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PKR negatively regulates leukemia progression in association with
PP2A activation, Bcl-2 inhibition and increased apoptosis
X Cheng1, RL Bennett1, X Liu, M Byrne and W Stratford May

Reduced expression and activity of the proapoptotic, double-stranded RNA-dependent protein kinase, PKR (protein kinase R) is
observed in breast, lung and various leukemias, suggesting that loss of PKR potentiates transformation. Now we report that
decreased PKR activity inhibits chemotherapy-induced apoptosis of leukemia cells both in vitro and in vivo. Inhibition of PKR
expression or activity reduces protein phosphatase 2A (PP2A) activity, a B-cell lymphoma 2 (Bcl-2) phosphatase, resulting in
enhanced Bcl-2 phosphorylation. Thus, inhibition of PKR activity leads to hyperphosphorylation of Bcl-2, stabilization of Bcl-2/Bax
interaction and decreased Bax insertion into the outer mitochondrial membrane. Treatment with the PP2A activator, FTY720,
restores Bcl-2 dephosphorylation and apoptosis in cells with reduced PKR expression following stress. Significantly, xenografts of
REH leukemic cells with reduced PKR display significantly increased tumor volume, increased resistance to doxorubicin treatment
and shorter survival. Importantly, FTY720 treatment restores sensitivity to chemotherapy and prolongs overall survival of these
mice. Collectively, these findings suggest that PP2A activation is a downstream target of PKR and the PKR/PP2A signaling axis is
required for rapid and potent stress-induced apoptosis. Importantly, loss of PKR promotes leukemia progression and may serve as a
biomarker for predicting chemosensitivity.
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INTRODUCTION
In hematopoietic stem/progenitor cells, the interferon-inducible,
double-stranded RNA-dependent protein kinase, PKR (protein
kinase R), is a central mediator for the antiproliferative effects of a
wide range of hematopoietic cellular stresses including viral
infection, hematopoietic growth factor deprivation, inflammatory
cytokines, Toll-like receptor ligands and chemotherapy treat-
ment.1–6 Once activated by cellular stress, PKR inhibits
proliferation and initiates apoptosis by phosphorylation of
eukaryotic initiation factor 2a (eIF2a) to inhibit new protein
synthesis, inhibition of B-cell lymphoma 2 (Bcl-2) function and
activation of signaling pathways including p38 mitogen-activated
protein kinase, nuclear factor-kB, p53 and signal transducer and
activator of transcription 1.2,3,7–10 Loss of PKR expression/activity
has been associated with more aggressive human breast
carcinoma, non-small-cell lung cancer and various acute and
chronic leukemias including B-cell chronic lymphocytic leukemia
and T-cell acute lymphoblastic leukemia.4,5,11–18 In addition,
although PKR expression has been reported to be increased in
some solid tumors such as breast, PKR activity is inhibited either
directly or indirectly in these cells, resulting in prosurvival
conditions.17–19 Taken together, these findings suggest that loss
of PKR is an important driver of tumorigenesis.14,16,20–22

Deregulation of apoptosis is a major contributor to the
development of malignant phenotype and chemoresistance in
hematopoietic cells.23 Importantly, it has been reported that loss
of PKR activity may lead to deregulation of apoptosis that
promotes and/or maintains the malignant phenotype, but the
mechanism remains unclear. Recently, protein phosphatase 2A

(PP2A) was reported to be a substrate of PKR, and PP2A activation
has been reported to regulate the intrinsic apoptosis pathway by
directly dephosphorylating Bcl-2.8,24 As studies indicate that
PP2A-mediated dephosphorylation of Bcl-2 is critical to initiate
apoptosis, and Bcl-2 is commonly overexpressed in hemato-
logic malignancies, we focused our studies on elucidating the role
for PKR in regulating apoptosis in human leukemia cells.25–29

Significantly, our results indicate that expression of enzymatically
active PKR is required for PP2A activation and apoptosis in
response to cellular stress including hydrogen peroxide (H2O2) or
doxorubicin (DOX) treatment. Furthermore, cells with reduced PKR
activity display increased phosphorylated Bcl-2, increased
association of Bcl-2 with Bax, reduced Bax insertion into
the outer mitochondria membrane (OMM) and enhanced
survival following stress treatment. A xenograft model of human
leukemia demonstrates that acute leukemia cells with reduced
PKR proliferate more rapidly and are resistant to chemotherapy
in vivo. These results establish that the PKR/PP2A signaling
axis negatively regulates leukemia progression and is required
for sensitivity of leukemia cells to chemotherapy in vitro and
in vivo.

