
Molecular Cloning of RhD cDNA Derived From a Gene Present 
in RhD-Positive, But Not RhD-Negative Individuals 

By Miguel A. Arce, E. Scott Thompson, Steven Wagner, Katharine E. Coyne, Barbara A. Ferdman, and Douglas M. Lublin 

The Rh blood group system plays a major role in immune 
and nonimmune hemolytic states. Although an Rh cDNA 
has been previously cloned, there is no information on 
which Rh antigenic protein it encodes. Using polymerase 
chain reaction (PCR) amplification, we have identified this 
original Rh clone, here designated Rh21, and an additional 
Rh cDNA clone, Rh13, that is 96% nucleotide- and 92% 
amino acid-identical to Rh21, with the substitutions scat- 
tered throughout the sequence. A molecular genetic ap- 
proach was used to match this Rh clone with an Rh speci- 
ficity. The mRNA transcript for Rh13 was present in 
reticulocytes from RhD-positive individuals, but was ab- 

HE Rh BLOOD GROUP system plays a role of central T importance in immunohematology and transfusion 
medicine.’ The Rh antigens are the most immunogenic red 
blood cell antigens in humans (outside the preformed anti- 
bodies of the AB0 system). Immunization through prior 
blood transfusion or pregnancy can lead to hemolytic trans- 
fusion reactions or hemolytic disease of the newborn. In 
addition, the target of many of the autoantibodies in warm- 
type autoimmune hemolytic anemia is an Rh polypeptide. 
A nonimmune hemolytic anemia occurs for the red blood 
cells ofthe rare Rh,,,, phenotype.’ Thus, the Rh blood group 
system is associated with hemolysis in several disease states. 

The major Rh antigens D, C, c, E, and e are camed on 
membrane proteins of approximately 32,000 M, ,3*4 with 
distinct but homologous proteins carrying the D, C/c, and 
E/e specificitie~.~,~ A major breakthrough in the molecular 
analysis of the Rh system occurred with the cloning of an 
Rh cDNA by two independent This was done by 
using oligonucleotides based on the amino-terminal se- 
quence of purified Rh protein, but the common amino-ter- 
mina1 sequence did not permit any assessment of which Rh 
antigen might be associated with this clone. The most direct 
approach to this problem would be to express the cDNA 
clone and assess antigenic reactivity, but our attempts to 
date have been uns~ccessful.~ Therefore, we have under- 
taken a molecular genetic approach to the assignment of 
clones. In this report, we describe a new Rh cDNA and gene 
and the use of genetic approaches to demonstrate that this 
Rh clone represents the D antigen. At the time of the final 
preparation of this report, a report appeared describing the 
isolation of the same RhD cDNA.” The present work is an 
independent verification of the identity of RhD. 

MATERIALS AND METHODS 

Rh phenotypes. Red blood cells were phenotyped for Rh anti- 
gens by standard agglutination techniques’ using human monoclo- 
nal antibodies to Rh kindly provided by John Moulds (Gamma 
Biologicals, Houston, TX). 

Polymerase chain reaction and DNA sequencing. Oligonucleo- 
tides based on the published Rh cDNA were used to am- 
plify DNA from a human bone marrow cDNA library in Xgt 11 
(Clontech Laboratories, Palo Alto, CA), from genomic DNA, or 
from first-strand cDNA derived by reverse trqnscription of RNA 
prepared from reticulocytes as described.” Oligonucleotides in- 

sent from the reticulocytes of RhD-negative individuals. 
Using conventional screening of genomic libraries, as well 
as PCR cloning, partial genomic clones for these two Rh 
cDNAs were obtained. Based on PCR analysis and South- 
ern blots, the Rh21 gene was present in all individuals, but 
an intact Rhl3 gene was only present in RhD-positive and 
not RhD-negative individuals. Thus, by correlating the pres- 
ence of Rh mRNA and gene sequences with individual Rh 
phenotypes, we were able to establish that the new Rhl3 
cDNA clone represents the RhD protein. 
0 1993 by The American Society of Hematology. 

