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Summary
Erythrocytosis is associated with increased red blood cell mass and can be ei-
ther congenital or acquired. Congenital secondary causes are rare and include 
germline variants increasing haemoglobin (Hb)- oxygen affinity (e.g., Hb or bis-
phosphoglycerate mutase (BPGM) variants) or affecting oxygen- sensing pathway 
proteins. Here, we describe five adults from three kindreds with erythrocytosis as-
sociated with heterozygosity for BPGM variants, including one novel. Functional 
analyses showed partial BPGM deficiency, reduced 2,3- bisphosphoglycerate 
levels and/or increased Hb- oxygen affinity. We also review currently known 
BPGM variants. This study contributes to raising awareness of BPGM variants, 
and in particular that heterozygosity for BPGM deficiency may already manifest 
clinically.
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Erythrocytosis is characterised by an increased mass of red 
blood cells (RBCs), reflected by elevated haemoglobin (Hb) 
and/or haematocrit (Hct) levels. Primary erythrocytosis in-
clude intrinsic defects of erythroid progenitors and is associ-
ated with a subnormal or undetectable serum erythropoietin 
(EPO) level. In contrast, secondary erythropoiesis is caused 
by defects extrinsic to RBCs, and is often associated with in-
appropriate normal or elevated EPO levels. Both forms can 
be congenital and acquired. Diagnosing the most common 
cause of primary erythrocytosis, polycythaemia vera, a my-
eloproliferative neoplasm due to clonal proliferation of RBC 
precursors, is greatly simplified by the detection of variants 
in Janus kinase 2 (JAK2; Mendelian Inheritance in Man 
[MIM] #147796). In the absence of JAK2 variants, underly-
ing causes of secondary erythrocytosis should be evaluated. 
Congenital forms of secondary erythrocytosis are rare and 
include germline variants in the genes encoding oxygen- 
sensing pathway proteins: von Hippel Lindau (VHL; MIM 
#608537), hypoxia- inducible factor (HIF)- 2α (EPAS1; MIM 
#603349), HIF- prolyhydroxylase- 2 (EGLN1; MIM #606425), 
and genes encoding Hb (HBB, MIM #141900; HBA1, MIM 
#141800; HBA2, MIM #141850) and bisphosphoglycerate 
mutase (BPGM; MIM #613896).1 Here, we describe five 
adults from three kindreds with erythrocytosis associated 
with heterozygosity for a variant in BPGM, including one 
novel. Functional analyses were performed to evaluate their 
pathogenic nature. We also review currently known BPGM 
variants. Our study expands the knowledge of BPGM vari-
ants in patients with erythrocytosis and the associated hae-
matological, functional and clinical phenotype, and raises 
awareness that only heterozygosity for BPGM- deficiency 
may already clinically manifest itself.

The five cases described were referred to our tertiary 
care centre because of suspected congenital erythrocyto-
sis. Acquired causes for secondary erythrocytosis, such as 
smoking, were excluded in all patients. Informed consent 
was obtained, and all procedures were conducted in agree-
ment with the principles of the Declaration of Helsinki. 
DNA sequence analysis of relevant coding exons, includ-
ing flanking splice- site consensus sequences, of eight genes 
most commonly involved in congenital erythrocytosis was 
performed [EPOR (NM_000121), HBB (NM_000518), HBA1 
(NM_000558), HBA2 (NM_000517), VHL (NM_000551), 
EPAS1 (NM_001430), EGLN1 (NM_022051), BPGM 
(NM_001293085)]. The only detected variants in BPGM 
were evaluated using Ensembl, Genome Aggregation 
Database (gnomAD), Polymorphism Phenotyping version 
2 (PolyPhen- 2), Sorting Intolerant From Tolerant (SIFT) 
and Human Gene Mutation Database (HGMD®) and clas-
sified using the American College of Medical Genetics and 
Genomics (ACMG) criteria.2

