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Frameshift variations in the RHD coding sequence: Molecular
mechanisms permitting protein expression
Willy A. Flegel, Kshitij Srivastava

Department of Transfusion Medicine, NIH Clinical Center, National Institutes of Health, Bethesda,
Maryland

The RHD gene, located on the short arm of Chromosome 1, encodes RhD, a highly
immunogenic blood group protein.! A D-negative phenotype is caused by a complete loss of
the RhD protein on the red blood cell (RBC),2 whereas individuals with a DEL phenotype
express minuscule amounts of the RhD protein.2# Individuals lacking the D antigen can
produce anti-D when exposed to D-positive RBCs through transfusion (causing hemolytic
transfusion reaction), pregnancy (causing hemolytic disease of the fetus and newborn), or
transplantation (causing graft rejection).>

Several molecular mechanisms can lead to a D-negative phenotype. The Human
RhesusBase® lists 90 D-negative alleles with a variety of genetic causes, including 31
deletions, 19 nonsense variants, 15 splice site variants, 15 RHD-CE-D hybrids,” five
missense variants, three insertions, and two duplications. Of these, the RKHD gene deletion
is the most frequent D-negative allele worldwide.8 Frameshift variations are deletions or
insertions of, for example, 1, 2, or 4 nucleotides, which alter the ribosome reading frame,
resulting in premature termination of translation.®10 Ordinarily, frameshift variants induce
the degradation of the mMRNA transcript by nonsense-mediated decay and thus obliterate the
expression of protein.11

Previous studies explained the conversion of a D-positive phenotype to a D-negative
phenotypel2 through genetic rearrangement at Chromosome 113-18 and subsequent clonal
expansion.12:14.19-23 However, the conversion of a D-negative to a D-positive phenotype
involving clonal expansion has never been reported.

Many patients and donors harboring distinct frameshift variants in the RHD gene have
been described.® Most such alleles encode a D-negative phenotype, as expected, but some
unexpectedly express traces of the RhD protein and their carriers present with weak

D or DEL phenotypes. Mechanisms such as transcriptional frameshifting, translational
frameshifting, and alternate translation start site may explain these enigmatic observations.

Correspondence: Willy A. Flegel, Laboratory Services Section, Department of Transfusion Medicine, NIH Clinical Center, National
Institutes of Health; Bethesda, MD 20892, USA. waf@nih.gov.

AUTHOR CONTRIBUTION

Willy Albert Flegel and Kshitij Srivastava wrote the paper.

CONFLICT OF INTEREST

The authors declare no conflict of interest relevant.

The views expressed do not necessarily represent the view of the National Institutes of Health, the Department of Health and Human
Services, or the US federal government.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel and Srivastava

Page 2

We review the known RHD alleles with frameshift variants and discuss molecular
mechanisms that can explain those with D-positive phenotypes.

METHODS

We searched the Human RhesusBase® and GenBank?* and catalogued all known frameshift
variants. Accompanying the online search, we checked the reference lists on the Web page
of each RHD variant in the Human RhesusBase Web site for potentially pertinent original
reports or additional variants.

RESULTS

Among the 51 published frameshift variants in the RHD gene, the phenotype for 44 alleles
has been reported (Table 1),25-34 of which 36 alleles present a D-negative phenotype,

as expected. The remaining eight alleles express, however, some RhD protein; six were
reported as DEL and two as weak D phenotype.5-3°

DISCUSSION

The total number of frameshift variants in the RHD gene currently stands at 51 (Table 1).
The canonical mechanism for the D-negative phenotype of RHD frameshift variants is a
premature stop codon.236 However, several noncanonical mechanisms permit expression
of a cell-surface protein from genes with distinct frameshift variants. We summarized

the accumulated evidence and outlined the underlying principle for hitherto inexplicable
D-positive phenotypes39:35:37-39 that were observed associated with some RHD frameshift
variants, including premature stop codons or elongated proteins.

In-frame deletion, %043 insertion,** or duplication?>46 of 3N nucleotides (three nucleotides
or a multiple thereof), without affecting the RHD open reading frame, causes either a weak
D,414546 partial D,4042.44 or D-negative phenotype.347 Insertion, deletion, or duplication
of 3N = 1 nucleotides (any number of nucleotides that is not a multiple of 3) in the coding
sequence of a gene alters the reading frame: These frameshift variants are expected to cause
the lack of full-length proteins.2’ However, molecular mechanisms, known to overcome

the effects of a frameshift variation, can lead to the synthesis of full-length, truncated, or
elongated, yet functional, proteins. These mechanisms include “transcriptional frameshifting
or slippage,”48:49 “translational or ribosomal frameshifting,”29-0 “alternate translation start
site,”1 and “ribosomal termination-reinitiation.”>2:53 “Addition of amino acids” due to
frameshift variants at the carboxy-terminal end is a mechanism that leads to elongated
proteins, which may or may not be functional. We examined the 51 known frameshift
variants (Table 1) and detailed the most plausible reasons why most of the frameshift
variants cause a D-negative phenotype while some cause a DEL or weak D phenotype.

