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Identification of four novel developmentally
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Objective. In the course of developing assays for the molecular prediction of biological age, we
serendipitously discovered four novel isoforms of gamma hemoglobin mRNA, designated
HBG1n1, HBG1n2, HBG2n2, and HBG2n3, collectively termed HBGn isoforms. Here we re-
port the molecular characterization and tissue expression of these isoforms.

Materials and Methods. RNA obtained from human peripheral blood and various fetal and
adult tissues was amplified with duplex reverse transcription polymerase chain reaction
(RT-PCR) assays to determine the expression profiles of the HBGn isoforms. To determine
if their molecular origin was either a genomic recombination or an undefined RNA rearrange-
ment event, DNA and RNA samples were pretreated with RNaseI and/or DNaseI and then an-
alyzed with the duplex RT-PCR assays.

Results. Alignment analysis indicated that the HBG1n(1/2) and HBG2n(2/3) isoforms were
identical to the expected parental HBG1 or HBG2 sequences except for unique deletions
that spanned the 30 end of exon two, the entire second intron, and the 50 end of exon three.
RT-PCR duplex reactions revealed that the isoforms exhibit restricted expression to fetal he-
matopoietic tissue and newborn peripheral blood and appear to be temporally regulated dur-
ing development. Finally, nucleic acid digestion experiments illustrate that the isoforms
appear to be created by an RNA rearrangement event between penta- or octanucleotide direct
repeats in adjacent exons.

Conclusion. The precise genesis and function of these novel isoforms is unknown at present.
Interestingly, each of the four isoforms identified maintain an open reading frame as well as 50

and 30 regulatory regions invoking the possibility that they encode a family of related polypep-
tides. � 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
The life cycle of humans is composed of a number of devel-
opmentally recognized stages, some of which are mani-
fested by differential gene expression. A good example of
developmental age�related differential gene expression in-
volves b-globin gene switching [1]. The human b-hemoglo-
bin locus is located on the short arm of chromosome 11
(11p15.5), and encodes five functional b-like globin genes,
e, Gg, Ag, d, and b, and a nonfunctional b-pseudogene (bj)
[2]. The expression of embryonic hemoglobin (e-globin)
commences in the yolk sac in the early stages of gestational
development, approximately during week 2 and continues
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until 6 weeks (37 days) postconception [3]. During the
next 6 weeks of gestation (days 37�79), the newly
developed fetal liver and fetal spleen begin to produce the
gamma globin chains (Ag and Gg) of fetal hemoglobin
[3]. This increased production of g-globin is accompanied
by a shutdown of e-globin synthesis. Beginning at approx-
imately 20 weeks’ gestation and continuing throughout life,
adult b-globin gene expression commences in the bone
marrow and g-globin expression is downregulated [3].

Previously, in the course of developing assays for the
molecular prediction of biological age in a forensic context,
we investigated the possibility that detection of g-globin
(HBG) mRNA in a bloodstain would be indicative of the stain
originating from a newborn baby [4]. Although g-globin is ex-
pressed in the fetal liver, we predicted (and confirmed) that cir-
culating red blood cells from newborn infants would contain
HBG mRNA produced during the terminal stages of
ology and Stem Cells. Published by Elsevier Inc.
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differentiation. While investigating HBG expression, we
serendipitously discovered four novel isoforms of gamma-
hemoglobin mRNA, designated HBG1n1, HBG1n2,
HBG2n2, and HBG2n3, collectively termed HBGn, which ex-
hibited age-dependent gene expression in that they were con-
fined to newborn individuals. These transcript isoforms
represent a novel class of truncated HBG mRNAs that possess
a partial deletion of exon 2 and exon 3, potentially arising from
an unreported RNA rearrangement event between direct re-
peats in adjacent HBG exons. Here we report the molecular
characterization and tissue expression of these four isoforms.
Materials and methods

