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Abstract
In order to ex vivo produce clinically useful quantity of platelets, we may need to firstly enhance
early self-renewal of hematopoietic stem cells (HSCs) and/or megakaryocyte (Mk) progenitors.
The homeodomain transcription factor HoxB4 has been shown to be an important regulator of
stem cell renewal and hematopoiesis; however, its effect on megakaryopoiesis is unclear. In this
study, we investigated the effect of HoxB4 overexpression or RNA silencing on megakaryocytic
development in the human TF1 progenitor cell line; we then used recombinant tPTD-HoxB4
fusion protein to study the effect of exogenous HoxB4 on megakaryocytic development of human
CD34 positively-selected cord blood cells. We found that ectopic HoxB4 in TF1 cells increased
the antigen expression of CD61and CD41a, increased the gene expression of thrombopoietin
receptor (TpoR), Scl-1, Cyclin D1, Fog-1 and Fli-1 while it decreased c-Myb expression. HoxB4
RNA silencing in TF1 cells decreased the expression of CD61 and CD41a and decreased Fli-1
expression while it increased the expression of c-Myb. Recombinant tPTD-HoxB4 fusion protein
increased the percentages and absolute numbers of CD41a and CD61 positive cells during
megakaryocytic differentiation of CD34 positively-selected cord blood cells and increased the
numbers of colony forming unit-megakaryocyte (CFU-Mk). Adding tPTD-HoxB4 fusion protein
increased the gene expression of TpoR, Cyclin D1, Fog-1 and Fli-1 while it inhibited c-Myb
expression. Our data indicate that increased HoxB4 enhanced early megakaryocytic development
in human TF1 cells and CD34 positively-selected cord blood cells primarily by upregulating Tpo
R and Fli-1 expression and downregulating c-Myb expression. Increasing HoxB4 expression or
adding recombinant HoxB4 protein might be a way to expand Mks for the production of platelets
for use in transfusion medicine.
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Introduction
Overexpression of HoxB4 enhances the self-renewal of murine and human hematopoietic
stem cells (HSCs) [1,2], and expansion of HSCs in vitro can be achieved by HoxB4
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overexpression or by directly using recombinant HoxB4 fusion protein [3,4]. HoxB4 can
also be used to promote hematopoietic differentiation from human embryonic stem cells or
from human induced pluripotent stem cells [5,6]. Increased numbers of committed
hematopoietic progenitors, including granulocyte-macrophage [7] and lymphoid [8]
progenitors, have been demonstrated as a result of ectopic HoxB4. However, the effect of
increased HoxB4 on megakaryocyte (Mk) development is still unknown. Studies on
HoxB4’s functions during megakaryocytopoiesis may enhance ex vivo production of
platelets for clinical use.

Mk development is a complex process of continuous production of platelets from CD34+

multipotent hematopoietic progenitors. The differentiation process is driven primarily by
thrombopoietin (TPO) [9]. Many genes have been found to play roles in this process,
including Tpo receptor (Tpo R) [10], Scl-1[11], GATA-1[12], NF-E2 [13], Cyclin D1[14],
Fli-1[15], Fog-1 [16] and c-Myb [17]. Among those genes, Scl-1, GATA-1, NF-E2, Cyclin
D1, Fli-1 and Fog-1 are positive regulators of megakaryocytic development while c-Myb is
a negative modulator. The cell surface antigens CD41 (integrin αIIb) and CD61 (integrin β3)
are expressed in cells of the megakaryocytic lineage, and these two antigens form the
receptor complex glycoprotein (GP) IIb/IIIa. The expression of CD41 and CD61 is a
characteristic of the megakaryocytic lineage as it progresses from progenitor cells to
megakaryocytes and then platelets [18].