Transcriptional frameshifting occurs when the RNA polymerase encounters a template
with homopolymeric sequences and adds or deletes one or more nucleotides to the run
of repeat bases.>* Variants in the repeat region, such as RHD*93_94insT,3" may produce
full-length protein, explaining the reported DEL phenotype.3’ Reading-frame restoration
by this mechanism was first shown in vivo for the human apolipoprotein B gene.%® The
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RHD*93_94insT may also express DEL by other mechanisms (Table 1), which are not
mutually exclusive and described in the next two paragraphs.

Translational frameshifting occurs in the presence of a heptanucleotide site X-XXY-YYZ,
which allows slippage of ribosome-bound tRNAs.29 The XXX can be any homopolymeric
sequence; YYY can be either AAA or TTT; and Z can be A, T, or C. The presence of such

a “slippery” heptanucleotide at position ¢.87 to ¢.93 in RHDExon 1 (T-TTT-TTT) may
allow translational frameshifting. Variants around this region, such as RHD*93 94insT,3"
may translate some RHD mRNAs to produce a full-length protein, as previously observed.>6

Alternate translation start site requires a modified initiation mechanism, such as the

leaky scanning mechanism.®” Ribosomal termination-reinitiation can also produce proteins
truncated at their amino-terminal end. Previous studies have shown mRNAs containing
premature termination codons due to nonsense, frameshift, and splice site variants near

the translation start site can resist nonsense-mediated decay.>8-89 These mMRNAs produce
truncated proteins when the ribosome resumes scanning and reinitiate translation at
downstream methionine codons. We have postulated RhD protein expression from alternate
translation start sites (ATG) in RHD Exon 2 for the RHD Exon 1 deletion (RHDex1del
type 1 allele).28 The D-positive phenotypes of RHD*29deIGGCGCTGCCTGCCC,®
RHD*93 94insT;3" and RHD*147del A alleles may be explained by the same mechanism.
However, an alternate translation start site requires additional initiation sequences in its
vicinity.81-64 Some RHD Exon 1 variant alleles express a D-positive phenotype and others
do not, which may depend on the presence or absence of a working copy of a translational
initiation sequence nearby.

Addition of amino acids at the carboxy-terminal end is known to permit a D-positive
phenotye.38:39 Frameshift variants in Exons 9 and 10 may result in such elongated proteins.
The carboxy-terminal amino acids encoded by part of RHD Exons 9 and 10 are involved

in the interaction of the RhD protein with the RBC cytoskeleton.2® Genetic variants in this
region often lead to a weakened D expression in the RBC membrane,® as observed for the
frameshift variants RHD*1248 1249insG3® and RHD*1252 1253insT38 (Table 1).

A complete loss of RHD Exon 10 can lead either to a DEL phenotype (RHDex10del

type 128:65) or to a D-negative phenotype (RHD*1228-1_1248de/TTTCCTCATTTGGCT
GTTGGA® and RHDex10del type 228). Molecular variants affecting the carboxy-terminal
cytoplasmic amino acid positions 391 to 41756 warrant systematic screening. Sensitive
serologic methods may discover DEL or weak D phenotypes.

Neither of the four noncanonical mechanisms suggested for RHD frameshift alleles with
D-positive phenotypes (Table 1) applies to RHD*510insG,8” and RHD*8220elG,3? and
RHD*941 942de/GG.%8 Other possible mechanisms include “alternate mMRNA isoforms”
and “stop codon readthrough.” Either mechanism may apply to any of the listed 51 RHD
frameshift alleles, although no functional data have supported these two mechanisms in
RHD so far. To prove or disprove these, a detailed molecular and serologic workup of
samples will be required.
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Alternate mRNA isoforms are a likely explanation in at least one known RHD allele: the
deletion of a whole RHD exon such as RKHD Exon 8 (RHDex8del type 1)8 has been shown
to permit expression of an RhD protein in RBC membranes. Although functional data are
lacking, alternate RHD mRNA isoforms54:65 skipping an exon’071 that contains a frameshift
variant could in principle lead to the expression of a truncated RhD protein, particularly if
the reading frame is not altered.

Stop codon readthrough, where the ribosome miscodes at a premature termination codon,
can produce full-length proteins.2.72.73 Factors such as identity of the stop codon and
surrounding sequence contexts,’274=78 proximal RNA structures,’%80 RNA modifications,8!
and presence of RNA binding proteins®? influence the likelihood of a readthrough.

RBCs with rescued RhD expression could be expanded through clonal hematopoiesis,13:83.84
giving rise to either a weak D or a DEL phenotype. The presence of predisposing
genetic®-88 and environmental factors8%:9 and stochastic processes may influence the
probability of clonal emergence, explaining why some RHD frameshift alleles express RhD
protein while others do not.%!

Various mechanisms exist that can lead to the expression of miniscule amounts of protein.
We listed potential mechanisms for 8 of the 51 known frameshift variants in the RHD

gene that lead to the expression of the RhD protein (Table 1). Due to the variability across
samples as well as across reagents or methods for adsorption-elution testing, 3943 the rest
of the 36 RHD frameshift alleles, currently listed with a D-negative phenotype (Table 1),
might still express a DEL phenotype. Therefore, researchers should investigate those and
newly identified frameshift variants by serology, even if predicted to encode truncated RhD
proteins.

