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Targetable driver mutations in multicentric

reticulohistiocytosis

Multicentric reticulohistiocytosis (MRH) is a very rare
systemic disease, characterized by multiple destructive
arthritic and papulonodular skin lesions that can also
affect other organs including the lungs and heart.' MRH is
classified as a group C histiocytosis (cutaneous and
mucocutaneous histiocytosis)® with typical histopatho-
logical findings such as histiocytic infiltration, particularly
of multinucleated giant cells with eosinophilic cyto-
plasms. From the first report in 1937, only 200-300 cases
of MRH have been reported, and the molecular patho-
genesis of MRH remains poorly understood. Given that
its clinical manifestations are similar to those of rheuma-
toid arthritis (RA), it has been suspected that MRH is an
autoimmune or inflammatory disease, and treatments
similar to those for RA, including administration of corti-
costeroids, methotrexate, bisphosphonates, and several
biological anti-inflammatory agents (etanercept, adali-
mumab, and infliximab), have been tried.** Although
spontaneous remission is occasionally observed during
the first ten years after diagnosis, functional prognosis is
usually poor; joint replacement surgery has often been
required because of the progression of destructive arthri-
tis, and current treatment is inadequate, especially in
severe cases.’ In this study, we performed a comprehen-
sive genetic analysis in two MRH patients to help eluci-
date its molecular pathogenesis.

We studied specimens from two patients with MRH and
from 13 patients with Langerhans cell histiocytosis (LCH).
One of our patients with MRH has been reported else-
where.” Patients provided written informed consent. The
Ethics Committee of the Nagoya University Graduate
School of Medicine approved this study, which was con-
ducted in accordance with the principles of the
Declaration of Helsinki. We performed whole-exome
sequencing (WES) and RNA sequencing in two patients
with MRH. We performed PCR-amplicon-based targeted
deep sequencing covering BRAF and AAP2K1, and RNA

Table 1. Somatic mutations in multicentric reticulohistiocytosis.

sequencing in 13 patients with LCH. Details of these
analyses are provided in the Online Supplementary Methods.

A 60-year old female (unique patient number 1, UPN1)
visited our hospital because of multiple skin lesions that
had first appeared when she was 52 years old. She had a
history of breast cancer at the age of 48. Her family his-
tory was unremarkable. Fluorodeoxyglucose (FDG)
positron-emission tomography (PET) showed the accu-
mulation of FDG in the polyarticular lesions of bilateral
upper and lower extremities (Figure 1A). The histological
findings of periarticular lesions showed infiltration of his-
tiocytes and multinucleated giant cells (Figure 1C).
Immunohistochemical analysis showed CD68 was posi-
tive in these cells, whereas LCH markers such as CD1a
and Langerin were negative. No abnormalities were
revealed in her blood test results, and no blasts appeared
in her peripheral blood (Online Supplementary Table S1).
We diagnosed the patient as having MRH based on the
clinical and pathological features.

UPN2 was a 39-year old male who visited our hospital
because of disturbances in his daily activities caused by
polyarticular nodular lesions and arthralgia in addition to
multiple skin lesions (erythematous papules) (Online
Supplementary Figure S1).° He had no remarkable family
history. At the age of 30, abnormal chest shadows were
found on X-ray images at routine medical examination. A
bronchoscopic biopsy revealed the infiltration of histio-
cytic cells. The disease was followed up without any
intervention because of the lack of subjective symptoms.
FDG-PET showed abnormal accumulation of FDG in the
large and small joints of the body (including phalangeal
joints) (Figure 1). We performed a biopsy of a periarticular
lesion of the left elbow and diagnosed him as having
MRH based on the typical histological findings similar to
those of UPN1 (Figure 1C).

We performed WES using biopsy specimens containing
histiocytic cells and peripheral blood mononuclear cells
derived from the two patients with MRH. We identified
eight non-synonymous somatic mutations in the histio-
cytic cells of each specimen, which were suggestive of
clonal expansion (Table 1). While to the best of our