TF1 is a human erythro-megakaryocytic progenitor cell line which is completely dependent
on interleukin 3 (IL-3) or granulocyte-macrophage colony-stimulating factor (GM-CSF) for
long term growth. This cell line can be used as a model to study the mechanism of
proliferation and differentiation of hematopoietic progenitor cells (HPCs), as TF1 cells share
several phenotypic characteristics of HPCs, including growth factor-dependence and
expression of CD34 [19]. This cell line is also useful to study the erythro-megakaryocytic
differentiation because TF1 cells can differentiate into erythroid or megakaryocytic lineage
cells upon appropriate stimulation [20]. Cord blood is a unique source of HSCs, and in vitro
differentiation from cord blood cells provides a great tool for studies of cell development
and differentiation.

In the study reported here, we introduced overexpressed or RNA silenced HoxB4 into
human TF1 cells by lentivirus and found that increased Hoxb4 enhanced the expression of
CD41a and CD61, upregulated the gene expression of TpoR, Scl-1, Cyclin D1, Fog-1and
Fli-1 and inhibited c-Myb expression. We also investigated the effect of recombinant tPTD-
HoxB4 fusion protein on Mk development of CD34 positively-selected cord blood cells and
found that tPTD-HoxB4 fusion protein increased the numbers of CD61 and CD41a positive
cells and also increased the numbers of CFU-Mk. Recombinant tPTD-HoxB4 fusion protein
mainly increased the gene expression of TpoR, Cyclin D1, Fog-1and Fli-1 and inhibited c-
Myb expression. These data indicated that increased HoxB4 enhanced human early
megakaryocytic development.

Materials and methods
Cell culture

TF1 cells were purchased from ATCC (Manassas, VA) and were cultured in RPMI1640
with 2 ng/ml GM-CSF (StemCell Technologies, Vancouver, BC, Canada), 10% fetal bovine
serum (FBS), and 1% Penicillin-Streptomycin. For Mk induction, TF1 cells were cultured in
the presence of 20 ng/ml PDB and 20 ng/ml TPO for 4 days.

CD34 positively selected cord blood cells were isolated from umbilical cord blood units
from normal full–term deliveries after institutional review board approval and informed
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consent. Light–density cells were isolated from citrated cord blood using discontinuous
density centrifugation over Ficoll–Paque Plus (GE Healthcare BioSciences, Uppsala,
Sweden). CD34-positive selection was conducted using a MACS Direct CD34 Progenitor
Cell Isolation Kit (Miltenyi Biotec, Anaheim, CA, USA). To induce megakaryocytic
differentiation, the CD34 positive cells were cultured in IMDM medium with 10% BIT 9500
Serum Substitute (Stemcell Technologies), 50ng/ml SCF, 50ng/ml TPO, 50ng/ml Flt, 10ng/
ml IL6, 10ng/ml IL3 and 10ng/ml IL11 (All cytokines from R&D Systems Inc.,
Minneapolis, MN).

Lentiviral vectors
A Xba I/Cla I fragment containing human HoxB4 cDNA-IRES-GFP was cloned from the
tricistronic vector [21] (a gift from Dr. Dhanalakshmi Chinnasamy) using the following
primers: forward primer 5′-tttctagaatggctatgagttcttttttg-3′ and reverse primer 5′-
ttatcgatttacttgtacagctcgtccat-3′, and this fragment was subcloned into the lentiviral vector
iDuet101 [22] (a gift from LZ Cheng).

Lentivirus production, concentration and titration
Lentivirus was produced in HEK 293T cells (from ATCC) using the method as described by
Karolewski et al. with modifications [23]. The day before transfection, 5 × 106 HEK 293T
cells were plated in poly-L-lysine-coated 10 cm dishes. One hour prior to transfection, the
media was replaced with Opti-MEM® I reduced serum medium (Invitrogen, Carlsbad, CA).
The envelope plasmid pMD2.G (Addgen, Cambridge, MA), packaging plasmid psPAX
(Addgene) and lentiviral vectors were used at a ratio of 1.2:3:4 for all transfections.
Lentiviral supernatant was concentrated by ultrafiltration using Centicon ® Plus-70
(Millipore, Billerica, MA) according the manual. Titers of lentivirus were tested on
HEK293T cells. 5×104 HEK293T cells were plated in 12-well plates. The next day, we
counted the cells on one well and then transduced the cells with 4, 5-fold serial dilutions of
lentivirus in 1ml DMEM medium with 8ug/ml polybrene. Medium was changed one day
after transduction, and GFP expression was analyzed by flow cytometry 4 days after
transduction.

