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SUMMARY

The cap-binding protein eukaryotic initiation factor 4E (elF4E) promotes transla-
tion of mRNAs associated with proliferation and survival and is an attractive
target for cancer therapeutics. Here, we used Eif4e germline and conditional
knockout models to assess the impact of reduced Eif4e gene dosage on B-cell
leukemogenesis compared to effects on normal pre-B and mature B-cell function.
Using a BCR-ABL-driven pre-B-cell leukemia model, we find that loss of one allele
of Eif4e impairs transformation and reduces fitness in competition assays in vitro
and in vivo. In contrast, reduced Eif4e gene dosage had no significant effect on
development of pre-B and mature B cells or on survival or proliferation of non-
transformed B lineage cells. These results demonstrate that inhibition of elF4E
could be a new therapeutic tool for pre-B-cell leukemia while preserving develop-
ment and function of normal B cells.

INTRODUCTION

The eukaryotic translation initiation factor 4E (elF4E) protein binds to the 7-methylguanosine cap presentin
most mMRNAs and recruits the scaffolding protein elF4G, and the RNA helicase elF4A to form the translation
initiation complex known as elF4F. In cancer, elF4F contributes to progression of the disease by preferen-
tially translating mRNAs involved in tumor hallmarks including sustained proliferative signaling, evasion of
growth suppression, resistance to programmed cell death, replicative immortality, angiogenesis, invasion
and metastasis (Pelletier et al., 2015; Malka-Mahieu et al., 2017). elF4F activity and protein synthesis were
found to be drivers in T cell ymphomas driven by active AKT (Hsieh et al., 2010), and in anti-BRAF and anti-
MEK resistance in BRAF(V600)-mutant melanoma, colon, and thyroid cancer cell lines (Boussemart et al.,
2014). This makes cap-dependent translation an attractive target for cancer therapy (Pelletier et al.,
2015), and efforts are underway to develop small molecule inhibitors of elF4E, elFAG, and elF4A for
oncology (Moerke et al., 2007; Boussemart et al., 2014; Feng et al., 2015; Chu et al., 2016; Ernst et al., 2020).

Several cancers show increased expression of elF4E and initial studies using siRNA knock-down inhibited
cell growth in head and neck squamous cell carcinomas and in triple-negative breast cancer (Oridate et al.,
2005; Soni et al., 2008). They also showed that elF4E knock-down inhibited both rapamycin-insensitive and
rapamycin-sensitive cell lines without activating the feedback loop to increase AKT phosphorylation (Soni
et al., 2008). Importantly, reducing elFAE dosage to heterozygosity is compatible with normal life and
elF4E*" mice do not show any impairment in embryonic development and global protein synthesis. How-
ever, elF4E haploinsufficiency significantly reduced cellular transformation and tumor development in a
mouse model of Kras-driven lung cancer, due to selective changes in the translation of specific MRNA net-
works critical for cancer formation (Truitt et al., 2015). Conversely, in a gain-of-function model, elF4E trans-
genic (Tg) mice displayed enhanced Myc lymphomagenesis (Ruggero et al., 2004). These findings establish
that altering elF4E dosage has significant yet selective biological consequences during tumor progression.

While several studies have investigated the role of elF4E in cap-dependent translation of mRNAs in cancer
cells, only recently has translational regulation been gaining attention in lymphocyte activation and differ-
entiation (Bjur et al., 2013; Araki et al., 2017). In lymphocytes, the 4E-binding protein (4E-BP)/elFAE axis co-
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4E-BP/elFAE axis is critical for the initial translation of specific mRNAs needed during lymphocyte activa-
tion. Our lab also found that the mechanistic target of rapamycin (NTOR) complex-1 (mTORC1) is impor-
tantin both normal B-cell function and tumorigenesis, specifically regulating B-cell differentiation and anti-
body class switching (Chiu et al., 2019) as well as pre-B cell leukemogenesis driven by the BCR-ABL
oncogene (Kharas et al., 2008; Janes et al., 2010). The mTORC1 pathway controls the activity of elF4E,
through the phosphorylation of 4E-BPs, as well as the phosphorylation of additional proteins involved in
many cellular processes. Notably, elevated phospho-4E-BP correlates with poor prognosis in pediatric
acute lymphoblastic leukemia (ALL) (Nemes et al., 2013). This suggests that high elF4E activity is an onco-
genicdriver in aggressive leukemia. Small molecules targeting elF4F components have cytostatic and cyto-
toxic activity in blood cancer models, and some lead candidates have entered clinical trials. To better pre-
dict the potential therapeutic window of agents targeting elF4F, genetic loss-of-function models are
needed to assess elF4F addiction in leukemia and lymphoma cells versus normal lymphocytes. Using
Eif4e germline heterozygous mice (Truitt et al., 2015) and a novel conditional knockout model, we show
that reduced elF4E protein slows tumorigenesis in a mouse model of leukemia, while normal mouse B cells
can maintain proliferation and antibody class switching. These data collectively strengthen the conclusion
that cancer cells are selectively sensitive to reductions in elFAE protein (Truitt et al., 2015) and provide a
strong rationale for testing elFAE antagonists in B-cell malignancies.