Sample preparation and bloodstain RNA extraction
Human blood samples were collected from Florida Hospital
(Orlando, FL) after approval by the Hospital’s Institutional
Review Board and in accordance with procedures approved by the
University’s Institutional Review Board. Bloodstains were made
by dispensing 50-mL aliquots onto sterile cotton gauze, allowed to
air-dry overnight at room temperature, and stored at �45�C until
needed. Total RNA was extracted from the 50-mL bloodstains using
a modified Chomczynski and Sacchi method, as described in previ-
ous publications [4�6]. Fetal tissue (i.e., brain, heart, kidney, liver,
spleen, thymus) and adult tissue (i.e., adipose, bone marrow, brain,
kidney, liver, lung, skeletal muscle, skin, salivary gland, spleen,
thymus, testis, uterus) total RNAwas obtained from BD Biosciences
Clontech (Palo Alto, CA, USA). Fetal liver, fetal spleen, adult
adipose, and adult bone marrow DNA was obtained from BioChain
Institute, Inc. (Hayward, CA, USA).

DNA isolation
Genomic DNA was extracted from 50-mL bloodstains by an or-
ganic solvent extraction method [7]. Briefly, samples were incu-
bated overnight at 56�C in stain extraction buffer (0.1 M NaCl,
10 mM Tris-HCl [pH 8.0], 25 mM ethylene diamine tetraacetic
acid [EDTA; pH 8.0], 20 mM sodium dodecyl sulfate) supple-
mented with 0.5 mg/mL proteinase K. An equal volume of phe-
nol/chloroform/isoamyl alcohol (25:24:1 [pH 6.6]) was added to
the extract, mixed gently by inversion and centrifuged for 5 min-
utes at 16,000g to separate the phases. The DNA containing aque-
ous layer was transferred to a sterile microcentrifuge tube,
precipitated with 1 mL ice-cold 100% ethanol overnight, centri-
fuged at 16,000g for 15 minutes, washed once with 1 mL 70% eth-
anol and solubilized in 100 mL TE�4 (10 mM Tris, 0.1 mM EDTA)
at 56�C overnight.

Quantification of nucleic acids
RNA was quantified using a sensitive fluorescence assay based
upon the binding of the unsymmetrical cyanine dye RiboGreen
(Molecular Probes, Eugene, OR, USA) [8]. The manufacturer’s
‘‘high-range assay’’ instructions were followed. Briefly, 200 mL to-
tal volume assays comprised 2 mL TURBO DNase-treated RNA
extract, 98 mL TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH
7.5] in nuclease free water), and 100 mL 750 nM RiboGreen re-
agent in a 96 well plate format. After RiboGreen addition and
a 3-minute incubation at room temperature protected from light,
fluorescence emission at 535 nm (excited at 485 nm) was deter-
mined using a Wallac Victor2 microplate reader (Perkin Elmer
Life Sciences, Boston, MA, USA). RNA concentration was calcu-
lated using an appropriate standard curve as described by the man-
ufacturer [8]. All RNA samples were diluted to 5 ng/mL with
nuclease-free water (Ambion Inc., Austin, TX, USA).

DNA was quantified by electrophoresis on 1% agarose gels
stained with ethidium bromide and compared to known reference
standards. All DNA samples were diluted to 1 ng/mL with TE�4

(10 mM Tris, 0.1 mM EDTA).

cDNA synthesis
For blood and tissue RNA samples 6 mL RNA (30 ng) was heated at
75�C for 3 minutes, snap-cooled, then added to the reverse transcrip-
tion (RT) reaction tube. The (þRT) reaction tube contained 4 mL of
a 10-mM dNTP mix (Applied Biosystems, Foster City, CA, USA), 2
mL 10� first strand buffer (500 mM Tris-HCl [pH 8.3], 750 mM
KCl, 30 mM MgCl2, 50 mM dithiothreitol), 2 mL Random Decamer
primers (50 mM) (Ambion), 20 U SUPERase In RNase Inhibitor (20
U/mL) (Ambion), and 100 U Moloney Murine Leukemia Virus Re-
verse Transcriptase (100 U/mL) (Ambion). Nuclease free water
(Ambion) was added to yield a final reaction volume of 20 mL.
For the (�RT) reaction tubes, the Moloney Murine Leukemia Virus
Reverse Transcriptase was replaced with nuclease free water. Reac-
tion mixtures were incubated at 42�C for 1 hour, followed by a 10-
minute incubation at 95�C to inactivate the RT enzyme [9].

