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IFNy and TNF« are potent inhibitors of hematopoiesis and
have been implicated in the pathophysiology of bone marrow
failure and myelodysplastic syndromes (MDS). We examined
the role of protein kinase R (PKR) in the generation of the inhib-
itory effects of these myelosuppressive cytokines on hematopoi-
esis. Our data demonstrate that PKR is rapidly phosphorylated/
activated in response to engagement of IFNy or TNFa receptors
in normal human hematopoietic progenitors. Such engagement
of PKR is important for the suppressive effects of these cytokines
on normal hematopoiesis. Pharmacological targeting of PKR
using a specific inhibitor or siRNA-mediated PKR knockdown
results in partial reversal of the suppressive effects of IFNy and
TNFa on normal human CD34+-derived myeloid (colony-
forming unit-granulocyte-monocytic) and erythroid (burst-
forming unit-erythroid) progenitors. Importantly, inhibition of
PKR activity or expression increases hematopoietic colony for-
mation from human MDS progenitors, suggesting that drugs
that target PKR may provide a novel approach for the treatment
of MDS and marrow failure syndromes. Altogether, our data
establish that beyond its key role in the induction of IFN-antivi-
ral responses, PKR plays important roles in signaling for IFNvy
and other myelosuppressive cytokine receptors as a common
mediator of signals for hematopoietic suppression.

IFNyis a cytokine with major roles in the regulation of innate
immunity against infections and in the immune surveillance
against cancer (1-3). Over the years, the important properties
of IFNy have led to extensive investigative efforts to understand
and define the signaling events that are elicited upon binding of
this cytokine to its receptor and to define the mechanisms by
which it generates its biological effects. It is now well estab-
lished that IFN+y-dependent transcriptional regulation is con-
trolled by engagement of JAKs and STATs by the Type II IEN
receptor and formation of STAT1-STAT1 homodimers that
regulate gene transcription by binding to gamma interferon
activation site elements in the promoters of IFN-stimulated
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genes (1—4). There is also accumulating evidence that auxillary
pathways, including the PI3K/mammalian target of rapamycin
signaling cascade, play important roles in the generation of
[FNy signals and IFNy-dependent mRNA translation for genes
that mediate antiviral and growth inhibitory responses (5, 6).

Beyond its antiviral and antitumor properties, IFNvy also
exhibits potent suppressive effects on normal hematopoiesis
and has been implicated in the pathogenesis of bone marrow
failure syndromes and MDS? (7—10). Similarly, another proin-
flammatory cytokine, TNF, also plays a key role in the patho-
physiology of bone marrow suppression and MDS (10, 11).
Interestingly, although IFN+y and TNFa and other myelosup-
pressive cytokines transduce signals via distinct pathways (1-6,
12, 13), there is evidence that they activate common signaling
cascades in hematopoietic progenitor cells to mediate suppres-
sive responses on primitive hematopoietic precursors. This has
been shown by studies that have established that the p38 MAPK
pathway is a common element in the signaling pathways of
these cytokines in hematopoietic cells (14, 15) and functions as
a mediator of myelosuppressive signals in the bone marrow of
patients suffering from marrow failure or MDS (15-17).

Protein kinase R (PKR) is an IFN-inducible double-stranded
RNA-activated serine-threonine protein kinase. This kinase is a
major mediator of the antiviral and antiproliferative activities
of IFNs (18 -24), but its role in the regulation of normal and
malignant hematopoiesis is not known. In the present study, we
examined the engagement and functional role of PKR in the
generation of the suppressive effects of IFNy and TNFa on
primitive hematopoietic progenitors. Our data provide evi-
dence that [IFNy or TNFa« treatment of expanded human hema-
topoietic progenitors from normal bone marrow results in
phosphorylation/activation of PKR and its downstream target
elF2a. We also demonstrate that PKR regulates downstream
cytokine-dependent activation of MAPKs, including ERK1/2
and the JNK kinase pathway in hematopoietic cells. In studies
using siRNA-mediated knockdown of PKR, we show that the
function of this signaling cascade is essential for generation of
myelosuppressive responses and operates in parallel, but inde-
pendently of the p38 MAPK, to promote induction of such
responses.