MATERIALS AND METHODS
Cell lines, antibodies and other reagents
REH and K562 cells were obtained from ATCC (Manassas, VA, USA) and
propagated in RMPI-1640, 10% fetal bovine serum, 1% L-glutamine and 1%
penicillin–streptomycin in a humidified incubator at 37 1C and 5% CO2 (Life
Technologies, Carlsbad, CA, USA). In addition, medium for Sicontrol or
SiPKR cells contained 2 mg/ml puromycin (Sigma-Aldrich, St Louis,
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MO, USA) and medium for Sicontrol or SiPKR cells carrying luciferase
contains both 2 mg/ml puromycin and 200mg/ml hygromycin. DOX and
PKR inhibitor compound (PKRI) were from Calbiochem/EMD Millipore
(Darmstadt, Germany). FTY720 was from Cayman Chemical Company (Ann
Arbor, MI, USA) and okadaic acid was from Millipore (Billerica, MA, USA).
Hydrogen peroxide was from Sigma-Aldrich. Phospho-threonine
451-specific PKR rabbit polyclonal antibody was from Invitrogen/Biosource
(Grand Island, NY, USA). PKR M02 monoclonal antibody clone 1D11 and
Bcl-2 antibody were from Abnova (Taipei City, Taiwan). Phospho-serine
51-specific eIF2a, eIF2a, phosphor-serine 70-specific Bcl-2, BAX antibodies
were from Cell Signaling Technology (Beverly, MA, USA). Actin Antibody
was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Luciferase
vector pGL 4.50 was from Promega (Madison, WI, USA).

Inhibition of PKR expression by siRNA
Transduction-ready lentivirus particles containing small interfering RNAs
(siRNAs) specific for human PKR were used to knockdown PKR expression
in REH and K562 cells according to the manufacturer’s protocol (Santa Cruz
Biotechnology, Inc., sc-36263). A green fluorescent protein-expressing
lentivirus was used to measure transduction efficiency and optimize
conditions. After transduction, stable cell lines were selected with 2 mg/ml
puromycin. Efficiency of knockdown was evaluated by western blotting.

Cell apoptosis and survival assay
Cells were treated with varying doses and times of DOX or H2O2, and
apoptosis analyzed by annexin V staining using an annexin V-phycoery-
thrin (PE) apoptosis detection kit I according to the manufacturer’s
protocol (BD Biosciences, San Jose, CA, USA). Stained cells were analyzed
on a FACSCalibur flow cytometer (BD Biosciences), placing the PE signal in
FL2 and the 7-aminoactinomycin D (7-AAD) signals in FL3. Intact cells were
gated to exclude small debris. Cells in the lower right quadrant of the
FL2/FL3 dot plot (labeled with annexin V-PE only) were considered to be in
early apoptosis and cells in the upper right quadrant (labeled with annexin
V-PE and 7-AAD) in late apoptosis/necrosis. Cell survival was counted using
Trypan blue dye exclusion assay.

Cell invasion assay
Cell invasion assay kit (Cat no. CBA110) from Cell Biolabs, Inc. (San Diego,
CA, USA) was used. Briefly, 300ml cell suspension at the concentration of
0.5� 106/ml in serum-free media was added to the upper chamber and
500ml media containing 10% fetal bovine serum was added to lower
chamber. Cells were incubated for 24 h at 37 1C and cells that invaded
across the basement membrane were collected by incubating with
extraction solution and stained per manufacturer’s protocol. Cell number
was determined by measuring OD560 in a plate reader.

Immunoblotting and co-immunoprecipitation
Cells were harvested, washed with phosphate buffered saline (PBS), lysed
with detergent buffer and centrifugated. Then, 30mg of lysate was
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
and western blotting using the indicated antibodies. To perform co-
immunoprecipitation, washed cells were lysed with 1� CHAPS buffer.
Lysate (500 mg) was precleared with nonspecific mouse antibody and
Dynabead protein G and then incubated with Dynabead protein
G-conjugated antibody overnight. Dynabeads were collected magnetically,
washed, resuspended in loading buffer and immunoblotted as indicated.