UPN Gene Nucleic acid change Amino acid change VAF
UPNI TRPV3 c916G>A p.V306M 0.15
UPNI BEND?2 ¢.1069G>A p.V3571 0.13
UPNI PANK4 c512C>T p.P17IL 0.12
UPNI NOXT ¢.107C>T p.A36V 0.12
UPNI CLUH cT13AST p.Y238F 0.11
UPNI ADH7 c811G>A p.G271S 0.09
UPNI AKAPI ¢335C>G p.P112R 0.09
UPNI DOCKI .689A>G p-K230R 0.02
UPN2 CDK2 c431C>G p.P144R 0.13
UPN2 TET2 ¢.2890C>T p.Q964* 0.12
UPN2 SYNE1 c.12137C>T p.T4046M 0.11
UPN2 "MAP2KT ¢.305_310delAGATCA p.103_104dellK 0.07
UPN2 LIPG ¢.1276C>A p.L426M 0.04
UPN2 ZNF233 c.16-2A>T (exon 3) 0.04
UPN2 LRIG2 ¢.1576G>C p.D526H 0.02
UPN2 OTOF ¢.3614C>T p.A1205V 0.02

"Mutations for which identical mutations were reported as drivers in the literature or databases. UPN: unique patient number; VAF: variant allele frequency.
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Figure 1. Fluorodeoxyglucose positron-emission tomography (FDG-PET) and histopathological findings of patients with multicentric reticulohistiocytosis (MRH).
(A and B) FDG-PET images of Patient 1 (UPN1) (A) and Patient 2 (UPN2) (B). (C) Histopathological and immunohistochemical analyses of biopsy samples. Each

inset shows higher magnification. H&E: Hematoxylin & Eosin.

knowledge UPN1 carried no identifiable driver point
mutations, we detected an in-frame deletion of MAP2K1
(encoding dual specificity mitogen-activated protein
kinase 1, or MEK1, ¢.305_310delAGATCA,
p.103_104dellK) and a nonsense mutation of TET2
(encoding  methylcytosine  dioxygenase  TET2,
¢.2890C>T, p.Q964*) in UPN2. The MAP2K{ mutation
was located in the protein kinase domain of AAP2K1,
and identical mutations have been reported as gain-of-
function driver mutations in melanoma.’ Taken together,
the presence of driver and non-driver mutations suggest-
ed neoplastic clonal proliferation of histiocytic cells in
MRH.

We identified a novel in-frame fusion involving KIF5B
(encoding kinesin-1 heavy chain) and FGFR1 (encoding
fibroblast growth factor receptor 1 tyrosine kinase) in
UPN1 (Figure 2A, Ounline Supplementary Table S2 and
Ouline Supplementary Figure S3) by RNA sequencing. The
fusion protein contained the dimerization domain
derived from KIF5B, which is known to activate RET
(KIF5B-RET)” or ALK (KIF5B-ALK)® tyrosine kinases, and
the tyrosine kinase domain derived from FGFR1, which
drives breast cancer (ERLIN2-FGFR{),” lung squamous
cell carcinoma (BAG4-FGFER1),” and hematologic malig-
nancies (BCR-FGFR1)." This protein structure strongly
suggests gain-of-function tyrosine kinase activity, and we
analyzed the differential gene expressions between
UPN1 and UPN2 to examine the function of the KIF5B-
FGFR1 fusion protein. We found 69 and 191 genes signif-
icantly over-expressed in UPN1 and UPN2 with adjusted
P-values <0.1, respectively (Online Supplementary Table
S3). A gene set enrichment analysis revealed marked
enrichment of genes up-regulated in response to tyrosine

kinase activation in UPN1, suggesting upregulation of
tyrosine kinase activity of the KIF5B-FGFR1 fusion pro-
tein. On the other hand, UPN2 showed enrichment of
genes up-regulated in KRAS signaling, indicating the acti-
vation of RAS-MAPK signal transduction pathway by the
mutated MAP2K1 (Figure 2B and C).

Because patients with MRH harbored a /JIAP2K 1 muta-
tion similar to that observed in patients with LCH, and
an FGFR{ tyrosine kinase fusion, which had not been
reported in LCH, we guessed that the tyrosine kinase
tusions like the KIF5B-FGFR1 might be present in LCH.
To test this hypothesis, we performed a mutational
analysis including targeted deep sequencing and RNA
sequencing in 13 patients with LCH (Ounline
Supplementary Table S4). Among 13 patients, eight and
two harbored a BRAF p.V600E mutation and a MAP2K1
p.102_103delEl mutation, respectively. The remaining
three patients carried no BRAF mutations, MAP2K1
mutations, or fusion genes.

When the expression profiles were compared between
MRH and LCH, LCH showed upregulation of the genes
associated with maturation of dendritic cells in response to
inflammato signals
(LINDSTEDT_DENDRITIC_CELL_MATURATION_A
and LINDSTEDT_DENDRITIC_CELL_MATURATION_B)
(Online Supplementary Table S5 and Ounline Supplementary
Figure S4). This finding suggests that the source of tumor
cells in MRH might be different from that in LCH, in
which marked enrichment of genes associated with DC
progenitors and late DC has been reported."

