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ABSTRACT

This work explores the possibility of isolating mRNAs that are bound to
elF4E by photochemical Cross-linking and Immunoprecipitation (CLIP). In vitro
experiments established that eIF4E cross-linking to mRNA is specific for its cap
binding domain and that this complex can be purified by immunoprecipitation.
Improved specificity during immunoprecipitation, assessed by protein
radiolabeling, was attained by adding a FLAG epitope tag to the amino terminus
of eIF4E. As well, an eIF4E mutant, eI[F4E (G139D), which was unable to bind to
elF4G yet retained its cap-binding properties was characterized. This works
highlights possible future concerns and directions for improving CLIP with the
aim of increasing the stringency and quality of immunoprecipitations. Once
established, 4E-CLIP could prove to be a powerful tool to screen for novel elF4E

inhibitors and define the elF4E interactome.



RESUME

Cette these explore la possibilité d’isoler, par immunoprécipitation, I’ARN
li¢ par un lien covalent a elF4E par la photochimie. Des expériences in vitro
¢tablissent que le lien formé entre eIFAE et ’ARNm lors du traitement a UV est
spécifique pour son domaine responsable pour interagir avec la coiffe (cap) de
I’ARNm et que ces complexes d’e[F4AE-ARNm peuvent étre immunoprécipités.
En ajoutant 1’épitope FLAG a DPextrémité N de elF4E, on a pu améliorer la
spécificit¢ des immunoprécipitations, ce qui a ét¢ déduit par
I’immunoprécipitation de lysats radioactive ( S*). De plus, un mutant de eIF4E,
G139D, a été caractérisé. Celui-ci a perdu son habileté a interagir avec elF4G
mais retient sa capacité a interagir avec la coiffe d'ARNm. Ce travail amene de
I’avant des directions différentes a explorer pour améliorer la qualité des résultats
du CLIP. Une fois établi, 4E-CLIP sera un outil indispensable pour trouver de

nouvel inhibiteur d’eIF4E et pour définir I’interactome d’elF4E.
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CHAPTER 1: INTRODUCTION

1.1 Overview of mRNA structure

Using genomic DNA as a template, pre-mRNAs are synthesized by RNA
polymerase II in the nucleus of eukaryotic cells. They are then processed and
exported to the cytoplasm to be translated by the protein synthesis machinery.
mRNAs have several distinguishing features which include the cap structure, a 5’
untranslated region (5’UTR), a coding region, the 3’'UTR and the poly(A) tail'.
The cap structure is added co-transcriptionally and promotes ribosome
recruitment by binding initiation factors during mRNA translation initiation. The
5’UTRs vary in length, degree of secondary structure, occurrence of protein
binding sites and/or upstream open reading frames - all of which can influence the

efficiency of mRNA translation.

The coding region contains the information that determines the
composition and sequence of the amino acids in the polypeptides formed during
protein synthesis. The 3’UTR also has elements that can influence translation
efficiency. The poly(A) tail promotes recycling of the translation machinery and
re-initiation”. The amount of proteins synthesized by cells mainly depends on how
efficiently these mRNAs are translated. Although all regions of the mRNAs can
influence how efficiently they are translated’, this work focuses on the cap

structure and its binding to eIF4E.
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1.2 m’GpppN Cap structure

The cap structure is present in all known eukaryotic cytoplasmic mRNA at
the 5° terminus. It is formed by an N7-methylguanosine moiety bound to a
nucleotide by a 5°-5” triphosphate bridge (m’GpppN)”. The capping enzyme and
RNA (guanine-7-) methyl transferase (RNMT) are found in the nucleus of
eukaryotic cells and are responsible for capping newly transcribed mRNA. The
capping enzyme creates the 5’-5 triphosphate bridge while RNMT methylates the
guanosine at N7, producing a cap 0 structure (Figure 1). In yeast, mRNAs have no
other modifications but in higher eukaryotes, the mRNA is further methylated at
the 2'0O-ribose of the first and/or second transcribed nucleotides, producing cap 1
and cap 2, respectively’. Although the enzyme responsible for producing the cap
2 structure has yet to be identified in mammals, hMTr1 was recently identified
and characterized and found to catalyze 2'-O-methylation of cap 1°. The function
of these secondary methylations has yet to be elucidated. /n vivo knockdown of
hMTr1 had no obvious effects on overall cellular viability despite initial in vitro
experiments demonstrating a moderate increase in translation efficiency’. Also, if
the first nucleotide is an adenosine residue, further methylation of the 2'-O-

dimethyladenosine is possible at the N6 position of the adenine®.

The cap structure plays important roles in various processes of mRNA
biogenesis and function. It imbues a protective effect against mRNA degradation
by 5’3’ exonucleases and plays a role in pre-mRNA processing’. The CBP20
subunit of the CBP20/80 complex binds to the cap structure in the nucleus and

promotes splicing by enhancing the interaction between Ul snRNP and the 5’

12



splice site of pre-mRNA. CBP20/80 also promotes nucleocytoplasmic transport of
the pre-mRNA'®. This said, the most studied aspect of the cap structure is its
interaction with eIF4E, which is a critical step for cap-dependent mRNA

translation.

13
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Figure 1: Eukaryotic Cap structure.

The cap structure is located at the 5’ terminus of eukaryotic mRNAs. It is

composed of an N7-methylguanosine moiety linked to the first nucleotide by

an inverted 5-5 triphosphate bridge. In higher eukaryotes, the 2’0 ribose of

the first 2 nucleotides is also methylated to form the cap 2 structure. (Adapted

from Ogino et al., 2011)’.
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1.3 eIF4E binds mRNA cap structure and its affinity is modulated by the
5’UTR region

elF4E is a 25 kDa protein that recognizes and binds the m’GpppN cap
structure of the mRNA, promoting initiation of cap-dependent mRNA translation.
The structure of eIF4E bound to m'GDP has been determined by X-ray
crystallography'' and NMR'2. When bound to m’GDP, eIF4E resembles a cupped
hand. It is composed of an eight-stranded antiparallel curved B-sheet, backed on
its convex surface by three long a-helices. m’GDP is bound to eIF4E in a narrow
pocket on the concave surface of elF4E. This interaction occurs mainly by n-nt
stacking between the side chains of 2 conserved tryptophans (amino acids 56 and
102) of eIF4E and the positively charged 7-methylguanine of the cap'’. There is
also formation of 3 hydrogen bonds and a Van der Waals interaction between the
cap N7-methyl group and a conserved tryptophan (107). Mutation of these

tryptophans residue abolishes eIF4E cap binding affinity'*"°.

When bound to elF4G, which also interacts strongly with mRNA, eIlF4E’s
affinity for the cap structure is tenfold higher'®. However, secondary structure in
the 5’UTR of mRNA can modulate the efficiency of binding of the elF4F
complex (formed by eIF4E, eIF4G and elF4A). Short 5°UTRs (20-50 nucleotides)
with minimal secondary structure interact efficiently with elF4F while more
structured 5°UTRs show less favorable interaction with eIF4F'”. Not only can the
thermodynamic stability of these secondary structures inhibit translation

efficiency, but the position of these structures is also an important factor that can

15



cause inhibition. Translation is less efficient when moderate secondary structure is
situated close to the cap structure compared to if it is further downstream of the
cap'®, presumably due to hindrance of the interaction of eIF4G with mRNA and

elF4E with the cap structure'.

1.4 Overview of protein synthesis.

Protein synthesis or mRNA translation is a fundamental mechanism. This
process can be separated into 3 main steps: initiation, elongation and termination.
After recruitment to the mRNA and correct positioning at the initiation codon, the
ribosome, a large RNA-protein complex, synthesizes a polypeptide N-terminus to
C-terminus by tracking along the coding region of the mRNA and catalyzing the
formation of amide bonds between amino acids. The sequence of triplets of
nucleotides (codons) is used as a blueprint and dictates which amino acid is
incorporated into the nascent polypeptide. Selectivity of amino acid addition is
made possible through complementary base pairing of the mRNA’s codon with a
specific transfer RNA (tRNA) which is recruited into the ribosome. The amino
acid bound to the tRNA is delivered to the ribosome and added to the elongating
peptide chain. Once the ribosome reaches the stop codon, the peptide is released
and the translation machinery dissociates from the mRNA. Initiation is the most

highly regulated step of protein synthesis*’.

