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Abstract

The development of pheochromocytomas and paragangliomas is strongly linked to the presence of germline mutations in
more than 15 predisposing genes. Among them, germline and somatic VHL mutations account for ~10% of all cases. In
contrast with SDHA and SDHB immunohistochemistries that are routinely used to validate SDHx gene mutations, there is no
such tool available for VHL mutations. The aim of this study was to evaluate whether CA9 immunostaining could be used as
a tool to predict the presence or validate the pathogenicity of VHL gene mutations in paraganglioma. Immunohistochemistry
for CA9 was performed on 207 tumors. A retrospective series of 100 paragangliomas with known mutation status for
paraganglioma susceptibility genes was first investigated. Then, a prospective series of 107 paragangliomas was investigated
for CA9 immunostaining followed by germline and/or somatic genetic testing of all paraganglioma susceptibility genes by
next-generation sequencing. Cytosolic CA9 protein expression was heterogeneous in the different samples. However, we
observed that a membranous CA9 staining was almost exclusively observed in VHL-related cases. Forty two of 48 (88%)
VHL-mutated samples showed a CA9 membranous immunostaining. Positive cells were either isolated, varying from 1 or 2
cells (5% of cases) to 10-20 cells per tumor block (35% of cases), grouped in areas of focal positivity representing between 1
and 20% of the tissue section (35% of cases), or widely distributed on 80-100% of the tumor sections (25% of samples). In
contrast, 142/159 (91%) of non-VHL-mutated tumors presented no membrane CA9 localization. Our results demonstrate
that VHL gene mutations can be predicted or validated reliably by an easy-to-perform and low-cost immunohistochemical
procedure. CA9 immunohistochemistry on paragangliomas will improve the diagnosis of VHL-related disease, which is
important for the surveillance and therapeutic management of paraganglioma patients, and in case of germline mutation,
their family members.

Introduction

Paragangliomas are rare neuroendocrine tumors that arise in the
sympathetic or parasympathetic nervous systems, from the
head and neck, to the pelvic region. Pheochromocytomas are
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paragangliomas that develop in the adrenal medulla. Their
occurrence is strongly linked to the presence of germline
mutations in predisposing genes, and it is estimated that around
40% of all paragangliomas are caused by such a genetic defect.
The major cancer syndromes that include paragangliomas in
their tumor spectrum are neurofibromatosis type 1 (NFI gene
mutations), multiple endocrine neoplasia type 2 (RET muta-
tions), von Hippel-Lindau disease (VHL mutations), or
hereditary paraganglioma syndrome (SDHx gene mutations)
(for review see refs. [1, 2]). In addition, TMEM127, MAX,
FH, MDH2, GOT2, DNMT3A, or SLC25AI1 germline
mutations are responsible for isolated or bilateral forms of
paraganglioma [3-6].

It is considered that at least 10% of all paragangliomas
carry either a germline or a somatic mutation in the VHL
gene [7, 8]. Germline VHL mutations predispose to the
development of von Hippel-Lindau disease manifestations,
including retinal and central nervous system hemangio-
blastomas, pancreatic neuroendocrine tumors, clear cell
renal cell carcinomas, and paragangliomas. The wide age
range and pleiotropic manner in which VHL disease pre-
sents, complicates diagnosis and treatment in affected
individuals, as well as their at-risk relatives. Moreover, the
presence of VHL somatic mutations within the tumors may
also be of clinical importance, as it is now suspected that
VHL- (and SDHx-) mutated patients may better respond to
antiangiogenic therapies such as sunitinib [9, 10]. In that
context, identifying the germline or somatic driver mutation
in paragangliomas may be of interest in a precision medi-
cine approach.