PCR conditions
All amplification reactions were conducted with genomic DNA (2 ng)
or cDNA (3 ng) (except for HBG1 and HBG2 singleplex reactions,
which contained 5 ng cDNA). A standard reaction mix containing
1� PCR buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl), 1.5 mM
MgCl2, 0.125 mM each dNTP, 1.25-units AmpliTaq Gold DNA poly-
merase (5 U/mL) (Applied Biosystems) and nuclease free water (Am-
bion) were combined to yield a 25-mL final reaction volume. Primer
sequences for all genes assayed with their corresponding amplimer
sizes are listed in Table 1. All single-gene reactions contained 400
nM each primer. Primer concentrations for duplex reactions were as
follows: HBG1n1-GNAS and HBG1n2-GNAS consisted of 400 nM
HBG1n(1/2) primers and 100 nM GNAS primers, and HBG2n2-
GNAS and HBG2n3-GNAS consisted of 200 nM HBG2n(2/3)
primers and 400 nM GNAS primers.

Standard PCR conditions were used for all amplifications and
consisted of an initial incubation step (95�C; 11:00) followed by
repeating cycles of [denaturation (94�C; 20 seconds), annealing
(60�C; 30 seconds), and extension (72�C; 40 seconds)] with a final
incubation of (72�C; 10 minutes) [10,11]. Cycle number for
amplifications were as follows: singleplex HBG1 and HBG2
(32 cycles; 55�C annealing), singleplex HBG1-GNAS
and HBG2-GNAS (35 cycles), duplexes HBG1n1-GNAS and
HBG1n2-GNAS (30 cycles) and duplexes HBG2n2-GNAS and
HBG2n3-GNAS (28 cycles).

Molecular origin of novel HBG transcripts
Tissue DNA (43 ng) and blood DNA (64 ng) was treated with 5 U
TURBO DNase (RNase Free) (2 U/mL) (Ambion) or tissue DNA
(50 ng) and blood DNA (75 ng) was treated with 100 U RNaseI
(100 U/mL) (Ambion) at 37�C for 30 minutes. The DNaseI en-
zyme was inactivated by incubation at 75�C for 10 minutes
[12,13]. The RNaseI enzyme was inactivated by the addition of
50 mL phenol/chloroform/isoamyl alcohol (25:24:1 [pH 6.6]).



Table 1. Gene names, primer sequences, and expected amplicon sizes

for DNA and reverse transcribed-mRNA amplifications.

Gene Primer Sequences

DNA

(bp)

mRNA

(bp)

GNAS

Forward 5’ AAG-ATC-GAC-GTG-ATC-AAG-CA 3’ 855 371

Reverse 5’ CCA-TCC-TTG-GGA-GAT-GCC-AC 3’

HBG1

Forward 5’ ACT-TCC-TTG-GGA-GAT-GCC-AC 3’ 1157 277

Reverse 5’ AAA-GCC-TAT-CCT-TGA-AAG-CTC-

TGA 3’

HBG2

Forward 5’ ACT-TCC-TTG-GAT-GCC-AT 3’ 1060 274

Reverse 5’ GCC-TAT-CCT-TGA-AAG-CTC-TGC 3’

HBG1n1

Forward 5’ GAA-AGC-TCT-GAA-TCA-TCC-AGG-

TG 3’*

0 207

Reverse 5’ GGG-CAA-GGT-GAA-TGT-GGA-AG 3’

HBG1n2

Forward 5’ AGT-GAG-CTC-AGT-GGC-ATC-TC 3’* 0 190

Reverse 5’ GGG-CAA-GGT-GAA-TGT-GGA-AG 3’

