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1  | INTRODUC TION

Hereditary cancer syndromes predispose patients and affected fam-
ily members to multifocal and metachronous tumors. As genomic re-
search has improved our understanding of the pathogenic events in 
each patient, hereditary cancers constitute an area of highly unmet 
medical needs. Comprehensive genomic approaches have increased 
the ability to identify hereditary cancers. As the carcinogenic mech-
anisms of hereditary cancers are now understood, therapeutic 
strategies to target the signaling cascades affected by the respon-
sible genes have improved. As individuals with hereditary cancers 

potentially develop multifocal and metachronous disorders, it is im-
portant to preserve the functions of the affected organ(s) when the 
cancer is low grade.

The kidney is an essential organ for maintaining body fluid, elec-
trolyte balance, blood pressure and hormone secretion. Although 
most cases of renal cell carcinoma (RCC) are sporadic, increasing 
numbers of previously undiagnosed hereditary cancers have been 
re-evaluated.1 Birt-Hogg-Dubé (BHD) syndrome-associated RCC 
(BHD-RCC) is a newly emerging hereditary cancer whose genomic 
features and renal pathology have been evaluated intensively over 
the 20 years. We collected clinicopathological information from 220 
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Abstract
Birt-Hogg-Dubé (BHD) syndrome is associated with the development of hereditary 
renal cell carcinoma (RCC) and is caused by a germline mutation in the folliculin gene. 
Most cases of BHD syndrome-associated RCC (BHD-RCC) are less aggressive than 
sporadic clear cell RCC and multifocal. Therefore, it is critical to distinguish BHD-
RCC from its sporadic counterparts to identify and monitor affected families and 
to preserve renal function for as long as possible. The World Health Organization/
International Society of Urological Pathology consensus classification defined distinct 
entities for certain hereditary RCC; however, BHD-RCC was not included in this clas-
sification. Although the clinical features and molecular mechanisms of BHD-RCC have 
been investigated intensively over the last two decades, pathologists and urologists 
occasionally face difficulties in the diagnosis of BHD-RCC that require genetic test-
ing. Affected patients usually have miscellaneous benign disorders that often precede 
renal carcinogenesis. In the present review, we summarize the current understanding 
of the histopathological features of BHD-RCC based on our epidemiological studies of 
Japanese families and a literature review. Pathological diagnostic clues and differential 
diagnosis of BHD-RCC from other hereditary RCC are also briefly discussed.
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independent Japanese families with BHD syndrome through con-
sultation with the Japanese Society of Pathology (http://patho logy.
or.jp/) and BHD-NET Japan (http://www.bhd-net.jp/). In this review, 
we summarize the histopathology of BHD-RCC based on data from 
these Japanese families. The diagnostic conundrum and differential 
diagnosis of BHD-RCC from other hereditary RCC are also discussed.

2  | BIRT-HOGG -DUBÉ SYNDROME 
GENER AL INFORMATION

Birt-Hogg-Dubé syndrome, also called Hornstein-Knickenberg 
syndrome, is an autosomal dominant disorder characterized by 
development of skin fibrofolliculomas, lung cysts and RCC.2-4 In 
2002, the susceptibility gene, folliculin (FLCN), was identified on 
chromosome 17p11.2,5 and FLCN consists of 14 exons (OMIM: 
607273, NCBI reference sequence: NM_144997.6). Most affected 
individuals with BHD syndrome harbor germline mutations in the 
coding region of FLCN between exons 4 and 14. Pathogenic vari-
ants have been uploaded to several academic databases including 
Leiden Open Variation Database (https ://datab ases.lovd.nl/share 
d/genes/ FLCN) and The Human Gene Mutation Database (http://
www.hgmd.cf.ac.uk/ac/gene.php?gene=FLCN). We recently de-
scribed the locations and patterns of FLCN mutations in Japanese 
families in another review regarding the lung pathology of this 
disease.6