cluded the following (numbering based on position + 1 representing 
A of the initiation ATG codon): R1 IC, nt - 10 to IO; R24C, nt 52 1 
to 540; RION, nt 1330 to 131 1; R13N, nt 670 to 651; R24N, nt 623 
to 604. A standard 50-pL polymerase chain reaction (PCR) con- 
tained 1 p L  viral stock at 5 X IO9 plaque-forming units (pfu)/mL, 1 
pg genomic DNA, or 5 pL cDNA, and used AmpliTaq DNA poly- 
merase (Perkin-Elmer, Nonvalk, CT) for 35 cycles at 94°C for 1 
minute, 50°C for 1 minute, and 72°C for 3 minutes. DNA was 
subcloned, mapped, and sequenced as previously described.” 

Screening genomic DNA library. A human genomic DNA li- 
brary (Clontech) was screened with Rh cDNA at high stringency. 
All techniques for screening, plaque purification, subcloning, m a p  
ping, and DNA sequencing have been described previ~usly.~~ 

Southern blot analysis. Ten micrograms of genomic DNA was 
digested overnight at 37°C with EcoRI restriction enzyme (Pro- 
mega, Madison, WI) in a 100-pL vol. The DNA was then ethanol 
precipitated, brought back up in 10 pL water, separated on an 0.8% 
agarose gel in 1 x Tris-acetate/EDTA (TAE) buffer, and blotted 
onto a nylon membrane (Oncor, Gaithersburg, MD). The mem- 
brane was hybridized overnight, washed at high stringency,” and 
exposed to x-ray film for 48 hours. 

RESULTS 

Because 
there are several Rh proteins, we began by cloning addi- 
tional Rh cDNA so that we could then correlate Rh pheno- 
type with individual cDNA species. Multiple cDNA clones 
were produced by PCR amplification of a human bone 
marrow cDNA library using oligonucleotides based on the 
one known Rh cDNA clone, designated RhIXb’ or 

Two distinct but homologous Rh cDNA clones. 
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Rh30A.8 The oligonucleotide pair RI lC/RION was chosen 
to produce a full-length coding region. Subcloning and se- 
quencing of many PCR products demonstrated two types of 
cDNA: one, exemplified by clone Rh2 I ,  was identical with 
the RhIXb/Rh30A clone: the second, exemplified by clone 
Rh 13, had a distinct but homologous cDNA sequence. Of 
14 randomly selected clones arising from several indepen- 
dent PCR amplifications, nine were of the Rh21 type and 
five of the Rh 13 type. The DNA and derived protein se- 
quence of the new Rh 13 cDNA (Fig I )  demonstrate that it is 
the same size as the Rh21 cDNA. Comparison of the two 
cDNAs shows that there are no insertions or deletions, but 
there are 44 nucleotide substitutions, 35 of which result in 
amino acid substitutions (Fig 2). The two cDNAs are 96% 
identical at the nucleotide level and 92% identical at the 
protein level. 

Expression ofRh13 RNA transcripts correlates with RhD- 
positive phenotype. We next looked for any correlation be- 
tween either of the two Rh cDNAs (Rh21 and Rh13) and 
the known Rh polymorphisms. One of the nucleotide sub- 
stitutions from Rh2 1 to Rh 13 eliminates a Bcl I restriction 
site, so this could be used to identify the two cDNAs. Reticu- 
locyte RNA was used to prime first-strand cDNA synthesis 
and this material was then amplified by PCR using the oligo- 

nucleotide pair R24C/R24N that amplifies both Rh2 1 and 
Rh 13, producing a DNA fragment that includes the Bcl I 
site. Amplified DNA was digested with Bcl I and analyzed 
by nondenaturing acrylamide gel electrophoresis and ethid- 
ium bromide staining. All Rh phenotypes possessed the 
Rh21 RNA (as evidenced by a band that cut with Bcl I), 
whereas Rh 13 RNA was found in all RhD-positive, but no 
RhD-negative individuals (as evidenced by a band that fails 
to cut with Bcl I) (Fig 3). The C/c or E/e polymorphisms did 
not correlate with the presence of Rh 13. These results indi- 
cate that the Rh I3 clone represents the RhD protein. 