HBG2n2

Forward 5’ CTG-GAG-GAC-AGG-GCA-AAG-G 3’* 0 225

Reverse 5’ GGG-CAA-GGT-GAA-TGT-GGA-AG 3’

HBG2n3

Forward 5’ GGC-AGT-GAG-CTC-AGT-GCA-GTT-

C 3’*

0 161

Reverse 5’ CAG-CTT-TGG-CAA-GTC-CT 3’

*Underlined sequence identifies the location of the newborn hemoglobin

isoform breakpoint.
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RNaseI-treated DNA samples were then centrifuged at 16,000g (5
minutes) and the aqueous phase transferred to a new tube. Only 1
mL of these DNA samples (untreated, þDNaseI, þRNaseI) was
added to the PCR reaction.

Blood and tissue total RNA (250 ng) was treated with 250 U
RNaseI (100 U/mL) (Ambion) at 37�C for 30 minutes and inacti-
vated with 60-mL acid phenol:chloroform 5:1 [pH 4.5] (Ambion).
The samples were centrifuged (10 minutes at 16,000g) and the aque-
ous phase precipitated at �20�C overnight, with 15 mg GlycoBlue
glycogen carrier (Ambion) and 50 mL isopropanol. Samples were
then centrifuged at 16,000g (20 minutes), the supernatant removed
and the pellet washed once with 200 mL 75% ethanol/25% diethyl-
pyrocarbonate treated water, recentrifuged at 16,000g (10 minutes),
the pellet was dried in a vacuum centrifuge, and finally resolubilized
in 10 mL RNAsecure Resuspension Solution (Ambion) at 60�C for
10 minutes. The RNA samples were then reverse transcribed (see
above) and 2 mL added to PCR.
Cloning and sequencing of PCR products
Low molecular weight amplimers from the HBG1 and HBG2 am-
plifications were excised from agarose gels and purified using
MERmaid SPIN columns, which specifically isolate low molecu-
lar weight DNA products (10�200 bp) (Q-BIOgene, Carlsbad,
CA, USA). Purified products were cloned into TOP10F’ One
Shot chemically competent cells using the TOPO TA Cloning
Kit (pCR2.1-TOPO) (Invitrogen, Carlsbad, CA, USA). Positive
colonies were isolated and plasmids purified using the Rapid-
PURE Plasmid Mini Kit (Q-BIOgene). Plasmids that contained
the inserted product were sequenced by standard Sanger sequenc-
ing (Lark Technologies, Inc., Houston, TX, USA).

Postamplification electrophoresis
PCR and RT PCR amplified products were visualized on 4% Nu-
Sieve GTG Agarose gels (Cambrex Bio Science Rockland, Inc.,
Rockland, ME, USA). Electrophoresis was carried out at 100 V
for 1.25 hours in TAE (0.04 M Trisacetate, 0.001 M EDTA) buffer.
Gels were stained with SYBR Gold nucleic acid stain (Molecular
Probes, Eugene, OR, USA), visualized on the Omega10 Chemilu-
minescence Imaging System (ULTRA LUM, Inc., Claremont, CA,
USA) and analyzed with ONE Dscan 2.05, 1 D Gel Analysis Soft-
ware for Windows (Scanalytics, Inc., Fairfax, VA, USA).
Results

