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Abstract

Eukaryotic initiation factor (eIF) 4F plays a central role in the ribosome recruitment phase of cap-dependent translation. This
heterotrimeric complex consists of a cap binding subunit (eIF4E), a DEAD-box RNA helicase (eIF4A), and a large bridging
protein (eIF4G). In mammalian cells, there are two genes encoding elF4A (elF4A1 and elF4A2) and elF4G (elF4G1 and
elF4G3) paralogs that can assemble into e[F4F complexes. To query the essential nature of the eIF4F subunits in normal
development, we used CRISPR/Cas9 to generate mouse strains with targeted ablation of each gene encoding the different
elF4F subunits. We find that Eifde, Eif4gl, and Eif4al are essential for viability in the mouse, whereas Eif4g3 and Eiffa2
are not. However, Eif4g3 and Eif4a2 do play essential roles in spermatogenesis. Crossing of these strains to the lymphoma-
prone Eu-Myc mouse model revealed that heterozygosity at the Eifde or Eif4al loci significantly delayed tumor onset. Lastly,
tumors derived from Eif4e**3**/Eu-Myc or Eif4al®**/Eu-Myc mice show increased sensitivity to the chemotherapeutic
agent doxorubicin, in vivo. Our study reveals that eIlF4A2 and eI[F4G3 play non-essential roles in gene expression regulation
during embryogenesis; whereas reductions in eIF4E or eIF4A1 levels are protective against tumor development in a murine
Myc-driven lymphoma setting.
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Introduction

Eukaryotic initiation factor (eIF) 4F is a cytoplasmic com-
plex composed of three subunits: (i) eI[F4E, a cap-binding
Patrick Sénéchal, Francis Robert and Regina Cencic shared co- protein which interacts with m’G mRNA cap structures, (ii)
authorship. elF4G, which serves as a protein scaffold, and (iii) eIF4A,
an RNA helicase necessary for remodeling mRNA templates
to facilitate ribosome recruitment [1]. EIF4F, along with
the RNA binding proteins eIF4B and elF4H, are required to
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tion, cap recognition by eIlF4F, and ribosome scanning [1].
Hence, different mRNAs harbor distinctive requirements for
elF4F-dependent ribosome recruitment—making eIF4F an
mRNA discriminatory factor. As well, eIF4F assembly is
regulated by the PI3K/AKT/mTOR pathway and there have
been several lines of evidence implicating this complex in
cancer initiation and maintenance, making it a promising
target for anti-cancer therapies [2].
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The mammalian genome encodes three different eIF4E
paralogs, eIF4E1 (hereafter referred to as eIF4E), eIF4E2
(aka 4E-HP) and eIF4E3 [3]. Among these, eIF4E and
elF4E3 can interact with eIF4G to establish different eIF4F
complexes [4]. However, eIF4E3 shows a restricted tissue
expression profile, has significantly lower affinity for the
cap than eIF4E, and is not essential in cell culture models
as Hapl1 cells harboring a frameshift (fs) mutation in the
EIF4E3 coding region are commercially available (https://
horizondiscovery.com/en/engineered-cell-lines/products/
human-hap1-knockout-cell-lines?nodeid=entrezgene-
317649). On the other hand, Eif4e1_/_ cells or mice have
never been reported—consistent with the essential nature
of Eifdel [5].

Mammalian cells encode three elF4G paralogs: elF4G1
(aka elF4GI), eIF4G2 (aka p97, Dap5, Natl, elF4GIII), and
elF4G3 (eIFAGII). eIF4G2 does not participate in elF4F
assembly as it lacks an eIF4E binding domain and instead,
appears to play a more specialized role in cap-independent
translation initiation, notably during stem cell differentiation
and in ribosome recruitment via a cap-independent mecha-
nism [6]. In contrast, elF4G1 and elF4G3 do interact with
elF4E and assemble into elF4F. eI[F4G1 and elF4G3 share
48% amino acid identity, and although they show some dif-
ferences regarding regulation by specific kinases or differ-
ent sensitivities to viral and cellular proteases [7], recruit-
ment of either protein to an mRNA template is sufficient to
stimulate ribosome recruitment [4]. In humans, there are
two additional proteins that share homology to the C-ter-
minal domain of eIF4G proteins and that also interact with
elF3—known as elF5-mimic protein (SMP1 and SMP2) [8,
9]. They play an essential role in animal development and
their over-expression is pro-oncogenic [10]. SMP have been
shown to reduce translation of Eif4g2 mRNA by affecting
start codon selection [11] and thus can impact eI[F4G2-medi-
ated translation.

