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Translation of messenger RNA (mRNA) into protein is a critical process to cell
survival and function. mRNA translation is a tightly regulated process, most of which
occurs during the initiation stage. Eukaryotic translation initiation primarily relies on a
cap-dependent scanning mechanism for start codon selection, facilitated by over a dozen
of eukaryotic initiation factors (elFs) and several RNA helicases.

The current model of eukaryotic translation initiation commences with the
attachment of pre-initiation complex (PIC) to the 5’ end, followed by 5°—3’ uni-
directional scanning. Despite the proposed scanning process in start codon selection, the
dynamic nature of the scanning PIC is poorly understood. Investigation of start codon
recognition using synthetic mRNA reporters with ultra-short 5’UTR or closely spaced
AUG triplets suggests that the PIC follows a non-linear scanning mode. I demonstrate
the backward excursion of the scanning ribosome using an internal ribosome entry site
that enables translation of both upstream and downstream open reading frames.
Unexpectedly, the ATP-dependent DEAD-box RNA helicase elF4A is actively
involved in bi-directional oscillations during scanning. Using quantitative profiling of
initiating ribosomes (QTI-seq), I show that upregulation of e[F4A ATPase activity
globally regulates alternative initiation by stimulating translation from the upstream

initiation sites in the 5’ untranslated region (5’UTR). Moreover, this study revealed that



elF4A1 mediated bi-directional ribosome scanning controls the stringency of start
codon selection.

During the scanning, the PIC has to migrate along the structured region in
5’UTR, with the help of various RNA helicases. The DEAD-box helicase e[F4A1 was
reported to remodel the 5’ proximal structures with low stabilities. Another RNA
helicase, DHX29, was known to promote unwinding of more stable secondary structures.
However, their potential roles in translation of mRNAs with secondary structures in
different regions remain elusive. Herein, I reported that the position of stem-loops (SLs)
in the 5” UTR did not affect the dependence of mRNA translation on either e[F4A1 or
DHX?29. Surprisingly, the translation of mRNAs with SLs downstream of the start
codon were impaired by DHX29 depletion. DHX29 was found in both 40S and 80S
ribosome fractions after polysome fractionation, supporting the presence of DHX29 in
80S. Collectively, these data suggest a novel function for DHX29 in unwinding stem
loops during the early stages of elongation.

In summary, this study reported the bi-directional motion of PIC during
scanning, which potentially could address the questions regarding the mRNA
attachment and the start codon stringency. The novel functions of elF4Al in the
scanning directionality via ribosome conformation and DHX29 in unwinding mRNA
secondary structures during early elongation were demonstrated. This body of work
might contribute to better appreciation of the wide-scope functions RNA helicases may

have, as well as the comprehensive understanding of the PIC scanning during initiation.
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PREFACE

The objectives of this dissertation mainly focus on the dynamic ribosome
scanning mediated by RNA helicases in eukaryotic translation initiation. This
work is composed of two major research projects, emphasizing on the
directionality of ribosome scanning and the positioning effects of secondary
structures on mRNA translational respectively. Chapter 1 reviews the current
knowledge of eukaryotic translation initiation, with emphasis on the ribosome
attachment and ribosome scanning. Chapter 2 reports the bi-directional
scanning of the ribosome in the canonical cap-dependent translation and
elucidates the mechanism underlying elF4A-mediated scanning directionality.
Chapter 3 is a systematic study on the translational effects of secondary
structures in different regions of mMRNA and identifies the potential role of
DHX29 in unwinding secondary structures at early stage of elongation. Chapter
4 describes the major findings of this dissertation and their contributions in the
field of mMRNA translation, combining several prospective directions for future

research.
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CHAPTER 1

General Introduction and Literature Review

1.1 mRNA Translation

In the early nineteenth century, studying life science at the molecular
level became feasible with the innovation of techniques in chemistry and
physics. In the 1930s, a new branch of science - molecular biology was
developed and enabled the researchers to appreciate and understand more
details of certain life processes using delicate modern techniques’. In the 1940s,
it was realized that DNA, not protein, was the hereditary material that carries
the genetic information?3. The discovery of messenger RNA (mRNA) and
transfer RNA (tRNA), together with the deciphering of genetic code clarified how
the genetic information in DNA is ultimately expressed in the amino acid
sequence of a variety of functional proteins. These findings gave rise to the
central dogma of molecular biology, which describes how genetic information is
passed from DNA to RNA then to protein in the living cells. The efficient gene
expression is mainly achieved by the two-step process: gene transcription
(DNA->RNA) and mRNA translation (RNA->Protein). The synthesis of
polypeptide, like gene transcription, takes place in three steps: initiation,
elongation and termination, with specific factors involved in each step. Given
the discovery of recycling factors, ribosome recycling is considered as the fourth

step of mRNA translation.
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In bacteria, mBNA translation is tightly coupled with transcription. To date,
the most well-studied mechanism of translation initiation of prokaryotic mRNAs
is Shine-Dalgarno (SD)-mediated initiation. mRNAs containing the SD
sequence in 5’ untranslated regions (5’ UTR) recruit the small ribosomal subunit
(30S in bacteria) through base-pairing between the SD sequence and 16S
ribosomal RNA (rRNA). It directs the initiator N-Formylmethionine tRNA (fMet-
tRNA™eY) to recognize the start codon of the mRNA in the 30S.

