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Chronic myeloid leukemia responds well to therapy targeting the
oncogenic fusion protein BCR-ABL1 in chronic phase, but is resistant
to treatment after it progresses to blast crisis (BC). BC is characterized
by elevated β-catenin signaling in granulocyte macrophage progen-
itors (GMPs), which enables this population to function as leukemia
stem cells (LSCs) and act as a reservoir for resistance. Because normal
hematopoietic stem cells (HSCs) and LSCs depend on β-catenin signal-
ing for self-renewal, strategies to specifically target BC will require
identification of drugable factors capable of distinguishing between
self-renewal in BC LSCs and normal HSCs. Here, we show that the
MAP kinase interacting serine/threonine kinase (MNK)-eukaryotic
translation initiation factor 4E (eIF4E) axis is overexpressed in BC
GMPs but not normal HSCs, and that MNK kinase-dependent eIF4E
phosphorylation at serine 209 activates β-catenin signaling in BC
GMPs. Mechanistically, eIF4E overexpression and phosphorylation
leads to increased β-catenin protein synthesis, whereas MNK-depen-
dent eIF4E phosphorylation is required for nuclear translocation and
activation of β-catenin. Accordingly, we found that a panel of small
molecule MNK kinase inhibitors prevented eIF4E phosphorylation,
β-catenin activation, and BC LSC function in vitro and in vivo. Our
findings identify the MNK–eIF4E axis as a specific and critical regu-
lator of BC self-renewal, and suggest that pharmacologic inhibition
of the MNK kinases may be therapeutically useful in BC chronic
myeloid leukemia.
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Chronic phase chronic myeloid leukemia (CML) is a myelo-
proliferative disorder that is characterized by the presence

of the fusion gene BCR-ABL1 in primitive progenitors (1). BCR-
ABL1 encodes a constitutively active tyrosine kinase that is caus-
ative for the condition (1), and, accordingly, therapeutic inhibition
of BCR-ABL1 kinase elicits excellent responses in chronic phase
(2). In contrast, myeloid blast crisis (BC) CMLdoes not respond to
BCR-ABL1 tyrosine kinase inhibitors (TKIs), suggesting that ad-
ditional transforming events contribute to the BC phenotype (3).
Several of these factors have recently been identified to be critical
to BC pathogenesis, and include the acquisition of a β-catenin–
driven self-renewal program in a committed progenitor population
known as the granulocyte macrophage progenitor (GMP) (4, 5).
BC GMPs are highly enriched for LSCs because they have the
capacity to serially transplant immunodeficient mice (6). Impor-
tantly, the BC LSC population is also thought to underlie TKI
resistance, as well act as a reservoir for the maintenance of the
disease in patients (4, 6). That TKIs have minimal clinical activity
in BC suggests that the LSC function in GMPs occurs indepen-
dently of BCR-ABL1, a conclusion that is supported by the in-
ability of BCR-ABL1 per se to confer LSC function on committed
progenitors (7).
In the present study, we set out to identify additional factors

responsible for conferring stemness to the BC LSC population

that might be drugable. We focused in particular on the cell’s
translational machinery because our prior work had implicated
cap-dependent mRNA translation in TKI resistance in CML
(8–10), and because the process of mRNA translation encompasses
a series of therapeutic targets that include several protein kinases
(11). Specifically, we were interested in determining if there was
a direct connection between the overexpression of themRNA cap-
binding protein and translation regulator eIF4E, which has been
reported to be overexpressed in myeloid BC cells (12), and BC
LSC function.
eIF4E is essential for cap-dependent mRNA translation,

which is the means by which the majority of mammalian mRNAs
are translated (13). eIF4E recruits the translation initiation
machinery to the 5′ cap of mRNAs so that initiation can pro-
ceed. This function of eIF4E is rate limiting, and represents a
key regulatory node in the control of mRNA translation and
protein expression (13, 14). Indeed, overexpression of eIF4E by
itself has been shown to contribute directly to cellular trans-
formation (15, 16), and, prognostically, eIF4E overexpression
has also been shown to correlate with poorer outcome in a va-
riety of human cancers (17). Mechanistically, the transforming
properties of eIF4E have been linked to its ability to promote
translation of genes involved in proliferation and survival (18,
19). Recent data have also highlighted the importance of eIF4E
phosphorylation at serine 209 (S209) in transformation. These
reports included the use of genetic approaches to demonstrate
that nonphosphorylatable forms of eIF4E are less efficient in
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causing in vivo transformation, and also highlighted the thera-
peutic potential for targeting the MNK1/2 kinases, which phos-
phorylate eIF4E in vivo, as a way to prevent eIF4E-mediated
transformation (15, 20, 21). Exactly how eIF4E phosphorylation
contributes to cancer in these models is not entirely clear, al-
though recent work has suggested that eIF4E phosphorylation
may be particularly important for the translation of a subset of
cancer-promoting mRNAs (15, 22). In the present work, we
show that eIF4E is highly phosphorylated in BC GMPs, and
that overexpression of eIF4E is sufficient to confer self-renewal
function on bone marrow (BM) progenitors in a phosphoryla-
tion-dependent manner. Mechanistically, we show that the
MNK–eIF4E axis activates Wnt/β-catenin signaling by increasing
β-catenin mRNA translation and facilitating its nuclear trans-
location. Consistent with these findings, we demonstrate that
a panel of MNK kinase inhibitors impairs the ability of BC
GMPs to function as LSCs, including the capacity to serially
transplant immunodeficient mice. The identification of a BC-
specific MNK–eIF4E–β-catenin axis may therefore provide a
therapeutic window for targeting LSCs without affecting normal
HSC function.

Results
eIF4E Overexpression and Phosphorylation Is a Feature of BC GMPs
and Confers Stem Cell-Like Properties on Normal BM Progenitors.We
performed Western blot analysis on cell lysates obtained from
primary CD34+ BC cells and found that total and phosphory-
lated (i.e., S209) eIF4E levels were increased by two and five
fold, respectively, compared with normal CD34+ cord blood
(CB) controls (Fig. 1A). In addition, by using immunofluores-
cence, we observed in the same CD34+ BC samples that the
increase in eIF4E phosphorylation paralleled nuclear β-catenin
levels (Fig. 1B). The presence of phosphorylated eIF4E was also
observed in blast cells in situ when BM from individuals with BC
was examined (Fig. 1C).
Next, we sorted populations highly enriched for HSCs [Lineage

negative (Lin−) CD34+CD38−] and GMPs (Lin−CD34+CD38+

IL3Rα+CD45RA+) from CB and BC samples (4, 23). Here, we
found that HSCs and GMPs from patients with BC had elevated
levels of active, nuclear β-catenin, and that this was associated
with increased eIF4E phosphorylation (Fig. 1D). In contrast, only
CB HSCs, and not CB GMPs, expressed nuclear β-catenin, a
result that confirms earlier work (4). We also noticed that CB-
derived HSCs expressed low levels of phosphorylated eIF4E