There are two mammalian elF4A paralogs involved in
translation initiation, eIF4A1 and eIF4A2. Both share >90%
amino acid identity and can exchange into the eIF4F com-
plex [12]. eIF4A1 is the most abundant initiation factor at ~ 3
copies per ribosome [13], with only a small fraction (~5%)
present in the eIF4AF complex—suggesting either that mul-
tiple molecules of e[F4A1 are required per initiation event
and/or eIF4A1 also functions outside of the eIF4F complex
[14]. In general, eIF4A1 is more abundantly expressed at
the mRNA and protein level [13, 15]. The two Eif4a genes
are differently regulated—with Eif4al, but not Eifa2, being
under MYC transcriptional regulation. During growth arrest,
elF4A?2 levels increase threefold whereas elF4A1 levels are
slightly reduced [16, 17]. As well, the two eIF4A paralogs
show differential sensitivity to cleavage by foot-and-mouth
disease virus 3C protease during viral infection [18]. The
binding of eIF4A1 or eIF4A2 by RNA-bound eIF4G1 or
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elF4G3 is sufficient to catalyze ribosome recruitment [4].
elF4A1 is essential for cell survival, whereas eIF4A?2 is not
since it can be eliminated using CRISPR editing technology
with no consequence on cell survival or proliferation [19].
What is difficult to reconcile with these aforementioned data
are reports indicating that e[F4A?2 is a suppressor of transla-
tion and mediates repression by microRNAs [20, 21].

The Eu-Myc mouse is a powerful model that has been
used to investigate the role of different translation initiation
factors in tumorigenesis. The mice harbor a transgene in
which an IgH enhancer has been juxtaposed next to c-Myc, a
rearrangement similar to that found in Burkitt’s lymphomas
[22]. Eu-Myc mice develop cancer with 100% penetrance
and the consequences of genetic context on tumor develop-
ment can be assessed by crossing Eu-Myc mice to different
genetically engineered mouse models and monitoring tumor
development. Additionally, by isolating Eu-Myc hemat-
opoietic stem and progenitor cells (HSPCs) and introduc-
ing specific genetic lesions into these, followed by stem cell
transplantation into normal recipients, one can assess the
consequences of the introduced genetic changes on tumor
onset [23, 24]. The effects of small molecules or biologicals
on chemotherapeutic response of Myc-driven lymphomas
can also be assessed in vivo in a syngeneic setting using
this model. The consequences of eIF4E over-expression in
this model has been assessed and found to cooperate with
Eu-Myc in accelerating lymphomagenesis [23, 24]. As well,
elF4E-overexpressing Eu-Myc lymphomas are sensitive to
shRNA- or small molecule mediated targeting of eIF4E and
elF4A, exhibiting a clear apoptotic response when combined
with the front-line therapeutic, doxorubicin (DXR) [24-26].

Here, we asked whether all subunits of eIF4F play redun-
dant roles in development and whether any are essential
genes in the mouse. Secondarily, we also investigated what
impact reductions in expression or gene loss of the eI[F4F
subunits has on Myc-driven lymphoma initiation. Lastly, we
demonstrate a synthetic lethal relationship between Eifde
and Eif4al gene dosage and DXR response in vivo.

Materials and methods
Transgenic mouse generation and genotyping

Mutations were produced on a C57BL/6 background using
CRISPR/Cas9 editing technology. Single guide (sg) RNAs
(shown in Fig. S1) were co-injected with purified, recombi-
nant Cas9 protein into zygotes followed by re-implantation
into pseudo-pregnant recipients. Upon weaning, mice were
genotyped and those with PCR products showing a deletion
upon gel analysis were directly analyzed by Sanger sequenc-
ing. Mice of the desired phenotype were then backcrossed
to C57BL/6 wild-type mice. Primers for genotyping the
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individual strains are: (i) Eif4e [eif4ekol17744for: > CTC
CTCCTGCAGGACGAGGAG?® and eif4erev: > TAGTAC
ATGTCTTCACTGTCC?], (ii) Eif4al [m4alex5_3fwd:
SAACCCCAGCCTTTGGATTTGG? and 158-2Eif4alex5-
2rev: > TCTCCGGTTAAGCATGTCCC? 1, (iii) Eif4a2
[4a2pcr2219-F: ¥ GCACTGCTATATTGGCTTTG? and
4a2seq2776-R: ¥ GGACCATTAAGATTCACTAC? ], (iv)
Eif4gl [meif4glfwd: ¥ CCAGCAGAACTGGGAGACTGT
TGCATGTAGC® and meif4g] l1drev: > TCGGGAGGCTGC
ACTGTAG?], and (v) Eif4g3 [4g3del171105_112298_F:
S GTAGATAAGAATTCGAGATCC? and 4g3seql12439-
R: ¥ CTCACTCTACTTACCTGAG®]. All mouse manipu-
lations were performed at the McGill Integrated Core for
Animal Modeling. All animal studies were approved by
the McGill University Faculty of Medicine Animal Care
Committee.

