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Abstract

Programmed cell death-2 (PDCD2) protein is enriched in embryonic, hematopoietic, and neural 

stem cells, however, its function in stem/progenitor cell differentiation is unclear. We investigated 

the effects of PDCD2 knockdown on the development and differentiation of hematopoietic 

progenitor cells (HPC). CD34+ cells derived from normal human bone marrow and K562 leukemic 

cells were effectively transduced with short-hairpin RNA to knockdown PDCD2. Colony-forming 

assays were used to investigate the effects of PDCD2 loss on HPC clonogenic potential and on 12-
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O-tetradecanoyl-phorbol-13-acetate–and arabinofuranosylcytosine–induced terminal 

differentiation. In CD34+ clonogenic progenitors, PDCD2 knockdown decreased the total number 

of colony-forming units, increased the number of colony-forming units–granulocyte-erythroid-

macrophage-megakaryocyte and burst-forming unit–erythroid primitive colonies, and decreased 

the number of burst-forming unit–erythroid mature colonies. Similar results were observed in 

K562 cells, suggesting that PDCD2 is important for HPC differentiation and/or survival, and for 

erythroid lineage commitment. Furthermore, 12-O-tetradecanoyl-phorbol-13-acetate–induced 

megakaryocytic differentiation and proliferation of K562 cells was not affected by PDCD2 

knockdown. In contrast, arabinofuranosylcytosine-induced erythroid differentiation of K562 cells 

was significantly reduced with PDCD2 knockdown, with no effect on cell proliferation. The 

effects of PDCD2 knockdown were attributed to a cell cycle arrest at G0/G1, along with increased 

messenger RNA expression of early progenitor factors c-MYB and GATA-2, and decreased 

expression of erythroid factors GATA-1, EpoR, and γ-globin. We conclude that PDCD2 loss of 

function(s) impedes erythroid differentiation by inducing cell cycle arrest and increasing 

expression of early hematopoietic progenitor factors. These findings suggest that PDCD2 has a 

novel regulatory role in human hematopoiesis and is essential for erythroid development.

Defining the factors that regulate the developmental plasticity of hematopoietic progenitor 

cells and how multipotent progenitors commit to terminal cell fates is an important aspect of 

hematology. The hierarchical transition from hematopoietic stem cells (HSCs) to lineage-

restricted progenitor cells involves progressive loss of self-renewal potential and modulation 

of proliferative ability and lineage commitment. During hematopoietic development, the 

differentiation potential occurs at the levels of transient primitive erythroblasts, multipotent 

progenitor cells (MPPs), and definitive HSCs [1]. Hematopoietic colony-forming cell (CFC) 

assays have been used extensively to assess hematopoietic progenitor content and to identify 

stimulatory and inhibitory growth factors [2,3]. For example, the sequence of differentiation 

stages for the erythroid lineage includes MPP, common myeloid progenitors that undergo 

progressive loss of lymphoid potential and segregation into the bipotent megakaryocytic-

erythroid progenitor (MEP). When stimulated with growth factors, the erythroid-restricted 

progenitors differentiate into erythropoietin (Epo)-responsive earlier burst-forming unit–

erythroid (BFU-E) and subsequent late colony-forming unit–erythroid (CFU-E). CFU-E 

then generate a cascade of erythroid precursors that progress through terminal erythroid 

differentiation. This erythroid precursor maturation is characterized by decreased cell size, 

hemoglobin accumulation, nuclear condensation, and expression of erythroid surface 

markers.

At the molecular level, hematopoietic MPPs undergo a progressive restriction of 

differentiation driven by lineage-restricting transcription factors (TFs) in response to 

cytokines, chemokines, and colony-stimulating factors [4]. Lineage-restricting TFs, such as 

SCL/TAL1, GATA-2, MYB, PAX5, PU.1, FLI1, or RUNX1, are critical for the specification 

and biological function of HSCs and MPPs. In addition, these essential hematopoietic TFs 

maintain MPPs, promote restriction of differentiation potential to produce unipotent 

progenitors, and may be required for lineage commitment to produce the 10 subtypes of 

mature blood cells. Although the expression of many of these factors is largely not 
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hematopoietic-restricted, their roles in regulating hematopoietic differentiation have been 

established.

Clearly, many more important regulators of HPC differentiation remain to be identified. We 

hypothesized that PDCD2 plays important role(s) in directing lineage-specific differentiation 

of human HPCs for several reasons. Key functional evidence for a critical role of PDCD2 in 

stem cell development was recently reported in Drosophila by Minakhina and Steward, 

where the PDCD2 ortholog ZFRP8 was found to be essential for maintenance of hemocyte 

stem cells, but not their differentiated daughter cells [5]. Pdcd2 is enriched in mouse 

embryonic, neural, and hematopoietic stem cells [6], and is highly expressed in human 

embryonic stem cells compared with their differentiated derivatives [7]. Knockout mouse 

studies showed that Pdcd2 is essential for embryonic stem cell viability and self-renewal [8]. 

Mouse Pdcd2 has not been reported to bind to DNA as a transcriptional factor, but rather, 

physically interacts with host cell factor 1 [9], which regulates multiple phases of the cell 

cycle [10]. Cellular functions of human PDCD2 have not been fully elucidated. Human 

PDCD2 is located on chromosome 6q27 in a region involved in both translocations and 

deletions in leukemias and lymphomas [11–13], therefore, PDCD2 might also be required 

for hematopoietic cell fate decisions.

Leukemic cells frequently retain differentiation programs similar to those of normal 

hematopoietic progenitors. K562 leukemia cells, derived from a patient with chronic 

myeloid leukemia (CML) in erythroleukemia blast crisis [14], resemble bipotent MEPs, and 

have been extensively utilized to study erythroid and megakaryocytic differentiation. 

Arabinofuranosylcytosine (Ara-C) can be used to induce erythroid differentiation and 

subsequent hemoglobin synthesis in K562 cells [15]. In contrast, treatment of K562 cells 

with phorbol esters such as 12-O-tetradecanoyl-phorbol-13-acetate (TPA) leads to loss of 

erythroid properties and acquisition of megakaryoblastoid characteristics. These 

megakaryocytic features include synthesis and surface expression of glycoprotein IIIa with 

increased positivity of platelet peroxidase, increased cell volume, and DNA ploidy [16]. We 

used this cellular model to study the role of PDCD2 in MEP cell differentiation. In addition, 

we investigated the effects of lentiviral short-hairpin RNA (shRNA)–mediated knockdown 

of PDCD2 expression on colony-forming activities of normal human bone marrow CD34+ 

cells and K562 leukemia cells. We demonstrate that PDCD2 knockdown decreases survival 

of human HPCs; maintains MEPs and early erythroid progenitors; and reduces spontaneous 

and induced erythroid, but not megakaryocytic differentiation, suggesting that loss of 

PDCD2 interferes with progenitor cell commitment and/or terminal erythroid differentiation.

Materials and methods

Reagents

Cytosine β-D-arabinofuranoside (Ara-C), phorbol 12-myristate 13-acetate (PMA/TPA), and 

benzidine (4,4′-diaminobiphenyl: B3503) were purchased from Sigma (St Louis, MO, 

USA). Serum substitute for culturing human hematopoietic cells (BIT9500), and 

recombinant human stem cell factor were purchased from StemCell Technologies 

(Vancouver, BC, Canada). Recombinant human fms-like tyrosine kinase receptor-3 ligand 

(Flt3L) and recombinant human thrombopoietin were purchased from R&D Systems 

Kokorina et al. Page 3

Exp Hematol. Author manuscript; available in PMC 2017 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Minneapolis, MN, USA). Recombinant fibronectin CH-296 (RetroNectin) was purchased 

from TaKaRa Bio-Clontech (Mountain View, CA, USA).

