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The intersection of genetic and chemical
genomic screens identifies GSK-3a as
a target in human acute myeloid leukemia
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Acute myeloid leukemia (AML) is the most common form of acute leukemia in adults. Long-term survival of
patients with AML has changed little over the past decade, necessitating the identification and validation of
new AML targets. Integration of genomic approaches with small-molecule and genetically based high-through-
put screening holds the promise of improved discovery of candidate targets for cancer therapy. Here, we iden-
tified a role for glycogen synthase kinase 30 (GSK-30) in AML by performing 2 independent small-molecule
library screens and an shRNA screen for perturbations that induced a differentiation expression signature in
AML cells. GSK-3 is a serine-threonine kinase involved in diverse cellular processes, including differentiation,
signal transduction, cell cycle regulation, and proliferation. We demonstrated that specific loss of GSK-3a
induced differentiation in AML by multiple measurements, including induction of gene expression signatures,
morphological changes, and cell surface markers consistent with myeloid maturation. GSK-3a-specific sup-
pression also led to impaired growth and proliferation in vitro, induction of apoptosis, loss of colony forma-
tion in methylcellulose, and anti-AML activity in vivo. Although the role of GSK-3f has been well studied in

cancer development, these studies support a role for GSK-30.in AML.

Introduction

Cure rates for patients with acute myeloid leukemia (AML) have
changed little over the past decade. Only a minority of patients
are long-term survivors, and existing high-dose chemotherapy
regimens and/or stem cell transplantation have significant short-
and long-term morbidity (1-3). This seemingly slow progress in
improving outcomes for patients with AML is in sharp contrast to
the tempo of laboratory-based discovery. New genomic approaches
have dramatically altered the pace of identifying candidate molec-
ular lesions in human disease, including AML (4, 5). The challenge
now is to functionally validate emerging targets and to harness
this knowledge toward therapeutic benefit.

To this end, we have extended genomic approaches to small-
molecule and genetically based high-throughput screening. In
particular, we have focused on the identification and validation
of new AML differentiation targets. AML is characterized by both
defects in proliferation and differentiation, with current therapy
primarily focused on the proliferation defect (6). The success of
all-trans retinoic acid (ATRA) differentiation therapy in the treat-
ment of patients with the AML subtype acute promyelocytic
leukemia (APL) supports the notion of differentiation therapy
for AML more broadly (1, 7). Efforts to identify new differentia-
tion agents have been hampered by lack of knowledge of a drug-
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gable target and the inherent challenges of traditional cell-based
phenotypic screening. In order to address these limitations, our
laboratory developed a gene expression-based high-throughput
screening (GE-HTS) approach, in which gene expression signa-
tures serve as surrogates for different biological states, in this
case AML versus mature myeloid cells (8-10). Using the intersec-
tion of chemical biology and high-throughput genetic screening,
we sought to identify AML differentiation targets by measuring
the induction of a complex gene expression signature indicative
of myeloid maturation. Glycogen synthase kinase 3a (GSK-3a)
emerged as a top candidate.

GSK-3 is a multifunctional serine threonine kinase involved
in diverse cellular processes, including differentiation, signal
transduction, cell cycle regulation, and proliferation, with an emerg-
ing role in human malignancy (11, 12). GSK-3f has been reported as
a candidate target in leukemia and other malignancies (13-18). In
this manuscript, we report a role for GSK-3a in human AML.

Results

Intersection of chemical and genetic screens identifies loss of GSK-30L as a
modulator of differentiation. We conducted 2 independent small-mol-
ecule library screens using a gene expression signature as a read-out
for myeloid differentiation. Signature genes were measured with
the previously described GE-HTS approach, using ligation-medi-
ated amplification (LMA) and a fluorescent bead-based detection
system (8-10). 3,517 compounds from the Spectrum/Prestwick
Bioactives library and Harvard Stem Cells Bioactives library were
screened in triplicate in the AML cell line HL-60. We independently
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Figure 1

Three expression-based screens identify GSK-3a as a target of AML differentiation. We performed 3 independent GE-HTS differentiation
screens: (a) a bioactive small-molecule library screen in HL-60 cells, (b) a kihome-focused shRNA library screen in U937 and HL-60 cells, and
(c) a kinase inhibitor-focused small-molecule library screen in U937 and HL-60 cells. Perturbations were scored by consensus classification with
5 algorithms: summed score, weighted summed score, naive Bayes, K-nearest neighbor, and support vector machine. A compound or an shRNA
was considered a hit if it was classified as differentiated by all 5 methods. For the bioactive screen, each compound was screened at 1 dose.
3,232 compounds did not score across any of the 5 scoring metrics. The number of compounds scoring is indicated above each histogram bar.
In the shRNA screen, the fraction of hairpins that scored for each gene is depicted. For the kinase inhibitor small-molecule screen, compounds
were pinned at multiple concentrations. The number of chemical wells scoring across the number of indicated scoring algorithms is depicted.
Four GSK-3 inhibitors scored across all 5 methods. The number of doses that scored is indicated in parentheses. GSK-3b i I, GSK-3b Inhibitor I;
GSK-3b i VI, GSK-3b Inhibitor VI.