Measurement of PP2A activity
PP2A activity was measured using a PP2A phosphatase assay (Millipore).
Briefly, cells were homogenized by dounce homogenizer, PP2A immuno-
precipitated, incubated with phosphopeptide and phosphatase activity
determined by measuring free phosphate in solution. PP2A activity (pM
phosphate per mg protein) is presented as percentage of control.

Isolation of mitochondria and alkaline treatment
Mitochondria were isolated using a mitochondria isolation kit (Miltenyi
Biotech, Auburn, CA, USA). Briefly, cells were washed, lysed and incubated
with 50 ml Anti-TOM22 Microbeads. Labeled mitochondria were isolated
using a MACS Midi (Miltenyi Biotech) column and eluted with 1�
separation buffer. Isolated mitochondria were treated with an alkaline
buffer (300 mM sucrose, 0.1 Na2CO3, pH 11.3) for 30 min at 4 1C to dissipate

any protein not integrally part of mitochondria, followed by centrifugation
for 15 min at 80 000� g at 4 1C. The pellet was collected and proteins
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
and immunoblotting. Purity of mitochondria isolated was determined
using a COX (Cell Signaling Technology) antibody to identify intrami-
tochondrial contents and an HSP90 antibody (Santa Cruz Biotechnology
Inc.) to detect cytoplasmic contaminants.

Xenograft studies
All studies were approved by the University of Florida institutional animal
care and use committee. On the day of tumor inoculation, NOD/SCID/IL2r-
gnull (NSG) mice received 200 cGy of total body irradiation at a dose rate of
325 cGy/min. Immediately following irradiation, 10 million REH Sicontrol or
REH SiPKR cells suspended in 100ml RPMI-1640 were injected through tail
vein. For 3 days before irradiation and 14 days post irradiation, animals
were given SulfaTrim antibiotic water. In the treatment group, mice were
given a single dose of DOX (5 mg/kg) intravenously 3 days after
inoculation. In the placebo group, mice were given equivalent volume of
normal saline. In the group treated with both DOX and FTY720, FTY720 was
given at 2 mg/kg/day intraperitoneally from day 1 to day 14 following
irradiation. After inoculation of leukemia cells, mice were evaluated daily
by veterinary staff and mice with a body condition score of p2 were
killed.29

Starting 2 weeks post inoculation, tumor burden was monitored weekly
using an IVIS Lumina II In Vivo Imaging System (Xenogen, Alameda, CA,
USA). On the day of imaging, mice were given 150 mg/kg D-luciferin
intraperitoneally 10 min before imaging, anesthetized with isoflurane and
subjected to imaging.

At 6 weeks after irradiation, moribund mice were killed and bone
marrow harvested from femurs. Cells were stained with anti-human
CD45-PE/anti-mouse CD45 FITC (eBioscience, San Diego, CA, USA) and the
percentage of human CD45þ mouse CD45� cells was measured by flow
cytometry or subjected to western blotting for detection of PKR levels.

Statistics
All data are presented as the mean±s.d. Significant differences were
determined by t-test using SPSS Statistics Premium software (IBM, Armonk,
NY, USA). Kaplan–Meier curve of overall survival of mice was plotted
and analyzed by Graphpad Prism 6 software (Graphpad software, La Jolla,
CA, USA). The criterion for a statistical significance is Po0.05.

RESULTS
Loss of PKR inhibits apoptosis and promotes survival in response
to cellular stress
To test the role of PKR on human leukemic cell growth, both
lymphoid REH and myeloid K562 leukemic cells were transduced
with lentivirus containing either a PKR SiRNA (SiPKR) or a control
scrambled sequence SiRNA (Sicontrol). Importantly, similar trans-
duction and selection efficiencies were observed using either
sIPKR or siControl-expressing lentivirus (data not shown).
Significant (490%) reduction of PKR expression in siPKR
compared with siControl cells was confirmed by western blot
(Figure 1a). Importantly, cell proliferation rates were unaffected by
PKR knockdown under normal (nonstress) conditions (Figure 1b).
However, under nutrient deprivation stress conditions, both REH
and K562 cells with knockdown PKR demonstrate increased
invasion rates across an artificial basement membrane (Figures 1c
and d). This suggests that the proapoptotic function of PKR under
the stress of growth factor deprivation conditions may also
decrease cell invasion.