Cell culture and media

Human leukemia cell lines Reh (lymphocytic leukemia), ML1 (myeloblastic leukemia), 

K562 (erythroleukemia), HL-60 (promyelocytic leukemia), Jurkat (lymphoblastic leukemia), 

and 293T (virus producer packaging cell line) were generously provided by Dr. Ganesan 

(Cancer Institute of New Jersey, New Brunswick, NJ, USA). KG-1 (CD34 antigen-

expressing myeloblastic leukemia) cells were purchased from ATCC (Manassas, VA, USA) 

and maintained in Iscove’s modified Dulbecco’s medium (IMDM; Lonza, Rockland, ME, 

USA) supplemented with L-glutamine, and 20% fetal bovine serum (FBS). K562, ML1, and 

Reh cells were maintained in RPMI 1640 medium (Mediatech Inc., Manassas, VA, USA) 

supplemented with 10% FBS. Jurkat cells were maintained in RPMI 1640 medium 

supplemented with 10 mM HEPES and 10% FBS. HL-60 and 293T were maintained in 

DMEM medium (Mediatech Inc.) supplemented with 10% FBS. Cultures were maintained 

at 37°C in an atmosphere of 5% CO2.

Lentiviral production and infection

To create the human GIPZ lentiviral shRNA targeting PDCD2 (pGIPZ-PDCD2) and GIPZ 

lentiviral nonsilencing control (pGIPZ), transfer vectors were purchased from Open 

Biosystems (Thermo Scientific, Huntsville, AL, USA). psPAX2 (packaging plasmid) and 

pMD2G (envelope plasmid) were purchased from AddGene (Cambridge, MA, USA). 293T 

cells were plated at 5.5 × 106 cells per 10-cm plate 1 day before transfection. Medium was 

changed to OPTIMEM reduced-serum medium (GIBCO-Invitrogen, Carlsbad, CA, USA) 30 

min before transfection. Mixture of plasmid DNA consisting of transfer vector, packaging 

plasmid, and envelope plasmid were transfected using Open Biosystems Arrest-In Reagent 

(Thermo Scientific) according to manufacturer’s protocol. Cells were incubated with DNA/

Arrest-In transfection complex for 5 to 6 hours, and then transfection media were aspirated 

and replaced with regular growth medium. The virus-containing media were collected after 

48 hours and filtered through 0.22-μm filter. Viruses were concentrated by 

ultracentrifugation at 4°C for 1.5 hours at 24,500 rpm, and then reconstituted in IMDM 

medium, followed by determination of viral titers. The protocol for lentiviral transduction 

for primary human CD34+ hematopoietic stem/progenitor cells was modified from 

Millington et al. [17]. After sorting, CD34+ cells were kept in induction medium (IMDM, 

20% BIT9500, 100 ng/mL stem cell factor, 100 ng/mL Flt3L, and 10 ng/mL 

thrombopoietin) for 48 hours before transduction. After the preinduction period, cells were 

split into three groups. The first group was kept in induction medium (control group), and 

the second and third groups were cultured in IMDM medium only (transduced groups). 

Cells were infected at multiplicity of infection of 40–100 in RetroNectin-coated plates by 

the spin-inoculation method (600g, 1.5 hours, 30°C). After 5 hours of incubation (5% CO2, 

37°C), all of the necessary components of the induction medium were added. At 24 hours 

after infection, cells were monitored for green fluorescent protein (GFP) expression. CD34+ 

cells demonstrated a mean transduction efficiency ranging from 15% to 30%. Cells were 

counted and plated in colony assays. Similar procedures were done for K562 cells, but GFP+ 
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cells were sorted at 48 hours post transduction and placed in liquid phase culture or 

clonogenic medium.

Antibodies, immunohistochemistry, and Western blot analyses

For Western blots, anti-PDCD2 polyclonal antibody (Protein-Tech Group, Chicago, IL, 

USA) (1:500) and anti–β-ACTIN (AC-15) monoclonal antibody (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA, USA) (1:1000) were used as primary antibodies and sheep anti-mouse 

IgG-horseradish peroxidase (Amersham-GE Healthcare, Piscataway, NJ, USA) (1:2000) and 

goat anti-rabbit IgG (H+L)-horseradish peroxidase (GIBCO-Invitrogen) (1:3000) were used. 

Immunohistochemistry was performed on formalin fixed paraffin-embedded tissue sections 

using anti-PDCD2 (1:100), anti-CD235a monoclonal antibody (1:500) (Pierce), and anti-

CD41a (GPIIb/IIIa) (1:50) (a kind gift from Dr. B. Coller, Rockefeller University). Negative 

controls for immunohistochemistry included omitting the primary antibody during staining. 

For Western blotting, total protein lysates were extracted using 1× RIPA buffer (Boston 

BioProducts, Worcester, MA, USA) supplemented with mammalian protease arrest mix 

(786–331; GBiosciences, Maryland Heights, MO, USA), phosphatase inhibitor Cocktail 

(78420; Thermo Scientific, Inc.), 250 μM phenylmethylsulfonyl fluoride (PMSF), and 10 

μg/mL aprotinin. Total proteins were estimated using a Bradford protein estimation kit as per 

manufacturer’s instructions. Total proteins at 40 μg each were separated on 8% to 16% 

Trisglycine precast gels (Lonza, Rockland, ME, USA), transferred to a nitrocellulose 

membrane (Amersham Hybond-ECL; GE Healthcare), and immunostained in the presence 

of 5% milk with anti-pdcd2 antibody, or anti–β-actin antibody after stripping. After three 

15-min washes, secondary antibodies were applied in the presence of 5% milk and 2.5% 

bovine serum albumin. After an additional three 15-min washes, blots were developed with 

ECL Plus (Amersham GE Healthcare).

Purification of human bone marrow CD34+ cells

Bone marrow (BM) from healthy volunteers was collected in heparinized syringes according 

to University of Medicine and Dentistry of New Jersey institutional guidelines under an 

approved institutional review board protocol. Informed consent was obtained in all cases. 

Mononuclear cells were separated using density gradient centrifugation. Fresh normal bone 

marrow (NBM), not older than 10 hours, was diluted with 1 volume of RPMI 1640 medium 

and layered over Ficoll-Paque PLUS (GE Healthcare). Nearly 4 mL diluted BM were 

layered over 3 mL Ficoll in a 15-mL conical tube. Tubes were centrifuged at 400g for 30 

min at 20°C in a swinging-bucket rotor without brakes. The upper layer and interphase were 

collected into a new 15-mL tube, washed twice with phosphate-buffered saline, and cells 

were then counted before labeling with magnetic bead–or fluorochrome-conjugated 

antibodies.

