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Abstract The proto-oncogene, pleomorphic adenoma

gene-like 2 (PLAGL2), is implicated in a variety of cancers

including acute myeloid leukemia (AML), malignant gli-

oma, colon cancer, and lung adenocarcinoma. There is

additional evidence that PLAGL2 can function as a tumor

suppressor by initiating cell cycle arrest and apoptosis.

Interestingly, PLAGL2 has also been implicated in human

myelodysplastic syndrome, a disease that is characterized

by ineffective hematopoiesis and can lead to fatal cytope-

nias (low blood counts) as a result of increased apoptosis in

the marrow, or, in about one-third of cases, can progress to

AML. To gain a better understanding of the actions of

PLAGL2 in human myeloid cells, we generated a stable

PLAGL2-inducible cell line, using human promonocytic

U937 cells. PLAGL2 expression inhibited cell proliferation

which correlated with an accumulation of cells in G1,

apoptotic DNA-laddering, an increase in caspase 3, 8, and

9 activity, and a loss of mitochondrial transmembrane

potential. There was significant increase in the p53

homologue, p73, with PLAGL2 expression, and consistent

with mechanisms of p73-regulated cell cycle control and

apoptosis, there was increased expression of known p73

target genes p21, DR5, TRAIL, and Bax. PLAGL2-induced

cell cycle block was abolished in the presence of p73

siRNA. Together, these data support a role for PLAGL2 in

cell cycle regulation and apoptosis via activation of p73.
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Introduction

Pleomorphic adenoma gene-like 2 (PLAGL2), along with

PLAG1 and PLAGL1, belong to the small PLAG family of

zinc-finger transcription factors [1]. PLAG proteins are

highly homologous in the N-terminal zinc finger domain

(PLAGL1 and PLAGL2 are 73 and 79% identical to

PLAG1, respectively) with the C-terminal region being

more divergent [2]. Considering the degree of identity

between the zinc-finger DNA-binding domains, it is not

surprising that PLAG proteins recognize similar GC rich

consensus DNA-binding sequences, and raises the possi-

bility that these family members regulate an overlapping

set of target genes and pathways [3].

PLAG1 is considered an oncogene due to its involvement in

the t(3:8)(p21; q12) chromosomal translocation associated

with human pleomorphic adenomas of the salivary glands and

increased expression in lipoblastomas and hepatoblastomas

[4–7]. PLAGL1 inhibits tumor cell growth by controlling

apoptosis and cell cycle progression, suggesting PLAGL1

functions as a tumor suppressor [8]. Interestingly, PLAGL2 has

been shown to have both oncogenic and tumor suppressor

activities. Like PLAGL1, PLAGL2 can induce cell cycle block

and apoptosis. Overexpression of mouse PLAGL2 in Balb/

c3T3 fibroblasts and neuroblastoma Neuroa2a cells caused an

increase in the pro-apoptotic factor, bNip3, followed by

apoptosis [9, 10]. In addition, cell injury and/or death in mouse

lung epithelium were caused directly by PLAGL2-induced

expression of bNip3 or indirectly by the aberrant expression of

SP-C-induced endoplasmic reticulum stress [11].
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In contrast, increased levels of PLAGL2 have impli-

cated this family member in a variety of cancers. Ampli-

fication of the chromosomal region 20q11.21 containing

PLAGL2 identified this family member as a suspect cancer

gene in human malignant gliomas and colon cancer, and it

was demonstrated that PLAGL2 inhibited neural stem cell

differentiation and promoted self-renewal, partially

through Wnt/b-catenin signaling [12]. Mouse models have

also suggested a role for PLAGL2 in the development of

lung adenocarcinoma and acute myeloid leukemia (AML)

[13, 14]. Although the mechanism of PLAGL2-induced

lung oncogenesis is not completely understood, PLAGL2

transgenic mice did show an increase in epithelial cells

expressing SP-C, suggesting a role for PLAGL2 in the

expansion of SP-C expressing cells. PLAGL2 was also

identified as a cooperating oncogene in an inv(16) AML

mouse model and was shown to be preferentially increased

in human inv(16) AML samples [14]. Subsequently, it was

demonstrated that PLAGL2 upregulated the thrombopoie-

tin receptor Mpl in inv(16) AML mice, however, there was

no correlation between PLAGL2 and Mpl expression in

gene expression data sets of human AML [15].

Amplification of 20q11.21 was also observed in a

number of human myelodysplastic syndrome (MDS) cases

[16]. MDS is comprised of a heterogeneous group of clonal

disorders characterized by inefficient hematopoiesis, and is

considered a pre-leukemic condition, which can progress to

AML [17]. MDS patients initially present with severe

anemia, and as the disease worsens, they can develop fatal

cytopenias due to increased apoptosis in the marrow, or, in

30–40% of cases, they develop AML. Although the

mechanism of MDS to AML transition is not completely

understood, the frequent association of chromosomal

abnormalities with MDS suggests the involvement of an

oncogene or a tumor suppressor in the pathogenesis and

progression of the disease.

The opposing actions of PLAGL2 and the variable

mechanisms of PLAGL2-induced oncogenesis suggest that

PLAGL2 actions may be determined, in part, through cell

or tissue specific modulators. Although PLAGL2 has been

implicated in the pathogenesis of MDS and AML, to our

knowledge almost nothing is known regarding the effects

of PLAGL2 expression in human myeloid cells. Focusing

on this, we generated a PLAGL2-inducible promonocytic

U937 cell line, and for comparison, a non-myeloid cell line

using human embryonic kidney cells (HEK293). PLAGL2

expression induced cell cycle block and apoptosis, similar

to the effects observed in PLAGL1-expressing LLC-PK1

and SaOs-2 cells [8]. We show significant increase in the

p53 homologue, p73, as well as activation of known p73

target genes, suggesting a novel mechanism for PLAGL2

regulation of cell cycle and apoptosis in human myelo-

monocytic cells.