Because of the multiplicity of genes implicated in
paraganglioma development and of the large number of
variants of unknown significance now identified by next-
generation sequencing methods, it has become a major
challenge for pathology departments to be able to orientate
the genetic test or to assess the pathogenicity of variants of
unknown significance, using simple immunohistological
tools. We have previously reported that SDHB [11],
SDHA [12, 13], and SDHD [14] immunostaining can be
efficiently used to guide genotyping toward SDHx genes or
validate the functionality of SDHx variants in para-
ganglioma patients. SDHB and SDHA immunohisto-
chemistries have been validated in large multicentric
studies and are used routinely in pathology departments in
charge of paraganglioma diagnosis worldwide [15]. FH
mutations can be validated by 2-SC immunohistochem-
istry [16], while MAX immunostaining was shown to be
negative in tumors carrying truncating MAX mutations, but
lacks sensitivity and specificity in tumors carrying mis-
sense MAX mutations [17]. A few studies have reported
some markers that may be associated with the VHL-
mutated status such as EPO [18], clusterin [19], or car-
bonic anhydrase 9 (CA9) [20]. However, these studies
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were performed in a very small number of VHL cases
(between 1 and 5) and were never reproduced.

The aim of the current study was therefore to identify and
validate an immunohistochemical marker that could be used
to suspect VHL gene inactivation or assess the pathogenicity
of VHL variants in paraganglioma patients. Because CA9 is
a known hypoxia-induced gene and is overexpressed in
clear cell renal cell carcinomas [21] that often carry
(somatic) VHL gene mutations, we evaluated its expression
in retrospective and prospective series of paragangliomas.

Patients and methods
Patients

The analysis of the transcriptome was carried out on the
data from 188 paragangliomas, collected by the French
“Cortico et Médullosurrénale: les Tumeurs Endocrines”
(COMETE) network and previously published and descri-
bed [22, 23]. The data sets are available in the following
repository: ArrayExpress entry E-MTAB-733.

The retrospective study was based on a first series of 111
paraganglioma tumors from 109 patients, which included 81
pheochromocytomas, 17 sympathetic paragangliomas, 4
parasympathetic paragangliomas, 4 metastases, and 5 of
unknown location collected by the French COMETE net-
work from patients operated in two referral centers in Paris
(Hopital Européen Georges Pompidou and Hopital Cochin)
between 1977 and 2010. That series contained tumors with
different germline or somatic mutations, including 26 VHL
(18 germline and 8 somatic cases), 17 SDHx (2 SDHA, 8
SDHB, 2 SDHC, 5 SDHD, and all germline), 13 NFI (5§
germline and 8 somatic cases), 9 RET (4 germline and
5 somatic cases), 4 MAX (2 germline and 2 somatic cases), 1
TMEM]I127 (germline), 1 FH/ATRX (respectively germline/
somatic), 1 SLC25A11 (germline), 2 HRAS (somatic muta-
tions), 3 EPASI (somatic), 1 ATRX (somatic), and 33
apparently sporadic cases with no mutation identified
(Supplementary Table 1a). The procedures used for para-
ganglioma diagnosis and genetic testing were in accordance
with institutional guidelines. In 80/111 cases, tumor DNA
was analyzed by next-generation sequencing using a custom
paraganglioma gene panel, including VHL, NFI, RET,
SDHA, SDHB, SDHC, SDHD, SDHAF2, TMEM127, FH,
MAX, EPASI, EGLNI, EGLN2, MDH2, ATRX, and HRAS
genes (“MASTR Plus SDHv2” panel, Multiplicom, Agilent
Technologies [24]). In other cases, mutation analysis for
major paraganglioma susceptibility genes was performed by
Sanger sequencing of germline DNA.

The prospective study was performed on 107 con-
secutive tumors from 107 patients, which were followed
at the Hopital Européen Georges Pompidou in Paris, or
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in different referral centers of the COMETE network
in France, between December 2012 and July 2018 (Sup-
plementary Table 1b). That second series comprised 54
pheochromocytomas, 42 sympathetic paragangliomas, and
11 parasympathetic paragangliomas. Genetic testing was
performed after CA9 immunohistochemistry, using next-
generation sequencing paraganglioma gene panel on both
germline and tumor DNAs in 45 patients and on germline
DNA only in 41 patients. Genetic screening was done using
Sanger and MLPA for 21 patients, completed with next-
generation sequencing on tumor DNA in six patients.