Identification of newborn-
specific gamma-hemoglobin mRNA isoforms
Expression of hemoglobin A- gamma (HBG1) and G- gamma
(HBG2) in blood from individuals of different ages was eval-
uated by extracting RNA from venous blood samples donated
from a 1-hour-old newborn, a 15-year-old juvenile, and a 68-
year-old elderly individual. Messenger RNA was reverse-
transcribed and the corresponding cDNA, along with a geno-
mic DNA control, was amplified using primers designed to
specifically recognize either the HBG1 or HBG2 gene tran-
scripts (Fig. 1A). The forward and reverse primers were
designed to bind to sequences in exons two and three of
both genes in order to electrophoretically distinguish
bona fide cDNA from genomic DNA amplified products.
The expression of both HBG1 (277 bp) and HBG2 (274
bp) transcripts was detected in all three ages tested
(Fig. 1A). Despite uniform HBG mRNA expression, we
noted the presence of distinct lower molecular weight
products in the 1-hour-old (þRT) newborn blood sample
(illustrated with arrows in Fig. 1A) at approximately 65
bp and 100 bp, in the HBG1 and HBG2 assays, respec-
tively. To verify the presence and specificity of these
lower molecular weight products to newborn individuals,
we repeated the HBG1 and HBG2 amplifications with multi-
ple individuals aged 1 hour to 89 years. All newborns tested
(n 5 16) successfully produced a lower molecular weight
product with both assays, whereas all other individuals
(n 5 20) did not produce the low-molecular weight
amplimers (data not shown) [4]. These low molecular weight
newborn-specific amplimers were then excised from the gel
and sequenced.

Sequencing results from the HBG1 and HBG2 low mo-
lecular weight amplicons revealed that each band in the gel
was actually comprised of two separate amplimers of indis-
tinguishable size. We utilized the (NCBI) human genome
BLAST alignment tool to determine the potential origin
of the four amplified products. Alignment analysis indi-
cated that the lower molecular weight products (designated
HBG1n1, HBG1n2 and HBG2n2, HBG2n3) were identical



Figure 1. Identification of novel newborn-specific HBG mRNA isoforms. (A) Total RNA was isolated from three individuals of differing ages [newborn

(1 hour), juvenile (15 years), and elderly (68 years)] reverse transcribed and amplified using HBG1- and HBG2-specific primers. Arrows indicate the new-

born-specific low molecular weight amplimers. Gene sequences of (B) HBG1 and (C) HBG2 with the forward and reverse primer binding sites indicated

(^^^^). RNA rearrangement breakpoints of the HBGn isoforms occur within short direct repeats (labeled by circles or boxes) that result in deletion of the

intervening sequences. DNA 5 genomic DNA control; L 5 100-bp DNA ladder; h 5 hour; y 5 year; RT 5 reverse transcriptase; superscript numerals refer

to base positions within the three contiguous exons, and define the exon-intron boundaries.
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to the parental HBG1 and HBG2 sequences and did not ex-
hibit significant sequence homology with any other region
of the human genome. Although the isoforms aligned
with their respective parent transcripts, unique deletion seg-
ments were identified within each isoform which spanned
the 30 end of exon two, the entire second intron and the
50 end of exon three. Significantly, the deletion breakpoints
of the isoforms were associated with, and appeared to occur
within, penta- or octanucleotide direct repeat sequences that
were present in both exons 2 and 3 (Fig. 1B and C). The
HBG1n1 and HBG1n2 isoforms of HBG1 possessed dele-
tion breakpoints within the ATGAT and AGATG/ACCA di-
rect repeats, respectively, resulting in 217 and 214 base
deletions (Fig. 1B). The HBG2n2 and HBG2n3 isoforms
of HBG2 possessed deletion breakpoints within TGCCC
and CACTG direct repeats that, in both instances, coinci-
dentally resulted in a deletion of 162 bases (Fig. 1C).

Tissue expression of the
HBG1n(1/2) and HBG2n(2/3) isoforms
Based upon the newly discovered HBG1n(1/2) and
HBG2n(2/3) sequences, four separate gel-based duplex RT-
PCR assays were designed to detect the presence of these
transcripts in various tissue samples. Isoform-specific for-
ward primers were designed to span each of the breakpoints
to prevent coamplification of the parental HBG1 and HBG2
genes (Table 1). Each assay coamplified a specific HBGn
transcript, either HBG1n1, HBG1n2, HBG2n2, or



Figure 2. Expression of the HBGn isoforms in fetal tissue. Tissue expression of HBG1 and HBG2 and their isoforms in fetal brain, heart, kidney, liver,

spleen, and thymus are illustrated. Each assay amplified the GNAS housekeeping gene to control for RNA quality and quantity, with the (A) HBG1, (B)

HBG1n1, (C) HBG1n2, (D) HBG2, (E) HBG2n2, and (F) HBG2n3 genes. As controls, blood extracted RNA from a newborn (1 hour), a middle-aged

(45 years), and an elderly (79 years) individual was also amplified. L 5 100 bp DNA ladder; RT 5 reverse transcriptase; h 5 hour; y 5 year.