The mutational analysis in our study suggests that
MRH should be considered a neoplastic disease caused
by the activation of the RAS-MAPK pathway similar to

haematologica 2020; 105:€62
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Figure 2. Genetic lesions and treatment response in patients with multicentric reticulohistiocytosis (MRH). (A) Structure of predicted KIF5B-FGFR1 fusion pro-
tein. Numbers indicate amino acid residues. Kinesin motor: kinesin motor domain; coiled coil: coiled coil domain; Ig-like C2 typel: immunoglobulin-like C2-typel
domain; TM: transmembrane domain. (B and C) Gene set enrichment analysis comparing the expression profiles obtained from Patient 1 (UPN1) and Patient 2
(UPN2). The genes in the HALLMARK_INTERFERON_GAMMA_RESPONSE gene set were up-regulated in UPN1, whereas those in the HALLMARK_KRAS_SIGNAL-
ING_UP were up-regulated in UPN2. NES: normalized enrichment score; FDR: false discovery rate. (D and F) Picture of the left hand of UPN2 before (D) and after
(F) chemotherapy showing shrinkage of the periarticular masses, a reduced redness of the skin, and increased wrinkles in the joints. (E and G) Positron emission
tomography-computed tomography findings of periarticular lesions of pelvis and left shoulder in UPN2 before (E) and after (G) chemotherapy.
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that present in patients with LCH, Erdheim-Chester dis-
ease (ECD), and juvenile xanthogranuloma, all of which
are classified as L group or C group histiocytosis."" We
hypothesized that chemotherapy resembling that for
LCH might be effective in these patients, and upon
approval by our institutional review board, we per-
formed chemotherapy used for LCH (JLSG-02 induction
A chemotherapy) (Online Supplementary Table S6) to
patient UPN2 who harbored MAP2K1 and TET2 muta-
tions in his histiocytes.

The patient's disease had been resistant to RA-like
immunosuppressive therapies, and he had undergone
total joint replacements of the left knee and bilateral hips
because of intractable pain emanating from destructive
arthritis. After starting chemotherapy, the periarticular
masses gradually decreased in size and became soft
(Figure 2D and F) and the subjective symptoms including
the right knee pain improved. As a result of this response,
the patient's right knee did not require the joint replace-
ment surgery that had been considered inevitable before
starting chemotherapy. Moreover, positron emission
tomography-computed tomography (PET-CT) scan after
the treatment showed decreased metabolic activity of
tumorous and inflammatory cells (Figure 2E and G). The
maximum standardized uptake value (SUVmax) of the
right femoral mass decreased from 15.11 to 6.89.
However, we had to stop the treatment course because of
peripheral neuropathy and reversible cerebral vasocon-
striction syndrome (RCVS) that were thought to be
chemotherapy adverse-associated events.

Our results suggest that MRH is not an autoimmune or
an inflammatory disease but a neoplastic one that may be
caused by an aberrant activation of the RAS-MAPK path-
way or tyrosine kinases. Both pathways are implicated in
the molecular pathogenesis of several histiocytic neo-
plasms." Both genetic alterations detected in the patients
with MRH (KIF5B-FGFR1 fusion and MAP2K1 deletion)
are druggable, and targeted therapies using FGFR1 or
MEK inhibitors may be effective treatments for patients
with MRH, as their efficacies have been recently demon-
strated in other histiocytic diseases such as ECD."

In current clinical practice, the diagnosis of MRH is
completely based on clinical presentation and not on
genetic abnormalities. Because our study is limited in
terms of the number of patients, the genetic background
of MRH still needs to be explored. Further identification
of mutations in MRH will clarify the relationships with
other hematologic malignancies that share similar muta-
tions with MRH, including myeloproliferative neoplasm
or acute leukemia with FGFR{ rearrangement.”

On the basis of the results of our mutational analysis,
we administered chemotherapy therapy similar to that
used to treat LCH in a patient with the MAP2K1 muta-
tion. Although we had to stop the chemotherapy because
of adverse events (peripheral neuropathy and RCVS),
especially attributed to vincristine,”” we observed
improvement in both subjective and objective symptoms,
and we think our patient had a partial but clinically sub-
stantial good response.

In summary, our results indicate that MRH should be
considered a neoplastic disease and suggest promising
effects of chemotherapy for its treatment. Further studies
are warranted to contribute to the development of opti-
mal therapeutic approaches for MRH, possibly including
molecular targeted therapies.
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