In summary, we propose that most frameshift variants identified in £HD Exon 130.35.37
will likely lead to a weak D or DEL phenotype. Most frameshift variants in HD Exons 2
to 7 will lead to a D-negative phenotype; these variants require serologic workup because
exceptions are known. Frameshift variants identified in £HD Exons 8 to 106992 will lead
to a weak D or DEL phenotype. These predictions are based on the observations collated in
Table 1 and our derived possible mechanisms for rescued RhD protein expression.

Since 2004,%3 observations of frameshift variants encoding D-positive samples, otherwise
predicted to be D-negative, had remained unexplained. The wealth of data accumulated for
the RHD gene allowed us to outline principles that can explain these enigmatic observations.
This review summarized published data accumulated in 15 years’ worth of literature that
shared no systematic study design. Red cell genotyping and the RHD gene as a study subject
still allowed the collation of representative examples for a host of mechanisms described

by molecular biology researchers in disparate model systems before. We propose RHD
frameshift variants, readily found in our donor and patient cohorts, and their RBC samples,
readily accessible by a simple blood draw, are worth a systematic study.

Transfusion. Author manuscript; available in PMC 2022 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel and Srivastava

Page 5

ACKNOWLEDGMENT

The authors thank Franz Friedrich Wagner for the critical review of the paper. The Intramural Research Program of
the National Institutes of Health funded this work (project ID ZIA CL002128) at the NIH Clinical Center.

Funding information

NIH Clinical Center, Grant/Award Number: ZIA CL002128

REFERENCES

1.

Flegel WA. Molecular genetics and clinical applications for RH. Transfus Apher Sci. 2011;44:81—
91. [PubMed: 21277262]

. Flegel WA.. The genetics of the rhesus blood group system. Blood Transfus. 2007;5:50-57.

[PubMed: 19204754]

. Ogasawara K, Suzuki Y, Sasaki K, et al. Molecular basis for D-Japanese: Identification of novel

DEL and D- alleles. Vox Sang. 2015;109:359-365. [PubMed: 25953588]

. Flegel WA, Wagner FF. DEL. Blood Transfus. 2020;18:159-162. [PubMed: 32203009]
. Poole J, Daniels G. Blood group antibodies and their significance in transfusion medicine. Transfus

Med Rev. 2007;21: 58-71. [PubMed: 17174221]

6. Wagner FF, Flegel WA. The rhesus site. Transfus Med Hem-other. 2014;41:357-363.
7. Wagner FF, Ladewig B, Angert KS, Heymann GA, Eicher NI, Flegel WA. The DAU allele cluster of

the RHD gene. Blood. 2002;100:306-311. [PubMed: 12070041]

. Wagner FF, Moulds JM, Tounkara A, Kouriba B, Flegel WA. RHD allele distribution in Africans of

Mali. BMC Genet. 2003;4:14. [PubMed: 14505497]

. Old J Chapter 71 - Hemoglobinopathies and thalassemias. In: Rimoin D, Pyeritz R, Korf B, editors.

Emery and Rimoin’s principles and practice of medical genetics. Oxford: Academic Press, 2013; p.
1-44.

10. National Academies of Sciences, Engineering, and Medicine; Health and Medicine Division;

11.

12.

13.

Board on Health Care Services; Board on the Health of Select Populations; Committee on the
Evidence Base for Genetic Testing. Understanding genetic variance and phenotype expression: An
evidence framework for genetic testing. Washington, DC: National Academies Press, 2017.

Nagy E, Maquat LE. A rule for termination-codon position within intron-containing genes: When
nonsense affects RNA abundance. Trends Biochem Sci. 1998;23:198-199. [PubMed: 9644970]
Tovey GH, Lockyer JW, Tierney RB. Changes in Rh grouping reactions in a case of leukaemia.
Vox Sang. 1961;6:628-631. [PubMed: 13922189]

Dauber EM, Mayr WR, Hustinx H, et al. Somatic mosaicisms of chromosome 1 at two different
stages of ontogenetic development detected by Rh blood group discrepancies. Haematologica.
2019;104:632-638. [PubMed: 30237270]

14. Kormoczi GF, Dauber EM, Haas OA, et al. Mosaicism due to myeloid lineage-restricted loss

15.

16.

17.

18.

of heterozygosity as cause of spontaneous Rh phenotype splitting. Blood. 2007;110: 2148-2157.
[PubMed: 17537994]

Chérif-Zahar B, Bony V, Steffensen R, et al. Shift from Rh-positive to Rh-negative phenotype
caused by a somatic mutation within the RHD gene in a patient with chronic myelocytic
leukaemia. Br J Haematol. 1998;102:1263-1270. [PubMed: 9753055]

Cooper B, Tishler PV, Atkins L, Breg WR. Loss of Rh antigen associated with acquired

Rh antibodies and a chromosome translocation in a patient with myeloid metaplasia. Blood.
1979;54:642-647. [PubMed: 111729]

Callender ST, Kay HE, Lawler SD, et al. Two populations of Rh groups together with
chromosomally abnormal cell lines in the bone marrow. Br Med J. 1971;1:131-133. [PubMed:
4992703]

Mohandas K, Najfield V, Gilbert H, Azar P, Skerrett D. Loss and reappearance of Rho(D) antigen
on the red blood cells of an individual with acute myelogenous leukemia. Immunohematology.
1994;10:134-135. [PubMed: 15945816]

Transfusion. Author manuscript; available in PMC 2022 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel and Srivastava

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 6

Orlando N, Putzulu R, Nuzzolo ER, et al. Primary myelofibrosis: When the clone manifests with
Rh phenotype splitting. Ann Hematol. 2014;93:1077-1078. [PubMed: 24149913]

Bracey AW, Mcginniss MH, Levine RM, et al. Rh mosaicism and aberrant MNSs antigen
expression in a patient with chronic myelogenous leukemia. Am J Clin Pathol. 1983;79: 397-401.
[PubMed: 6402921]

Majsky A Some cases of leukaemia with modifications of the D(Rho)-receptor. Neoplasma.
1967;14:335-344. [PubMed: 4964923]

Mertens G, Gielis M, Muylle L, Raedt S. Loss of D and C expression in chronic myelomonocytic
leukemia. Transfusion. 1997;37:880-881.