Western blotting

Western blots were performed on protein samples that had
been prepared from spleens of mice of the indicated geno-
type. Upon harvesting, spleens were gently crushed between
two microscope slides using the frosted portion of the slide.
Cells were collected in PBS and filtered through a 40 um
nylon mesh. Cells were centrifuged at 1000xg for 5 min,
and the pellet lysed in RIPA buffer (20 mM Tris—HCI [pH
7.6], 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP40,
0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 20 mM
p-glycerophosphate, 1 mM PMSF, 4 ug/ml aprotinin, 2 pg/
ml leupeptin, 2 pg/ml pepstatin, | mM DTT). Extracts were
fractionated on a 10% SDS-PAGE and transferred to PVDF
membranes (Bio-Rad). Antibodies used in this study were:
a-eEF2 (Cell Signaling, 2332), a-eIF4E (Cell Signaling
9742), a-elIF4A1 (Abcam ab31217), a-eIF4A2 (Abcam
ab31218), a-elF4G1 [27], and a-eIF4G3 [28].

Tissue sectioning and staining

After harvesting, testes and epididymis were fixed in modi-
fied Davidson’s fluid for 48 h, transferred to 70% ethanol and
embedded in paraffin. Sections (4 um) were deparaffinized
in xylene, rehydrated, stained with hematoxylin and eosin or
periodic acid-Schiff staining and mounted using Permount
(Fisher, Canada). Sections were scanned on an Aperio
ScanScope XT (Aperio Technologies, Vista, CA, USA).

Treatment studies

One million tumor cells were injected into the tail vein of
6-8 weeks old C57BL/6 females. When tumors were pal-
pable, animals received one dose of DXR (10 mg/kg) intra-
peritoneally. Treatment response was monitored by palpa-
tion of lymph nodes every second day. Tumor-free survival

is defined as the interval between DXR injection and the
reemergence of tumor. Statistical evaluation of tumor-free
survival was undertaken in the Kaplan—-Meier format using
Prism 8 and the log rank test.

Flow cytometry

Fresh lymphoma cells were harvested from tumor-bearing
mice and resuspended in cold PBS. Erythrocytes were
removed by lyzing in ACK buffer (150 mM NH,CI, 10 mM
KHCO; and 0.1 mM EDTA) on ice for 10 min. Remaining
cells were collected by centrifugation for 5 min at 1200xg,
washed once in cold PBS and resuspended at 10° cells/ml
in cold PBS +2% fetal bovine serum (FBS). Cells (105)
were added to prechilled tubes and gently mixed with 0.06
ug of antibodies followed by a 20 min incubation on ice in
the dark. A control, unstained tube was also prepared for
flow cytometry analysis. After incubation, 900 pl of cold
PBS +2% FBS was added, the cells spun down at 2500 X g
for 5 min and flow cytometry analysis was conducted on
a Guava EasyCyte HT (MilliporeSigma). Antibodies used
were: CD19-PE (clone 6D5; Biolegend), B220-PE (clone
RA3-6B2; BD Biosciences), [gM-PE (clone RMM-1, Bio-
legend), and CD3-PE (clone 17A2; BD Biosciences).

Statistical analysis

Results were calculated as mean + standard deviation of
the mean (Fig. 2). Sample size are indicated in figures or
figure legends. Statistical analyses employed a one-way
ANOVA with Tukey’s multiple comparison test (Fig. 2) or
the Kaplan—Meier format using the log-rank test for statisti-
cal significance (Fig. 4b). Statistical analysis was performed
using GraphPad Prism v.8. A p value <0.05 was taken as
significant.

Results
Generation of KO mice

Genes encoding the eIF4F subunits: elF4E, elF4Al,
elF4A2, eIF4G1, and eIF4G3 were targeted for disruption
using CRISPR/Cas9 (Figs. 1a and S1). The following mutant
strains of mice were obtained and characterized.