RESULTS
Genetic deletion of one allele of Eif4e reduces elF4E protein expression in B-ALL cells

To study the role of elF4E in leukemogenesis, we used a murine model of B-precursor acute lymphoblastic
leukemia (B-ALL). Ph* B-ALL is initiated by the BCR-ABL oncogene that results from the Philadelphia chro-
mosome (Ph) translocation. When human p190 BCR-ABL (p190 is the most common isoform of BCR-ABL
found in Ph™ B-ALL) is retrovirally expressed in infected mouse bone marrow cells, the transformed progen-
itor B cell lines (termed p190 cells) will initiate B-ALL when transferred to recipient mice. We generated
p190 cells from wild-type mice (WT) and elF4E heterozygous mice (elFAE*) and confirmed the outgrowth
of B-ALL cells with similar pro-B immunophenotype (that are B220+ CD43+) in both genotypes (Figure 1A).

Measurement of elF4E protein amounts showed that elFAE was reduced by approximately 50% in the
elFAE™ p190 cells compared to WT (Figure 1B). elFAE binding proteins 4E-BP1 and 4E-BP2 were also
reduced (Figure 1B), consistent with studies showing that 4E-BP stability is affected by changes in elF4E
expression (Yanagiya et al., 2012). We measured cap-dependent translation using a bicistronic dual Re-
nilla-Firefly luciferase reporter construct. This construct measures cap-dependent translation by synthesis
of the Renilla luciferase, as well as cap-independent, Coxsackie virus IRES-mediated translation by synthe-
sis of firefly luciferase as an internal control for transfection efficiency and viable cell recovery. Dual lucif-
erase reporter assays showed that cap-dependent translation was reduced approximately 25% in
elF4AE*- p190 cells (Figures 1C, S1A, and S1B). The mTOR kinase inhibitor MLNO128 was used as a positive
control to reduce cap-dependent translation (Figure 1C), and in most samples also reduced cap-indepen-
dent translation (Figures STA and S1B).

As a distinct way to interfere with elFAE expression, we established a conditional elF4E loss of function
model. We obtained mice with a conditional floxed allele of elF4AE from a knockout mouse repository
and crossed them with Rosa26-Cre mice. We generated p190 cells from Cre-positive elF4E"*, elF4E"*,
E*"* mice and assessed deletion efficiency by Western blot (Figure 1D). After 72hr of treat-
ment with 4-hydroxytamoxifen (4OHT; 1 uM), elFAE protein expression was significantly reduced by 30-35%
in p190 cells of fl/+ genotype (p < 0.0001) and 70% in fl/fl (p < 0.0001) (Figure 1E). Expression of 4E-BP1 and
4E-BP2 were modestly reduced following Cre-mediated deletion in heterozygous fl/+ cells, with more sig-
nificant reductions observed in fl/fl cells with homozygous deletion of Eifde (Figure 1E). These results show
that in both germline and conditional knockout systems the deletion of Eif4e alters the expressions of 4E-
binding proteins in p190 cells.

and control elF4

In various cell systems, partial inhibition of cap-dependent translation selectively reduces translation effi-
ciency of a subset of mMRNAs without inhibiting global protein synthesis rates (Pelletier et al., 2015; Malka-
Mahieu et al., 2017). In accord, puromycin incorporation assays showed that protein synthesis was not
significantly reduced following conditional inactivation of one allele of Eif4de in p190 cells (Figure S1C).
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Figure 1. Genetic deletion of Eif4e reduces elF4E protein expression in p190 cells

(A) Established p190 WT and elF4E*/~ leukemia cells have similar immunophenotype characterized by B220 and CD43 expression. Representative flow
cytometry plots of p190 cells.

(B) Protein analyses of elF4E, 4E-BP-1, 4E-BP-2 and actin in WT and Het p190 cells. Relative protein quantification performed by densitometric analysis using
ImageJé4 software. Data are expressed as mean + SEM. Fold change was calculated using actin as loading control and normalized to WT sample for each
independent experiment. Significance was calculated using unpaired t test (*p < 0.05; ****p < 0.001, n = 7).

(C) p190s were generated from WT or Het mice and we used a bicistronic dual Renilla-Firefly luciferase reporter construct to measure cap-dependent
translation (Renilla luciferase) relative to cap-independent, Coxsackie virus IRES mediated translation (firefly luciferase) as an internal control. MLN0128
(100 nM) treated cells were used as a control. Data are represented as mean + SEM. Fold change was calculated using WT vehicle condition. Significance
was calculated using a paired one tailed student’s t test. (*p < 0.05; **p < 0.01; n = 3 or 4 per group).

(D) Western blots of elF4E, 4E-BP-1, 4E-BP-2, and total ERK (tERK) in elF4E+/+, elF4E fl/+ and elF4E fl/fl p190 after 72hr of 4OHT (1 uM) treatment.