Immunohistochemistry

Four- to six-micrometer sections of formalin-fixed and
paraffin-embedded archival tissues were cut and mounted
on Superfrost plus glass slides.

CA9 immunohistochemistry was performed as follows,
using the anti-CA9 antibody (ab 15086, abcam) in all
cases. For the retrospective study, immunohistochemistry
was performed manually. Following deparaffinization
and rehydration, heat-mediated antigen retrieval was per-
formed using Tris-EDTA at pH 9 for 45 min followed by
H,O, treatment (3%, 30 min). After blockade of unspecific
sites in 10% normal goat serum for 30 min, anti-CA9
antibody was applied (1:1500) for 1 h at room temperature
in normal goat serum 1% followed by the biotinylated
secondary anti-rabbit antibody (Vector Lab; 1:400) for 45
min. Amplification was performed with the avidin—biotin
complex (ABC Elite, Vector Laboratories EUROBIO/
ABCYS, Les Ulis, France) for 45 min and the revelation
was assessed using the histogreen kit (Vector Laboratories,
EUROBIO/ABCYS, Les Ulis, France). Nuclear Fast Red
counterstaining was performed before rehydrating and
mounting of slides in Eukitt media (Sigma-Aldrich).
Negative control was performed by omitting the primary
antibody.

For the prospective study, immunohistochemistry was
performed in the Pathology department of Hopital Européen
Georges Pompidou on a BenchMark ULTRA IHC/ISH-
staining system. Three-micron sections of formalin-fixed
and paraffin-embedded tissues were cut and mounted on
Leica Surgipath Apex slides. Immunohistochemistry was
performed on a VENTANA Benchmark Ultra automat
using the anti-CA9 polyclonal antibody (ab 15086, abcam).
Deparaffination was performed with Ventana EZ Prep
solution (Ventana) at 72 °C for 8 min. Heat-mediated anti-
gen retrieval was performed using citrate buffer Cell Con-
ditioning CC1 at pH 8 for 20 min. Endogen peroxidase was
blocked after H,O, treatment (ultra View Inhibitor) (Ven-
tana) for 4 min at 37 °C. The anti-CA9 was applied (1:500)
for 32 min. The biotinylated secondary anti-rabbit and anti-
mouse antibody (ultraView Multimer, Roche Laboratories,

France) was then applied for 8 min and the revelation was
assessed using DAB/H,0, (Roche Laboratories, France) for
48 min. Hematoxylin nuclear counterstaining for 4 min and
bluing reagent for 4 min was performed before rehydrating
and slides were dehydrated and coverslipped in Pertex
media (Histolab).

Acquisitions were performed using Leica DM400B
microscope, with x40 objective.

Slides were analyzed blindly, by two independent
observers (JF and ATN for the retrospective study, and JF
and TM for the prospective study).

Results
Retrospective study

We first analyzed CA9 expression level in the transcriptomic
data that we previously generated in 188 paragangliomas
recruited by the COMETE network. Interestingly, we found
that CA9 expression levels were very homogeneous between
the different genotypes of tumors (Fig. S1 and Supplemen-
tary Table 2). In contrast, it was highly heterogeneous within
the group of VHL-mutated tumors. These tumors could be
divided into two groups, one named “VHL-low”, which
showed CA9 levels comparable with that of the other
tumors, and one, “VHL-high”, with high or very high
expression levels. This difference in CA9 mRNA levels
could be associated neither with any clinical criteria nor with
the type of VHL mutation.

Anyhow, we speculated that CA9 may also be differentially
regulated at protein level and therefore analyzed its expression
and localization by immunohistochemistry in a retrospective
series of 111 paragangliomas. Eleven tumors showed no CA9
labeling and were excluded from the study. In the remaining
100 samples, CA9 protein expression was highly variable
between tumors, with some tumors with an expression
restricted to endothelial cells, some with very little labeling, and
some with a widespread cytoplasmic staining. None of these
observations was associated with a specific genetic back-
ground, tumor location or prognosis. In contrast, we observed
that the presence of cells with a CA9 staining localized to the
plasma membrane was almost exclusively restricted to tumors
harboring VHL gene mutations. This could be in a very few
cells within the tumor sample, or in almost every tumor cells on
the slide. Altogether, we observed a membrane CA9 immu-
nostaining in 32 tumors: 24/25 VHL-mutated, four tumors with
no mutation identified, two tumors with somatic ATRX muta-
tions (one sporadic case and one associated with a germline
FH-mutation), one case with an NFI somatic mutation,
and one with a MAX somatic mutation. Interestingly, the only
VHL-mutated tumor with no membrane CA9 staining (#11)
originated from a patient carrying a germline VHL mutation,
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for whom another tumor (#12) showed a membrane CA9
immunostaining (Table 1).