Proband 1 concerned a JAK2- negative 65- year- old female 
patient from Belgium. She had lifelong high Hb levels and 
started with phlebotomy (target Hct <50%) and low- dose 
acetylsalicylic acid (ASA) upon an Hb increase to 188 g/l, 

associated with recurrent headaches and hypertension. 
Phlebotomy improved these symptoms. At referral, her Hb 
level was 168 g/l and the Hct level was 49% (Table 1). She had 
a 39- year- old son with a medical history of retinal vein occlu-
sion and lifelong erythrocytosis. Their EPO levels were nor-
mal. Both were heterozygous for a novel missense variant in 
BPGM: c.535C > T p.(Arg179Cys). The population frequency 
for this variant is very low (3.98−5 in gnomAD version 2.1.1, 
variant identification [ID] 7- 134 346 794- C- T), which corre-
sponds with PM2_moderate according to the ACMG 2015 
criteria.2 The mild clinical phenotype may explain the small 
number of individuals in the control population who carry 
this variant. The variant segregates in two affected family 
members (PP1_supporting) and in silico analysis of struc-
tural data shows a possible effect of the amino acid change 
to the stability of the α- helix, though further studies need 
to be performed (PP3_supporting). Finally, functional anal-
yses support a loss of function or a hypomorphic function 
of BPGM (see below; PP4_strong). Therefore, although we 
should be cautious about interpreting the significance of 
variants in rare diseases, based on the current observations, 
we would classify the c.535C > T p.(Arg179Cys) variant as 
likely pathogenic.

Proband 2 was a 56- year- old, JAK2- negative Dutch man 
with a medical history of nephrolithiasis. He had asymptom-
atic erythrocytosis, discovered by chance in 2006 because of 
non- specific abdominal complaints. He underwent phle-
botomy once every 1– 4 months (target Hct <55%), and low- 
dose ASA was started. The patient moved and the current 
haematologist prompted further investigations into the in-
creased Hb levels (Table 1). There was no splenomegaly, and 
no pulmonary or kidney abnormalities on imaging studies 
(chest X- ray and abdominal ultrasonography) and function 
tests. Phlebotomy was temporarily halted but initiated again 
when Hct exceeded 60% (target Hct <60%). He remained as-
ymptomatic during phlebotomies. His 60- year- old brother 
also had a diagnosis of JAK2- negative erythrocytosis with 
mild clinical symptoms (fatigue, headache) from the age of 
29 years. After a normal bone marrow biopsy in 2001, this 
brother underwent phlebotomy (target Hct <55%) once 
every 2 months until 2019, and he started on low- dose ASA. 
Phlebotomy slightly improved his clinical symptoms. In both 
patients, EPO levels were increased. DNA sequence analysis 
of proband 2 and his brother revealed heterozygosity for a 
missense variant in BPGM: c.269G > A p.(Arg90His). The 
allele frequency in the total population is 1.06−5 (gnomAD 
version 2.1.1, variant ID 7- 134 346 528- G- A). Their sister, 
who did not have erythrocytosis, did not show this variant.

Proband 3 was a 32- year- old French male patient who 
presented with headache and tinnitus for 3 years. He had 
lifelong high Hb levels and low EPO at referral (Table 1). He 
was JAK2- negative and bone marrow biopsy was normal. He 
was treated with weekly phlebotomies (target Hct <50%). 
However, phlebotomies were poorly tolerated due to severe 
fatigue. However, they did improve the hyperviscosity- 
related symptoms at that time. Proband 3 was also hetero-
zygous for the c.269G > A p.(Arg90His) missense variant in 
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BPGM. To our knowledge, the c.269G > A p.(Arg90His) vari-
ant was only reported once before (HGMD CM149154). That 
case was also heterozygous.3

We subsequently performed functional analyses to as-
sess the impact of the identified variants. BPGM modulates 
the synthesis of 2,3- BPG through the Rapoport– Luebering 
shunt of the glycolytic pathway in RBCs (Supplementary 
Figure S1). The 2,3- BPG modulates oxygen release by bind-
ing to deoxyhaemoglobin, thereby reducing Hb- oxygen 
affinity.4 Thus, reduced BPGM activity would result in de-
creased 2,3- BPG levels, ultimately reducing oxygen release 
in tissues. Consequently, hypoxia- induced EPO production 
stimulates erythrocytosis to compensate for decreased tissue 
oxygenation.

The BPGM activity measurements were performed as 
described by Beutler.5 Quantitative analysis of 2,3- BPG 
was based on previously described methods using liquid 
chromatography tandem mass spectrometry after snap 
freezing whole blood collected in EDTA tubes in liquid ni-
trogen within 1– 2 h after collection.6 Cryovials were stored 
in −80°C until analysing. Oxygen equilibrium curves were 
obtained from whole blood samples collected in heparin 
tubes using a Hemox Analyser (TCS Scientific Corp).7 The 
P50, the oxygen tension when Hb is 50% saturated with 
oxygen, was calculated using TCS Hemox OEC program 
software (v2.00.14).

