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ABSTRACT
In this study, we report here a rare case of polycythemia and cRCC in the same patient, which may be helpful in
understanding clinical features and molecular mechanisms underlying VHL–mutation-associated cRCC and
polycythemia induced by germline mutation of HIF2A. Firstly, we identified a rare but well studied germline
mutation resulting in polycythemia in HIF2A (c.1609G>A, p.Gly537Trp) in the blood of the patient and his
daughter. Meanwhile, we identified an inactivating VHLmutation (c.391A>T, p.N131Y), as well as TP53mutation
(c.977A>T, p.E326V) andmTORmutation(c.7498A>T, p.I2500F) in renal cancer tissue. Moreover, protein levels of
VHL, HIF1A, HIF2A, EPO, and VEGF estimated by immunohistochemical staining substantiated hyperactivation of
the oxygen-sensing pathway. In addition, we identified 158 somatic SNP/indel mutations, including 90missense/
nonsense/splice/stop-loss mutations by whole-exome sequencing (WES) of the tumor specimen and matched
normal DNA.
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Introduction

Renal-cell carcinoma (RCC) is the most common kidney cancer,
with the overwhelming majority of cases resulting from muta-
tions in the von Hippel-Lindau tumor suppressor (VHL) gene.1

Germline mutations in VHL cause VHL disease, including RCC,
which results from biallelic VHL inactivation. Somatic VHL
mutations occur in the majority of clear-cell (c)RCC cases,
accounting for 50%–70% of cases.2 Mutation-induced loss-of-
function VHL protein allows hypoxia inducible factors (HIFs) to
act as transcription factors regulating expression of various pro-
tumorigenic genes, including that encoding vascular endothelial
growth factor (VEGF). Upregulation of VEGF subsequently leads
to RCC development and progression by inducing angiogenesis.3

Tumor development tends to occur in patients carrying one
mutant VHL allele when loss of heterozygosity occurs in somatic
cells. Biallelic inactivation of VHL is an early and critical event in
the pathogenesis of cRCC in VHL disease and in many sporadic
RCC cases; however, additional genetic and epigenetic events are
required for the development of cRCC.4

Polycythemia refers to an increased number of circulat-
ing red blood cells, which can be categorized as primary or
secondary polycythemia. Primary polycythemia occurs when
excess red blood cells are produced as a result of an abnor-
mality of bone marrow due to mutation in the gene encod-
ing erythropoietin receptor (EPOR) or JAK2 exon 14
(V617F)/exon 12 (K539L, N542-E543del, E543-D544del).5

According to Online Mendelian Inheritance in Man
(OMIM), familial polycythemia consists of four subtypes,

which are associated with mutations in EPOR, VHL,
EGLN1, and HIF2A, respectively. It is noteworthy that
EGLN1, VHL, and HIF2A are the key regulators in the HIF
signaling pathway.6 Recent studies showed that mutations
in HIF2A exon 12 are involved in regulation of EPO syn-
thesis, resulting in polycythemia.7,8 Secondary polycythemia
is usually caused by excessive production of EPO due to
high altitude, hypoxic disease, or neoplasms. Renal cancer is
the most frequent cause of paraneoplastic polycythemia
linked to deregulation of the pVHL-HIF2A pathway in
renal clear carcinoma.

Here, we report a rare case of cRCC and hereditary polycy-
themia. Genotyping revealed that the patient carried both a
germline HIF2A mutation and a somatic VHL mutation. Both
mutations result in overactivation of HIF2A and its down-
stream target genes.

Case report

On November 25, 2015, a 61-year old male was referred to our
hospital due to the finding of a well-defined and heterogeneous
contrast–medium-enhanced mass in the upper pole of the left
kidney (Fig. 1A) identified by an abdominal computed tomog-
raphy (CT) scan. T1N0M0 kidney cancer was diagnosed by a
subsequent positron emission tomography (PET)/CT scan and
the finding of a high–FDG-uptake mass in the left kidney with
no metastasis (data not shown). Nephron-sparing enucleation
was conducted by retroperitoneal laparoscopic procedure on
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December 1, 2015. The size of the mass was about 1.0 £ 1.0 cm
and pathological examination revealed cRCC (Fig. 1B).