screened a collection of 84 kinase inhibitors in 2 AML cell lines,
HL-60 and U937, again measuring a complex myeloid differen-
tiation signature. Multiple pan-GSK-3 inhibitors scored in both
screens (Figure 1). Independently, a genetic screen was conducted
of a kinome-focused sublibrary of the RNAi Consortium short
hairpin RNA (shRNA) library, composed of 5,036 shRNAs that
target 1,000 genes. This lentivirally delivered library was screened
in HL-60 cells in the primary screen and then in both HL-60 and
U937 cells in the secondary screen, with the myeloid differentia-
tion signature assayed. GSK-3 also emerged as a top candidate,
with shRNAs specific for GSK-3a scoring highly (Figure 1).
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Chemical inhibition of GSK-3 induces differentiation in AML cell lines.
Compounds identified across the chemical screens included the
pan-GSK-3 inhibitors: indirubin-3’-monoxime, kenpaullone, Ro
31-8220, staurosporine, GSK-3b Inhibitor I, and GSK-3b Inhibi-
tor VI. Neither cytosine arabinoside nor daunorubicin, 2 cytotox-
ics currently used in AML therapy, scored in the primary screen,
suggesting that the GE-HTS differentiation assay is not merely a
measurement of toxicity. We next confirmed that these small mol-
ecules induce the differentiation signature by GE-HTS in a dose-
dependant manner (Supplemental Figure 1; supplemental materi-
al available online with this article; doi:10.1172/JCI46465DS1). In
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Figure 2

Pan-GSK-3 inhibition induces AML
differentiation in cell lines in vitro.
(A) AML cell lines were treated with
SB216763 versus DMSO and LiCl
versus NaCl for 3 days. The differ-
entiation score (summed score),
as determined using the GE-HTS
assay, is depicted. 1 uM ATRA was
used as the positive control. Red
indicates signature induction. (B)
May-Grunwald Giemsa staining of
AML cell lines after 3 days of LiCl
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treatment demonstrates cellular
differentiation compared with that
in NaCl-treated controls. Images
were acquired by light microscopy
under oil with an Olympus BX41
microscope and Q-capture software
(original magnification, x1,000). (C)
Histograms depicting an increase
in CD11b staining by flow cytom-
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order to further validate the results of this small-molecule library
screen, we tested 2 commonly used pan-GSK-3 inhibitors not in
the original screen: a tool compound SB216763 (an ATP competi-
tive inhibitor of GSK-3) and lithium chloride (LiCl) (a direct inhib-
itor that indirectly enhances N-terminal phosphorylation of the
inhibitory phosphorylation sites). For subsequent experiments,
we chose to focus on these 2 pan-GSK-3 inhibitors: SB216763,
because of its frequent use in other studies, and LiCl, because of
its clinical relevance. Although the compounds inactivate GSK-3
by different mechanisms, neither is isoform specific, and both
the GSK-3a and GSK-3f isoforms are inhibited. We evaluated 6
AML cell lines after 3 days of treatment with SB216763 and LiCl
and observed induction of the differentiation signature in a dose-
dependant manner across all cell lines (Figure 2A). In addition, we
evaluated morphologic changes in U937, MOLM-14, THP-1, and
HL-60 cells. We observed changes consistent with macrophage-like
differentiation, with a decreased nuclear-to-cytoplasmic ratio, con-
densation of the nucleus, and cytoplasmic ruffling (Figure 2B and
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Table 1). There was also evidence of myeloid maturation, as mea-
sured by an increase in expression of the surface marker CD11b
(Figure 2C). We noted that these AML cell lines represent both
mixed-lineage leukemia-rearranged (MLL-rearranged) and MLL
wild-type disease. As in the recent report by Wang et al., we also
failed to see specificity of response in a viability-based assay for
MLL-rearranged human AML (Supplemental Figure 2 and ref. 13).
These results indicate that pan-GSK-3 inhibition induces myeloid
maturation in AML cells in vitro, independent of the presence of
the MLL rearrangement.

GSK-3 inhibition differentiates primary patient blasts in vitro. Because
small-molecule treatment of cell lines does not always recapitulate
the effects of treatment of primary patient cells, we extended test-
ing of pan-GSK-3 inhibitors to primary patient AML blasts. In Fig-
ure 3, we demonstrate the induction of the differentiation score by
GE-HTS as well as the corresponding morphologic changes after
3 days of LiCl treatment across multiple primary samples in vitro
(Figure 3 and Supplemental Table 1). There was a response to at
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Table 1
Differentiation in LiCl-treated AML cell lines

Sample Blasts (%) Differentiating® (%)
THP-1 NaCl 100 0
THP-1 LiCI (15 mlM) 82 18
U937 NaCl 100 0
U937 LiCl (15 mM) 54 46
HL-60 NaCl 100 0
HL-60 LiCI (10 mlM) 29 71
MOLM-14 NaCl 95 5
MOLM-14 LiCl (15 mlM) 20 80

Percentages shown are based on a 200 cell count. ADifferentiating
denotes cells with increased cytoplasm, cytoplasmic vacuolation,
and blebbing and changes in nuclear morphology consistent with
myeloid differentiation.

least 1 dose of LiCl in 7 out of 10 samples and a dose response in
4 out of 7 samples. Additionally, 3 out of 10 samples responded
with a dose response to SB216763 (Supplemental Figure 3A).
A 200-count differential for a subset of the patients is listed in
Supplemental Figure 3B.