CD34+ cell purification was conducted using MACS cell sorter (Miltenyi Biotech, Auburn, 

CA, USA) and MACS CD34 Cell Isolation Kit using positive selection. Cells were then 

frozen in α–minimum essential medium with 20% FBS and 10% dimethyl sulfoxide, and 

were thawed when needed for prestimulation and transduction.
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CFC assay for NBM and K562 leukemic cells

Assays for in vitro CFC for transduced and nontransduced CD34+ NBM cells and K562 

cells were carried out in 1% methylcellulose medium supplemented with stem cell factor (50 

ng/mL), granulocyte-macrophage colony-stimulating factor (10 ng/mL), interleukin-3 (10 

ng/mL), and erythropoietin (3 U/mL) (Metho-Cult H4434; StemCell Technologies), which is 

formulated to support optimal growth of erythroid progenitors (CFU-E and BFU-E), 

granulocyte-macrophage progenitors (CFU-GM, CFU-G, and CFU-M) and multi-potential 

granulocyte, erythroid, macrophage and megakaryocyte progenitors (CFU-GEMM). CFC 

assays for CD34+ BM cells were performed by plating 6 × 103 to 1.7 × 104 cells/mL and for 

K562 cells from 103 to 1.7 × 104 cells/mL. Cultures were scored after 14 days for the 

presence of colonies (>40 cells). Erythroid colonies scoring were based on an estimate of the 

total number of cells in the colony, as well as the number of clusters making up the colony 

[2,3]. Scoring for primitive and mature BFU-E colonies was performed as described [18,19]. 

Benzidine staining of colonies was done as described previously [20].

Analysis of cellular differentiation

Erythroid differentiation was induced with 0.36 μM Ara-C. After 8 days, cells were 

cytospun for 5 min at 240 rpm, fixed with 100% methanol for 1 to 2 min, followed by 

standard Wright-Giemsa staining to determine the various stages of cell differentiation [21]. 

For hemoglobin content, cells were stained with benzidine solution as described previously 

[22]. Twenty microliters of 30% hydrogen peroxide mixed with 500 μL benzidine solution 

were added to an equal volume of cell suspension. The mixture was incubated at room 

temperature protected from light for 3 to 5 min. Cells were imaged and randomly selected 

fields were analyzed by ImageJ software (Treestar, Ashland, OR, USA). The staining 

threshold was set from 0 to 123 intensity to normalize background. Pixel densities from 0 to 

500 were considered negative (cells without staining), 501 to 2000 were weak (light blue 

cells), and >2001 were strong (dark blue cells) staining. A total of at least 300 cells from two 

independent experiments were counted.

Megakaryocyte differentiation was induced with 10 nM TPA for 2 days. Differentiation was 

assessed by cellular morphology using standard Wright-Giemsa staining and with ploidy 

assay as a molecular feature of megakaryocytic differentiation [16] after propidium iodide 

staining. The ploidy classes were then determined after cytometric analysis.

Flow cytometry

For cell cycle analysis, cells were synchronized during a 24-hour culture in the absence of 

FBS (serum starvation) and subsequently serum stimulated for 72 hours in the presence of 

10% FBS. A total of 4 × 104 cells were stained with saponin-propidium iodide solution 

(0.25% saponin, 50 μg/mL propidium iodide, 50 mg/mL RNAse A, 0.1% bovine serum 

albumin, 1 × phosphate-buffered saline) for 1 hour at room temperature.

To determine the purity of CD34+ cells after sorting, cells were stained with MACS anti-

human CD34-phycoerythrin according to manufacturer’s recommendations, washed twice 

with phosphate-buffered saline, and stained with 2 μg/mL propidium iodide to exclude 

nonviable cells. Cells were analyzed using a FC500 Flow Cytometer (Beckman Coulter; 
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Miami, FL, USA) with FlowJo software. At least 10,000 events were acquired to determine 

the proportion of positive cells compared with isotype control.

Quantitative real-time polymerase chain reaction

Total RNA was isolated by TRIzol Reagent (GIBCO-Invitrogen) according to the 

manufacturer’s protocol. Complementary DNA synthesis was performed with 400 to 800 ng 

total RNA using RevertAid Premium First Strand cDNA Synthesis kit with Ribolock RNAse 

inhibitor (Fermentas, Glen Burnie, MD, USA) according to manufacturer’s protocols. 

Quantitative real-time polymerase chain reaction (PCR) was performed in triplicate or 

quadruplicate, with Express SYBR GreenER Universal qPCR Supermix (Invitrogen), using 

the Step One Plus Real Time PCR instrument (Applied Biosystems). Quantitative real-time 

PCR primers were: γ-GLOBIN forward (CTTCAAGCTCCTGGGAAATGT) and reverse 

(GCAGAATAAAGCCTACCTTGAAAG), ε-GLOBIN forward 

(GCCTGTGGAGCAAGATGAAT) and reverse (GCGGGCTTGAGGTTGT), PDCD2 
forward (CTGTGGAGCTGGGCTTCGCC) and reverse 

(CAGCAGGAAGGAGAGCGGGC), and GAPDH forward 

(AAATTGAGCCCGCAGCCTCCC) and reverse (CGGCTGGCGACGCAAAAGAA). 

Expression levels of γ-GLOBIN, ε-GLOBIN, and PDCD2 were estimated by minimal cycle 

threshold values (Ct) normalized to the reference expression of GAPDH in each sample.

Gene expression profile by semi-quantitative reverse transcription PCR

Total RNA and complementary DNA preparation has been prepared as described above. The 

G3PDH, EpoR, GATA-1, GATA-2, and c-MYB transcripts were amplified from the 

complementary DNA by conventional PCR using gene-specific primers Table 1. Each 

sample was tested in triplicate.

Statistical analysis

All analyses were done using SAS 9.2 (SAS Institute, Cary, NC, USA). Tukey’s adjustment 

was applied to all pairwise comparisons. Mixed models (proc glimmix procedure) were used 

to model benzidine treatment and cell cycle data. For colony-forming assay (Fig. 2 and 3), 

the numbers of colonies were normalized to the total number of plated cells. The analyses 

for different types of colonies were done using proc mixed procedure with cell (normalized 

number for each colony type) as a response and treatment (CONTROL, pGIPZ, and 

PDCD2) as a predictor. For the benzidine treatment (Fig. 5B) and cell cycle data (Fig. 4D 

and 5C), the model included percentage of cells (percent cells with different level of 

benzidine staining or in each phase of cell cycle) as a response and group (CONTROL, 

pGIPZ, and PDCD2 groups), treatment (with or without Ara-C), and parameters were 

grouped by treatment interaction as predictors.

Modeling was done separately for each cell type. All other data were statistically analyzed 

using Student’s t test (Excel software; Microsoft Corp., Redmond, WA, USA). Differences 

with p values ≤0.05 were considered statistically significant.
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Results

PDCD2 is expressed in NBM and leukemia cell lines

To study the role of PDCD2 in hematopoiesis, we first performed immunohistochemical 

staining of NBM and found that PDCD2 protein was detected in multiple cell types at 

different levels (Fig. 1A). Antibody specificity was determined by omitting the primary 

antibody during immunohistochemical staining (Supplementary Figure E1; online only, 

available at www.exphem.org). Dual immunohistochemical staining indicated that PDCD2 is 

coexpressed with CD41a+ megakaryocytic cells (Fig. 1B) and CD235+ erythroid cells (Fig. 

1C), respectively. Next, we examined PDCD2 protein levels in six different leukemic cell 

lines: Reh (acute lymphocytic leukemia), ML1 (myeloblastic leukemia), K562 

(erythroleukemia blastic phase of CML), HL-60 (promyelocytic leukemia), Jurkat 

(lymphoblastic leukemia), and KG-1 (CD34+ myeloblastic leukemia). PDCD2 was detected 

in all six cell lines tested, with the highest level observed in K562 erythroleukemia cells 

(Fig. 1D).