Isolation and sequencing ofparts oftwo Rh genes corre- 
sponding to two Rh cDNAs. To confirm and extend this 
conclusion, we next obtained partial genomic clones corre- 
sponding to these two cDNAs. The two Rh cDNA clones 
Rh2 1 and Rh 13 contain nucleotide substitutions scattered 
throughout the entire coding region, so clearly they do not 
arise by alternative splicing, but must correspond to sepa- 
rate genes. The Rh2 l cDNA was used as a probe to screen a 
X bacteriophage human genomic DNA library, and a geno- 
mic clone of I5 kb was isolated. Restriction mapping and 
DNA sequencing produced the exon/intron structure of this 
gene (Fig 4A), and the sequence of the exons showed that it 
was the Rh2 1 gene. Next, genomic DNA from an RhD-nega- 

ATGAGCTCTAAGTACCCGCGGTCTGTCCGGCGCTGCCTGCCCCTCTGGGCCCTAACACTGGAAGCAGCTCTCATTCTCCTCTTCTATTTT 90 
M S S K Y P R S V R R C L P L W A L T L E A A L I L L F Y F  30 

TTTACCCACTATGACGCTTCCTTAGAGGATCAAAAGGGGCTCGTGGCATCCTATCAAGTTGGCCAAGATCTGACCGTGATGGCGGCCATT 180 
F T H Y D A S L E D Q K G L V A S Y Q V G Q D L T V M A A I  80 

GGCTTGGGCTTCCTCACCTCGAGTTTCCGGAGACACAGCTGGAGCAGTGTGGCCTTCAACCTCTTCATGCTGGCGCTTGGTGTGCAGTGG 270 
G L G F L T S S F R R H S W S S V A F N L F M L A L G V Q W  90 

GCAATCCTGCTGGACGGCTTCCTGAGCCAGTTCCCTTCTGGGAAGGTGGTCATCACACTGTTCAGTATTCGGCTGGCCACCATGAGTGCT 360 
A l L L D G F L S Q F P S G K V V l T L F S I R L A T M S A l 2 0  

TTGTCGGTGCTGATCTCAGTGGATGCTGTCTTGGGGAAGGTCAACTTGGCGCAGTTGGTGGTGATGGTGCTGGTGGAGGTGACAGCTTTA 450 
L S V L I S V D A V L G K V N L A Q L V V M V L V E V T A L 1 5 0  

GGCAACCTGAGGATGGTCATCAGTAATATCTTCAACACAGACTACCACATGAACATGATGCACATCTACGTGTTCGCAGCCTATTTTGGG 540 
G N L R M V l S N l F N T D Y H M N M M H I Y V F A A Y F G l 8 0  

CTGTCTGTGGCCTGGTGCCTGCCAAAGCCTCTACCCGAGGGAACGGAGGATAAAGATCAGACAGCAACGATACCCAGTTTGTCT~CCATG 630 
L S V A W C L P K P L P E G T E D K D Q T A T l P S L S A M 2 1 0  

CTGGGCGCCCTCTTCTTGTGGATGTTCTGGCCAAGTTTCAACTCTGCTCTGCTGAGAAGTCCAATCGAAAGGAAGAATGCCGTGTTCAAC 720 
L G A L F L W M F W P S F N S A L L R S P I E R K N A V F N  240 

ACCTACTATGCTGTAGCAGTCAGCGTGGTGACAGCCATCTCAGGGTCATCCTTGGCTCACCCCCAAGGGAAGATCAGCAAGACTTATGTG 810 
T Y Y A V A V S V V T A I S G S S L A H P Q G K I S K T Y V  270 

CACAGTGCGGTGTTGGCAGGAGGCGTGGCTGTGGGTACCTCGTGTCACCTGATCCCTTCTCCGTGGCTTGCCATGGTGCTGGGTCTTGTG 900 
H S A V L A G G V A V G T S C H L I P S P W L A M V L G L V  300 