Loss of GSK-3a. leads to differentiation of AML cells in vitro. Currently
available small-molecule inhibitors of GSK-3 target both the acand
B isoforms. In order to dissect whether simultaneous inhibition of
both isoforms was necessary for the signature induction in human
AML cells in vitro, we used an shRNA screen targeting the kin-
ome. In both our primary and secondary shRNA screens, GSK-3a.
emerged as one of the top hits in 2 AML cell lines, HL-60 and
U937 (Figure 1). We used a consensus classification system, with
5 scoring metrics to identify candidate shRNAs (9). In order to be
considered a hit, the shRNA needed to score across all 5 scoring
metrics. Two out of five shRNAs against GSK-3a scored in HL-60
cells and 4 out of 5 shRNAs against GSK-3a. scored in U937 cells in
the secondary screen. shRNAs against the GSK-3f isoform did not
score highly in the primary screen and thus were not evaluated in
the secondary screen. However, given the high degree of homology
between the GSK-30. and GSK-3f isoforms, we confirmed that the
shRNAs in the library had specificity for their respective isoforms
and that the relative degree of knockdown was similar (Supple-
mental Figure 4, A and B, and Supplemental Table 2). In order to
confirm the results of the screen, we cross-validated these find-
ingsin 2 additional AML cell lines, MOLM-14 and THP-1, each of
which expresses an MLL rearrangement. Loss of GSK-3a across all
4 AML cell lines induced differentiation, as measured by changes
in gene expression and alteration of cellular morphology (Figure 4,
A and B). Genome-wide expression profiling was then performed,
comparing the effects of shRNAs targeting GSK-3a or GSK-3f
with the effects of a scrambled control shRNA (shControl). Two
shRNAs for each isoform were evaluated in 4 AML cell lines (HL-60,
MOLM-14, THP-1, and U937). GSK-3a suppression was enriched
for gene sets associated with monocyte differentiation, which were
generated from a comprehensive gene expression data set profiling
cord blood samples sorted for various stages of hematopoietic dif
ferentiation (Figure 4C and ref. 19). GSK-3f suppression, in con-
trast, was not enriched for the same gene sets. The effects of loss of
GSK-30 on differentiation were further characterized in U937 and
MOLM-14 cells; GSK-3a-specific shRNAs induced expression of
the myeloid maturation marker CD11b (Figure 4D).
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Loss of GSK-3a. decreases AML cell growth and proliferation, induces
apoptosis in vitro, and attenuates colowy formation in methylcellulose.
When cells differentiate they often have decreased proliferation,
undergo cell cycle arrest, and ultimately undergo apoptosis. Sup-
pression of GSK-3a with 4 shRNAs inhibited proliferation, as
measured by decreased BrdU incorporation, with a corresponding
decrease in cell number over a time course compared with a con-
trol shRNA (Figure 5, A and B). Multiple GSK-3a-specific ShRNAs
also induced a Gy cell cycle arrest and apoptosis and significantly
impaired colony formation (Figure 5, C and D, and Figure 6A).
Ectopic expression of a GSK3A cDNA immune to the effects of
the shRNA rescued this phenotypic alteration on colony forma-
tion, suggesting that the effects of the shRNA were on-target for
GSK-3a (Figure 6B). A decrease in colony formation with
GSK-33-targeting shRNAs was also observed (Figure 6A).

In vivo testing of GSK-3 inhibition in AML. In vitro studies provide
valuable preclinical information, but they do not fully recapitulate
response in the bone marrow microenvironment. One challenge
in the direct application of pan-GSK-3 inhibitors, such as LiCl,
to AML therapy is that these molecules induce stabilization of
B-catenin (Supplemental Figure 4, C and D), which has been
reported to promote AML self-renewal (20). Indeed, a recent study
by Yeung et al. demonstrated the importance of concurrent knock-
down of B-catenin with pan-GSK-3 inhibitor treatment in a mouse
model of AML in order to effectively target AML-initiating cells (21).
We observed that cells grown short-term in 384-well format, as in
the GE-HTS screens, were not dependent on f3-catenin, whereas cells
grown in a more physiologically relevant ex vivo assay (i.e., methylcel-
lulose) were dependent (Supplemental Figure 5). Because isoform-
specific loss of GSK-3 does not promote stabilization of B-catenin,
an alternative strategy would be isoform-selective inhibition (22).

We first confirmed that loss of GSK-3a did not stabilize
B-catenin in AML cells in vitro (Supplemental Figure 4A). In addi-
tion, loss of GSK-3a. did not activate TCF, a downstream effector
of nuclear B-catenin, nor did it enrich for gene sets correlated with
WNT or CTNNBI in genome-wide expression analysis by Gene Set
Enrichment Analysis (GSEA) (Supplemental Figure 6).

We next extended testing of GSK-3 isoform-specific inhibition
to a human AML orthotopic xenograft model in which U937 cells
were labeled with luciferase (U937-LucNeo) and propagated in
NOD-SCID IL2Ry"!" (NSG) xenografts. In our first study, loss of
GSK-3a (shGSK3A_S) impaired progression of this U937 ortho-
topic xenograft, as measured in vivo by both bioluminescence and
spleen weight (Figure 7, A and B). Using bioluminescence as a sur-
rogate marker for disease burden, we next evaluated the effects of
2 additional shRNAs (shGSK3A_8 and shGSK3A_9) targeting the
GSK-3a isoform. Both demonstrated statistically significant anti-
AML activity (Figure 7C). In an independent experiment looking
at the end point of survival, animals inoculated with U937-LucNeo
cells expressing a fourth GSK-3o-directed shRNA (shGSK3A_6)
had a survival advantage (Figure 7D). Thus, inhibition of GSK-3a
impaired engraftment and impacted survival in vivo. In these
studies, 1 out of 4 GSK-3fB-directed shRNAs (shGSK3B_2) tested
demonstrated statistically significant impairment of AML in vivo
(Figure 7D and Supplemental Figure 7).

Discussion
AML remains the most common form of acute leukemia in adults
and the second most common formin children. Although advances
have been made in predicting outcome based upon molecu-
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Figure 3

Pan-GSK-3 inhibition induces AML differentiation in primary patient blasts in vitro. (A) Histograms depicting the differentiation score (summed
score) for 7 primary patient samples treated in vitro for 3 days with LiCl. Error bars represent the mean + SD of 5 replicates. *P < 0.05,
**P <0.01, ***P < 0.001 by 1-way ANOVA using Tukey’s multiple comparison test. (B) May-Grunwald Giemsa staining of primary patient blasts at
day 3 after treatment with LiCl demonstrates monocyte/macrophage-like cellular differentiation compared with that in the NaCl-treated controls.
Images were acquired by light microscopy under oil with an Olympus BX41 microscope and Q-capture software (original magnification, x1,000).

