETD2
mutations were present in case [HDT04] involving the GI
tract, a finding that has previously been noted in a subset of
primary HS [15].

Of the 4 T-ALL-associated sHDT, two did not have RAS
pathway mutations; however, both had TRG rearrange-
ments detected by PCR. No significant oncogenic activating
mutations were detected in either of these cases. The
remaining two cases associated with T-ALL both had

mutations in KRAS and FBXW7 and identical TRG gene
rearrangements to the associated T-ALL, which was ana-
lyzed separately. In the first case [HDTO8], both T-ALL and
HS samples had the same KRAS (p.K117N), FBXW7 (p.
R465C), and PIK3CA (p.E542K) mutations as well as
identical TRG gene rearrangements and loss of hetero-
zygosity (LOH) at chromosome 9p; however, copy number
analysis showed differences between the tumors, with LOH
present at chromosome 4q in the T-ALL and not in the HS,
and a gain of chromosome 20 present in the HS and not in
the T-ALL confirming a clonal relationship between the two
tumors and subsequent divergent evolution (Fig. 3). In
addition, exome copy number calling suggested loss of
CDKN2A in the T-ALL and not in the HDT; however, the
loss was focal and we were unable to confirm by FISH.

The second case, [HDT15], showed substantially dif-
ferent mutational and copy number profiles between the two
tumors. The T-ALL had TP53 (p.C242S) and FBXW7 (p.
R465H) mutations, gain of chromosome 18 and a 17p
deletion that were not present in the IDCT, and the IDCT
had KRAS (p.G12D), FBXW7 (p.R479Q) and RBI (p.
E440K) mutations, as well as a gain of chromosome 12 that
were not present in the T-ALL. Despite this, both tumors
were clonally related by the same TRG rearrangement and
LOH at chromosome 9p with deletion of CDKN2A (Fig. 4).
In addition, we identified shared mutations in SETDIB (p.
D458fs) and CARD11 (p.D200N) that were subclonal in the
T-ALL, but present at a significant allele frequency in the
IDCT. The significance of this finding is unclear.

Copy number analysis

Copy number calling performed on exome sequencing data
showed recurrent alterations in chromosome 9p, with LOH
in 7 cases. Nine cases with likely losses of 9p21 were
called, of which 6 had associated LOH of chromosome 9p.
We confirmed homozygous deletions of CDKN2A in 7 of
these cases by FISH (Fig. 5). In total, 9 cases had either
confirmed deletion of CDKN2A or LOH of chromosome 9p.

Aberrant somatic hypermutation

We performed a limited assessment to evaluate the presence
of aSHM in the sHDT cases (Supplementary Table 7). This
analysis was restricted to BCL2, TMSB4X, and LTB, due to
limited coverage of intronic regions in our exome sequen-
cing. BCL2 is a well described target of aSHM in both FL
and diffuse large BCLs, while TMSB4X and LTB are more
recently described aSHM targets found at high frequency in
diffuse large BCL [31]. A total of 59 mutations were
identified in the 16 sHDT cases. All mutations occurred in
cases associated with FL. (n =5) or BCL (n=1) and were
not present in cases associated with any other lymphoid
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Fig. 2 sHDT associated with FL. a Histological features of FL grade
3B (H&E, original magnification x40) and HS, biopsy composite with
FL (left) and the sequenced biopsy at 7 months (right) (original
magnification x200). The FL is positive for PAXS (original magnifi-
cation x100) and negative for CD68 (original magnification x100).

malignancy. Forty-eight of the 59 mutations involved the
BCL2 gene, 9 were present in TMSB4X gene, and 2 were
present in LTB. The ratio of transitions to transversions was
1.36 and 20/59 mutations were present in RGY W/WRCY
motifs, the latter representing an RGYW/WRCY mutational
motif bias of 5.95x of expected. These data are character-
istic of an activation induced cytidine deaminase (AID)-
associated somatic hypermutation signature that is char-
acteristic of germinal center and post-germinal center BCLs,
providing further support for the relationship between the
FL and the associated HS. Of particular interest, we were
also able to compare the spectrum of aSHM in one case of
FL with the associated HS [HDTO1], and importantly this
FL showed a nearly identical spectrum of aSHM as the HS
(12/15 identical; Supplementary Table 7).
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Both HS biopsies are negative for PAXS5 (original magnification x100)
and positive for CD68, which is more focal in the biopsy at 7 months
(original magnification x100, left; original magnification x200, right).
b The FL and HS share identical clonal IG arrangements. ¢ Compar-
ison of the mutational profiles of clonally related FL and HS.

Discussion

Our study provides new data and insights into the molecular
pathogenesis of secondary histiocytic/dendritic neoplasms.
Through whole exome sequencing of 16 cases, we reaffirm
the significance of the RAS/MAPK pathway in these lesions
and propose models of clonal divergence for three cases in
which a matched lymphoid malignancy was available.