2 The abbreviations used are: MDS, myelodysplastic syndrome(s); PKR, pro-
tein kinase R; CFU-E, colony-forming unit-erythroid; BFU-E, burst-forming
unit-erythroid; CFU-GM, colony-forming unit-granulocyte-monocytic.
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MATERIALS AND METHODS

Cells and Reagents—U937 cells were grown in RPMI 1060
supplemented with 10% (v/v) fetal bovine serum and antibiot-
ics. Recombinant human IFN+y was obtained from PBL Inter-
feron Source (Piscataway, NJ). Recombinant human TNFa was
obtained from Invitrogen (Carlsbad, CA). An antibody against
the phosphorylated form of PKR (Thr-446) was purchased from
Abcam. Antibodies against PKR, p38, ERK1/2, JNK, and elF2«
and the phosphorylated forms of p38 (Thr-180/Tyr-182),
ERK1/2 (Thr-202/Tyr-204), JNK (Thr-183/Tyr-185), and
elF2a (Ser-51) were obtained from Cell Signaling Technology
(Danvers, MA). An antibody against GAPDH was obtained
from Chemicon (Billerica, MA). The PKR inhibitor and the cor-
responding inactive inhibitor were purchased from EMD Bio-
sciences (Darmstadt, Germany). Primary normal CD34+ pro-
genitor cells were either obtained from Stem Cell Technologies
(Vancouver, Canada) or Lonza (Basel, Switzerland). Differenti-
ation of human CD34+ cells to colony-forming unit-erythroid
(CFU-E) was achieved by culture in a cytokine mixture, as pre-
viously described (14). Two distinct sets of siRNAs targeting
human PKR as well as nontargeting siRNAs were obtained
either from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)
which was a pool of three siRNAs: sequence 1, GAAGGU-
GAAGGUAGAUCAA; sequence 2, CACACUCGCUUCU-
GAAUCA; and sequence 3, CGACCUAACACAUCUGAAA.
The second set of siRNA targeting human PKR as well
as nontargeting siRNAs were obtained from Dharmacon
(Thermo Scientific), which was a single targeting sequence:
GCGAGAAACUAGACAAAGU.

Lentivirus particles targeted against human PKR were pur-
chased from Santa Cruz Biotechnology, Inc., which was a pool
of three targeting sequences. Puromycin was purchased from
Sigma. Bone marrow or peripheral blood from MDS patients
was collected after obtaining consent approved by the institu-
tional review board of Northwestern University.

Cell Lysis and Immunoblotting—Cells were treated with 1 X
10* IU/ml of IFN'y or 20 ng/ml of TNFa« for the indicated times
and then subsequently lysed in phosphorylation buffer as
described previously (26). In the experiments using siRNAs tar-
geted against human PKR, the cells were nucleofected following
the manufacturer’s protocol (Amaxa AG, Cologne, Germany).
24 h later the cells were treated with IFNy or TNFq, as indi-
cated. The cells were then collected and lysed in phosphoryla-
tion lysis buffer. Inmunoblotting was performed using an ECL
method as in previous studies (27).

Cell Proliferation Assays—The cells were seeded in 96-well
plates and incubated in the presence or absence of human
TNFa and IFNy at the indicated concentrations at 37 °C for 7
days. Cell proliferation was assessed using a methyl-thiazolyl-
tetrazolium assay system as in our previous studies (28, 29).

RNA Isolation and Quantitative RT-PCR—Cellular mRNA
was reverse transcribed into cDNA using the Omniscript RT kit
and oligo(dT) primer (Qiagen) as previously described. Quan-
titative real time RT-PCR was carried out as in our previous
studies (30, 31). Commercially available FAM-labeled probes
and primers (Applied Biosystem) were used to determine PKR
mRNA expression. GAPDH was used for normalization.
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FIGURE 1. TNFa and IFNy induce phosphorylation/activation of PKR in
leukemia cells. U937 cells stably expressing CTRL shRNA or PKR shRNA were
treated with human TNF« (A and C) or IFNy (B and D) for the indicated times.
Total lysates were resolved by SDS-PAGE and immunoblotted with the indi-
cated antibodies. CTRL, control.

Hematopoietic Progenitor Cell Assays—Formation of burst-
forming unit-erythroid (BFU-E) or colony-forming unit-gran-
ulocyte-monocytic (CFU-GM) was assessed in clonogenic
assays in methylcellulose, as in our previous studies (32—34).