In this retrospective study, the presence of a tumor
membrane CA9 staining was strongly associated with VHL
somatic or germline mutations, with a 96% sensitivity and a
75% specificity (Table 2).

Prospective study

Following this result, we transferred CA9 immunostaining
to routine clinical practice in our pathology department and
studied its expression prospectively in 107 consecutive
paragangliomas, in parallel to the paraganglioma genetic
testing performed by the next-generation sequencing assay.

Table 1 Summary of the results obtained in the retrospective and
prospective studies

Retrospective Prospective

Mutated gene  NO CA9 MB CA9 MB NO CA9 MB CA9 MB
sVHL - 6 9
VHL 1 18 4 9
SDH 17 - 20 2
TMEM127 1 - 1 -
SRET 5 - 1 -
RET 4 - - -
sSNF1 7 1 1 -
NFI 5 - 1 -
sMAX 1 1 - -
MAX 2 - - -
SHRAS 2 - 5 -
EPASI 2 - 4 -
FH/sATRX - 1 - -
FH - - 2 -
FHs - - - 1
SATRX - 1 - -
SLC25A11 1 - - -
EGLN2 - - 1 1
no mutation 20 4 41 3
Total 68 32 82 25

MB membrane immunostaining, s somatic mutation

We considered as “negative”, the tumors presenting no CA9
expression or a cytosolic labeling (Fig. 1a) and ‘positive’,
the tumors in which we identified CA9 membrane staining,
in either one or a few cells (Fig. 1b) or all tumor cells on a
section (Fig. 1b). It is worth noting that sustentacular
labeling was observed, and was not considered as a tumor
cell positive staining (Fig. 1d).

We observed the presence of membrane CA9 labeling in
25 tumors. Among them, 5% presented CA9 membrane
staining in only 1 or 2 isolated cells on the whole tissue
section, while 35% of cases exhibited between 10 and 20
isolated positive cells (representing <1% of all cells on the
slide). Focal areas of positive cells representing 1-20% of
the tissue section were seen in 35% of cases. Finally, 25%
of samples showed a widespread positive membrane stain-
ing, on 80-100% of the tumor cells (Fig. le). Next-
generation sequencing identified a VHL variant in 18 of
them (9 at germline level, 1 mosaic, and 8 at somatic level)
(including one occurring in a germline SDHA-mutated
paraganglioma) (Table 1). Among them, there were 16
different variants including 11 missense, one deletion, one
splice site, one frameshift, one synonymous, and one sub-
stitution affecting the translation termination codon. Eleven
of them were classified as pathogenic or likely pathogenic
in the UMD-VHL database (http://www.umd.be/VHL/)
and/or the ClinVar database (https://www.ncbi.nlm.nih.gov/
clinvar/?term = VHL%5Bgene%5D) (Supplementary
Table 1b). The germline missense variant p.(Glyl144Arg)
was identified in a 29-year-old patient presenting a perirenal
paraganglioma. It was previously reported in a patient with
malignant pheochromocytoma [25] and was also associated
with polycythemia [26]. The p.(Pro138Pro) variant was
identified in a patient with a family history of VHL disease
and was functionally validated by mRNA analysis, which
showed a splicing alteration (data not shown). This variant
was already published with evidences for pathogenicity
[27]. Three of the 16 VHL variants were not previously
reported. The c.640T>G germline variant, leading to a
protein extension with the addition of a tail of 13 new amino
acids, was found in a patient affected with a single pheo-
chromocytoma at 67 years old. The missense germline
variant p.(Alal22Val) was found in a patient with bilateral