Winters JL, Howard DS. Red blood cell antigen changes in malignancy: Case report and review.
Immunohematology. 2001;17:1-9. [PubMed: 15373596]

Sayers EW, Cavanaugh M, Clark K, et al. GenBank. Nucleic Acids Res. 2020;48:D84—d6.
[PubMed: 31665464]

Storry JR, Clausen FB, Castilho L, et al. International society of blood transfusion working party
on red cell immunogenetics and blood group terminology: Report of the Dubai, Copenhagen and
Toronto meetings. Vox Sang. 2019;114:95-102. [PubMed: 30421425]

den Dunnen JT, Dalgleish R, Maglott DR, et al. HGVS recommendations for the description of
sequence variants: 2016 update. Hum Mutat. 2016;37:564-569. [PubMed: 26931183]

Ripley LS. Frameshift mutation: Determinants of specificity. Annu Rev Genet. 1990;24:189-213.
[PubMed: 2088167]

Srivastava K, Stiles DA, Wagner FF, Flegel WA. Two large deletions extending beyond either

end of the RHD gene and their red cell phenotypes. J Hum Genet. 2018;63:27-35. [PubMed:
29215093]

Brierley I, Jenner AJ, Inglis SC. Mutational analysis of the “slippery-sequence” component of a
coronavirus ribosomal frameshifting signal. J Mol Biol. 1992;227:463-479. [PubMed: 1404364]
Flegel WA, von Zabern I, Wagner FF. Six years’ experience performing RHD genotyping to
confirm D- red blood cell units in Germany for preventing anti-D immunizations. Transfusion.
2009;49:465-471. [PubMed: 19243542]

Ma T, Yu H, Jeon S, Cho D, Chun S, Shin MG. Case of D-variant from a frameshift mutation RHD
711delC. Korean J Blood Transfus. 2019;30:168-173.

Crottet SL, Henny C, Meyer S, et al. Implementation of a mandatory donor RHD screening in
Switzerland. Transfus Apher Sci. 2014;50:169-174. [PubMed: 24679597]

de Paula Vendrame TA, Prisco Arnoni C, Guilhnem Muniz J, et al. Characterization of RHD alleles
present in serologically RHD-negative donors determined by a sensitive microplate technique. Vox
Sang. 2019;114:869-875. [PubMed: 31587310]

Srivastava K, Doescher A, Wagner FF, et al. RHD:c.[4A>T; 5G>C; 6_7insG] is RhD-negative.
Transfusion. 2020: submitted.

Chen JM, Fichou Y, Jamet D, et al. Small deletions within the RHD coding sequence: A report

of two novel mutational events and a survey of the underlying pathophysiologic mechanisms.
Transfusion. 2013;53:206-210. [PubMed: 22612274]

Schmid P, Flegel WA. Codon usage in vertebrates is associated with a low risk of acquiring
nonsense mutations. J Transl Med. 2011;9:87. [PubMed: 21651781]

Muller SP, Bartels I, Stein W, et al. The determination of the fetal D status from maternal plasma
for decision making on Rh prophylaxis is feasible. Transfusion. 2008;48:2292—-2301. [PubMed:
18694461]

Gassner C, Doescher A, Drnovsek TD, et al. Presence of RHD in serologically D-, C/E+
individuals: A European multicenter study. Transfusion. 2005;45:527-538. [PubMed: 15819673]
Garcia F, Rodriguez MA, Goldman M, et al. New RHD variant alleles. Transfusion. 2015;55:427—
429. [PubMed: 25179760]

Flegel WA, Eicher NI, Doescher A, et al. In-frame triplet deletions in RHD alter the D antigen
phenotype. Transfusion. 2006; 46:2156-2161. [PubMed: 17176329]

Transfusion. Author manuscript; available in PMC 2022 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel and Srivastava

41

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 7

. Le Marechal C, Guerry C, Benech C, et al. Identification of 12 novel RHD alleles in
western France by denaturing high-performance liquid chromatography analysis. Transfusion.
2007;47:858-863. [PubMed: 17465951]

He J, Ying Y, Hong X, Xu X, Zhu F, Lv H. Molecular basis and zygosity determination of D
variants including identification of four novel alleles in Chinese individuals. Transfusion. 2015;55:
137-143. [PubMed: 25070883]

Stegmann TC, Veldhuisen B, Bijman R, et al. Frequency and characterization of known and novel
RHD variant alleles in 37 782 Dutch D-negative pregnant women. Br J Haematol. 2016;173:469—
479. [PubMed: 27018217]

Habibi Roudkenar M, Oodi A, Mohammadipoor M, Halabian R, Masroori N. GenBank
EU557240.1 Homo sapiens RHD mRNA, complete cds. https://www.ncbi.nlm.nih.gov/nuccore/
EU557240.1.