Fig. 1. eIF4E overexpression and phosphorylation in BC GMPs and eIF4E-mediated induction of serial replating capacity in hematopoietic progenitors. (A)
(Left) Representative immunoblot analysis shows increased total and phosphorylated eIF4E levels in BC cells from patients with CML compared with CD34+

normal CB. (Right) Densitometric analysis of Western blots shows mean expression level of total eIF4E and phosphorylated eIF4E in BC (n = 8) relative to CB
(n = 4). (B) (Left) Correlation between increased eIF4E phosphorylation and active nuclear β-catenin level in CD34+ BC cells (n = 7) but not normal CB or BM by
immunofluorescence staining. (Right) Graphical representation of mean fluorescence intensity of phosphorylated eIF4E and active β-catenin. (C) Immuno-
histochemical staining demonstrates increased eIF4E phosphorylation in BC BM compared with control BM from a healthy donor (Normal BM) and an in-
dividual with acute leukemia in remission (Remission Control). (D) (Left) Confocal fluorescence microscopy demonstrates increased nuclear β-catenin and eIF4E
phosphorylation in BC HSCs and GMPs compared with normal HSCs and GMPs from CB controls. (Right) Bar chart of the mean expression levels of active
β−catenin and phosphorylated eIF4E in HSCs and GMPs from CB and BC [mean ± SEM; †P ≤ 0.001 and ‡‡P < 0.00001; CB (n = 3), BC (n = 3)]. (E) 5-Fluorouracil–
primed BM cells were transduced with the indicated MSCV-based vectors and subjected to four rounds of serial replating in methylcellulose. eIF4ES209D-
tranduced, but not BCR-ABL1– or eIF4ES209A-transduced cells, demonstrated replating capacity to the fourth plating.
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despite the presence of nuclear β-catenin (Fig. 1D), indicating
a lack of association between β-catenin activity and eIF4E phos-
phorylation in normal HSCs.
Normal murine BM progenitors are unable to serially replate

in methylcellulose, but are able to do so when transduced with
leukemia oncogenes that confer self-renewal function (4, 6, 7).
Accordingly, we used this assay to determine if eIF4E over-
expression is able to confer self-renewal properties on normal
progenitors. We retrovirally transduced BM cells with murine
stem cell virus (MSCV)-based vectors expressing a phospho-
mimetic form of eIF4E (15), eIF4ES209D, or a nonphos-
phorylatable form, eIF4ES209A, with or without BCR-ABL1,
and plated these cells in methylcellulose. Vector-only controls
were unable to serially replate, and, in agreement with an earlier
report, we found that BCR-ABL1 by itself was unable to sustain
replating (Fig. 1E) (7). In contrast, we observed that eIF4ES209D,
but not eIF4ES209A, enabled colonies to be serially replated for
as many as four replatings, in the presence or absence of BCR-
ABL1 (Fig. 1E). These results demonstrate that eIF4E confers
serial replating properties on murine hematopoietic progenitors
in a phosphorylation-dependent manner, and suggested that the
high levels of phosphorylated eIF4E we observed in BC GMPs
might also contribute to LSC function.

eIF4E Overexpression and Phosphorylation Coordinately Regulate
β-Catenin Signaling. The Wnt/β-catenin self-renewal pathway is ac-
tivated in BC GMPs, and plays an important role in BC LSC
function because specific Wnt inhibitors abrogate LSC function
(4). Based on an earlier report that Wnt/β-catenin signaling can be
regulated by the cap-dependent translation of β-catenin itself (24),
we investigated if activated eIF4E might contribute to BC LSC
function via up-regulating the translation of components of the
Wnt/β-catenin pathway. To explore this possibility, we used retro-
viral transduction to generate CML cells overexpressing WT eIF4E
at two different levels (K562-eIF4EWTLo and K562-eIF4EWT),
the phosphomimetic form of eIF4E (K562-eIF4ES209D) (15), and
the nonphosphorylatable form (K562-eIF4ES209A), and achieved
a range of total eIF4E levels in transduced cells that reflected the
range of increased eIF4E levels in primary BC cells (Fig. 2A). By
using a β-catenin reporter assay, we found that overexpression of
WT eIF4E activated β-catenin in a dose-dependent manner, and
furthermore that this was dependent on phosphorylation at S209
(Fig. 2B). By using two further readouts of β-catenin transcriptional
activity, we confirmed that the increase in β-catenin activity resulted
in increased Wnt target gene promoter activity (cyclin D1; Fig. 2C)
and expression of a Wnt target gene, lymphoid enhancer-binding
factor 1 (LEF1) (Fig. 2D) (25). Similar findings were observed in
another BC CML cell line (Fig. S1).