3  | CLINIC AL FE ATURES OF BHD -RCC

Clinical information related to BHD syndrome has been collected 
and reviewed by several study groups, including the European BHD 
Consortium and National Cancer Institute (NCI) in the USA.7,8 Most 
Caucasians with BHD syndrome (85%-90%) have skin papules as the 
major complaint, whereas the incidence of pneumothorax is less fre-
quent (24%).9 In contrast, skin manifestations are not the major com-
plaint in the Japanese population.10 The fibrous papules in Japanese 
patients are generally subtle or non-detectable; therefore, skin man-
ifestations alone are unlikely to raise suspicion of BHD syndrome in 
Japanese individuals unless other disorders such as pneumothorax or 
RCC are present. Physicians should consider the race-associated dif-
ferences in the frequency of pneumothorax and conspicuity of skin 
papules. Renal carcinogenesis seems to be related to age, and the 
median age at RCC diagnosis in BHD patients is 46-56 years.8,10,11 
The morbidity rate of RCC in Caucasian populations is 27%-34% ac-
cording to an NCI study.12 Multifocal RCC usually alert physicians of 
the possibility of hereditary RCC. In a substantial number of cases, 
this possibility is not recognized at the time of the initial RCC resec-
tion, and not until the development of metachronous RCC. In our 
analysis of the Japanese population, 25.8% (31/120) of previously 
undiagnosed probands had RCC histologically characteristic of BHD 
syndrome,10 which prompted pathologists and urologists to consider 
genetic testing. According to our most recent data, 64.3% (27/42) 

of probands and their first-degree relatives with RCC had multiple 
lesions at the time of genetic diagnosis. Others with a single RCC 
at the time of genetic diagnosis developed de novo tumors during 
surveillance.

4  | HISTOPATHOLOGIC AL FE ATURES OF 
BHD -RCC

In 2002, for the first time, Pavlovich et al13 described the detailed 
histopathological findings of BHD-RCC based on 130 tumors ob-
tained from 30 patients. This landmark study showed that most 
BHD-RCC are histologically either hybrid oncocytic/chromophobe 
tumors (HOCT) or chromophobe RCC. In our epidemiological study 
of the Japanese population, the most frequent histological type was 
chromophobe RCC (43.6%), followed by HOCT (34.5%).10 In addi-
tion to HOCT and chromophobe RCC, affected patients are at risk 
of developing clear cell RCC, papillary RCC and angiomyolipoma, al-
though the frequencies of each of these histological types are less 
than 10%.4,10,11

Gross pathology of BHD-RCC varies depending on size and histol-
ogy. HOCT and chromophobe RCC are indistinguishable macroscopi-
cally, and thus should be evaluated microscopically. Both tumor types 
show clearly demarcated margins, and fibrous capsules are either 
lacking or incomplete. Sporadic oncocytoma and chromophobe RCC 
are mahogany brown and beige in color, respectively (Figure 1A,B). 
HOCT and chromophobe BHD-RCC are a more yellowish color under 
formalin-fixed tissue conditions (Figure 1C). Central degeneration is 
occasionally observed, but necrosis is rare. The tumor may have a 
radial scar, which is otherwise common in sporadic oncocytomas. We 
experienced an unusual nodular scar that seemed to be an obsolete 
RCC.

According to the World Health Organization (WHO) classifi-
cation, HOCT is currently defined as a subtype of chromophobe 
RCC, which is a malignant neoplasm. HOCT is described as hav-
ing an “overlapping histology between oncocytoma and chromo-
phobe RCC” (Figure 1D,E). The International Society of Urological 
Pathology (ISUP) lists three types of HOCT carcinogenesis: (i) spo-
radic; (ii) associated with renal oncocytosis/oncocytomatosis; and 
(iii) associated with BHD syndrome.14 As HOCT is a rare tumor, pa-
thologists may be the first to recognize the possibility of BHD syn-
drome if the renal specimens of previously undiagnosed patients 
are submitted for histological diagnosis. In contrast to sporadic 
chromophobe RCC that occasionally converts into the sarcomatoid 
type, BHD-RCC with a chromophobe component rarely shows sar-
comatoid transformation.15 Although some radiological liver/lung 
metastases under stable conditions have been reported, patients 
with HOCT associated with BHD syndrome who receive curative 
surgery generally have favorable prognoses.11 The clear cell and 
papillary types appear to be more aggressive and often result in 
poor prognoses8,16 (Figure 1F,G). Correct diagnosis of BHD-RCC 
is important for early detection and preservation of renal func-
tion in patients who develop multiple/bilateral tumors. Therefore, 
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if the resected specimen shows a HOCT appearance on histology, 
pathologists and urologists are encouraged to consult hereditary 
RCC specialists for consideration of genetic testing.

Hybrid oncocytic/chromophobe tumors can occur in pa-
tients without BHD syndrome, which is known as sporadic HOCT 
(SHOCT). A recent study of 25 patients with SHOCT showed that 
six patients developed multifocal lesions (24%), two of whom had 
poor prognoses.17 The differential diagnosis between BHD syn-
drome-associated HOCT and SHOCT requires genetic testing; 
however, failure to detect mutations in the FLCN coding exons 
by Sanger sequencing does not necessarily exclude the possibil-
ity of BHD syndrome. For FLCN mutation-negative cases, either 
multiplex ligation-dependent probe amplification or next-gener-
ation sequencing-based analysis may be necessary. Therefore, 
HOCT and SHOCT are unlikely to be differentiated during routine 

medical care. Thorough examination including detection of lung 
cysts and skin lesions, genetic testing, and long-term follow up to 
monitor onset of BHD syndrome-associated manifestations are 
needed.