Engineering of a lentiviral delivery system with high-efficiency RNA interference into 
hematopoietic progenitors

We generated a lentiviral shRNA delivery system for PDCD2 knockdown (Supplementary 

Figure E2A; online only, available at www.exphem.org). K562 cells were successfully 

transduced by nonsilencing control lentiviral vector (pGIPZ) and vector producing shRNA 

specific to the PDCD2 gene (pGIPZ-PDCD2). Transduced K562 cells were sorted at 48 

hours post transduction for GFP expression (Supplementary Figure E2B; online only, 

available at www.exphem.org). We verified that >95% cells were effectively transduced by 

each of the lentiviral vectors on the basis of coexpression of GFP and functional shRNA. 

Knockdown of PDCD2 expression was successfully achieved in K562 and 293T cell lines, 

which was confirmed by Western blot analysis (Fig. 1E). The effects of PDCD2 shRNA on 

PDCD2 protein levels in K562 cells were examined over a 6-week period. Knockdown of 

PDCD2 began to subside at week 4, and expression returned almost to control levels by 

week 6 (data not shown). These results suggested that the effects of PDCD2 shRNA are 

time-dependent, and that knockdown of PDCD2 might interfere with hematopoietic cell 

proliferation and/or survival. The negative control shRNA viral vector transduction did not 

alter PDCD2 expression levels compared with nontransduced control. We concluded that our 

lentiviral system produces efficient and specific PDCD2 gene silencing. All of the 

experiments in this study were performed between weeks 1 and 3 post transduction to 

maintain consistency and reproducibility.

PDCD2 knockdown in CD34+ cells results in impaired HSC proliferation and differentiation

CD34+ cells were isolated from NBM of healthy volunteers under an approved institutional 

review board, and were transduced at multiplicity of infection of 40 to 100 with pGIPZ or 

pGIPZ-PDCD2 shRNA. Nontransduced cells served as additional controls. Cells were 

counted, and without sorting for GFP+ cells, were plated on methylcellulose semisolid 

medium supplemented with all necessary components to support optimal growth and 

differentiation of human hematopoietic progenitors (Fig. 2A and Supplementary Figure 

E3A; online only, available at www.exphem.org). After transduction, transduced cells gave 
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rise to 15% to 30% GFP+ colonies. Colony types were distinguished based on previously 

published characteristics [2]. Scoring of erythroid colonies was based on the total number of 

cells in the colony, as well as the number of cell clusters making up the colony. This scoring 

method allowed us to identify erythroid progenitors derived from different stages based on 

fluorescence and Wright-Giemsa staining. Statistical analyses were performed in two steps: 

first, all formed colonies were counted and analyzed to examine the overall effect of viral 

transformation on the total population of cells. Second, only GFP+ colonies were scored and 

compared to identify the effects of PDCD2 gene knockdown vs control pGIPZ virus. In the 

first step, the total numbers of colonies (GFP+ and GFP+) produced by each group were 

normalized to the number of plated cells, and the mean and standard deviation were 

calculated. The normalized number of colonies per cell for CONTROL was 0.1017 ± 0.006; 

for pGIPZ was 0.1036 ± 0.004, and for PDCD2 was 0.0714 ± 0.003. There was a 30% 

statistically significant decrease in the total number of colonies in PDCD2 knockdown group 

(*p < 0.0001 when compared to CONTROL; *p = 0.006 when compared to pGIPZ) 

compared with control groups (Fig. 2B). This result suggests that PDCD2 is important to 

sustain HSC/HPC viability.

CFU-E are the smallest and most rapidly maturing erythroid colonies; they consist of one or 

two cell clusters containing 100 to 200 erythroblasts with distinctive reddish-orange hue due 

to their content of hemoglobin. BFU-E are a class of more primitive erythroid progenitors 

than CFU-E, and could be divided in two subgroups: mature (m) and primitive (p) [19]. 

BFU-E(m) are the immediate precursors of CFU-E, they are fully hemoglobinated and 

contain from 3 to 8 erythroblast clusters and ~100 to 500 cells (Fig. 2A, colony 1). BFU-

E(p) are more primitive erythroid progenitors, which might not be fully hemoglobinated 

until day 18, and each contains 9 or more clusters of proerythroblasts and/or erythroblasts 

with >500 cells (Fig. 2A, colony 3). CFU-GM are late progenitors that are restricted to the 

granulocyte and/or macrophage lineages. CFU-GM colonies are relatively homogeneous and 

each consists of 50 to 100 cells (Fig. 2A, colony 2). CFU-GEMM are the most primitive 

multipotent progenitor colonies and contain progenitor cells that give rise to multiple 

lineages and appear with small numbers of granulocytes, macrophages, and/or 

megakaryocytes around the periphery of a spherical mass of hemoglobinated erythroid cells 

(Fig. 2A, colony 4). The morphology of each type of colony (1–4) was verified by Wright-

Giemsa staining. All formed colonies were scored on day 14.

The distribution of all colony types in the three groups is shown in Supplementary Figure 

E3B; online only; available at www.exphem.org). To determine if PDCD2 knockdown has 

an impact on specific CFUs, we scored and compared all GFP+ colony types in pGIPZ and 

PDCD2 groups (Fig. 2C). There were only occasional GFP+ CFU-E colonies found, 

therefore, CFU-E colonies have not been scored in this experiment. There was a statistically 

significant increase in early progenitors (eightfold for CFU-GEMM; p = 0.016; twofold for 

BFU-E(p); p = 0.01) and a statistically significant decrease in late BFU-E(m) progenitors 

(1.3-fold; p = 0.006) in the PDCD2 group compared with the control pGIPZ group. The 

number of CFU-GM colonies was not significantly different among the groups. These 

results suggest that PDCD2 knockdown increases the numbers of hematopoietic multipotent 

progenitors and interferes with maturation of erythroid progenitors.
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Effect of PDCD2 knockdown on colony-forming ability of K562 leukemic cells

We tested the effect of suppressing PDCD2 expression in K562 erythroleukemia cells. This 

cell line was chosen for multiple reasons. First, this cell line was derived from a CML 

patient in blastic phase; cells harbor the Ph1 chromosome and express BCR-ABL [14,23–

25]. Second, K562 cells have been a useful model for studying differentiation along multiple 

hematopoietic lineages, including erythroid, granulocytic, and megakaryocytic lineages 

[20,26]. Third, the hemoglobins induced in K562 cells are embryonic and fetal, despite the 

origin of the cell line from an adult patient [27]. Finally, expression of PDCD2 protein was 

the highest among all tested leukemia cell lines (Fig. 1B).

Nontransduced (CONTROL) and lentiviral-transduced cells with control (pGIPZ) and 

shRNA-PDCD2 (PDCD2) cells were plated on methylcellulose medium similar to CD34+ 

fraction of cells from NBM (Fig. 3A). Total numbers of colonies produced by each group of 

cells were normalized to the number of plated cells, and mean and standard deviation were 

calculated (Fig. 3B) (CONTROL: 0.053 ± 0.013; pGIPZ: 0.067 ± 0.015; and pGIPZ-

PDCD2: 0.043 ± 0.008). K562 cells with PDCD2 knockdown exhibited a significant 

decrease of ~36% in the number of colonies grown compared with the control virus group (p 
= 0.028). There was no significant difference between CONTROL and pGIPZ groups. These 

observations raised the possibility that PDCD2 inhibition might have a general effect on 

CML cells and does not exhibit specific effects on lineage differentiation of these cells. To 

address this issue, different types of colonies were scored in the three treatment groups (Fig. 