GCTGGGCTGATCTCCGTCGGGGGAGCCAAGTACCTGCCGGGGTGTTGTAACCGAGTGCTGGGGATTCCCCACAGCTCCATCATGGGCTAC 990 
A G L I S V G G A K Y L P G C C N R V L G I P H S S I M G Y  330 

AACTTCAGCTTGCTGGGTCTGCTTGGAGAGATCATCTACATTGTGTTGCTGGTGCTTGATACCGTCGGAGCCGGCAATGGCATGATTGGC 1080 
N F S L L G L L G E l I Y I V L L V L D T V G A G N G M I G 3 8 0  

TTCCAGGTCCTCCTCAGCATTGGGGAACTCAGCTTGGCCATCGTGATAGCTCTCACGTCTGGTCTCCTGACAGGTTTGCTCCTAAATCTT 1170 
F Q V L L S I G E L S L A I V I A L T S G L L T G L L L N L  390 

AAAATATGGAAAGCACCTCATGAGGCTAAATATTTTGATGACCAAGTTTTCTGGAAGTTTCCTCATTTGGCTGTTGGATTTTAA 1254 
K I W K A P H E A K Y F D D Q V F W K F P H L A V G F -  417 

Fig 1. DNA and amino acid sequence of coding region of R h l 3  cDNA clone. The R h l 3  cDNA was derived by PCR amplification from a 
human bone marrow cDNA library using primers based on the sequence of the RhlXb/RhBOA cDNA. The DNA sequence of the full-length 
coding region together with the derived amino acid sequence (using standard single-letter abbreviations) is shown. The nucleotide sequence 
has been deposited in the GenBank database under accession no. L08429. 
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Fig 2. Comparison of amino acid sequences of 
two R h  cDNA clones. The complete derived amino 
acid sequences for the new Rhl3 cDNA clone and 
the original Rh21 cDNA clone (also designated 
RhlXb or Rh30A) are aligned. A dash is shown 
wherever the two sequences are identical. 

Rh13 M S S K Y P R S V R R C L P L W A L T L E A A L I L L F Y F F T H Y D A S L E D Q K G L V  45 
Rh21 - _ _ . _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Rh13 A S Y Q V G Q D L T V M A A I G L G F L T S S F R R H S W S S V A F N L F M L A L G V Q W  90 
Rh21 - - - - - - - - - - - - - - L . - - - - - - N - - - - - - - - - - - - - - - - - - - - - -  

Rh13 A I L L D G F L S Q F P S G K V V I T L F S I R L A T M S A L S V L I S V D A V L G K V N  135 
Rh21 . - - - - - . - - - - - P - - - - - - - - - - - - - - - - - M - - - - - A G - - - - - - -  

Rh13 L A Q L V V M V L V E V T A L G N L R M V I S N I F N T D Y H M N M M H I Y V F A A Y F G  180 
Rh21 - - - - - - - - - - - - - - - - T - - - - - - - - - - - - - - - - L R - F - - - - - - - -  

Rh13 L S V A W C L P K P L P E G T E D K D Q T A T I P S L S A M L G A L F L W M F W P S F N S  225 
Rh21 - T - - - - - - - - - - K - - - - N - - R - - - - - - - - - - - - - - - - - - - - - V - -  

Rh13 A L L R S P I E R K N A V F N T Y Y A V A V S V V T A I S G S S L A H P Q G K I S K T Y V  270 
Rh21 P . - - - - - Q - - - - M - - - - - - L - - - - - . - - - - - - - - - - - R - - - M . - -  

Rh13 H S A V L A G G V A V G T S C H L I P S P W L A M V L G L V A G L I S V G G A K Y L P G C  315 
Rh21 . - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - I - - l - - - - C - - V -  

Rh13 CNRVLGIPHSSIMGYNFSLLGLLGEI I Y I V L L V L D T V G A G N G M I G  360 
Rh21 - - - - - - - H - I - V - H S I . - . - - - - - - - T - - - - - - - H - - W N - - - - - -  