Hybrid oncocytic/chromophobe tumors and chromophobe 
BHD-RCC show a similar immunostaining pattern: positivity for 
cytokeratin 7 (CK7), kidney-specific cadherin, E-cadherin, CD82 
and S100-A1 and negativity for carbonic anhydrase IX (CA-
IX).18 CK7 immunoreactivity is occasionally focal. BHD-RCC of 
the clear-cell type shows CA-IX positivity and CK7 negativity, 
whereas BHD-RCC of the papillary type shows α-methylacyl-CoA 
racemase positivity.16,18 These staining patterns of BHD-RCC 
are similar to those of its sporadic counterparts. These findings 
support that HOCT and chromophobe RCC are probably derived 
from distal tubules or collecting ducts, whereas clear cell RCC is 

F I G U R E  1   Macro- and microscopic 
features of Birt-Hogg-Dubé (BHD) 
syndrome-associated renal cell carcinoma 
(RCC). A, Surface section of a sporadic 
oncocytoma. A mahogany-brown 
nodule is observed. B, Gross section of 
a sporadic chromophobe RCC. A beige 
nodule is observed. C, Gross section 
of hybrid oncocytic/chromophobe 
tumors from a 34-year-old woman with 
BHD syndrome. In the vicinity of the 
main tumor, an independent tumor is 
detected (arrowheads). Both tumors are 
a yellowish color and clearly demarcated. 
D, Hybrid oncocytic/chromophobe tumor 
with a tubular and cord-like structure 
developed in a 44-year-old man with 
BHD syndrome. E, Higher magnification 
of (D). The tumor cells have round nuclei 
with perinuclear halo and oncocytoma-
like granular cytoplasm with cell-cell 
boundaries. Inset: immunostaining of 
cytokeratin 7 (CK7) in a serial section. F, 
Clear cell RCC developed in a 58-year-old 
man with BHD syndrome. Histological 
features are indistinguishable from 
those of its sporadic counterparts. Inset: 
immunostaining of carbonic anhydrase 
IX (CA-IX) in a serial section. G, Papillary 
RCC developed in a 56-year-old man 
with BHD syndrome. Tumor cells show 
eosinophilic granular cytoplasm. Inset: 
immunostaining of α-methylacyl-CoA 
racemase (AMACR) in a serial section

(A)

(B)

(D) (E)

(F) (G)
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derived from proximal tubules in patients with BHD syndrome, as 
discussed later.

5  | CY TOGENETIC FE ATURES OF BHD -
RCC

A pioneering cytogenetic analysis showed distinctive gene expression 
patterns in BHD-RCC such as high expression of parvalbumin, a distal 
convoluted tubule marker.19 The expression patterns in BHD-RCC are 
more similar to those of sporadic chromophobe RCC and oncocytoma 
than those of other RCC types which supports the immunostaining 
pattern. Gene expression profiling of BHD-RCC showed that HOCT 
and chromophobe RCC lack the mutations in driver genes (TP53, 
CDKN1A, RB1, PTEN and MTOR) that characterize sporadic chro-
mophobe RCC.20 No copy number variations were observed among 
chromosomes in any of the HOCT or chromophobe RCC cases, except 
for two chromophobe RCC cases with a 3q gain.20,21 These findings 
highlight a distinct difference between these BHD-RCC types and 
sporadic chromophobe RCC (classic type), which are characterized by 
copy number losses in chromosomes 1, 2, 6, 8, 10, 13, 17 and 21.20,22 
HOCT and chromophobe BHD-RCC show a disomic pattern on FISH 

using probes targeting the centromeric regions of chromosomes 2, 6 
and 17, whereas sporadic chromophobe RCC show a predominantly 
monosomic pattern.23 Sporadic oncocytomas occasionally show copy 
number losses in chromosomes 1 and Y, as well as ERCC2 and C2CD4C 
mutations.24,25 A recent study showed that SHOCT also have copy 
number losses in chromosomes 1 and X/Y but lack recurrent muta-
tions.17 Collective cytogenetic studies have improved our under-
standing of the unique features of BHD-RCC but have also shown a 
limitation in the histology-based differential diagnosis of BHD-RCC 
from its sporadic counterparts. Our clear cell BHD-RCC cases (n = 2) 
showed no copy number alterations at 3p with wild-type von Hippel-
Lindau tumor suppressor gene (VHL),21 which is different from its 
sporadic counterparts, characterized by 3p copy number loss and VHL 
mutations.26 However, the study by Pavlovich et al13 showed that two 
of eight cases of clear-cell BHD-RCC had 3p loss of heterozygosity and 
missense mutations in VHL. Therefore, whether VHL mutations play 
a key role in clear-cell BHD-RCC cannot be concluded until a larger 
number of cases have been evaluated.