Materials and methods

Reagents

Oligonucleotide primers were synthesized by Integrated

DNA Technologies, and antibodies were from Santa Cruz

(p57, #sc-1040; p27, #sc-528; p21, #sc-397; Bcl-2, #sc-783;

Bid/tBid, #sc-11423; DR3, #sc-7909; DR5, #sc-53688),

Proteintech Group, Inc (PlagL2, #11540-1-AP), Abcam

(Tap73, #ab40658; DNp73, #ab13649; p53, #ab1101), and

Cell Signaling (Bax, #2774; GAPDH, #2118).

Stable, PLAGL2-inducible cell lines

The HEK293 Tet-On PLAGL2 cell line (HEK293-PLAGL2)

was made using the Tet-On Advanced Inducible Gene

Expression System from Clontech (#630930) as follows. Full

length PLAGL2 cDNA was cloned into the EcoRI/BamHI

restrictions sites in the multiple cloning site of pTRE-tight

vector and the recombinant plasmid, pTRE-Tight-PLAGL2,

was sequenced for integrity. pTRE-Tight-PLAGL2 (8 lg)

and the Linear Hygromycin Marker (400 ng) were transfected

into 106 HEK293 Tet-On cells (Clontech, #630903) using

Lipofectamine 2000 (Invitrogen, #11668) according to the

manufacture’s protocol. Hygromycin (200 lg/ml) was added

to cultures 24 h post-transfection and media containing G418

(100 lg/ml) and hygromycin was replaced every 4 days until

large colonies were visible. Ten to 20 colonies were isolated

using cloning discs, expanded in selection media, and

screened for PLAGL2 expression as follows. Cells were

treated with 1000 ng/ml doxycycline for 48 h to induce

PLAGL2 expression and cell lysates were subjected to

a-PLAGL2 Western blot analysis as previously described

[18]. PLAGL2 positive clones were expanded and maintained

in selection media.

U937 cells are a myelomonocytic cell line derived from a

patient with histocytic lymphoma [19, 20]. The U937 Tet-Off

PLAGL2 cell line (U937-PLAGL2) was generated by trans-

fecting 106 promonocytic U937 Tet-Off cells [21] (a kind gift

from Dr. Thomas Pabst) with 3 lg of pTRE-Tight-PLAGL2

and 300 ng of the Linear Hygromycin Marker using electro-

poration (Amaxa nucleofector, solution V, program W-001)

according to the manufacturer’s suggestion. After 24 h,

cells were recovered by centrifugation, resuspended in

selection media containing G418 (300 lg/ml), hygromycin

(200 lg/ml), and tetracycline (1000 ng/ml) and plated using

ClonaCell-TCS medium (STEMCELL, #03814). Drug

resistant colonies were expanded and clones were analyzed

for PLAGL2 expression by removal of tetracycline with

2 9 50 ml PBS washes, incubating cells for an additional

48 h, and subjecting cell lysates to a-PLAGL2 Western blot

analysis. PLAGL2 positive clones were expanded and main-

tained in selection media.

Apoptosis (2012) 17:236–247 237

123



Quantitative reverse transcriptase-polymerase chain

reaction (qRT-PCR)

HEK293-PLAGL2 and U937-PLAGL2 cells were treated

to induce PLAGL2 expression by the addition of doxycy-

cline or the removal of tetracycline, respectively. 24 or

48 h post-induction, total RNA was isolated using the

RNeasy mini kit (Qiagen, #74106) and subjected to qRT-

PCR using PLAGL2, bNip-3, or SP-C specific QuantiTect

Primers and QuantiTect SYBR Green RT-PCR kit (Qiagen,

#204243) following the manufacturer’s suggestion. Plus

and minus induced samples were run on an ABI 7500 Fast

System and results analyzed using the ABI 7500 System

SDS software. All samples were run in triplicate.

Cell proliferation

HEK293-PLAGL2 and U937-PLAGL2 cells were plated

on day 0 and treated with doxycycline (HEK293) or by

removing tetracycline (U937). Every 24 h cells were ana-

lyzed using AlamarBlue (Invitrogen, #DAL1025) as sug-

gested by the manufacture. Briefly, AlamarBlue was added

to the cells, incubated for 4 h, and fluorescence was read

using 555EX nm/585EM nm filter settings using the

Flexstation II (Molecular Devices). Cell numbers were

also determined and shown to directly correlate with the

AlamarBlue fluorescence data.

Cell cycle analysis

HEK293-PLAGL2 and U937-PLAGL2 cells were treated

to induce PLAGL2 expression. Cell cycle analysis was

performed using a 5-bromo-20-deoxyuridine (BrdU) flow

cytometry kit with a FITC labeled antibody detecting

incorporated BrdU (BD Pharmigen, #559619) as described

by the manufacturer. Briefly, cells were labeled with BrdU

for 45 min then fixed and stored at -80�C. Thawed cells

were permeabilized, fixed, treated with DNase, and treated

with FITC-anti BrdU and 7-AAD, to indicate cells in S

phase and stain DNA, respectively. Fluorophore uptake

was measured on a FACS LSR (BD Pharmigen) using Diva

software (BD Pharmigen) and plots were generated

with DNA (PE-Cy 5-A) on the X axis and BrdU uptake

(AlexaFluor 488-A) on the Y axis. Gates were set for G1,

S, G2/M, and apoptotic fractions and percents were cal-

culated as a fraction of the total cell population.

Apoptotic DNA-laddering

HEK293-PLAGL2 and U937-PLAGL2 cells were treated to

induce PLAGL2 expression. At the indicated times, cells

were lysed in 100 ll lysis buffer (1% NP40, 20 mM EDTA,

50 mM Tris–HCl, pH 7.5) for 10 s, spun for 5 min at

3000 rpm, and supernatant was transferred to a clean tube.