RESULTS

In initial studies, we examined whether TNFa and IFNvy
induce phosphorylation/activation of PKR in hematopoietic
cells. U937 cells expressing PKR or U937 cells in which PKR was
stably knocked down were treated with TNFa (Fig. 1A) or IFNvy
(Fig. 1B), and cell lysates were immunoblotted with an antibody
against phosphorylated PKR on Thr-446. Treatment with
either TNFa or IFNy resulted in rapid phosphorylation of PKR
that was noticeable within 15-30 min of the cells, whereas no
signal was detectable in cells in which PKR was knocked down
(Fig. 1, A and B). Moreover, both TNF« (Fig. 1C) and IFNy (Fig.
1D) induced phosphorylation of e-IF2a on Ser-51, and such
phosphorylation was decreased by knockdown of PKR (Fig. 1, C
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FIGURE 2. TNFa- or IFNy-dependent activation of p38 MAPK is PKR-inde-
pendent phosphorylation. U937 cells stably expressing control (CTRL)
shRNA or PKR shRNA were treated with human TNF« (A) or IFNvy (B) for the
indicated times. Total lysates were resolved by SDS-PAGE and immuno-
blotted with the indicated antibodies.

and D). On the other hand, phosphorylation of p38 MAPK in
U937 cells by either TNFa or IFN+y was found to be PKR-inde-
pendent (Fig. 2, A and B). In other studies in which the IFN+y-
inducible activation of ERK and JNK was examined, we found
that engagement of both ERK and JNK were PKR-dependent,
although some degree of phosphorylation/activation was still
detectable in cells in which PKR was knocked down (Fig. 3, A
and B). Similarly, TNFa-mediated phosphorylation/activation
of JNK was also PKR-dependent (Fig. 3C).

To define the functional relevance of engagement of PKR by
IFNyand TNF«a in hematopoietic cells, we examined the ability
of these cytokines to generate growth inhibitory responses in
cells in which PKR was stably knocked down. Treatment with
either IFNyor TNFa resulted in decreased cell viability of U937
cells expressing PKR, whereas such responses were significantly
impaired in cells in which PKR was knocked down (Fig. 4, A and
B). Importantly, in experiments in which effects on leukemic
progenitor colony formation were assessed by clonogenic
assays in methylcellulose, we found that PKR knockdown led to
partial reversal of IFNvy-induced suppressive responses on leu-
kemic CFU-L progenitors (Fig. 4C).

To define the role of PKR in the regulation of hematopoiesis
by myelosuppressive cytokines in a more physiologically rele-
vant system, experiments were performed using primary
human hematopoietic progenitors from normal bone marrow.
In initial experiments, we used a previously described method-
ology to expand normal bone marrow-derived human
erythroid (CFU-E) progenitors (35, 36). As shown in Fig. 5, both
myelosuppressive cytokines induced phosphorylation of PKR
on Thr-446, indicating that the pathway is engaged by myelo-
suppressive cytokines in primitive hematopoietic precursors.

PKR-mediated signaling has been previously shown to
engage a number of different stress signals downstream of the
activated kinase (18), but its requirement in normal human cells
of hematopoietic origin has not been known. Because our data
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FIGURE 3. PKR engagement is required for activation of ERK1/2 or JNK in
response to TNFa or IFN+y. A, U937 cells stably expressing control (CTRL)
shRNA or PKR shRNA were treated with human IFNy for the indicated times,
and cell lysates were resolved by SDS-PAGE and immunoblotted with anti-
phospho-Thr-202/Tyr-204-Erk or anti-Erk, as indicated. B, U937 cells stably
expressing control shRNA or PKR shRNA were treated with human IFNvy for
the indicated times, and cell lysates were resolved by SDS-PAGE and immu-
noblotted with antibodies against phosphor-JNK or GAPDH as indicated (top
two panels). Equal amounts of cell lysates from the same experiment were
resolved separately by SDS-PAGE and immunoblotted with antibodies
against JNK or GAPDH, as indicated (bottom two panels). C, U937 cells stably
expressing CTRL shRNA or PKR shRNA were treated with TNF« for the indi-
cated times, and cell lysates were resolved by SDS-PAGE and immunoblotted
with antibodies against phosphor-JNK or GAPDH as indicated (top two pan-
els). Equal amounts of cell lysates from the same experiment were resolved
separately by SDS-PAGE and immunoblotted with antibodies against JNK or
GAPDH, as indicated (bottom two panels).