3C). In the PDCD2 group, there was a 33% increase in the number of CFU-GEMM earliest 

multipotent progenitors without reaching a statistical significance (p = 0.089). In addition, a 

significant decrease of ~18% in BFU-E(m) colonies (p =0.006) and a statistically significant 

increase of 36% in CFU-E (p = 0.042) were observed (Fig. 3C). There were occasional 

BFU-E(p) colonies ranging from one to five per plate in each group, for which no statistical 

analysis were performed. CONTROL and pGIPZ groups did not show any statistically 

significant difference in all scored colonies.

It was previously reported that K562 cells in colony-forming assays demonstrate high rates 

of commitment (the decision to express a differentiated phenotype and to terminate 

proliferation in the absence of an inducer), and form large numbers of mixed colonies (based 

on number of cells accumulating hemoglobin in the colony) [28]. Because PDCD2 appears 

to be an important player in the differentiation process of early progenitors, and because 

accumulated hemoglobin is a good indicator of erythroid differentiation, we predicted that 

PDCD2 knockdown would affect the amount of hemoglobinated cells per colony. To test this 

hypothesis, we performed direct benzidine staining of colonies (Fig. 3E and Supplementary 

Figure E4; online only; available at www.exphem.org). In our study, three types of colonies 

were found, colonies containing only benzidine-positive cells, colonies containing only 

benzidine-negative cells, and those containing both cell types (mixed colonies). We divided 

these colonies into two groups based on benzidine staining: positive (≥10 stained cells/

colony) and negative (<10 stained cells). All CFU-E colonies in pGIPZ and PDCD2 groups 

were 100% benzidine-positive, as were 95% of the colonies in the CONTROL group (95.2% 

± 0.65%), confirmed by examining the morphology of these colonies. There was an 11-fold 

significant decrease in the number of benzidine-positive BFU-E colonies in the PDCD2 

Kokorina et al. Page 10

Exp Hematol. Author manuscript; available in PMC 2017 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



group (7.6% ± 4.43%) compared with the pGIPZ group (81.5% ± 0.97%) (p < 0.0001). 

Additionally, a 1.4-fold decrease in CFU-GEMM colonies without reaching statistical 

significance (PDCD2 group: 26% ± 2.91%; pGIPZ group: 36.8% ± 11.61%) was observed. 

These data are in agreement with our previous findings that PDCD2 knockdown leads to a 

decrease in erythroid differentiation of CFUs.

Effects of PDCD2 knockdown on TPA-induced megakaryocytic differentiation of K562 cells

Hematopoietic cell development is not only controlled by self-renewal of multipotent 

progenitor cells and their commitment to various hematopoietic lineages, but also is 

regulated by further differentiation and development of the committed cells. This prompted 

us to investigate the role of PDCD2 during enforced terminal lineage differentiation of K562 

cells. Multipotent K562 cells can be chemically induced to differentiate to the 

megakaryocytic lineage using Ara-C. Nontransduced cells (CONTROL group) and 

transduced cells with a control virus (pGIPZ group) and shRNA-PDCD2–expressing virus 

(PDCD2 group) were treated with 10 nM TPA for 48 to 72 hours. To assess the effect of 

TPA on proliferation of nontransduced and transduced cells, cells were monitored for 72 

hours (Fig. 4A). Transduced cells were proliferating at higher rates compared to 

nontransduced cells, which could be a direct viral effect on cell proliferation. At the same 

time, proliferation was inhibited in all groups after TPA induction, indicative of cells 

induced for terminal differentiation. Megakaryocytic differentiation of K562 cells induced 

by TPA was identified by three methods, cell morphology, cell polyploidy [29], and ploidy 

analyses using flow cytometry. Wright-Giemsa staining demonstrated a marked increase in 

cell size, extensive multinuclearity, and vacuolation after TPA induction in all groups 

(Supplementary Figure E5; online only, available at www.exphem.org). Percentages of 

erythroid (pro-erythroblasts, intermediaries, and mature erythroblasts) and megakaryocytic 

lineages were counted before and after TPA stimulation (300 cells were counted for each 

group in two independent experiments, mean percentages are shown) (Fig. 4B). There were 

no differences in cell ratio of megakaryocyte to erythroid before and after stimulation, with 

one exception, there was a significant decrease in the ratio of erythroid to megakaryocytic 

cells without TPA induction in the PDCD2 group (Fig. 4B) compared with treated cells. 

Because equal numbers of cells were examined, we deduced that PDCD2 knockdown has a 

specific effect on erythroid cells but not megakaryocytes because we did not observe any 

impact on induced megakaryocytic terminal differentiation by TPA in the PDCD2 group. 

Ploidy analysis by flow cytometry showed an identical pattern in all groups before and after 

TPA treatment, with a significant increase in 4N cells (increased ploidy indicative of 

megakaryocytic differentiation) in all groups after TPA induction (Fig. 4C). More detailed 

cell cycle analysis did not show any statistically significant differences in the different stages 

of the cell cycle between the groups before and after stimulation (Fig. 4D). Due to the 

observed effect of PDCD2 knockdown on the ratio between erythroid and megakaryocytic 

lineages, we decided to further investigate the role of PDCD2 in erythroid lineage 

differentiation.
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PDCD2 knockdown leads to incomplete Ara-C–induced erythroid differentiation of K562 
cells

To evaluate the effect of Ara-C on proliferation of nontransduced and transduced K562 cells, 

these cells were monitored for 1 week (Fig. 5A). Ara-C treatment decreased proliferation in 

the cells of the control groups (CONTROL and pGIPZ), as expected. However, in the 

PDCD2 group, Ara-C treatment showed only a partial suppression of proliferation at 72 

hours (Fig. 5A), and this partial suppression of proliferation was significantly different from 

proliferation of the control groups (CONTROL and pGIPZ) at day 7 (Fig. 5A). This 

observation suggested that only a subset of K562 cells might be able to terminally 

differentiate into more mature erythroid lineages. To confirm this observation, 

nontransduced and transduced cells were treated with Ara-C for 8 days to achieve maximal 

stimulation and were then stained with benzidine, a hemoglobin-specific dye 

(Supplementary Figure E6; online only; available at www.exphem.org, and Fig. 5B). Cell 

differentiation was scored based on negative, weak, or strong benzidine staining. One 

hundred and fifty cells were analyzed and counted in duplicate using ImageJ software for 

each group in three independent experiments, and percentage of stained cells was calculated 

for each group. No untreated groups showed any differences in the number of benzidine-

positive vs -negative cells. We did not observe any statistically significant differences in 

CONTROL and pGIPZ groups with or without Ara-C treatment. After induced erythroid 

differentiation with Ara-C, there was a fourfold significant decrease in number of cells with 

strong benzidine staining (p < 0.0001), and a 13-fold increase in number of cells with weak 

staining (p <0.0001) in the PDCD2 group. The number of negative cells did not change in 

the PDCD2 group compared with control pGIPZ group (Fig. 5B, lower panel). These data 

demonstrate a reduction in hemoglobin synthesis in K562 cells with PDCD2 knockdown, 

and point to a novel role for PDCD2 during erythroid differentiation.