The eukaryotic translation is a more complicated process that occurs in
four phases: initiation, elongation, termination, and recycling. The initiation
phase of eukaryotic mRNA translation, which involves more than a dozen
eukaryotic initiation factors (elFs)*, is the rate-limiting step of the translational
process (Figure 1-1). The translation on most eukaryotic mRNAs relies on a 7-
Methylguanosine (m’G) cap to load the 40S small ribosomal subunit to the
mMRNA, followed by a scanning process to position initiator methionine tRNA
(Met-tRNAMet) within the ribosome at the start codon. This canonical cap-
dependent scanning pathway commences with the assembly of the 43S pre-
initiation complex (PIC), which happens in two steps. The eukaryotic initiation
factors (elFs) elF1, -1A, -3 and -5 bind to the 40S subunit, followed by binding
of initiator Met-tRNAMet to the small subunit in a ternary complex (TC) with
eukaryotic translation initiation factor 2 (elF2) and GTP.5 The resulting 43S PIC
attaches to the 5’ proximal region of m’G capped mRNAs in a manner facilitated

by the elF4F complex, which consists of a cap-binding protein elF4E, a
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scaffolding protein elF4G, and RNA helicase elF4A®. After mRNA attachment,
43S PIC scans the 5’UTR of the mRNA until the appropriate start codon appears
in the P-site of 43S PIC. Recognition of the start codon evokes the hydrolysis of
the GTP-elF2 to GDP-elF2, which dissociates from the ribosome with other
scanning components under the catalyzation of elF5B. Binding of elF5B-GTP
to Met-tRNAMet promotes the joining of large ribosomal subunit (60S) to the PIC,
and the formation of 80S ribosome is accomplished after all the remaining

eukaryotic initiation factors dissociate from the ribosome.

Cytosol
elF4F complex
(46 ) M
- *Q NXP"*N\P\
m’G cap M\:;@
mRNA Activation l
Nucleus

PIC Attachment ’— : : 5o
EROCT)
43S PIC AUG Recognition I
- PIC Assembly
Y | I - .
8— - & {E« & — - - - - - — - @@ g O
- L P @,

Ternary complex (TC)

Figure 1-1 Eukaryotic translation initiation via cap-dependent scanning of mRNA.

The eukaryotic translation initiation occurs in the cytosol and starts with the activation of mRNAs by elF4F
complex, through interactions between m’G cap and the cap-binding protein eIF4E. Meanwhile, the pre-
initiation complex (PIC) is formed in two steps where elFs 1, 1A, and 3 bind to the 40S subunit first, followed
by the recruitment of TC and eIF5. Once the PIC attaches to the activated mRNA, it scans along the 5’UTR.

Recognition of the start codon triggers the release of most elFs and conversion GTP-elF2 to GDP-elF2 to
mediate joining of the 60S subunit.

During translation elongation, the ribosome actively moves along the

mRNA, using tRNAs to synthesize polypeptides’. Elongation involves three
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steps: first, the binding of an aminoacyl-tRNA whose anticodon base-pairs with
the mRNA codon in the ribosome A-site; second, the formation of a peptide
bond by transfer of the amino acid or peptide attached to the tRNA in the P-site
to the aminoacyl-tRNA in the A-site; third, the translocation of the newly formed
peptidyl-tRNA from the A-site to the P-site, together with the mRNA. Translation
elongation is facilitated by a number of eukaryotic elongation factors (eEFs).
The eukaryotic translation elongation factor 1A (eEF1A) is activated upon
binding to GTP and forms a ternary complex with aminoacyl-tRNA. The
aminoacyl-tRNA bound with eEF1A-GTP enters the A-site and base-pairs with
mRNA, followed by GTP hydrolysis and the subsequent release of eEF1A-
GDP?8. During the catalysis of peptide bond formation, the eukaryotic initiation
factor elF5A (the ortholog of bacterial elongation factor P) binds to the ribosome
in the E-site and interacts with the acceptor arm of the peptidyl-tRNA to induce
a favorable positioning of the substrates®10.11.12, Following the peptide formation,
the elongation factor 2 (eEF2)-GTP enters A-site and facilitates the
translocation of the tRNAs to the E- and P-site by GTP hydrolysis. The release
of eEF2-GTP from A-site and the deacylated tRNA from the ribosome allow for
the next cycle of elongation314.15,