Pereira JC, Rodrigues MJ, Tilley L, Poole J, Chabert T, Ribeiro ML. RhD variant caused by an in-
frame triplet duplication in the RHD gene. Transfusion. 2011;51:570-573. [PubMed: 20738827]
Fichou Y, Parchure D, Gogri H, et al. Molecular basis of weak D expression in the Indian
population and report of a novel, predominant variant RHD allele. Transfusion. 2018;58: 1540-
1549. [PubMed: 29479713]

Ye L, Yue D, Wo D, et al. Molecular bases of unexpressed RHD alleles in Chinese D- persons.
Transfusion. 2009;49:1655-1660. [PubMed: 19392776]

Linton MF, Pierotti V, Young SG. Reading-frame restoration with an apolipoprotein B gene
frameshift mutation. Proc Natl Acad Sci USA. 1992;89:11431-11435. [PubMed: 1454832]
Atkins JF, Loughran G, Bhatt PR, Firth AE, Baranov PV. Ribosomal frameshifting and
transcriptional slippage: From genetic steganography and cryptography to adventitious use.
Nucleic Acids Res. 2016;44:7007-7078. [PubMed: 27436286]

Wills NM, Atkins JF. The potential role of ribosomal frameshifting in generating aberrant proteins
implicated in neurodegenerative diseases. RNA. 2006;12:1149-1153. [PubMed: 16714280]

Ozisik G, Mantovani G, Achermann JC, et al. An alternate translation initiation site circumvents an
amino-terminal DAX1 nonsense mutation leading to a mild form of X-linked adrenal hypoplasia
congenita. J Clin Endocrinol Metab. 2003; 88:417-423. [PubMed: 12519885]

Pisani F, Rossi A, Nicchia GP, Svelto M, Frigeri A. Translational regulation mechanisms

of aquaporin-4 supramolecular organization in astrocytes. Glia. 2011;59:1923-1932. [PubMed:
21850708]

Stump MR, Gong Q, Packer JD, Zhou Z. Early LQT2 nonsense mutation generates N-terminally
truncated hERG channels with altered gating properties by the reinitiation of translation. J Mol
Cell Cardiol. 2012;53:725-733. [PubMed: 22964610]

Rédei GP. Transcriptional slippage. Encyclopedia of genetics, genomics, proteomics and
informatics. 3rd Edition. Dordrecht: Springer, 2008. 10.1007/978-1-4020-6754-9_17225.

Linton MF, Raabe M, Pierotti V, et al. Reading-frame restoration by transcriptional slippage at long
stretches of adenine residues in mammalian cells. J Biol Chem. 1997;272:14127-14132. [PubMed:
9162040]

Atkins JF, Bjork GR. A gripping tale of ribosomal frameshifting: Extragenic suppressors of
frameshift mutations spotlight P-site realignment. Microbiol Mol Biol Rev. 2009;73: 178-210.
[PubMed: 19258537]

Racine T, Barry C, Roy K, Dawe SJ, Shmulevitz M, Duncan R. Leaky scanning and scanning-
independent ribosome migration on the tricistronic S1 mRNA of avian reovirus. J Biol Chem.
2007;282:25613-25622. [PubMed: 17604272]

Kozak M Constraints on reinitiation of translation in mammals. Nucleic Acids Res. 2001;29:5226—
5232. [PubMed: 11812856]

Rinne T, Clements SE, Lamme E, et al. A novel translation reinitiation mechanism for the p63 gene
revealed by amino-terminal truncating mutations in Rapp-Hodgkin/Hay-Wells-like syndromes.
Hum Mol Genet. 2008;17:1968-1977. [PubMed: 18364388]

Neu-Yilik G, Amthor B, Gehring NH, et al. Mechanism of escape from nonsense-mediated

mMRNA decay of human beta-globin transcripts with nonsense mutations in the first exon. RNA.
2011;17:843-854. [PubMed: 21389146]

Transfusion. Author manuscript; available in PMC 2022 May 04.


https://www.ncbi.nlm.nih.gov/nuccore/EU557240.1
https://www.ncbi.nlm.nih.gov/nuccore/EU557240.1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel and Srivastava

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 8

Kochetov AV. Alternative translation start sites and hidden coding potential of eukaryotic mMRNAS.
Bioessays. 2008;30: 683-691. [PubMed: 18536038]

Bertram G, Innes S, Minella O, Richardson JP, Stansfield I. Endless possibilities: Translation
termination and stop codon recognition. Microbiology. 2001;147:255-269. [PubMed: 11158343]
Stenstrom CM, Holmgren E, Isaksson LA. Cooperative effects by the initiation codon and its
flanking regions on translation initiation. Gene. 2001;273:259-265. [PubMed: 11595172]
Stenstrém CM, Jin H, Major LL, Tate WP, Isaksson LA. Codon bias at the 3’-side of the initiation
codon is correlated with translation initiation efficiency in Escherichia coli. Gene. 2001; 263:273-
284. [PubMed: 11223267]

Fichou Y, Chen JM, Le Marechal C, et al. Weak D caused by a founder deletion in the RHD gene.
Transfusion. 2012;52: 2348-2355. [PubMed: 22420867]

Wienzek-Lischka S, Flegel WA. Zur klinischen bedeutung des antigen D und seiner varianten.
Transfusion. 2016;6:57-64.