l

in the leukemia cell line U937 suggested a role for PKR in the
regulation of Erk and JNK by myelosuppressive cytokines, we
examined the phosphorylation/activation of these MAPKSs in
response in expanded normal erythroid human bone marrow
progenitors (CFU-E), in which PKR expression was knocked
down (Fig. 6, A and B). When CFU-E progenitors were treated
with TNF e, there was induction of phosphorylation/activation
of ERK and JNK, but such phosphorylation was defective in
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FIGURE 4. Requirement for PKR kinase mediates the antiproliferative effects of TNFa and IFNy on the growth of U937 cells. A and B, U937 cells stably
expressing control shRNA or PKR shRNA were incubated for 7 days in the presence or absence of the indicated concentrations of human TNFa (A) or human
IFN7y (B), and cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays. The data are expressed as percentages of
control of untreated cells and represent the means =+ S.E. of five experiments. C, U937 cells stably expressing control shRNA or PKR shRNA were incubated in
the presence or absence of IFNy as indicated and leukemic progenitor (CFU-L) colonies were scored after 7 days in methylcellulose cultures. The data are
expressed as percentages of control colony formation from untreated cells and represent the means = S.E. of five experiments. Paired t test analysis showed
p = 0.0014 for the effects of IFN-y on PKR shRNA versus control shRNA expressing cells. CTRL, control.
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FIGURE 5. Cytokine-mediated engagement of PKR in expanded human
progenitors. CFU-E progenitor cells were treated with human TNF« (A) or
human IFN+y (B) for the indicated times. Total lysates were separated by SDS-
PAGE and immunoblotted with an antibody against phosphorylated PKR
(Thr-446). The same blots were subsequently stripped and reprobed with an
antibody against PKR.

cells in which PKR was knocked down (Fig. 6, C and D). Simi-
larly, IFNy-dependent phosphorylation of ERK and JNK was
defective in cells in which PKR was knocked down (Fig. 6, E and
F). We also examined the effects of pharmacological inhibition
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of PKR on downstream effectors in human hematopoietic pro-
genitors. As shown in Fig. 7, the IFNy or TNFa-induced phos-
phorylation of e[F2a and ERK were inhibited in the presence of
PKR inhibitor. Altogether, these studies established that PKR is
a common effector in the signaling pathways of both TNFa and
IFNvy in human hematopoietic precursors. To examine the
functional relevance of PKR in the generation of the suppres-
sive effects of these cytokines on hematopoiesis, human
CD34+ bone marrow cells were treated with TNFa or IFNvy in
the presence or absence of a pharmacological inhibitor of PKR,
and normal myeloid (CFU-GM) or erythroid (BFU-E) colony
formation was assessed in clonogenic assays in methylcellulose.
As shown in Fig. 8, treatment with either TNFa (Fig. 8A4) or
IFNy (Fig. 8B) resulted in suppression of hematopoietic pro-
genitor colony formation, but in both cases the effects were
reversed by a PKR inhibitor. Importantly, siRNA-mediated
knockdown of PKR resulted in reversal of the suppressive
effects of TNFa (Fig. 8C) or IFNvy (Fig. 8D), establishing an
important role for PKR as a mediator of myelosuppressive
responses in normal hematopoiesis. Similar results were
obtained using a different PKR siRNA (Fig. 9).