Termination is triggered when the stop codon reaches the A-site of the
ribosome and is recognized by eukaryotic release factors (eRFs) eRF1 and
eRF3 (-GTP), forming the pre-termination complex (pre-TC). After GTP

hydrolysis by eRF3, the middle domain of eRF1 accommodates the P-site and
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induces the release of the nascent polypeptide from peptidyl-tRNA'. The
resulting post-termination complex (post-TC) is bound by ABCE1, a protein
which mediates splitting of post-TC and yields 60S subunit and eRFs. Followed
by the dissociation of 40S subunit from mRNA and tRNA, post-TC enables
ribosomes and mRNAs to participate in multiple rounds of translation”-17.

The majority of the cellular transcripts are translated in cytosol which is
governed by the cytosolic ribosomes. Ribosome is a complex supramolecular
that catalyzes the peptide bonds formation in the order following the mRNA
template. Eukaryotic ribosome consists of two unequal subunits with
sedimentation coefficients of 40S and 60S and a combined sedimentation
coefficient of 80S, while bacterial ribosome consists of 30S and 50S with
combined sedimentation coefficient of 70S. Each subunit contains complex
ribosomal proteins and at least one rRNAs. The ribosome contains three tRNA
binding sites: A-site (Aminoacyl), P-site (Peptidyl), and E-site (Exit). The A-site
accommodates the incoming aminoacyl-tRNA to accept the polypeptide during
elongation and the termination release factors during termination; The P-site
binds to the first incoming initiator Met-tRNAMet during initiation and the peptidyl-
tRNA during elongation; The E-site binds to the free tRNA after its polypeptide
is transferred to a second tRNA. mRNAs traverse ribosomes through the
mRNA-binding cleft located on the interface side of 40S subunits. Importantly,
the mRBNA binding channel includes the decoding site where anticodons of

tRNAs recognize the complementary codons of the mRNA. The length of
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the mRNA-binding cleft in 40S subunits is about 28-30nt, while the distance of
the decoding site from the entry site and the exit site is about 17nt and 12nt
respectively. Using RNase protection approach, researchers were able to obtain
the footprints of active ribosomes (around 30nt) and monitor the position of
decoding sites on the mRNAs.

In a post-genomic era, translational control plays a pivotal role in defining
the proteome, maintaining metabolic homeostasis, cell growth and proliferation.
Furthermore, mRNA translation is tightly regulated to control gene expression
in response to various endogenous or exogenous signals such as nutrient
supply, hormones or stress. Therefore, aberrations in its regulation contribute
to a number of disease states. In the past decades, the development of the next
generation sequencing (NGS) gave rise to a variety of high-throughput
sequencing approaches to understand the translation of individual transcripts

from different perspectives at the transcriptome and genome wide level.

1.2 Translation Initiation

Translation initiation entails identification of start codon in mRNA by the
PIC. Translation initiation differs between eukaryotes and prokaryotes. In
bacteria, the lack of a membrane-enclosed nucleus enables the transcription-
translation coupling. Ribosome initiates translation at the 5’ end of the mRNA
before the completion of transcription. Recent studies have shown that the

transcriptional rate can be determined by the translational rate via direct
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interactions between RNA polymerases and ribosomes'®19.2021 Yet the
unveiling of the coupling mechanism remains challenging. Imaging studies
showed that RNA polymerases and ribosomes are mainly located in different
subcellular regions in bacterial cells, i.e., RNA polymerases localize to the
nucleoid area, while ribosomes localize outside nucleoids?>23. Thus, how
transcription spatially coupled with translation in bacterial cells is more
complicated than previously thought. Very little is known about initiation of
mRNAs that are engaged in polysomes?4.

Translation initiation of mMRNAs containing the Shine-Dalgarno (SD)
sequence is extensively studied among different types of mRNA in prokaryotes
(Figure 1-2). This consensus sequence is an initiation signal of four to nine
purine residues, 8 to 13 nucleotides to the 5’ side of the initiation codon. During
SD-led initiation, the small subunit (30S in bacteria) is recruited to the ribosome
binding site, which spans nucleotides — 20 to +15 around the translation start
codon, through base-pairing between the SD sequence and the anti-SD
sequence in 16S rRNA. This mRNA-rRNA interaction positions the AUG of the

mRNA in the precise position on the 30S subunit where fMet-tRNA™et is bound.

FMet

— FMet
165 rRNA FMet-tRNA;

o
16S rRNA

_— \

FMet

~— FMet-tRNA Met

Shine-Dalgarno Sequence Shine-Dalgarno Sequence

Figure 1-2 Shine-Dalgarno mediated translation initiation in bacteria.