The patient had “red face” from a very young age and, based
on elevated hemoglobin, was initially diagnosed in his 30 s as
having polycythemia, however, no any treatment was initiated.
There was no history of hypertension (blood pressure was 106/
64 mmHg at admission) or thromboembolic event. At the time
of admission, his hemoglobin was 227 g/L (normal range 115–
150 g/L) and red blood cell count was 6.83 £ 1012/L (normal
range 3.8-5.1 £ 1012/L). As expected, neither the hemoglobin
(211 g/L) nor red blood cell count (6.82 £ 1012/L) returned to
normal range after tumor removal, suggesting that the polycy-
themia was not due to the tumor itself. Since then, intermittent
phlebotomies (400 ml about every 6 months) have been per-
formed to alleviate the red face associated with polycythemia.
The overall clinical course of the patient is summarized in
Table 1. No recurrence or metastatic lesions have been detected
during follow-up. His second daughter was also found with
increased red blood cell count (6.37 £ 1012/L) and elevated
hemoglobin level (190 g/L), as well as EPO level (28.4 mIU/mL,
normal range 2.59-18.5/L). And she gets intermittent phleboto-
mies once every year.

Because of the positive family history, we speculated that
polycythemia in our patient is the result of germline mutation
of some genes. Based on this hypothesis, we screened for

mutations in four genes (EPOR, VHL, EGLN1, and HIF2A)
that are strongly related to polycythemia.7,8 A rare but well
studied germline mutation in HIF2 (c.1609G>A, p.Gly537Trp)
was found in both the patient and his daughter (Fig. 1C). No
mutations were identified in the other three genes. Subse-
quently, we conducted whole-exome sequencing (WES) of the
tumor specimen and matched normal DNA, and identified 158
somatic single nucleotide polymorphism (SNP)/insertion-dele-
tion (indel) mutations, including 90 missense/nonsense/splice/
stop-loss mutations (Supplementary Table S1). Of these, a VHL
mutation (c.391A>T, p.N131Y) was reported in renal cancer,
and mutations in TP53 (c.977A>T, p.E326V) and mTOR
(c.7498A>T, p.I2500F) were assumed to be deleterious, sug-
gesting that any of these mutations alone or a combination
may play important roles in the occurrence of cRCC. The clini-
cal significance of other mutations was unclear. We also ana-
lyzed WES data for EPOR, VHL, EGLN1, HIF2A, and 152
cancer-susceptibility genes (Supplementary Table S2) for the
presence of germline mutations. The HIF2A mutation was con-
firmed to be the only pathogenic mutation, based on the
American College of Medical Genetics and Genomics (ACMG)
guidelines (Supplementary Table S3). Furthermore, protein lev-
els of VHL, HIF1A, HIF2A, EPO, and VEGF estimated by
immunohistochemical staining (Fig. 1B) suggested hyperactiva-
tion of the oxygen-sensing pathway.

Figure 1. Characterization of the patient. (A) Computed tomography (CT) scan. Renal tumor is indicated by red arrow. (B) Hematoxylin and eosin staining (HE) and immu-
nohistochemical staining of HIF1a, HIF2a, EPO, and VEGF in the tumor tissue. Magnification, 400 £. (C) Sequence of HIF2a exon 12 in DNA purified from blood of patient
(upper) and his daughter (lower). The heterozygous G>A substitution is indicated by a red arrow. (D) Patient family pedigree. &/�, normal male/female; &/�: male/female
carrying the mutation. Patient and daughter are represented by a filled square (arrow) and filled circle, respectively.
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Discussion

In this study we present a rare case with polythemia and a left
cRCC. The patient was shown to carry both a point germline
mutation of HIF2A (c.1609G>A, p.Gly537Arg) and a somatic
mutation of VHL (c.391A>T, p.N131Y). To the best of our
knowledge, this is the first report of the coexistence of germline
HIF2A–mutation-induced polycythemia and somatic VHL–
mutation-associated cRCC.