1.5 Initiation of cap-dependent mRNA translation.
The rate-limiting step in eukaryotic cap dependent translation initiation is
the binding of elF4F to the cap structure (Figure 2). elF4F is composed of the

scaffold protein, eIF4G; the cap binding protein, eIF4E; and the DEAD-box RNA

16



helicase, e[F4A. Once elF4F binds to the cap structure, it is thought that the RNA
binding proteins, elF4B and elF4H, interact with elF4A to promote RNA
unwinding"*. This facilitates binding of the 40S ribosome to the mRNA 5’ UTR.
The 40S ribosome associates with elF1, elF1A, the Me‘[-tRNAiMet *GTPeeclF2
complex, elF3 and eIlF5SA to form a 43S pre-initiation complex. Interaction
between elF3 and eIF4G allows recruitment of the small 43S ribosomal unit to the

mRNA.

Following ATP hydrolysis, the 40S ribosome and associated factors are
thought to scan the 5’ untranslated region (5’UTR) of the mRNA in a 5° to 3’
direction until it reaches the AUG initiation codon. The consensus sequence for
optimal initiation is GCC(A/G)CCAUGG?. Whether ATP hydrolysis is required
for scanning or just ribosome loading has yet to be elucidated. elF1 allows the
ribosome to differentiate between AUG and non-AUG codons and therefore
recognize the start codon. Once positioned at the start site, GTP hydrolysis of
elF2-GTP by the eIlF5A subunit, a ribosome dependent GTPase, stimulates the
release of elF2-GDP. This is followed by correct base pairing between the
initiation codon and the anticodon of the Met-tRNA;™". The initiation factors are
released from the complex and elF5B is recruited. Another round of GTP
hydrolysis causes the 60S to be recruited, forming the 80S complex and setting

the stage for the elongation phase of protein synthesis>.
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Figure 2: Schematic Diagram of Translation Initiation.

elF4F (composed of elF4A, elF4E and eIF4G) binds the mRNA by
recognition of the 5’ cap structure via elF4E. elF4B and elF4H are recruited
and stimulate e[F4A unwinding of the mRNA 5’UTR secondary structure. The
40S ribosome and associated factors are then recruited to the mRNA template
and in an ATP-dependent process scan the mRNA for the initiation codon,

AUG (Adapted from Robert et al. 2009)**.
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1.6 eIF4E availability is the main regulator of translation initiation.

Protein synthesis, being a fairly energetically costly process, is mainly
regulated at the initiation step. Being the least abundant initiation factor®*, eIF4E
availability for the eI[F4F complex is the main regulator of initiation. Formation of
the elF4F complex can be impeded by sequestration of elF4E by the elF4E-
binding proteins (4E-BPs). When unphosphorylated, the 4E-BPs bind eIF4E
through a common binding site shared with elF4G; eIF4E binding to the 4E-BPs
and eIF4G is therefore mutually exclusive (Figure 3). There are 3 related
homologs of the 4E-BPs in mammals of which 4E-BP1 is the best characterized.
The 4E-BPs and elF4G all share a conserved Tyr-X-X-X-X-Leu-¢ 4E-binding
consensus motif*® (where X is a any amino acid and ¢ is a hydrophobic amino
acid). Hyperphosphorylation of 4E-BP reduces its affinity for eIF4E, allowing
elF4E to interact with elF4G, thus stimulating e[F4F formation and increasing
mRNA translation initiation rates>’. Phosphorylation of 4E-BP1 is sequential:
Thr37, Thr46, Thr70 and then Ser65°®. Stimulation of 4E-BP phosphorylation is
dependent on growth signals and cellular energy levels, through the mTOR

(Mammalian Target of Rapamycin) pathway”’.
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Figure 3: elF4G and 4E-BP1 binding to eIF4E is mutually exclusive.

elF4E activity is regulated by shuttling between the active eI[F4F complex and
the inhibitory complex 4E-BP/eIF4E. Phosphorylation of 4E-BP1 dampens its
affinity with elF4E, resulting in stimulation of mRNA translation. (Adapted

from Shah et al. 2009).
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1.7 mTOR is an upstream regulator of cap-dependent translation

The mTOR (mammalian target of rapamycin) pathway is a key regulator
of translation initiation and its regulation is usurped in many human tumors.
mTOR integrates signals from amino acid imbalances, mitogens, growth factors
and hormones, as well as nutrient and energy availability, to regulate translation
initiation (Figure 4) amongst other effects. Extracellular signals can activate
phosphatidylinositol 3-kinase (PI3K), a signal transducer. This leads to the
phosphorylation of phospholipid phosphatidyl inositol-4,5-bisphosphate (PIP2) at
the plasma membrane to generate phosphatidyl inositol-3,4,5-triphosphate (PIP3).
Inactive AKT, a serine/threonine-specific protein kinase, and 3-phosphoinositide-
dependent protein kinase 1 (PDK1) are then recruited to the plasma membrane
through their PH domains, which recognize PIP3. PDKI1 then phosphorylates and
activates Akt. By phosphorylating tuberous sclerosis protein 2 (TSC2), Akt in turn
destabilizes a complex formed by Tuberous sclerosis protein 1 and Tuberous
sclerosis protein 2 (TSC1/TSC2), which normally inhibits the GTPase, Rheb (ras

homolog enriched in brain)*°.

TSC1/TSC2 promotes Rheb GTPase function, keeping it in its inactive
Rheb-GDP state. Disruption of TSC1/TSC2 leads to an increased levels of active
Rheb-GTP, which in turn activates the mTORCI1 complex. This complex is
composed of mTOR and two positive regulators of its function (raptor and LSTS).

Active mTORCI1 phosphorylates downstream targets such as the 4E-BPs,

21



reducing their affinity for eIF4E. eIF4E then becomes available to assemble into

the e[F4F complex and protein synthesis initiation is stimulated®'.

mTOR can also stimulate translation initiation in a 4E-BP independent
manner. Activated mTOR/raptor complex can phosphorylate S6 kinase 1 (S6K1)
bound to elF3, which mediates its dissociation and allows it to interact with
PDK 1. PDKI activates S6K1 by phosphorylating S6K1 at residue Thr 229°*. This
phosphorylation activates S6K1, which can now phosphorylate and activate
elF4B. S6K1 can also mediate the stability of PDCD4, a tumor suppressor that
sequesters elF4A and inhibits formation of the eIF4F complex by targeting it for
ubiquitination and degradation®. The interaction of mTOR with eIF3 also
augments the association between eIF3 and eIF4G>*. The mTOR pathway is

inhibited by rapamycin, which leads to lowered protein synthesis.
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Figure 4: The mTOR pathway regulates protein synthesis.

Extracellular signals activate PI3K, which leads to activation of Akt. Akt
destabilizes the TSCI/TSC2 complex, which normally inhibits Rheb.
Activated Rheb activates the mTOR/raptor/LST8 complex (mTORCI), which
causes phosphorylation of downstream targets and dramatic increase in

eukaryotic translation initiation.
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1.8 Deregulated elF4E levels drive oncogenesis

Cancer cells, which are characterized as having uncontrolled growth,
would greatly benefit from increased protein synthesis. It is therefore no surprise
that many translation initiation® and elongation®® factors are associated with
oncogenesis. Here, we will focus on e[F4E’s role in tumorigenesis. A wealth of
experiments have shown that overexpression of eIF4E can drive oncogenesis® .
Its overexpression has been associated with transformation in fibroblasts*®,
acceleration of tumor onset and chemoresistance®”. Antisense oligonucleotides
targeting eIF4E significantly curtail oncogenic transformation®’. Correspondingly,
expression of constitutively active 4E-BP (T37 and T46 or F114 sites mutated to
alanine), which binds eIF4E and inhibits elF4F formation, reduces cell size‘”,
inhibits G1 cell cycle progression, blocks c-myc induced transformation** and
prevents tumor growth®. In clinical settings, high levels of eIF4E are linked to
later tumor stages, more aggressive tumors and poorer outcome**. Moreover,
phosphorylation of eIF4E on S209 by Mnk1/2, a downstream effector of Mitogen-
activated protein kinases, has been shown to promote elF4E’s transformation
potential*®. Although the reason for this is not totally understood, it may stabilize

5

the interaction of eIF4E within the eIF4F complex® or may reduce eIF4E’s

affinity to the cap structure™®.

Given elF4E’s role in cap dependent translation, one might assume that its
oncogenic potential is mainly due to increased global protein synthesis because of

higher expression of elF4E. Yet overexpression of eIF4E only mildly increases
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protein synthesis*’. In fact, a modest increase of only 2 to 3 fold in expression of
elF4E is sufficient to elicit oncogenesis*™ without greatly affecting global protein
synthesis. Also, although the cap structure is crucial for efficient translation in
vitro, surprisingly, knockdown of the cap binding protein, eIF4E, in cell cultures
only modestly decreases translation® in cells. Some hypotheses have been
brought up to explain this discrepancy. One of them is that there might be some
regulatory mechanism present in cells that no longer functions in extracts. A more
favored explanation is that some mRNAs are very efficiently translated and eIF4E
knockdown does not significantly affect them. Nevertheless, this suggests that
although a lot is known about cap dependent translation in vitro, our knowledge

of e[F4E’s roles in vivo remains rudimentary.