HoxB4 shRNA lentivirus was purchased from Santa Cruz Biotechnology (Santa Cruz,
California).

Recombinant tPTD-HoxB4 fusion protein
The tPTD-HoxB4 fusion protein was kindly provided by Dr. Shi-Jiang Lu from Advanced
Cell Technology (Santa Monica, CA) [24]. A concentration of 50 nM of tPTD-HoxB4
fusion protein was used in this study, and the protein was added into serum-free medium
every two days.

CFU-Mk assays
CFU-Mk assays were performed using MegaCult™-C Staining Kit - CFU-Mk (StemCell
Technologies) according to the manufacturer’s instructions. In short, 5,000 cells were
seeded per chamber culture slide in serum-free medium containing thrombopoietin (50 ng/
ml), IL-3 (10 ng/ml), IL-6 (10 ng/ml), and collagen (1.1 mg/ml). Cultures were incubated for
10–12 days, followed by dehydration and immunocytochemical staining of the slides.
Megakaryocyte colonies were detected using the anti-CD41 antibody and alkaline
phosphatase detection system and counterstained in Evan’s Blue. MK colonies consisting of
at least five nucleated cells expressing CD41 were scored.
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Flow cytometry
All antibodies including CD61, CD41a, CD34, CD42a and CD42b were purchased from BD
Pharmingen (San Diego, CA). Flow cytometry was performed on a BD FACScalibur
System flow cytometer (BD Biosciences, San Jose, CA). More than 10,000 cells were
analyzed for each sample. The results were analyzed using the EXPO32 ADC Analysis
software.

Western blot
1 × 106 cells were pelleted and lysed with 1x SDS sample buffer (62.5 mM Tris-HCL, 2%
SDS, 10% glycerol, 50 mM DTT and 0.01% bromophenol blue), and boiled for 3 minutes at
95°C. 30 μl of total cell lysate were fractionated on SDS-PAGE gel and transferred to
nitrocellulose membranes. The membranes were blocked with 5% dry nonfat milk and
probed with a 1:1000 dilution of HoxB4 antibody (Developmental Studies Hybridoma Bank,
University of Iowa). Antibody binding was detected with a 1:5000 dilution of anti-mouse
IgG (Santa Cruz Biotechology) and luminescence was detected with ECL Plus Western
Blotting Detection System (GE Healthcare, Piscataway, NJ). Anti-beta-actin antibody was
purchased from Cell Signaling (Cell Signaling, Boston, MA).

Reverse transcription and real time PCR
Total RNA was extracted by the RNeasy® Mini Kit (Qiagen, Valencia, CA) and cDNA was
synthesized using SuperScript ™ III First-Strand (Invitrogen) according to the
manufacturer’s protocol. Real time PCR was carried out using Applied Biosystems 7900HT
Fast Real-Time PCR System with ABI PRISM. The reactions were run at 50°C for 2
minutes, 95°C for 10 minutes, followed by 40 cycles, 95°C for 15 seconds, 60°C for 1
minute. Primer sequences were listed in Supplementary Table S1. The gene expression
levels were calibrated to the housekeeping gene GAPDH using the comparative threshold
cycle (CT) method.