To study the molecular mechanisms by which PDCD2 knockdown might regulate cell 

proliferation and erythroid differentiation, we performed cell cycle analysis during induction 

of erythroid differentiation with Ara-C (Fig. 5C). At 72 hours, knockdown of PDCD2 by 

itself had no significant effect on proliferation, but after Ara-C treatment, there was a 

significant increase in proportion of cells in G0/G1 in the control groups, but not with 

PDCD2 (37% vs 54% in control pGIPZ group; p value <0.001), and a significant increase in 

the proportion of cells in G2/M compartment (28% vs 10% in control pGIPZ group; p = 

0.004). Ara-C–induced differentiation evidenced by accumulation of cells in G0/G1 and 

PDCD2 knockdown was associated with less accumulation of cells in G0/G1 compared with 

control pGIPZ group, suggesting that PDCD2 knockdown impedes terminal maturation of 

erythroid progenitors. As expected, no significant alterations of cell cycle profiles were 

observed between control groups (CONTROL and pGIPZ).

Gene expression changes with PDCD2 knockdown in Ara-C–induced erythroid 
differentiation of K562 cells

To determine whether PDCD2 might play a role in regulating the expression of erythroid- 

and/or progenitor cell-associated transcription factors, we first confirmed that treatment of 

K562 cells with Ara-C resulted in up-regulation of both γ-GLOBIN and ε-GLOBIN 
messenger RNA (mRNA), at 72 hours during early induction of erythroid differentiation and 
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at 7 days when this induction is completed (Fig. 6A). The induction of γ-GLOBIN by Ara-C 

was highly statistically significant at both time points compared with ε-GLOBIN (Fig. 6A). 

Therefore, we used γ-GLOBIN as a molecular marker for induction of erythroid 

differentiation in our studies of the effects of PDCD2 knockdown. Next, we determined that 

PDCD2 mRNA levels are significantly up-regulated in K562 cells upon erythroid induction 

with Ara-C (Fig. 6A). The increased PDCD2 expression correlated with the up-regulation of 

γ-GLOBIN expression indicative of erythroid differentiation (Fig. 6A). In contrast, the 

levels of γ-GLOBIN mRNA determined by quantitative real-time PCR were significantly 

reduced with PDCD2 knockdown at both 72 hours and 7 days compared with control groups 

(CONTROL and pGIPZ) (Fig. 6B), confirming the failure of initiation and/or termination of 

erythroid maturation seen with PDCD2 knockdown. We next examined the expression of 

early erythroid (GATA-1 and EpoR) and hematopoietic progenitor cell markers (c-MYB, 
GATA-2) in K562 cells during Ara-C–induced differentiation (Fig. 6C). Reverse 

transcription PCR analyses were performed in three groups before and after stimulation with 

Ara-C treatment for 8 days in four independent experiments. Expression levels were 

normalized to G3PDH levels for each experiment, and mean ± standard deviation were 

plotted. There was a significant increase in mRNA expression of c-MYB and GATA-2 (nine- 

and twofold, respectively) and a sevenfold decrease in mRNA expression of GATA-1. These 

data are consistent with the reports describing an important role for c-MYB and GATA-2 in 

early hematopoiesis, while the expression of these factors diminishes during erythroid 

differentiation [30–32].

K562 cells express two isoforms of erythropoietin receptor; a truncated (EpoR-T) and a full-

length (EpoR-F) isoforms. The truncated (EpoR-T) isoform is longer as it contains the 

unspliced intron 7 [33]. Both EpoR isoforms were markedly up-regulated upon Ara-C 

induction, while PDCD2 knockdown was associated with a significant decrease in the 

expression of both EpoR isoforms with or without Ara-C induction (Fig. 6C). EpoR-T was 

more than 40 times decreased in PDCD2 group (p < 0.015 for both groups). In Ara-C–

treated groups: EpoR-F was expressed only in control groups and showed a 10-fold decrease 

in PDCD2 group (p ≤ 0.023 for both groups), EpoR-T was expressed in all groups with more 

than threefold decrease in PDCD2 group (p ≤ 0.003 for both groups). These results support 

the previously published data that EpoR-T is predominant in immature erythroid progenitor 

cells, while EpoR-F is predominant in mature erythroid progenitors [34]. Because GATA 
factors and EpoR are involved in erythroid differentiation of K562 cells, the decreased 

expression of these factors in the PDCD2 group reflects an arrest in the erythroid maturation 

cascade of these cells even after Ara-C stimulation [32,35]. Taken together, these results 

suggest that PDCD2 knockdown inhibits erythroid differentiation of K562 cells by up-

regulating TFs sustaining multilineage progenitors, while down-regulating erythroid-specific 

signals.

Discussion

The identification of novel proteins that regulate human stem cell and early progenitor cell-

fate decision is a major goal in experimental and clinical hematology. In this study, we 

investigated the role of PDCD2 in lineage-specific differentiation of human HPCs. We 
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demonstrated that PDCD2 influences the proliferation and differentiation of colony-forming 

units of HPCs, and is important for the terminal differentiation of erythroid progenitors.

Our work builds on earlier studies that demonstrated the involvement of PDCD2 in blood 

development. Using GFP-labeled homozygous mutant ZFRP8 clones in ZFRP8 
heterozygous animals, Minakhina et al. provided the evidence that Drosophila hemocytes are 

established from a stem cell, and further, that the identity of these hemocyte stem cells is 

dependent on the function of ZFRP8, an ortholog of human PDCD2 [5]. More recently, our 

group utilized the zebrafish model to study pdcd2 function during embryonic hematopoiesis 

[36]. PDCD2 protein sequence comparisons revealed that PDCD2 proteins shares significant 

homology among all eukaryotes [36]. Loss of the zebrafish pdcd2 perturbs embryonic 

hematopoietic development with cell cycle defects and accumulation of erythroid 

progenitors during primitive hematopoiesis [36]. To validate these results in human cells, we 

took advantage of the CFC assay, which is a useful tool to define primarily quiescent 

progenitors, and could provide evidence for self-renewal capacity and/or multilineage 

differentiation potential. PDCD2 knockdown displayed particular selectivity for CFU-

GEMM and BFU-E primitive colonies, which are representatives of early erythroid 

progenitors. Increased numbers of CFU-GEMM and BFU-E(p) colonies with PDCD2 
knockdown might be explained by two views. One possibility is that loss of PDCD2 
interferes with the ability of progenitor cells to terminally differentiate. The second view is 

that PDCD2 loss increases the ability of these progenitors to self-renew. It was recently 

demonstrated by England et al. that during definitive erythropoiesis, proerythroblasts have 

the capacity for extensive self-renewal divisions in vitro [37]. Their study challenges the 

traditional views of hierarchical hematopoietic differentiation and suggests that intermediate 

progenitors or transit amplifying cells might possess self-renewal features. Therefore, the 

two views of the effects of PDCD2 loss limiting differentiation or promoting stemness and 

self-renewal are not mutually exclusive, because self-renewal of stem and progenitor cells 

requires coordination of cell cycle progression and cell-fate choices [38]. In addition, 

PCDC2 might also be required for processing of self-renewal and/or differentiation signals, 

and loss of PDCD2 might deregulate the balance between these signals.

Early G1 phase of the cell cycle is a crucial period for cell-fate decision making in response 

to extracellular signals [38]. K562 cells are relatively resistant to the anti-metabolite Ara-C. 

When K562 cells are treated, Ara-C gets incorporated into their DNA, resulting in disruption 

of further DNA synthesis by activation of the ATM (ataxia telangiectasia mutated) and ATR 
(ATM and Rad3-related) protein kinase function. Activation of ATM and ATR initiates 

downstream cellular response to DNA damage, and induces differentiation into erythrocytes 

without undergoing apoptosis [15,39]. In addition, induction of hemoglobin synthesis in 

K562 cells with Ara-C is dependent on cell cycle phase, with cells within late G1 and early S 

phases become sensitive to the effect of the agent and start to accumulate hemoglobin [15]. 