Because our studies established that PKR is involved in the gen-
eration of the suppressive effects of TNFa or IFNy on normal
hematopoiesis and overproduction of these cytokines has been
implicated in the pathophysiology of bone marrow failure and
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FIGURE 6. Requirement of PKR activity for activation of MAPK pathways in primitive hematopoietic precursors. A, expanded human CFU-E cells were
nucleofected with control siRNA or PKR siRNA, as described under “Materials and Methods.” Expression of PKR mRNA was assessed by real time RT-PCR and is
shown as a percentage of the levels of control siRNA-treated cells. The data shown represent the means = S.E. of two experiments. B, CFU-E cells were
nucleofected with control siRNA or PKR siRNA. Equal amounts of protein were separated by SDS-PAGE and then immunoblotted with antibodies against PKR
or GAPDH. C-F, CFU-E cells were nucleofected with either control siRNA or PKR siRNA for 24 h and were then treated with human TNFa (Cand D) or IFN+y (Eand
F) for the indicated times. Equal amounts of protein were separated by SDS-PAGE and then immunoblotted with the indicated antibodies. CTRL, control.
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FIGURE 7. Effects of pharmacological inhibition of PKR activity on elF2a and Erk phosphorylation in normal hematopoietic progenitors. Expanded
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for the indicated times. Equal amounts of protein were separated by SDS-PAGE and then immunoblotted with the indicated antibodies.

myelodysplastic syndromes (MDS) (7-10), we performed studies
to determine whether inhibition of PKR activity reverses myelo-
suppression in MDS. Bone marrow or peripheral blood mononu-
clear cells from MDS patients were treated with PKR inhibitor or
an inactive control inhibitor, and myeloid (CFU-GM) or erythroid
(BFU-E) colony formation was assessed. Treatment with the PKR
inhibitor enhanced both erythroid (BFU-E) and myeloid (CFU-
GM) progenitor colony formation from MDS patient sam-
ples (Fig. 104). Consistent with this, in experiments involving
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siRNA-mediated knockdown of PKR, there was a significant
increase in hematopoietic progenitor colony formation from
MDS patients marrow or blood samples (Fig. 10B), consistent
with an important role for PKR as a mediator of the effects of
myelosuppressive cytokines in MDS.

DISCUSSION

For optimal production and maturation of cells of different
hematopoietic lineages, a fine balance must exist between the
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CTRL, control.
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nucleofected with control siRNA or PKR siRNA2, as described under “Materials and Methods.” Expression of PKR mRNA was assessed by real time RT-PCR. The
data are expressed as percentages of mRNA expression for control siRNA-treated cells and represent the means = S.E. of two experiments. B, normal human
bone marrow-derived CD34+ cells were transfected with control siRNA or PKR siRNA2, as indicated and incubated in clonogenic assays in methylcellulose in
the presence or absence of TNFa or IFNv, as indicated. CFU-GM and BFU-E progenitor colonies were scored after 14 days in culture. The data are expressed as
percentages of colony formation from control siRNA transfected cells and represent the means = S.E. of four experiments. CTRL, control.
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FIGURE 10. Inhibition of PKR enhances colony formation from MDS bone
marrow or peripheral blood. A, mononuclear cells derived from peripheral
blood or bone marrow of patients with MDS were incubated in clonogenic
assays in methylcellulose in the presence of PKR inhibitor or inactive inhibitor,
as indicated. CFU-GM and BFU-E progenitor colonies were scored after 14
days in culture. p values for the indicated paired t test analyses are shown.
B, mononuclear cells derived from peripheral blood or bone marrow of
patients with MDS. The cells were nucleofected with control siRNA or PKR
siRNA, as incubated, and CFU-GM and BFU-E progenitor colony formation
was assessed in clonogenic assays in methylcellulose. The data are expressed
as percentages of colony formation from control siRNA transfected cells and
represent the means = S.E. of four independent experiments. p values for the
indicated paired t test analyses are shown. CTRL, control.
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actions of hematopoietic growth factors and myelosuppressive
cytokines (39—-43). Deregulation in the production of myelo-
suppressive cytokines promotes development of various
pathophysiological states, including marrow failure and
myelodysplastic syndromes (MDS) (7, 45). MDS includes a
heterogeneous group of diseases characterized by dysplastic
hematopoiesis (46, 47), in which immune deregulation appears
to play important pathobiologic roles. Recent work has pro-
vided evidence for expansion of abnormal auto reactive CD8+
T lymphocytes in the bone marrow of patient with low to inter-
mediate risk MDS, suggesting a mechanism for the overpro-
duction of myelosuppressive cytokines that target hematopoi-
etic precursors in MDS (47-50). In previous work, we have
identified signaling elements that may act as common effectors
for signals generated by receptors of different myelosuppressive
cytokines to mediate bone marrow suppression and inhibition
of hematopoiesis. Among them, the p38 MAPK pathway
appears to play a critical and essential role in the regulation of
hematopoiesis in normal or abnormal states (14 —-17), whereas
certain isoforms of the PKC family may also participate in a
similar regulation (reviewed in Ref. 51), although their involve-
ment requires further investigation.