(I) Mice harboring a 38 base pair (bp) deletion resulting
in a frameshift mutation (fs) in Eiff4e. Exon 6 of Eif4e was
targeted for disruption, since a frameshift mutation within
this area would disable cap-binding by producing a polypep-
tide lacking the downstream W102 amino acid critical for
cap recognition (Figs. 1a, S1). A founder was obtained har-
boring a 38 bp fs expected to cause premature termination of
translation within exon 6 (Fig S1a). Western blot analysis of
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«Fig. 1 Genetic targeting of elF4F subunits. a. Schematic diagram
illustrating location of CRISPR-Cas9 mediated mutagenesis of the
indicated proteins—as denoted by red squiggles. Functional domains
or amino acids critical to factor activity are indicated for reference.
For elF4E, W56 and W102 are essential for m’G cap stacking. A,
deletion; fs, frameshift. b—f. Western blots documenting reduction
or loss of proteins from spleen of mice of the indicated genotypes.
Proteins targeted by antibodies are indicated to the right of the blots.
Samples collected from two wild-type (wt) and two mutant mice
(genotype indicated above lanes) were processed and analyzed. The
red horizontal line indicates two different sets of Western blots were
used in the analysis, with one set above and the other below the red
divider

spleen of Eif4¢*33/* mice showed a~twofold reduction in
protein levels, compared to levels present in wild-type (wt)
littermates (Fig. 1b).

(IT) Disruption of Eif4al and Eif4a2 coding potential by
fs mutations. Exons 5 of Eif4al and Eif4a2 were selected
for mutagenesis as fs mutations will produce truncated poly-
peptides lacking the critical C-terminal RecA-like domain
(Fig. la). Founders with a 5 bp deletion resulting in a
frameshift mutation in Eif4al (Eif4al®®) or a more complex
indel rearrangement in Eif4a2 (Eif4a2”) were obtained (Fig.
S1b, ¢). In the case of Eiffal, splicing of exon 5 to exon 6 is
predicted to lead to premature translation termination within
exon 6. With respect to Eif4a2, a premature stop codon is
generated within the indel region. Western blotting revealed
a reduction in levels of eIF4A1 in Eif4al*®* mice and a
complete loss of eIF4A2 in Eif4a2" mice, compared to wt
littermates (Figs. 1c, d). There appears to be no compensa-
tory increase in elF4A2 or e[F4A1 protein levels in spleens
from Eif4al®** or Eif4a2” mice, respectively (Figs. lc, d).

(IIT) Germline nonsense mutations in Eif4gl and Eif4g3.
Exons 6 and 11 of Eif4gl and Eif4g3, respectively were
targeted for disruption. Frameshift mutations arose in the
Eif4gl (1 bp) and Eif4g3 (19 bp) genes. Both mutations are
predicted to lead to early termination of protein synthesis
(Fig. S1d, e). Western blot analysis revealed a reduction in
protein levels in spleen from Eif4g 12"+ mice and loss of
expression in Eif4g321°%A%6 mice, compared to wt litter-
mates (Fig. le, f).

Eif4a2 and Eif4g3 are not essential for development
in the mouse

Crosses of wt mice to Eif4e™* | Eif4al***, Eif4g 11+
heterozygotes showed deviation from the expected Men-
delian inheritance with a lower than expected yield of
heterozygote progeny, as determined by chi2 analysis
(Table 1). These results indicate selection against animals
with reduced dosage of Eifde, Eif4al, or Eif4gl. In con-
trast, crosses between wt and Eif4a2™" or Eif4g3*!?%* mice
showed segregation of the mutant alleles consistent with
Mendelian inheritance (Table 1). Intercrosses of Eif4eA38fS/ +

Eif4al**, or Eif4gI1*'¥* heterozygotes never yielded
homozygous progeny attesting to the essential nature of
these genes for viability and development. We make no con-
clusions as to the reason for the skewed ratios of wt and het-
erozygote offsprings obtained with Eif4gI*"**, compared to
Eif4al***  intercrosses since the number of breeding pairs
that produced litters was too low (N=4) to be evaluated.
Intercrosses between Eif4a2™* or Eif4g3*'”** mice pro-
duced progeny at the expected frequency indicating that nei-
ther Eif4a2 nor Eif4g3 are essential for mouse development.
We have noticed that at two months of age, Eif4a2"" but
not Eif4g3* %A% mice, show lower body weights com-
pared to heterozygotes or wild-type littermates. Here, both
Eif4a2"% female and male mice showed significant reduc-
tions in body weight compared to their heterozygote or
wild-type counterparts (Fig. 2). We have not identified the
underlying physiological basis for this but blood biochem-
istry analysis of Eif4a2™" and Eif4g3*1?¥21°F mice failed to
uncover any overt metabolic perturbations (Table S1).