Selective and disproportionate upregulation of the translation of specific
mRNAs™ is the accepted model explaining eIF4E’s oncogenic potential. While
modulation of elF4E levels does not dramatically alter global protein synthesis,
the expression levels of a subset of mRNAs are greatly affected. Given the
important role of secondary structure in the 5> UTR of mRNA for modulating
elF4F binding (see section 1.3), it is believed that mRNAs with highly structured
5’UTRs rich in GC content (weak mRNA), are usually inefficiently translated due
to their low affinity for eIF4E/eIF4G’' although determination of transcription-
wide direct interaction of e[F4E with mRNA has yet to be elucidated in vivo in a
robust manner. The current model proposes that these weak mRNAs are
outcompeted by abundant and more efficiently translated transcripts (strong

mRNA) in cells with normal levels of free eIF4E. When elF4E is overexpressed,
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cap dependent translation initiation is less selective. Transcripts which are usually
translated at lower levels due to inefficient elF4F binding are no longer

outcompeted by more efficiently transcribed strong mRNAs.

Many findings have supported this model. Many mRNAs linked to cancer
have highly structured 5’UTRs and are usually very inefficiently translated
because of inefficient interaction with eIF4F (see section 1.3). In fact, eI[F4E can
specifically modulate the expression of many proto-oncogenes, anti-apoptotic
proteins and growth factors associated with cancer such as c-Myc, cyclin D1,
Mcl-1, survivin, VEGF, FGF2, MMP3, MMP9. Furthermore, inhibition of
elF4F assembly by rapamycin has been shown to reduce the translation of these
mRNA®®. Treatment with this drug inhibits the mTOR pathway and leads to
dephosphorylation of 4E-BP1, which can now bind eIF4E and prevent elF4F
formation. Of note, other inhibitors of elF4F such as the eIF4A inhibitor,
silvestrol, have been shown to preferentially reduce translation of weak
mRNAs>. Another example of this model is the positive feed forward loop
between eIF4F and c-Myc>: the c-Myc transcript contains relatively stable
secondary structures in its 5’UTR. c-Myc promotes translation initiation by
upregulating transcription of eIF4AI, eIF4E and eIF4GI subunits mRNA®. The
increased abundance of initiation factors in turn promotes efficient translation of
c-Myc mRNA. Despite the current knowledge, our understanding of specific

regulation of mRNAs by elF4E remains incomplete.

None of the data implicating elF4E as a driver of oncogensis directly

evaluates the interaction of elF4E with mRNAs in cells. This is also an
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impediment to the development of drugs targeting eIF4AE-mRNA interaction,
since direct measurement of this process in cells or animal models has not been
possible so far. One strategy to directly evaluate eIF4E binding in vivo would be
by photochemical cross-linking of eI[F4E to mRNA and immunoprecipitating the

elF4E-mRNA complexes followed by identification of the associated transcripts.

1.9 RNA binding proteins and their RNA targets

Advances made to determine which transcripts RNA binding proteins
(RBP) interact with has not kept up with those made in studies of DNA binding
proteins. Early attempts to identify RBP targets in vitro were hindered by poor
ability to discover consensus sequences, the determination of only very short
binding sites’’ and poor prediction of novel RNA targets in cells®. This is not
surprising given that in vitro experiments usually fail to reproduce the complex
environment governing the transient interactions of molecules in cells. Some
initial attempts to co-immunoprecipitate RBP with their RNA targets (RNA
immunoprecipitation (RIP)) have shown modest success but were always plagued
by a low signal to noise ratio. The high amount of non-specific pulldown is
attributable to technical obstacles, such as the inability to wash stringently or the
co-immunoprecipitation of other RBPs, and the fact that RNA, given its dynamic
nature, tends to transiently bind to RBPs. In fact, it has been observed that RBPs
can artificially re-associate with RNA during the process of co-
immunoprecipitation™ and that the conditions of RIP could selectively abolish

some RBP-RNA interactions while preserving others with the same RBP intact®,
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putting into question the physiological relevance of RNA targets identified in

some studies.

The requirement for stringent experimental conditions to obtain the best
signal to noise ratio, yet being mild enough to preserve protein-RNA interactions,
was an ever present major issue in RIP. For example, a majority of RNA targets
found to bind fragile-X-mental retardation protein (FMRP) by RIP failed to
validate as direct binding partners, despite the many precautions included in the
experimental design such as the elimination of sequences isolated by RIP from a
FMRP null mouse, selection for enriched RNA compared to total transcript
representation in cells and bioinformatics-based screening of the RIP results. The
high number of false positive was mainly caused by unavoidable co-
immunoprecipitating RBPs in complex with FMRP during RIP®'. Better methods

to identify RBP targets were needed.

1.10 Photochemical cross-linking

A solution to some of the problems associated with RIP is to crosslink the
protein to RNA in vivo before cell lysis. This can be achieved by photochemical
cross-linking. UV induced cross-linking between protein and RNA was first
demonstrated between tRNA and tyrosyl-tRNA synthetase® in vitro and it was
soon realized that this technique could also be applied in vivo®. The technique
though was not used to identify RNA targets by sequencing until recently because

it was believed that the UV crosslinking efficiency would be too low to isolate
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enough material® and since cross-linking had been established as a method to
block reverse transcriptase® that this would generate templates that could not be
converted into cDNA. The latter would prevent analysis of RNA recuperated from

IP of crosslinked RNA.

The basic idea behind the technique is that, when RNAs and RBPs are
treated with UVB light, covalent bonds are formed between closely interacting
nucleotides and amino acids. Although the mechanism is not totally understood, it
is believed that the radiation is absorbed by nucleic acid bases and that free
radicals are created that chemically react with nearby peptides to form covalent
bonds®®. Pyrimidines are more prone to react and covalently bind to cysteine,
lysine, phenylalanine, tryptophan and tyrosine residues at UVas,®’. The formation
of these bonds allows for improved stringency during purification of the protein-
RNA complexes from cellular extracts. One widely used method of isolating
protein-RNA complexes is by immunoprecipitation (cross-linking and
2+

immunoprecipitation; CLIP) although other methods are possible such as Ni

column purification of Histagged proteins®®.

An advantage of photochemical cross-linking is that the low energy
required for the process does not induce formation of covalent bonds between
amino acids, conferring RNA-protein specificity. This is in contrast to
formaldehyde-based chemical cross-linking which causes protein-protein cross-
links in addition to covalent bonds between nucleic acid and proteins.
Formaldehyde cross-linking, however, is reversible, unlike photochemical cross-

linking. Despite not forming protein-protein cross-links, UVB treatment has been
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shown to create covalent bonds between RNAs®. Another advantage is that it is
also possible to couple the technique with deep-sequencing methods to generate
large datasets allowing for better interpretation and modeling of RBPs targets.
The biggest advantage of UVB treatment is the possibility of forming covalent
bonds between closely interacting RNAs and proteins in intact cells and tissues,
thereby generating biologically relevant data. Crosslinking of protein to RNA in
cells was indeed first undertaken with hnRNPs where these proteins were
covalently bound to polyadenylated RNA by UV irradiation”® in the 80’s. Ever
since, the technique has in fact been successfully used in many different settings

to identify RBP targets’"">".

1.11 Cross-linking and Immunoprecipitation (CLIP)

CLIP was first used to identify 340 RNA tags which cross-linked to the
RNA binding protein, NOVA’*. Further studies allowed the same laboratory to
refine the technique for high throughput sequencing and generate larger datasets
enabling the generation of a robustly predictive NOVA splicing regulatory map. It
also led to the discovery of a novel role for NOVA in alternative
polyadenylation”. The technique has subsequently been used to identify targets
of many other RBPs including PTB”', Fox2”?, Khd1”* and hnRNP A17°, as well as
providing new insight into the mechanism of action of some of the targets ’’. The
technique was also used to map protein-RNA binding points by identifying sites
at which mutations™ or reverse transcription blocks occurred” presumably

caused by residual amino acids still covalently bound to the RNA. CLIP has
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undergone further refinements and each of these are associated with a different
acronym: PAR-CLIP*, which uses photoreactive nucleotides analogues to
increase cross-linking efficiency, HITS-CLIP®, which has been optimized for
SOLEXA deep-sequencing, iCLIP*?, used to identify protein-mRNA contact
points by identifying mutations in the cDNA and CRAC®, in which His-tagged

proteins are isolated by Ni*" column.