No cytospins were available for patient 2.

lar features, there has been little progress in the last decade in
altering cure rates. One exception is the successful treatment of
patients with APL, defined by the PML-RARa rearrangement,
with ATRA differentiation therapy. To this end, we sought to
identify alternative candidate targets for AML differentiation.
We leveraged new genomic approaches for cancer discovery with
the integration of signature-based small-molecule library screen-
ing and high-throughput shRNA screening. Multiple pan-GSK-3
inhibitors scored in 2 chemical screens and were confirmed to
both induce differentiation and to alter cell viability in AML.
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We next turned to the shRNA screen to further detail the role
of GSK-3. In this screen, shRNAs specifically directed against
GSK-3a. scored highly.

GSK-3 is a constitutively active serine threonine kinase that
inhibits the Wnt and hedgehog pathways while activating NF-kB.
GSK-3 has been reported to play a role in normal cellular homeo-
stasis, including hematopoiesis (23, 24), as well as in a diversity
of human diseases, such as Alzheimer disease (25), non-insulin-
dependent diabetes mellitus (26), and bipolar disorder (27). More
recently, and somewhat surprisingly, GSK-3 has emerged as a
Volume 122 March 2012 939
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Figure 4

Loss of GSK-3a in AML induces differentiation in vitro. (A) Isoform-
specific GSK-3—directed shRNAs or a control shRNA were introduced
into 4 AML cell lines, and the differentiation score (summed score)
was determined using the GE-HTS assay. Red indicates induction of
the differentiation score. (B) Morphology was evaluated 7 days after
infection with May-Grunwald Giemsa staining of cytospin preparations.
Images were acquired by light microscopy under oil with an Olym-
pus BX41 microscope and Q-capture software (original magnification,
x1,000). (C) Four AML cell lines were profiled on Affymetrix expression
arrays with shRNAs directed against GSK-3a or GSK-3f in comparison
to a scrambled control shRNA (shCTRL), and GSEA was performed.
Enrichment plots are shown for GSK-3a and GSK-3f knockdown in
gene sets associated with monocyte maturation. FDR, false discovery
rate; Monocyte up, upregulated in monocytes; Monocyte down, down-
regulated in monocytes. (D) Loss of GSK-3a. leads to an increase in
CD11b expression by flow cytometry 6 days after infection.

target in hematological malignancies. For example, GSK-3f mis-
splicing, leading to an increase in -catenin and enhanced serial
replating, was reported in the granulocyte-macrophage progeni-
tors in blast crisis chronic myelogenous leukemia (14). Chemi-
cal inhibition of GSK-3 was also reported to induce apoptosis in
chronic lymphocytic leukemia and in multiple myeloma (15, 28,
29). Moreover, GSK-3 was initially reported as a target in MLL-
rearranged acute leukemia and then more broadly in hemato-
poietic cells transformed by HOX genes by promoting the condi-
tional association of CREB and its coactivators CBP and TORC
with MEIS1 (13, 17). Interestingly, in our genome-wide expression
studies, GSK-3a-specific loss was anticorrelated with gene sets
generated by the coexpression of HOXA9 and MEISI (Supplemen-
tal Figure 8). Whether GSK-3a specifically promotes CREB asso-
ciation warrants further study. Our genome-wide expression stud-
ies also point to the downregulation of a MYC program as another
potential mechanism linking the loss of GSK-3a with induction
of AML differentiation. Multiple MYC gene expression signatures
are downregulated with loss of GSK-3a by GSEA (Supplemental
Figure 9). Several studies implicate downregulation of MYC as a
mechanism to promote AML differentiation, including a recent
study by Zuber et al. reporting that the loss of MYC expression
by small-molecule inhibition of the bromodomain-containing 4
protein (BRD4) leads to AML differentiation (30).

While these results point to GSK-3 as a target in leukemia, there
are some concerns about targeting GSK-3 in AML with available
pan-GSK-3 small-molecule inhibitors. In its active state, GSK-3
inhibits the Wnt pathway by phosphorylating f-catenin, mark-
ing it for proteasomal degradation. When GSK-3 is pan-inhib-
ited, B-catenin is stabilized, enters the nucleus, and initiates its
transcriptional programs (11, 22, 31, 32). Recently, Wang et al.
demonstrated that reactivation of B-catenin signaling is required
for the transformation of progenitor cells by certain oncogenes,
including HOXA9, MEIS1, and MLL (20). Thus, stabilization of
p-catenin with pan-GSK-3 inhibition may promote self-renewal in
some AML progenitor cells. Interestingly, the pan-GSK-3 inhibitor
lithium was used in the 1970-1980s in clinical trials in an attempt
to decrease the time of neutropenia, based on the observation that
lithium increased neutrophil counts in patients being treated for
psychiatric disease (33-36). In a clinical trial, patients with AML
treated with cytosine arabinoside and daunorubicin were random-
ized to receive lithium versus a placebo. The incidence of complete
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remission was actually significantly lower in patients receiving
lithium (75% versus 49%; P = 0.012) (37). Because the doses of
lithium needed to achieve maximal effect in vitro are suprathera-
peutic, it is possible that more potent agents would have greater
activity in vivo. The potential leukemogenic effect of increasing
[-catenin, however, is still a concern, even with more potent pan-
GSK-3 inhibitors. In a recent report, Yeung et al. demonstrate the
dependency of the MLL leukemic stem cell (LSC) compartment
on P-catenin (21). They also demonstrate that the MLL LSCs are
resistant to the effects of GSK-3 pan-inhibition, supporting the
inadequacy of lithium as a single-agent therapy in some molecu-
lar subtypes of AML. The LSCs become sensitized to lithium in
the presence of -catenin knockdown, suggesting that pan-GSK-3
inhibition in combination with inhibition of Wnt signaling is a
potential therapeutic strategy in AML (21).

