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Abstract

Based upon the lack of clinical samples available for research in many laboratories worldwide, a significant gap exists
between basic and clinical studies of beta-thalassemia major. To bridge this gap, we developed an artificially engineered
model for human beta thalassemia by knocking down beta-globin gene and protein expression in cultured CD34+ cells
obtained from healthy adults. Lentiviral-mediated transduction of beta-globin shRNA (beta-KD) caused imbalanced globin
chain production. Beta-globin mRNA was reduced by 90% compared to controls, while alpha-globin mRNA levels were
maintained. HPLC analyses revealed a 96% reduction in HbA with only a minor increase in HbF. During the terminal phases
of differentiation (culture days 14-21), beta-KD cells demonstrated increased levels of insoluble alpha-globin, as well as
activated caspase-3. The majority of the beta-KD cells underwent apoptosis around the polychromatophilic stage of
maturation. GDF15, a marker of ineffective erythropoiesis in humans with thalassemia, was significantly increased in the
culture supernatants from the beta-KD cells. Knockdown of beta-globin expression in cultured primary human erythroblasts
provides a robust ex vivo model for beta-thalassemia.
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therapeutic strategies. Efforts have been made to better under-
stand the causes of ineffective erythropoiesis with clinical goals of
improving red cell production and reducing the burden of iron
overload. Our understanding of this cellular process remains
vague, in part, because bone marrow sampling is not regularly
performed. Major differences in the clinical phenotype also exist
between thalassemic patients with identical globin mutations. As
an alternative for w viwvo studies, murine models of thalassemia
were developed, but differences between the murine models and
human beta-thalassemia major were reported [6-8]. In this study,
a synthetic model for human beta-thalassemia erythropoiesis is
reported as an experimental bridge between the non-human
models and the clinic. Lentiviral-mediated knockdown of beta-

Introduction

Inherited mutations or deletions at the HBB gene locus on
chromosome 11pl15.4 cause beta-thalassemia [1]. The heterozy-
gous state is prevalent in tropical regions and likely plays a role in
protecting carrier populations from malarial disease [2]. There are
over 200 mutations or deletions that cause a beta-thalassemia
phenotype [3]. Homozygous or compound heterozygous inheri-
tance causes more severe reductions in beta-globin gene and
protein expression. When hemoglobin production becomes
insufficient for the delivery of oxygen, regular and lifelong
erythrocyte transfusions are required.

Microcytic hypochromic anemia usually develops in beta-

thalassemia during infancy or early childhood with the develop-
mental loss of fetal hemoglobin expression. The pathophysiology
of this anemia is multifactorial and includes shortened survival of
erythrocytes in the peripheral blood. In addition, so-called
“ineffective” erythropoiesis develops despite increased erythropoi-
etin levels and packing of the marrow with erythroblasts. In
human beta-thalassemia, apoptotic cell death [4] is a major
mechanism by which there is a decrease in the number of
generated erythroblast precursor cells [5].

Studies of the molecular and cellular features of the beta-
thalassemia phenotype are aimed toward novel diagnostic and
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globin expression was studied using CD34+ cells obtained from
healthy human adults. This model reiterates several features of
ineffective erythropoiesis in human beta-thalassemia including
accumulation of insoluble alpha-globin protein and apoptosis at
the polychromatophilic stage of differentiation.

Materials and Methods

Ethics Statement
Approval for the research protocol and consent documents
pertaining to all studies using primary erythroblasts was granted by
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the Intramural National Institute of Diabetes and Digestive and
Kidney Diseases Institutional Review Board. Written informed
consent was obtained from all research subjects prior to
participation in this study.

Cell Culture

Cryopreserved CD34+ cells obtained from healthy adult human
donors were used for all studies [9]. A 21 day ex viwo serum free
culture system was utilized that consists of two phases. In culture
phase I (culture days 1-7), CD34+ cells were placed in media
containing StemPro-34 complete media (l-glutamine, pen-strep
and StemPro-34 nutrient supplement) (Invitrogen, Carlsbad, CA)
supplemented with 50 ng/ml SCF (HumanZyme, Chicago, IL),
50 ng/ml FLT3-Ligand (HumanZyme) and 10 ng/ml IL-3
(HumanZyme). After 7 days, the cells were transferred to
erythropoietin (EPO; Amgen) supplemented medium (phase 2;
culture days 7-21) which is comprised of the following: StemPro-
34 complete medium, 4 U/ml EPO, 3 uM mifepristone (Sigma
Aldrich, St. Louis, MO), 10 pg/ml insulin (Sigma Aldrich), 3 U/
ml heparin (Hospira, Inc, Lake Forest, IL) and 0.8 mg/ml holo
transferrin - (Sigma  Aldrich). Purecell NEO Neonatal High
Efficiency Leukocyte Reduction Filter for Red Blood Cells (Pall
Life Sciences, Ann Arbor, MI) was used to purify enucleated red
blood cells on culture day 21.