Lopez GH, McGowan EC, Condon JA, et al. Genotyping by sequencing defines independent
novel RHD variants for an antenatal patient and a blood donor. Transfusion. 2017;57: 2281-2283.
[PubMed: 28714065]

Kamada I, Tanaka M, Takahashi J, et al. Identifying RHD variants in Japanese donors using
molecular biology analysis. Vox Sang. 2014;107S:194.

Richard M, Perreault J, Constanzo-Yanez J, et al. A new DEL variant caused by exon 8 deletion.
Transfusion. 2007;47: 852-857. [PubMed: 17465950]

Xu XG, Wu JJ, Hong XZ, Zhu FM, Yan LX. Identification of nine novel alternative splicing
isoforms of RHD mRNA. Yi Chuan. 2006;28:1213-1218. [PubMed: 17035176]

Fichou Y, Gehannin P, Corre M, et al. Extensive functional analyses of RHD splice site variants:
Insights into the potential role of splicing in the physiology of Rh. Transfusion. 2015;55: 1432—
1443. [PubMed: 25808592]

Harrell L, Melcher U, Atkins JF. Predominance of six different hexanucleotide recoding signals 3
of read-through stop codons. Nucleic Acids Res. 2002;30:2011-2017. [PubMed: 11972340]
Wangen JR, Green R. Stop codon context influences genome-wide stimulation of termination
codon readthrough by aminoglycosides. Elife. 2020;9:e52611. [PubMed: 31971508]

Anzalone AV, Zairis S, Lin AJ, Rabadan R, Cornish VW. Interrogation of eukaryotic stop codon
readthrough signals by in vitro RNA selection. Biochemistry. 2019;58:1167-1178. [PubMed:
30698415]

Bonetti B, Fu L, Moon J, Bedwell DM. The efficiency of translation termination is determined by a
synergistic interplay between upstream and downstream sequences in Saccharomyces cerevisiae. J
Mol Biol. 1995;251:334-345. [PubMed: 7650736]

Flogquet C, Hatin I, Rousset JP, et al. Statistical analysis of readthrough levels for nonsense
mutations in mammalian cells reveals a major determinant of response to gentamicin. PLoS Genet.
2012;8:€1002608. [PubMed: 22479203]

McCaughan KK, Brown CM, Dalphin ME, et al. Translational termination efficiency in mammals
is influenced by the base following the stop codon. Proc Natl Acad Sci U S A. 1995;92: 5431-
5435. [PubMed: 7777525]

Namy O, Hatin I, Rousset JP. Impact of the six nucleotides downstream of the stop codon on
translation termination. EMBO Rep. 2001;2:787-793. [PubMed: 11520858]

Firth AE, Wills NM, Gesteland RF, Atkins JF. Stimulation of stop codon readthrough: Frequent
presence of an extended 3* RNA structural element. Nucleic Acids Res. 2011;39: 6679-6691.
[PubMed: 21525127]

Steneberg P, Samakovlis C. A novel stop codon readthrough mechanism produces functional
headcase protein in Drosophila trachea. EMBO Rep. 2001;2:593-597. [PubMed: 11463742]
Karijolich J, Yu YT. Converting nonsense codons into sense codons by targeted pseudouridylation.
Nature. 2011;474: 395-398. [PubMed: 21677757]

Amrani N, Ganesan R, Kervestin S, Mangus DA, Ghosh S, Jacobson A. A faux 3’-UTR promotes
aberrant termination and triggers nonsense-mediated mMRNA decay. Nature. 2004;432: 112-118.
[PubMed: 15525991]

Transfusion. Author manuscript; available in PMC 2022 May 04.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flegel and Srivastava

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Page 9

. Rowley JD. Letter: A new consistent chromosomal abnormality in chronic myelogenous leukaemia
identified by quinacrine fluorescence and Giemsa staining. Nature. 1973;243:290-293. [PubMed:
4126434]

Flegel WA. Mosaicism by somatic non-functional mutations: One cell lineage at a time.
Haematologica. 2019;104:425-427. [PubMed: 30819835]

Sanders MA, Chew E, Flensburg C, et al. MBD4 guards against methylation damage and germ
line deficiency predisposes to clonal hematopoiesis and early-onset AML. Blood. 2018;132: 1526—
1534. [PubMed: 30049810]

Loh PR, Genovese G, Handsaker RE, et al. Insights into clonal haematopoiesis from 8,342 mosaic
chromosomal alterations. Nature. 2018;559:350-355. [PubMed: 29995854]

Zink F, Stacey SN, Norddahl GL, et al. Clonal hematopoiesis, with and without candidate driver
mutations, is common in the elderly. Blood. 2017;130:742-752. [PubMed: 28483762]

Frick M, Chan W, Arends CM, et al. Role of donor clonal hematopoiesis in allogeneic
hematopoietic stem-cell transplantation. J Clin Oncol. 2019;37:375-385. [PubMed: 30403573]
Meisel M, Hinterleitner R, Pacis A, et al. Microbial signals drive pre-leukaemic myeloproliferation
in a Tet2-deficient host. Nature. 2018;557:580-584. [PubMed: 29769727]