An alternative, more parsimonious approach to translating our
findings to the clinic might be to develop a GSK-3 isoform-specific
inhibitor. Although 90% homologous in their kinase domains, the
a and 3 isoforms of GSK-3 are not functionally redundant (11, 12,
32). For example, GSK-3a knockout mice show signs of metabol-
ic and neuronal developmental abnormalities (38, 39), while the
GSK-3P knockout is lethal late in gestation due to hepatic apop-
tosis, a phenotype similar to that seen in the NF-kB knockout (40,
41). However, both isoforms of GSK-3 need to be inhibited for
[-catenin stabilization. Doble et al. have demonstrated through
the generation of an allelic series of mouse embryonic stem cell
(ESC) lines with 0 to 4 functional GSK-3 alleles that specific loss
of the GSK-3a. or GSK-3f alleles did not lead to an increase in
B-catenin. It was only when 3 out of the 4 GSK-3 alleles were lost
that a rise in B-catenin levels was observed. GSK-3a,/f3 double-
knockout ESCs displayed hyperactivated Wnt/f-catenin signal-
ing, and their ability to differentiate was impaired (22). Moreover,
as demonstrated in this report, genetic loss of either the o or 3
isoform in human AML does not lead to f-catenin stabilization,
whereas pan-inhibition does (Supplemental Figures 4 and 6).

Although much of the literature has focused on the GSK-3f3
isoform, we focused on GSK-3a because it scored highly in our
shRNA AML differentiation screen. Inhibition of GSK-3a with
multiple shRNAs induced differentiation, as measured by induc-
tion of the GE-HTS differentiation signature, expression of
myeloid surface markers, genome-wide expression changes con-
sistent with differentiation, and induction of morphological
characteristics of monocyte/macrophage-like maturation in vitro.
There was also impaired cell growth and proliferation, induction
of cell cycle arrest and apoptosis, and loss of colony formation
in methylcellulose. Moreover, 4 GSK-3a-specific ShRNAs led to
a decrease in disease burden and/or prolonged survival in an in
vivo model. While we hypothesize that the AML cells undergo
differentiation and then ultimately arrest, as is described in APL
with ATRA therapy (42), another possibility is that there is a het-
erogeneous response to GSK-3a inhibition, with one population
undergoing differentiation and another undergoing apoptosis.
Interestingly, recent studies reported a surprising role for GSK-3a.
inhibition in cardiomyocyte differentiation (43) and a role for
GSK-3a. expression in protection against apoptosis with ischemic
injury to the heart (44).

In treating patients with cancer, we are in transition from an era
dominated by the use of cytotoxic chemotherapy to an era with the
hope of “targeted” therapy. Our results support the further refine-
ment of potential drug targets to the granular level of isoform
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Figure 5

Phenotypic alterations associated with GSK-3a loss in MOLM-14 and U937 cells. (A) Cell number, as measured by trypan blue exclusion. Shown are
the mean = SD of 3 replicates. *P < 0.001 by 2-way repeated-measures ANOVA, with a Bonferroni post-hoc test comparing each shRNA to the shCon-
trol. The effects of GSK-3a suppression on (B) BrdU incorporation, (C) cell cycle, and (D) apoptosis are depicted. In B, the mean + SD of 3 biological
replicates is shown on the left, and a representative experiment is shown on the right. *P < 0.001 by 1-way ANOVA with Tukey’s multiple comparison
test. In C and D, representative experiments of 2 biological replicates are shown. In D, numbers represent percentages of cells in each quadrant.

specificity. Indeed, with the recognition of the nonoverlapping
roles of phosphoinositide 3-kinase (PI3K) isoforms in malignancy,
the development of PI3K isoform-specific inhibitors is already well
underway (45). To our knowledge, no GSK-3a-specific small-mol-

ecule inhibitors have been described and a reported GSK-3f-selec-
tive molecule is not yet commercially available (46). Given the
high degree of homology of the kinase domains of the o and 8
isoforms, one potential strategy would be to develop an allosteric
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small-molecule inhibitor of GSK-3a or GSK-3f3. While our stud-
ies demonstrate a more potent effect with shRNA directed against
GSK-30 compared with that directed against GSK-3f, there are
several possible explanations for this observation. Though our
immunoblot quantification suggests near equivalent relative pro-
tein knockdown, such measurements are notoriously imprecise.
Thus, subtle differences in knockdown could contribute to a dif-
ference in the observed phenotype, or the full phenotypic effect
may require complete loss of GSK-3f. Moreover, the slower kinet-
ics of loss of GSK-3 with shRNA may alter the phenotype observed
compared with that of a small-molecule inhibitor, and the loss
of the protein may induce a phenotype different from loss of its
enzymatic activity. Indeed, it will be important to test both GSK-
3a- and GSK-3f-selective small-molecule inhibitors as these mol-
ecules are characterized.

In summary, these studies suggest a role for GSK-30 in AML dif-
ferentiation and support a potential role for GSK-3a-directed tar-
geted therapy. Moreover, they illustrate the strength of integrating
multiple orthogonal screens toward cancer target identification.

Methods

Cell culture

Primary patient AML blasts were collected from peripheral blood or bone
marrow aspirate, after obtaining informed consent of patients under Dana-
Farber Cancer Institute Internal Review Board-approved protocols. Mono-
nuclear cells were isolated using Ficoll-Paque Plus (Amersham Bioscienc-
es), and red blood cells were lysed (eBioscience). HL-60, U937, Kasumi-1,
and KG-1 cells were purchased from ATCC. Scott Armstrong provided
THP-1, MOLM-14, and MV4-11 cell lines. SKNO-1 cells were provided by
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Jonathan Licht. All cell lines and primary patient cells were maintained in
RPMI 1640 (Cellgro) supplemented with 1% penicillin-streptomycin (PS)
(Cellgro) and 10% FBS (Sigma-Aldrich) at 37°C with 5% COs.