To better characterize the role of PKR on cell survival during
stress, cells were exposed to increasing concentrations of either
H2O2 or the antileukemic agent, DOX for 48 h. Cell survival and
apoptosis was measured by annexin V staining. Significantly,
reduced PKR expression in both K562 and REH cells delays the rate
and extent of apoptosis (Figure 1e). For instance, following
treatment of REH cells with 200mM H202 for 48 h, SiPKR cells have a
33% decrease in apoptosis (Po0.01) compared with control cells
(Figure 1e). In addition, PKR knockdown cells exposed to H2O2 for
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Figure 1. Loss of PKR inhibits apoptosis and promotes survival in response to cellular stress. (a) REH and K562 cells were transduced with
lentivirus expressing either PKR SiRNA (SiPKR) or scrambled control SiRNA (Sicontrol). Knockdown of PKR expression was confirmed by
western blot. (b) 0.4� 106 of both Sicontrol and SiPKR cells were cultured for 5 days and cell numbers were counted daily. (c, d) REH or K562
cells were subjected to transwell assay. Invasion across basement membrane was analyzed. (e) Cells were exposed to various concentrations of
H2O2 or DOX for 48 h and apoptosis evaluated by flow cytometry using annexin V-PE and 7-AAD staining. (f ) REH cells were treated with either
100 mM H2O2 or 400 nM DOX, and K562 cells were exposed to 400 mM H2O2 or 1500 nM DOX. Apoptosis assays were performed at designated
time points (0, 24, 48 and 72 h) by flow cytometry. All results are representatives of three independent experiments. *Indicates Po0.05.
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up to 72 h demonstrate a 20–25% decrease in apoptosis
compared with control cells (Figure 1f). Similarly, PKR knockdown
cells treated with DOX for 72 h have a 33 and 22% decrease in
apoptosis compared with Sicontrol cells (Figure 1f). These results
indicate that PKR is required for the full and potent effect of an
oxidative or chemotherapeutic stress application that can initiate
apoptosis.

Suppression of PKR inhibits PP2A activity and increases Bcl-2
phosphorylation and resistance to apoptosis
As decreased PKR expression inhibits stress-induced apoptosis, we
examined the mechanism by which PKR may regulate apoptosis in
leukemic cell lines.6 Significantly, although Bcl-2 expression is not
affected by reduced PKR, Bcl-2 phosphorylation at serine 70
(p-S70-Bcl-2) is significantly increased, indicating one mechanism
by which loss of PKR may enhance cell survival (Figure 2a).

As we previously reported that the protein phosphatase PP2A is
a direct negative regulator of Bcl-2, we measured PP2A activity in
cells with reduced PKR or treated with a specific small-molecule
PKR inhibitor (PKRI).30 Importantly, PP2A activity is significantly
decreased to B60% of control cells in cells with reduced PKR,
whereas the level of PP2A/C expression does not change
(Figures 2a and b). Furthermore, when cells are treated with
increasing concentrations of PKRI, phospho-PKR (a measure of
enzymatic activation), phosphorylation of the PKR substrate eIF2a
and PP2A activity are decreased, confirming their upstream
regulation by PKR (Figure 2d). In addition, although total PP2A
or Bcl-2 expression is not altered, Bcl-2 phosphorylation is
markedly increased upon treatment with PKRI (Figure 2c). These

results indicate that PKR catalytic activity is required to activate
PP2A that results in dephosphorylation of Bcl-2. This may explain,
at least in part, why cells with reduced PKR activity display
enhanced survival.