Results
Construction of lentiviral vectors and HoxB4 overexpression in human TF1 cells

GFP in the control lentiviral vector (iDuetA) was replaced by a fragment containing HoxB4-
IRES-GFP as shown in Supplementary Fig. S1 A. Human TF1 cells were transduced by
spinoculation at MOI 10, and transduced cells were selected by 200 ng/ml hygromycin for 4
days. The GFP expression in transduced TF cells was detected by flow cytometry
(Supplementary Fig. S2 B). We noticed that GFP expression in TF1-HoxB4 cells decreased
during culture while GFP expression in control TF1-GFP cells was almost constant
(Supplementary Fig. S2 C). As verified by western blot, the expression of HoxB4 is
proportional to GFP expression (Supplementary Fig. S2 D). As detected by reverse
transcription PCR, there is low basal expression of HoxB4 in TF1 control cells and the
expression was greatly increased by overexpression (Supplementary Fig. S2 E).

HoxB4 overexpression in human TF1 cells induced Mk development by upregulating gene
expression of TpoR, Cyclin D1, Fog-1 and Fli-1 while inhibiting c-Myb expression

We analyzed the expression of several cell membrane antigens including CD34, CD41a and
CD61 in transduced TF1 cells by flow cytometry. The percentages of CD61+, CD41a+ or
CD34+/CD41a+ cells were increased 13%, 9% or 10% respectively in TF1-HoxB4 cells
compared to control cells (Fig. 1A); HoxB4 overexpression also increased the percentages
of CD61+, CD41a+ and CD34+/CD41a+ cells in TF1 stimulated by PDB and TPO (Fig. 1B).
The cell numbers were counted every day during culture, and we found that HoxB4
overexpression inhibited the cell growth (Fig. 1C); thus increased HoxB4 slightly increased
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the absolute numbers of CD61+ or CD41a+ cells in untreated TF1(Fig. 1D) and in TF1
treated by PDB and TPO (Fig. 1E). When HoxB4 was silenced by lentiviral shRNA in
untreated TF1 cells, the percentages of CD41a+ or CD61+ cells were decreased by 4% or
3%, respectively (Data not shown).

We then studied the effect of ectopic HoxB4 on gene expression in untreated TF1 cells using
real time PCR. Compared to the expression in TF1 control cells, HoxB4 expression was
increased about 20 fold with gene insertion and decreased to half of basal expression with
shRNA silencing (Fig. 1F, 1H). The expression of TopR, Scl-1, Cyclin D1, Fog-1, and Fli-1
in TF1-HoxB4 was increased about 3.5 fold, 1.4 fold, 1.6 fold, 1.7 fold, and 1.9 fold
respectively, and c-Myb expression was decreased while the expression of GATA-1 and NF-
E2 had no changes compared to the expression in control cells (Fig. 1G). GATA-2
expression was also not changed by ectopic HoxB4 as detected by reverse transcription
PCR. HoxB4 silencing in TF1 cells mainly increased c-Myb expression and decreased Fli-1
expression (Fig. 1H).

Morphological analysis indicated that increased HoxB4 slightly increased Mk polyploidy.
There is a low rate of spontaneous Mk differentiation in TF1 cells [19], so few cells with
multiple nuclei were observed in TF1 control cells. However, about 1.5 times more cells
with multiple nuclei were observed in TF1-HoxB4 cells (Supplementary Fig. S2).

Recombinant tPTD-HoxB4 fusion protein increased the percentages and absolute
numbers of CD61 or CD41a positive cells and increased the numbers of CFU-Mk during Mk
development from CD34 positively-selected cord blood cells

50nM recombinant tPTD-HoxB4 fusion protein or BSA was added every two days to the
serum-free culture medium for CD34 positively-selected cord blood cells. The expression of
CD34, CD41a, CD61, CD42a and CD42b was analyzed by flow cytometry on Day 5 and
Day 8. During the differentiation of CD34 positively-selected cord blood cells, percentages
of CD61+, CD41a+ and CD34+/CD41a+cells were increased by 4%, 9% and 6% respectively
on Day 5 and increased by 5%, 13% and 8% on Day 8 by recombinant tPTD-HoxB4 fusion
protein (Fig. 2A and 2B). Exogenous tPTD-HoxB4 protein still increased the absolute
numbers of CD61+, CD41a+ and CD34+/CD41a+ cells (Fig. 2C and 2D) though it also
inhibited cell growth (Fig. 2E). Ectopic HoxB4 slightly increased the percentages of
CD42a+ or CD42b+ cells on Day 5 but had no effect on these two markers on Day 8. Real
time PCR indicated that exogenous HoxB4 also increased the expression of TopR, Cyclin
D1, Fog-1 and Fli-1 while it inhibited c-Myb expression as we found from human TF1 cells
(Fig. 2F).