We report a high frequency of RAS/MAPK pathway
mutations, with well-known pathogenic mutations identified
in 14/16 cases (87.5%). This finding is consistent with
previous series and case reports describing the importance
of the RAS pathway in the pathogenesis of histiocytic and
dendritic tumors [13, 15, 36-39]. All cases of sHDT,
regardless of the associated lymphoma subtype, had
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Fig. 5 Copy number analysis of sHDT. a Copy number alterations
across entire cohort, with recurrent losses of chromosome 9p at
CDKNZ2A. b Illustrative example of FISH in two cases confirming
homozygous deletion of CDKN2A (CEP 9 — Aqua; chromosome

evidence of a clonal relationship to the associated lymphoid
tumor through clonal IG or TRG gene rearrangements, or
IGH/BCL2 sequence similarity as documented in this study
or in our previous reports [1, 3, 4, 6]. Strikingly, although
the paired associated lymphoma was not available in most
cases, the mutational profiles of eight of the nine cases
associated with mature B-cell neoplasms contained many
characteristic mutations of the associated BCL subtype.
Finally, in the one case in which the paired FL was avail-
able, multiple shared mutations were detected, including
most of the mutations attributable to aSHM, further sub-
stantiating a clonal relationship between the associated BCL
and the HS.

Transdifferentiation has been proposed as a mechanism
by which tumors of diverse lineages are derived from a
common clonal origin [1, 2, 40]. Although it has been
thought that mature lymphoid cells lack lineage plasticity, it
has been shown that B cells and committed T-cell pro-
genitors can be reprogrammed into macrophage/dendritic
cells under the influence of transcription factors including
C/EBPa, C/EBPf, and PU.1 [41-43]. In B cells, loss of
PAXS expression is thought to be important in this process,

SPRINGER NATURE

9p.21 — Orange). ¢ View of chromosome 9 in a case with homozygous
deletion of CDKN2A (arrow). Copy number alterations are represented
in the top panel and B-allele frequencies in the bottom panel (Nexus
9.0, BioDiscovery).

as forced expression of C/EBPa results in the down-
regulation of PAXS and activation of the myeloid/macro-
phage differentiation programs [42]. Furthermore, under
appropriate conditions CRE-mediated PAX5 gene deletion
alone can allow pro-B cells regain the capacity to differ-
entiate into macrophages [44]. In accordance with these
experimental data, loss of immunohistochemical expression
of PAXS was seen in all our cases studied and has been
documented in other cases of sHDT [1, 3].

Investigators have also speculated as to the precise nature
and stage of development of the common neoplastic cell
from which these clonally related tumors originate
[4, 5, 45, 46]. Dedifferentiation of the lymphoid malignancy
to an uncommitted progenitor with subsequent differentia-
tion along the myeloid/dendritic lineage has been con-
sidered[1, 3, 45]; however, evidence of an uncommitted,
immature progenitor cell population has not been found. In
cases associated with FL, origin from a common precursor
cell that has at least reached a pre-B-cell stage of differ-
entiation was considered by Feldman et al. in showing that
FL-associated HS harbored IG rearrangements and IGH/
BCL2 translocations [1]. More recently Geyer et al. showed
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evidence for a common precursor in a case of B-ALL
associated HS which had IGH/MYC translocations in both
histiocytic and lymphoid tumors but clonal divergence and
acquisition of BRAF and likely KRAS mutations in the HS
[12]. In support of the potential for transdifferentiation to
occur at a relatively late stage of B-cell development,
somatically hypermutated IGH genes, considered a marker
of B-cell maturity, have been found in HDT associated with
FL and SMZL [40, 47], and an aberrant somatic hyper-
mutation signature has been reported in a subset of HS cases
that were enriched for cases with a history of B-cell
malignancy [13]. We also found evidence of aSHM (a
characteristic of BCL that have passed through a germinal
center stage of differentiation) in 6 sHDT associated with
germinal center-derived BCL (5 FL and 1 aggressive BCL),
while sHDT cases associated with other hematopoietic
tumors (CLL, B-ALL, PTCL and T-ALL) showed no evi-
dence of aSHM.

Other studies have also emphasized clonal divergence
demonstrated by the acquisition of additional abnormalities
in the associated lymphoid malignancy that are not present
in the HDT, including those by Brunner et al, in which the
FL and HS shared the IGH/BCL2 translocation but the FL
had additional cytogenetic abnormalities [9] and Buser et al,
who reported an early T-cell precursor LBL that had an
NRAS p.G13D mutation not present in the HDT [46].
Similarly, in our three cases with matched lymphoid and
histiocytic/dendritic neoplasms it is notable that while the
lymphoid and histiocytic/dendritic tumors shared common
structural or mutational alterations, each case showed
abnormalities within the lymphoid malignancy that were not
present in the HDT, in keeping with origin of the HDT from
a common late stage neoplastic precursor or an undetected
subclone of the lymphoid tumor, with subsequent clonal
divergence.