The results are summarised in Table  1. BPGM activity 
was decreased in all cases heterozygous for the c.269G > A 
p.(Arg90His) variant (proband 2, his brother, and proband 
3). BPGM activity was low– normal in the two cases with 
the c.535C > T p.(Arg179Cys) variant. In all individuals, 2,3- 
BPG levels were reduced and most pronounced in the ones 
with the lowest BPGM enzymatic activity. In addition, de-
creased P50 levels were measured in all affected individuals, 
indicating a left- shift of the oxygen equilibrium curve and, 
hence, increased Hb- oxygen affinity. EPO levels were only 
increased in proband 2 and his brother, possibly due to their 
phlebotomies. EPO levels were (low– )normal in the other 
cases.

Variants in the BPGM gene are very rare. For example, 
no BPGM variants were identified when sequencing 70 cases 
with idiopathic erythrocytosis and elevated EPO.8 To the 
best of our knowledge, only 12 other variants (15 families) 
associated with erythrocytosis have been described to date 
(Table  2).3,9– 15 The first family with complete BPGM de-
ficiency was reported in 1978 by Rosa et al.12 Four family 
members were compound heterozygous for the c.268C > T 
(p.Arg90Cys) and the c.61delC (p.Arg21Valfs*28) vari-
ants.14 Since then, only a limited number of other variants in 
BPGM have been described and characterised. Most of them 
concerned missense and nonsense variants. Interestingly, 
arginine at either codon 62 or codon 90 is the most fre-
quently mutated residue (Arg62Trp, Arg62Gln, Arg90Cys, 
Arg90His). Both these catalytic site residues are involved in 
substrate binding, with Arg62 located at the bottom of the 
active site pocket, whereas Arg90 plays a key role in stabilis-
ing and functioning of BPGM.16 We report here the second 

and third family with an arginine– histidine substitution at 
residue 90 of BPGM. In 2014, Petousi et al.3 first identified 
this variant by whole- genome sequencing in a 27- year- old 
man and his mother. Similar to our cases, they had decreased 
levels of 2,3- BPG and BPGM activity. The reported P50 
was decreased, but this was calculated from arterial blood 
gas analysis and not actually measured with the Hemox 
Analyser as in the present study.7 The precise structural con-
sequences of the novel p.(Arg179Cys) variant require further 
investigation. Arg179 constitutes the last residue of α- helix 
7 (residues 158– 179) and terminal arginines are considered 
important for helix stability.17 In addition, the possible inter-
action between the side chain of Arg179 and the sidechain 
of Glu176 may be important. Disruption of this interaction 
by the Arg179Cys mutation could disrupt helix formation, 
leading to alteration of the downstream substrate binding 
site within the catalytic domain of BPGM.

Historically, BPGM deficiency is considered an autosomal 
recessive disorder (https://omim.org/entry/ 613896). However, 
from the growing number of cases of heterozygous BPGM 
variants associated with erythrocytosis, an autosomal dom-
inant inheritance pattern with variable penetrance or expres-
sion also appears to emerge (Table 2). In several but not all 
heterozygous cases, functional effects including higher Hb- 
oxygen affinity were found, sometimes more pronounced 
than effects on Hb and Hct levels. On the other hand, some ho-
mozygous patients remained asymptomatic despite extremely 
low BPGM activity. This shows that the pathophysiology of 
congenital erythrocytosis is complex and that description of 
cases like the ones presented here may contribute to a better 
understanding of this particular rare cause of erythrocytosis. 
Ultimately, this may answer the question whether an inter-
vention would be necessary and effective in all cases, keeping 
the risk of thrombosis versus tissue hypoxia in mind.

In conclusion, two rare heterozygous variants in the 
BPGM gene, a novel c.535C > T p.(Arg179Cys) and the pre-
viously once reported 269G > A p.(Arg90His) variant were 
found to be associated with secondary congenital erythro-
cytosis. Of these, the latter variant had a more severe func-
tional effect, but not directly a more severe clinical effect. 
Our case series also clearly illustrates that EPO levels are not 
reliable to identify patients with BPGM variants. Awareness 
of cases with BPGM variants could help to provide more in-
sight towards an earlier diagnosis, the inheritance pattern, 
genotype– phenotype relationship, and management of pa-
tients with BPGM variants.
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