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Abstract

Birt-Hogg-Dubé (BHD) syndrome is an autosomal dominant disease characterized by
benign skin hamartomas, pulmonary cysts leading to spontaneous pneumothorax, and an
increased risk of renal cancer. BHD syndrome is caused by germline mutations in the
folliculin (FLCN) gene, a putative tumor suppressor, which result in loss of function of the
folliculin protein and may cause cancer predisposition. In a 45-year-old woman with anemia,
lymphadenopathy, and a history of recurrent spontaneous pneumothorax, '*F-FDG PET/CT
detected diffuse and slight 'F-FDG accumulation in the bone marrow, enlarged spleen, and
systemic multiple enlarged lymph nodes. Genetic examination identified a germline nonsense
mutation [¢.998C>G (p.Ser333*)] on exon 9 of FLCN. Pathological examination of the
lymph node revealed a diffuse neoplastic proliferation of plasmacytoid lymphocytes. The
neoplastic lymphoid cells were positive for CD20, CD138, and light chain kappa as per
immunohistochemistry and mRNA in situ hybridization, and a MYD88 gene mutation
[c.755T>C (p.L252P)] was identified. Accordingly, she was diagnosed with
lymphoplasmacytic lymphoma concomitant with BHD syndrome. To the best of our
knowledge, this is the first report describing the development of hematological malignancy in
a patient with BHD syndrome. The FLCN mutation might contribute lymphomagenesis as an

additional mutation cooperating with the MYD&88 mutation.
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Introduction



Birt-Hogg-Dubé¢ (BHD) syndrome is an autosomal dominant disease, first described in
1977, characterized by benign skin hamartomas, pulmonary cysts resulting in spontaneous
pneumothorax, and an increased risk of renal cancer (1). BHD syndrome is caused by
germline mutations in the folliculin (FLCN) gene, which encodes the protein folliculin, and is
a putative tumor suppressor gene whose function is still under investigation (2-8). FLCN
gene mutations have been suggested to result in the loss of function of folliculin protein and
may cause cancer predisposition (7, 9). Although a wide spectrum of tumors has been
reported in association with BHD syndrome, there is no report on hematological
malignancies. We herein describe, possibly the first patient with BHD syndrome, who

developed lymphoplasmacytic lymphoma (LPL).

Case report

A 45-year-old woman presented to our hospital with fatigue. She had experienced several
episodes of spontaneous pneumothorax and had undergone lower pleural covering techniques
within the last 10 years. Although there was no family history of pulmonary
cysts/spontaneous pneumothorax and renal tumors, she was diagnosed with BHD syndrome
by FLCN gene mutation analysis 10 years ago. At the first visit, her vitals were stable
although physical examination revealed conjunctival pallor, systolic murmur, and
lymphadenopathy of the neck and axilla. There were no skin lesions of tumor such as
fibrofolliculomas. Her laboratory tests showed pancytopenia, with a white blood cell count of
2,900/uL (neutrophils 36%, eosinophils 7%, basophils 1%, monocytes 10%, lymphocytes
41%, and abnormal lymphocytes 5%), hemoglobin level of 4.8 g/dL, hematocrit 16.2%, and a
platelet count of 106,000/uL (Fig. 1A). Monoclonal gammopathy of IgM kappa type was also

detected by immunofixation electrophoresis, although serum IgM was not remarkably



increased with a level of 299 mg/dL. The laboratory findings are summarized in the Table 1.
The '8F-fluorodeoxyglucose positron emission tomography/computed tomography presented
diffuse and slight accumulation in the bone marrow, enlarged spleen, and systemic multiple
enlarged lymph nodes; there was no obvious tumor or abnormal accumulation in the kidney
(Fig. 1B). Moreover, chronic pneumothorax was found, with emphysematous changes and
typical cysts in the lungs. Axillary lymph node and bone marrow biopsies were performed to
confirm the diagnosis. Pathological examination revealed LPL, and chemotherapy with

bendamustine plus rituximab was initiated.

Materials and methods

Histopathological and immunohistochemical examination, and RNA in situ

hybridization

The resected lymph node was fixed in 10% buffered formalin, embedded in paraftin
after routine processing, and stained with hematoxylin and eosin (H&E). Immunostaining
was performed with antibodies against the following: CD3 (Dako, clone: M7254), CD5
(Leica Biosystems, clone: PA0168), CD10 (Leica Biosystems, clone: RTU-CD10-270),
CD20 (L-26) (Dako, clone: IR604), CD138 (Dako, clone: M7228), and folliculin (Abcam,
ab176707). mRNA in situ hybridization was performed with antibodies against the following:

L-chain kappa (DB Biotech, clone: H16-E) and L-chain lambda (DB Biotech, clone: K22.Y).