The larger number of sHDT cases associated with FL
allows us to make some observations regarding the rela-
tionship between the two tumors. In considering the evo-
lutionary relationship between HDT and FL it is important
to take into account the multiple studies that have elegantly
shown the stepwise clonal evolution and pathogenesis of
FL, with the initial IGH/BCL2 translocation, followed by
mutations in genes including CREBBP, KMT2D, and EZH?2
[48-50]. In our series, all HDT cases associated with FL
had a similar mutational profile to FL, including the BCL2
translocation, IG gene rearrangement, mutations in
CREBBP and/or KMT2D, and 5/6 had evidence of AID-
associated aSHM. All cases also had alterations in RAS/
MAPK pathway genes rarely seen in adult-type FL and not
present in one matched associated FL, indicating the crucial
importance of the RAS/MAPK pathway in the pathogenesis
of the HDT in these cases. Consistent with our findings, a
Langerhans cell sarcoma in a patient with a history of FL

was recently shown to have the IGH/BCL2 translocation,
CREBBP and KRAS mutations [11], and HS occurring in
two patients with histories of FL. and DLBCL were shown
to have mutations in KRAS, CREBBP, and KMT2D; and
BRAF, KRAS, KMT2D, and EP300, respectively [13].
Based on our data and data from the literature, we surmise
that FL-associated HDT arises from a relatively late stage
neoplastic B-cell complete with IGH/BCL2 translocation,
IG gene rearrangement, and a spectrum of gene mutations
that are characteristic of the mutational profile of mature FL,
including those associated with AID induced aSHM. The
critical “transdifferentiation” step to HDT appears to be
associated with the acquisition of RAS/MAPK pathway
alterations. While the FL-associated sHDT and the FL share
many abnormalities, both tumors may have distinct muta-
tions, as exemplified by the single matched FL-associated
HDT in our study, indicating further mutational divergence
of each tumor.

Similarly, the non-FL associated HDT cases also pos-
sessed mutations commonly found in the associated BCL.
One CLL-associated case in our study had a mutation in
NOTCHI at a site previously described as mutated in CLL,
and a second case associated with aggressive BCL showed
striking similarity to the FL-associated cases with mutations
in CREBBP, but also in IRF4, IRFS, and GNA13 frequently
reported in DLBCL [51, 52]. While the number of cases
studied for these B-lymphoma subtypes are small, these
data are also consistent with transdifferentiation of the
sHDT from the associated BCL.

While similarities at a genomic level between B-cell
neoplasms and sHDT arising in the context of a B-cell
malignancy are perhaps not surprising, it is notable that
mutational overlap between HS and BCL has also been
described in cases of HS occurring in patients without a
history of BCL (so-called primary HS) [13, 15]. Analogous
to our secondary cases associated with BCL, a subset of
primary HS cases have been shown to harbor mutations in
genes such as KMT2D, CREBBP, PIK3CD, MYDSS,
TNFRSF14, or POU2AFI and/or to have clonal IG rear-
rangements [13, 15, 53]. In addition, as previously men-
tioned, one study demonstrated an aberrant somatic
hypermutation signature in HS, including cases of primary
HS [13] and rare instances of HS preceding a diagnosis of
lymphoid malignancy have also been described [54],
including one such case in the current series. These data
suggest that a proportion of primary HS develop from a
progenitor with B-lineage differentiation potential or pos-
sibly through transdifferentiation from a preexisting occult
B-cell neoplasm, similar to the majority of B-cell related
secondary HS described in the current study.

The identification of RAS pathway mutations in 14/16 of
our sHDT cases, and the extensive literature on the
importance of the RAS pathway in the pathogenesis of
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primary HS and other dendritic cell tumors is consistent
with the notion that alterations in this pathway are likely to
play a role in the transformation to sHDT. For the two T-
ALL-associated cases without RAS pathway mutations, we
cannot discount the possibility that another mechanism may
underlie transformation to sHDT. In addition, in one case
in our study, the same RAS pathway mutation was present
in both the HDT and the associated T-ALL, indicating
that other mechanisms for transformation may be at play.
The absence of matched lymphoid malignancy in most
cases prevents us from definitively associating the RAS/
MAPK pathway mutations with transformation to sHDT;
however, at least for the FL associated sHDT, the rarity of
RAS pathway alterations in FL suggests RAS/MAPK
mutations are critical in the pathogenesis of this type
of sHDT.

In conclusion, our study highlights the importance of the
RAS/MAPK pathway and provides further insight into the
pathogenesis of the rare sHDT associated with diverse
lymphoid malignancies. We show that in addition to RAS
mutations, BCL-associated HDT may share a mutational
profile with the associated lymphoid neoplasm. In parti-
cular, we show that FL-associated cases have mutational
hallmarks of FL beyond the IGH/BCL2 translocation, in
keeping with origin from a common neoplastic B-cell.
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