We performed CFU-Mk assays on Day 5 and Day 8 during megakaryocytic differentiation
of CD34 positively-selected cord blood cells. Recombinant tPTD-HoxB4 fusion protein
increased the colony numbers of CFU-Mk on both Day 5 and Day 8 (Fig. 3A and 3B).

Discussion
HoxB4 has been shown to play important roles in HSCs and in some hematopoietic
progenitor cells such as in granulocyte-macrophage progenitors and lymphoid progenitors
[1,8]. It is a promising tool to expand HSCs or progenitor cells in vitro, and to promote
hematopoietic development of human embryonic stem cells or from human induced
pluripotent stem cells [4,5–6]. In this study, we found that ectopic HoxB4 enhanced Mk
development in both TF1 cells and cord blood cells as evidenced by increased percentages
and absolute numbers of two important Mk-specific markers, CD41a and CD61, and
increased numbers of CFU-Mk derived from CD34 positively-selected cord blood cells.
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The underlying molecular mechanisms of HOXB4’s actions in hematopoiesis have not been
clearly identified yet. Sauvageau and coworkers reported that HOXB4 overexpression in
Rat-1 fibroblasts increased the expression of JunB, Fra-1 and Cyclin D1 [25]. They also
found that the DNA-binding ability of HoxB4 was very important for its HSC-expanding
function [26]. In our study, several target genes of ectopic HoxB4 were identified and Tpo R
was the most affected one. Many studies have highlighted the central role of TpoR (c-Mpl)
during Mk development since TopR mediates the effects of TPO on megakaryopoiesis
[10,27]. TPO is a primary regulator of hematopoiesis and megakaryocytic development. One
previous study indicated that the effect of TPO on hematopoietic cells is mediated by
elevated expression of HoxB4 [28]. Our study found that ectopic HoxB4 increased the
expression of TpoR, suggesting that the increased expression of TpoR was one of the
molecular bases of the effect of increased HoxB4 expression on Mk development.

The changes of cell surface antigen expression and gene expression and the increased
numbers of CFU-Mk caused by ectopic HoxB4 suggest that increased HoxB4 may primarily
play roles in early megakaryocytic development. CD41 and CD61 are expressed in both
early and later Mk development [18], and our study indicated increased HoxB4 greatly
increased the expression of these two cell surface markers; CD42a and CD42b are two late
Mk-specific markers and ectopic HoxB4 only slightly increased their expression. In this
study, we found that ectopic HoxB4 did not change the expression of genes such as NF-E2
which play important roles in late Mk development [29] but changed the expression of genes
such as TpoR, Scl-1, Cyclin D1, Fli-1, Fog-1 and c-Myb which may have roles in early or in
both early and late megakaryocytic differentiation. The result that ectopic HoxB4 increased
Fog-1 expression with no effects on GATA-1 expression may also indicate the role of
HoxB4 in early Mk development because Fog-1 functions in a GATA-dependent pathway as
a cofactor in late megakaryocytic differentiation but in a pathway unrelated to GATA-1
during early Mk development [16,30]. One previous study also found that HoxB4
overexpression had no detectable effect on GATA-1 expression [31].

One previous study showed that HoxB4 overexpression inhibited cell growth in a dose-
dependent manner and the inhibition was aggravated under reduced serum concentration,
and they also found that this anti-proliferative effect was partially because of an increased
sensitivity of cells with HoxB4 overexpression to induction of apoptosis [32]. In our study,
we also found the inhibition of cell growth by increased HoxB4. A concentration of 50nM
of HoxB4 fusion protein was used in our study and some other studies [4,33]; however, a
low concentration of 10nM or 15nM HoxB4 fusion protein also successfully expanded stem/
progenitor cells [4,34]. Since HoxB4 inhibits cell growth in a dose-dependent manner, a low
concentration of HoxB4 fusion protein may be used to expand cells ex vivo more efficiently
in serum-free conditions.