Flow Cytometry Analysis

Immunostaining with antibodies directed against CD71 (Invi-
trogen) and glycophorin A (GPA) (Invitrogen) were performed to
assay cell differentiation on culture days 14, 18, and 21 using the
BD FACSAria I flow cytometer (BD Biosciences, San Jose, CA)
[10]. Positively stained populations of cells were defined by
fluorescence of more than two standard deviations above the
unstained cells. A minimum of 5000 live cell events was recorded.
Apoptosis was analyzed by flow cytometry using the Annexin V:
PE Apoptosis Detection Kit I (BD Biosciences) according to
manufacturer’s instructions. Intracellular staining was utilized for
the detection of the active form of caspase-3, where approximately
500,000 cells were fixed and permeabilized using the BD Cytofix/
Cytoperm Fixation/Permeabilization kit (BD Biosciences) and
stained with caspase-3 (BD Biosciences), according to the
manufacturer’s protocol. Apoptosis was induced in Jurkat cells
following treatment with camptothecin (Sigma Aldrich) for use as a
positive control.

Lentiviral shRNA Transduction

Clone TRCN0000232626 5'-CCGGCTTGGACCCA-
GAGGTTCTTTGCTCGAGCAAAGAACCTCTGGGTC-
CAAGTTTTTG-3' (Sigma Aldrich) targeting human beta-globin
mRNA was used. Non-targeting shRNA control SHC002V
(Sigma Aldrich) served as donor-matched controls. Cryopreserved
CD34+ cells were washed and placed in phase I culture medium at
an initial concentration of 250,000 cells/ml. After three days,
300,000 cells were transduced in 300 Wl of phase I culture medium
containing the viral particles (multiplicity of infection of 12). After
24 hours, the cells were resuspended in 4.0 ml phase I culture
medium containing 0.5 plg/ml puromycin for an additional three
days prior to pelleting and resuspension in 15 ml of phase II
culture medium. The phase II culture medium was not
supplemented with puromycin, since puromycin selection of
mock-transduced cells resulted in complete cell death under these
conditions.
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Quantitative PCR Analyses for Gene Expression

On culture day 14, total RNA from three separate donors was
extracted using the RNeasy Plus kit (Qiagen, Valentia, CA) and
reverse transcribed using SuperScript III reverse transcriptase with
Oligo-dT(20) and RNase H treatment (Invitrogen). Real-time
PCR was performed on the ABI PRISM 7700 sequence detection
system instrument and software (Applied Biosystems, Foster City,
CA), using the manufacturer’s recommended conditions. QPCR
assays and PCR conditions were performed with primers, probes,
or Assays-on-Demand Gene Expression Products (Applied Bio-
systems) described previously [11]. Individual globin copy
numbers were calculated by comparison with standard curves
generated from a plasmid DNA encoding each globin template.

HPLC Analysis of Fetal and Adult Hemoglobin

Cells (1.5x10°% were pelleted and resuspended in 120 ul of
distilled water followed by lysing through repeated freeze-thaw
cycles in a dry ice ethanol bath. Cell debris was removed by
centrifugation and filtration through Ultrafree-MC devices (Milli-
pore, Billerica, MA). Samples (80 pl) were analyzed for HbI and
HbA using a 204 mm POLYCATA column (Poly LC, Columbia,
MD) fitted to a Gilson HPLC system (Gilson, Middleton, WI)
[9,12]. HPLC globin peaks were quantitated and compared using
Gilson Unipoint LC software (version 5.11). Total areas under the
HbA and HbF peaks were used for ratio comparisons.

Protein Isolation and Western Analyses

For protein isolation, three million cells were lysed with 250 pl
RIPA buffer in the presence of HALT protease inhibitor cocktails
(Pierce) according to the manufacturer’s instructions. After
centrifugation at 16,000 g for 10 minutes, the soluble and
insoluble fractions were collected, and the soluble protein
concentrations were measured using Coomassie Plus (Bradford)
Assay kit (Pierce). The insoluble fractions were washed with ice
cold 1X PBS twice, and solubilized by boiling in 35 ul 2X LDS
buffer (Invitrogen) [13].