(E) Relative protein quantification performed by densitometric analysis using ImageJ64 software. Fold change calculated using tERK as loading control. Data
are expressed as mean + SEM. Significance was calculated using paired t test (*p < 0.05; **p < 0.01; ****p < 0.001, n = 4-6 per group).

elF4e haploinsufficiency reduces leukemic transformation by BCR-ABL

To test the effects of reduced Eif4e gene dosage on leukemic transformation, we first conducted colony
formation assays comparing WT and elFAE™" bone marrow cells infected with retroviruses expressing
p190-BCR-ABL. The results showed significantly reduced leukemogenic potential in B-cell progenitors
of elFAE™ mice (Figure S2A).
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Figure 2. elF4E* and elF4E"* p190 have a growth disadvantage
(A) Experimental scheme of competitive outgrowth assay of WT or elF4E*/~ p190 BCR-ABL.

(B) Growth of p190 cells was monitored in vitro over 9 days. Percentage of hCD4 and GFP marker positive cells were
measured with flow cytometry. Data are expressed as mean + SEM. (***p < 0.001, ****p < 0.0001 two-way ANOVA, n = 3

per genotype).

(C) Log of ratio of hCD4+/GFP+ was measured by flow cytometry. Data are expressed as mean + SEM. (*p < 0.05, **p <
0.01, one way ANOVA, n = 9 or 10 mice/group). Representative flow cytometry plots of bone marrow analyzed for
frequency of WT and Het leukemia cells before and after injection of an equal ratio of hCD4 WT and GFP Het p190.
(D) Experimental scheme of maintenance assay of WT or elF4E fl/+ p190 BCR-ABL with 100% marker positivity.
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Figure 2. Continued

(E) Competitive growth assay of established hCD4 and GFP p190 elF4E+/+ Cre+ and elF4E fl/+ Cre+ treated with 1 uM
40OHT. Percentage of hCD4 and GFP marker positive cells were measured by flow cytometry. Data are expressed as
mean + SEM. (****p < 0.0001 two-way ANOVA, n = 6-10/each combination).

To further assess the fitness of leukemia cells in a stringent manner, we conducted competitive outgrowth assays.
We co-cultured WT and germline elF4E*/~ (Het) B cells after viral infection when cells were 10-20% marker pos-
itive expressing either GFP (MSCV-IRES-GFP) or human CD4 (MSCV-IRES-hCD4) (experimental design outlined
in Figure 2A). Cells were mixed at 1:1 ratios of WT:WT, WT:Het, Het:WT, and Het:Het, and their growth was moni-
tored in vitro. We found that the WT p190 cells significantly outgrew the Het p190 cells during in vitro culture
(Figure 2B). In the control mixtures (WT:WT and Het:Het), the two cell populations grew out at similar rates.
The elF4E* 190 cells also showed a dramatic disadvantage in vivo (Figure 2C). For this experiment, we injected
WT syngeneic recipient mice with an equal ratio of p190 in all four combinations of hCD4 and GFP markers (Fig-
ure S2B). After 14 days, we collected bone marrow and analyzed for the presence of leukemia cells. The mean of
Logiolratio) of the WT:Het mixture was significantly different than the WT:WT, and the Het:WT mixture different
than the Het:Het mixture (Figure 2C). These data indicate that reducing elF4E expression levels can significantly
delay leukemogenesis in vivo and that elFAE gene dosage impacts BCR-ABL-mediated transformation.

We then conducted competition experiments using the conditional deletion (Eif4e-flox) system. Here, we
induced deletion of the elFAE gene after p190 leukemia cell pools were fully established, allowing us to test
whether reduced gene dosage affected leukemia maintenance. We obtained bone marrow from 4 inde-
pendent Cre™ mice from each genotype Eif4e™* and Eifde™* (3-5-weeks-old) and infected with p190 vi-
ruses marked with GFP or hCD4. After 7 days (when cultures were ~100% marker-positive), cells were mixed
at a 1:1 ratio in different combinations (+/+CD4:+/+GFP, fl/+CD4:fl/+GFP, fl/+CD4:+/+GFP, +/+
CD4:1I/+GFP) for competitive growth assays in presence of 4OHT (1 uM) (experimental design outlined
in Figure 2D). Samples were withdrawn every 2 days for FACS analysis of the ratio of GFP vs. hCD4" pop-
ulations. In presence of 4OHT, the elF4E"* cells had a significant growth disadvantage vs. elFAE** p190in
both combinations, whereas combinations of the same genotype grew at similar rates (Figure 2E). More-
over, the addition of 4OHT to combinations of GFP and hCD4 fl/fl Cre-positive cells led to rapid cell death
(Figure 52C). We confirmed reduced elFAE expression in pure cultures of elFAE"* 5190 cells treated with
4OHT (Figure S2D). Together, the germline and conditional deletion systems revealed that reduced elF4E
expression impairs BCR-ABL-dependent B-ALL leukemogenesis and maintenance.