PDCD2 knockdown caused fewer cells to arrest at the G1 phase of the cell cycle, resulting in 

formation of colonies with limited abilities to accumulate hemoglobin. Flow cytometric 

analysis of shRNA-mediated knockdown of PDCD2 in K562 cells showed that treatment 

with Ara-C failed to significantly increase the percentage of cells in G0/G1 phase and cells 

accumulated in the G2 phase. It is possible that loss of PDCD2 prevented erythroid 

progenitors from reaching the late G1 phase and proceeding through terminal differentiation. 
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However, prolonged exposure to Ara-C for up to 8 days did not improve the level of 

erythroid differentiation of K562 cells in the PDCD2 knockdown group, suggesting that 

these cells lost their ability to produce and/or accumulate hemoglobin. These data suggest 

that PDCD2 regulates cell cycle progression, and that perturbation of cell cycle distribution 

by itself does not necessarily lead to differentiation. Furthermore, PDCD2 effects appear to 

be specific to phases of the cell cycle that are necessary for erythroid differentiation. Further 

studies are required to clarify the role of PDCD2 and DNA damage during Ara-C–induced 

erythroid differentiation.

We have shown that K562 cells, upon treatment with TPA, showed acceleration in cell size 

increase, vacuolization, and polyploidy, which are unique features of megakaryocytes [26]. 

Interestingly, loss of PDCD2 expression did not interfere with these cellular changes leading 

to megakaryocytic differentiation, and no differences in cell cycle analyses were noticed. 

Accordingly, PDCD2 knockdown affected the ratio between megakaryocytic and erythroid 

cells toward decreased number of erythroid cells, suggesting that PDCD2 is essential for 

erythroid lineage differentiation from MEP, and that PDCD2 effects might correlate with 

levels of cell cycle activation during the progressive differentiation of these progenitors.

Our data suggest that PDCD2 is important for early stages of cell-fate decision making. 

There is currently a paucity of data describing the role of PDCD2 in embryonic and 

hematopoietic progenitor cell developmental processes. It was shown that mouse PDCD2 is 

a stem cell factor [6]. PDCD2 is also enriched in human embryonic stem cells compared 

with their differentiated lineage [7]. Knockout of PDCD2 in the mouse is embryonic lethal 

at preimplantation stages [8]. In addition, ZFRP8, the ortholog of PDCD2, is required for 

normal development of Drosophila hemocytes [40]. Importantly, few reports have presented 

evidence for deregulated PDCD2 expression in human leukemias and lymphomas. PDCD2 
expression was shown to be repressed by the oncogenic transcriptional repressor protein 

BCL6 [41–43]. BCL-6 is required to retain erythroblasts in the cell proliferation stage in 

neonatal mice [44], however, whether these effects of BCL-6 on erythroid proliferation were 

dependent on PDCD2 function(s) was not determined. PDCD2 is localized in chromosome 

6q27 in a region involved in both translocations and deletions in leukemias and lymphomas 

[11–13]. Collectively, these data and our results support the notion that PDCD2 plays an 

important role in maintaining stemness and/or fate decision of HPCs. Clearly, it will be 

critical to identify PDCD2 interacting partners that might be involved in regulating these 

critical functions.

To this end, we reasoned that if PDCD2 knockdown regulates the stemness of hematopoietic 

cells, it should lead to changes in gene expression profiles as well. MYB is an important 

regulator of cell differentiation at multiple decision forks in hematopoiesis [45]. Previous 

studies provided compelling evidence supporting a role for MYB as a regulator of the MEP 

lineage bifurcation, and a potent negative regulator of megakaryopoiesis. Studies showed 

that reduced MYB expression in MEP lineage–restricted progenitors increased 

megakaryocytic and reduced erythroid progenitors [46,47]. We found that the expressions of 

c-MYB along with GATA-2 are up-regulated in cells lacking PDCD2. c-MYB was 

previously shown to maintain ex vivo erythroblast proliferation [48], and constitutive 

activation of c-MYB blocks the maturation of murine erythroleukemia cells [49]. Whether 
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PDCD2 loss had a direct impact on c-MYB ability to maintain human erythroid progenitors, 

or led to c-MYB up-regulation secondary to either failure of terminal differentiation or 

accumulation of undifferentiated progenitors remains to be investigated.

Conclusions

Several factors that regulate hematopoietic differentiation and progenitor cell fate 

determination such as c-MYB, GATA-2, HOX genes, and p21WAF1 have been implicated in 

leukemogenesis by arresting differentiation and promoting self-renewal [50]. We found that 

PDCD2 functions similarly to those factors by regulating HPC/MPP proliferation through 

maintaining an undifferentiated gene expression program in leukemic cells. The biochemical 

changes and molecular controls of PDCD2 expression that contribute to the specific 

sequence of events leading to aberrant differentiation during normal and malignant 

hematopoiesis will be important to uncover.
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Figure 1. 
Detection of PDCD2 protein in human leukemia cell lines and normal human bone marrow. 

(A) Immunohistochemical (IHC) staining with anti-PDCD2 antibody of normal human bone 

marrow (arrows indicate positive PDCD2 staining) at magnifications of 40× and 100×. (B) 

Dual IHC with anti-PDCD2 (brown) and anti-CD41a (GPIIb/IIIa) (red) in NBM cells. 

Arrows indicate cells with coexpression of PDCD2 and CD41a. Insert: cytospin 

demonstrating the colocalization of PDCD2 and CD41a expression in a cell that is most 

likely of the megakaryocytic lineage. (C) Dual IHC with anti-PDCD2 (brown) and anti-

CD235a (red) in NBM cells. Arrows indicate cells with coexpression of PDCD2 and 

CD235a. Note that cells with megakaryocytic phenotype (double arrow) only express 

PDCD2 in brown staining as expected, while erythroid cells have both brown and red 

staining. (D) Western blot showing the levels of PDCD2 protein in six leukemia cell lines. 

(E) Knockdown of PDCD2 with shRNA. Cells were harvested after 7 days post transduction 

to assess knockdown efficiency. Western blot analysis confirmed pdcd2 knockdown in 

shRNA-PDCD2 expressing K562 and 293T cell lines. Protein level was measured in total 

protein lysates isolated from nontransduced (CONTROL lane) and transduced (pGIPZ and 

PDCD2 lanes) K562 cells; and nontransfected (CONTROL lane) and transfected (pGIPZ 

and PDCD2 lanes) 293T cells. Blots were first probed with anti-PDCD2 antibody and then 

reprobed with anti–β-actin antibody.
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Figure 2. 
PDCD2 knockdown in CD34+ cells results in impaired hematopoietic progenitor cell growth 

and multilineage differentiation on methylcellulose. (A) Representative colonies (1, 2, 3, and 

4) were prepared from cytospins. Morphology of colony number 1 (BFU-E(m) mature), 2 

(CFU-GM), 3 (BFU-E(p) primitive), and 4 (CFU-GEMM) shown in light and GFP 

fluorescent images at 10× magnification. For colored images of these colonies, see 

Supplementary Figure E4 (online only; available at www.exphem.org). Morphologies were 

confirmed by Wright-Giemsa staining at magnifications of 100× and 400×. BFU-E(m) 

colonies consist mainly of erythroblasts, BFU-E(p) predominantly consist of 

proerythroblasts, CFU-GEMM are mixed-cell colonies (myeloblasts, granulocytes, pro- and 

erythroblasts), and CFU-GM are mainly represented by granulocytes. (B) Graph of total 

number of colonies in nontransduced (CONTROL) or transduced with either nonsilencing 

control (pGIPZ) or shRNA-PDCD2 (PDCD2) viruses. Numbers of colonies were counted 

and normalized to the number of plated cells, mean ± standard deviation (SD) were 

calculated in three independent experiments done in quadruplicate. (C) After transduction, 