Figure 3. Expression of the HBGn isoforms in adult tissue. The tissue expression of HBG1 and HBG2 and their isoforms in various adult tissues are in-

dicated. Each assay amplified the GNAS housekeeping gene to control for RNA quality and quantity, with the (A) HBG1, (B) HBG1n1, (C) HBG1n2,

(D) HBG2, (E) HBG2n2, and (F) HBG2n3 genes. As controls, blood extracted RNA from a newborn (1 hour), a middle-aged (45 years), and an elderly

(79 years) individual was also amplified. L 5 100-bp DNA ladder; RT 5 reverse transcriptase; h 5 hour; y 5 year.
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Figure 4. Novel HBGn transcripts originate from an RNA-based rearrangement event. DNA and RNA from multiple blood donors along with fetal liver and

spleen and adult bone marrow (BM) and adipose tissues were tested for the presence of the GNAS housekeeping gene (internal control) and one of the new-

born hemoglobin isoforms using reverse transcription polymerase chain reaction duplex assays. (A) Expression of the HBG1n1, HBG1n2, HBG2n2, and

HBG2n3 isoforms was detected specifically in reverse transcribed newborn (1 hour) blood RNA samples predigested with DNaseI but were not detected

in RNA from adult (31 years) and elderly (86 years) blood or in any of the DNA samples from the same individuals. (B) The HBG1n1, HBG1n2, and

HBG2n3 isoforms were amplified in DNaseI-treated reverse-transcribed RNA isolated from fetal liver and spleen, but not in adult adipose or bone marrow

tissues. Lane 1, untreated DNA; lane 2, DNaseI-treated DNA; lane 3, RNaseI-treated DNA; lanes 4�5, DNaseI and RNaseI-treated RNA (þ and - RT); lanes

6�7, DNaseI only treated RNA (þ and � RT). L 5 100-bp DNA ladder; RT 5 reverse transcriptase enzyme.
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HBG2n3, as well as a housekeeping gene. The housekeeping
gene GNAS (guanine nucleotide binding protein, a stimulat-
ing) [14] was used as an internal positive control that serves to
both normalize RNA quantity and ensure its quality. Addi-
tional positive and negative controls included RNA isolated
from blood from a 1-hour-old newborn infant and two adult
individuals (45 and 79 years old): blood from the newborn
is expected to be positive for both the parental HBG genes
and all four HBGn isoforms, HBG1n(1/2) and HBG2n(2/
3), whereas the adult blood samples should be negative for
the HBGn isoforms and positive for the parental HBG genes.
The expression of the novel HBGn transcripts together
with their parental genes was investigated in a variety of fe-
tal tissues, including brain, heart, kidney, liver, spleen, and
thymus. HBG1 and HBG2 were expressed in all fetal
tissues examined, as well as in blood from the newborn
child and two adults (Figs. 2A and 2D). Thus, not only
did HBG1 and HGB2 appear to be expressed in blood in
a non�age-specific manner, but they were also ubiquitously
expressed in fetal tissues. In contrast, the four novel hemo-
globin transcripts exhibited variable expression patterns in
fetal tissue. The HBG1n1, HBG1n2, and HBG2n3 isoforms



Figure 4. (continued).
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were expressed at high levels in fetal liver and spleen. The
liver and, to a lesser extent, the spleen are the major sites of
fetal hematopoiesis, after the transition from vitelline to
placental circulation and disappearance of the embryonic
yolk sac [3]. Although significantly weaker expression of
these isoforms was observed in other fetal tissues such as
the heart (HBG1n1, HBG1n2), kidney (HBG2n3), and thy-
mus (HBG1n1), it is not possible to preclude the possibility
that this may be due to the presence of contaminating cir-
culatory fetal blood within the tissue isolates.