The 3’ tail of 16S rRNA (light blue) in the small subunit of the ribosome, which includes the classical anti-SD motif
(3'CCUCC), recognizes a complementary sequence (dark blue) in the 5" UTR of mRNA (i.e., the SD sequence) by
rRNA:mRNA base paring. This interaction places the start codon (red) in the binding site of fMet-tRNA;™M¢ (pink).
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However, the bacteria and archaea transcripts containing SD motif are
less abundant than those without SD sequences. The number of genes with SD
motifs among 162 prokaryotic genomes varies from 11.6% to 90%, suggesting
the population of non-SD-led genes is significant?®. Recent ribosome profiling
studies in bacteria reported little or no correlation between the ribosome
occupancy and the strength of SD motif of a gene?62”. The high diversity of the
5" UTR of prokaryotic genes suggested the mechanisms used for translation
initiation in various prokaryotes are more complex and flexible than anticipated.

The mechanism of translation initiation in eukaryotes is more
complicated than prokaryotic initiation and is the target of multiple types of
regulatory intervention. 5’-cap m’G structure presents in nearly all eukaryotic
cellular mRNAs. The 5’-terminal G with a N”-methyl group is connected to the
first nucleotide of mMRNA through a 5’-5’ linkage via two pyrophosphoryl bonds.
This capping process is achieved by several enzymes, including
guanylyltransferase and methyltransferase®®. The m’GpppN cap structure,
present on most nuclear-transcribed cytoplasmic eukaryotic mRNAs, is critical
for splicing, polyadenylation, mRNA stability and translation. As a hallmark of
regulation of eukaryotic protein synthesis, it is recognized by different cap-
binding proteins that act to impart disparate functional outcomes on gene
expression. Cap structure stabilizes mRNA in the nucleus by preventing 5’ -> 3’
exonucleolytic degradation?230:31, |In the cytosol, m’G cap structure is required

for ribosome recruitment to the 5’UTR of mRNA during the initiation through its
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interaction with the cap-binding protein (elF4E)3?, at the meantime, it also
participates in the miRNA-mediated suppression of translation.

A great portion of transcripts, except for histone mRNAs33, bear poly(A)
tails at the 3’ end. Polyadenylation of eukaryotic pre-mRNAs occurs in the
nucleus, which is coupled tightly with transcription termination. Addition of
poly(A) tails is a multi-step process initiated by nascent pre-mRNA recognition
and binding of the cleavage/polyadenylation machinery at the AAUAAA
hexamer (10-30nt upstream of the cleavage site)34. Followed by endonucleolytic
cleavage of the pre-mRNA, the non-templated poly(A) tail consisting up to 200
to 250 adenosines is added at the 3’end3®. The polyadenylation of mRNA 3’ end
serves as a binding site for multiple ribonucleoproteins (RNPs). The poly(A) tail
and its associated proteins protect mMRNA from enzymatic destruction in the
nucleus while mediating mRNA degradation in cytosol. While many prokaryotic
mMRNAs also acquire poly(A) tails, these tails stimulate decay of mRNA rather
than protecting it from degradation. The opposing impact of poly(A) tails on
MRNA decay in eukaryotes and prokaryotes is one of the many mechanistic
differences between eukaryotic and prokaryotic gene expression.

In addition to its function in mRNA turnover, poly(A) tail also plays
essential roles in mRNA translation. The ‘close-loop’ (circularized mRNA) model
of translation initiation in eukaryotes was first proposed based on the discovery
of the association between 5’ cap structure and 3’ poly (A) binding protein3®.

Later studies further validated that this association is achieved through the
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interactions between the poly(A) binding protein (PABP) and one component of
the cap-binding elF4F complex, elF4G3738, The ‘close-lope’ model not only
explains the synergistic effect of cap structure and the poly(A) tail in promoting
translation initiation3° but also allows the direct recycling of 40S from dissociated
elongation ribosomes after the termination. The polysome topologies observed
by electron microscopy (EM) are mostly consistent with the ‘closed-loop’ model,
although some of the observed shapes suggest additional or alternative
interactions between close-spaced ribosomes. However, recent single-
molecule-resolution fluorescent in situ hybridization (smFISH) experiments
revealed that the bulk of translating mRNAs rarely exhibit colocalized 5’ and 3’
ends?*%41, One possible explanation of this observation is that the 3’ end probes
used in the smFISH targeted at the upstream regions of the poly (A) tails instead
of the real 3’ end of mRNAs. Whether the elF4G-PABPC1 interaction is
transient in cells and whether the interaction between 5’ and 3’ ends of mRNAs
is stable during the initiation phase remains to be unveiled.