10 ll of 10% SDS and 10 ll of 50 mg/ml RNase A was

added and incubated at 56�C for 2 h. 10 ll of 25 mg/ml

Proteinase K was added and incubation continued for 2 h at

37�C. Chromatin fragments were precipitated from the

supernatants with 10 M ammonium acetate (1/2 volume)

and ice cold EtOH (2.5 volume) for 1 h at -80�C, spun

20 min maximum rpm, washed in 80% ethanol, dried, and

resuspended in TE buffer. Four to 5 lg of DNA was run on

a 2% agarose gel, stained with ethidium bromide, and

visualized under UV light.

FITC Annexin V staining

Cells were washed twice with cold PBS and twice with

binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM

CaCl2, pH 7.4) and resuspended in 100 ll binding buffer

and 5 ll Annexin V-FITC (BD Pharmingen, #556419).

Samples were incubated for 15 min at RT (25�C) in the

dark and viewed using a fluorescence microscope to detect

FITC labeling.

Caspase activity

U937-PLAGL2 cells were treated to induce PLAGL2

expression. Caspase 3, 8, and 9 activity was measured

every 24 h using the caspase colorimetric assay kits from

BioVision (Caspase 3, #K106: Caspase 8, #K113: Caspase

9, #K1190) following the manufacturer’s instruction on the

Flex Station II (Molecular Devices). Fold induction of

caspase activity was determined by dividing caspase

activity in PLAGL2-expressing samples by activity in non-

expressing samples after background subtraction.

Mitochondrial transmembrane potential (MTP)

U937-PLAGL2 cells were treated for PLAGL2 induction

or not induced. The MitoCapture kit (BioVision, # K250)

was used to assess the shift of the cell population to a

decreased intensity of red fluorescence indicating disrup-

tion of mitochondrial potential, an early event defining

apoptosis. Briefly, cells were resuspended with the Mito-

capture reagent at 1 ul/ml, incubated for 15–20 min, and

then analyzed by flow cytometry with cell counts on the Y

axis and red fluorescence (PE-A) on the X axis.

To inhibit mitochondrial depolarization, cells were

treated at 24 h with 150 lM 4,40-diisothiocyanatostilbene-

2,20-disulfonic acid (DIDS) (Oakwood Products, Inc,

#018566) and grown for an additional 48 h (72 h total).

Cells were treated as above to detect mitochondrial mem-

brane potential and analyzed by flow cytometry with cell
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counts on the y axis and red fluorescence (PE-A) on the X

axis. Dot plots of side scatter area (SSC-A) versus forward

scatter area (FSC-A) demonstrate apoptotic (smaller, more

granular) and normal (larger, less granular) cell popula-

tions, respectively.

Apoptosis arrays

U937 cells were induced or not induced for PLAGL2

expression and total protein or RNA was isolated for

screening an Apoptosis Antibody Array (RayBiotech,

#AAH-APO) or an Apoptosis RT Profiler PCR Array

(SABiosciences, #PAHS-012C-2), respectively, according

to the manufacturer’s instruction. Changes in protein levels

for the protein arrays were determined using densitometry

of duplicate spots. Fold regulation for the PCR arrays was

calculated using SABiosciences PCR Array Data Analysis

software. Both the protein and PCR arrays, plus and minus

PLAGL2 expression, were done in duplicate.

Reactive oxygen species (ROS) detection

ROS levels were determined by treating cells with 6-car-

boxy-20,70-dichlorodihydrofluorescein diacetate, di (acet-

oxymethyl ester) as per the manufacturer’s suggestions

(Invitrogen, #C-2938). Briefly, cells were harvested,

resuspended in PBS containing 5 mM of probe, and incu-

bated at 37�C for 60 min. Probe solution was removed and

cells were resuspended in growth media for 60 min, fol-

lowed by analysis using the Flex Station II (Molecular

Devices).

ROS levels were also detected using the Diogenes

Cellular Luminescence Enhancement System (National

Diagnostics, #CL-202) as follows. Cells (2.5 9 105) were

resuspended in 100 ll Diogenes Complete Enhancer

Solution and luminescence read using a Fluoroskan Ascent

FL (Labsystems).

Western blot analysis

HEK293-PLAGL2 and U937-PLAGL2 cells were treated

for PLAGL2 induction or not induced. Protein was isolated

and subjected to SDS-PAGE as previously described [18].

Briefly, equal amounts of samples were separated by SDS-

PAGE on 10 or 12% polyacrylamide gels and transferred to

nitrocellulose membrane. Prestained molecular weight

standards (BioRad or Thermo Scientific) were included on

all gels for reference. The appropriate antibodies were used

to probe Western blots, followed by an HRP-conjugated

secondary antibody (BioRad or Thermo Scientific).

Chemiluminescent developed blots were analyzed using a

FluorChem FC2 imager (Alpha Innotech).

siRNA knockdown

HEK293-PLAGL2 cells were transfected with Dharmacon

siRNA using DharmaFECT transfection reagent (Dharm-

acon, #T-2001) as per the manufacturer’s instructions as

follows. Cells (2 9 105) were plated 24 h prior to trans-

fection in 2 ml of antibiotic free medium in 6 well plates.

Cells were transfected with 75 nM of siGLO (control) or

p73 siRNA, or no siRNA (mock transfection). Two days

post-transfection, media was replaced and samples were

treated with doxycycline for PLAGL2 expression. After

3 days, cells were harvested for protein expression and cell

cycle analysis.