elF4e haploinsufficiency does not impair B-cell development

We were also interested in the role of elF4E in normal B-cell function. We first assessed B-cell development using
FACS analysis of splenic B cell subsets in WT and elF4E* mice. There were no differences in the percentages of
transitional (T1, T2, T3), marginal zone or follicular B cell subsets (Figures S3A and S3B). There were also no dif-
ferences in the overall cell counts of total splenocytes (data not shown). We next analyzed pre-B cell subsets
(B220*CD43*7AAD™) in the bone marrow of WT and elF4E*" mice cultured ex vivo. We isolated bone marrow
cells and kept in culture for 48hr with or without IL-7; no differences were observed between the two genotypes
(Figure S4A). Previous studies have shown that IL-7-dependent pre-B-cell outgrowth is dependent on mTOR-
complex-1 (MTORC1) (lwata et al., 2016). In agreement, both the mTORC1-selective inhibitor rapamycin and
the dual mTORC1/mTORC2 inhibitor MLNO128 caused concentration-dependent reductions in pre-B-cell
viability in the presence of IL-7. Notably, the mTOR inhibitors reduced viability to the same extent in both WT
and elF4E™ pre-B cells (Figure S4B), indicating that the heterozygous cells have not rewired signaling to
become mTORC1-independent. Similar results were obtained from the conditional knockout system (Figures
SAC and S4D).

Normal B-cell function is not altered by Eif4e haploinsufficiency

To evaluate B-cell function in vivo, we immunized WT and elF4E*~ mice with sheep red blood cells (SRBC).
SRBC-specific IgM and IgG1 antibodies were measured after 8 days using a FACS-based assay (McAllister
et al., 2017). elF4E*~ mice produced an equivalent titer of anti-SRBC antibodies of IgG1 isotype and a sig-
nificant IgM response, although this was weaker than in WT mice (Figures S5A and S5B). Additionally, there
were no differences in naturally occurring germinal center B cell populations (B220+/Fas+/GL7+) isolated
from Peyer’s patches from the elF4E* mice compared to WT (data not shown).
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Figure 3. Functional analyses of elIF4E+/- mouse splenic B cells

(A) Protein analyses of elF4E, 4E-BP-2, 4E-BP-1 and actin in purified WT or elF4E™" B cells after 16 hr of LPS + IL-4 stimulation. Relative protein quantification
performed by densitometric analysis using ImageJé4 software. Data are expressed as mean + SEM. (*p < 0.05, ***p < 0.001, unpaired one-tailed student’s t-
test, n = 3 or 4 per group).

(B) Renilla-Firefly luciferase cap-dependent translation of WT and elF4E*" B cells stimulated with LPS + IL-4 for 48hr. Data are expressed as mean ratio of
Renilla/Firefly +/— SEM. Significance was calculated using a paired one tailed student'’s t test. (**p < 0.01).

(C) Flow cytometry histogram of CFSE staining of WT and elF4E*/~ B cells in presence of anti-lgM and IL-4. Similar results were obtained in a repeat
experiment.

(D) Percentage of CFSE-low WT and elF4E*" B cells stimulated with «CD40+IL-4, 5 ng/mL LPS + IL-4, or 0.5 pg/mL LPS + IL-4 and treated with indicated
concentrations of rapamycin was measured at 72 hr by flow cytometry. Similar results were obtained in a repeat experiment.

We purified splenic B cells from WT and elF4E™~ mice and measured elF4E, 4E-BP1, and 4E-BP2 protein
levels before and after stimulation with LPS + IL-4 for 48 hr. As observed previously (Truitt et al., 2015),
elF4E expression was reduced in unstimulated B cells from elF4E*~ mice (Figure S3C). Similarly, elF4E
protein expression was reduced approximately 50% in stimulated B cells from elF4E*" mice (Figure 3A).
Interestingly, we observed that after stimulation, 4E-BP2 protein levels were significantly reduced in the
elF4E*" cells (Figure 3A) despite no change in mRNA amounts (Figure S3D). Next, we assessed cap-
dependent translation after B cell stimulation by employing the Renilla-Firefly dual luciferase assay.
We observed that cap-dependent translation measured in activated elF4E*" B cells was just as efficient
as in the WT control cells and remained sensitive to mTOR inhibition (Figure 3B). Considering that acti-
vated elF4E*" cells have reduced amounts of the inhibitory 4E-BP2, it is possible that, at least in part,
the efficiency of cap-dependent mRNA translation might be preserved despite reduced elF4E
expression.

Next, we evaluated functional responses of splenic B cells ex vivo. We stimulated B cells with anti-IgM + IL-4
and measured proliferation by cell division tracking dye CFSE at 72 hr using flow cytometry. There were no
differences in cell division of elFAE** compared with WT cells under these conditions (Figure 3C) or upon
stimulation with IL-4 together with either anti-CD40 or with two different concentrations of LPS (Figure 3D).
Reduced Eifde gene dosage also did not impair class switching to 1gG1 (Figure S5C). We also tested if
elFAE*" cells had altered sensitivity to the effects of rapamycin on switching to IgG1 or proliferation; again,
there were no differences (Figures 3D and S5D).
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Eif4e deletion does not affect normal B cell survival and proliferation

To evaluate if Eif4e deletion affects B-cell survival ex vivo, we purified B cells from Cre+ mice of different
Eif4e-flox genotypes and treated with 4OHT in the presence of the cytokine BAFF, which maintains survival
with minimal proliferation. We first confirmed reduced elF4E protein expression after 4OHT treatment in
isolated B cells by Western blot (Figure 4A). Next, we generated mixed cultures of B cells labeled with
or without CFSE (+/+CFSE:+/+ NO CFSE, fl/+CFSE:fl/+ NO CFSE, +/+CFSE:fl/+ NO CFSE, fl/+
CFSE:+/+ NO CFSE). In this case, CFSE was used to distinguish cell populations rather than to track cell
division. Survival of B cells with BAFF and 4OHT was monitored for 7 days four combinations and the initial
ratios were not significantly changed in any of the four combinations (Figure 4B).