Mutation analyses of FLCN and MYD&88, and loss of heterozygosity (LOH) analysis of

the FLCN gene-associated region



To identify a FLCN mutation, genomic DNA isolated from peripheral blood
mononuclear cells or lymph nodes were used according to the method described previously
(6, 10). Briefly, each exon of FLCN was separately amplified and then screened by
denaturing high-performance liquid chromatography. When a mobility shift was detected,
sequencing of the exon of concern was performed using an automated sequencer (ABI Prism
BigDye Terminator v1.1 Cycle Sequencing kit and ABI 3130 Genetic Analyzer; both

Applied Biosystems, Foster City, CA).

For MYD&8 gene mutation analysis, genomic DNA was isolated from the lymph node at
diagnosis and from the buccal mucosa using QIAamp DNA Mini Kit (QIAGEN, Hilden,
Germany). Each DNA sample was examined to identify a somatic MYDS88 gene mutation
according to the method described previously (11). The sequencing reactions were performed
using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA)

and analyzed on a 3500 Dx Genetic Analyzer (Applied Biosystems, Foster City, CA).

For LOH analysis of the FLCN gene-associated region (chromosome 17p12.2), each
genomic DNA sample, extracted from the lymph node at diagnosis and from the buccal
mucosa, was utilized. Two microsatellite markers, D17S740 and D17S2196, were examined
for LOH analysis according to the method described previously (12); FLCN is located
between the two markers. The PCR products were electrophoresed using an Applied
Biosystems 3130/3130x1 Genetic Analyzer. LOH analysis was performed using Gene Mapper
4.0 (both from Applied Biosystems, Foster City, CA). To confirm reproducibility, all lesions

were examined at least twice. A > 50% reduction of signal intensity was defined as LOH.

Results



Mutation analysis identified a germline nonsense mutation (¢.998C>G) on exon 9 of
FLCN (NM_144997.5) (Fig. 2). The expected result would be premature termination of

protein translation p.Ser333*, thereby establishing the diagnosis of BHD syndrome (13).

Immunohistochemistry of axillary lymph node revealed a diffuse neoplastic proliferation
of small lymphocytes, plasma cells, and plasmacytoid lymphocytes partly with Dutcher body.
The neoplastic lymphoid cells were positive for CD20, CD138, and light chain kappa and
negative for CD3, CD5, CD10, and light chain lambda as seen by immunohistochemistry and
mRNA in situ hybridization (Fig. 1C). Folliculin was slightly positive in the neoplastic
lymphoid cells (Fig. 2B). Bone marrow examination also detected diffuse infiltration of
neoplastic lymphoid cells (Fig. 1A). Further, the MYD88 (NM_002468.5) mutation
[c.755T>C (p.L252P)] on exon 5 was identified in the lymph node, but not in buccal cells,

thus being consistent with the diagnosis of LPL (stage IV) (Fig. 1D).

Since more than half of the BHD syndrome-associated renal cell carcinomas show either
a somatic FLCN mutation or LOH, thereby inactivating the second FLCN allele, we
performed somatic FLCN gene mutation analysis and LOH analysis with lymph node
involved in LPL. There were no somatic second hit mutations in the remaining wild type
FLCN allele (data not shown), and the microsatellite markers on the FLCN loci showed no

evidence of LOH (Fig. 2B).

Discussion

To the best of our knowledge, this is the first report describing the development of
hematological malignancy in a patient with BHD syndrome. In addition to the high risk of
developing renal tumors, an increased incidence of other tumor entities has also been

suggested in BHD syndrome. In this context, there are isolated reports of a variety of
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cutaneous and internal tumors in patients with BHD syndrome, including lipomas, cutaneous
cysts, melanoma, and breast, lung, parotid, thyroid, and parathyroid tumors (14, 15). Unlike

other cases, however, the patient presented in this report developed LPL.

MYDS8S8 is known to play an important part in Toll-like receptor and interleukin-1
receptor signaling, leading to enhanced B cell survival. MYDS88 gene mutation has been
suggested to play a central role in the pathogenesis of LPL by enhancing Janus kinase/signal
transducer and activator of transcription (JAK-STAT) and nuclear factor kB (NF-kB)
signaling pathways (16, 17). Mutated MYDS88 also triggers transcription and activation of the
Src Family Tyrosine Kinase HCK, which triggers several pro-growth and survival signaling
pathways including AKT-mTOR pathway (18). However, it has been shown in mouse
models that MYDS88 L252P mutation alone is not sufficient to induce tumor formation and
requires a second somatic mutation, including TNFAIP3, CXCR4, ARID1A/B, and

CD79A/B in LPL, to provide an advantage for continuous B-cell clonal selection (19-21).