Activation of PP2A restores chemosensitivity to cells expressing
decreased PKR
As PKR-dependent PP2A activation may be necessary for the full
and potent initiation of apoptosis, we investigated whether
direct activation of PP2A can restore sensitivity of cells with
decreased PKR to DOX or H2O2. For these studies, the specific
PP2A activator FTY720 that has been reported to have antileu-
kemic activity in vitro and in vivo was tested.31–35 As a control,
we used the PP2A inhibitor, okadaic acid.36 Importantly, we tested
various concentrations of FTY720, to determine an optimum
concentration (2.5 mM) that increases PP2A activity by
approximately 50% but does not affect REH or K562 cell viability
under normal growth conditions for use in subsequent studies
(data not shown and Figure 3a). As expected, results demonstrate
that treatment of cells with FTY720 decreases, whereas treatment
with okadaic acid increases Bcl-2 phosphorylation (Figure 3b).
Significantly, FTY720 treatment of PKR knock-down cells restores
H2O2 and DOX sensitivity to levels comparable with siControl cell
(Figures 3c and d).

Loss of PKR stabilizes Bcl-2/Bax association and inhibits Bax
insertion into the OMM
As PKR-dependent PP2A activation may be required for Bcl-2
dephosphorylation, which induces apoptosis, we investigated

Figure 2. Inhibition of PKR activity leads to decreased PP2A activity and increased phosphorylation of Bcl-2. (a) Western blot to evaluate
protein levels of PKR, total Bcl-2, phosphor Bcl-2 (S70) in REH Sicontrol vs SiPKR cells. (b) PP2A activity in Sicontrol and SiPKR cells was
measured by in vitro assay. (c) REH cells were pretreated with various concentrations of PKR inhibitor for 12 h before being lysed and subjected
to western blot to evaluate protein levels of total PKR, phosphor PKR (T451), total EIF2a, phosphor EIF2a (S51), total Bcl-2 and phosphor Bcl-2
(S70). (d) PP2A activity assay was performed to evaluate PP2A activity in PKRI-treated cells. PP2A activity is presented as percentage of control,
and representative results from three independent experiments are shown.
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whether PKR may affect the function of Bcl-2 to associate with Bax
and regulate the proapoptotic function of Bax of insertion into the
OMM. Following treatment with H2O2, the Bcl-2/Bax complex was
reciprocally co-immunoprecipitated from cells that express either
a SiPKR or control siRNA. Significantly, in both REH and K562
cells, reduced PKR expression was discovered to increase the
association of Bcl-2 and Bax following treatment with H2O2

(Figures 4a and b).
Next, we isolated whole mitochondria from cells following

treatment with H2O2 to measure the level of Bax insertion into the
OMM. In either Sicontrol REH or K562 cells, Bax insertion into the
OMM increases in a dose-dependent manner upon treatment with
H2O2 (Figures 4c and d). In contrast, cells with decreased PKR
expression display a significantly reduced level of Bax insertion
into the OMM following treatment (Figures 4c and d). These
findings strongly suggest that loss of PKR expression/activity
inhibits and delays apoptosis in response to oxidative stress by
stabilizing the Bcl-2/Bax complex, resulting in decreased Bax OMM
insertion following stress.

Decreased PKR enhances the extent and chemoresistance of
leukemia in vivo
To test whether the loss of PKR expression affects leukemia cell
spread and survival in vivo, we monitored leukemic tumor load in
a mouse xenograft model and compared results with mouse
survival. NSG mice were engrafted with either 1� 106 SiPKR or
Sicontrol cells that express a luciferase reporter. The Sicontrol and
SiPKR cells used were confirmed to have comparable biolumines-
cence signals (data not shown). Following engraftment, imaging
of mice was performed weekly and to quantify leukemia tumor
burden (Figure 5a). Significantly, xenografted mice receiving SiPKR

cells display an increased rate of tumor spread compared with
Sicontrol xenografts (Figure 5b). For example at 4 weeks following
inoculation, mice receiving siPKR cells display approximately
twofold more leukemic cell burden than mice receiving Sicontrol
cells (Figure 5b).

Next, we examined whether reduced expression of PKR in
xenografted leukemic cells may affect the efficacy of DOX
treatment in vivo. Briefly, xenografts were established for 3 days
at which time mice received a single intravenous dose of either
vehicle or 5 mg/kg DOX. The rate of tumor spread was compared
to evaluate the response to treatment. Significantly, xenografts
with SiPKR cells were less sensitive to DOX treatment in contrast to
xenografts of Sicontrol cells. Importantly, after 4 weeks, DOX-
treated Sicontrol xenografts displayed an B90% reduction of
tumor burden as compared with vehicle-only-treated mice. In
contrast, treatment of mice engrafted with SiPKR cells results in
only B50% reduction of tumor burden (Figure 5c). Thus,
decreased PKR expression in engrafted leukemic cells results in
an almost twofold reduction in sensitivity to a single treatment
with DOX in vivo.