Next expression of the four HBGn transcripts together
with their parental genes was investigated in a variety of adult
tissues, including adipose, bone marrow, brain, kidney, liver,
lung, skeletal muscle, skin, salivary gland, spleen, thymus,
testis, and uterus. The novel isoforms were not expressed in
any of the adult tissues examined nor the adult blood controls,
but were clearly identifiable in the 1-hour-old newborn blood
sample (Fig. 3B, C, E, and F). The parental HBG genes were
expressed in the blood of newborns and adults, as well as in
adult bone marrow and adipose, but were not detected in
other adult tissues (Figs. 3A and D).

Molecular origin of newborn hemoglobin isoforms
Sequencing of the four mRNA isoform transcripts revealed
inter-exon deletion breakpoints within octanucleotide
(HBG1n2) and varying pentanucleotide (HBG1n1,
HBG2n2, HBG2n3) direct repeats (Fig. 1B and C). At the
molecular level, we proposed that the developmentally reg-
ulated newborn transcripts could be formed by either
a DNA-based genomic recombination event or, conceiv-
ably, by a heretofore undefined RNA rearrangement event
[4]. Both possibilities were investigated by ascertaining
the effect of nuclease pretreatment of DNA and RNA iso-
lates from samples (fetal liver, fetal spleen, and newborn
blood) known to express the HBGn isoforms, followed by
duplex PCR analysis. Samples that do not express the iso-
forms (blood from 31- and 86-year-olds, adult adipose and
bone marrow) were used as negative controls. Each DNA



Figure 5. HBGn isoforms maintain putative open reading frames. Putative protein sequences of the HBGn mRNA isoforms. HBG1n1 and HBG1n2 align

with the HBG1 sequence from AA1-80 and AA1-75, respectively, while HBG2n2 and HBG2n3 align with the HBG2 sequence from AA1-86 and AA1-92,

respectively. At the C-terminal region the two A-gamma�derived isoforms regain their open reading frames in the 30 UTR of the HBG1 gene, while the

G-gamma isoform (HBG2n2) contains the same six terminal amino acids as the parental HBG2 gene. In contrast to the other isoforms, the deletion event

creating HBG2n3 introduces an immediate stop codon at AA92. The underlined amino acids at positions 75 and 136 represent the two common amino acid

substitutions found in the HBG1 and HBG2 protein sequences.
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and RNA sample was pretreated with RNaseI and/or DNa-
seI and then analyzed with the individual duplex HBGn/
GNAS assays.