The FLCN gene, located on chromosome 17p11.2, encodes the protein folliculin and
belongs to the tumor suppressor gene family. Although folliculin is thought to function as a
tumor suppressor, its exact mechanism of action is not completely understood (9). Folliculin
interacts with folliculin-interacting proteins 1 and 2 (FNIP1 and FNIP2, respectively), and
folliculin and FNIP1 interact with 5'-AMP-activated protein kinase (AMPK), a negative
regulator of mechanistic target of rapamycin (mTOR). Thus, it is suggested that folliculin
may act as a tumor suppressor by controlling the interactions between FNIP1/FNIP2 and the
mTOR signaling pathway (9). This is also supported by several reports demonstrated mTOR
signal activation following to folliculin depletion (22-26). Furthermore, a previous report had
suggested the folliculin protein to play a key role as a negative regulator of mTOR and may
have small GTPase RAGA/B and RAGC/D interactions in B-lymphoma cell lines (27). Thus,

we hypothesize that under co-existence of the both MYD88 and FLCN mutation, activated
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mTOR pathway via HCK upregulation could be further accelerated by the lack of negative
regulation exerted by folliculin protein. The role of folliculin dysfunction upon mTOR
pathway may be more complex and depend on cell types and/or nutritional status as there are
several conflicting data (9). A number of published reports also support roles for folliculin in
other signaling pathways and cellular processes including TGF- signaling, regulation of
HIF1a transcriptional activity, cell cycle progression, regulation of rRNA synthesis, and
interaction with HSP9O0 as a client with co-chaperones FNIP1/2 (9). More interestingly, the
folliculin-FNIP complex is also necessary for B lymphocyte development (28-31). Although
BHD syndrome has not previously been associated with B lymphocyte defects, suggesting
that biallelic FLCN mutations in B lymphocyte precursors are required for the development
defect, the monoallelic FLCN mutation in the present case might provide an advantageous

condition for lymphomagenesis.

In the present case, somatic second hit mutations in the remaining wild type FLCN allele
or LOH were not observed in LPL. In a study of 77 renal tumors from BHD patients with
germline FLCN mutations, LOH on the short arm of chromosome 17 or somatic second hit
mutations was identified in 70% of the BHD-associated renal tumors (32). On the other hand,
it is reported that no evidence of somatic second hit mutations or LOH was found in
fibrofolliculomas (33). It is also considered that FLCN transcripts containing premature
termination codon are degraded by nonsense-mediated mRNA decay and not translated to
produce truncated proteins, and the majority of mutant folliculin proteins, even if translated,
are unstable and degraded (34, 35). Furthermore, the FLCN exon 1 deletion, including a
putative promoter region, ablates the transcription of the FLCN allele (36, 37). These reports
suggest that FLCN may be haploinsufficient in some contexts. On the contrary, it is also
reported that some mutations can produce a truncated folliculin protein, which may have
altered or dominant negative function (38-40). In fact, this is supported by the studies
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reporting that some mutant proteins act as preventing the function of the wild-type folliculin
protein (40, 41). Thus, it may well be true that the monoallelic FLCN mutation in the present

case contributes lymphomagenesis cooperating with the MYDS88 mutation.

Regarding the current patient, no family member had been identified with either FLCN
gene mutation or clinical history associated with BHD syndrome. However, it is possible that
older family members of the presented patient carried the undiagnosed BHD syndrome.
While approximately 200 families have been identified worldwide, de novo cases are very
rare; there is only one reported case (38, 42). Alternatively, almost 200 unique FLCN
germline mutations spanning all 14 exons have been identified till date and are listed in the
Leiden Open Variation Database (LOVD, version 3.0) (43). The mutation (¢.998C>G) on

exon 9 of FLCN, identified in the present case, was a novel germline mutation.

Till date, unequivocal evidence in support of the association between BHD syndrome
and malignancies, except for renal tumors, is lacking (15). However, considering the wide
spectrum of tumors reported in association with BHD syndrome, more attention should be
given to it as a hereditary tumor syndrome. Further, all patients with BHD syndrome should

be screened for renal and other tumors, which may have occurred not just by chance.