For proliferation assays, we generated mixed cultures of B cells labeled with cell division tracking dyes
CFSE or Cell Trace Far Red (630nM) (+/+CFSE:+/+FAR RED, fl/+CFSE:fl/+FAR RED, +/+CFSE:fl/+FAR
RED, fl/+ CFSE:+/+FAR RED ratio 1:1). After B cell mixtures were cultured for 48hr in presence of BAFF
and 40HT, we added anti-lgM and IL-4 to stimulate proliferation. After an additional 48hr of culture the
CFSE and Far Red signals were measured by FACS (Figure Sé). Again, we observed no difference in pro-
liferation rate of B cells in all combinations (Figure 4C; proliferation was assessed by percent dividing cells
based on tracker dye dilution). Together, these data indicate that deletion of one allele of Eif4e did not
affect normal B cells in the same way as leukemia B cells. Reducing elF4E protein slowed tumorigenesis
of mouse p190 leukemia cell lines, whereas activated mouse splenic B cells were able to divide without
impairment.

DISCUSSION

The cap-binding protein elF4E is a potential vulnerability of cancer cells (Truitt et al., 2015), and efforts are
underway to develop elF4E inhibitors for clinical testing (https://effector.com/pipeline/). elF4E is a major
effector of mTORC1 signaling, and cap-dependent translation is elevated in many B-cell leukemias and
lymphomas (Prabhu et al., 2007; Pourdehnad et al., 2013; Schwarzer et al., 2015; Demosthenous et al.,
2015). However, cap-dependent translation is important for both normal B-cell function and tumorigenesis
(Ruggero et al., 2004; Prabhu et al., 2007; Pourdehnad et al., 2013; Demosthenous et al., 2015; So et al.,
2016; Chiu et al., 2019); thus, it is important to understand the effects of targeting elF4E directly in both
systems. In this study we used both germline and conditional knockout models to reduce elFAE protein
expression and found that B cell development and function is preserved, whereas pre-B-cell transformation
by BCR-ABL is impaired. In competitive growth assays with wild-type p190 cells, leukemia cells with
reduced Eif4e gene dosage displayed reduced proliferation and/or survival. In contrast, constitutive or
inducible loss of one Eifde allele did not affect the survival or proliferation of mature splenic B cells.

One notable observation was that activated mature B cells from Eif4e*’~ mice maintained normal levels of
cap-dependent translation in a luciferase reporter assay (Figure 3B), whereas cap-dependent translation
was reduced in p190 leukemia cells from Eif4e*’~ mice (Figure 1C). This suggests that p190 cells require
the full elF4E dose for maintaining mRNA translation. Additionally, expression of the inhibitory 4E-BP2 pro-
tein was reduced in both the activated mature B cells and in p190 cells from Eif4e™ mice and 4E-BP1 was
also reduced in p190 cells. This suggests that p190 cells adapt to preserve elFAE activity by further
decreasing the inhibitory proteins as a compensatory mechanism and that mature B cells may partially
do the same, consistent with previous findings (Yanagiya et al., 2012). The presence of constitutively active
BCR-ABL in leukemia cells may drive other mechanisms of dependency on elF4E dosage including altered
total expression of elF4E and/or elFAG scaffolding proteins or altered function of other translational reg-
ulators. In order to gain insight into the mechanism for reduced leukemia cell fitness, an important future
research direction will be to use polysome profiling to assess global changes in mRNA translation efficiency
in elF4E-deficient p190 cells versus non-transformed pre-B cells and mature B cells.

The conditional floxed system allowed the inducible deletion of Eifde in established p190 leukemia cells
and normal pre-B and mature B cells. This approach serves as a model of acute elF4E inactivation and sug-
gests that pharmacological targeting of this translation initiation factor might have therapeutic value in B-
ALL. Experiments using the germline knockout (Figures 2B and S2A) suggested that reduced Eifde dosage
also impairs leukemia initiation. However, further experiments are needed to rule out the possibility of
altered pre-B cell development and precursor B-cell function in mice with germline Eif4e deletion. It would
also be interesting to determine whether conditional Eifde deletion affects leukemia cell fitness in models
driven by oncogenes other than BCR-ABL, such as those found in Ph-like B-ALL.
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Figure 4. B cell survival and proliferation is not affected by deletion of Eif4e

(A) Protein analyses of elF4E, 4E-BP-1 and tERK in purified splenic B cells from elFAE**, eIFAE™* after 96hr of 4OHT
treatment in the presence of BAFF survival factor. Fold change calculated using tERK as loading control. Data are
expressed as mean + SEM. (actual p value is shown in graph, paired one-tailed t test, n = 4 per group).

(B) Competitive survival assay of purified elF4E™*, elF4E"* splenic B cells labeled with or without CFSE in presence of
BAFF 100ng/mL. Data are expressed as percentage of positive cells +/— SEM., n = 3-5 per group.