Equal amounts of protein (20-30 g) were separated by gel
electrophoresis using NuPAGE Novex 4-12% Bis-Tris gel in
MOPS buffer and transferred using the iBlot Blotting System with
nitrocellulose membranes (Invitrogen). Blots were probed with
antibodies against human alpha-globin (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA), beta-globin (Abnova, Walnut, CA), gamma-
globin (Abnova), and the appropriate horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology).
Immunoreactive proteins were detected and visualized using ECL
Plus Western detection reagents (GE Healthcare, Pascataway, NJ).
Soluble fractions were probed for beta-actin (Abcam, Cambridge,
MA) antibody, and insoluble fractions were probed for glyco-
phorin A (Santa Cruz biotechnology) as loading controls. Band
intensities were analyzed using the Image ] software program

(http://rsbweb.nih.gov/1j/).

ELISA Analysis

Quantification of GDF15 was performed on serum from culture
day 21 cells using the DuoSet ELISA for human GDF15 (R&D
Systems) following the manufacturer’s protocol [14]. The optical

density was read utilizing the ELx808 Absorbance Microplate
Reader (BioTek, Winooski, VT).

Statistical Analysis
Replicate data are expressed as means * standard deviation
(SD) with significance calculated by Student’s ¢ test.
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Results

Globin mRNA Expression Pattern

Human CD34+ cells from healthy volunteers were cultured ex
vivo for 21 days in a two-phase, serum free system to engineer a
beta-thalassemia major model. shRNA technology was employed
to target silencing of human beta-globin mRNA expression.
Informatics analyses of the TRCN0000232626 clone sequence
revealed reduced levels of both beta- and delta-globin mRNA.
Globin mRNA expression profiles were measured in three
separate donors on culture day 14 by QPCR as previously
described [11]. Figure 1A shows that greater than 90% of beta-
globin mRNA was silenced when compared to the control (non-
targeting shRNA, SHC002V) (control =4.0x107+1.4x10° cop-
ies/ng cDNA vs. beta-KD = 2.5x10°+1.6x10° copies/ng cDNA,
p=0.01). The gamma-globin mRNA demonstrated a less than 2
fold increase in beta-KD when compared to control (con-
trol = 1.7x10°+1.2x10°  copies/ng ~ ¢DNA  vs. beta-
KD =3.4x10°+1.4x10° copies/ng cDNA). Delta-globin mRNA
showed a 4.5 fold decrease in beta-KD compared to the control
(control =6.9x10°+8.3x10*  copies/ng c¢DNA vs. beta-
KD =1.5%10%£2.3x10* copies/ng cDNA). There was an insig-
nificant increase in the expression of epsilon-globin mRNA.
Alpha-globin locus mRNA expression (alpha-, mu-, theta-, zeta-,
globin) shown in Figure 1B demonstrated no significant changes in
mRNA levels compared to controls.
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Figure 1. QPCR Quantitation of globin mRNA. RNA samples from
erythroblasts cultured on day 14 were examined for globin mRNA
expression using quantitative PCR. (A) Expression levels of beta-,
gamma-, delta-, and epsilon-globins. (B) Expression levels of alpha-, mu-
, theta-, and zeta-globins. Average copy number per ng cDNA is shown
on the y-axis from three separate donors, control (black bar) and beta-
KD (open bar). Standard deviation bars are shown in vertical lines.
Asterisks signify statistical significance of p<<0.05.
doi:10.1371/journal.pone.0068307.g001
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Analysis of Hemoglobin and Cellular Phenotype upon
Completion of Cultured Differentiation

HPLC was performed from 1.5x10° cells collected from control
and beta-KD cells on culture day 21 for measurement of adult
(HbA) and fetal hemoglobin (HbF). Representative HPLC tracings
are shown from control and beta-KD cells in Figure 2A and B,
respectively. As expected, the control cells contained relatively low
HbF (2.9%0.7%) levels, but the percentage significantly increased
to 49.329.3% in the beta-KD cells. Since the increase in the HbF
percentage was not reflected in the gamma-globin mRNA, total
area under the HbA and HbF peaks were measured in Figure 2C—
D. Consistent with the beta-KD reduction in >90% of beta-globin
mRNA, the total area measured under the HbA peak was also
reduced 11.8 fold ($<<0.01), and the total area measured under the
HbF peak remained relatively unchanged with a slight increase
that did not reach statistical significance. Therefore, the increased
percentage of HbF shown in Figure 2A-B reflects a significant
decrease in the HbA production in the beta-KD cells.