Rh13 F Q V L L S I G E L S L A I V I A L T S G L L T G L L L N L K I W K A P H E A K Y F D D Q  405 
Rh21 . -______________- - - -___.____________ - v  - _ _ _ _ _ _  
Rh13 VFWK F P H  L AVGF 417 
Rh2 1 . - - - - - - - - - - - 

tive and RhD-positive individual was amplified by PCR us- 
ing an oligonucleotide pair R24C/R 13N that spans the first 
two exons of the partial Rh2 1 genomic clone and hence 
includes the intron between cDNA nt 634 and 635 (Fig4A). 
Agarose gel analysis of this reaction showed the expected 
Rh21 genomic fragment of 1,200 bp in both samples, but 
the RhD-positive sample also produced an additional frag- 
ment of 600 bp (Fig 4B). Each of these fragments was sub- 
cloned and sequenced: the 1,200-bp fragment from both 
samples corresponded to the Rh2 I gene that had already 
been cloned (Fig 4A), and the 600-bp fragment from the 
RhD-positive individual contained exonic sequences that 
identified it as the Rh 13 gene. DNA sequence analysis 

showed that the Rh 13 gene had a smaller intron due to a 
large deletion in the middle of the intron (Fig 4C). 

Finally, these findings were confirmed by direct Southern 
blot analysis ofgenomic DNA from multiple Rh phenotype 
individuals probed with the 600-bp Rh13 gene fragment. 
This blot demonstrated a common Rh gene in all individ- 
uals, plus a second gene present only in RhD-positive indi- 
viduals (Fig 4D). The common upper band of 6,000 bp 
represents the Rh21 gene based on the size of the EcoRI 
fragment from the Rh2 I genomic clone (Fig 4A), and thus 
the lower band represents the Rhl3 gene. The Rh13 gene is 
present only in RhD-positive individuals. Hence, based on 
both RNA transcript expression (Fig 3) and the actual exis- 

Fig 3. Correlation between expression of Rh 
RNA transcripts and Rh antigenic phenotypes. 
RNA from reticulocytes of individuals of differing 
Rh phenotypes was reverse transcribed into first- 
strand cDNA and amplified by PCR using the 
R24C/R24N primers. Products were digested with 
Bel I or control buffer, and analyzed on a nondena- 
turing 12% acrylamide gel followed by ethidium 
bromide staining. Two other unrelated RhD-nega- 
tive individuals (not shown) demonstrated the 
same pattern of complete digestion with Ecl I as 
shown with the RhD-negative sample in the two 
left lanes. 
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tence of an intact Rh 13 gene only in RhD-positive individ- 
uals (Fig 4B and D), we conclude that the Rh 13 cDNA and 
gene encode the RhD protein. It is formally possible that 
Rh 13 represents another Rh protein that is present only in 
RhD-positive but not RhD-negative individuals. However, 
this is extremely unlikely, since in that case the RhD-nega- 
tive individuals should produce an antibody against this pu- 
tative protein, and there are no unexplained antibodies 
produced only by RhD-negative individuals. A long amino- 

- @ D :  + + + - 
kb 

23.1 - 
9.4 - 

a 
2.3 - 
2.0- 

Fig 4. Analysis of two Rh genes corresponding to the Rh21 and 
R h l 3  cDNA clones. (A) By screening a X bacteriophage human geno- 
mic library with the Rh21 cDNA, a partial Rh21 genomic clone was 
derived. The exonlintron structure of the gene plus an EcoRl (E) map 
are shown. (B) PCR amplification ofgenomic DNA from an RhD-posi- 
tive or RhD-negative individual using the R24C/R13N primers that 
span the intron between nt 634 and 635, analyzed by agarose gel 
electrophoresis and ethidium bromide staining. Solid arrowhead 
marks the 1,200-bp band seen in both samples, and Open arrow- 
head marks the 600-bp band seen only in the RhD-positive sample. 
(C) Subcloning and sequencing of the 1,200- and 600-bp products 
from (B) gave the partial gene structure for the Rh21 and Rhl3 genes 
shown. Doned lines mark the portion of the Rh21 gene intron that 
are deleted in the corresponding Rhl3 gene intron. (0) Southern blot 
of EcoRl digest of 10 wg genomic DNA from individuals of varying Rh 
phenotypes, probed at high stringency with the 600-bp fragment of 
Rhl3 gene. Solid arrowhead marks the upper band seen in all individ- 
uals, and Open arrowhead marks the lower band seen only in RhD- 
positive individuals. Rh phenotypes for the samples in the lanes are 
(1) DccEE, (2) DCCee, (3) DCcEe, (4) Rh,,,,, (5) dccee, (6) dccee. 