(C) Competitive proliferation assay of purified elFAE**, elF4E™* B cells labeled with cell division tracking dyes CFSE or
FAR RED (630nM). Following 48hr culture in presence or absence of 4OHT and with BAFF to maintain survival, cells were
stimulated to proliferate with 10 pg/mL anti-IgM and 10 ng/mL IL-4. Data are expressed as percentage of dividing

cells +/— SEM. (n = 3 for each combination)
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In a previous study, we established that mice with germline loss of one allele of Eif4e are viable and healthy,
yet resistant to development of Kras-driven solid tumors (Truitt et al., 2015). The present study extends this
paradigm to blood cancer and another classical oncogene, BCR-ABL. The data show that Eif4e haploinsuf-
ficiency is selectively detrimental to oncogene-driven leukemia cells yet does not impair survival of normal
pre-B and mature B cells. In other words, cancer cells but not normal cells are addicted to full dosage of
elF4E. This result is somewhat surprising given the growing evidence that the 4E-BP/elFAE axis controls
key aspects of B-cell proliferation and differentiation (So et al., 2016; Chiu et al., 2019). As compounds
that target elF4E activity advance into clinic trials, future studies should address whether this dichotomy
in responses between pre-B leukemia and normal B cells is observed when using chemical inhibitors or de-
graders of elFAE. Conversely, crossing the Eifde-flox model with different Cre driver strains may be
more powerful than chemical tools to define the cell-intrinsic function of elF4E in different lymphocyte
subsets.

Limitations of the study

We would like to mention the following caveats to the conclusions of the study. First, the reduced
outgrowth of p190 leukemia cells from germline Eif4e*’~ mice might be due in part to altered frequencies
or function of normal B-cell progenitors that are the targets for transformation. Further support for a defect
in leukemic transformation would require more detailed comparison of B-cell progenitor frequencies,
along with serial replating experiments. In contrast, we could make a more definitive conclusion about a
defect in leukemia cell maintenance; in this case, we used the conditional knockout approach in which
the target cells for initiation of transformation were equivalent and deletion was induced in established
pools of p190 cells. A second caveat is that the transformation initiation and maintenance experiments
were done with a single mouse model of B-ALL, driven by the human BCR-ABL oncogene. Additional
models would be needed to generalize the conclusions. Finally, our study did not reveal the molecular
mechanisms by which BCR-ABL-driven leukemia cells, compared to normal pre-B and mature B cells,
have greater addiction to full Eif4e gene dosage.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CD4 (RPA-T4) Biolegend 300505 (FITC); AB_314073

Mouse B220 (RA3-6B2)

Mouse CD43 (eBIOR2/60)
Mouse IgG1 (A85-1)
Mouse AA4.1

Mouse IgM

Mouse IgM

CD23

GL7

Fas

7-Aminoactinomycin D
Anti-CD40 (HM40-3)
Anti-puromycin

b-actin

Total ERK

elF4E

4E-BP1

4E-BP2

Goat anti mouse peroxidase
conjugated IgG

Goat anti rabbit peroxidase

conjugated IgG

eBioscience ThermoFisher Scientific

eBioscience ThermoFisher Scientific
BD Bioscience

eBioscience ThermoFisher Scientific

eBioscience ThermoFisher Scientific
Jackson Immunoresearch
BioLegend

EBioscience

BD Pharmingen

eBioscience ThermoFisher Scientific
eBioscience ThermoFisher Scientific
EMD Millipore

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies

Promega

Promega

17-0452-82 (APC); AB_469395
53-0452-80 (AF488); AB_469907
11-0431-82; AB_465040
BDB560089; AB_1645625
11-5892-81 (FITC); AB_465297
12-5892-81 (PE); AB_466017
16-5092-85; AB_2573088
115-006-020; AB_2338469
101607 (PE); AB_312832
51-5902-82 (AF647); AB_1311298
554258 (PE); AB_395330

A1310

16-0402-86; AB_468947
MABE343-AF488

3700S; AB_2242334

4696S; AB_390780

2067S; AB_2097675

9644S; AB_2097841

2845S; AB_10699019

W4021; AB_430834

W4011; AB_430833

Chemicals, peptides, and recombinant proteins

CFSE ThermoFisher Scientific C34554

Cell Trace far red ThermoFisher Scientific C34564

BAFF R&D Systems 8876-BF-010

Cycloheximide Sigma Aldrich 01,810-1G

Puromycin GIBCO Fisher Scientific A1113803

Hydroxytamoxifen Sigma Aldrich H7904

IgM Jackson Immuno Research 115-006-020
Laboratories

LPS Sigma Aldrich L3012

MLNO128 Active Biochem A-1023

Rapamycin LC Laboratories R-5000

Recombinant mouse IL-4 R&D Systems 404-ML-010

Recombinant mouse IL-7 R&D Systems 407-ML-005

Critical commercial assays

EasySep™ mouse B Cell Isolation Kit Stemcell Technologies 19854

Bradford Bio-Rad Laboratories 5000006
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Dual luciferase assay kit Promega E1910
Foxp3-staining kit fix/perm buffer Biolegend 421403