Fig. 2. eIF4E overexpression and phosphorylation is sufficient to activate β-catenin. (A) K562 cells were retrovirally transduced with MSCV-based vectors
expressing vector only, eIF4E WT (WTLo and WT, corresponding to subpopulations with increasing eIF4E levels), eIF4E S209D, or eIF4E S209A. Immunoblots for
eIF4E levels are shown. The antibody to phosphorylated eIF4E does not detect S209D or S209A. Numbers indicate densitometry readings for eIF4E, averaged
from six experiments. (B) SuperTOP/FOPflash reporter assays were performed on K562 cell lines, and demonstrate increased β-catenin activity in an eIF4E-
phosphorylation–dependent manner. Results indicate mean ± SEM from four independent experiments (*P < 0.01, **P ≤ 0.002, and ***P ≤ 0.001). (C) The
cyclin D1 promoter is activated in an eIF4E-phosphorylation–dependent manner. K562 cells (5 × 105 cells per milliliter) were conucleofected with a β-gal
reporter as well as a luciferase reporter for the cyclin D1 promoter; cells were harvested and assayed for reporter activities 24 h posttransfection (mean ± SEM
obtained from three independent experiments). (D) Western blot analysis of LEF1 in K562-eIF4EWT cells and phosphomutants. Densitometry readings are for
LEF1 levels, averaged from four independent experiments, normalized to β-actin. (E) (Left) Western blots of nuclear/cytoplasmic extracts of K562-vector,
-eIF4EWT, and phosphomutants show increased cytoplasmic β-catenin in all eIF4E-overexpressing cells, but increased nuclear β-catenin only in eIF4EWT- and
eIF4ES209D-containing cells. Antibodies to Lamin B and CuZnSOD were used to assess nuclear/cytosolic protein separation, respectively. (Right) Densitometric
readings for nuclear/cytoplasmic distribution of β-catenin (average of five experiments). Nuclear/cytoplasmic distribution of β-catenin was expressed as fold
change relative to vector control (mean ± SEM; *P ≤ 0.005 and **P ≤ 0.002). (F) Immunofluorescent staining demonstrates increased active nuclear β-catenin
in K562-eIF4E WTLo, -eIF4E WT, and -eIF4ES209D cells, but not -eIF4ES209A cells. (G) RT-PCR shows no difference in β-catenin transcription (Left), and increased
β-catenin protein synthesis in K562-eIF4EWT vs. control cells (Right). Data are mean of four experiments (*P ≤ 0.05).
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Because most of the β-catenin in a cell is membrane bound or
cytoplasmic, but only nuclear β-catenin is able to participate in
transcriptional activation, we used Western blot and immunofluo-
rescence to determine the nuclear/cytoplasmic distribution of
β-catenin in control, K562-eIF4EWTLo, -eIF4EWT, -eIF4ES209D,
and -eIF4ES209A cells. By using Western blot, we found that cy-
toplasmic β-catenin was increased in K562-overexpressing cells
compared with control cells, but, in contrast, only cells in which
eIF4E was overexpressed as well as phosphorylated was nuclear
β-catenin increased (Fig. 2E). Immunofluorescence with the use
of a different β-catenin antibody that recognizes active β-catenin
yielded similar results, with increased nuclear β-catenin in K562-
eIF4EWT and -eIF4ES209D cells but not K562-eIF4ES209A cells
(Fig. 2F) (26). We also determined that the increase in total cell
β-catenin occurred at the level of protein synthesis, as β-catenin
transcription was unaffected but translation was increased threefold
in eIF4E-overexpressing cells compared with controls (Fig. 2G).
Interestingly, MNK1/2 inhibition caused a greater relative decrease
in β-catenin protein synthesis compared with global protein syn-
thesis, indicating a specific role for MNK1/2 in promoting β-catenin
translation (Fig. S2). Taken together, these observations demon-
strate that, although eIF4E overexpression and phosphorylation
promote β-catenin translation, a second step that is critically de-
pendent on eIF4E-phosphorylation is required for β-catenin nu-
clear localization and activation of signaling.
To better understand the role of eIF4E phosphorylation in

β-catenin activation, we took note of two earlier findings: first,
that eIF4E overexpression can lead to AKT activation (27); and
second, that AKT-mediated phosphorylation of β-catenin at ser-
ine 552 (S552) is a necessary step in β-catenin nuclear trans-

location and activation (28). These results suggested a model in
which eIF4E first activates AKT, which in turn leads to the phos-
phorylation and activation of β-catenin. We therefore assessed the
phosphorylation status of β-catenin at S552, and, at the same time,
determined if phosphorylation at this residue was dependent on
AKT activity in vector control, K562-eIF4EWT, -eIF4ES209D, and
-eIF4ES209A cells. By using immunoprecipitation (IP)/Western
analysis, we found that eIF4E phosphorylation was associated
with an increase in β-catenin phosphorylation at S552, and that
phosphorylation at this site could be prevented by the AKT
inhibitor AKT IV (Fig. 3A). Next, we used an in vitro kinase
assay to directly measure AKT activity in the eIF4E-over-
expressing K562 cell lines, and determined its dependence on
eIF4E phosphorylation. First, we found that K562 cells over-
expressing eIF4EWT and eIF4ES209D, but not eIF4ES209A,
had increased AKT activity (Fig. 3B). Second, we determined
that the increased AKT activity could be abrogated by inhib-
iting eIF4E phosphorylation with a small-molecule MNK1/2
kinase inhibitor, CGP57380 (Fig. S3) (29), in eIF4EWT but not
eIF4ES209D cells (Fig. 3B). Importantly, we found that AKT
signaling in primary CD34+ BC cells was also dependent on
MNK activity, as CGP57380 treatment decreased AKT acti-
vation in these cells (Fig. 3C). Finally, to confirm that eIF4E
was indeed activating β-catenin via AKT, we inhibited AKT
pharmacologically and genetically, and found that AKT in-
hibition prevented the ability of eIF4E phosphorylation to ac-
tivate β-catenin signaling in K562 cells, including those with the
S209D phosphomimetic mutant (Fig. 3 D and E). Together,
these data are consistent with a model in which eIF4E phos-
phorylation leads to AKT activation, which in turn promotes

Fig. 3. eIF4E phosphorylation mediates phosphorylation of β-catenin at serine 552 in an AKT-dependent manner. (A) IP/Western analysis demonstrates an
AKT-dependent increase in β-catenin S552 phosphorylation in K562-eIF4EWT and -eIF4ES209D but not -eIF4ES209A cells. Cells were treated with or without an
AKT inhibitor (AKT IV, 3.0 μM), harvested, and lysed for IP/Western analysis. IP for total β-catenin was performed, and lysates were probed with antibody
recognizing β-catenin phosphorylated at S552. (Lower) Densitometric readings for fold change in S552 β-catenin relative to vector control (averaged from four
independent experiments; mean ± SEM; *P < 0.05 and **P < 0.01). (B) Increased AKT activity in K562 cells overexpressing eIF4E is dependent on eIF4E
phosphorylation at S209. K562 cells were treated with DMSO or 10 μM CGP57380 for 24 h before harvesting and measurement of AKT kinase activity. Results
are displayed as percent change in AKT kinase activity from three independent experiments (*P ≤ 0.05; mean ± SEM). (C) CGP57380 inhibits AKT activation in
primary BC cells. CD34+ cells from five different patients with BC were treated with 10 μM of CGP57380 for 24 h before harvesting for Western analysis. (D)
Increased eIF4E-phosphorylation–dependent β-catenin activity requires AKT. β-Catenin reporter assays were performed on vector only, K562-eIF4EWT, and
phosphomutants treated with DMSO or 3.0 μM AKT IV for 24 h. Results indicate mean ± SEM obtained from three independent experiments (*P < 0.05). (E)
Increased eIF4E-phosphorylation–dependent β-catenin activity requires AKT. β-Catenin reporter assays were performed on K562 cell lines 36 h after trans-
fection of control siRNA (siCtrl) or siRNA targeting AKT1 (siAKT1). Results indicate mean ± SEM obtained from three independent experiments (*P < 0.005).
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β-catenin signaling. Overall, our results show that activation of
the MNK–eIF4E axis coordinately activates β-catenin signaling
by promoting β-catenin protein synthesis, as well as facilitating
its nuclear translocation in an eIF4E phosphorylation- and
AKT-dependent manner.