terminal sequence for purified RhD protein* agrees with the 
Rh I3 cDNA clone for the first 4 1 amino acids, but has a few 
discrepancies past there. However, this is quite far into the 
protein for highly accurate amino acid sequence determina- 
tion and likely represents amino acid sequencing errors. 

This specific assignment of the Rh13 clone as RhD was 
performed in the same manner as the work assigning the 
individual alleles of the AB0 blood group system that estab- 
lished a correspondence between the presence of each 
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cDNA or genomic sequence and the AB0 phen~type. '~ At- 
tempts to express any of the Rh cDNA clones have been 
unsuccessful,9 so this RhD clone cannot be confirmed at 
present by expression of the RhD antigen. This makes the 
strength of the molecular genetic evidence especially CN- 

cial, and the fact that we and another grouplo independently 
discovered and verified this RhD clone is therefore impor- 
tant. Both reports demonstrated that the RhD sequences 
could only be amplified from genomic DNA of RhD-posi- 
tive individuals, and in the present study this was supported 
by analysis of mRNA transcripts from reticulocytes (Fig 3). 
The assignment of the RhD clone was further confirmed by 
analysis of partial genomic fragments from the RhD and 
Rh2 1 (presumed RhC/c and/or RhE/e) genes. There is only 
one amino acid difference between the two reported se- 
quences: amino acid 218 is Met in this report (unchanged 
from clone Rh2 1) but Ile in the other report." Both groups 
used the same bone marrow cDNA library, and one would 
not expect a polymorphism in the RhD protein sequence. 
We sequenced five clones and all had Met at this position, so 
the explanation of this discrepancy is not clear. 

DISCUSSION 

Although the present work solves the identity of the RhD 
cDNA, there are many questions remaining in the molecu- 
lar analysis of the Rh gene family. The failure to express any 
RhD-related antigen in RhD-negative individuals is due to 
a large (or complete) deletion of the RhD (Rh 13) gene in the 
genome ofthese individuals. Southern blot analysis with the 
RhIXb (Rh21) cDNA had led to the suggestion that the 
RhD-negative phenotype represents a deleted gene,15 but 
that conclusion could not be definitive without cloning the 
RhD cDNA or gene as has been done here. The actual PCR 
analysis used for this work (Fig 4B) can form the basis for a 
simple RhD phenotyping of individuals. The Rh21 gene 
present in all common Rh phenotypes most likely encodes 
the C/c and/or E/e antigens, but further analysis will be 
needed, in particular molecular genetic analysis correlating 
Rh clones and Rh phenotypes. Whether these two Rh genes, 
RhD (Rh 13) and Rh2 1, encode all the major Rh antigenic 
proteins versus the possible existence of a third Rh gene is 
also to be determined. 

This work has also led to some information on the struc- 
ture of the Rh genes in RhnUll individuals. The Southern blot 
of the genomic DNA from one of the first identified Rh,,, 
individuals' probed with the 600-bp RhD gene fragment 
(Fig 4D) or with the full-length RhD cDNA (data not 
shown) demonstrates that the Rh genes are grossly intact. 
Finally, although we have uncovered the sequence of the 
RhD polypeptide, future work will require expression of 
this RhD cDNA (perhaps as part of an Rh complex) to 
decipher the function of this protein. 
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