CD34+ cells gave rise to 15% to 30% GFP+ colonies. The histogram shows only the 

percentage of GFP+ colonies derived from CD34+ cells in pGIPZ and PDCD2 groups (% 

mean ± SD of two independent experiments done in quadruplicate). Colonies were scored on 

day 14. * indicate p < 0.05 and were considered significant.
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Figure 3. 
PDCD2 knockdown in K562 leukemic cells results in impaired hematopoietic progenitor 

cells growth and multilineage differentiation on methylcellulose. (A) Representative light 

and GFP fluorescent images of lentiviral-transduced K562 cells that were sorted and 

cultured in methylcellulose medium (magnification of 10×). Arrowheads point to BFU-E(m) 

and arrows indicate CFU-GEMM colonies. (B) Graph of total number of colonies in 

nontransduced (CONTROL) or transduced with either control (pGIPZ) or shRNA-PDCD2 

(PDCD2) viruses. Numbers of colonies were counted and normalized to the number of 

plated cells, mean ± standard deviation (SD) were calculated in three independent 

experiments done in quadruplicate. (C) Histogram showing the total percentage of different 

colonies produced by K562 cells in CONTROL (nontransduced) and treatment groups 

(transduced with pGIPZ-control vector and shRNA-PDCD2 expressing vector) (% mean ± 

SD were plotted from three independent experiments done in quadruplicate). (D) Histogram 

showing the percentage of CFU-E colonies produced at day 7 and day 14 from K562 cells in 

CONTROL (nontransduced) and treatment groups (% mean ± SD were plotted from three 

independent experiments done in quadruplicate). (E) Histogram showing the total 

percentage of benzidine-positive colonies produced by K562 cells (% mean ± SD, one 

experiment done in triplicate). Benzidine staining is a hemoglobin cytochemical stain. 

Colonies containing >10 positive (blue) cells were considered positive. * indicate p < 0.05, 

and were considered significant.
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Figure 4. 
PDCD2 knockdown does not affect TPA-induced megakaryocytic differentiation of K562 

cells. K562 cells nontransduced (CONTROL) and transduced with a control lentiviral vector 

(pGIPZ) and one that encodes shRNA-PDCD2 (PDCD2) were induced to differentiate into 

the megakaryocytic lineage with TPA at a final concentration of 10 nM for the number of 

hours indicated. (A) Proliferation of cells was monitored each day for 3 days. The numbers 

of cells were quantified from three independent experiments and shown as the mean ± 

standard deviation (number of cells × 106). (B) The number of erythroid cells 

(proerythroblasts, intermediate cells, and mature erythroblasts) and megakaryocytes were 

counted (300 cells were counted for each group in two independent experiments, and mean 

cell numbers are shown). (C, D) Diagram demonstrating ploidy and cell cycle analyses of 

transduced and nontransduced K562 cells before and after stimulation with TPA. All cells in 

the experimental groups were synchronized during a 48-hour culture in the presence of 1% 

FBS (serum starvation) followed by serum stimulation for 48 hours in the presence of 10% 

FBS. (C) Ploidy analyses. The first peak represents cells in G0/G1 with 2N DNA content. 

The next peak represents cells in G2/M with 4N DNA content. Cells in between the 2N and 

4N peak represent cells in S phase. (D) The distribution of cells in G0/G1, S, and G2/M 

phases was evaluated by measuring their DNA content by propidium iodide staining (% 

mean ± SD, three independent experiments). A p value <0.05 were considered significant, 

however, these experiments did show any statistically significant differences between 

groups.
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Figure 5. 
PDCD2 knockdown impairs Ara-C–induced erythroid differentiation and alters cell cycle of 

K562 cells. K562 cells nontransduced (CONTROL) and transduced with a control (pGIPZ) 

and shRNA-PDCD2 (PDCD2) viruses were induced to differentiate into erythroid lineage by 

incubation with 0.36 μM of Ara-C for the number of days indicated. (A) Proliferation of 

cells was monitored each day for 3 days. The number of cells was quantified from three 

independent experiments and shown as a mean ± standard deviation (SD) (number of cells × 

106). Differentiation of cells was examined by hemoglobin content using benzidine staining, 

and scored based on negative, weak, and strong benzidine staining. (B) Top; representative 

images showing negative, weak, and strong benzidine staining for hemoglobin. Bottom; 

histogram showing the distribution of benzidine-stained cells (% mean ± SD, 150 cells were 

counted in duplicate for each group in two independent experiments). ImageJ software was 

used to analyze the pixel density of each cell in the randomly selected areas. (C) Cell cycle 

analysis of transduced and nontransduced K562 cells before and 72 hours after stimulation 

with Ara-C. All cells in experimental groups were synchronized during a 48-hour culture in 

the presence of 1% FBS (serum starvation) and followed by subsequent serum stimulation 

for 8 days in the presence of 10% FBS. The distribution of cells in G0/G1, S, and G2/M 

phases was evaluated by measuring their DNA content by propidium iodide staining (% 

mean ± SD, five independent experiments). * p < 0.05 and were considered significant.
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Figure 6. 
PDCD2 knockdown impairs Ara-C–induced erythroid differentiation of K562 cells by 

altering gene expression of erythroid progenitor markers. (A) Q-PCR for γ-GLOBIN, ε-
GLOBIN, GAPDH, and PDCD2 were done at 72 hours and after 7 days of induction with 

Ara-C. Data are shown as a ratio to GAPDH levels and are normalized from three 

independent experiments. (B) quantitative real-time PCR for γ-GLOBIN using 

complementary DNA from CONTROL, pGIPZ, and PDCD2 groups. (C) Semi-quantitative 

reverse transcription PCR analyses of c-MYB, GATA-2, GATA-1, EpoR (T = truncated, F = 

full-length), and G3PDH transcripts. Nontransduced cells (CONTROL, white bars) and 

transduced cells with either control (pGIPZ, gray bars) or shRNA-PDCD2 (PDCD2, black 

bars) lentiviral vectors were untreated (UT lane) or treated with Ara-C (Ara-C lane) for 7 

days. ImageJ software was used to analyze band density in three independent experiments 

and normalized to G3PDH levels for each experiment, and mean ± SD were plotted. *p < 

0.05 were considered significant.
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Table 1

Oligonucleotides of forward and reverse primers for reverse transcription PCR

mRNA Forward primer Reverse primer Size of PCR product (bps)

G3PDH 5′-TGAAGGTCGGAGTCAACGGATTTGGT-3′ 5′-CATGTGGGCCATGAGGTCCACCAC-3′ 983

c-MYB 5′-GGCTGCCGCAGCCGGCTGAG-3′ 5′-GAGCTTGTCCAGAAATATGGTC-3′ 475

GATA-1 5′-CAGGTACTCAGTGCACCAAC-3′ 5′-TGGTAGAGATGGGCAGTACC-3′ 334

GATA-2 5′-CAGAAGAGCCGGCACCTGTT-3′ 5′-GGGATGACTTCTCCTGCATG-3′ 254

EpoR 5′-GGACACCTACTTGGTATTGC-3′ 5′-GACGTTGTAGGCTGGAGTCC-3′ 552 and 457
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