No evidence to support the presence of the four HBGn
isoforms was obtained from the DNA samples amplified
(Fig. 4A and B, lanes 1�3). The DNA was of adequate
quality for PCR analysis as judged by the presence of
GNAS amplicons of the appropriate size (855 bp) in
untreated aliquots (Fig. 4, lane 1) that were subsequently
abolished when pretreated with DNaseI (Fig. 4, lane 2)
but unaffected by RNaseI (Fig. 4, lane 3) treatment. For
the RNA extracts, all samples were DNaseI digested to
eliminate any contaminating DNA before analysis. Subse-
quently, the digested total RNA was either treated (Fig. 4,
lanes 4, 5) or untreated (Fig. 4, lanes 6 and 7) with the
RNaseI enzyme. Following 6RNaseI treatment, the RNA
samples were reverse transcribed with (lanes 4 and 6) or
without (lanes 5 and 7) the reverse transcriptase enzyme
(6RT) and amplified with the duplex PCR reactions. The
results illustrate that all RNA samples failed to amplify
GNAS and HBGn products after treatment with both
DNaseI and RNaseI enzymes (lanes 4 and 5). In contrast,
when total RNA was treated with both the DNaseI and
RT enzymes (no RNaseI digestion) we were able to detect
an amplicon corresponding to GNAS mRNA (371 bp,
lane 6) in all samples tested, while only the newborn blood
samples (1 hour), fetal liver and fetal spleen amplified
the newborn hemoglobin isoforms, HBG1n(1/2) and
HBG2n(2/3). The HBG2n2 gene did not amplify in the fetal
liver sample, which was expected due to it only being
expressed in newborn blood (Fig. 2E). Collectively, these
results are consistent with the newborn HBG1n(1/2) and
HBG2n(2/3) transcripts being created by an RNA
rearrangement event.
Discussion
In this report, we describe the molecular structure and tis-
sue expression of a novel class of truncated HBG mRNAs.
These four newly discovered isoforms are characterized by
the presence of deleted gene segments of varying sizes that
span the 30 region of exon 2 and the 50 end of exon 3.
Uniquely these deletion breakpoints occur between direct
repeats found in adjacent HBG exons, specifically in exons
2 and 3. The novel isoforms, designated HBG1n1,
HBG1n2, HBG2n2, and HBG2n3, or collectively termed
HBGn, exhibit restricted patterns of developmental- and tis-
sue-specific expression, with levels only being significantly
detected in newborn blood, as well as in fetal liver or
spleen, the primary sites of fetal hematopoiesis. In all adult
tissues tested, including blood, expression of the HBGn iso-
forms was not detected. In contrast, the HBG1 and HBG2
transcripts were found to be expressed in peripheral blood
of all age groups, as well as in adult bone marrow and ad-
ipose tissue. Expression of the parental hemoglobin genes
in adult bone marrow was not unexpected, due to it being
the primary site of hematopoiesis taking over for the fetal
liver at approximately 20 weeks gestation [3]. Alternatively,
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the presence of the same transcripts in human adult adipose
tissue was somewhat unexpected due to this tissue’s lack of
direct association with erythropoiesis. Interestingly, a hu-
man fetal HBG2 promoter linked to the viral simian virus
40 T antigen produced brown adipose tumors in the neck
and shoulder areas of transgenic mice indicating the ability
of the gamma hemoglobin promoter to be transcribed in
adult mouse adipose tissue [15].

The mechanism of HBGn isoform formation is still not
conclusively resolved, although evidence points to their
genesis via a novel RNA rearrangement event between di-
rect repeats in adjacent exons. One plausible hypothesis
posits a looping out and deletion of sequences from the
(presumably) parental HBG transcripts that is developmen-
tally regulated. Conversely, their generation may represent
an unreported alternative splicing mechanism because no
known consensus alternative splicing sequences are associ-
ated with the particular RNA rearrangements described. It
is still formally possible that the isoforms are produced
by a somatic DNA rearrangement event occurring within
a small restricted cellular compartment of the peripheral
blood. In such a scenario, DNA recombination might be un-
detectable due to the low copy number of recombined geno-
mic DNA. However, such cells may be programmed to
express the novel isoforms at an extremely high level, re-
sulting in their subsequent detection in the RNA isolates.

The locations of the apparent recombination events that
create the HBGn isoforms raise the question as to whether
they might encode proteins. All four isoforms maintained
an open reading frame, despite the deletion events that re-
sulted in their formation (Fig. 5). All isoforms maintain
the initiation start codon present in exon one whereas three
alternate stop codons are formed by the HBG1n1, HBG1n2,
and HBG2n3 sequences; HBG2n2 maintains its original
stop codon. Preliminary attempts to detect the predicted
truncated protein products of the HBGn isoforms using im-
munochromatographic and electrophoretic methods proved
unsuccessful, suggesting that such proteins are not
expressed or expressed at low levels (data not shown). It
should be noted that a number of other hemoglobin loci
transcripts have been reported that do not apparently en-
code proteins, including the developmentally regulated q
[16,17] and m [18] genes within the a-globin gene cluster
on chromosome 16. In addition the b-globin locus also en-
codes an alternative d-globin gene, which is transcribed in
adult erythroid cells [19].
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