Table 2 CA9

. . . VHL gene status Nb of tumors NO CA9 MB CA9 MB Specificity Sensitivity
immunohistochemistry test
results predict VHL- Retrospective
mutated status

VHL mutation 25 1 24 96%

No VHL mutation 75 67 8 89%

Prospective
VHL mutation or VUS 23 5 18 78%
No VHL mutation 84 71 7 92%

VUS variants of unknown significance, Nb number, MB membrane immunostaining
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Fig. 1 CA9 protein expression in the prospective study. In non-VHL-
mutated paraganglioma, CA9 protein expression is observed in the
cytosol of tumor cells (a), while membrane staining of tumor cells
(black arrows) was only found in VHL-mutated paraganglioma (b—d).
Sustentacular staining should not be considered as a tumor membrane

pheochromocytoma diagnosed at 47 years old. The p.
Val87Glu somatic variant was identified with an allelic ratio
of 8% in a pheochromocytoma developed by a 29-year-old
patient.

Among the seven tumors with CA9 membrane immu-
nostaining in which no VHL variant could be identified, two
were head and neck paraganglioma, one without any mutation
detected in genes included in the “MASTR Plus SDHv2”
next-generation sequencing panel, one with a likely patho-
genic variant in SDHD gene (c335_341delinsTTGACTC),
p.(Thr112_Tyrl 14delinslleAspSer) associated with a negative
SDHB immunostaining. Three were abdominal para-
gangliomas, a pelvic paraganglioma carrying biallelic FH
somatic mutations and two pheochromocytomas, one with a
synonymous EGLN2 somatic variant, and one without any
germline or somatic variant. Finally, two patients developed
multiple paraganglioma, one with an SDHD germline muta-
tion, and one for whom the somatic next-generation sequen-
cing analyses assessed in two different tumors were negative.

Eighty-two samples showed no CA9 membrane staining
(Table 1). In these patients/tumors, next-generation
sequencing did not identify any mutation in 41 cases but
detected 20 SDHx mutations (8 SDHA, 7 SDHB, 4 SDHC,
and 1 SDHD), 5 somatic HRAS mutations, 4 EPASI somatic
mutations, 2 NFI mutations (1 germline and 1 somatic), 2
FH mutations, 1 somatic RET mutation, 1 TMEM127, and 1
EGLN2 variant of unknown significance. Five patients
carried a germline (n =4) or a somatic VHL variant (n = 1).
For two of them (one germline (patient #84) and the somatic
case (patient #45)), we were able to retrieve two and three

E Very rare isolated cells (1-3 cells total) <0.1% D

- ..f_ Several isolated cells (10-20 cells) <1% -

) Focal areas of positive cells 1-20% -
: Extended positity 80-100% [l

labeling (red arrows in D). The different samples were classified in
four groups depending on the distribution of CA9 staining from 0.1%
to almost 100% of tumor cells. The proportion of tumors classified in
each group is shown in e

additional blocks, respectively. In the first patient, we
identified five and two CA9-positive cells in the two addi-
tional blocks, respectively. In the second, two of the sup-
plementary blocks showed one and two positive cells,
respectively, while we were not able to find any positive cell
in the third block. Because the evaluation of several blocks
was not performed in all cases, these results were however
not included in the calculation of performance.

Hence these prospective data revealed that CA9 immu-
nohistochemistry allowed detecting VHL mutations with a
specificity of 92% and sensitivity of 78% when evaluating
only one block of each tumor (Table 2).

Discussion

In the current study, we evaluated CA9 expression as a tool
to predict or validate VHL gene mutations in para-
gangliomas. We show that the presence of a CA9 immu-
nostaining specifically localized at the plasma membrane of
tumors cells is a specific and sensitive criterion that is
associated with a VHL-mutated status. Altogether, CA9
membranous labeling was observed in 42/48 (88%) VHL
tumors and was absent in 144/159 (91%) non-VHL tumors
in this study.