Finally, we tested whether activation of the PKR/PP2A signaling
axis may restore sensitivity to chemotherapy of mice xenografted
with cells that have reduced PKR expression. Briefly, 3 days
following engraftment, mice were administered a single dose of
DOX as above followed by daily injection with FTY720 at 2 mg/kg
for 2 weeks. Mice that received both DOX and FTY720 displayed a
significantly decreased leukemia cell burden compared with mice
treated with DOX alone (Figure 5c). Thus, co-treatment with
FTY720 and DOX results in an B50% decrease in tumor volume at
3 weeks compared with mice treated with DOX alone (Figure 5c).

The overall survival of mice in each group was evaluated by
Kaplan–Meier analysis (Figure 5d). Consistent with increasing

Figure 3. Modulation of PP2A activity affects Bcl-2 activity and cell apoptosis in REH cells. (a) REH or K562 cells were treated with 2.5 mM FTY720
for 12 h, and PP2A activity was evaluated. (b) REH cells were treated with either 1 nM okadaic acid or 2.5 mM FTY720 for 12 h and subjected to
western blot for evaluation of total Bcl-2 and p-Bcl-2 levels. (c) REH cells were pretreated with either 2.5mM FTY720 or dimethyl sulfoxide
(DMSO) for 12 h, and then exposed to either 100 mM H2O2 or 600 nM DOX for 48 h. Cells were stained by annexin V and apoptosis was analyzed
by flow cytometry. (d) K562 cells were pretreated with either 2.5mM FTY720 or DMSO for 12 h, and then exposed to either 800 mM H2O2 or
1500 nM DOX for 48 h. Cells were stained by annexin V and apoptosis was analyzed by flow cytometry.
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tumor burden in mice xenografted with SiPKR cells, these mice
also have significantly shorter survival compared with mice
inoculated with Sicontrol cells (P¼ 0.0042). Furthermore, although
the survival of mice in both groups could be prolonged following
a single treatment with DOX, survival is significantly increased for
mice engrafted with Sicontrol cells compared with those
engrafted with PKR knockdown leukemic cells (P¼ 0.0021 vs
P¼ 0.1037). Importantly, survival of SiPKR engrafted mice follow-
ing treatment with the combination of FTY720 and DOX is also
significantly increased over DOX-only-treated mice (P¼ 0.0164).
This suggests that reactivation of the PKR/PP2A pathway in
leukemic cells displaying reduced PKR may restore sensitivity to
antileukemic treatment.

To confirm that inoculated leukemia cells did engraft bone
marrow (the pathological initiation site of leukemia development),
both human and mouse CD45þ cells were quantified after
isolation from bone marrow of xenografted mice. Importantly, all
moribund mice analyzed displayed over 90% human CD45þ
leukemia cells in their bone marrow (Figure 5e). In addition,
western blot analysis of bone marrow cells isolated from
moribund mice confirmed that the REH SiPKR leukemic cells
continued to display reduced expression of PKR at the time of
death (Figure 5f).

DISCUSSION
Our findings demonstrate that activity of the interferon-inducible
double-stranded RNA-dependent protein kinase PKR may inhibit
human leukemic cell growth and promote sensitivity to chemo-
therapy or other stress applications including direct oxidative
stress. Significantly, K562 or REH cells with reduced PKR expression
or those treated with PKRI display decreased substrate phosphory-
lation of eIF2a, decreased PP2A activity, increased Bcl-2 phos-
phorylation and reduced apoptosis following treatment with
either DOX or H2O2. In addition, inhibition of PKR activity
promotes Bcl-2/BAX association and inhibits BAX insertion into
the OMM following stress that triggers the mitochondrial
dysfunction observed with activation of the intrinsic apoptotic
pathway. These results both confirm and extend our previous
report that the anti-apoptotic activity of Bcl-2 is enhanced by
phosphorylation and that dysregulation of the mitochondria is
inhibited by phosphorylation of Bcl2 that leads to reduced Bax