Targeting of MNK Activity Inhibits β-Catenin Signaling in BC. Because
the MNK1/2 serine/threonine kinases are required to phosphor-
ylate eIF4E in vivo (30), we asked if the contribution of the MNK
kinases to eIF4E phosphorylation was essential for β-catenin
activity in BC CML cells. We found that MNK inhibition with
CGP57380 decreased eIF4E phosphorylation and prevented the
eIF4E mediated increase in nuclear β-catenin in K562-eIF4EWT
but not K562-eIF4ES209D cells (Fig. 4 A and B). In reporter
assays, CGP57380 abolished β-catenin activity in K562-eIF4EWT
but not K562-eIF4ES209D cells, whereas cercosporin (a positive
control for Wnt inhibition that acts directly to disrupt TCF/
β-catenin complexes) (31) eliminated activity in both cell lines
(Fig. 4C). CGP57380 treatment also reduced transcript levels of
several Wnt target genes (LEF1, AXIN2, and CYCLIND1) in
K562-eIF4EWT but not K562-eIF4ES209D (Fig. 4D). Next, by

using siRNA, we found that combined MNK1/2 knockdown pre-
vented β-catenin activation in K562-eIF4EWT cells, but not K562-
eIF4ES209D cells (Fig. 4 E– G, and Fig. S4). Parallel to this, we
also found that overexpression of WT or constitutively active
MNK1/2 (MNK1 T344D; MNK2 T332D) increased eIF4E phos-
phorylation as well as β-catenin activity in parental K562 cells,
whereas overexpression of dominant-negative MNK1/2 (MNK1
T209A, T214A; MNK2 T197A, T202A) (15, 29) caused a decrease
in phosphorylation of endogenous eIF4E and β-catenin activity
(Fig. 4 H and I).
We then assessed the ability of CGP57380 to inhibit eIF4E

phosphorylation and β-catenin signaling in primary BC GMPs.
We sorted primary CD34+ BC cells to obtain the HSC and GMP
fractions and treated them with CGP57380 or imatinib (IM). We
found that CGP57380 effectively inhibited eIF4E phosphoryla-
tion as well as β-catenin activation, whereas IM was unable to
prevent either despite inhibition of BCR-ABL1 (as readout by
CrkL phosphorylation; Fig. 4 J and K). Because BCR-ABL1 may
also signal to AKT (32), which we find contributes to β-catenin
activation (Fig. 3), we also evaluated the effect of IM and
a second-generation TKI dasatinib on AKT phosphorylation and

Fig. 4. Inhibition of β-catenin by MNK inhibitors is dependent on eIF4E dephosphorylation. (A) Immunoblot of cell lysates from K562 vector, K562-eIF4EWT,
and K562-eIF4ES209D cells treated with DMSO or 10 μM CGP57380 for 24 h. (B) K562 vector, K562-eIF4EWT, and K562-eIF4ES209D cells were treated with the
indicated drugs for 24 h, and β-catenin activity was assessed by immunofluorescence. (C) Cells from B were subjected to SuperTOP/FOPflash reporter assays.
Bars indicate mean ± SEM from three independent experiments (*P ≤ 0.05). (D) RT-PCR analysis for LEF1, AXIN2, and CYCLIN D1 levels in K562 cells treated
with DMSO or 10 μM CGP57380 for 24 h. Bars are mean ± SEM from three independent experiments (*P ≤ 0.02 and **P ≤ 0.005). (E) Immunoblot of cell lysates
following siRNA knockdown of MNK1 and MNK2. (F and G) The effects of MNK knockdown on β-catenin activity were assessed as described in B and C. Bars
indicate mean ± SEM from three independent experiments (**P ≤ 0.01). (H and I) K562 cells were nucleofected with vector control, WT MNK1/2 (WT),
constitutively active MNK1/2 (TD), and dominant-negative MNK1/2 (AA). At 36 h post transfection, cells were harvested for (H) TOPFlash reporter assay and (I)
Western analysis. Graph presented is an average of three independent experiments and mean ± SEM (*P ≤ 0.002 and **P ≤ 0.001). (I) Western blot is
representative of three independent experiments. (J) BC HSCs and BC GMPs were treated with DMSO, 10 μM CGP57380, or 2 μM IM for 24 h before harvesting
for assessment of nuclear β-catenin and eIF4E phosphorylation by fluorescence microscopy. (Right) Graphical illustration of eIF4E phosphorylation and nuclear
β-catenin levels following treatment (mean ± SEM obtained from experiments using BC cells from two individuals). (K) Confocal microscopy assessment of p-
CrkL in GMPs treated with 2 μM IM for 24 h. (Lower) Bar chart of p-CrkL levels following treatment (mean ± SEM) in BC cells from two individuals (‡‡P ≤ 0.001).
(A, B, E, and F) Representative blots/immunofluorescence pictures from four independent experiments.
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β-catenin activation in primary BC cells. We found that neither
inhibitor was able to consistently diminish AKT activation, in
agreement with Chu et al. (33), or β-catenin activation (Fig. S5).
Together, these findings identify the MNK kinases as a target to
extinguish β-catenin signaling in BC CML.

Effect of Panel of MNK Inhibitors on BC LSC Function. As eIF4E
overexpression is able to confer serial-replating function on BM
progenitors (Fig. 1E), we went on to perform a series of studies
to determine the ability of a panel of recently described and
structurally diverse MNK kinase inhibitors [CGP57380, AST 487,
and cercosporamide (21, 34)] to extinguish BC LSC function in
vitro. First, we confirmed that both AST 487 and cercosporamide
inhibited eIF4E phosphorylation as well as β-catenin nuclear
localization in CML cell lines and primary BC cells (Fig. 5 A
and B). Second, because CGP57380 has been reported to inhibit
casein kinase 1 in vitro (35) and casein kinase 1 has been im-
plicated in Wnt/β-catenin activity (36–38), we excluded the pos-
sibility that any of the three MNK inhibitors were modulating
β-catenin signaling by inhibiting CK1 (Fig. S6 and Table S1). Next,
we treated CB and BC CML CD34+ cells with each compound,
and used the serial-replating assay as a readout for LSC function.
By using normal CB CD34+ cells, we found that control treated

cells were capable of serial replating as many as three times
(equivalent to >8 wk in vitro), and that the efficiency was reduced
with each replating (from ∼85% to <40%; Fig. 5 C andD). We also
observed that treatment of CB cells with any of the MNK inhibitors
or IM did not significantly alter the efficiency of replating compared
with DMSO (except for AST 487 at higher doses; Fig. 5 C and D).
For CD34+ BC cells, we found that DMSO-treated cells were able
to maintain their replating efficiency to a third replating, and that
exposure to CGP57380, AST 487, or cercosporamide potently im-
paired the ability of BC cells to serially replate (Fig. 5 E–G). In
contrast, neither IM nor dasatinib at clinically achievable concen-
trations were able to reduce the replating efficiency as effectively as
CGP57380 (Fig. 5E). We also tested the effect of CGP57380 on BC
cells bearing the T315I mutation, which is associated with resistance
to all currently Food and Drug Administration-approved TKIs (39).
In these samples, we again found that the serial replating capacity
of BC cells was significantly diminished by CPG57380 but not
by DMSO or IM (Fig. 5H). Altogether, we tested the ability of
CGP57380 to impair the serial-replating capacity of BC cells from
eight different patients, and, in all cases, CGP57380 significantly
reduced serial replating efficiency (Table 1). Together, our findings
demonstrate that small–molecule MNK kinase inhibition is able to
prevent the serial replating function of BC progenitors.