Male Eif4a2™" and Eif4g3*"°*/2’" mice are infertile

During the course of breeding and maintaining mice harbor-
ing the Eif4a2"" or Eif4g32%%AF alleles, we noticed that
crosses of Eif4a2™" or Eif4g3*"%¥*1% males to C57BL/6
females never yielded offsprings. In contrast, crosses with
Eif4a2™" and Eif4g3*F21% females to wild-type C57BL/6
males were productive (data not shown). We therefore ana-
lyzed spermatogenesis in Eif4a2™" and Eif4g3*19/A1%s
males for possible defects. Macroscopically, the testes of
both genotypes showed moderate to severe bilateral atrophy
when compared with wild-type controls (data not shown).
Histopathologically, both genotypes demonstrated a moder-
ate to severe diffuse atrophy of the seminiferous epithelium
with patent efferent ducts and epididymis. Leydig cells from
both strains appeared normal.

In testes from Eif4aZfS/fS mice, there was a late maturation
arrest in spermatogenesis (Fig. 3a). Round spermatids were
observed but did not mature into elongated spermatids. The
arrest in spermatogenesis was in the early phases of spermio-
genesis (spermatid maturation phases)—round spermatids
prematurely exfoliated into the lumen before the elongation
phase or aggregated in multinucleated symplasts. The effer-
ent ducts were patent as evidenced by the large number of
exfoliated round spermatids (Fig. 3b, visible in Eif4a2""
testes) and symplasts distending the lumen of the epididy-
mides (Fig. 3b). In sum, although stage XII meiosis events
were observed in testes from Eif4a2 mice, there was a
developmental arrest in the early stages of spermiogenesis;
no mature elongated spermatids were present in any semi-
niferous tubules and this was associated with a deficiency in
acrosomal maturation.
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Table 1 Genotype distribution from the crosses of the indicated mouse strains

Crosses N Wild-type Heterozygous Homozygous chi2 p value Is deviation
significant?
Eif4e(A38fs/+) X WT 33 120 (56%) 93 (44%) N/A 3.423 no
Eif4e(A38fs/+) x Eif4e(A38fs/+) 6 9 (39%) 14 (61%) 0 (0%) 8.130 0.05>p>0.01 yes
Eif4al(A5fs/+) X WT 55 215 (68%) 99 (32%) N/A 42.853 <0.01 yes
Eif4al(A5fs/+) X Eif4al(AS5fs/+) 17 21 (38%) 34 (62%) 0 (0%) 19.109 <0.01 yes
Eif4a2(fs/+) x WT 19 75 (52%) 70 (48%) N/A 0.172 no
Eif4a2(fs/+) x Eifd4a2(fs/+) 45 68 (23%) 135 (47%) 87 (30%) 3.869 no
Eif4gl(Alfs/+) x WT 38 132 (57%) 100 (43%) N/A 4414 0.05>p>0.01 yes
Eif4g1(A1fs/+) x Eifdgl(Alfs/+) 4 8(50%) 8(50%) 0 (0%) 8.000 0.05>p>0.01 yes
Eif4g3(A19fs/+) x WT 25 68 (47%) 78 (53%) N/A 0.685 no
Eif4g3(A19fs/+) x Eifdg3(A191s/+) 32 46 (25%) 88 (47%) 53 (28%) 1.171 no
Fig.2 Whole body weights of Eif4a2 Eif4g3
mice of the indicated geno- 35 * 35
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In testes from Eif4g32/%%A1% mice, there appeared to
be an early maturation arrest in spermatogenesis. Sper-
matogonia and spermatocytes were present but stage XII,
as evidenced by meiosis, was absent leading to a diffuse
absence of round and elongated spermatids (absence of sper-
miogenesis). There was severe atrophy of the seminiferous
epithelium with large vacuoles in the Sertoli cells (Fig. 3a,
red arrows). These developmental defects likely underlie the
infertility of Eif4a2™* and Eif4g3*!°%/21°% males. Hence,
elF4A2 and eIF4G3 are essential for spermatogenesis in the
mouse.