Compounds

Compounds were obtained from the following sources: indirubin-3'-
monoxime, kenpaullone, and Ro 31-8220 (all from ENZO Life Sciences);
GSK-3b Inhibitor I and GSK-3b Inhibitor VI (both from Calbiochem); vori-
nostat (Broad Chemistry Program); SB216763, DMSO, and LiCl (all from
Sigma-Aldrich); and sodium chloride (SAFC Biosciences). All compounds
were diluted in DMSO with the exception of LiCl and sodium chloride,
which were diluted in water and filter sterilized.

Morphological evaluation

On day 7 after infection and day 3 after chemical treatment, cytospin prep-
arations were performed. Changes in cellular morphology were evaluated
by May-Grunwald Giemsa staining (Sigma-Aldrich). Images were acquired
by light microscopy under oil at x1,000 magnification with an Olympus
BX41 microscope and Q-capture software.

Viability assays

Cell lines were incubated with compounds in 384-well format. Viabil-
ity was evaluated with the CellTiter-Glo Luminescent Cell Viability Assay
(Promega) after 3 days of incubation. Luminescence was measured using a
FLUOstar Omega from BMG Labtech. Cell number was determined using

trypan blue exclusion over a time course.

Flow cytometry

The surface marker CD11b was measured at day S after chemical treatment
and day 6 after infection (Beckman Coulter no. IM0S30U). Cell cycle was
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Days after inoculation

GSK-3a loss has anti-AML activity in vivo. (A) U937-LucNeo cells infected with pLKO.1 vectors against GSK-3a (shGSK3A_5) and lacZ (shCon-
trol_2) were injected on day 0. Bioluminescence was quantified as a measure of disease burden. Data are represented as mean + SEM of 6
mice per cohort. ***P < 0.001 by 2-way repeated-measures ANOVA, with a Bonferroni post-hoc test comparing shGSK3A_5 with shControl_2.
(B) Spleen weights were measured on day 20 after injection. There were 5 mice in the shControl_2 cohort and 6 mice in the shGSK3A_5 cohort.
Each symbol represents an individual mouse, and horizontal bars represent mean values. **P < 0.01 by Student’s t test. (C) U937-LucNeo cells
infected with pLKO.1 vectors against GSK-3a (shGSK3A_8 and shGSK3A_9) and lacZ (shControl_2) were injected on day 0. Bioluminescence
was quantified as a measure of disease burden. Data are represented as mean + SEM of 6 mice per cohort. **P < 0.01, ***P < 0.001 by 2-way
repeated-measures ANOVA, with a Bonferroni post-hoc test comparing each shRNA to shControl_2. (D) Survival is shown for mice engrafted
with U937-LucNeo cells infected with pLKO.1 vectors against GSK-3a (shGSK3A_6), GSK-3p (shGSK3B_1), and lacZ (shControl_2). Mice were
engrafted on day 0. There were 6 mice in each cohort, with statistical significance calculated by log-rank test. *P < 0.05, shGSK3A_6 survival

curve relative to shControl_2 survival curve.

measured using PI staining for DNA content at day 6 after infection in
U937 cells and day 4 after infection in MOLM-14 cells. Proliferation was
measured using the FITC BrdU Flow Kit as per the manufacturer’s proto-
col (BD Pharmingen) after a 1-hour BrdU pulse on day 5 after infection.
Apoptosis was measured using the FITC Annexin V Apoptosis Detection
Kit as per the manufacturer’s protocol (BD Pharmingen) 4 days after infec-
tion in U937 cells and 6 days after infection in MOLM-14 cells.

Viral vectors and infection

Sequences targeted by each GSK-3a./f shRNA are listed in Supplemental
Table 3. For large scale infections, 2 x 10¢ HEK293T cells were plated in
10-cm plates and transfected 24 hours later with 3 ug DNA from pLKO.1
lentiviral vector and packaging plasmids (pCMV8.9 and pCMV-VSVG)
according to the FuGENE 6 (Roche) protocol. Medium was changed 24
hours after transfection, and viral supernatant was harvested every 8 hours
for the subsequent 48 hours and filtered using 0.45-um filters. AML cell
lines were infected for 2 hours at 37°C with 2 ml lentiviral supernatant and
8 ug/ml polybrene (Sigma-Aldrich) and then diluted to 10 ml with medi-
um. Cells were selected 48 hours later with 1 ug/ml puromycin (Sigma-
Aldrich). Rescue experiments were conducted using a pWZL empty vector
and a pWZL GSK3A cDNA. 2 x 10° HEK293T cells were plated in 10-cm
plates and transfected 24 hours later with 10 ug DNA from retroviral
backbone vector and packaging plasmids (p-N8-e-Env and p-N8-g-VSVG)
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according to the FuGENE 6 (Roche) protocol. Viral supernatant was har-
vested as described above. MOLM-14 cells were spin infected for 1 hour on
2 consecutive days and selected 48 hours after the second infection using
1.5 mg/ml neomycin (Invitrogen). Once stable cell lines were established,
cells were infected with the lentivirally delivered shControl and shGSK3A_6
shRNAs. At 48 hours after infection, the cells were selected with 1 ug/ml
puromycin. The B-catenin reporter 7xTCF-luc-puro was stably infected
into MOLM-14 cells as described above.