1.12 CLIP limitations

Despite the potential of CLIP, there are still some concerns and limitations
associated with the technique. The most important is the issue of specificity and
stringency, which greatly depends on the quality of the antibody and the
biochemical method used to isolate the RNAs. The technique is therefore limited
in that it requires antibodies that have very high specificity and that yield low
background by avoiding cross-reactivity with other unrelated proteins and
enrichment of these proteins during immunoprecipitation. The addition of an
epitope tag to the protein of interest to increase stringency as performed with
CRAC* is one method to circumvent this problem. However ectopic
overexpression of RNA binding proteins will always bring up questions of

physiological relevance for any subsequently identified RNA motifs.

Another concern is the low efficiency of UV cross-linking. Given the fact
that CLIP typically yields 10° to 10° unique reads®, this would be a problem only

if the number of different RNA targets of the RBP of interest was on the same
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order of magnitude in complexity. One might be concerned that UV treatment of
cells will activate the RNA/DNA damage repair pathways possibly affecting
results. However, these responses usually take 30 min at 37°C to activate® and
UV treatment is usually performed for less than 10 min and on ice, after which
point the cells are immediately lysed. This said, there is the possibility that some
sequences are preferentially isolated by this approach creating a potential bias
since the mechanism of UV cross-linking is poorly understood. Nevertheless,
CLIP remains a powerful method that has a young, but robust record of
identifying RNA targets of RBPs and is a valid method to probe for these

interactions in vivo.

1. 13 elF4E and CLIP

This work highlights an effort to probe for mRNAs that interact with
elF4E using CLIP. It has been previously shown in vitro that eIF4E can be cross-
linked to mRNA cap structures when subjected to UVss4 light®’. The proposed
strategy is to develop and fine-tune CLIP to immunoprecipitate eIF4E cross-
linked to mRNA by treatment with UV light, followed by deep-sequencing of the
mRNA 5’ends (Figure 5). Developing this technique would make it possible to
create assays that directly evaluate binding of elF4E to the cap structure of
mRNAs in vivo and in animal models, of which currently no assay exists. As well,
one could compare how the representation of el[F4E-interacting mRNAs (and to a

degree translation initiation) changes between cells under different physiological
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situations or upon treatment with drugs that affect elF4F activity, such as

rapamycin.
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Figure 5: Schematic representation of basic 4E-CLIP

Schematic representation of 4E-CLIP. Cells are irradiated with UV light. RNA
bound to elF4E will crosslink (formation of a covalent bond) and these
complexes can be isolated by immunoprecipitation. The samples can be treated
with DNase to eliminate any DNA co-purifying non-specifically. The RNA is
liberated from the protein by digestion of proteins with Proteinase K, which is

subsequently reverse transcribed and sequenced.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Mutagenesis and Recombinant DNA techniques

Mutations of the murine el[F4E ¢cDNA [HPL37-39AAA (CACCCTCTA to
GCTGCCGCT), V69G (GTT to GCC) and G139D (GGA to GAC)] was
performed by overlap PCR*® using mismatched complementary DNA primers
(Biocorp) directed to the target site and cloned into the Bg/II site of the MSCV
retroviral vector. For HPL37-39AAA, HPL FW (5°-
ACTATATTAAAGCTGCCGCTCAGAACAGGTGGGCACTCTG-3), and
3’oligo (5’-GGAACAATAGATCTTTAAACAACAAACCTATTTTTAG-3’)
were used as primers in a PCR containing Platinum Taq HiFi (Invitrogen)
following the cycling parameters ([0.5 min 94°C, 1 min 55.0°C, 1.5 min 72°C, 2
min 94°C] X 25 times) using the murine e[F4E cDNA as template. In parallel, a
similar PCR was performed with HPL RV (5°-
ACCTGTTCTGAGCGGCAGCTTTAATATAGTGCTCTGGGTT-3") and
FLAG-5’
(GACTACAAAGACCATGACGGTGATTATAAAGATCATGATATCGATTA
CAAGGATGACGATGACAAGCTTATGGCGACTGTGGAACCGG-37)
primers in a separate PCR. The products were gel purified using an EZ-10 spin
column gel extraction kit (Bio-Basic). One hundred nanograms of both PCR
products were then combined and used in an overlap PCR. One cycle (4 min

94°C, 3 min 57.0°C, 13 min72°C, 2 min 94°C) was performed followed by
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addition of external oligos (3’oligo and FLAG-5" primers) and the PCR was
continued as follows, ([0.5 min 94°C, 1 min 55.0°C, 1.5 min 72°C, 2 min 94°C] X
25 times). Final PCR products were gel purified, digested with Bg/ll/BamHI and
cloned in the retroviral vector MSCV (Bgl/II site). PCRs were performed similarly

to introduce the mutations V69G and G139D using the primer pairs:

V69G_FW (5’-GTTTGATACTGGCGAAGACTTTTGGGCTCTATA-3’)

V69G RV(5’-AAAAGTCTTCGCCAGTATCAAACTTAGAGATCA-3’)

G139D_FW(5’-GTGCCTTATTGACGAATCTTTCGATGACTACAG-3’)

G139D RV (5’-CGAAAGATTCGTCAATAAGGCACAGCAGTGTCT-3%)

FLAG-elF4E and FLAG-eIF4E(W56A) were cloned using 3’oligo and
FLAG-5" as primers and MSCV/elF4E or MSCV/eIF4E-W56A c¢DNA as
template in a standard PCR ([0.5 min 94°C, 1 min 55.0°C, 1.5 min 72°C, 2 min
94°C] X 25 times). The PCR products for all mutants were also sub-cloned into
pET-15b vector (Ncol/BamHI sites) for bacterial expression. All resulting
mutations were verified by sequencing (McGill University and Génome Québec

Innovation Centre).

2.2 In vitro crosslink of eIF4E with radioactive cap labeled mRNA
RNA synthesis was performed using T7 RNA polymerase (NEB) for 2
hours at 37°C in 40 mM Tris-HCl;9, 6 mM MgCl,, 10 mM dithiothreitol, 2 mM

spermidine, 500uM ATP, 500 xuM CTP, 500 xM UTP, 500uM GTP and 400
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units/mL of RNAse inhibitor (NEB). The RNA was then purified from the
reaction mix by phenol/chloroform extraction, followed by chloroform extraction
and G50 column purification. RNA was precipitated overnight at -80°C with 1/10
volume of NH4OAc pH 5.2 and 2.5 volumes of EtOH. Samples were centrifuged
at 13 000xg for 10 min at 4°C. The RNA pellet was washed with 70% EtOH,
resuspended in RNase-free water and quantified with a NanoDrop
spectrophotometer (Thermo Scientific). Transcripts were cap-labeled with
vaccinia virus guanylyltransferase in the presence of [a->’P]GTP and S-adenosyl-

L-methionine as previously described by Monroy G et al® .

Photochemical cross-linking was essentially performed as described by
Ulmanen e al’’. Briefly, 100,000cpm of *?P cap labeled CAT mRNA and
purified murine elF4E were incubated in a total volume of 20 uL in eIF4E binding
buffer (25mM Hepes7s, 2mM DTT, 0.2mM spermidine, 0.5mM Mg(OAc); ) at
30°C for 10 min. Samples were then irradiated at 254 nm at 4°C for 15 min at a
distance of 4 cm with a UVP Multiple-Ray Lamp (Fisher). Samples were treated
with 0.5 mg/mL RNAse A (NEB) at 37°C for 30 min. Cross-linked reactions were
diluted in RIPA buffer ( 25mM Tris-HCl76, 500mM NaCl, 1% NP-40, 1%
Sodium deoxycholate, 0.1% SDS) and immunoprecipitations (see section 2.3)
performed with anti-e[F4E antibodies (RNOOIP (MBL) or A301-153A (Bethyl)).
After extensive washing, Laemmli buffer was added and samples were separated
on 12% SDS-polyacrylamide gel. The gel was dried and exposed to film (BioMax

XAR scientific imaging film (Kodak)) overnight at -80°C. The use of m’GpppG
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or GpppG capped radioactive RNA and the addition of 20 uM m’GDP to the

cross-linking reaction were used to determine cap specificity.

2.3 Immunoprecipitation

Protein A Sepharose (GE healthcare) was prepared for IP by washing
twice with PBS and once with RIPAn,c) buffer (25mM Tris-HCly 6, S00mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS). Protein A Sepharose beads
were collected by centrifugation at 5000xg for 1 min and resuspended in 3 beads
volumes of RIPA to create a 25% Protein A Sepharose slurry. An aliquot of 50 uL

of this mix (per IP sample) was transferred to a clean eppendorf tube.