Figure Legends

Fig 1. Histological, imaging, and genetic examinations for lymphoplasmacytic lymphoma.
(A) Peripheral blood (a) and bone marrow smear (b) with May-Giemsa stain show small and
round plasmacytoid cells containing basophilic cytoplasm and condensed chromatin. Scale
bar = 10 pm. (B) The '8F-FDG PET/CT scans of the patient. (a, b) Axial CT image in the
lung window and axial PET/CT fusion image at the level of the carina. Bilateral enlarged

lymph nodes of axilla with slight accumulation, and left pneumothorax. (c, d) Axial CT
10



image in the abdominal window and axial PET/CT fusion image at the level below the
hepatic portal. Splenomegaly with slight accumulation. (e, f) Axial CT image in the
abdominal window and axial PET/CT fusion image at the level of renal pelvis. Multiple
enlarged lymph nodes with slight accumulation. (g) Maximum intensity projection image of
BF_FDG PET showed diffuse accumulation in the systemic bone marrow and lymph nodes.
Abbreviations: CT, computed tomography; FDG, fluorodeoxyglucose; PET, positron
emission tomography. (C) Pathological findings of the axillary lymph node. The nodule
consisted of diffuse infiltration of small and round shaped plasmacytoid lymphocytes with a
Dutcher body (a, b) (Hematoxylin-Eosin Stain). Immunohistochemistry and mRNA in situ
hybridization revealed that abnormal lymphocytes were focally positive for CD20 (c),
diffusely positive for CD138 (d), and light chain kappa (¢), and negative for CD3 (f), CD5
(g), CD10 (h), and light chain lambda (i). (D) Mutation analysis of MYD&S. (a) Sequencing
of exon 5 of MYD&8 from peripheral blood mononuclear cells demonstrates a missense
mutation. The T to C transition at position 794 in exon 5, results in an amino acid substitution
from leucine to proline at position 252. (b) The mutation was also detected by agarose gel
electrophoresis of allele-specific polymerase chain reaction products. Lane M; the DNA of
100 bp ladder as a size marker; lane 1; lymph node, lane 2; buccal mucosa, lane 3; H>O, lane

A; wild type sequencing primer, lane B; mutated sequencing primer.

Fig 2. Genetic and histological examinations for folliculin. (A) Mutation analysis of FLCN.
Sequencing of exon 9 of FLCN from peripheral blood mononuclear cells demonstrates a
nonsense mutation. The C to G mutation, a transition at position 998 in exon 9, results in a
premature stop codon at serine 333. (B) Immunohistochemistry staining for folliculin. (a) The
neoplastic lymphoid cells of the axillary lymph node are slightly positive for folliculin. (b, ¢)
The folliculin staining is strongly positive in de novo LPL cases. (d) The normal lymph node
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is positive for folliculin. (C) Results of loss-of-heterozygosity (LOH) analysis.
Representative results of LOH analysis at D17S740 and D17S2196. Genomic DNA was
isolated from both buccal mucosa and lymph node. The microsatellite markers on FLCN loci
showed no evidence of LOH. The upper bar with numerals shows an electrophoretic position

of DNA fragment size (bases).

Table 1. Laboratory findings at the diagnosis
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Table 1. Laboratory findings at the diagnosis

Variable Variable

WBC 2900 /p1 TP 10.1  gdl
Neutrophil 36 o Alb 422 %
Lymphocyte 41 o al-Glb 1.9 %
Monocyte 10 o a2-Glb 5.1 %
Eosinophil A B-GIb 3.5 %
Basophil Lo y-Glb 473 %
Abnormal Lymphocytes 5 % Alb 32 g/dl

RBC 154 « 10%/ul IgG 110 mg/dl

Hb 48  g/dl IgA 5 mg/dl

Ht 162 o IgM 299 mg/dl

Plt 10.6  x10%ul M-protein (IFE) IgM-k

APTT 49.3  sec BJP (urine) K-type

PT-INR 1.19

AST 15 Ui Bone Marrow

ALT 7 ui NCC 1.9 x10%/ul

v-GTP 10 U1 Mgk 0 /ul

ALP 158 U/ M/E 3.88

T-Bil 0.6 mg/dl Abnormal Lymphocytes 894 %

LDH 163 U/

Glu 90 mg/dl

Na 139 mmol/l

K 3.7  mmol/l

Cl 105 mmol/l

Ca 8.9 mg/dl

BUN 15  mg/dl

Cre 0.76 mg/dl

CRP 0.02  mg/dl

WBC, white blood cell; RBC, red blood cell; Hb, hemoglobin; Ht, hematocrit; Plt, platelet; APTT, activated partial
thromboplastin time; PT-INR, prothrombin time-international normalized ratio; AST, Aspartate transaminase; ALT,
Alanine aminotransferase; y-GTP, gamma-glutamyl transpeptidase; ALP, alkaline phosphatase; T-Bil, total
bilirubin; LDH, lactate dehydrogenase; Glu, glucose; BUN, blood urea nitrogen; Cre, creatinine; CRP, C-reactive
protein; TP, total protein; Alb, albumin; Glb, globulin; Ig, Immunoglobulin; IFE, immunofixation; BJP, Bence
Jones protein; NCC, nucleated cell count; Mgk, megakaryocyte; M/E, myeloid/erythroid ratio
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