Immunoblotting
Cells were lysed in Cell Signaling Lysis Buffer (Cell Signaling Technology),
containing Complete, EDTA-free Protease Inhibitor Cocktail tablets (Roche
Diagnostics), and PhosSTOP Phosphatase Inhibitor (Roche Diagnostics),
resolved by gel electrophoresis using Novex 4%-12% Bis-Tris Gel (Invitrogen),
transferred to nitrocellulose membranes (Bio-Rad), and blocked for 1 hour
in 5% BSA (Sigma-Aldrich). Blots were incubated with primary antibodies to
p-GSK-3a. (S21) (Cell Signaling Technology no. 9316S), p-GSK-3f (S9) (Cell
Signaling Technology no. 9336S), p-GSK-3a,/f (Y279/216) (Thermo Scien-
tific catalog no. OPA1-03083), total GSK-3a. (Cell Signaling Technology no.
9338), total GSK-3f (Cell Signaling Technology no. 9315), total GSK-3a/3
(Abcam ab82542), anti-Flag (Sigma-Aldrich catalog no. F1804), B-catenin
(Millipore catalog no. 06-734), or Vinculin (Abcam ab18058), followed by
secondary antibodies anti-rabbit HRP (Amersham NA9340V) or anti-mouse
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HRP (Amersham NA9310V). Bound antibody was detected using Western
Lightning Chemiluminescence Reagent (Perkin Elmer). Quantification of
the Western blots was performed using Image] software (http://rsbweb.nih.
gov/ij/). Blank readings were obtained and subtracted from all measure-
ments to correct for background. Each protein band for GSK-3 was quanti-
fied with respect to the loading control and then normalized to the shCon-
trol (Supplemental Table 2).

Methylcellulose colony-forming assay

HL-60, U937, THP-1, and MOLM-14 cells were infected with shRNAs
directed against a scrambled control (shControl), GSK-3a, or GSK-3f3
(2 unique constructs per gene) (see Supplemental Table 3 for hairpin
sequences). After 48 hours of selection, cells were counted by the trypan
blue exclusion assay, and 3 x 10* cells were plated at 1:10 (v/v) in methylcel-
lulose (ClonaCell-TCS Medium) with 1% PS and 1 ug/ml puromycin.

Luciferase assay

Cell lines stably transfected with the B-catenin reporter 7xTCF-luc-puro
were counted and lysed in 1X Passive Lysis Buffer (Promega) for 15 min-
utes. Luciferase Assay Substrate (Promega) was added, and samples were
incubated for 2 minutes in the dark. Luminescence was measured and cor-
rected for viability using CellTiter-Glo as described above.

GE-HTS signature development

Gene expression studies. Marker genes for myeloid differentiation were chosen
using previously published Affymetrix AML-related data sets (8). We used
an initial collection of 42 genes in the bioactive library screen, a refined
set of 19 genes in the RNAI primary screen, and a final group of 32 genes
in the secondary RNAI screen, the kinase inhibitor screen, and all other
follow-up differentiation assays (see Supplemental Tables 4-6 for probe
lists). These genes distinguish AML from either neutrophils or monocytes
with P < 0.05 by ¢ test and distinguish undifferentiated versus differenti-
ated HL-60 cells with ATRA, phorbol 12-myristate 13-acetate, or 1,25-dihy-
droxyvitamin D3 with P < 0.05 by ¢ test. The GE-HTS assay using LMA and
a fluorescent bead-based detection was performed as previously described
(9). Two primary methods were used to compare signature gene induction.
The summed score combines expression ratios by adding or subtracting
them based on the expected direction of regulation from ATRA-treated
positive controls. The weighted summed score combines expression ratios
by summing them with a weight and sign determined by the signal-to-
noise ratio of each expression ratio for the positive control (ATRA-treated)
and negative control (DMSO-treated) samples.

GE-HTS screens

We performed 3 GE-HTS differentiation screens: (a) a bioactive small-mol-
ecule library screen, (b) a kinase inhibitor-focused small-molecule library
screen, and (c) a kinase-focused shRNA library screen. Hits from these
3 screens were selected using approaches previously described (9). Briefly,
plates were filtered and scaled, and 5 scoring algorithms were applied:
summed score, weighted summed score, naive Bayes, K-nearest neighbor,
and support vector machine.

Bioactive small-molecule library screen. 7,500 HL-60 cells per well, in RPMI
medium containing 10% FBS, 1% PS, and 0.3 uM vorinostat (as a differenti-
ation enhancer), were plated by MATRIX WellMate in 384-well cell culture
plates. 3,517 compounds from the Spectrum/Prestwick Bioactives library
and Harvard Stem Cells Bioactives library were screened in triplicate. 10 nl
of each compound was pin transferred by CyBi-Well to a final concentra-
tion of 20 uM. Each Spectrum/Prestwick Bioactives library plate contained
32 negative controls (0.3 uM vorinostat) and 32 positive controls (0.3 uM
vorinostat plus 1 uM ATRA). Plates with compounds from the Harvard
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Stem Cell Bioactive library contained only negative controls. Plates were
incubated at 37°C for 24 hours, followed by measurement of the GE-HTS
signature. See Supplemental Table 5 for the probe list.

Kinase inbibitor small-molecule library screen. We independently screened a
collection of 84 kinase inhibitors at 8 different doses in triplicate in HL-60
and U937 cells. HL-60 cells were plated at 7,500 cells per well, while U937
cells were plated at 5,000 cells per well. 100 nl compound was then pin
transferred by CyBi-Well to appropriate wells. Sixteen 0.2% DMSO-con-
taining negative control wells and eight 1 uM ATRA-containing wells were
subsequently pin transferred using a mask plate. Plates were incubated at
37°C for 72 hours, followed by measurement of the GE-HTS differentia-
tion signature. See Supplemental Table 6 for the probe list.