The double stranded RNA-dependent PKR is a ubiquitously
expressed kinase that integrates signals in response to Toll-like
receptor activation, growth factor receptors, and diverse cellu-
lar stress responses (18 —24, 37, 38). PKR was originally identi-
fied as a mediator of the innate immune and antiviral responses,
but a number of studies over the years subsequently linked this
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kinase to cell growth and differentiation, inflammation, and
cytokine signaling (18 —24, 37). PKR is present as a monomer in
resting cells and upon its engagement in response to various
stimuli, it homodimerizes and undergoes autophosphorylation
and activation of its kinase domain (38). Beyond its well estab-
lished role as a kinase for eIF-2a, recent studies have demon-
strated that PKR regulates phosphorylation of other molecules,
such as IkBa, and plays important roles in transcriptional reg-
ulation and as a mediator of growth inhibitory and proapo-
ptotic responses (19, 22).

Although PKR plays a central role as mediator of the biological
functions of IFNs (20), to the best of our knowledge, there has been
no previous work to define its role in the growth inhibitory effects
of IFNs or other myelosuppressive cytokines on normal hemato-
poietic progenitors. However, a recent study (52) demonstrated
that PKR is activated in the bone marrow of MDS patients and that
its subcellular localization directly correlates with disease severity.
The authors of that study found that the levels of phosphorylated
PKR were increased in all MDS samples compared with normal
bone marrow, and in the case of high risk MDS the subcellular
localization was different (52).

In the present study, we sought to determine the involvement
of PKR in the generation of the suppressive effects of [IFN-y and
TNFa on leukemic cells and normal hematopoietic precursors.
Our data demonstrated that both of these cytokines, which
have been previously implicated in the pathophysiology of mar-
row failure syndromes (7, 45), induce phosphorylation of PKR
and its downstream effector elF2a. Importantly, our studies
established that molecular targeting of PKR results in partial
reversal of their inhibitory effects on normal human marrow-
derived erythroid (BFU-E) or myeloid (CFU-GM) hematopoi-
etic progenitors. Although the precise mechanisms of such
effects occur remain to be defined, in experiments involving
siRNA-mediated knockdown of human PKR in expanded pri-
mary hematopoietic progenitors, we found a requirement for
the kinase in the activation of ERK1/2 and JNK. These findings
suggest a potential mechanism by which PKR may control reg-
ulation and differentiation of hematopoietic cells, involving
MAPK pathways. ERK1/2 has been previously shown to be
involved in controlling survival and differentiation of hemato-
poietic progenitors (53), whereas JNK kinase has been impli-
cated in the regulation of erythropoiesis (54) and myeloid
differentiation (55). Such regulatory effects of PKR on hema-
topoiesis appear to be particularly relevant in MDS and, possi-
bly, marrow failure syndromes, because our studies demon-
strate that pharmacological or molecular targeting of PKR
results in enhanced colony formation from bone marrow or
peripheral blood of patients with MDS.

The lack of effects of PKR targeting on p38 MAPK activation
suggests the existence of parallel cascades that control normal
hematopoiesis and can be deregulated in pathophysiological
states. p38 MAPK is known to play critical roles in the patho-
physiology of MDS and bone marrow failure (16, 17, 56). There
has been previous evidence indicating a requirement for PKR
for p38 MAPK activity in nonhematopoietic cells (44). Studies
with PKR null MEFs have previously shown that PKR is
required for p38 MAPK activation in response to double-
stranded RNA, LPS, and other proinflammatory cytokines (44).
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The lack of regulatory effects on p38 MAPK in hematopoietic
cells indicates cell type-dependent selectivity of MAPK targets
for PKR activity and suggests that such differential targeting
may account for the versatility of responses and cellular pro-
cesses regulated by this kinase. Independently of the precise
mechanisms involved, our findings raise the possibility that
PKR may be an appropriate therapeutic target for the ultimate
development of new therapeutic approaches for the treatment
of MDS, and studies in that direction are warranted.
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