Fig. 5. MNK inhibitors impair the serial replating efficiency of BC progenitors. (A) K562 cells were treated with various concentration of AST 487 or cerco-
sporamide for 24 h before harvesting for Western analysis to detect phosphorylated eIF4E. (B) Immunofluorescence analysis of β-catenin and phosphorylated
eIF4E levels in BC cells treated with AST 487 or cercosporamide for 24 h. (Right) Quantitative analysis of the mean expression of β-catenin and phosphorylated
eIF4E in DMSO- or drug-treated cells. Colony-forming and serial-replating assays were performed on normal CD34+ CB samples and CD34+ BC cells. CD34+ cells
from CB (C and D), BC CML with no BCR-ABL1 kinase domain mutation (E–G), and BC CML with the T315I mutation (H) were treated with CGP57380, AST 487,
cercosporamide, IM, and/or dasatinib for 48 h. Colonies were enumerated and individually picked for serial replating. Graphs presented are representative of
the results obtained from different normal CB or BC samples (CB, n = 5; BC CML, n = 8; Table 1). Bars indicate SD obtained from three replicates.
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Effect of in Vivo MNK and Abl Kinase Inhibitors on BC LSC Function.
Our findings suggested that MNK inhibition might effectively con-
trol BC CML because it extinguishes BC LSC function in vitro. To
test this possibility in an in vivo BC model, we determined the effect
of CGP57380 on the ability of BC GMPs to serially transplant
immunodeficient nonobese diabetic/SCID IL2Rγ-deficient mice
[NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice] (6). In preliminary
studies, we found that a brief 48-h in vitro exposure to CGP57380
was able to delay the engraftment of BC LSCs in NSG mice, as well
as reduce the leukemia cell burden in engrafted animals (Fig. S7
A and B), while leaving the normal CD34+ cell engraftment un-
touched (Fig. S7 C and D). These results encouraged us to
determine if the self-renewing capacity of BC LSCs could be
targeted in vivo by small-molecule MNK inhibitors.
Here, we FACS-sorted GMPs from a BC sample as previously

described (6), and injected them intrafemorally into 8- to 12-wk-
old female NSG mice (Fig. S8A). At 6 wk posttransplantation,
engrafted mice were treated for 3 wk with DMSO, CGP57380, or
dasatinib (n = 5 mice per treatment group). At the end of the

treatment period, all the mice were killed, and human cells were
obtained from hematopoietic tissues by using immunomagnetic
beads. We found no difference in the percentage of CD45+ human
cells in the peripheral blood or BM of each of the treatment groups
(Fig. 6A). However, we observed that dasatinib and CGP57380 had
specific activity against committed BC progenitors, as they signifi-
cantly reduced the number of colony forming units detected in BM
(P ≤ 0.05 and P ≤ 0.005, respectively) compared with control, al-
though the effect of CGP57380 was greater (Fig. 6B). Human cells
obtained from the primary mice were then transplanted into sec-
ondary recipients, and engraftment monitored by flow cytometry
over a 16-wk period. By 4 wk, we were able to detect engraftment in
all animals in each of the three treatment groups (Fig. 6C). In
DMSO- or dasatinib-treated animals, engraftment was maintained
at 80% (i.e., four of five animals) throughout the whole experi-
mental time frame of 16 wk, but, in contrast, none of the
CGP57380-treated mice were able to maintain long-term engraft-
ment (Fig. 6C). At 16 wk, mice were euthanized, and BM was
examined for the presence of BCR-ABL1. BCR-ABL1 transcripts
were detectable in each of the animals treated with DMSO or
dasatinib (i.e., four of five animals for each treatment group),
whereas only a very faint band was detected in one of the four
animals in the CGP57380-treated group (Fig. 6D). This experiment
was repeated by using CD34+ BC cells from a different individual,
and similar result were obtained (Fig. S8 B–J). Taken together, our
findings demonstrate that in vivo MNK inhibition can potently
extinguish the ability of BC CML cells to serially transplant-im-
munodeficient mice and function as LSCs.

Discussion
In the present study, we found that eIF4E overexpression and
phosphorylation at S209 is a consistent feature in 15 of 15 BC
samples examined (Fig. 1), and that activation of the MNK–

eIF4E axis in BC GMPs is critical for this population to se-
rially transplant immunodeficient mice and function as LSCs.
Because the LSC function of BC GMPs is thought to underlie
their resistance to standard therapy (4, 6), the ability to ex-
tinguish LSC function may contribute to improved control of
BC in patients (5).

Table 1. CGP57380 inhibits the ability of primary BC progenitors
to serially replate

BC CML DMSO, % CGP57380 IM, % Dasatinib, %

CML 1 39.5 ND 11 14.2
CML 2 7.1 ND 3.9 —

CML 3* 51.7 ND 37.5 —

CML 4 10.8 ND 7.1 —

CML 5 11.8 ND 4.3 —

CML 6* 53.2 ND 75 45.8
CML7 35.2 ND 35.6 39.9
CML11 70.0 ND 40.0 —

CD34+ BC cells from eight different individuals with BC were treated with
DMSO, 10.0 μM CGP57380, 2.0 μM IM, or 150 nM dasatinib for 48 h before
harvesting for the CFC assay, and subsequent serial replating assay. Values
presented here represent the third serial replating efficiency relative to the
first CFC readout. ND, no colonies detected.
*BC CML samples harboring the T315I mutation.

Fig. 6. In vivo CGP57380 treatment prevents BC GMPs from serially transplanting immunodeficient mice. BC cells were injected intrafemorally into sublethally
irradiated NSG mice and allowed to engraft, after which animals were treated with DMSO or drugs. (A) Dasatinib and CGP57380 do not affect engraftment in
primary recipients. The percent engraftment in peripheral blood (Left) and BM (Right) after treatment with DMSO, CGP57380 (40 mg·kg−1·d−1), or dasatinib
(5 mg·kg−1·d−1) for 3 wk. (B) Committed BC progenitors are decreased by dasatinib and CGP57380. Human CD45+ cells were obtained from the mice at the time
of euthanasia, and plated in a colony-forming assay to enumerate committed progenitors. Colonies were counted at 2 wk. (*P ≤ 0.05 and ***P ≤ 0.005). (C)
CGP57380 but not dasatinib prevents serial transplantation of BC progenitors. Flow cytometry was performed on peripheral blood to detect human CD45+ cells
in secondary transplant recipients at 4-wk intervals over 16 wk. The numbers above each bar describe the number of CD45+ mice/number of transplanted mice.
One of the five animals in the CGP57380 treatment group died during a peripheral blood draw at 8 wk. (D) RT-PCR for BCR-ABL1 transcripts in the BM of sham-
transplanted mice and mice treated with DMSO, dasatinib, or CGP57380.