U937-PLAGL2 cells were transfected using Dharmacon

Accell siRNA as follows. Cells were plated in 6 well plates

at 2 9 105 cells/ml in Accell siRNA delivery medium plus

1% fetal bovine serum. siRNA (none, siGLO, or p73 siR-

NA) was added to a final concentration of 2 lM/well. 48 h

post transfection, cells were washed 39 in PBS and

resuspended in fresh Accell siRNA medium with or with-

out tetracycline to induce PLAGL2. After 72 h cells were

harvested for protein expression and cell cycle analysis.

Statistical analysis

Paired t-tests and one-way ANOVA was performed on the

indicated sets of data. Post-test analysis used Tukey’s pair-

wise comparisons (GraphPad Prism Software, San Diego,

CA). Pair-wise comparisons with differences at P \ 0.05

were considered to be statistically significant.

Results

We generated U937-PLAGL2 (Tet-Off) and HEK293-

PLAGL2 (Tet-On) stable, inducible cell lines as described

in materials and methods. Figure 1 shows induction of

PLAGL2 mRNA and protein by addition of doxycycline to

HEK293-PLAGL2 cells or removal of tetracycline from

U937-PLAGL2 cells. Twenty-four hr post-induction, QRT-

PCR and Western blot analysis was used to determine

optimal amounts of doxycycline and tetracycline for

PLAGL2 induction (Fig. 1a, b). U937-PLAGL2 cells pro-

duced more PLAGL2 protein compared to HEK293-

PLAGL2 cells (Fig. 1b), and at doxycycline concentrations

greater than 1000 ng/mL, HEK293-PLAGL2 cells did not

express increased levels of PLAGL2 (data not shown).

To determine the effects of PLAGL2 expression on cell

growth, cell viability was assayed using AlamarBlue. As

seen in Fig. 1c, both cell lines showed a decrease in cell

viability with PLAGL2 expression, with a greater effect in

U937-PLAGL2 cells. Even at the highest PLAGL2

expression levels (1000 ng/ml doxycycline), the HEK293-
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PLAGL2 cells showed a reduction in cell viability that was

similar to that observed in U937-PLAGL2 cells with much

less PLAGL2 protein (10 ng/ml tetracycline). Cell num-

bers were determined and confirmed the lack of cell growth

in these samples (data not shown). These results show that

PLAGL2 expression inhibits cell growth in U937 and

HEK293 cells.

PLAGL2 induces apoptosis and cell cycle block

As mentioned previously, the PLAG family member,

PLAGL1, and the mouse homologue of human PLAGL2,

are known to induce apoptosis and cell cycle arrest.

Visual inspection of U937-PLAGL2-expressing cells in

culture (Online Resource 1A), but not HEK293-PLAGL2
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Fig. 1 PLAGL2 expression inhibits cell growth and induces DNA-

laddering. a PLAGL2 qRT-PCR. b PLAGL2 immunoblot of

PLAGL2-expressing HEK293 (Tet-On) and U937 (Tet-Off) cells.

Cells were treated with doxycylcine (HEK293) or tetracycline

(U937), at the concentrations indicated, to induce PLAGL2 expres-

sion. Total RNA or protein was isolated and analyzed by PLAGL2

qRT-PCR or PLAGL2 immunoblot 24 h post-induction, respectively.

c PLAGL2 expression inhibits cell growth. HEK293- (left) and U937-

PLAGL2-expressing (right) cells were plated on day 0 and treated

with 0 (circle), 5 (square), 10 (triangle), or 1000 ng (inverted
triangle) of doxycycline (HEK293) or tetracycline (U937) as

indicated. Every 24 h AlamarBlue was added to the cells, incubated

for 4 h, and fluorescence was read using 550EX nm/585EM nm filter

settings using the Flex station II. These data are representative of at

least three experiments. d PLAGL2 induces DNA-laddering.

HEK293-PLAGL2 cells were treated for PLAGL2 expression with

increasing amounts of doxycycline (0 and 1000 ng/ml), and U937-

PLAGL2 cells were treated with decreasing amounts of tetracycline

(1000, 10, 5, and 0 ng/ml) as indicated by the triangle over each gel.

At the indicated times, cells were lysed, and chromatin fragments

were precipitated from the supernatants. Four to 5 lg of DNA was

run on a 2% agarose gel, stained with ethidium bromide, and viewed

under UV light. These data are representative of two experiments
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cells (data not shown), showed a steady increase in cell

death over time, with the majority of cells ([80%) dead

by day 5 post-induction. These results were confirmed by

Trypan Blue staining (data not shown). DNA-laddering

of chromatin, an indicator of apoptotic cell death, was

analyzed to determine if PLAGL2-induced cell death was

through an apoptotic mechanism. Figure 1d shows sig-

nificant DNA-laddering in U937-PLAGL2-expressing

cells by 48 h at the highest PLAGL2 expression level

and at the two highest levels by 72 h, consistent with the

cell viability assay (Fig. 1c). In addition, there was sig-

nificantly more Annexin staining of U937-PLAGL2-

expressing cells at 48 h when compared to the non-

induced control (Online Resource 1B). There was only

minimal DNA-laddering observed in the HEK293-

PLAGL2-expressing cells at 120 h, possibly due to lower

levels of PLAGL2 protein in these cells. These data show

that PLAGL2 induces apoptosis in U937-PLAGL2-

expressing cells and suggest that apoptosis is initiated

between 24 and 48 h.

FACS analysis of HEK293- and U937-PLAGL2-

expressing cells was used to further characterize the effects

of PLAGL2 expression on apoptosis and cell cycle pro-

gression. Initial studies detected no significant block in cell

cycle at 24 h (data not shown), therefore, cells were

induced for PLAGL2 expression and stained for DNA

content and BrdU incorporation to indicate cell cycle phase

and DNA synthesis, respectively, at 48, 72, and 96 h.