Among the four stages of translation (initiation, elongation, termination,
recycling) in eukaryotes, regulation is attained during the initiation, which is the
rate-limiting step in the translational process.*>% The canonical ‘scanning’
model of eukaryotic translation cycle can be divided into several steps:
formation of 43S PIC, mRNA attachment, 5’UTR scanning, and start codon

recognition. Although the current state of knowledge regarding each step of this
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model is well established, mechanistic details and alternative mechanisms of

ribosome loading, scanning, and start codon selection remain elusive.

1.3 Attachment of PIC

Eukaryotic translation initiation primarily relies on a cap-dependent
scanning mechanism. It begins with the loading of small ribosomal subunits to
the 5 end of an m’G-capped mRNAs at the early stage of initiation. This
commitment step requires a subset of elFs to bridge between the 40S and the
5" m’G cap. The elF4F complex consists of three core components: elF4E (a
cap-binding protein), elF4G (a scaffold protein with multiple binding domains for
MRNA and other elFs), and elF4A (RNA helicase). The cooperative action of
the elF4 group of factors (elF4F together with elF4B or elF4H) is required to
pre-activate the 5’ end of mMRNAs and facilitate the interaction between the 43S
PIC and mRNAs. At the same time, Met-tRNAMet binds to the native 40S in a
ternary complex (TC) with elF2-GTP, stimulated by elF1, elF1A, elF3 and elFb5.
The 43S PIC recruits the mRNA via the interaction between elF4G in the elF4F
complex and elF3 in the 43S PIC. In summary, the overall process of PIC
attachment can be further divided into three steps: activation of mRNA,
assembly of 43S PIC, and 43S PIC loading. Despite a sophisticated knowledge
of the roles individual elFs play in each step, a clear understanding of the
temporal order of the steps spanning activation of mRNA to 43S PIC loading is

lacking.
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1.3.1 Assembly of translation components at the 5’ cap

Elbow
loop  Canonical helix

Prior to the PIC attachment, mRBNAs need to

be activated by the elF4 group of factors. EIF4E, the

J . ‘, ) ) best-characterized cap-binding protein, recognizes
NC loop ‘ !,B;.‘, £ the m’G cap (Figure 1-3). It was first identified by
A LA 7{37
Lﬁ 3 ,é\‘/ng chemical cross-linking to the viral mRNA cap®?. A
“ m'GTP “c

e 13 Sl o el previous study showed that elF4E occupies mRNA

bound to m’G cap. - _ _
Crystal structure of human eIF4E caps most of the time in yeast*®, but its expression
(gray) in complex with m7GTP

(shown as sticks) and human eIF4G .
(green). Only eIF4E-binding region |€VEIS IN most cells are least abundant among the

of human eIF4G was shown.
Figure from Griner etal. 2016 threq g|F4F subunits*. The binding affinity of elF4E
for the capped mRNA is enhanced with the presence of elF4G or as part of the
elF4F complex#647.48 and further boosted by elF4G-PABP interactions49:50.51,
The increased cap-elF4E association rates were observed on the addition of
elF4G1 and Pab1p (the yeast homolog of mammalian PABP) determined by
single-molecule kinetic evidence®. In mammals, a well-studied repressor
protein regulates the availability of elF4E for the assembly of the elF4F complex:
4E-BP%2, which competes with elF4G for elF4E and represses the cap-
dependent translation in the dephosphorylated form. In Hela cells, the
abundance of 4E-BP is similar to elF4E, indicating that sufficient 4E-BPs are
available to compete with elF4G for binding to eIF4E®3. Thus, the ratio between

elF4E and elF4G might vary due to the altered abundance of the factors in

mammals®4.
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Another core subunit of the elF4F complex is elF4A, a weak non-
processive helicase that unwinds ~11 base pairs per hydrolyzed ATP
molecule®®. With a prolonged rate (kcat) of ATP hydrolysis on its own, elF4A acts
as a processive helicase in complex with elF4G (or elF4F)% or its related
proteins elF4B and elF4H5"%8, Interestingly, recent studies demonstrated that
elF4A is required for ribosome recruitment by all mMRNAs regardless of the 5’
UTR structure, suggesting a novel role of elF4A in the early stage of

initiation5%-60, (Further discussed in Section 1.4.3.7)

PABP elF4E elF4A(N) elF3c,d elF4A(C) Mnk1/2
Human elF4GlI -
PABP elF4E elF1&5 elF4A
Yeast elF4GlI .

(TIF4631)

Figure 1-4 Comparison between human and yeast eI[F4G1 domain organization.
The identified binding sites for initiation factors are shown above the diagrams. Colored blocks identify
homologous regions.