Hsu JI, Dayaram T, Tovy A, et al. PPM1D mutations drive clonal hematopoiesis in response to
cytotoxic chemotherapy. Cell Stem Cell. 2018;23:700-13.€6. [PubMed: 30388424]

Steensma DP, Ebert BL. Clonal hematopoiesis as a model for pre-malignant changes during aging.
Exp Hematol. 2020;83:48-56. [PubMed: 31838005]

Sandler SG, Chen LN, Flegel WA. Serological weak D phenotypes: A review and guidance

for interpreting the RhD blood type using the RHD genotype. Br J Haematol. 2017;179:10-19.
[PubMed: 28508413]

Flegel WA, Gabriel C, Gassner W, Ruff H, Wagner FF. RHD genotyping of blood donors may
avoid anti-D immunization. Blood. 2004;104:2706.

Transfusion. Author manuscript; available in PMC 2022 May 04.



Page 10

Flegel and Srivastava

N N ™M M M M 0O 0O 5 5 F T <

~N

— = N «

~ = e =

uox3

VOI909T9 " GT9xAHY

(9SUIZES T8GxAHM) ANPTSG«THY
191D/90885 545xTHS
(9SUI0TSxH) ANPOTSxGHY
OVOVI9P068 2 8= AH

1190681« AH

OYIPIZHxHE

2100t TH

(995UI96ExAH) ANPIGE ™ 568xAHY
1091990191 119PTLE TIETHY
DIPELExTH

LOIIPTEE 0EExAHY
VIOSZExAHY

9D9199VVO99
LO1 12201 19VIOI9P6IE L6CxAHY

_ _ VS6IT
(vodnp/ 12 9TZxAHY) ANpLTZ 9TZxAHH

O1SUIIEPE0CAHY
VIoPLy LAHY
VYVIoPSET #ETxAHY

p (LSUIY6 ™ €6xAHY) Anpe6xaHY

DI9P8LxTHH

L19PEG«THH

O19p6% "D8xAHY
D0291299199299/9P62«AHH
osul/ 0§ LrxGHY

auweN

PENTO-GHY  G8568209 X X
G/'NIOxdHY  S66668NM X X
9V’ NIOxAHY G/6€T93H X X

VNV 6E0TTOUM X X
ETNIOxOHY 9¢9.€04V X X
CINTOxOHY VN X X
VIV S66S9ENIN X X
VIV EVIVCONIN X X
YNV TOV6S8NMA - -
v’ NIOxOHY 789969N( X X
ECNTOxOHY  CVS866NY X X
SENIOxAHY 0v¥S0T43 X X
ITNIO-GHY 1856000 X X
LENIO«HY Ly¥062OM X X
SrNIOxdHY 9LE6TXC X X
v 9T/88v4IN X X

v0 1910«JHY  6ESB66INY X X
S9NIOxAHY VN X X

8T 7910xJHY  TVS866NY X X X X
ZENTOxGHY  08TLLyD9 X X
I8 NIOxOHY €79965.11 X X
YNV TO099ENIN X X

4% €89969NI X X
S8'NIOxdHY  ZSTBTELIN X X
apIe 18s| Bquinu - BYIo spioe als el Bunyiusawe Bunjiysawre 1y dols anisod  aAlTeBeN

juegueD oujwe Jo uollelsUeRl}  [euollesuel]  [euoldiiosuel]  dJnjewsid
uonippy  sleuRlly

uolreubsap ap||v [e91UOUBIUON noabo:mcn_

Author Manuscript

HUUSIURUIBLI B|SSOd

aUaB G/ BU} Ul PaIYNUAPI SIUBLIEA LIYSAUIELS

T3149vL

Author Manuscript

Author Manuscript

gUOIBLIEA JBNoBI0 N

Author Manuscript

Transfusion. Author manuscript; available in PMC 2022 May 04.



Page 11

Flegel and Srivastava

VN PPS089NT
99NIO-OHY VN
VN 9TZZ620M
9ENIOKGHY — 9.029€N9
YNV LTEBSIAN
vV €065V TIA
§2'73T0«GHS  OPS08INT
STNIOKGHY 65656143
ISNIOxGHY — T8YYYONC
vV VN X
67 NIOxGHY ~ €E6T98
LZNTOxTHS €TT06EdV
S NIOKGHY  TT26LL9H X
ET'TIT0«AHY  6YS866INY
vV L66S9ENIN
P NIOxGHY  T9E66YNT
EENTO«GHY  8YS8E6INY
ITNIOKGHY  TTT06E4Y
EONIOGHY  T2L6TTAM
Z8'NIO«dHY TL296vON
VN 6029ZEOH
v €e
62 NIO«dHY /¥S866INYV
LINIOxGHY 98601043
aple LS| BqUINU YO spioe
yuegueo oulwe Jo
uonIppy