Figure 2a shows FACS data at 72 h and Table 1 contains

the percent of cells in each phase of the cell cycle at each

time point. U937-PLAGL2-expressing cells showed an

accumulation of cells in G1 (*23%), and to a lesser degree

in G2/M (*7%), with a corresponding loss of cells in S

phase compared to non-induced samples. In addition, there

was an increase in the Sub-G1 (apoptotic) population

compared to non-induced cells at 72 and 96 h of 3 and 6%,

respectively. In contrast, while HEK293-PLAGL2-

expressing cells also showed an accumulation of cells in

G1 (*8–9%) which corresponded to a similar loss of cells

in S phase, it was to a lesser degree, and there was no

change in the Sub-G1 population. The data show that,

while U937-PLAGL2 cells show a greater accumulation of

cells in G1, and to a lesser extent in G2, as well as induced

apoptosis, HEK293-PLAGL2 cells show less of a block in

G1 with no change in the apoptotic fraction. Again, the

dissimilarity in PLAGL2 expression levels between cell

lines could account for the difference in response. In

addition, the inability to detect a block in the cell cycle at

24 h and the significant block observed in G1 by 48 h in

both cell lines, suggests that the block in cell cycle is ini-

tiated between 24 and 48 h, similar to induction of

apoptosis.

PLAGL2 expression induces the caspase cascade

and a loss of MTP

Because PLAGL2-induced apoptosis in mouse cells was

shown to be via bNip-3 and/or SP-C [11], we used qRT-

PCR to look for changes in mRNA levels for these genes.

There were no PLAGL2-induced changes in bNip-3 or SP-

C mRNA levels in HEK293- or U937-PLAGL2-expressing

cells (Online Resource 2), suggesting that the PLAGL2-

induced apoptosis in U937 cells is via a different

mechanism.

We have shown previously that PLAGL2 regulated

expression of p67phox, a protein component of the nico-

tinamide adenine dinucleotide phosphate (NADPH) oxi-

dase complex, and was required for increased NADPH

oxidase activity in response to TNF-a [22]. Because the

NADPH oxidase can be activated in U937 cells to produce

ROS, and ROS can induce apoptosis [23], we analyzed

ROS levels in response to PLAGL2 expression. U937-

PLAGL2 cells induced for PLAGL2 expression were

treated with ROS detection reagent, 6-carboxy-20,70-
dichlorodihydrofluorescein diacetate, di (acetoxymethyl

ester) (Online Resource 3A). There was basal ROS pro-

duction detected in non-induced cells (-PLAGL2), but no

measurable increase in ROS levels in PLAGL2-expressing

cells at 48 or 72 h. To rule out undetected subtle changes in

ROS, we assayed for O2
- production using the more sen-

sitive (100–600 fold) Diogenes cellular luminescence

enhancement system. While there were no changes in O2
-

levels in the presence of PLAGL2 at 24 h, there was a

slight increase at 72 h when comparing ± PLAGL2

expressing cells (Online Resource 3B). However, detection

of DNA laddering, as well as increased Annexin V staining

and caspase activity, prior to 72 h suggested that the

mechanism of PLAGL2-induced apoptosis was not via

increased levels of ROS.

Next we asked if PLAGL2-induced apoptosis involved

the caspase cascade. U937-PLAGL2 cells were treated for

PLAGL2 expression and cell lysates were assayed for

initiator caspase 8 and 9 and effector caspase 3 activity

every 24 h over 4 days (Fig. 2b). There was a statistically

significant increase in caspase 3 and 9 activity by 48 h and

caspase 8 by 72 h, demonstrating that PLAGL2 expression

activates the caspase cascade.

To determine if PLAGL2-induced apoptosis is through

the extrinsic or intrinsic apoptotic pathways, we deter-

mined if PLAGL2 expression caused a loss of MTP

(Online Resource 4). While there was a loss of MTP

observed with PLAGL2 expression (Online Resource 4A),

there was no change in the percent of apoptotic cells when

samples were treated with DIDS, a mitochondrial anion

channel inhibitor (Online Resource 4B). Together, these
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data suggest that, while the mitochondrial apoptotic path-

way is activated with PLAGL2 expression, it is not the

major mechanism of PLAGL2-induced apoptosis.

PLAGL2 regulates the p53 homologue, p73, and known

p73 target genes

To further characterize the mechanism of PLAGL2-induced

apoptosis and cell cycle block in U937 cells, we screened an

Apoptosis Antibody Array (RayBiotech) and an Apoptosis

RT Profiler PCR Array (SABiosciences). Results are shown

in Online Resources 5 and 6. Of particular interest was the

*75 fold increase in p73 mRNA observed in the PCR array

screen with PLAGL2 expression. p73 is a p53 family

member, and like p53, can induce cell cycle arrest through

regulation of cell cycle inhibitors p21 and p57 and apoptosis

through activation of death receptors, Bax activation, and

endoplasmic reticulum (ER) stress [24–26]. Consistent with

p73-induced apoptotic mechanisms, we saw an increase in

mRNA levels for the death receptors, DR5 and DR3, of 2.3-

and 111-fold, respectively, and the DR5 ligand, TRAIL, of

5.2-fold, as well as a slight increase in Bax mRNA of 1.3

fold. Increased levels of p21 protein of 1.6-fold were also

detected, consistent with the mechanisms of p73-induced

cell cycle arrest.

There are multiple isoforms of p73 due to differential

mRNA splicing and activation of alternate promoters [27].

While the transactivation proficient TAp73 shows pro-

apoptotic effects, the transactivation deficient, amino-

deleted DNp73 has an anti-apoptotic function and it is the

relative levels of these isoforms that determine cell survival

versus cell death [24]. Western blot analysis was used to

evaluate changes in p73 protein levels in U937 cells in

response to PLAGL2 expression, as well as HEK293 cells

to possibly explain the difference in response to PLAGL2.