shRNA screen. High-throughput screening was performed with the
RNAI Platform at the Broad Institute. As previously reported by Hahn
et al., HL-60 cells were plated in 384-well format in 30 ul of medium at
15,000 cells per well and incubated overnight at 37°C with 5% CO, (9).
Polybrene (Sigma-Aldrich) was added to a final concentration of 8 ug/ml.
Approximately 5,000 shRNAs targeting 1,000 genes in a kinome-focused
sublibrary of The RNAi Consortium shRNA library were screened in qua-
druplicate (http://www.broad.mit.edu/rnai/trc/lib) (47). Virus was added
at 2.5 ul per well, and plates were spun for 30 minutes at 1,050 gand incu-
bated for 48 hours. Selection was performed on 3 replicates with 1 ug/ml
puromycin (Sigma-Aldrich), and medium was changed on the unselected
control plate. Uninfected controls included untreated cells (8 wells), 1 uM
ATRA (8 wells), and 25 uM gefitinib (8 wells). Plates were incubated for
72 hours and then were assessed for differentiation by GE-HTS and viabil-
ity as described above. An sShRNA was considered a hit if it was classified as
being more like ATRA-treated controls than untreated HL-60 controls by
all 5 scoring algorithms. A secondary screen was performed as described
above with the following exceptions: HL-60 and U937 cells were plated at
15,000 cells per well and 4,500 cells per well, respectively. shRNAs against
the 132 genes that scored in the primary screen, as well as newly available
shRNAs, were screened in 5 replicates. Plates were incubated for 72 hours
and then differentiation was assessed by GE-HTS, and viability was mea-
sured as described above. See Supplemental Table 4 for the probe list used
in the primary screen and Supplemental Table 6 for the probe list used in
the secondary screen.

Genome-wide expression analysis

The AML cell lines, MOLM-14, U937, THP-1, and HL-60, were infected
with a scrambled control shRNA (shControl), 2 shRNAs directed against
GSK-3f (shGSK3B_1 and shGSK3B_2), and 2 shRNAs directed against
GSK-3a (shGSK3A_S and shGSK3A_6). Cells were selected 48 hours after
infection with 1 ug/ml puromycin. Forty-eight hours later, protein was
extracted as described above. RNA was extracted using the RNeasy Kit
and on column digestion of DNA (Qiagen). Knockdown of GSK-3a and
GSK-3f was confirmed by Western blot. For each cell line, 3 shControl, 2
shGSK3B_1, 2 shGSK3B_2, 2 shGSK3A_5, and 2 shGSK3A_6 biological
replicates were profiled using the Affymetrix HG-U133A HTA (Affyme-
trix) at the Broad Institute. Gene expression data are available from GEO
(accession no. GSE35200; http://www.ncbi.nlm.nih.gov/geo). The RMA
algorithm in the Bioconductor package of R was used to process the raw
expression data. Two data sets were created: one with all shControl and
GSK-3a samples and one with all shControl and GSK-3f samples (12 vs.
16 samples in each case). Each of these data sets was analyzed using GSEA
(48) (http://www.broadinstitute.org/gsea/index.jsp), using the curated
gene sets from version 2.5 of the Molecular Signatures Database (http://
www.broadinstitute.org/gsea/msigdb/index.jsp). Gene sets were scored
using the signal-to-noise ratio in the weighted enrichment score, and
Pvalues were calculated using 1,000 permutations of the phenotype.
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Number3  March 2012 945



research article

The monocyte signature used in GSEA was derived from the hematopoi-
etic gene expression differentiation map (DMAP) database, as described in
the Supplemental Information of Novershtern et al. (19). The monocyte
versus hematopoietic stem cell upregulated gene set (DMAP_MONO_vs_
HSC_UP) was defined as the top 470 genes having significantly higher lev-
els of expression in the DMAP monocyte versus hematopoietic stem cell
classes. The monocyte versus hematopoietic stem cell downregulated gene
set (DMAP_MONO_vs_HSC_DN) was identified as the top 204 genes hav-
ing significantly lower levels of expression in the DMAP monocyte versus
hematopoietic stem cell classes. The significance of the differential expres-
sion was estimated based on the signal-to-noise test for a P value of less
than 0.05 and false discovery rate of less than 0.10.

In vivo studies

U937 cells were transduced with the pMMP-LucNeo retrovirus and selected
with neomycin at 1 mg/ml. All xenograft studies were performed by inject-
ing luciferase-expressing AML cells via the tail vein into 6- to 8-week-old
NSG mice (The Jackson Laboratory). Leukemic disease burden was seri-
ally assessed using noninvasive bioluminescence imaging by injecting mice
with 75 mg/kg i.p. D-Luciferin (Promega), anesthetizing them with 2%-3%
isoflurane, and imaging them on an IVIS Spectrum (Caliper Life Sciences).
A standardized region of interest (ROI) encompassing the entire mouse
was used to determine total body bioluminescence, with data expressed as
photons/s/ROI (ph/s/ROI).

U937-LucNeo cells were transduced with lentiviruses encoding shRNAs
targeting GSK-3a. (shGSK3A_S, shGSK3A_6, shGSK3A_8, shGSK3A_9),
GSK-3p (shGSK3B_1, shGSK3B_2, shGSK3B_4, shGSK3B_7), or LacZ
(shControl_2). Transduced cells were selected with 1 pug/ml puromycin for
48 hours, and viable cells were counted using trypan blue exclusion. A stan-
dardized number of 1.5 x 106 cells per mouse was injected via tail vein in the
xenograft study of shGSK3A_S, shGSK3B_2, and shControl_2,and 2.1 x 10°
cells per mouse were injected in the xenograft study comparing shGSK3A_6,
shGSK3B_1,and shControl_2 (n = 6 in all groups). For the study comparing
shGSK3A_8,shGSK3A_9, shGSK3B_4,shGSK3B_7,and shControl_2, mice
were injected with 4 x 10° cells per mouse (n = 6 in all groups).

All studies were conducted under the auspices of protocols approved by
the Dana-Farber Cancer Institute Animal Care and Use Committee.
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