EIF4G is an essential scaffold protein in the elF4F complex, which
possesses multiple binding sites. The N-terminal domain contains the
conserved binding sites for elF4E and PABP%'62, whereas the middle domain
contains the conserved binding site for RNA helicase elF4A8364 Unlike yeast
elF4G, mammalian elF4G contains a C-terminal domain with the binding site
for elF4E kinase Mnk®® and a second elF4A binding site®. As a scaffold, elF4G
links mRNA activation to ribosome loading by its interaction with elFs in the 43S
PIC before it loads onto mRNA. In higher eukaryotes, like mammals, elF4G
facilitates the recruitment of ribosomes via elF4G affinity to elF3 mediated by

elF3c, d, and e subunits®”88. However, the elF3-binding site of elF4G does not
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exist in yeast®. Instead, yeast elF4G interacts with elF1, elF57071.72) and
possibly 40S directly through elF4G:rRNA binding”® (Figure 1-4). Thus, ‘free’
elF4F might displace elF4E (or elF4E:4E-BP) from the m’G cap as the first step
of initiation, potentially with the assistance of mMRNA’s closed-loop, in the
steady-state initiation events. Alternatively, elF4F could bind the m’G cap as
part of the PIC, as elF4F can be efficiently isolated from high-salt ribosomal
washes but not from the ribosome-free fractions’.

A 43S PIC complex contains a 40S ribosomal subunit, eukaryotic
initiation factors including elF1, elF1A, elF3, and elF5, and TC (elF2: GTP: Met-
tRNAMet) Met-tRNAMet is delivered to the 40S subunit in the TC with elF2-GTP.
elF2, a heterotrimeric G protein, consists of the a, 3, and y subunits’>76, elF2y
is the core of the heterotrimeric protein, binding to GTP or GDP and initiator
tBRNA, and is the connection between a and 3 units’’. The sequence of elF2y
contains all the elements required for GDP or GTP binding. Moreover, the
sequence similarity between the elongation factor EF-Tu and elF2y suggests
that the y subunit of elF2 interacts directly with the Met-tRNAMet7879, The roles
of elF2a and elF2B in tRNA binding remains controversial. A number of early
studies found little difference between tRNA binding properties of mammalian
elF2 containing the B subunit or not®81.82) suggesting the elF23 may be not
involved in tRNA binding. However, recent studies demonstrated the elF2ay
heterodimers cannot bind initiator tRNA83 while the elF2By heterodimers did not

appear to alter binding of guanine nucleotide or Met-tRNAMét ligands by elF284,
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These facts together supported the assumption that the elF23 subunit, rather
than elF2a is indispensable in tRNA binding. Even so, the a
subunit of elF2 plays a critical role in regulating GTP/GDP exchange via
phosphorylation at serine 51, which inhibits the elF2B-catalyzed guanine
nucleotide exchange. The affinity of Met-tRNAMet is about 10-fold greater for
elF2-GTP than elF2-GDP, and Met-tRNAMet also increases elF2 affinity for
GTP7985 On the other hand, in 43S complexes, the Met-tRNAMet anticodon loop
is probably not inserted as deeply into the P-site as in the ribosomal complexes
with established codon-anticodon base-pairing upon AUG recognition®®.

TC recruitment is facilitated by the elFs in 43S PIC, like elF1, elF1A, and
elF3. These factors bind to 40S subunits directly®”-8 and, at least for elF1 and
elF1A, cooperatively®-9. elF1 binds to the interface between the platform and
initiator tRNA®'. elF1A’s structured domain resides in the A-site, forming a
bridge over the mRNA channel, whereas its N- and C-terminal tails extend into
the P-site®2. Importantly, binding of elF1 and elF1A to 40S subunits facilitates
mRNA attachment by inducing conformational changes that involve the opening
of the mRBNA entry channel ‘latch’ and the establishment of a new head-body
connection on the solvent side?3°4, elF3 is a multi-subunit complex that consists
of 13 subunits (a to m) in mammals®8895, of which six subunits (a, b, ¢, g, i, and
j) constitute yeast elF3%97, Cryogenic electron microscopy (Cryo-EM)
reconstructions show that the bulk structure of the five-lobed elF3 complex

binds to the solvent side of the 40S ribosome®, spanning the entry and exit
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sites®9.100.101- whereas the C-terminal of elF3j localizes in the mRNA channel in
the A-site on the interface side'%. lts j subunit not only enhances 40S binding
by elF388.10387 put facilitates the TC recruitment®®.102104  |n mammals, elF3
directly binds to the elF4G subunit of elF4F through elF3e, which are important
for binding the 43S complex to the 5’-terminal region of mMRNA®8.195 However,
elF3e is not present in yeast®®, and yeast elF3 and elF4G seem not to interact
directly’®. Instead, yeast elF4G interacts with elF5'%, and elF5-CTD can bridge
elF4G interaction with elF3-NTD to stimulate elF4G: elF3 association or bridge
elF4G interaction with 40S directly in yeast’. In both mammals and yeast, the
main function of elF5 is to activate the hydrolysis of elF2-bound GTP during the
PIC scanning and to promote the stringency of AUG recognition.