Experimental models: organisms/strains

C57BL/6NJ mice The Jackson Laboratory 005304
B6.129-Gt(ROSA)26Sort™ 1 (cre/ERT2)Ty/ 4 The Jackson Laboratory 008463
mice

Oligonucleotides

Genotyping DNA primer for elFAE set1 IDT N/A
Forward:

AGAGCAAATACGGAACCGACGTGTGC

Genotyping DNA primer for elF4AE set1 IDT N/A
Reverse:

ATGCAGGGTTTGGGTGCTTACACAG

Genotyping DNA primer for elF4E set2 IDT N/A
Forward:

GAGCAAATACGGAACCGACGTGTGC

Genotyping DNA primer for elF4E set2 IDT N/A
Reverse:

GAAGTTATCTCGACGAAGTTCC

Genotyping DNA primer for elF4E set3 IDT N/A
Forward:

GCGCAACGCAATTAATGATAAC

Genotyping DNA primer for elF4E set3 IDT N/A
Reverse:

TCTGCTAGCTTGTTCTCACGCACCC

Genotyping DNA primer for Cre Forward: IDT N/A
GCGGTCTGGCAGTAAAAACTATC

Genotyping DNA primer for Cre Reverse: IDT N/A
GTGAAACAGCATTGCTGTCACTT

Software and algorithms

ImageJ1.52a NIH https://imagej.nih.gov/ij/
FlowJo software (10.7.1) BD https://www.flowjo.com
GraphPad Prism8 Graphpad https://www.graphpad.com
Other

Novocyte Flow Cytometer
BD FACScalibur Flow Cytometer

RESOURCE AVAILABILITY
Lead contact

David Fruman (dfruman@uci.edu).

Materials availability

This study generated a conditional knockout model of the Eif4e gene. This mouse strain has been cryopre-
served at UC Irvine and is available subject to a Material Transfer Agreement.

Data and code availability

This article includes all analyzed data.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and reagents

C57BI/6J (B6) mice were bred at the University of California, Irvine, and used at between 6 and 12 weeks of
age. Eif4e™”" mice with a heterozygous loss-of-function allele were obtained from the Ruggero lab (UC San
Francisco) (Truitt et al., 2015). All animals were studied in compliance with a protocol approved by the Insti-
tutional Animal Care and Use Committee of the University of California, Irvine. Eifde-flox mice were ob-
tained from the NorCOMM2 mouse repository (C57BL/6N—Eif4et”‘1C(EUCOMM)ngu/Tcp) and were crossed
with Rosa26-Cre mice (Rosa26-CreERT2). Primer sets used to genotype Eif4e-flox mice and Cre mice are
shown in Table S1. MLNO128 and rapamycin were purchased from LC Laboratories (Woburn, MA, USA),
and 4-hydroxytamoxifen was purchased from MilliporeSigma (St. Louis, MO). Inhibitors were included
throughout the indicated cell treatment periods.

Generation of p190 BCR-ABL cell lines

Bone marrow (BM) cells were flushed from the tibias and femurs of 3-5 week-old mice; an equal number of
male and female donors were used. Cells were incubated overnight with retroviral supernatants (p190 BCR-
ABL-IRES-hCD4 or p190 BCR-ABL-IRES-GFP) in the presence of 5 ng/ml polybrene at 37°C, 5% CO2, with
RPMI culture medium (GE Healthcare Life Science HyClone Laboratories South Logan, Utah) supple-
mented with 20% FCS, recombinant mouse IL-7 (10 ng/ml; R&D Systems Minneapolis, MN) to promote
cell cycle entry. Following overnight incubation, cells were spun down to remove virus and cultured with
fresh RPMI+20% FCS medium supplemented with recombinant mouse (rm) IL-7 for 1 week. Cells were
then cultured without IL-7 for a second week and then gradually reduced to 10% FCS until a pure 100%
marker-positive (human CD4+ or GFP+), cytokine- and stromal- independent culture was established.
In vitro mixing experiments were initiated after removal of rm-IL-7 and cells were mixed at a 1 to 1 ratio
for CD4+ and GFP+ cells. Cells were cultured in RPMI+20% FCS medium during the outgrowth period.
For colony assays, 4h after the infection 50000 cells were plated in M3630 methocult (Stem Cell Technolo-
gies Kent, WA) with mIL-7 (10 ng/ml).