Wright-Giemsa staining of culture day 21 cytospins from
control (Figure 2E) showed a main population of orthrochromatic
normoblasts. In contrast, the beta-KD cells (Figure 2F) demon-
strated a less mature phenotype (polychromatophilic normoblasts).
Many abnormal orthrochromatic normoblasts were seen with
reduced cytoplasmic volume and decreased hemoglobinization
compared to the matched controls. The cellular morphology
suggested major erythroid defects around the polychromatophilic-
orthochromatic stage of differentiation similar to that identified in
human beta-thalassemia marrow [5]. In addition to nucleated
cells, the two-phase serum free culture model permitted differen-
tiation into enucleated erythrocytes. Mature erythrocytes were
examined after filtering the culture day 21 cells through a
leukocyte reduction filter from control and beta-KD cells followed
by Wright-Giemsa staining. Figure 2G shows the formation of
mature erythrocytes in the control cultures (day 21). In the beta-
KD cultures, rare enucleated cells with pale blue cytoplasm were
identified as well as occasional hemoglobinized cells (Figure 2H).

Effects of Beta-KD Knockdown on the Erythroblast
Growth and Differentiation

Cell counts performed on culture days 14 and 21 from three
independent donors demonstrated a significant reduction in
proliferation during the second phase of culture. Average cell
counts of beta-KD on culture day 14 showed a significant 3.3 fold
reduction compared to control (control = 3.4 x10°+7.9x10"* cells/
ml vs. beta-KD = 1.0x10°£1.9x10* cells/ml). On culture day 21,
the average cell counts were further increased in control cell
cultures, but remained unchanged in the beta-KD cells (con-
trol =5.6x10°+8.1x10* cells/ml VS. beta-
KD=1.1x10°%2.6x10* cells/ml).

Cell maturation was defined by expression of erythroid markers
CD71 and GPA as previously described [9]. Representative data
are shown in Figure 3 with descriptive statistics from triplicate
experiments provided in Table SI. The main population on
culture day 14 consisted of CD71 high/ GPA(+) cells (proerythro-
blast stage of differentiation) in both control and beta-KD,
respectively. As the cells undergo the final stages of differentiation,
there is a subsequent loss of CD71. In the beta-KD cells, a
significantly lower percent of GPA(+)/CD71(-) cells was detected
compared to control in culture day 18 cells (representative data
shown in Figures 3C, 3D; triplicate experiments: GPA(+)/CD71(-);
control =28.1£5.8% vs. beta-KD=1.6%0.5%, p=0.02). On
culture day 21, the cellular phenotypes were similar to those on
culture day 18 suggesting the absence of further differentiation
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Figure 2. Hemoglobin and globin chain analyses. High perfor-
mance liquid chromatography analyses of adult hemoglobin (HbA) and
fetal hemoglobin (HbF) from culture day 21 erythroblasts (A) Control,
(B) beta-KD. Total area under the (C) adult hemoglobin (HbA), and (D)
fetal hemoglobin (HbF) peaks was measured using 1.5x10° cultured
cells from three donors. Each panel shows average values with standard
deviation bars from control (black bar) and beta-KD (open bar).
Cytospin preparations of the live cells were stained with Wright-Giemsa
on culture day 21 for (E) control cells, (F) beta-KD cells and (G)
enucleated control cells, (H) enucleated beta-KD cells with 10um scale
bars. Asterisks signify statistical significance of p<<0.05.
doi:10.1371/journal.pone.0068307.g002

(representative data shown in Figures 3E, 3F; triplicate experi-
ments:  GPA(+)/CD71(-); control=17.6%6.3% vs. beta-
KD =3.6x2.5%, p=0.03). These results suggest globin chain
imbalances affect both the proliferative potential and differentia-
tion of the beta-KD cells.
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Figure 3. Flow cytometry analysis of terminal differentiation.
Representative dot plots from (A) culture day 14 control erythroblasts,
(B) culture day 14 beta-KD erythroblasts, (C) culture day 18 control
erythroblasts, (D) culture day 18 beta-KD erythroblasts, (E) culture day
21 control erythroblasts, and (F) culture day 21 beta-KD erythroblasts.
Cells were double stained with glycophorin A (GPA) and transferrin
receptor (CD71).