Despite a rich knowledge of individual elFs in 43S PIC, the sequence of
their binding to 40S ribosome or the process of 43S PIC formation remains
obscure. The yeast system is better understood due to the discovery of the
‘Multi-factor complex’ (MFC). Assembly of a MFC (elF1: TC: elF3: elF5
independent of the ribosome and mRNA has been described as an early
initiation subcomplex formation in yeast'%”:1% To explain the binding of MFC to
the 40S subunit, 40S were proposed to directly interact with elF3j, elF1, and
elF3c at the mRNA entry site, the P-site, and near the mRNA exit,
respectively'%9. This ‘subcomplex formation’ model has been demonstrated in
mammals with different affiniies and assembling sequence among

factors110.111,112,113,114,115 For example, elF1 and elF1A can also bind the 40S
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independently of the MFC®. Also, Met-tRNAMet can join the PIC later, either
individually or as part of the TC'9. Furthermore, the timing and extent of binding
are unknown for factors which does not have homologous in yeast, such as
elF4B, elF4H, and DHX29. These observations collectively suggested the
existence of multiple routes for factor interacting events whose taking place

depends on the type of mRNA and conditions.

1.3.2 Attachment of 43S PIC on mRNA

Despite the rapid development in the field of eukaryotic translation
initiation, how the mMRNA enters into the ribosome mRNA channel remains
unclear. Several models were proposed to explain the mRNA recruitment based
on the existing evidences (Figure 1-5). The first hypothesized model was the
‘threading’ mechanism'16.117 which is postulated that elF4E first binds to the
43S PIC close to the mRNA entry site where it can insert the 5’ end of the mRNA.

This process requires an immediate dissociation of elF4E from the mRNA,

mZG A ..
.54
40S /\ 408
it LEPA entry exit \QQ\E PA])O: entry
" eiF3 e~—— 7 'Af elF3
A G an
“threading” model “slot-in” model

Figure 1-5 Two proposed models for mRNA entering the 40S.

(Left) mRNA ‘threads’ into the 40S. Cap-bound eIF4E (green) binds the m’G cap, together with eIF4G (yellow)
and elF4A (purple), to recruit the ribosome. The mRNA then detaches from eIF4E and threads into the mRNA-
binding cleft of the 40S (gray). This model allows the P-site (red) to inspect the mRNA base-by-base from the 5’
end. (Right) Ribosome attaches mRNA via ‘slot-in” mode. Following the ribosome recruitment, eIF4E-bound m’G
cap first attaches near the mRNA exit site. The 3’ward portion of mRNA is then ‘slotted’ laterally into the mRNA
binding cleft. This model places a portion of mRNA (around 10-12nt) upstream of the P-site.
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which allows the mRNA to extrude into the mRNA-binding cleft. In theory, this
model permits a base-by-base linear inspection of mRNA from the 5’ end,
leaving no ‘blind spot’ during ribosome scanning. The in vitro experiment
showing that 43S PIC is able to recognize 5’ proximal start codon (1nt
downstream of the 5’ end) is one of the most substantial evidence supporting
the ‘threading’ model''® by suggesting the absence of an absolute ‘blind spot’
in 5’UTR8,

However, the possible position of elF4E in proximity to E-site is
inconsistent with the presumption of the ‘threading’ model in which elF4E is
placed towards the A-site. Inspired by the discovery of internal ribosome entry
sites (IRES), Né-methyladenosines (mfA) mediated initiation, and circular RNA's
translation, the 'slot-in' model was proposed describing a lateral attachment of
MRNA to the 43S PIC. In this model, 5’ cap binds elF4E sits near the exit site
of the ribosome, followed by a lateral attachment of downstream mRNA into the
mMRNA-binding cleft. This hypothesis is supported by the following evidence: 1)
elF4G-binding site for elF4E is in proximity to elF3e, 3c, and 3d, all of which are
located close to the exit site of MRNA channel®.67.119, More importantly, elF3d
is considered as an alternative cap-binding protein'?, implicating the similar
position of elF4E. 2) Cryo-EM structures showed that elF3 uses elF4F or the
HCV IRES in structurally similar ways to position the mRNA near the exit site of

the ribosome'2':98, 3) The 5’ end of mMRNA was found to interact with protein
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elF3a, elF3b, and elF3d instead of small ribosomal proteins (RPS) revealed by
cross-linking™22.