As seen in Fig. 3, Western blot analysis of U937- and

HEK293-PLAGL2 cells showed an increase in TAp73 with

PLAGL2 expression compared to non-induced cells. While

the HEK293-PLAGL2 non-induced cells had basal levels

of TAp73, the non-induced U937-PLAGL2 cells had no

detectable levels of TAp73 protein. DNp73 protein was

also detected in HEK293- and U937-PLAGL2 cells, how-

ever, there were no changes in expression levels with

PLAGL2 induction in HEK293 cells and a decrease in

U937 cells. Because p73 and p53 regulate similar genes to

induce cell cycle block and apoptosis, we also looked at

levels of p53 protein and saw no change in the levels of p53

with PLAGL2 expression. These data demonstrate that

PLAGL2 increases levels of the apoptotic TAp73 protein,

and suggest that PLAGL2-induced apoptosis is via an

increase in the relative ratio of TAp73/DNp73.
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Fig. 2 PLAGL2 expression causes cell cycle block and activates the

caspase cascade. a PLAGL2-induced cell cycle block. HEK293-

PLAGL2 and U937-PLAGL2 cells were treated to induce PLAGL2

expression. At 48, 72, and 96 h cells were harvested and treated with

BrdU followed by incubation with a FITC labeled anti-BrdU antibody

to detect cells in S phase, and stained with 7-AAD to detect DNA.

Shown are representative FACS plots at 72 h. Fluorophore uptake was

measured on a FACS LSR (BD) using Diva software (BD) and plots

were generated with DNA content (PE-Cy 5-A) on the X axis and

BrdU uptake (AlexaFluor 488-A) on the Y axis. Gates were set for

Sub-G1, G1, S, and G2/M fractions and labeled as Sub-G1, G1, S, and

G2, respectively. Percent of cells in each gate was calculated as a

fraction of the total cells and shown in Table 1. Upper panels are non-

induced and lower panels are PLAGL2-induced samples. These data

are representative of at least three experiments. b PLAGL2 activates

the caspase cascade. U937-PLAGL2 cells were induced for PLAGL2

expression, or not induced, and analyzed for caspase 3 (open bar), 8

(hatched bar), and 9 (solid bar) activity every 24 h using the caspase

colorimetric assay kits from BioVision. Fold induction of caspase

activity was determined by dividing caspase activity in PLAGL2-

expressing samples by activity in non-expressing samples at each time

point, after subtracting background. These data are representative of at

least three experiments. *P \ 0.05 compared to 24 h samples
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Although the antibody apoptosis array showed no

change in Bax protein, the PCR apoptosis array did show a

minimal change in Bax mRNA (Online Resources 5 and 6).

Therefore, because Bax is a known p73 target gene, we

analyzed protein levels for Bax, as well as the mitochon-

drial proteins Bid and Bcl-2 by Western blot analysis.

There was an increase in Bax and a decrease in Bcl-2

protein levels observed in response to PLAGL2 (Fig. 3),

consistent with changes in their respective mRNA levels as

indicated in the PCR apoptosis array. Consistent with

caspase 8 activation, there was a decrease in Bid corre-

sponding to an increase in truncated tBid. HEK293 cells

had much lower levels of tBid compared to U937 cells, as

indicated by the lengthy exposure time required to detect

protein. This result is consistent with the barely detectable

increase in DR5 levels in these cells. There was a signifi-

cant increase in DR3, and to a lesser extent, DR5, in U937-

PLAGL2 cells, again, consistent with the PCR apoptosis

array data. Together, these data demonstrate that PLAGL2

expression activates the extrinsic apoptotic pathway as

noted by increased protein levels of death receptors DR5

and/or DR3, activation of caspase 8, and truncation of Bid.

The apoptosis antibody array showed a clear increase in

p21, a member of the pCip/Kip family of cell cycle

inhibitors [28]. We had prior indications that PLAGL2 also

upregulated another pCip/Kip cell cycle inhibitor, p57, in

HEK293-PLAGL2 cells (unpublished data). Because

TAp73 has been shown to regulate both of these genes [26,

29], changes in p21 and p57, as well as the third pCip/Kip

family member, p27, were investigated using Western blot

analysis. Interestingly, all three proteins showed increased

levels in HEK293- and U937-PLAGL2-expressing cells

(Fig. 3), with greater increases in p21 and p57 levels in

HEK293 cells and a greater increase in p27 levels in U937

cells. These data suggest a role for PLAGL2-induced cell

cycle block via TAp73 regulation of the pCip/Kip family of

cell cycle inhibitors.

p73 knockdown inhibits PLAGL2-induced cell cycle

block and Bax expression

To determine if PLAGL2 regulation of p73 caused cell

cycle block and apoptosis, HEK-293- and U937-PLAGL2

cells were transfected with p73 siRNA. Figure 4a shows

efficient knockdown of TAp73 protein in HEK293 cells to

below basal levels after 72 h of siRNA treatment. While

knockdown of p73 was observed in U937 cells, levels were

still greater than those sufficient to induce apoptosis and

cell cycle block at 48 h (Fig. 4a). The difference in the

degree of p73 knockdown is likely due to poor transfection

Table 1 Cell cycle distribution of PLAGL2 expressing cells

Sub-G1 G1 S G2/M

HEK293

48 h (-) 1% 37% 52% 11%

48 h (?) 1 45 44 9

72 h (-) \1 42 50 9

72 h (?) \1 50 41 9

96 h (-) 1 43 51 5

96 h (?) \1 52 41 7

U937

48 h (-) 1 37 56 7

48 h (?) 1 63 18 19

72 h (-) \1 52 42 6

72 h (?) 3 79 6 13

96 h (-) \1 66 30 4

96 h (?) 6 83 4 7

- no PLAGL2, ? PLAGL2 induced

HEK293 U937
- + - +

TAp73

Δ Np73

p21

p27

p57

Bcl-2

GAPDH

Bax

PLAGL2

DR3

p53

Bid

tBid

DR5

*

*
*

Fig. 3 PLAGL2 increases levels of TAp73 and known p73 target

genes. HEK293- and U937-PLAGL2 cells were treated for PLAGL2

induction (?) or not induced (-) as indicated. Protein was isolated

and equal amounts of protein were subjected to 10 or 12% SDS-

PAGE followed by immunoblot analysis for the indicated proteins.