doi:10.1371/journal.pone.0068307.9003

Western Analysis of Soluble and Membrane Insoluble
Globin Fractions

Western analyses were performed to demonstrate the effects of
beta-globin chain imbalance upon alpha-, beta- and gamma-
globin protein expression during terminal differentiation. Repre-
sentative results are shown in Figure 4A of three separate donors.
These results are consistent with reduced beta-globin gene
expression, and beta-globin protein was also significantly reduced.
Statisitcal analyses of Western blot band intensities from three
independent donors were compared for all globins and normalized
to the loading control (beta-actin) on culture days 14, 18 and 21
(Table S2). The levels of cytosolic alpha-globin were significantly
lower in the beta-KD cells; however, the level of reduction was less
robust than that of beta-globin. Although gamma-globin was
increased in the beta-KD samples, the increases did not reach
statistical significance (Table S2).

Since human alpha-globin chains do not assemble into soluble
hemoglobin species, the globin chain imbalance caused by beta-
thalassemia results in an excess of free alpha-globin chains. The
excess alpha-globin chains lose their solubility and precipitate in
the insoluble membrane fraction of erythrocytes and erythroblast
precursor cells as a hallmark of the disease [15]. Those precipitates
cause oxidative damage and contribute to the cellular demise. To
investigate whether the decreases in soluble alpha- globin chains
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Figure 4. Soluble and insoluble globin analyses. (A) Western blot
analyses of globin chains were performed using total soluble cytosolic
protein (20 pg/lane) from day 14, 18, and 21 cultured erythroblasts.
Antibodies against alpha-globin, beta-globin, and gamma-globin were
used for comparison. Beta-actin was used as a loading control. (B)
Western analysis of the alpha-globin insoluble membrane fraction on
culture days 14, 18, and 21 of control and beta-KD cultured
erythroblasts. Fractions from equivalent cell number preparations were
used in each lane. GPA was used as a loading control for the insoluble
membrane proteins. Equivalent film exposure time (one minute) was
used for alpha-globin, beta-globin, and gamma-globin membrane
comparisons.

doi:10.1371/journal.pone.0068307.g004

on culture days 14, 18 and 21 were accompanied by increased
insoluble alpha-globin in the beta-KD cells, we studied the
insoluble membrane fractions [13] from culture day 14, 18 and 21
erythroblasts (Figure 4B). On culture day 14, alpha-globin was
barely detectable in the insoluble beta-KD extracts. In extracts
from more mature erythroblasts on culture day 18, major
accumulation of insoluble alpha-globin was detected compared
with the controls. A smeared pattern of alpha-globin protein at
higher molecular weights was seen. No further increase in
insoluble alpha-globin occurred after culture day 18.

Assessment of Apoptosis in Beta-KD Cells using Flow
Cytometry

Insoluble alpha-globin precipitation causes oxidative damage
and apoptosis of erythroblasts in humans with beta-thalassemia
[16,17]. Assessment of caspase-3 [18] and Annexin V [19]
expression were explored to determine if beta-KD similarly
caused apoptosis ex viwvo. On culture day 14, there was a small
but significant increase in active caspase-3 that was detected in the
beta-KD cells compared to controls (beta-KD =4.0%1.0% vs.

PLOS ONE | www.plosone.org

A Synthetic Model of Beta-Thalassemia

control =0.7%0.3%, p = 0.02) suggesting that apoptosis is initiated
relatively early during erythroblast maturation (Figure 5A). There
was an additional increase in active caspase-3 from culture day 14
to 18 in beta-KD erythroblasts. Conversely, Annexin V staining
was slightly increased, but did not achieve statistical significance
on culture day 14. However, by culture day 18, when orthochro-
matic normoblasts are the prevalent population in control cultures,
Annexin staining indicated that the majority of the population was
comprised of apoptotic cells in beta-KD (beta-KD = 75.8%+3.3%,
vs. control =35.9%12.7%, p=0.02) (Figure 5B). As such, the data
demonstrate early signs of apoptosis on culture day 14 followed by
a significant increase later in the culture period, which coincides
with the accumulation of insoluble alpha-globin in the cells.
GDF15, a marker of erythroblast apoptosis that is usually
increased in the serum of patients with thalassemia, was also
increased in the culture supernatants of the beta-KD cells
(Figure 5C). Increased apoptosis during the later stages of beta-
KD differentiation, as well as a significant increase in GDF15
expression represent characteristic features of ineffective erythro-
poiesis identified in human beta-thalassemia [5,14].