The impact of genetic determinism is crucial in para-
ganglioma. Indeed, these tumors represent the human
tumors, for which the proportion of germline mutations in
predisposing genes is the most important. There are now
more than 15 paraganglioma susceptibility genes described,
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some of them being also mutated at somatic level, in
sporadic forms of these tumors. The Endocrine Society
clinical practice guidelines have recommended that “all
patients with paraganglioma should be engaged in shared
decision making for genetic testing” [28] and it was recently
showed that the identification of a mutation in an SDHx or
VHL gene has a direct and a positive impact on the man-
agement and the clinical outcome of the affected patients
[29]. Depending on the centers, sequencing of the para-
ganglioma susceptibility genes may be performed by the
former Sanger method, or by next-generation sequencing
with target gene panels [24, 30, 31], for which an interna-
tional consensus statement has been published [8]. What-
ever the techniques, orientation of the genetic test or
validation of variants of unknown significance is of critical
importance to offer the best clinical management to patients
affected by a hereditary disease and to their relatives.
Several immunohistochemical staining have therefore been
developed and validated to help with interpretation of
genetic variants or to detect mutated tumors. In particular,
SDHB and SDHA immunohistochemistries are now used
worldwide and acknowledged by the international guide-
lines for the management of SDH-related patients [28].
Following SDHx mutations, VHL mutations are the second
cause of inherited paraganglioma [8] and are also frequently
identified at somatic level [22]. However, no biomarker was
available and validated to predict their presence or validate
their pathogenicity. Surprisingly, although CA9 is expected
to be transcriptionally regulated by pseudohypoxia, over-
expression of its mRNA was not a reproducible hallmark of
VHL-mutated tumors. Indeed, among the 40 VHL-mutated
tumors for which we had generated transcriptomic data, 16
displayed a sometimes-massive overexpression of CA9
while the remaining 24 had CA9 mRNA levels similar to
other genotypes. Interestingly, SDH-mutated tumors, which
have also been demonstrated to display a pseudohypoxic
signature, did not show any increase in CA9 expression.
Hence, although CA9 high mRNA levels were solely
observed in VHL-mutated tumors, they could not be con-
sidered as a transferable tool for VHL status prediction.
Evaluation of CA9 protein expression by immunohis-
tochemistry on FFPE tissues confirmed that a quantitative
estimation would not be relevant as very heterogeneous
staining were observed inter and intra-tumors. In the con-
trary, qualitative analysis of CA9 protein localization is a
very strong tool to study VHL-related paraganglioma.
Interestingly, Pinato et al. reported a study that comprised
four VHL germline mutated cases in which they also
observed a predilection for strong membranous
CADO staining [20]. To the best of our knowledge, this study
is the first one to propose an immunohistochemical tool that
could be used in routine pathology practice to detect VHL-
mutated paraganglioma. Because of the high frequency of
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germline and somatic VHL mutations we propose that CA9
immunohistochemistry could be performed simultaneously
to SDHB immunohistochemistry in all paragangliomas and
be associated with VHL germline (and if possible somatic)
genetic testing. The major weakness of this biomarker is
that the number of CA9 positive cells is highly variable
between samples, from almost all tumor cells within a
tumor section (in 25% of cases) to a single positive cell
within the whole section (in 5% of cases). The reason for
this heterogeneity is unexplained and it was neither asso-
ciated with the type of mutation (germline or somatic) nor
with a specific mutation. It may be caused by a specific
condition of the tumor microenvironment or by local pH
differences. Anyhow, the cases where the number of cells
was very low obviously reveal the limit of this marker. They
shed light on the fact that CA9 staining should be searched
for carefully, on tissue sections as large as possible, and not
on biopsies (which are anyway almost never performed for
paraganglioma [32]). In two cases, we have also shown that
the use of several blocks of a single tumor may reveal
positive cells in suspiciously negative cases.

Conclusion

To date, CA9 immunohistochemistry is the first immuno-
histochemical tool that reliably helps in identifying or
validating VHL genetic variants and our data suggest that it
should be added to the portfolio of antibodies currently used
for analyzing paraganglioma in routine pathology practice.
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