insertion into the OMM.37 Significantly, and of potential clinical
relevance, we find for the first time that mice xenografted with
leukemia cells that have reduced PKR display an increased rate of
tumor spread compared with control xenografts, and treatment
with FTY720, a PP2A activator, can rescue this phenotype.
In addition, increased chemosensitivity of FTY70-treated cells
occurs in close association with decreased Bcl-2 phosphorylation
and enhanced apoptosis. Taken together, these data indicate that
decreased PKR activity in human acute leukemia cells may inhibit
the initiation of apoptosis and promote leukemogenic survival by
a mechanism dependent, at least in part, on PP2A activation and
Bcl-2 dephosphorylation. This notion is further supported by our
preliminary results using Reverse Phase Protein Array (RPPA)
analysis of CD34þ leukemic cells from 511 acute myeloid
leukemia patient samples that indicate that PKR expression and
activity is significantly decreased in acute myeloid leukemia blast
cells compared with the CD34þ cells from healthy donors
(RL Bennett, SM Kornblau and WS May; data not shown). Thus,
decreased PKR expression and activity may be a common theme
in acute leukemia and, if this is the case, may point the way to
novel therapeutic strategies for such patients.

Importantly, we found that loss of PKR expression potentiates
leukemia cell survival following chemotherapy treatment in vivo.
Recently, we reported that PKR-null mice and mice expressing a
catalytically null, dominant-negative PKR transgene (specifically in
hematopoietic cells) have increased numbers of hematopoietic
stem/progenitor cells in association with increased peripheral
blood cell counts as the mice age.6 Significantly, the loss of PKR
activity in bone marrow cells from these mice promoted an
increased frequency of hematopoietic stem/progenitor cells as
evidenced by more robust hematopoietic colony formation and
enhanced resistance to apoptosis following hematopoietic growth
factor deprivation, treatment with inflammatory cytokines or
irradiation.6 Now, findings here extend these results by
demonstrating that xenografts of REH acute lymphoblastic
leukemia cells with reduced PKR display a significantly greater
rate of engraftment and reduced overall survival than control cell
xenografts. Significantly, tumor volume following 4 weeks of
engraftment is more than double in mice engrafted with REH-
SiPKR cells versus SiControl cells, and SiPKR xenografts are more
resistant to DOX treatment compared with SiControl xenografts.
Together, these results lead us to propose that downregulation of

Figure 4. Loss of PKR stabilizes Bcl-2/Bax binding and inhibits Bax insertion to OMM. (a) REH or (b) K562 cells were exposed to H2O2 for 6 h,
lysed and co-immunoprecipitation of Bcl-2 and Bax performed. (c) REH cells were treated with H2O2 for 6 h. Mitochondria were isolated and
treated with alkaline buffer. Mitochondrial debris was then collected by ultracentrifugation and subject to western blot for evaluating BAX
level. (d) K562 cells were treated with H2O2 for 6 h. Bax insertion was evaluated as described previously. Total cellular levels of Bax and Bcl-2
after 6-h exposure to H2O2 were evaluated by western blot.
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PKR activity in xenografted cells may promote leukemogenesis
and chemoresistance because of reduced sensitivity of these cells
to proapoptotic stress such as growth factor deprivation or