Discussion

Here we report an artificially engineered model of thalassemia
for ex wvivo studies of human erythropoiesis developed using a
shRNA lentiviral vector to reduce beta-globin expression in
primary human erythroblasts. With this approach, terminal
differentiation from proerythroblasts to orthochromatic normo-
blasts and enucleated cells occurs from culture days 14-18
(Figure 3). Cultures were maintained for an additional three days
(days 18-21) to explore the potential for further differentiation of
the beta-KD cells. Overall, the strategy of knocking down beta-
globin mRNA and protein expression resulted in phenotypic
changes consistent with those predicted for severe beta-thalassemia
in humans. The efficiency of the tested shRINA clone produced a
greater than 90% reduction in the levels of cellular beta-globin
mRNA when compared to control cells. Since the shRNA clone
(TRCN0000232626) also targets delta-globin mRNA [20], delta-
globin mRNA levels were reduced as shown by QPCR (Figure 1A).
However, gamma-globin levels increased slightly as determined by
QPCR (Figure 1A) and Western analyses (Figure 4A). By
comparison, alpha-globin mRNA remained stable. Major reduc-
tions in adult hemoglobin (HbA) and beta-globin chains were also
detected at the protein level. By the end of the culture period, fetal
hemoglobin (HbF) was the dominant hemoglobin variant in beta-
KD cells mainly because of the massive reduction in HbA. The
increase in HbF among the mature beta-KD cells may have also
caused improved survival of some cells during differentiation [21].
The terminal stages of differentiation in beta-KD cells were
marked by apoptosis of most cells, and only a thin ring of
hemoglobinized cytoplasm in many of the remaining orthochro-
matic normoblasts. The high levels of detected apoptosis reflect the
magnitude of beta-globin reduction, as well as the absence of
macrophage clearance of the apoptotic cells by phagocytosis.

Balanced globin chain synthesis coupled with heme biosynthesis
is required to produce sufficient quantities of hemoglobin for
effective erythropoiesis [22]. In beta-thalassemia major, the severe
chain imbalance of excess alpha-globin chains leads to the
formation of hemichromes (alpha-globin/heme aggregates), which
cause precipitates in the erythrocyte membrane [15]. Those
precipitates produce ROS damage and cell death. In beta-KD
cultures, soluble alpha-globin protein was reduced during the final
stages of maturation in association with deposition of insoluble
alpha-globin in the membranes. The cause for the smeared pattern
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Figure 5. Analysis for markers of apoptosis. Erythroblasts
collected on culture day 14, 18 and 21 were assessed for (A) early
apoptosis marker active caspase-3 and (B) late apoptosis marker
Annexin V. (C) GDF15 protein level in culture day 21 supernatants. Each
panel shows average values from three separate donors, control (black
bar) and beta-KD (open bar). Standard deviation bars are shown, and
asterisks signify statistical significance of p<<0.05.
doi:10.1371/journal.pone.0068307.9005

of insoluble alpha hemoglobin seen in the Western analyses is
unknown, but may be related to the absence of macrophage
clearance of the apoptotic cells or ubiquitination of the free alpha-
globin chains [13]. The accumulation of free alpha-globin in the
membranes coincided with apoptosis of the beta-KD cells during
the period of maturation when hemoglobin accumulates in donor-
matched control cells.

Despite several similarities between the ex vivo beta-KD model
and clinical defects in erythropoiesis reported i vivo for beta-
thalassemia, it must be emphasized that the findings do not
completely reflect the beta-thalassemia phenotype. The experi-
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mental design did not include mixed cell cultures, so potential roles
for macrophages in the production or clearance of viable or
apoptotic erythrocytes were not explored. Since the beta-KD
model reflects erythroblast differentiation in the absence of
additional cell membrane alterations that occur i viwe, microcy-
tosis was not evident [23,24]. Among the enucleated cells,
hypochromia was obvious as several cells demonstrated an
erythroid ghost-like appearance. However, the low number of
enucleated beta-KD cells prevented more formal analyses of those
cells. Enucleated cells were reportedly absent from ex vivo cultures
of erythroblasts obtained from blood of thalassemia patients [25].
While we were unable to obtain the appropriate clinical samples
for direct comparisons to be made between ex vivo cultures of beta-
KD versus thalassemia-major erythroblasts as part of this study,
such comparisons should be made in laboratories where those cells
are available.