E2304 | www.pnas.org/cgi/doi/10.1073/pnas.1301838110 Lim et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301838110/-/DCSupplemental/pnas.201301838SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301838110/-/DCSupplemental/pnas.201301838SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301838110/-/DCSupplemental/pnas.201301838SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301838110/-/DCSupplemental/pnas.201301838SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301838110/-/DCSupplemental/pnas.201301838SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301838110/-/DCSupplemental/pnas.201301838SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301838110/-/DCSupplemental/pnas.201301838SI.pdf?targetid=nameddest=SF8
www.pnas.org/cgi/doi/10.1073/pnas.1301838110


The observations that activation of the MNK–eIF4E axis
confers stem cell-like properties to committed progenitors, and
that MNK inhibitors have little apparent toxicity to the normal
HSC compartment, is also of interest. This is because direct in-
hibition of the β-catenin signaling pathway may not be possible
given that normal HSCs depend on β-catenin to self-renew (40),
and suggests that the MNK–eIF4E–β-catenin axis does not
regulate critical functions in normal HSCs. This conclusion is
consistent with the lack of association between eIF4E phos-
phorylation and β-catenin activation in normal HSCs compared
with BC GMPs, and the finding that mice lacking Mnk1/2 have
an apparently normal hematopoietic system (30). Together,
these observations suggest that targeting MNK and eIF4E
phosphorylation may preferentially impair BC LSC vs. normal
stem cell function, whereas direct β-catenin inhibition may not.
Our work also addresses the mechanisms by which over-

expression of eIF4E activates β-catenin. In CML cells, we show
that eIF4E overexpression increases total cellular β-catenin levels,
and that eIF4E phosphorylation is necessary for β-catenin activa-
tion and nuclear localization. By using pharmacologic and genetic
means, we found that down-regulation of MNK kinase prevented
β-catenin activation, and confirmed this was dependent on S209
dephosphorylation. These experiments included the use of three
structurally distinct MNK1/2 kinase inhibitors, siRNA-mediated
MNK1/2 knockdown, as well as the use of constitutively active
and dominant-negative forms of MNK1/2. Together, our com-
bined approaches demonstrate that the MNK kinases can activate
β-catenin signaling via eIF4E phosphorylation. These data add
to the recent evidence supporting an important role for eIF4E
phosphorylation in transformation (15, 20, 21, 41–45). Our studies
also add β-catenin to the growing list of eIF4E-regulated cancer-
promoting genes (15, 22). Experiments that used polysomal mRNA
profiling have suggested that eIF4E phosphorylation, per se, di-
rectly affects the translation efficiency of such genes (22), although
the precise means by which phosphorylation regulates the trans-
lation of specific mRNAs is unclear because eIF4E phosphoryla-
tion is dispensable for global mRNA translation (30, 46). That
eIF4E phosphorylation is induced in untransformed cells under
stress conditions (30, 47, 48) suggests that the physiologic MNK–
eIF4E connection has been usurped by cancer cells to compensate
for and/or gain a growth advantage while under stress, including
oncogene-induced senescence (49). Conversely, our finding that
MNK–eIF4E activates self-renewal in BC leads us to speculate if
equivalent pathways exist in normal stem cells to preserve self-
renewal capacity during physiologic stress.
By linking eIF4E to β-catenin activation, we also uncovered

a facet of eIF4E’s transforming properties, namely that of enabling
β-catenin–dependent self-renewal. Consistent with these results,
we found that overexpression of phosphomimetic forms of eIF4E
was sufficient to confer serial-replating function on BM progeni-
tors. Thus, we are able to infer that eIF4E phosphorylation at
S209 is likely to represent an important target for therapeutic in-
tervention in BC CML, and that the ability of MNK inhibitors to
impair BC LSC function may depend on their effectiveness in
decreasing eIF4E phosphorylation. These results also suggest that
eIF4E phosphorylation should be considered as a potential bio-
marker for effective target inhibition in patients with BC treated
with MNK kinase inhibitors.
Recent reports have emphasized that β-catenin signaling in

CML can be activated by at least three different mechanisms.
These include BCR-ABL1–dependent tyrosine phosphorylation
of β-catenin itself, missplicing and inactivation of GSK3β, and
PP2A inactivation (6, 50–52). The existence of several paths to
β-catenin activation begs the question of whether MNK1/2 in-
hibition alone would be able to antagonize β-catenin given mul-
tiple modes of activation. Importantly, our finding that MNK1/2
inhibition prevents the nuclear localization of β-catenin in CML
cell lines suggested that MNK1/2 inhibition may be broadly

effective, given that this represents a relatively distal step in the
β-catenin signaling pathway. With respect to GSK3β inactivation,
found in 50% of patients with BC (6), we mimicked this situation
by using the GSK3β inhibitor (2’Z,3’E)-6-Bromoindirubin-3’-oxime
(BIO), and, as expected, saw a further activation of β-catenin
signaling in BC cells overexpressing phosphorylation-competent
eIF4E (Fig. S9). By using this system, we show that MNK1/2 in-
hibition completely abrogated the cooperativity between GSK3β
inactivation and eIF4E, and indicated that eIF4E functions
downstream of GSK3β in the canonical Wnt/β-catenin pathway.
Thus, our results, together with data from others, underscore
β-catenin activation as a critical pathogenic feature of BC, as
several mechanisms are now documented to activate this path-
way. At the same time, our findings highlight the MNK–eIF4E
axis as a drugable target to extinguish LSC function. Moreover,
because MNK–eIF4E activation influences distal β-catenin sig-
naling, our results suggest that MNK inhibition may effectively
curtail β-catenin activation produced by the diverse upstream acti-
vators of this pathway
Although β-catenin might not be the exclusive downstream

target ofMNK–eIF4E, our findings nevertheless demonstrate that
MNK–eIF4E confers self-renewal capacity to LSC and that in-
hibition of this pathway effectively prevents self-renewal of LSCs.
In conclusion, we describe a path to β-catenin activation in BC
GMPs that proceeds via MNK-dependent eIF4E phosphoryla-
tion, and demonstrate that a panel of MNK kinase inhibitors can
inhibit β-catenin activity and BC LSC function without affecting
normal HSC function. These results suggest that MNK kinase
inhibitors may have utility in treating patients with BC CML.