The Protein A Sepharose slurry aliquot was incubated with 1 mL of RIPA
buffer and Sug of anti-eIF4E antibody (RNOO1P (MBL), A301-153A (Bethyl)) or
IgG (MBL) and rotated end-over-end for 1 hour at 4°C. After washing once with
PBS, the antibody bound Protein A Sepharose beads were blocked for one hour
end-over-end at 4°C with 5% BSA in RIPA buffer. These were then washed once
with RIPA and added to the extracts in which the IP of eIF4E was desired. The
volume was adjusted to ImL with RIPA and samples were incubated end-over-
end for 3 hours at 4°C. Samples were then washed 3X with RIPAy,c; buffer.
Small aliquots of the supernatant and IP were collected, fractionated on an SDS-
polyacrylamide gel and probed by Western Blot using anti-eIF4E (BD sciences)
and/or M2 anti-FLAG (Sigma-Aldrich) antibodies. HRP conjugated secondary

antibodies were from Jackson Immuno Research.
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A similar protocol was performed for anti-FLAG immunoprecipitations
with the following modifications. Protein G Sepharose (GE healthcare) and M2
(anti-FLAG (Sigma) were used for IP. Flag lysis buffer ( 50mM Tris-HCI1 pH7.4,

500mM NaCl, ImM EDTA, 1% Triton x-100) was used for cell lysis and washes.

2.4 Cell culture and retroviral transduction

Murine NIH-3T3 cells were cultured in monolayers in DMEM, 10% FBS,
100 U/mL penicillin/streptomycin, at 37°C and 5% CO,. Cells were subjected to 2
rounds of virus infection at 10 hour intervals. Infection was monitored by GFP
expression by flow cytometry (GUAVA EasyCyte Plus [Millipore]). Extracts
were also resolved by SDS-PAGE, transferred to PVDF membrane (Millipore)
and protein expression confirmed by Western analysis using anti-e[F4E (BD
sciences) and M2 anti-FLAG (Sigma-Aldrich) antibodies. Antibodies were
stripped from the membrane by washing 2 x 5min in stripping buffer (1.5%
glycine, 0.1% SDS, 1% tween 20, pH 2.2 HCI), 2 X 10 min with PBS (Wisent

Inc.), and 2 x 5 min in TBST (0.88% NaCl, 0.1 % Tween 20) before re-probing.

2.5 **S-Methionine Metabolic labeling

For metabolic labeling, cells were grown to 75% confluency, at which
point they were washed once with PBS and incubated in methionine-free DMEM
supplemented with 10% dialyzed FBS and 500uCi of **S-Protein Labeling Mix

(Perkin Elmer) for 4h at 37°C. Cells were then washed with cold PBS, two
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millimeters of cold PBS added to cover the cells, and the cells were exposed to
UV light as described previously (see section 2.2) for 20 min on ice. At this point,
cells were lysed with RIPA (anti-eIF4E antibody) or FLAG lysis buffer (M2 anti-
FLAG antibody) supplemented with 0.25mM PMSF and 5Sug/ml each of aprotinin
and leupeptin. Protein concentration was measured using the DC protein assay kit
(Bio-Rad). Equal amounts of lysates were pre-cleared with Protein A Sepharose
or Protein G Sepharose and the protein of interest immunoprecipitated as
described earlier (section 2.3) with anti-e[F4E or anti-FLAG. Laemmli buffer was
added and samples resolved by SDS-PAGE. The gel was fixed with 45:45:10
H,O:methanol:acetic acid overnight, treated with En’Hance (Perkin Elmer) for 1
h, then water for 1 h, dried and exposed on X-OMAT X-ray film (Kodak). In
separate experiments, samples were transferred to PVDF (Millipore) after SDS-
PAGE and Western blots performed using anti-e[F4E (BD sciences) and anti-

FLAG ( Sigma-Alrich) antibodies.

For cytoplasmic extracts, cells were lysed for 15 min at 4°C with
cytoplasmic lysis buffer (50mM Tris-HClys, 0.5 % Triton X-100, 137.5 mM
NaCl, 10% glycerol) supplemented with proteinase inhibitors. Lysates were
centrifuged at 800xg for 5 min at 4°C. The supernatant was collected and diluted
with FLAG lysis buffer. Immunoprecipitations were performed as described

above.
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2.6 Expression of recombinant protein and m’-GTP binding assay.
Recombinant FLAG-eIF4E and corresponding mutants were cloned into
pET-15b (Ncol/BamHI) and expressed in BL21-codonPlus E. coli. Once cultures
reached an ODg of 1.0, protein expression was induced with 0.3 mM IPTG for 4
hours at 30°C. Cells were pelleted and resuspended in sonication buffer (0.1M
KCI; 20mM HEPES;5, 0.2 mM EDTAgy, 0.5 mM PMSF, 0.5% NP-40). Bacteria
were sonicated on ice (nine pulses of 20 seconds at a power setting of 50%, using
a Fischer Scientific Membrane dismembrator). Lysates were clarified by
centrifugation, once at 1500 x g for 10 min and once at 20,000 x g for 20 min. The
cleared lysates were then incubated overnight at 4°C with 50 uL of 50% 7-methyl-
GTP Sepharose (GM Healthcare) end-over-end. On the next day, the elF4E

pulldowns were then washed 3 times with 1 mL of sonication buffer.

A binding assay between elF4E and elF4G or 4E-BP1 was performed as
described previously’' (see figure 11 for schematic representation of method).
Essentially, the eIF4E pulldowns were incubated in binding buffer (20 mM Tris7 s,
100 mM KCI, 10% glycerol, and 0.1% NP-40) with either recombinant GST-
elF4Gls 7606 and GST-4E-BP1 at room temperature for 2 hours and end-over-end
rotation. Beads were washed 3 times with 1 mL binding buffer, once with 200uM
GDP and eluted with an equal volume of m’-GTP for 10min each. Fractions of the
supernatant, first wash, GDP wash and m’-GTP elution were resolved on gel,
transferred on PVDF membrane (Millipore) and analyzed by Western Blot with
anti-elF4G (Santa Cruz), anti-4E-BP1 (Cell Signaling) and/or anti-eIF4E (BD

Sciences) antibodies.
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CHAPTER 3: RESULTS

3.1 Cross-linking and immunoprecipitation of eIF4E to mRNA in vitro
Commercial anti-eIF4E antibodies, A301-153A (Bethyl) and RNOO1P
(MBL) are being sold with the claim that they can be used for CLIP. We therefore
tested to assess if they could immunoprecipitate elF4E and if other cellular
proteins would also be immunoprecipitated with these antibodies (Figure 6).
Immunoprecipitation with these antibodies was performed using purified
recombinant Hise-eIF4E protein and IPs analyzed by Western blotting for elF4E.
The A301-153A antibody could immunoprecipitate Hise-eIF4E (Figure 6A, lane
7). Antibodies to the His-tag were used in IPs as a positive control (Figure 6A, see
lane 6). There was no immunoprecipitation of eIF4E in the IgG non-immune
control (Figure 6A, lane 5). A reduction in e[F4E was detected in the supernatant
which had been treated with anti-His or A301-153A antibodies, but was absent
from the supernatant exposed to IgG (Figure 6A, compare lanes 3 and 4 to 2).
Similar results were obtained with the MBL antibody, RNOO1P (Figure 6B). We
conclude that the available commercial antibodies can efficiently

immunoprecipitate recombinant Hisg-e[F4E.

We then sought to determine if an eIF4E-RNA complex could be
immunoprecipitated with these reagents. A short CAT RNA (60 nucleotides) with
a °P labeled cap was cross-linked by UV treatment in vitro and
immunoprecipitated with the anti-eI[F4E antibody, RNOO1P (MBL) (Figure 7A).

As a negative control, the immunoprecipitations were performed from samples
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that had not been treated with UV light. Autoradiography of the resolved IPs
revealed a UV specific band at the predicted molecular weight of the eIF4E-RNA
complex (Figure 7A, lane 4). The molecular weight of this complex also changes
upon treatment with RNAse A (Figure 7A, compare lane 6 to 4). We do not
observe complete loss of the radioactive signal and attribute this to the cap
binding region of elF4E partially protecting the 5’ terminus of the RNA from
complete RNase degradation. Immunoprecipitation of these complexes were UV-
dependent since they were not present if samples were not exposed to UV light
(Figure 7A, compare lane 2 to 4). These complexes (Figure 7A, lane 4 and 6)
were also specific to the anti-e[F4E antibody since they were not present in the
IgG immunoprecipitates (Figure 7, compare lane 4 to 3 and 6 to 5). Western
analysis of the same samples revealed that eI[F4E was successfully isolated in all
cases where anti-eIF4E was used (Figure 7B, see lane 8, 10 and 12). The higher
band representing the elF4E-RNA complex detected by autoradiography could
not be detected by Western Blot, consistent with low efficiency of UV
crosslinking and that the eI[F4E-RNA species representing a minor proportion of

the total amount of eIF4E*°!