As demonstrated from other areas of biomedical research [26],
there exists an urgent need for disease models using primary
human cells or tissues. Considerable resources have been utilized
in recent decades to develop and explore murine models of
hemoglobinopathies. Despite their robustness for understanding
murine erythropoiesis i vivo, those disease models have not yet led
to successful clinical trials for improving the health for patients
with thalassemia. Differences between the kinetics of murine and
human erythroblast differentiation [27], iron biology [7,28-30],
and globin gene regulation [31] confound our ability to interpret
the murine data in the context of clinical application. As a result, a
considerable gap is developing between basic and clinical research
for beta-thalassemia.

This study was undertaken to characterize the effects of beta-
globin chain imbalances upon ex viwo erythroblast differentiation
and survival using primary human cells. Our model for
knockdown of beta-globin gene expression may also permit
examinations of dysfunctional erythroblast heme metabolism or
mitochondrial function caused by globin chain imbalance [32].
Investigations of erythroblast GDF15 regulation [14] or caspase
related GATA-1 expression [33] can be explored further. Based
upon its simplicity and reproducibility, the model is being
developed for preclinical assessment and comparison with beta
thalassemia-related discoveries made in other model systems
including biochemical assays, immortalized cell lines, or geneti-
cally modified rodents [22]. Since the shRNA in this study does
not target gamma-globin mRINA, it should be possible to screen
and study fetal hemoglobin augmenting drugs or small molecules
for their potential to correct the beta-thalassemia phenotype.

Supporting Information

Table S1
DOCX)

Table S2

DOCX)

Acknowledgments

We thank the Department of Transfusion Medicine for CD34+ cell

collection and processing.

Author Contributions

Conceived and designed the experiments: JLM. Performed the experi-
ments: YTL KSK JFV CB SJN ERM. Analyzed the data: YTL KSK JFV
CB SJN ERM AR. Wrote the paper: YTL KSK JLM.

July 2013 | Volume 8 | Issue 7 | e68307



References

1.

2.
3.

Weatherall DJ, Clegg JB (2001) The Thalassaemia Syndromes. Malden:
Blackwell Science. 846 p.

Olivieri NF (1999) The B-thalassemias. N Engl J Med 341: 99-109.

Patrinos GP, Giardine B, Riemer C, Miller W, Chui DHK, et al. (2004)
Improvements in the HbVar database of human hemoglobin variants and
thalassemia mutations for population and sequence variation studies. Nucleic

Acids Res 32: D537-541.

. Centis F, Tabellini L, Lucarelli G, Buffi O, Tonucci P, et al. (2000) The

importance of erythroid expansion in determining the extent of apoptosis in
erythroid precursors in patients with B-thalassemia major. Blood 96: 3624-3629.

. Mathias LA, Fisher TC, Zeng L, Meiselman HJ, Weinberg KI, et al. (2000)

Ineflective erythropoiesis in PB-thalassemia major is due to apoptosis at the
polychromatophilic normoblast stage. Exp Hematol 28: 1343-1353.

Skow LC, Burkhart BA, Johnson FM, Popp RA, Popp DM, et al. (1983) A
mouse model for f-thalassemia. Cell 34: 1043-1052.

. Yang B, Kirby S, Lewis J, Detloff PJ, Maeda N, et al. (1995) A mouse model for

B -thalassemia. Proc Natl Acad Sci U S A 92: 11608-11612.

. Rivella S, May C, Chadburn A, Riviere I, Sadelain M (2003) A novel murine

model of Cooley anemia and its rescue by lentiviral-mediated human B-globin
gene transfer. Blood 101: 2932-2939.

. Wojda U, Noel P, Miller JL. (2002) Fetal and adult hemoglobin production

during adult erythropoiesis: coordinate expression correlates with cell prolifer-

ation. Blood 99: 3005-3013.

. Tanno T, Porayette P, Sripichai O, Noh SJ, Byrnes C, et al. (2009) Identification

of TWSGI1 as a second novel erythroid regulator of hepcidin expression in
murine and human cells. Blood 114: 181-186.

Sripichai O, Kiefer CM, Bhanu NV, Tanno T, Noh $J, et al. (2009) Cytokine-
mediated increases in fetal hemoglobin are associated with globin gene histone
modification and transcription factor reprogramming. Blood 114: 2299-2306.

. Bhanu NV, Trice TA, Lee YT, Gantt NM, Oneal P, et al. (2005) A sustained

and pancellular reversal of gamma-globin gene silencing in adult human
erythroid precursor cells. Blood 105: 387-393.

. Khandros E, Thom CS, D’Souza J, Weiss MJ (2012) Integrated protein quality-

control pathways regulate free o-globin in murine B-thalassemia. Blood 119:
5265-5275.