Materials and Methods
CB and Patient Samples. CB samples were purchased from the Singapore Cord
Blood bank. MNCs were obtained by using Ficoll separation, and CD34+ cells
were selected by immunomagnetic beads (Miltenyi Biotech). CML samples
were obtained from patients seen at the University of California, Irvine;
Duke University Medical Center; and the Singapore General Hospital after
signed informed consent as approved by the UCI and Duke University Health
System Institutional Review Boards and the SingHealth Centralised In-
stitutional Review Board. All animal experiments were approved and per-
formed in accordance with the guidelines required by the SingHealth
Institutional Animal Care and Use Committee.

Cell Culture, Generation of Cell Lines, and Chemicals. K562 and KCL22 cell lines
were obtained from American Type Culture Collection and grown in Roswell
Park Memorial Institute-1640 media supplemented with 10% (vol/vol) FCS,
L-glutamine, and penicillin/streptomycin. Cell lines overexpressing eIF4E and
its mutant forms were generated by retroviral transduction by using MSCV-
internal ribosome entry site (IRES)-GFP constructs as previously described (53).
Viral particles were generated as previously described (53). GFP+ cells were
then sorted by FACS into GFP high and low subpopulations, which corre-
sponded to high and low eIF4E overexpression levels. CGP57380, AKT inhibitor
IV, and cercosporamidewerepurchased fromCalBiochem, and cercosporinwas
purchased from Sigma-Aldrich and dissolved in DMSO. IM was obtained from
tablets and dissolved as previously described (10). Dasatinib was purchased
from LC Laboratories and dissolved in citric acid (pH 2.1) to make up stock so-
lution. Dasatinib was diluted in citric acid (pH 3.1) for gavage.

In Vitro Nonradioactive Protein Translation Assay. K562 cells (4 × 105/mL) were
grown in methionine-free media for 2 h and then labeled with L-azidoho-
moalanine for 1 h (Click-iT, Life Technologies). At 1 h after labeling, cells
were harvested and azide-modified proteins were further labeled with bi-
otin alkyne. Biotin azide-modified proteins were pulled down with high-
capacity streptavidin beads (Thermo Fisher Scientific), and Western analysis
was performed. Anti–β-catenin antibodies were used to probe for the
presence of newly synthesized β-catenin protein.

Western Blotting. Exponentially growing cells were plated at 2 × 105 cells per
milliliter, and whole cells were extracted by using 1× RIPA lysis buffer (50 mM
Tris·HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1 mM Na3VO4,
1 mM NaF, and 1× protease inhibitor). Nuclear and cytoplasmic extracts were
obtained by using the NE-PER kit (Thermo Fisher Scientific), and then processed
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for Western blot analysis by using antibodies recognizing eIF4E, phospho-
eIF4E, ABL, phospho-ABL, LEF1, GAPDH (Cell Signaling Technology), anti–
β-catenin (BD Bioscience), CuZnSOD, and Lamin B. All antibodies were from
Santa Cruz Biotechnology unless otherwise stated.

In Vitro AKT Kinase Assay. Kinase assays were performed as described in the
manufacturer’s protocol (Cell Signaling Technology). In brief, K562 cells
were treated with DMSO or 10.0 μM CGP57380 for 24 h before harvesting.
The cells were lysed and immunoprecipitated with immobilized phospho-
AKT (ser473) overnight. The immunoprecipitates were extensively washed
with cell lysis buffer and kinase buffer and were subjected to the kinase
assay. Kinase assays were performed by incubating the immune complexes
in kinase reaction buffer containing 1 μg GSK3 fusion protein and 200 μM
ATP for 30 min at 30 °C. The reaction was terminated with 20 μL of 3× SDS
sample buffer, and proteins were electrophoresed on a 12% SDS/PAGE gel.
Phosphorylation of GSK3α/β was measured by Western blot analysis by using
phosphor- GSK3α/β (ser21/9) antibody (Cell Signaling Technology).

IP. For phospho–β-catenin experiments, cells were harvested and lysed in 0.5
mL of lysis buffer [50 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl,
0.5 mM EDTA, 0.1 mM PMSF, 100 mM Na3VO4, 1 mM NaF, and 1× protease
inhibitor]. Protein concentrations of cell lysate were normalized by using
Quick Start Bradford protein assay kit (Bio-Rad) before incubation with anti–
β-catenin (Cell Signaling Technology) overnight at 4 °C. Cell extracts were
incubated with 20 μL of protein A/G agarose beads for 3 h at 4 °C. Immu-
noprecipitates were collected by centrifugation and washed three times
with lysis buffer. Immunoprecipitates were resuspended in SDS loading
buffer and processed for Western blot analysis by using antibodies recog-
nizing β-catenin (BD Biosciences).

siRNA-Mediated Gene Knockdown. Specific knockdown of MNK1, MNK2, or
AKT1was accomplishedby transfecting cellswith siRNAsagainstMNK1,MNK2,
AKT1, or a control siRNA (Ambion) via nucleofection. Cells were harvested for
Western blot, immunofluorescence, or reporter assays 36 h after transfection.
siRNA oligonucleotide sequences used were as follows: siAKT1 sense, 5′-GAA
CAA UCC GAU UCA CGU Att-3′; siAKT1 antisense, 5′-UAG GUG AAU CGG AUU
GUU Ctg-3′; siMNK1 (no. 1) sense, 5′-GGA GUA GGG UGU UUC GAG Att-3′;
siMNK1(no. 1) antisense, 5′-UCUCGAAACACCCUACUCCga-3′; siMNK2 (no. 1)
sense, 5′-GCC UUG GAC UUU CUG CAU Att-3′; and siMNK2 (no. 1) antisense,
5′-UAU GCA GAA AGU CCA AGG Cgc-3′.

Immunohistochemistry. Tissue sections 4 mm thick were cut from paraffin
blocks, mounted on positively charged slides, and allowed to dry at room
temperature. Tissue sections were deparaffinized and rehydrated by in-
cubating twice in xylene and then in decreasing concentrations of alcohol.
Heat-induced antigen retrieval was applied by boiling in 0.01 M Tris-EDTA,
pH 9, in a microwave oven (500 W) for 12 min. The slides were then cooled to
room temperature and washed in PBS solution. Following antigen retrieval,
endogenous peroxidase was blocked by using 3% H2O2 . Primary antibody
(1:400) against phospho-eIF4E (EP2151Y; Abcam) was added and incubated
overnight at room temperature. Antibody binding was detected by the two-
stage peroxidase-based EnVision (Dako) method, and sections were coun-
terstained with hematoxylin before mounting.