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
als e  Bunjiysawe iy Bunjiysawe ay dos
uoljesues)  [euolleisuel]  [euondilosuel]  ainjeulld
aleuRllvY

uolreufsap ap| v

[e21UOUBIUON

'
~ ~ [ee] (2} o (o2}

X
~

X
© ~ ~ o~

bed
[T}

0 O o w

X S
X S
anireboN

aAI1Is0d uox3

119P60ZT«GH

V1908, TTxGHY

VI9099T T AHY

0199V 2011019P680T 080TxAHY
(Ysui/90TxGHY) Anp/90TxGHY
OVSuI9Z0TxAHY

) OI9PE66xTHH

VOVLO999IVILYIOLINIEE 926
DVOI9PZL6 0L6xTHY

VI9P056xGHY
99/8PZY6 TH6xAHH
DI3P5T6xAHY

OV I9PG+6E6 Z+6E6
109915U1606 806xAHY

o 9/9pcc8-dHY

) V19058 «AHY

DI13py8LxHY

) OVSUIIPES, " Go/xAH

olpcts«dHY
OIPITLxAHH

) 9/9pc0L«AHY

9/9PL69«AHY
VOO LVVIILOVVOIOVILIFPESIAHY
1D19P629xAHY

) 9/9P099«AHY

9£59 'VI9p2G9xTHY
aweN

Author Manuscript

,WsiUeyoew a|qssod

Author Manuscript

gmqbococn_

Author Manuscript

gUOIBIIEA JBINSI0 N

Author Manuscript

Transfusion. Author manuscript; available in PMC 2022 May 04.



Page 12

Flegel and Srivastava

*819]0Sq0 PaJejosp
9
uasq sey 1ASI Ad I& NIOxGH Se Palsl| O/opE6xAHY gz18sl KA 0E'NTOxGHY Se PaIsl| 0S[e S| OVSUIIIPES, ~Gh/«THY PUR NUBGUID Ul Z/Z967DIN Se Pais!| 318|[e G~(2)FD-GHE UMM D/9pZ0/«TH

Hlueguas ul G/E0E9CY YHM PBJRIOOSSE OS|e SI L SUIESZT 262 T«(HY 8dAlousyd ays uey) Jayyes UoNaIap ap1oa|aNu ay} 0} 1ayal Aew 1 9S1 AQ 13Q Se pais!| O/aPE66xaHY 1951 A anebau-aquy se
Aoau1lodul paisi| pue cho:mu__g:g 1eu1BLIo aY) Ul 9780288« GH& Se pal1age] A[1081100Ul 9/9pz28xAH ‘1aSI Ag annebau-guy pue 3@ se yioq pue Hm,_m 1 eN Aq 13a om__m. 19 186314 Aq uoneargnd

[eutBLio ayy ut 8AneBaU-AYY Se PalS!| V/aps8/xaHY 1S AQ ©2 NTOxGHY ) O19P659xGHY Se Paist| 0S[e S1 9/8p099xaH *LaSI Ad (05 NIOxGHY) LANpE6xAH Se paisl| os|e m_ts&lmmatmu

¢ dUBIqUIBW [[30 Pal 8y} Ul urajoid awos Jo uolrelBaul ywiad

Aew pus [eulwta)-Ax0qJed sy} Je SpIoe oulWe [eUOIPPE :SPIJe OUIWe JO UOIPPY mm.c_osa 80eLINS-]189 J0 sageu] Nwiad Aew Buiiysawel) [ewosoqu :Bunjiysawel) [ewosoqry mm.:_mpoa aoeLIns-]189
10 saoen) Jwiad Aew g UOXT G4/ Ul SUS 1elS UOIB|SUBR.) 31eUIs)[e :UOIIR|SURL} 31BUIBYY NNc_mzo_n_ paleauns) yum uopod dois ainyewsid e 0} spes| ‘WsiueydsW [ealuoued ayi se ‘dois ainjewald,
‘Bunsal uonnja-uondiospe INOYNM JO Yum saja|fe anrefisu-g sepnjoul adAlousyd aneBan,, ‘saale 13Q pue @ deam sspnjoul adAlousyd ,.m>:_8n_:Q

'suoIeal|dnp USASS puUB SUOILIBSUI OAOU 3P J0gJey S3|a|[e Inoy ,,'sUofasul,,
Um safaile TT Buowy “suonsasul se 18S] Aq paisi| a1om Yolym ‘suonedlidnp se saja|[e XIS pajage] aM g 'A13120S UOIRLIEA BWOUSS UBLINH U} AQ PapUBLIWLINIaI SY ¢, L 8SI Aq pasn se 2INJE|OUSWION,,

. d1qeaijdde 10u wsiueydsw,, 1o , umouy 1ou adAjouayd,, ‘- 810N

¥ a
IT'7310xGHY  ¥8E0E9CY % X oT P (LSUIESZT 252 T« AHS) ANPESZ T« THY
9c1310xAHS 906SYTIA X X 0T OSUIGYZT 8K TxAHH
V99119109911 IVILDOLLLI908HTT T
vr'NIOxdHY E€VG089INTT X X 0T —8cCI«dHY
ap|e 19S| Bgqwnu  »BYIO spioe als e Bunjiysewe iy Bunjiysawe dy dols aAllsOod anllebeN  uox3 aweN
suegueo oulWwe JO UOleSUR]]  [euollelsuel]  [euondiiosuel]  dInyewsid

uonippyvy aleuRlvy

uoireubsep ap|vY [e21UOUBIUON gmqbococn_ uolrelfen fejnosjo

e

,WsiUeyoew a|qssod

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Transfusion. Author manuscript; available in PMC 2022 May 04.



	METHODS
	RESULTS
	DISCUSSION
	References
	TABLE 1