Dosage reduction of Eif4e or Eif4a1 delays
lymphomagenesis in the Eu-Myc model

A reduction in Eif4e copy number suppresses in vitro trans-
formation induced by Ras and Myc or Ras and E1A in
murine embryonic fibroblasts (MEFs) and in vivo in KRas-
driven lung tumors [5]. As well, experiments targeting dif-
ferent cancer types using elF4A small molecule inhibitors,
suppressing elF4E expression using siRNAs, or dampening
elF4F activity through mTOR inhibition, have demonstrated
that Myc-dependent tumors are quite responsive to elF4F
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activity perturbation [26, 29-32]. We therefore wished to
assess the consequences of Eifde, Eif4al, Eif4a2, Eif4gl,
and Eif4g3 gene dosage on MYC-induced tumor initiation.
To this end, we crossed our mutant strains to the Eu-Myc
mouse (Fig. 4a). This powerful model has been very inform-
ative for interrogating putative functional interactions
between c-Myc and tumor suppressors or oncogenes [33].
We generated Eu-Myc progeny harboring a single mutant
allele of Eifde, Eif4al, or Eif4gl (since double mutants
were not viable), as well as Eu-Myc mice heterozygous
or homozygous for Eif4a2 or Eif4g3 mutant alleles. Time
to tumor onset was then documented (Fig. 4b—d). Only
Eif4e™38 5% /Ey-Myc and Eif4al® **/Eu-Myc offsprings
showed significant differences in tumor onset. We observed
no significant differences in tumor onset rates of MYC-
driven lymphomas in the absence of Eif4a2 or Eif4g3, as
well as upon reduction of Eif4gl allele levels.
Immuno-phenotyping indicated that Eif4e**3**/Eu-Myc
and Eif4al®"*/Eu-Myc lymphomas were derived from a
more mature progenitor (expressing CD19, B220, and IgM
cell surface markers), whereas the sporadic Eu-Myc lympho-
mas were derived from a less mature (CD19%, B220%) B cell
progenitor (Fig. 4e). The absence of significant expression of
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Fig.3 Histological analysis of testes and epididymis from 2 months
old Eif4a2™ and Eif4g3*M21% males. a. PAS-H stained testis sec-
tions. Spermatogonia, spermatocytes, round and elongated spermatids
are present in wild-type testis. There is a complete lack of elongated
spermatids in Eif4a2™® and Eif4g3*!***°" males. The seminiferous
epithelium is atrophied and the lumen is dilated. Black arrows denote
the presence of multinucleated spermatids (symplasts). Red arrows
indicate large vacuoles in Sertoli cells. Star highlights increased num-

the T cell marker, CD3, is consistent with the B cell origin
of these tumors (Fig. 4e).

2fs/fs

Eif4a

E If4g 3A19fs/A1 9fs

Yo

ber of spermatocytes. Scale bar: 20 pm. b. PAS-H staining of the
cauda epididymis from 2 months old Eif4a2™" and Eif4g3*1%%/A1%
males. In wt mice, the lumen is filled with elongated spermatids
(spermatozoa). In Eif4g3* %A% the lumen is filled with protein rich
fluid with few degenerated cells. In Eif4a2"”, the lumen of the cauda
epididymis is filled with round spermatids and multinucleated cells
prematurely exfoliated. Scale bar top: 20 um; scale bar bottom: 50 um

Dosage reduction of Eif4e or Eif4a1 is synthetic
lethal with doxorubicin

Previous experiments using the Eu-Myc model have shown
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Fig.4 Consequence of elFAF subunit reduction or loss on Eu-Myc
driven lymphomagenesis. a Strategy used to monitor consequences
of a given genotype on c-Myc induced tumor initiation. b—d Kaplan—
Meier curves showing lymphoma tumor onset from mice of the indi-
cated crosses. Note that the same Eu-Myc reference curve is used in
the panels and was obtained from monitoring 100 Eu-Myc mice. The
number of mice monitored in the individual experiments are indi-

that suppression of eIF4E or eIF4A is capable of sensitiz-
ing myr-Akt/Eu-Myc, Tsc2™*/Eu-Myc, Tscl™*/Eu-Myc,
and elF4E-overexpression Eu-Myc tumors to DXR [23,
24, 34]. Therefore, we wished to determine if Eif4eA38f5/ t/
Eu-Myc or Eif4al®"*/Eu-Myc lymphomas showed
increased sensitivity to DXR. C57BL/6 mice harboring
transplanted tumors were treated with a single bolus of
DXR and monitored for tumor-free survival (Fig. 4f). Mice
harboring sporadic Eu-Myc lymphomas did not respond
to DXR, as previously reported [23]. In contrast, a single
bolus of DXR was sufficient to produce remission in both
Eif4e™%* /Ey-Myc and Eif4al**/Eu-Myc lymphoma-
bearing mice.