The same experiment was performed to assess whether mRNA binding to
eIFAE was specific for the cap structure. m’GDP was added as a competitor to
elF4E-cap binding during the pre-incubation period before UV treatment.
Following crosslinking and immunoprecipitation, less eIF4E-RNA complex was
detected when m’GDP was present during the UV treatment (Figure 7C compare

lane 8 to 7). Consistent with the RNA crosslinking specifically to eIF4E,
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unmethylated capped RNA was not crosslinked to elF4E (Figure 7C, compare
lane 3 to 7). This suggests that RNA crosslinking to elF4E is specifically bound
via the m’GpppN cap structure. As previously shown, IP of the eIF4E-RNA

complex is dependent on UV treatment (Figure 7C, compare lane 7 to 6).
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Figure 6: Commercial antibodies were tested for immunoprecipitation.

A. Recombinant Hise-eIF4E was immunoprecipitated with a commercial anti-
elFAE antibody A301-153A (Bethyl), anti-His (positive control) or IgG
(negative control) antibodies. IP and supernatant were separated by SDS-
PAGE and analyzed by Western Blot. Input is the purified protein directly
loaded on gel. Antibody used is shown at the top of the panel. B. Recombinant
Hise-eIF4E (his-4E) was immunoprecipitated with a commercial anti-eIF4E
(RNOO1P) antibody or IgG from MBL. IP and supernatant were analyzed by

Western Blot.
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Figure 7: elF4E crosslink to RNA in vitro.

A. Recombinant eIF4E was incubated with **P-cap-labeled CAT RNA (60 nucleotides) in eIF4E binding buffer.
Samples were then exposed to UV light at 4°C for 15 min to induce crosslink of e[F4e-RNA complexes. IP was then
performed using anti-eIF4E antibody, RNOO1P, or non-immune IgG from MBL and resolved on a 12% SDS-PAGE and
visualized by autoradiography. The lower band seen in the non-RNAse A treated IP (see lane 4) is likely free RNA. B.
Western Blot of immunoprecipitated samples from the experiment presented in (A) using anti-e[F4E antibody from BD
sciences. Both supernatant and IP are shown. UV or RNase A treatment are indicated at the top of the panel. C.
Recombinant eIF4E was incubated with **P-m’GpppG or **P-GpppG 5° labeled CAT RNA in eIF4E binding buffer in
the presence or absence of 20uM m’GDP. Samples were exposed to UV light, treated with RNase A and IP performed
using the anti-e[F4E from MBL, RNOO1P. Samples were visualized by autoradiography. UV treatment, the presence of

Hisg-eIF4E, and/or 20uM m’GDP are indicated at the top of the panel.
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3.2 Immunoprecipitation with anti-eIF4E antibodies: specificity and
optimization

Given the importance of antibody specificity for CLIP (section 1.12), the
specificity of the anti-eI[F4E antibodies (RNOOIP and A301-153A) for
immunoprecipitation was tested using S*° labeled human 293T cell lysates (Figure
8). In each case, IP with IgG was used as a negative control. For each IP, aliquots
were resolved by SDS-PAGE, transferred onto PVDF and Western Blots
performed with anti-eIF4E (Bottom Panel in Figure 8A and B, see lane 4), which
confirmed successful immunoprecipitation of elF4E in each case. The upper band

in each IP is the mouse anti-e[F4E heavy chain (IgH) used in the IP.

IP samples were also resolved by SDS-PAGE and proteins visualized by
autoradiography. The results indicated that eI[F4E was enriched upon IP, but also
revealed the presence of multiple non-specific proteins (Figure 8A for A301-
153A antibody, compare lane 4 to 3) (Figure 8B for RNOO1P, compare lane 4 to
3) despite the presence of detergents (1% NP-40, 1% sodium deoxycholate, 0.1%
SDS) in the wash buffer. We attempted to improve the stringency of the IP by
using higher NaCl concentrations (500 instead of 150 mM), pre-blocking
Sepharose A beads and pre-adsorbing the extract (Figure 8C, compare 4 to 3).
Specificity was only slightly improved and we noted significant contamination
from unrelated proteins. A comparison between the IP with the anti-eIF4E and
with the negative control IgG seems to indicate that even more non-specific

proteins were present when anti-eI[F4E was used as the precipitating antibody
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(Figure 8C, compare 3 to 4). We doubt that the presence of the higher molecular
weight proteins were due to co-IP through elF4E binding given the stringency of
the washes, the absence of enrichment of clearly identifiable known binding
partners of elF4E [e.g.- 4E-BP1 (15-20 kDa), elF4A (50 kDa)]. These results
indicate that the commercially available anti-e[F4E antibodies are not sufficiently

specific for e[F4E to be used in CLIP assay.
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Figure 8: Anti-eIF4E antibodies are of poor quality for use in CLIP.

A. Confluent 293T cells were labeled with 500uCi S**-methionine for 4 hours (Perkin Elmer). Cells were lysed with
RIPA buffer and clarified by centrifugation. Lysates were immunoprecipitated with anti-eI[F4E antibody [A301-
153A (Bethyl)], or IgG and washed 4 times with RIPA buffer. The IP and supernatant were resolved on a 12 %
SDS-PAGE gel. The gel was fixed, dried and proteins visualized by autoradiography (top). A Western blot was also
performed with fractions of the IP and cell supernatant (bottom). B. Autoradiography and immunoblot of the IP
using anti-e[F4E antibody, RNOO1P, and performed as in (A) C. Immunoprecipitation performed under higher
stringency did not eliminated contamination by endogenous cellular proteins. Aliquots from the supernatant and IP
were fractionated on a 12 % SDS-PAGE. The IP was performed as in (A) but Sepharose beads were pre-blocked
with 5% BSA. Also, lysis and washes with RIPA contained 0.5M NaCl. Lysates were pre-cleared before performing

the IP by incubating with Sepharose A beads before the IP.
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3.3 FLAG-elF4E

Given the above mentioned results, we sought to use an amino-terminal
FLAG tagged eIF4E in the hope of being able to perfrom more stringent IPs. The
FLAG tag was chosen because it is routinely used in CHIP-seq’”, has successfully
been used in the CLIP assay in the past’, and eIF4E can tolerate modifications at
its N-terminus while retaining function””. FLAG-eIF4E was robustly expressed in
cells transduced by retroviral infection. A Western blot of non-infected and
partially infected cells (30% GFP positive cells by flow cytometry) indicated that
FLAG-eIF4E was expressed (Figure 9A). On the Western Blot with anti-elF4E,
endogenous elF4E (bottom) was detected at 25 kDa and FLAG-eIF4E (top) could
be seen at a higher molecular weight, consistent with its predicted size being

28kDa. FLAG-elF4E was also detected when immunoblotted with anti-FLAG.

Immunoprecipitation of S*° labeled lysates from uninfected or
MSCV/FLAG-elF4E infected cells was performed, followed by size separation on
SDS-polyacrylamide gel. Western blotting using anti-eIF4E antibodies confirmed
that the IPs with the anti-FLAG antibody (Figure 9B, compare lane 2,3 to lane 1)
were successful. When IPs were visualized by autoradiography,
immunoprecipitations using anti-FLAG antibodies enriched for a specific protein
between 25 - 30 kDa and present in cells infected with MSCV/FLAG-eIF4E, but
not from uninfected cells (Figure 9C, compare lanes 2 and 3 to 1). This is
consistent with this protein being FLAG-eIF4E (expected size of 28 kDa). The
same protein was also immunoprecipitated from cells that had been treated with

UV-light (Figure 8C, see lane 5 and 6).
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A second protein species, having a molecular weight >175 kDa was also
present in the IP from MSCV/FLAG-elF4E extracts. It is unlikely that this protein
is enriched because it cross-reacts with anti-FLAG antibodies since it is not
present in the anti-FLAG IP from uninfected cells (Figure 9C, compare lane 1 to
2). One explanation is that this protein was co-immunoprecipitated because it
associated with recombinant FLAG-eIF4E. As such, one possibility is that it
represents elF4G (~220 kDa) given its apparent high molecular weight. We
address this point below with an eIF4E mutant that does not interact with elF4G
(section 3.4). Increasing the stringency of the washes by increasing the NaCl from
150 mM to 500 mM reduced the background levels of co-precipitating proteins
(compare lane 3 to 2). These results indicate that using an anti-FLAG antibody
yielded much cleaner IPs than we could obtain with the commercially available
anti-eIF4E antibodies. Subsequent pilot experiments utilized the anti-FLAG

antibodies.
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Figure 9: Immunoprecipitation of FLAG-elF4E .

