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An intronic polymorphism associated with
2,3-bisphosphoglycerate levels in human red
cells is linked to expression of RhCE blood groups

Eunike C. McGowan? (2, Jill R. Storry®* (2, and Martin L. Olsson®""

We read with interest how D'Alessandro et al. recently inves-
tigated the genetic underpinnings of the metabolic adapta-
tions in red blood cells (RBCs) from healthy humans under
high-altitude hypoxia (1). The authors concur previous in vivo
studies in that 2,3-biphosphoglycerate (BPG) levels increase
under high-altitude hypoxic conditions through their RBC
metabolomics analysis of six healthy volunteers, who climbed
to the highest city worldwide, La Rinconada, Peru (5,100 m
above sea level). Strikingly, their RBC proteomics revealed the
RhCE protein levels were most affected by ascent, acclimati-
zation, and descent. Following this, metabolite quantitative
trait loci analysis of 2,3-BPG using the omics and genotyping
data from the Recipient Epidemiology and Donor Evaluation
Study (REDS) was performed. A significant association between
2,3-BPG and genetic polymorphisms from chromosome 1 was
found, and the polymorphism ranking highest in association
was rs636889 located in intron 5 of RHCE.

The obvious question to ask is how a noncoding variant,
rs636889, and/or other RHCE polymorphisms impact the
RhCE protein to become a critical determinant of 2,3-BPG
levels in RBCs of healthy volunteers? As D'Alessandro et al.
mentioned, the RH genes comprise substantial genetic het-
erogeneity. We noted additional polymorphisms in linkage
disequilibrium (LD) with rs636889 are present in the highly
homologous RHD gene, which arose from a duplication event
of RHCE (2). The RHD gene has single nucleotide variants
(SNVs) distributed throughout the gene, including introns,
depending on the phenotypic combination of Rh blood group
antigens RhD, RhC, RhE, Rhc, and Rhe (3).

Similarly, in RHCE, more than one SNV can be used to pre-
dict the phenotype for C and c antigens, while one SNV in exon
5 defines the E and e antigens. LD analysis using LDIink (4)
showed rs636889:C to correlate with SNVs encoding the RhC
(rs586178:G, rs61777615:A) and Rhe (rs609320:C) antigens,
whereas rs636889:T correlated with the Rhc (rs586178:C,
rs61777615:G) and RhE antigens (rs609320:G; Fig. 1) (5, 6) in
most populations. Lower linkage equilibria in African popula-
tions may be due to their unique diversity of RHCE alleles that
affects the LD algorithm. Otherwise, in general, LDlink showed
rs636889 travels with C/c and E/e antigen-encoding SNVs.

Although all volunteers were reported as Rh-positive,
their RhCE phenotypes were not specified (1). Interestingly,
Rh antigen densities are known to vary depending on the
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combination of C, E, ¢, and e antigens (8). Computational
modeling of these antigen combinations showed varying
degrees of RhCE extracellular loop exposure, conforma-
tional structures, and interactions with the Rh-associated
glycoprotein (RhAG) (9). With RhCE playing a structural role
in the band 3-macrocomplex, a recognized participant of
RBC oxygen regulation (10), it would be tempting to explore
whether the RhD and RhCE phenotype plays a role in or can
predict 2,3-BPG levels in the REDS study. Different RhCE
protein isoforms could impact the structural stability or
density of neighboring molecules in this macrocomplex
implicated in ammonia or carbon dioxide transport.

In conclusion, we propose that an improved understand-
ing of 2,3-BPG heterogeneity between humans may be
gained by investigating the role of Rh phenotypes and their
interactions within/around the macrocomplex.
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ALLELE FREQUENCY

Top SNV from c.48 C/c SNV in €.336-2850 C/c SNV in c.676 E/e SNV in

® 6\(3 o D'Alessandro et. al. RHCE exon 1 RHCE intron 2 RHCE exon 5

&S rs636889 rs586178 rs61777615 rs609320

& & < "Abbrev n= [ T G c G A c G
Al Populations - I ALL 2504 056 044 060 040 054 046 086  0.14
Affican - AFR 661 040 060 052 048 091 009 0982 008
Yoruba n lbadan, Nigeria - YRI 108 043 057 050 050 087 013 092 008
Luhya in Webuye, Kenya - LWK 99 044 056 049 051 095 005 095  0.05
Gambian in Western Divisions in the Gambia - GWD 113 041 059 062 039 093 007 092 008
Mende in Sierra Leone - MSL 85 041 059 052 048 095 005 095 005
Esan in Nigeria - ESN 99 034 066 048 052 089 011 090  0.10
Americans of African Ancestry in SW USA - ASW 61 043 057 050 050 083 017 089 0.1
Afican Caribbeans in Barbados - ACB 9 037 063 053 047 090 010 091  0.09
Ad Mixed American AMR 347 052 048 055 045 051 049 077 023
Mexican Ancestry from Los Angeles USA MXL 64 056 044 059 041 042 058 074 026
Puerto Ricans from Puerto Rico PUR 104 049 051 052 048 058 042 085  0.15
Colombians from Medellin, Colombia CLM 94 053 047 056 044 052 048 086  0.14
Peruvians from Lima, Peru PEL 85 052 048 055 045 047 053 058 042

East Asian EAS 504 0.76 0.24 0.78 0.22 0.26 0.74 0.80 0.20
CHB 103 0.68 0.32 0.71 0.29 0.33 0.67 0.75 0.25
JPT 104 0.69 0.31 0.73 0.27 0.33 0.67 0.73 0.27
CHS 105 0.81 0.19 0.82 0.18 0.20 0.80 0.83 0.17
CDX 93 0.81 0.19 0.82 0.18 0.19 0.81 0.82 0.18

KHV 99 0.83 0.17 0.82 0.18 0.25 0.75 0.87 0.13

Han Chinese in Beijing, China
Japanese in Tokyo, Japan

Southern Han Chinese

Chinese Dai in Xishuangbanna, China
Kinh in Ho Chi Minh City, Vietnam

European EUR 503 045 055 047 053 057 043 084  0.16

Utah Residents (CEPH) with Northern and Western European Ancestry CEU 99 0.44 0.56 0.47 0.53 0.58 0.42 0.86 0.14
° Toscani in Ita TSI 107 046 054 048 052 055 045 085 0.5
10 Finnish in Finland FIN 99 043 057 044 056 059 041 080  0.20
08 Britsh in England and Scotland GBR 91 046 054 049 051 054 046 085  0.15
Iberian Population in Spain - [N BS 107 044 056 048 052 058 042 084  0.16

06 South Asian SAS 489 069 031 069 031 035 065 091  0.09
" Guarati Indian from Houston, Texas GIH 103 064 036 063 037 040 060 095  0.05

: Punjabi from Lahore, Pakistan PIL 9 065 035 064 036 039 061 087  0.13
02 Bengalifrom Bangladesh BEB 86 078 022 079 021 024 076 091  0.09
Indian Telugu from the UK Imu 102 068 032 071 029 035 065 089  0.11

-0.0 sri Lankan Tamilfrom the UK - STU 102 070 030 070 030 034 066 092  0.08

Fig. 1. Linkage disequilibrium patterns and allele frequencies from LDpop analysis for rs636889 and three SNVs implicated in expression of RhCE antigens. For
each population, r? values were plotted in a matrix heatmap using SRplot (7). The nucleotide changes linked with rs636889:C are underlined and those linked
with rs636889:T are not. The nucleotide present in the reference allele for a given rs number is on the Left and the alternate allele on the Right.
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