Chemiluminescence was detected using a FluorChem FC2 imager.

HEK293 tBid Western blot required lengthy exposures to detect

protein. * indicates DR5 isoforms and truncated p21 [46]
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efficiency of U937 cells. PLAGL2-induced cell cycle block

in HEK293 cells was completely inhibited in the presence

of p73 siRNA as noted by similar cell cycle distribution

when comparing mock transfected, non-induced cells and

p73 siRNA PLAGL2-expressing cells (Fig. 4b, upper

panel, and Table 2). This result is consistent with reduced

TAp73

GAPDH
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Fig. 4 p73 knockdown in HEK293-PLAGL2-expressing cells inhib-

its PLAGL2-induced cell cycle arrest. a p73 knockdown in HEK293-

and U937-PLAGL2 cells. HEK293- and U937-PLAGL2 cells were

mock transfected or transfected with siGLO (negative control) or p73

siRNA. Cells were treated for PLAGL2 induction (?), or not induced

(-) as indicated. Protein was harvested at 72 h post-induction. Equal

amounts of protein were subjected to SDS-PAGE and analyzed by

western blot for the indicated proteins. b p73 knockdown inhibits

PLAGL2-induced cell cycle arrest. HEK293- and U937-PLAGL2

cells were mock transfected or transfected with siGLO (negative

control) or p73 siRNA (sip73) as indicated. Cells were treated for

PLAGL2 induction (?), or not induced (-) as indicated. 72 h post-

induction cells were harvested for cell cycle analysis. Cells were

labeled to detect S phase (Y axis) cells and DNA content (X axis) and

analyzed as in Fig. 4. Percent of cells in each gate was calculated as a

fraction of the total cells and shown in Table 2. Upper panel
HEK293-PLAGL2-expressing cells, lower panel U937-PLAGL2-

expressing cells
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expression of cell cycle inhibitors p27 and p57, and to a

lesser extent p21, in p73 siRNA HEK293-PLAGL2-

expressing cells (Fig. 4a). Similar affects were observed

with the U937 cells, although to a lesser degree, again,

possibly due to inefficient p73 knockdown (Fig. 4b, lower

panel, and Table 2). The decrease in cells in G1 (3%) was

minimal when comparing mock transfected U937-

PLAGL2-expressing cells to p73 siRNA treated PLAGL2-

expressing cells with a consistent and corresponding

increase in cells in S phase. While there was reduction in

p21, the effect was less for p27 and there was no change in

p57 levels. Due to ineffective p73 knockdown in U937

cells and the increase in the apoptotic population as a result

of transfection alone (Table 2, Mock-), a direct role of p73

in PLAGL2-induced apoptosis in U937 cells could not be

determined. We did, however, note a reduction in Bax

protein with p73 siRNA treatment in both cell lines,

demonstrating that PLAGL2 activation of p73 regulates

expression of pro-apoptotic Bax. Together, the data show

that PLAGL2 activation of p73 regulates cell cycle in

HEK293, and suggests that PLAGL2-induced apoptosis in

U937 cells may be, in part, regulated by p73 activation of

pro-apoptotic Bax.

Discussion

Given the implication of PLAGL2 in the pathogenesis of

MDS and AML [14–16], understanding the mechanisms of

PLAGL2 actions in human myeloid cells may provide

insights into the potential role of PLAGL2 in these blood

diseases. The present study shows that PLAGL2-induced

cell cycle block and apoptosis in the human myelomono-

cytic U937 cell line is not via bNip-3 or SP-C pathways as

demonstrated in mouse Balb/c3T3 fibroblasts, neuroblas-

toma Neuroa2a cells and mouse lung epithelium [10, 11].

Rather, our data support a role for PLAGL2 in cell cycle

regulation and apoptosis via activation of the p53 homo-

logue, p73, and p73 target genes.

Cellular stresses such as oncogene expression and DNA

damage can activate p73 and lead to growth arrest and

apoptosis [24, 30]. Overexpression of oncogenes has been

shown to activate p73 transcription, and in the case of

E2F1, p73 activation is through direct binding of E2F1 to

the p73 promoter [31–33]. Other studies have shown that

cisplatin and ionizing radiation-induced DNA damage

activates c-Abl kinase causing an accumulation of p73

through protein stabilization [34–36]. Additional proteins

shown to regulate p73 activity through post-translational

modifications or protein–protein interactions include ace-

tyltransferase p300, MDM2, Itch, FBOX45, NEDL2,

Cyclin G, UFD2a, and ASPP family of proteins [27]. The

mechanism of PLAGL2-induced p73 activation was not

determined in this study; however, the significant increase

in TAp73 mRNA suggests that PLAGL2 expression affects

p73 transcription. It is possible that, as a transcription

factor, PLAGL2 regulates p73 expression through direct

binding to the p73 promoter in a manner similar to E2F1.

Another possibility is that, like other oncogenes, overex-

pression of PLAGL2 may cause DNA damage resulting in

activation of p73 [37]. p73 can also be activated by

increases in ROS levels [24], although our data suggests a

different mechanism of activation in U937 cells. Additional

studies are necessary to determine the mechanism of

PLAGL2-induced p73 activation.