A. Extracts from uninfected NIH-3T3 and MSCV/FLAG-¢eIF4E infected NIH-3T3 cells, prepared for Western blotting and
probed with anti-eIF4E, anti-FLAG and anti-tubulin antibodies. B. Uninfected NIH-3T3 and MSCV/FLAG-eIF4E infected
NIH-3T3 were incubated with 500uCi of S*’-methionine/cysteine and lysed with FLAG lysis buffer. Lysates were pre-
cleared using Protein G Sepharose and anti-FLAG (M2) antibody was used in IP reactions. The IP were resolved by SDS-
PAGE and a Western Blot was performed. In lanes marked with (HS), 500mM NaCl was used for IP (lane 3 and 6). C. IP

and Supernatant from the immunoblot shown in (B) were resolved by SDS-PAGE and visualized by autoradiography.
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Figure 10: EIF4E mutations.

A The letters in red represents point mutations that were made by PCR using
the murine cDNA as template. The eIF4E(W56A) mutant can still interact with
other initiation factors and assemble into the elF4F but cannot bind mRNA.
The HPL37-39AAA, V69G and G139D mutants were identified in a yeast
screen to have impaired binding to elF4G. B. Relative position of the elF4E

mutations.
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3.4 The elF4E(G139D) mutant binds the cap but not eIF4G

To control for non-specific interactions with RNA that could occur during
the different steps of the CLIP process, we decided to generate an eI[F4E mutant
that could serve as a negative control. e[F4E(W56A) harbors a mutation at a
conserved tryptophan residue in the cap binding pocket to alanine (Figure 10).
This abolishes its cap recognition (see section 1.2) and mRNA binding properties.
Such a mutant is an ideal negative control for CLIP. Secondly, since eIF4E is a
subunit of elF4F and associates with elF4G (Figure 2), a mutant that could
uncouple elF4E interaction with elF4G (and 4E-BP1) could be quite useful in
determining if there are subsets of mRNAs that interact with free eIF4E versus
elF4F-complexed elF4E. To this end, a previously described mutant elF4E
(W73A) would appear quite useful since this mutant has been reported to be
incapable of interacting with eIF4G”°. However, the eIF4AE(W73A) mutant is very
unstable in cells and is rapidly degraded by ubiquination when ectopically

expressed in cells’®. Hence, it is not useful for the proposed CLIP studies.

We therefore decided to generate and test a series of previously described
yeast mutants that had been identified to lack elF4G/4E-BP1 binding using a
yeast two hybrid system®’ (HPL37-39AAA, V69G and G139D) (Figure 10). We
engineered these mutants into the murine el[F4E cDNA, engineered a FLAG tag,
and purified the recombinant protein from E.coli. The recombinant proteins were
tested for their ability to bind m’GTP and to interact with GST-elF4Gls17.606 . A

schematic representation of the assay used and the expected results are shown in
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figure 11. The wild-type FLAG-elF4E, used as a positive control in these
experiments, was specifically pulled down by the m'GTP cap affinity column and
bound to GST-elF4Glsi7.606 (Figure 12B, see lane 1) and GST-4E-BP1 (Figure
12C, see lane 1). Of all the mutants screened, only FLAG-eIF4E(G139D) showed
appreciable cap binding activity (Figure 12A, compare lane 5 to 2,3 and 4). The
FLAG-eIF4E(V69G) and FLAG-eIF4E(HPL) were unable to bind to the cap

affinity resin (Figure 12A, see lane 2 and 4).

Pulldown of recombinant GST-elF4Glsi7.¢0s or GST-4E-BP1 with
recombinant eIF4E mutants immobilized on m’GTP cap affinity column were
performed as shown in Figure 11. Samples were extensively washed, resolved on
a 10% polyacrylamide gel and analyzed by Western blot. The FLAG-
elF4E(G139D) mutant was severely impaired for GST-eIF4Gls;7.606 and GST-4E-
BP1 binding while a significant amount of GST-elF4Gls;7.606 /GST-4E-BP1 was
pulled down by m’GTP-immobilized FLAG-eIF4E (Figure 12B and C, compare
lane 2 to 1). elF4E, GST-elF4Gls;7.606 and GST-4E-BP1 were only recovered in
m'GTP eluents and not GDP or binding buffer washes (Figure 12B and C,
compare lane 1 and 2 to 3,4,5 and 6). This showed that pulldown of GST-
elF4Gls;7.60¢ and GST-4E-BP1 were specific for elF4E and that FLAG-
elF4E(G139D) can bind the cap structure but does not bind elF4G or 4E-BP1 in

vitro.

The FLAG-elF4E, FLAG-eIF4E(W56A) and FLAG-eIF4E(G139D)
cDNAs were cloned into MSCV and transduced in NIH 3T3 cells. Cells

expressing FLAG-eIF4E, FLAG-eIF4E(W56A) and FLAG-elF4E(G139D) were
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labeled with S*’-methionine/cysteine. From these, cytoplasmic extracts were
prepared and immunoprecipitated with anti-FLAG antibody (Figurel3A). As
expected, the high molecular weight band (Figure 13A, compare lane 3 to 1, see
protein A) is immunoprecipitated with FLAG-eIF4E, but not with FLAG-
elF4E(G139D), suggesting that this protein is elF4G. Other specific bands were
also immunoprecipitated with FLAG-eIlF4E, but not FLAG-eIF4E(G139D)
(Figure 13A, compare lane 1 to 3). Given their molecular weight we suspected
them to be e[F4B or PABP (Figure 13A, protein B), eI[F4A (Figure 13A, protein
C) and 4E-BP1, (Figure 13A, protein D). The identities of 4E-BP1 and elF4AlI
(lower band) were confirmed by Western blotting (Figure 13B). We have not yet

confirmed the identity of proteins labeled A or B.
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Figure 11: Schematic representation of pulldown assays used with the

elF4E mutants.

A. If the eIF4E (wild type or mutant) can bind the cap structure (m’GTP) and
GST-elF4Gls 7606 (4G), both will be recovered upon m’GTP elution from
m’GTP-agarose beads (shown at the top of the figure as black circles linked to
m7GTP). B. If the elF4E can bind the cap structure but has impaired elF4G
binding ability, only eIF4E will be recovered. C. If the mutant has no cap

binding activity, no protein will be recovered.
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Figure 12: FLAG-eIF4E(G139D) can bind the cap but not GST-elF4Gls;7.

606 Or GST-4E-BP1.

A. Assessing cap binding of FLAG tagged elF4E (eIF4E) and mutant eIF4Es
(HPL, W56A, V69G, G139D) by retention on m7GTP—Sephar0se. Bacterial
lysates prepared from each mutant were purified by m’GTP affinity
chromatography. m’GTP-Agarose bound FLAG-eIF4E mutants were used to
pull down GST-elF4Gls;7.606 and m’GTP (0.2mM) eluents were analyzed by
Western Blot. B. Comparison of the ability of FLAG-eIF4E (WT) and FLAG-
elF4E(G139D) to interact with GST-elF4Gls;7.606. Pulldown of GST-
elF4Gls;7.606 With m’GTP-immobilized FLAG-eIF4E (WT) and FLAG-eIF4E
(G139D) were performed as in (A) and were washed with GDP before elution
with m’GTP and analysis by Western Blot. Immunoblot of m’GTP elution,
GDP wash, 1% wash, supernatant and input are presented. C. Pulldown of
GST-4E-BP1 with m’GTP-immobilized FLAG-eIF4E (WT) and FLAG-
eIF4E(G139D) were washed with GDP before elution with m’GTP and
analysis by Western Blot. Membranes were blotted using 4E-BP1 antibodies

from Santa Cruz.
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Figure 13: IP of radiolabeled cytoplasmic extract from cells expressing

FLAG-eIF4E(G139D) do not co-immunoprecipitate eIF4G.

A. Immunoprecipitation with anti-FLAG antibody was performed on
cytoplasmic extracts from cells radiolabeled with S*’-methionine/cysteine
expressing FLAG-elF4E, FLAG-eIF4E(W56A) and FLAG-eIF4E(G139D).
Immunoprecipitation and supernatant samples were separated by SDS-PAGE
and visualized by autoradiography B. Western blot of extracts shown in (A)

probed with anti-e[F4Al (Abcam) and anti-4E-BP1 (Santa-Cruz) antibodies.
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CHAPTER 4: DISCUSSION

Establishing a direct in vivo assay to define the eIF4E-mRNA interactome
would prove to be very useful in better understanding the effects of deregulated
elFAE expression and cap-dependent mRNA translation that occurs in different
physiological settings, such as cancer and virus infection. The study of eIF4E has
been plagued by an absence of robust assays to directly examine e[F4E-mRNA
interactions in vivo. Our understanding of elF4E has mainly been the result of
indirect observations or by in vitro experimentation. Being able to assay elF4E
interactions in a robust manner in vivo would be an invaluable tool to better
dissect elF4E biological role in global cellular mRNA translation, its mRNA

targets and to screen for eIF4E inhibitors in an in vivo setting.