. Tanno T, Bhanu NV, Oneal PA, Goh SH, Staker P, et al. (2007) High levels of

GDF15 in thalassemia suppress expression of the iron regulatory protein
hepcidin. Nature Med 13: 1096-1208.

. Kong Y, Zhou S, Kihm AJ, Katein AM, Yu X, et al. (2004) Loss of a-

hemoglobin-stabilizing protein impairs erythropoiesis and exacerbates P-
thalassemia. J Clin Invest 114: 1457-1466.

Schrier SL (2002) Pathophysiology of thalassemia. Curr Opin Hematol 9: 123
126.

. Advani R, Sorenson S, Shinar E, Lande W, Rachmilewitz E, et al. (1992)

Characterization and comparison of the red blood cell membrane damage in
severe human alpha- and beta-thalassemia. Blood 79: 1058-1063.

PLOS ONE | www.plosone.org

20.

21.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

A Synthetic Model of Beta-Thalassemia

. Franceschi LD, Ronzoni L, Cappellini MD, Cimmino F, Siciliano A, et al.

(2007) K-CL co-transport plays an important role in normal and B thalassemic
erythropoiesis. Haematologica 92: 1319-1326.

. Kuypers FA, Yuan J, Lewis RA, Snyder LM, Kiefer CR, et al. (1998) Membrane

phospholipid asymmetry in human thalassemia. Blood 91: 3044-3051.

Root DE, Hacohen N, Hahn WC, Lander ES, Sabatini DM (2006) Genome-
scale loss-of-function screening with a lentiviral RNAi library. Nat Methods 3:
715-719.

Sankaran VG, Nathan DG (2010) Thalassemia: An Overview of 50 Years of
Clinical Research. Hematol Oncol Clin North Am 24: 1005-1020.

Ginzburg Y, Rivella S (2011) B-thalassemia: a model for elucidating the dynamic
regulation of ineffective erythropoiesis and iron metabolism. Blood 118: 4321
4330.

Tavazzi D, Comino A, Turrini F, Fiorelli G, Cappellini MD (1998) Indices of
Membrane Alterations in B-Thalassemic Erythrocytes. Hemoglobin 22: 483
492.

Wickramasinghe SN, Bush V (1975) Observations on the Ultrastructure of
Erythropoietic Cells and Reticulum Cells in the Bone Marrow of Patients with
Homozygous B-Thalassacmia. Brit J] Haematol. 30: 395-399.

5. Migliaccio G, Pietro RD, Giacomo VD, Baldassarre AD, Migliaccio AR, et al.

(2002) In Vitro Mass Production of Human Erythroid Cells from the Blood of
Normal Donors and of Thalassemic Patients. Blood Cell Mol Dis 28: 169-180.
Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, et al. (2013)
Genomic responses in mouse models poorly mimic human inflammatory
diseases. Proc Natl Acad Sci U S A 110: 3507-3512.

Libani IV, Guy EC, Melchiori L, Schiro R, Ramos P, et al. (2008) Decreased
differentiation of erythroid cells exacerbates ineffective erythropoiesis in [-
thalassemia. Blood 112: 875-885.

Franceschi LD, Daraio F, Filippini A, Carturan S, Muchitsch EM, et al. (2006)
Liver expression of hepcidin and other iron genes in two mouse models of -
thalassemia. Haematologica 91: 1336-1342.

Ginzburg YZ, Rybicki AC, Suzuka SM, Hall CB, Breuer W, et al. (2009)
Exogenous iron increases hemoglobin in B-thalassemic mice. Exp Hematol 37:
172-183.

Li H, Rybicki AC, Suzuka SM, Bonsdorff LV, Breuer W, et al. (2010)
Transferrin therapy ameliorates disease in B-thalassemic mice. Nature Med. 16:
177-183.

Li Q, Peterson KR, Fang X, Stamatoyannopoulos G (2002) Locus control
regions. Blood 100: 3077-3086.

Mendel A, Santos D, Ponka P (2009) Investigation of the role of heme
oxygenase-1 in B-thalassemia pathophysiology. MSURJ 4: 20-24.

Ribeil JA, Zermati Y, Vandekerckhove J, Cathelin S, Kersual J, et al. (2007)
Hsp70 regulates erythropoiesis by preventing caspase-3-mediated cleavage of

GATA-1. Nature 445: 102-105.

July 2013 | Volume 8 | Issue 7 | e68307