According to epidemiological studies, 19.2%-45% of affected in-
dividuals develop renal cysts.10,27 Most renal cysts are benign, but 
tumors may develop within the cyst walls (Figure 2A,B). We expe-
rienced four dialysis patients who developed multifocal tumors in 

F I G U R E  2   Macro- and microscopic 
features of cystic tumors. A, Gross section 
of a cystic tumor in a 61-year-old man. B, 
Microscopic features of (A). Tumor cells 
composed of oncocytic and clear cells 
are present along the cyst walls. The 
cysts are filled with eosinophilic exudate. 
C, Abdominal computed tomography 
scan of a 65-year-old man with chronic 
renal failure and dialysis. Polycystic 
lesions are present in both kidneys. D-F, 
Microscopic features of the resected 
kidneys in (C). Tumors are composed of 
hybrid (D), papillary adenomatous (E) 
and chromophobe-like morphology with 
raisinoid nuclei and/or binucleation (F)

(A)

(C)

(E) (F)

(B)

(D)
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polycystic kidneys; three of these patients underwent bilateral ne-
phrectomy, which showed HOCT, chromophobe, clear cell and pap-
illary adenomatous features within the multifocal neoplastic lesions 
(Figure 2C-F). The wide array of histological variations associated 
with BHD-RCC observed in these patients indicates an intimate as-
sociation between FLCN insufficiency and polycystic changes. Mice 
with Flcn inactivation in kidney epithelial cells developed polycystic 
changes and renal dysfunction.28 Although the morbidity of chronic 
renal failure is low in FLCN mutation carriers,10 renal function may 
be threatened not only by multiple tumors but also by polycystic 
changes.

6  | DIFFERENTIATION OF BDH-RCC FROM 
OTHER HEREDITARY RENAL NEOPL A SMS

The differential diagnosis of BDH-RCC is discussed in relation to tuber-
ous sclerosis complex (TSC); hereditary leiomyomatosis and renal cell 
cancer (HLRCC); and succinate dehydrogenase (SDH)-deficient RCC.

Patients with TSC harbor germline mutations in either TSC1 or 
TSC2. TSC1, TSC2 and FLCN all mediate mTOR pathway signaling, 
although their functions and interaction partners are different.29 
TSC and BHD syndrome commonly affect the skin, lung and kidney. 
Approximately two-thirds of TSC cases are the result of de novo 

F I G U R E  3   Differential diagnosis between Birt-Hogg-Dubé (BHD) syndrome and other hereditary diseases. A, Gross section of the lung 
of a 28-year-old woman with tuberous sclerosis complex. Numerous round cysts are observed in a diffuse arrangement. B, Gross section of 
the lung of an 81-year-old man with BHD syndrome. Two oval cysts extend along the interstitial tissue in a back to back way, compressing 
the alveolar structures between them. C, Histology of the skin tumor of a 75-year-old woman with hereditary leiomyomatosis and renal 
cell cancer (HLRCC). Proliferation of piloleiomyoma cells is observed in the dermic layer. Inset: immunostaining of α-smooth muscle actin 
(α-SMA). Tumor cells show diffuse staining. D, Histology of the skin tumor of a 54-year-old man with BHD syndrome. Proliferation of 
basaloid epithelial cells around a hair follicle and surrounding fibrous tissue is observed, which is consistent with fibrofolliculoma. Inset: 
immunostaining of α-SMA. Fibrous tissue is negative. E, Histology of HLRCC-associated RCC in a 49-year-old man. Type 2 papillary RCC with 
a high nuclear grade is observed. Inset: immunostaining of fumarate hydratase (FH). Capillary endothelial cells show FH staining (arrows), 
but the tumor cells are negative. F, G, Histology of HLRCC-associated RCC in a 57-year-old man (F) and SDH-deficient RCC in a 40-year-
old man (G). Both patients were diagnosed by genetic testing. Oncocytic tumor cells are arranged in a solid sheet-like pattern. They were 
indistinguishable from oncocytomas by H&E staining alone

(A)

(C) (D)

(E) (F) (G)