Conclusion
We report that increased HoxB4 in human TF1 progenitor cell line increased the expression
of two important megakaryocyte specific markers CD41a and CD61, upregulated the gene
expression of Tpo receptor, Scl-1, Cyclin D1, Fog-1and Fli-1 and downregulated the c-Myb
expression. Silencing HoxB4 by lentiviral shRNA in TF1 cells decreased the expression of
CD41a or CD61, increased c-Myb expression and decreased Fli-1 expression. We also
found that recombinant tPTD-HoxB4 fusion protein increased the colony numbers of CFU-
Mk derived from CD34 positively-selected cord blood cells, increased the percentages and
absolute numbers of CD61 and CD41a positive cells, increased the gene expression of Tpo
receptor, Cyclin D1, Fog-1and Fli-1 and decreased the c-Myb expression. These results
indicated that ectopic HoxB4 enhanced early megakaryocytic development in human cells
and suggested that increasing HoxB4 expression or adding recombinant HoxB4 fusion
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protein can be used to expand early megakaryocytic progenitors and will act to increase
megakaryocytic differentiation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HSCs hematopoietic stem cells

HPCs hematopoietic progenitor cells

CFU-Mk colony-forming units megakaryocyte

IL-3 interleukin 3

GM-CSF granulocyte-macrophage colony-stimulating factor

TpoR thrombopoietin receptor

Fog-1 Friend of GATA-1

Fli-1 Friend leukemia integration 1

Mk megakaryocyte

TPO thrombopoietin

Scl-1 stem cell leukemia-1

PDB phorbol dibutyrate

FBS fetal bovine serum

RT-PCR reverse transcription polymerase chain reaction

TF1-WT wild type TF1 cells

TF1-GFP TF1 cells transduced by control lentivirus containing GFP

TF1-HoxB4 TF1 cells transduced by lentivirus containing HoxB4-IRES-GFP
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Fig. 1.
HoxB4 overexpression in TF1 cells increased the expression of CD61 and CD41a by
primarily upregulating TpoR expression and downregulating c-Myb expression. (A)
Percentages of CD61 or CD41a positive cells in untreated TF1 cells. (B) Percentages of
CD61 or CD41a positive cells in TF1 cells treated by PDB and TPO. (C) Cell growth of
untreated TF1 cells was inhibited by HoxB4 overexpression. (D) Absolute numbers of CD61
or CD41a positive cells in untreated TF1 cells. (E) Absolute numbers of CD61 or CD41a
positive cells in TF1 cells treated by PDB and TPO. (F) HoxB4 expression in TF1 cells. (G)
Gene expression in TF1 control and TF1-HoxB4 cells. (H) Gene expression in TF1 control
and TF1-HoxB4 shRNA cells. Data is the averages of three independent experiments.
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Fig. 2.
Recombinant tPTD-HoxB4 fusion protein increased the expression of CD61 and CD41a
during Mk development from CD34 positively-selected cord blood cells by primarily
increasing TpoR expression and decreasing c-Myb expression. (A) Percentages of CD61 or
CD41a positive cells on Day 5. (B) Percentages of CD61 or CD41a positive cells on Day 8.
(C) Absolute numbers of CD61 or CD41a positive cells on Day 5. (D) Absolute numbers of
CD61 or CD41a positive cells on Day 8. (E) Cell growth was inhibited by HoxB4 fusion
protein. (F) Gene expression on Day 8. Data is from two independent experiments.
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Fig. 3.
CFU-Mk assays. (A) Numbers of CFU-Mk per 5,000 cells on Day 5 and Day 8. (B)
Absolute numbers of CFU-Mk on Day 5 and Day 8. Data is from two independent
experiments.
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