Polycythemia can be a paraneoplastic manifestation, pre-
sumably due to inappropriate production of erythropoietin
(EPO) by the tumor cells, which often occurs in advanced
stages of renal cancer and is associated with poor prognosis.9

Because the patient in our study has a kidney tumor, one may
argue that the polycythemia may be secondary to dysregulation
of EPO production. Usually this form of polycythemia is
resolved upon removal of the tumor, which did not occur in
this patient. On the other hand, the polycythemia persisted
after surgical removal of the kidney tumor, with no evidence of
recurrent or new tumors. Previous studies also suggested that
polycythemia can be acquired as a paradoxical drug effect in
patients receiving an anti-VEGF receptor therapy.10 This possi-
bility was excluded here because the patient did not receive any
drug in this family. Given the fact that both the patient and one
of his two daughters carry the same HIF2A germline mutation
and both showed not only high red blood cell count but also
elevated hemoglobin level, it is reasonable to conclude that the
polycythemia is congenital and the result of the germline
HIF2A mutation.

Since the first case of HIF2A germline mutation
(Gly537Trp)-associated polycythemia was reported by Percy
MJ. et al. in 2008,7 multiple cases have been reported. Further
screening of HIF2A mutation in a cohort of 75 erythrocytosis
patients identified two novel heterozygous HIF2A mutations,
Met535Val and Gly537Arg.8 Patients with germline mutation
of HIF2A rarely develop paraganglioma-pheochromocytoma
(PGL/PCC) syndrome. To date, only one patient with a germ-
line mutation in HIF2A exon 9 (c.1121T>A, p.F374Y) was
reported to have polycythemia and PCC/PGL simultaneously,11

but somatic mutations of HIF2A are frequent genetic events in
PCC/PGL and polycythemia. Karel Pacak et al.12 first reported
two cases of congenital polycythemia and multiple and recur-
rent PGL or PCC or somatostatinoma induced by somatic
mutations in HIF2A exon 12. Since then, about 14 cases have
been reported by several groups,13 and a new syndrome,
Pacak-Zhuang syndrome, has been confirmed. Although the

molecular mechanisms underlying the different phenotypes
associated with germline and somatic HIF2A mutation are
unknown, it appears that gain-of-function mutation of HIF2A
is insufficient, and loss-of-function of one or more tumor sup-
pressors may be needed, for PCC/PGL to develop. HIF2A, an
important component of the VHL-HIF oxygen-sensing path-
way, plays a pivotal role in VHL–mutation-induced cRCC, and
inhibition of HIF2A is sufficient to suppress pVHL-defective
tumor growth in vivo.14 However, until now there has been no
evidence to suggest that HIF2A germline mutation itself is asso-
ciated with cRCC. Polycythemia and cRCC in this particular
case appear to be independent events, with polycythemia
resulting from HIF2A germline mutation and cRCC likely
caused by the combination of somatic mutations in VHL,
TP53, and mTOR.

It has also been reported that loss of pVHL alone give rise to
only premalignant renal cysts, and additional mutations at
non-VHL loci are required for the development of frank RCC.4

This patient meets the criteria of the 2-hit hypothesis: in addi-
tion to the mutations in the VHL-HIF pathway, two other
known or predicted disease-causing mutations (TP53:
c.977A>T, p.E326V; mTOR: c.7498A>T, p.I2500F) exist. A
previous study15 demonstrated that in cRCC the mutation fre-
quencies of mTOR and TP53 are 6% and 3.1%, respectively. It
is noteworthy that the mTOR mutation (c.7498A>T, p.
I2500F), which results in hyperactivation of the PI3K-AKT-
mTOR signaling axis, has been reported in breast cancer.16 The
TP53 mutation (c.977A>T, p.E326V) has not been previously
reported, but was predicted to be deleterious by SIFT and
PolyPhen. In addition, based on the 2-hit hypothesis, Friedrich
CA et al.9 suggested that inherited VHL mutation favors the
occurrence of secondary and acquired mutations. Not germline
HIF2A gain-of-function mutation but somatic VHL loss-of-
function mutation is driver mutation for cRCC. Whether the
somatic mutations of VHL, TP53, and mTOR have anything to
do with HIF2A germline mutation needs further investigation.

In summary, we report here a rare case of polycythemia and
cRCC in the same patient, with polycythemia resulted from a
germline HIF2A mutation and cRCC likely due to multiple
(VHL, P53 and mTOR) somatic mutations.
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