@ Springer

cated in parenthesis. e. Lineage marker expression in Eif4e®%t/
Eu-Myc and Eif4al®™*/Eu-Myc lymphomas. f. Reduced gene dos-
age of Eiffe and Eif4al is synthetic lethal with DXR. Kaplan—Meier
plot detailing time to relapse after DXR treatment of mice bear-
ing lymphomas of the indicated genotype. Day O corresponds to
the day of DXR treatment. P <0.00005 for Eif4e**¥*/Eu-Myc and
Eif4al***/Ey-Myc versus sporadic Eu-Myc lymphomas

Discussion

Eif4e, Eif4a1, and Eif4g1, but not Eif4a2 and Eif4g3,
are essential for development

In this study, we sought to define the essential nature of the
elF4F subunits by generating knockout models for all subu-
nits. We found that Eifde, Eif4al, and Eif4gl are essential
for mouse viability (Table 1). Haploinsufficiency of Eifde,
Eif4al, and Eif4gl shows incomplete penetrance and par-
tial lethality, consistent with their central role in regulating
translation initiation. For Eif4e, our data is consistent with a
study reported by Truitt et al. [5] in which Eif{e heterozygote
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knockout mice (generated by insertional mutagenesis into
exon 7) were found to be viable and had no distinguishing
phenotype differences from their wt littermates. We have not
analyzed the developmental stage at which loss of viability
occurs in knockout mice null for Eiffe, Eif4al, or Eifd4gl
but hypothesize that it will be very early in embryogenesis.
Knockdown analysis of EIF4E, EIF4Al, and EIF4G1 in 398
cancer cell lines (Project DRIVE) has shown all three subu-
nits to be cell essential genes [35].

The commercial availability of E/F4G3-null Hapl1 cells
suggests, that consistent with our results in the mouse, these
genes are not essential for survival (https://horizondiscovery.
com). Both EIF4A2 and EIF4G3 have also been classified as
non-essential genes following RNAi screens in 398 cancer
cell lines [35]. As well, ablation of Eif4a2 in NIH 3T3 cells
is tolerated and does not impact on general translation or
cellular proliferation [19]. Herein, we extend these results to
report that neither Eif4a2 nor Eif4g3 are essential for viabil-
ity and development in the mouse.

Eif4a2 and Eif4g3 are required for normal
spermatogenesis

Eif4a2 and Eif4g3 play critical roles in spermatogenesis
(Fig. 3). Regarding Eif4g3, a previously described mouse
mutant, repro8, has been documented as harboring a mis-
sense mutation in Eif4g3 and resembles the phenotype we
described herein for Eif4g3*'%"A1% mice [36]. The repro8
mutation arose in the last exon of Eif4g3, converts Alal571
(NP_766291) to a proline, and leads to defective spermato-
genesis due to an arrest in meiosis at the end of meiotic
prophase [36]. A second Eif4g3 mutant allele, leading to
absence of the two last coding exons in the Eif4g3 mRNA,
failed to rescue the spermatogenesis defect when crossed
into the repro8 mice, providing genetic proof that mutation
of this domain in Eif4g3 is responsible for the described
phenotype associated with the repro8 mouse [36].

The C-terminus of eIF4G3 (and elF4G1) mediates bind-
ing to the MNK1 and MNK?2 kinases (MKNKI and MKNK?2),
which in turn phosphorylate e[F4G-bound eIF4E on Ser209
[37, 38]. Ablation of both Mknk genes in the mouse indicates
that neither are essential for development [39]. It is thus
unlikely that loss of Mnk1 and/or Mnk2 binding (and hence
loss of eIF4E phosphorylation) is responsible for the defect
on spermatogenesis per se observed with the Eifdg3> /A%
mouse, since double knockout Mknkl ™~ Mknk2™"~ and elF-
4ES2094/52094 K nock-in mice do not show reproductive defects
[39, 40]. Hence, the activity compromised by the A1571P
mutation in the repro8 mouse remains to be elucidated, but
this mutant protein can still assemble into the eIF4F com-
plex [41]; unlike in the Eif4g3*1?%A1% mice where there is
no elF4G3 present and thus no eIF4G3-containing elF4F
complex. It has been suggested that impaired translation

of the mRNA encoding the heat-shock chaperone protein
HSPA2—a protein required for activation of maturation-pro-
moting factor (which in turn triggers entry into the mitotic
and meiotic phases of the cell cycle) in Eif4g3""™8 sper-
matocytes contributes to the impairment in spermatogenesis
[36].