Here we show that we can recapitulate UV cross-linking of elF4E to
mRNA. Once cross-linked, e[FAE seems to protect, at a minimum, the cap
structure of RNA from RNAse A degradation as shown by the ever present
radioactive signal of the cap after immunoprecipitation and treatment with RNase
A (Figure 7A). This binding appears to be specific to the cap structure as
predicted by what is known about protein-RNA crosslinking by UVjss and

revealed by a reduction in signal upon competition with m’GDP (Figure 7C).

A potential issue observed during the in vitro assays is the low efficiency
of cross-linking. Although formation of RNA-protein complex could be observed
by autoradiography, they could never be observed by Western Blot. There are two

possible explanations: the efficiency of cross-linking is very low resulting in
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minute amounts of purified eIF4E-RNA or that after crosslinking of eIF4E bound
to RNA, the antibody used for immunoblotting can no longer bind its target
because of steric hindrance or conformational changes. The former explanation is
more likely given the fact that Western Blots were performed with different eIF4E
antibodies targeting different regions of e[F4E and all failed to detect an elF4E-
RNA complex. This result is also consistent with what other laboratory have

observed when performing CLIP with other proteins’”.

An option to explore in order to increase cross-linking efficiency is
performing PAR-CLIP. In this technique, a relatively photoreactive nucleotide
analogue such as 4-thioluridine(4-SU) or 6-thioguanosine (6-SG), is added to
cells. These nucelotides are used indiscriminately by the cells and incorporated
into RNA. Cross-link is accomplished at higher efficiencies with lower energy
levels (365nm). The technique has been successfully used with FLAG tagged
proteins®®. One could imagine that cells incubated with 6-SG would readily
incorporate the analogue within the cap structure allowing for unbiased cross-
linking of mRNA to the cap structure. This though would have to be tested in
vitro with synthetic RNA and recombinant elF4E. Also, cross-linking of eIF4E to
RNA in high-salt washed ribosome extracts with 4-SU at the +2 position adjacent
to the cap has been previously shown to be relatively efficient”. One would have
to keep him mind that the toxicity of these nucleotides has not been studied in

depth when interpreting the data generated from these experiments.

Commercially available eIF4E antibodies were tested for specificity. Our

results indicated that these antibodies would not be very useful for CLIP since
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they appeared to immunoprecipitate many other proteins in addition to eIF4E. The
absence of non-specific immunoprecipitated proteins from the IgG negative
control suggests that all the non-specific immunoprecipitation were due to the
elF4E antibodies themselves (Figure 8). We doubt that these are elF4E-associated
proteins given the harsh conditions of IP (1% sodium deoxycholate, 1% NP-40,
0.1% SDS and 500mM NacCl), which should cause dissociation of most protein-
protein interactions. We concluded that the commercial antibodies are not

sufficiently specific for CLIP.

In order to obtain immunoprecipitations that were significantly more
enriched for elF4E, we engineered a FLAG tag at the N-terminal of eIF4E and
stable cell lines expressing FLAG-elF4E were generated. The FLAG tag is
frequently used for CHIP-seq and has shown success with CLIP**. Expression of
recombinant FLAG-eIF4E was robust and stable. The FLAG-eIF4E construct
could bind m’GTP and interacted with GST-elF4Gls 7606 and GST-4E-BP1
(Figure 12) suggesting that it was still functional. Also, immunoprecipitation of
cytoplasmic extracts of cells lines expressing the FLAG-eIF4E co-
immunoprecipitated several protein species that had molecular weights similar to
the known subunits of elF4F (i.e. elF4G, elF4A, PABP), or that interact with
elF4E (i.e. 4E-BP) or eIF4A (i.e. eIF4B) (Figure 13). The identity of e[F4A and
4E-BP1 as associated proteins were confirmed by Western blotting. We suspect
that bands A and B are elF4G and elF4B (80kDa) or PABP (73kDa), respectively.
PABP is known to interact with eIF4G'" and eIF4B has been shown to interact

with eIF4A”°. Immunoprecipitation with anti-FLAG antibodies indicated that the
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IP were very specific and that non-specific pulldown of other proteins is much
cleaner than with the commercially available anti-eIF4E antibodies (Figure 13).
This said, more experiments to measure the level of non-specific pulldown of

RNA still need to be performed.

A series of mutants were generated to test the specificity of elF4E
interactions and make it possible to better dissect free elF4E function
independently from when it is complexed in eIF4F. The eIF4E(W56A) mutant, in
which a conserved tryptophan essential for cap binding has been mutated to
alanine, has been shown to lack RNA binding activity but can still participate in

the formation of the eIF4F complex'"’

. This mutant could serve as a very good
negative control for CLIP. Elimination of results obtained with this mutant from
the results obtained with the wild-type, as well as bioinformatics selection of
sequences for only those derived from the 5’ end of the transcripts, would permit
us to obtain a confident representative dataset of the e[F4E interactome. It would
also be desirable to be able to have an elF4E mutant that does not bind elF4G
since this would allow us to probe between mRNAs that interact directly with free
elFAE versus elF4F-bound eIF4E. The elF4AE(W73A) mutant was initially
designed to not interact with elF4G'”, but recent studies have indicated it to not
be very stable. Indeed, expression of e[F4E(W73A) was barely detectable in cell
lines 24 hours after retroviral transduction'®. For these reasons, we tested a series
of elF4E mutants that had been described in a yeast two-hybrid assay to have

reduced interaction with eIF4G and/or 4E-BP197’104, but had never been validated

with human or murine elF4E for cap binding affinity.
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The eIF4E mutants HPL37-39AAA, V69G, G139D were cloned,
expressed in bacteria, purified and tested for cap binding affinity. Of these, only
elF4E(G139D) retained ability to bind the cap structure (Figure 12). The
elF4E(G139D) mutant had also lost the ability to interact with elF4GI and 4E-
BP1 (Figure 12 and 13). When ectopically expressed in cells, the mutant was still
detectable after 72 hours, albeit at reduced levels. Also, immunoprecipitation of
S* labeled cytoplasmic extract from cells expressing eIFAE (G139) showed a
reduction when compared to FLAG-eIF4E in several protein known to be subunits
of elF4F (elF4G, elF4A), that interact with elF4E (4E-BP) which is consistent
with the in vitro data. More rigorous experimentation exploring the stability of
this mutant in cells are needed and are currently in process of being performed
(e.g. S*°-methionine pulse chase for stability and comparison studies with the

elF4AE(W73A) mutant).

Ectopic over-expression of FLAG-elF4E will be a major concern when
attempting to define the eIF4E interactome since this would not be
physiologically relevant. There is no doubt that overexpression of eIF4E is
driving mRNA translation of transcripts which are not normally highly expressed.
There is also evidence of rewiring of downstream targets of the PI3K pathway and
dephosphorylation of 4E-BP1 and S6K1 (p70)'?®, when eIF4E is overexpressed.
Despite the disadvantage of not pulling down endogenous eIF4E, the FLAG tag
ensures that immunoprecipitation is specific. To ensure that the results obtained
by using a FLAG tag represent physiological settings, a FLAG tag can be

engineered in front of the endogenous elF4E sequence using DNA engineering
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approaches. This would ensure that eIF4E levels are at physiological levels and
can be specifically immunoprecipitated. A relatively simple and efficient method
of editing the genome and adding the FLAG tag would be to use transcription
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activator-like effector nucleases (TALENS) ™, an option that is currently being

pursued.
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CHAPTER 5: CONCLUSION

This work sets the groundwork for 4E-CLIP. We concluded from in vitro
experiments that eIF4E cross-linking to mRNA is specific. We also establish that
el[FAE-mRNA complexes can be purified by immunoprecipitation. Despite the
minor setback from the lack of commercially available specific and RIP grade
elF4E antibodies, FLAG tags were added to the e[F4E N-terminal domain which
allowed for higher specificity during the immunoprecipitation. We also
characterized a series of eI[F4E mutants for their ability to retain cap-binding
ability but harbor impaired eIF4G interaction. Of these, eIF4E(G139D) was found

to be a promising candidate.

This work brings up possible methods to improve 4E-CLIP and to better
enrich immunoprecipitation of el[F4E-mRNA complexes. The 4E-CLIP technique,
once established could serve as a springboard for the development and screen of
novel eIF4E inhibitors. It would also be a powerful tool to better understand the

role of deregulated eIF4E expression in protein synthesis in tumorigenic cells.
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