METHOD DETAILS

In vivo transplant experiments with mouse p190 leukemia

Mouse p190 transformed BM cells were used to initiate leukemia in irradiated (400 cGy) syngeneic female
Bé6 recipients. In all in vivo experiments, p190 transformed BM were prepared fresh (after the removal of
rmlL-7 step) to initiate leukemia. Leukemic engraftment was determined by retro-orbital bleeds and
analyzed by flow cytometry using anti-human CD4 (Biolegend, San Diego, CA)

Mouse B cell culture

Equal numbers of male and female Bé6 mice were used for isolation of B cells. Splenic B cells were purified
using The EasySep™ Mouse B Cell Isolation Kit (Stemcell Technologies Kent, WA). B-cell purity measured
by FACS analysis (FACSCalibur and CellQuest software; BD Biosciences) using anti-B220 antibody (eBio-
science, ThermoFisher Scientific, Waltham, MA) yielded >95% B220+. Purified B cells were seeded at a final
concentration of 1.5 x 10° cells per milliliter. For class switching experiments, B cells were stimulated 5 ng/
mL anti-CD40 (eBioscience) agonistic antibody, or 5 pg/mL LPS (MilliporeSigma), together with 5 ng/mL
miL-4 (R&D Systems) for 96 h to induce switching to IgG1. All cells were cultured with RPMI 1640 supple-
mented with 10% heat-inactivated FCS, 5 mM Hepes, 2 mM L-glutamine, 100 units/mL penicillin,
100 pg/mL streptomycin, 50 pM 2-mercaptoethanol. To evaluate B-cell survival ex vivo, purified B cells
from mice of different genotypes were treated with 4OHT in vitro in the presence of BAFF (100ng/ml,
R&D Systems). For proliferation assays, B cells were stimulated with anti-IgM (10pg/ml, Jackson ImmunoR-
esearch Laboratories, West Grove, PA) and IL4 (10ng/ml, R&D Systems). For pre-B cell culture, bone
marrow cells were cultured for 5 days in the absence or presence of recombinant murine IL-7 (10ng/ml).

Western blotting analysis

Total cell lysates were prepared using RIPA buffer. Protein concentration was measured with Bradford
assay (Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein (20 pg) were heat-denatured in sam-
ple buffer (Bio-Rad Laboratories), resolved by SDS-PAGE using Novex 4-20% Tris-Glycine MiniProtein Gels
(Thermo Fisher Scientific, Waltham, MA), and transferred to nitrocellulose membranes (Bio-Rad Labora-
tories). The filters were blocked in 5% BSA for 1h at room temperature and then incubated overnight at
4° with specific antibodies for B-actin (1:1000), total ERK (1:1000), BCR-ABL (1:1000), elF4E (1:1000), total
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4E-BP1 (1:1000), and total 4E-BP2 (1:1000) purchased from Cell Signaling Technologies (Danvers, MA).
Goat anti-mouse or anti rabbit-peroxidase conjugated IgG (1:5000, Promega Madison, WI) was used as
secondary antibody. Protein on western blots were analyzed using ImageJé4 software to quantitate signal
of each band. Signal was normalized with actin or total ERK measurements and fold change was calculated
using the stimulated/no drug control.

Flow cytometry, CFSE labeling, and antibodies

Cells were incubated with TruStain fcX in FACS buffer (0.5% BSA +0.02% NaN3 in 1x HBSS) for 10 min on
ice. Staining with antibodies was performed with FACS buffer and on ice for 20 min. Flow cytometry anti-
bodies and other reagents used: B220 (eBioscience), CD43 (eBioscience), IgG1 (BD Bioscience San Jose,
CA) and 7-Aminoactinomycin D (Tonbo Bioscience San Diego, CA). CFSE (ThermoFisher Scientific) and
Cell Trace Far Red labeling (ThermoFisher Scientific) of B cells was performed by resuspending cells to a
concentration of 10 X 10° cells per mL with a concentration of 2.5 uM. Flow cytometric data were analyzed
using FlowJo software (10.7.1).

Luciferase assay

Cap-dependent translation was measured using the luciferase reporter construct pRSTF-CVB3 containing
the 5 non-coding region of the Coxsackie B3 virus cloned between the firefly and renilla luciferase (Jang
et al., 2004). The construct was electroporated in serum-free media and cells recovered in complete
RPMI media for 2 hr followed by inhibitor treatment for 8 hr. Following treatment, cells were lysed and re-
nilla and firefly luciferase expression were measured using the Dual luciferase assay kit (Promega) using a
luminometer. Renilla luciferase expression was normalized to Firefly luciferase expression and results were
expressed relative to vehicle treated.

Puromycin incorporation

10 pg/mL cycloheximide (CHX) (MilliporeSigma) was added to the control well 30 min before adding the
puromycin (GIBCO, ThermoFisher Scientific). After 72hr of treatment with 4OHT, puromycin 10pug/mL
was added to each well for 15 min. Cells were harvested, spun down and washed in PBS before fixation
with Foxp3-staining kit fix/perm buffer (Biolegend) for 20 min RT. Cells were spun down 800g for 5min
and washed twice with of Permeabilization buffer (Biolegend). Incubation with FITC-conjugated anti-puro-
mycin Ab (1:100) (EMD Millipore Burlington, MA) for 45min RT in permeabilization buffer. After 2 washes,
pellet was resuspended in PBS and analyzed using a Novocyte flow cytometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

All samples represent biological replicates. Unless otherwise specified in figure legends, all center values
shown in graphs refer to the mean. For statistical significance of the differences between the means of two
groups, we used two-tailed Student’s t-tests. Statistical significance of differences among multiple groups
(> 3) was calculated by performing ANOVA multiple comparisons of the means for each group. No samples
or animals were excluded from analysis, and power analyses to determine sample size were not used.
Studies were not conducted blinded.

ADDITIONAL RESOURCES

Please see the key resources table.
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