Alternative promoter utilization and alternative mRNA

splicing give rise to a number of p73 isoforms that can act as

transcription activators or inhibitors depending on the

presence or lack of the transactivation domain (TA) [38–

41]. While p73 isoforms do not interact with wild-type p53,

mutated p53 associates with p73 to abrogate p73 function,

and the DNp73 isoforms are capable of inhibiting tran-

scriptional activity of both p73 and p53. In addition, dif-

ferent TAp73 isoforms can act differently depending on the

tumor cell background [25]. For example, while the

TAp73b isoform usually suppresses growth, interaction

with the proto-oncogene c-Jun promotes cell survival [42].

Therefore, the ratio of specific TAp73/DNp73 isoforms and

the status of p53, as well as intracellular content, play a role

in regulating the apoptotic versus pro-survival activities of

p73. Although we did not determine the specific isoform of

TAp73 or DNp73 expressed in the cell lines tested here, we

show that PLAGL2 expression increased the ratio of TAp73

to DNp73, therefore favoring the pro-apoptotic action of

TAp73. In addition, the level and/or status of p53 may also

play a role in p73 activity in response to PLAGL2 expres-

sion. It is worth noting that there is a third p53 family

member, p63, and functional cross-talk between family

members through homotypic and heterotypic interactions

suggests that the relative levels of all three members may

Table 2 Affect of p73 siRNA on cell cycle distribution

Sub-G1 G1 S G2/M

HEK293

Mock (-) 3% 48% 37% 10%

Mock (?) 3 56 29 10

siGlo (?) 3 60 28 9

sip73 (?) 6 48 35 10

U937

Mock (-) 3 48 42 8

Mock (?) 2 77 6 14

siGlo (?) 3 76 7 15

sip73 (?) 3 74 10 12

- no PLAGL2, ? PLAGL2 induced
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determine the response of the p53 pathway in different cell

types [43]. Further studies will be necessary to determine

the role of p73 isoforms, p53 and p63 status, and cell type-

specificity in PLAGL2-induced apoptosis.

Although we were not able to directly show PLAGL2-

induced apoptosis was via p73 through siRNA knockdown,

we clearly demonstrated activation of the extrinsic apop-

totic pathway as seen by increased levels of protein and

mRNA for DR5 and its ligand TRAIL, respectively, acti-

vation of caspase 8, and truncation of Bid to tBid. Con-

sidering that over-expression of PLAGL2 has been linked

to a subset of MDS cases [16], it is interesting to note that

pro-apoptotic cytokines, including the p73 target TRAIL,

are believed to contribute to the increased frequency of

apoptosis in MDS marrow [44]. While DR3 is not a known

p73 target gene, there was a greater increase in DR3

mRNA and protein relative to DR5, suggesting that this

death receptor may also play a role in PLAGL2-induced

apoptosis. In addition, while caspase 8 can activate caspase

3 through the mitochondria via tBid, caspase 3 can also be

activated directly by caspase 8. This could explain why

maintaining mitochondrial membrane integrity with DIDS

had no effect on apoptosis and suggests that the primary

mechanism of PLAGL2-induced apoptosis is via activation

of the extrinsic, death receptor apoptotic pathway. The

strong apoptotic response in U937 cells compared to

HEK293 cells could be explained by the relatively small

increase in DR5 and tBid in HEK293 cells versus U937

cells and/or cell specific factors, including the relative

ratios of pro-apoptotic versus pro-survival signals. We

cannot rule out the possibility that the difference in

response to PLAGL2 between the HEK293 and U937 cell

lines is simply due to dissimilar levels of PLAGL2

expression and studies comparing different cell lines with

comparable, inducible expression levels of PLAGL2 are

needed to clarify this matter. In addition, future studies that

take advantage of the heterogeneity of the p73- and

p73 ? siRNA U937 cells will be important to better

evaluate the role of p73 in PLAGL2-induced apoptosis.

Consistent with p73 regulation of the cell cycle through

activation of cell cycle inhibitors, we show that PLAGL2

induced G1 cell cycle block in HEK293- and U937-

PLAGL2-expressing cells, and to a lesser extent, a G2/M

block in U937 cells. PLAGL1 also induces cell cycle

block, but only in G1, and depending on the cell type, may

or may not involve p21 transcriptional regulation and p53

interactions [8, 45]. We report here that PLAGL2 also

regulates expression of p21, as well as p27 and p57, in

HEK293 and U937 cells. Together, these data support the

notion that PLAG proteins regulate similar cellular pro-

cesses via an overlapping set of target genes, and that cell

specificity plays a role in the actions of PLAG proteins,

potentially though cell specific cofactors and modulators.

In conclusion this report provides evidence supporting a

role for PLAGL2 regulation of the cell cycle and apoptosis

via activation of p73 and p73 target genes. It is interesting

that PLAGL2 has both oncogenic and tumor suppressive

activity, as does p73, and is implicated in both MDS and

AML, diseases characterized by opposing phenotypes (cell

death versus proliferation). Here we show that PLAGL2

activates several p73 target genes, including TRAIL, which

is intriguing considering the potential link between

PLAGL2 and MDS, and that increased levels of TRAIL in

MDS likely contributes to the anemia in MDS cases

through increased apoptosis in the marrow [44]. While it

has not been definitively proven that PLAGL2 plays a role

in the pathogenesis of MDS or AML, it appears that the

microenvironment does affect PLAGL2 actions, likely

through cell specific factors, and, as suggested by this

study, potentially through PLAGL2 modulation of the ratio

of cell-specific p73 isoforms and expression of p73 target

genes. Future studies will be important to elucidate the

mechanism of PLAGL2 activation of p73 and to identify

cell specific factors that affect PLAGL2 actions to better

understand the role of this PLAG family member in

important cellular processes, such as cell cycle, apoptosis,

and tumorigenesis.
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