exposure to inflammatory cytokines. In support of this and
consistent with the in vitro results, sensitivity of SiPKR xenografts
to DOX can be ‘rescued’ by treatment with the PP2A activator,
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Figure 5. In leukemia xenografts, reduced expression of PKR promotes tumor progression and chemoresistance. Reactivation of the PKR/PP2A
signaling axis by FTY720 treatment rescues chemosensitivity. (a) NSG mice were divided into five experiment groups (Sicontrol no treatment,
Sicontrol DOX treatment, SiPKR no treatment, SiPKR DOX treatment and SiPKR DOXþ FTY720 treatment) and inoculated with REH cells (Sicontrol
or SiPKR) carrying luciferase gene followed by corresponding intervention in each group. Tumor progression was monitored by weekly in vivo
imaging. (b) Tumor progression is evaluated and compared in untreated groups between mice carrying REH Sicontrol cells and mice carrying REH
SiPKR cells. (c) Tumor progression following 5mg/kg DOX treatment (as described in the Materials and methods section) in mice carrying either
Sicontrol or SiPKR cells is evaluated and compared. Mice engrafted with REH SiPKR cells were also treated with same dose of DOX plus 2mg/kg
daily FTY720 for 2 weeks, tumor progression was evaluated and compared with mice carrying same leukemic cells but treated with only DOX.
(d) Kaplan–Meier curve of overall survival of mice in each group was plotted. (e) Bone marrow cells from moribund mice carrying leukemia were
harvested and stained with both human and mouse CD45 antibody, and the results were analyzed by flow cytometry. (f ) Bone marrow cells from
moribund mice carrying leukemia were harvested and lysed. PKR expression was evaluated by western blot. *Indicates Po0.05.
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FTY720. Thus, reduced PP2A activation delays activation of the
intrinsic mitochondria apoptotic mechanism and may, at least in
part, account for the greater rate of engraftment observed for
leukemic cells expressing reduced PKR.

Alternatively, our findings indicate that decreased PKR expres-
sion promotes cell invasion of hematologic cell lines in vitro that
may contribute to the increased extent of engraftment and
increased tumor volume displayed by REH siPKR cells. However, in

preliminary studies, we did not detect any PKR-dependent
changes in expression of genes important for cell invasion/
migration (data not show). Furthermore, our findings here and
those previously published indicate that PKR is necessary and
sufficient to initiate apoptosis in response to growth factor
starvation. Thus, we believe we can attribute the effect of PKR on
cell invasion to increased survival of cells with reduced PKR.
Interestingly, we previously reported that decreased PKR inhibits

Figure 5. (Continued).
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invasion of breast cancer cell lines in vitro using the same assay,
but these cells also display increased expression of proteins that
inhibit or circumvent PKR activity. Thus, specific PKR-dependent
antitumor mechanisms may vary based on cell type.

Potentially of clinical significance, the results demonstrate that
reactivation of the PKR/PP2A axis in cells with reduced PKR activity
by treatment with the PP2A activator FTY720 restores sensitivity of
leukemic cells to DOX, an important standard of care treatment in
induction of acute leukemia. Interestingly, FTY720 is a shingosine
1-phosphate (S1P) receptor modulator that has already been used
in clinical trials to treat relapsing multiple sclerosis and to prevent
organ rejection following renal transplantation.38,39 In addition,
others have reported FTY720 as a potential antileukemic drug
both in vitro and in vivo but the mechanism is not clear. Now, our
results confirm that FTY720 may activate PP2A, which is frequently
inhibited in hematopoietic malignancies.40 Significantly, as
reduced PKR may frequently occur in acute leukemias and our
findings here suggest that loss of PKR leads to reduced PP2A
activity, a ‘PP2A activation strategy’ might be envisioned to
therapeutically enhance leukemia therapy in patients whose
tumors display reduced PKR activity. This notion is supported by
our findings here that FTY720 more effectively enhances
apoptosis induced by H2O2 or DOX in human leukemic cells
displaying reduced PKR expression than control cells. Therefore,
PKR expression/activity may serve as a predictor of effectiveness
of FTY720 treatment. In addition, although previous studies test
FTY720 alone as an antileukemia agent, our study for the first time
combines it with DOX both in vitro and in vivo. In this manner,
we were able to treat leukemic cells with a considerably lower
dosage of FTY720 that stimulates PP2A activation but does not by
itself significantly affect cell proliferation or survival. This indicates
that FTY720 may be useful in combination with cytotoxic
chemotherapy treatments like doxorubicin to facilitate their
antileukemic effect while avoiding potential serious side effects
from full-dose FTY720 treatment.

Taken together, our results demonstrate that loss of PKR
function contributes to leukemia disease progression because of
defects in the intrinsic apoptosis mechanism. In the future, loss of
PKR activity may serve as a useful clinical predictor of
chemoresponsiveness to DOX-containing regimens and/or sensi-
tivity to FTY720. Importantly, reactivation of the PKR/PP2A
signaling axis may serve as a novel therapeutic approach to
enhance response to chemotherapy, especially in leukemia with
low PKR activity.
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