EIF4G1 is also expressed in germ cells during spermato-
genesis, so the defect seen with Eif4g3 mutant mice indi-
cates a distinct role for eI[F4G3 in gene expression regula-
tion [41]. Whether this is translation related and/or due to
a moonlighting function of eIF4G3 outside of translation is
not known. The spermatogenesis defect present in Eifa2"%
males that we have characterized arises at a later stage than
what is observed in Eif4g3* %A% mice (Fig. 3).

Dosage reduction of Eif4e or Eif4a1 and Myc-driven
tumor initiation

Haploinsufficiency for Eif4e has been previously shown to be
compatible with normal development and protective towards
tumor initiation [5]. Our results with Eif4e®3*/Eu-Myc
mice extend these findings in vivo to the lymphoma setting
(Fig. 4b). Additionally, we find that haploinsufficiency for
Eif4al, but not Eif4a2, in the context of an Eu-Myc allele,
phenocopies the results obtained with Eif4e™%*/Eu-Myc
mice (Fig. 4c). Current effort is directed towards assess-
ing if the affected translatomes in Eif4e****/Eu-Myc and
Eif4a1*®*/Ey-Myc lymphomas are similar or different in
nature. In the Eu-Myc lymphoma setting, we did not see
any significant impact on tumor burden arising due to insuf-
ficiency of Eif4gl or complete loss of Eif4a2 or Eif4g3.

Given that the transforming potential of certain onco-
genes are often revealed in specific contexts (e. g., cell
types, expression levels) [42], we restrict our conclusions
to the Eu-Myc mouse model. In fact, over-expression of a
cDNA encoding eIF4G1 in NIH3T3 cells has been shown
to induce transformation in vitro [43] Over-expression of
elFAGI is also a critical driver of tumorigenesis in inflam-
matory breast cancer, likely mediating its effects through
re-programming translation to promote expression of IRES-
containing mRNAs encoding proteins required for cell sur-
vival, growth, and tumor emboli [44, 45]. Thus, suppres-
sion of eI[F4G1 expression has been shown to protect against
tumor development.

We have previously shown that prophylactic treatment
for 23 days of 4 week-old Eu-Myc mice with silvestrol, a
natural product that targets eI[F4A, delays lymphoma onset
[30]. This finding is consistent with our results herein with
Eif4e™%*/Eyu-Myc and Eif4al®"*/Eu-Myc mice where
reduced dosage levels of Eif4e and Eif4al curtail Myc-
dependent tumor initiation (Fig. 4). In the context of pre-
vious data demonstrating that small molecule-mediated
inhibition of eIF4A leads to DXR re-sensitization in
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mice bearing Eu-Myc-derived lymphomas [25, 26, 46],
we assessed if there was a synthetic lethal relationship
between reductions in Eif4e and Eif4al levels and DXR
(Fig. 4f). The observed sensitivity of Eif4e***"*/Eu-Myc
and Eif4al***/Eu-Myc lymphomas to DXR is consistent
with these previous findings.

In somatic cells, elF4A1 is 11-19 times more abundant
than eIF4E [13, 47, 48], making it difficult to reconcile
how a reduction in Eif4al gene dosage would affect eIF4F-
mediated translation when elF4E levels are still expected
to remain limiting. These results may suggest that the
total pool of e[F4A1 is not available for translation and is
sequestered by negative regulatory binding partners, such
as PDCD4 [49]. An allele reduction could then function-
ally limit the amounts of eIF4A1l. As well, eIF4A1 may
be geographically restricted in cells such that only a frac-
tion of the total eI[F4A1 pool is available for translation.
Additionally, eIF4A1 has been found to restrict RNA-RNA
interactions and limit their inherent ability to condense
and participate in aggregations such as stress granules
[14]. Stress granules appear to act as flexible regulators
of gene expression in allowing cells to respond to evolv-
ing environment changes, among which may include can-
cer initiation programs and chemotherapy-induced stress
[50]. Multiple molecules of eI[F4A1 may also be required
for each initiation round, in which case small reductions
in e[F4A1 levels could impact on translation. The role of
elF4Al1 in these events has yet to be explored.

In sum, eIF4A2 and eIF4G3 are largely dispensable
for most developmental processes but in the context of
spermatogenesis play essential roles. We find no evidence
for redundancy between Eif4al and Eif4a2 nor between
Eif4gl and Eif4g3 since neither Eif4a2 nor Eif4g3 could
rescue the lethality associate with complete loss of Eif4al
or Eif4gl, respectively. We find reductions in eIF4E or
elF4A1 levels to be protective in a murine MYC-driven
lymphoma model.
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