RNA Extraction, Nested RT-PCR, and Real-Time PCR. Total RNA was used for
nested RT-PCR and quantitative RT-PCR for the analysis of mRNA expression.
β-Actin and GAPDH levels were used for normalization. For nested RT-PCR for
BCR-ABL1, first-step PCR primers used were as follows: NB1+, 5′-GAG CGT GCA
GAG TGG AGG GAG AAC A-3′; Abl3−, 5′-GGT ACC AGG AGT GTT TCT CCA
GAC TG-3′; and for the second-step PCR, B2A, 5′-TTC AGA AGC TTC TCC CTG
ACA T-3′; and CA3−, 5′-TGT TGA CTG GCG TGA TGT AGT TGC TTG G-3′. The
quantitative RT-PCR primer sequences for WNT-regulated genes were as
follows: LEF1 forward, 5′-GAC GAG ATG ATC CCC TTC AA-3′; LEF1 reverse, 5′-
AGG GCT CCT GAG AGG TTT GT-3′; AXIN2 forward, 5′-CTC CCC ACC TTG AAT
GAA GA-3′; AXIN2 reverse, 5′-TGG CTG GTG CAA AGA CAT AG-3′; CYCLIN D1
forward, 5′-TGT CCT ACT ACC GCC TCA CA-3′; CYCLIN D1 reverse, 5′-CAG GGC
TTC GAT CTG CTC-3′; β-CATENIN forward, 5′-TCT GAT AAA GGC TAC TGT TGG
ATT GA-3′; and β-CATENIN reverse, 5′-TCA CGC AAA GGT GCA TGA TT-3′.

Flow Cytometric Analysis and FACS. HSC cells and GMPs were obtained as pre-
viously described (23). Briefly, samples were lineage-depleted by immuno-
magnetic beads by using a mixture of biotin-conjugated antibodies (CD2,
CD3, CD4, CD7, CD8, CD10, CD11b, CD14, CD19, CD20, CD56, and glyco-
phorin A (GPA); BD Biosciences). The Lin− population was then collected and

stained with antibodies to CD34, CD38, CD45RA, and IL3Rα before sterile FACS
(FACSAriaII; BD Biosciences). HSC (CD34+CD38−CD45RA−IL3Rα−) and GMP
(CD34+CD38+CD45RA+IL3Rα+) populations, were then prepared for immu-
nofluorescence analysis or recovered overnight in media before treatment
with vehicle or drugs for 48 h.

Reporter Assays. Transfections were carried out in K562 and KCL22 cells by
using nucleofection (Lonza). The 16× SuperTopFlash reporter was used to
assess the effects of eIF4E on β-catenin transcriptional activity (54). K562 and
KCL22 cells were nucleofected with 5 μg of SuperTopFlash or FOPFlash and
5 μg β-gal. At 24 h after transfection, cells were harvested by using the Lu-
ciferase Reporter Assay System (Promega) or the β-gal Enzyme Assay System
(Promega). β-Catenin activity was calculated by the SuperTOP/FOPflash ratio
after normalization to β-gal.

Immunofluorescence Analysis. Cells (1 × 105) were cytospun onto glass slides,
fixedwith 4%(wt/vol) paraformaldehyde, and stainedwithmousemonoclonal
antibodies against activated β-catenin (clone 8E7; Millipore) or rabbit mono-
clonal antibodies against phospho-eIF4E S209 (EP2151Y; Abcam). Slides were
then stained with PE-conjugated anti-mouse or FITC-conjugated anti-rabbit
antibodies. Images were obtained with the use of a fluorescence microscope
(IX71S1F3; Olympus) at 40× magnification or by confocal microscopy
(LSM710; Carl Zeiss), and fluorescence intensity was quantified with
ImageJ software.

Serial Replating Assay. CD34-enriched CB and BC cells were thawed and
allowed to recover overnight in serum-free StemPro media (Invitrogen),
supplemented with human growth factors (33) and 1× nutrient supple-
ment (Invitrogen) (9). Cells were then subjected to drug treatment for
48 h, harvested, washed, and seeded in methylcellulose (H4434; Stemcell
Technologies). Colonies were enumerated after 2 wk, individually picked,
and replated in fresh methylcellulose in a 96-well format, and counted at
2 wk. Three rounds of serial replating (representing >8 wk in culture)
were performed.

Serial Transplantation Model of Human BC and in Vivo Treatment. CD34+ cells
(5 × 105) or GMPs (1 × 105) were resuspended in 25 μL 1% FBS/PBS solution
and injected into the right femur of 8- to 10-wk-old sublethally irradiated
(200 cGy) female mice (n = 5 mice per group). Mice injected with 1% FBS/PBS
solution served as a sham control for each experiment. Beginning at 4 wk
posttransplantation, mice were monitored for engraftment of human cells by
flow cytometry. At 6 wk after transplantation, engrafted mice were treated
with vehicle alone, dasatinib (5 mg·kg−1·d−1) by gavage, or CGP57380 (40
mg·kg−1·d−1) intraperitoneally for 3 wk (n = 5 mice per group). At the end of
treatment, mice were euthanized, and CD45+ cells were isolated from BM and
spleen by using anti-human CD45-specific immunomagnetic microbeads. An
aliquot of 1 × 105 human CD45+ cells was seeded into methylcellulose (H4434;
Stemcell Technologies) for the colony forming cell (CFC) assay, and colonies
were enumerated after 2 wk. All of the remaining human cells from each
primary transplant recipient were then transplanted by intrafemoral injection
into secondary recipients, and human engraftment was monitored at 2-wk
intervals beginning at 4 wk. At the end of 16 wk, all mice were euthanized.
Engraftment in BM and blood was assessed by flow cytometry, and BCR-ABL1
transcripts were detected by RT-PCR.

Retroviral Transduction of Murine BM Cells in Vitro. NSG mice were treated
with 5-fluorouracil (150 mg/kg) intraperitoneally for 3 d before euthanasia.
BM cells were flushed and washed and red cells were lysed with red blood
cell lysis buffer. BM cells were incubated overnight in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 20% (vol/vol) FBS, 100 ng/
mL mIL-11, mSCF, and 10 ng/mL mIL-3 and mIL-6, and transduced the next
day. BM cells were transduced with MSCV-based BCR-ABL1, eIF4E S209D,
eIF4ES209A, or vector control. For transduction, cells were plated in IMDM
[supplemented with 20% (vol/vol) FBS, 100 ng/mL murine IL-11 and SCF, and
10 ng/ml of murine IL-3 and IL-6] in 12-well plates coated with RetroNectin
(Takara). Retroviral supernatant was added along with 4 μg/mL Polybrene,
and cells were incubated overnight at 37 °C in 5% CO2 incubator. Cells were
subjected to three rounds of transduction on three consecutive days before
harvesting for colony forming and serial replating assay.

Statistical Analysis. After a Student t test was performed, values were con-
sidered statistically significant at P values <0.05.
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