(B)
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TSC1/TSC2 pathogenic mutations, whereas BHD syndrome cases 
rarely develop de novo FLCN mutations.30,31 Cutaneous angiofibromas 
are typical features of TSC but can also occur in BHD syndrome. Skin 
manifestations generally arise during childhood in TSC patients versus 
adulthood in BHD syndrome patients.7,32 Lung cysts and pneumotho-
races are observed in both conditions (Figure 3A,B). Patients with TSC 
carry a risk of developing typical cystic lung disease, namely lymphan-
gioleiomyomatosis (LAM). TSC-associated LAM cells in the lung show 
positive immunostaining of α-smooth muscle actin (α-SMA) and focally 
positive staining of Human Melanoma Black (HMB) 45 and the estro-
gen receptor. The inner surface of the lung cysts in BHD syndrome is 
lined by benign pneumocytes that show positive immunostaining of 
TTF-1, napsin A, pro-surfactant protein C and CAM5.2.6 Radiological 
comparisons of the lung cysts between the two disorders have been 
discussed in several reports.33-35 In the kidney, angiomyolipoma is the 
most frequent neoplasm in TSC, developing in up to 80% of affected 
individuals,36 and is composed of three cell types: vascular; adipose; 
and smooth muscle cells. HMB45 is an immunohistochemical marker 
of angiomyolipomas.37 Angiomyolipomas are benign in most TSC 
cases; however, they tend to increase in number and size and replace 
the renal parenchyma, leading to life-threatening hemorrhage.38

Hereditary leiomyomatosis and renal cell cancer, also known as 
Reed’s syndrome, is another autosomal dominant disorder caused 
by a germline mutation in fumarate hydratase (FH).39,40 Affected 
individuals are at risk of developing cutaneous leiomyomatosis 
and RCC. HLRCC-associated skin tumors are histologically benign 
piloleiomyomas (Figure 3C) showing diffuse immunostaining of 
α-SMA and negative staining of FH. However, the stromal compo-
nent of fibrofolliculomas in BHD syndrome shows positive immu-
nostaining of CD34 and vimentin but rarely α-SMA41,42 (Figure 3D). 
The RCC component of HLRCC, in most cases, is highly aggressive 
and life-threatening.29,43 In addition, young adults and children oc-
casionally develop RCC.44 The histology of HLRCC-associated RCC 
was initially thought to be type 2 papillary architecture (Figure 3E), 
but later studies showed that these tumors occasionally show a mix-
ture of solid, sieve-like, tubular, cystic and papillary components.45 
The morphological similarities between HLRCC-associated RCC 
and other RCC types such as collecting duct, tubulocystic and renal 
medullary carcinomas have been re-evaluated.46 Rarely, a low-grade 
oncocytic morphology may be observed in HLRCC-associated RCC 
that is reminiscent of SDH-deficient RCC47 (Figure 3F,G). Individuals 
with germline mutations in the SDHB gene are at risk of developing 
SDH-deficient RCC.48 Although the prognosis of SDH-deficient RCC 
is not fully understood, this RCC type is regarded as low-grade.47 
FH and SDH subunits (SDHA-D) are enzymes involved in the tri-
carboxylic acid cycle, and play important roles in the production of 
ATP.29 Therefore, the hypothesis that HLRCC-associated RCC with 
an SDH-deficient RCC-like morphology has a more favorable course 
than that of HLRCC-associated RCC with a high-grade morphology 
requires further investigation. Immunohistochemically, HLRCC-
associated RCC is generally negative for FH and diffusely positive 
for 2-succino cysteine.49 It should be noted that FH-deficient RCC 
are not always associated with HLRCC.50

7  | CONCLUSION

We suggest that BHD-RCC, which consists of more than one his-
tological type and shows unique cytogenetic features, may be de-
fined more appropriately as an independent category rather than 
as a subtype of chromophobe RCC in the WHO classification. 
Reclassification of some other rare RCC, such as hereditary and 
sporadic FH-deficient RCC, should be considered in the future. 
However, genetic counseling and testing for hereditary RCC are not 
covered by government subsidies in Japan. In addition, genetic dis-
crimination may be a concern among suspected individuals. Medical 
circumstances occasionally discourage patients from receiving ge-
netic testing, which prevents them from receiving the correct diag-
nosis from medical geneticists and pathologists and evidence-based 
treatment from urologists. Legal protection of genetic information, 
such as the Genetic Information Nondiscrimination Act in the USA, 
should also be provisioned in Japan. Improvement of medical care 
for hereditary RCC patients and potential mutation carriers will be 
critical for their diagnosis and appropriate treatment.
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