The major conflict between the ‘threading’ model and the ‘slot-in’ model
seems to be the presence of ‘blind spot’, as the ‘slot-in’ model is expected to
possess a ‘blind spot’ between the 5’ end and the decoding site (around 12nt
downstream). Yet the necessity of the ‘blind spot’ in ‘slot-in” model is debatable.
In theory, the lack of ‘blind spot’ can be explained with a potential non-linear
scanning mode of 43S PIC after the lateral attachment of mRNA. If the 43S PIC
can perform a bi-directional motion of scanning after the accommodation of
MRNA, a linear 5’ to 3’ inspection from the very 5’ end may not be necessary
for the recognition of AUGs in the upstream of the decoding site.

Recently, a third ‘dragging’ mechanism was proposed to reconcile most
of the current data'?®. This model entails 40S binding of the elF4F-mRNA
complex near the entry site, followed by a repositioning of elF4E or elF4F to the
exit site. During the repositioning process, mRBNA is dragged into the mRNA
channel with a base-by-base inspection from the 5’ end through the constant
interaction between elF4E and 5’cap. The small size of elF4E and the
interaction with elF4G through its dorsal surface'®® make the ‘dragging’
mechanism plausible, leaving little or no gap between the elF4E bound 5’ end
and the inspected portion of 5’UTR sequence by the decoding center. However,
the ability of elF4E to transverse the interface side of the small subunit has yet

been identified.
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1.3.3 Cap-independent attachment of 43S PIC

IRES-mediated initiation

Although most mRNAs primarily use the cap-dependent scanning
pathway, a certain amount of cellular mRBNAs use cis-acting RNA elements
called internal ribosome entry sites (IRES) structure to directly recruit the 40S
ribosome, bypass the necessary recognition of the m’G cap'. This cap-
independent mechanism has been identified in the translation of numerous viral
RNAs, and there is evidence showing that certain cellular mRNAs also contain
IRES elements'?®. Structurally related IRESs were categorized into different
classes based on the distinct mechanisms that depend on particular elFs for

ribosome recruitment27:128,

Scanning

Figure 1-6 Polio (Class I) IRES mediated cap-independent initiation.
The eIF4G (orange)-elF4A (red) complex recruits 43S complex to the Polio IRES independent of eIF4E, followed
by the scanning of downstream region by the PIC until the recognition of start codon. Most elFs, such as elF2
(purple), eIF3 (green), elF1 (teal) and eIF1A (pink) are involved in this process.

Class 1 (e. g., Poliovirus — Figure 1-6) and 2 (e. g., EMCV) IRESs found
in the 5’UTR of the viral RNAs in picornaviruses, require almost the entire set of
canonical translation initiation factors (excluding elF4E) for the ribosome

attachment'27.12%, Both class 1 and 2 require IRES trans-acting factors (ITAFs)

36



to stabilize the three-dimensional of conformation-specific IRES'30. Assisted by
ITAF, elF4G and elF4A recruit 43S PIC complex to the class 1 and 2 IRESs
without the involvement of elF4E13':132, Despite these similarities, class 1 and 2
IRESs differ in the secondary structure and ribosome attachment mechanism.
Mediated by the class 1 poliovirus IRES, the 43S PIC is initially recruited to a
‘cryptic’ AUG codon within the last second domain of the IRES structure,
followed by scanning through the downstream untranslated region (including
the last domain of the IRES structure) for start codon recognition?33134, |n the
case of the class 2 EMCV IRESs, the second of two closely spaced AUG codons
is selected by the 43S PIC immediately after ribosome loading without any
scanning process'. Initiation on Class 3 (e. g., HCV) IRESs involves their
direct binding to the 40S ribosomal subunit and positioning it to the initiation
start codon through a scanning-free process independent of elF4F, elF4B, elF1,
and elF1A121.136_To initiate translation, class 4 (e. g., CrPV) IRESs bind directly
to the 40S ribosomal subunit at the start codon with high affinity independent of
Met-tRNAMet or any initiation factor (including elF2)'37.138, The P-site is occupied
by an IRES pseudoknot domain, which mimics the tRNA structure and the
mRNA-tRNA codon-anticodon interaction'3%140.141 In summary, both class 1
and 2 IRESs need most canonical elFs and other ITAFs for translation initiation
to occur, which are not necessary for class 3 and 4. The scanning process is
only required for class 1 IRESs, while the other three classes of IRESs recruit

40S ribosomes to the AUG codons through scanning-free pathways. Despite a

37



rich knowledge of the biochemical characterization of each viral IRES class,
cellular IRESs show little structural similarities to each other, and their
underlying mechanism remains obscure'0:142, Moreover, a recent stringent test
has questioned the internal initiation capability of many cellular mRNAs
containing IRESs'#3. As most cellular IRES-containing mRNAs also bear m’G
cap and can be translated by the canonical initiation mechanism, the intriguing
question is how to switch between different modes of initiation for these IRES-

containing mRNAs.

mbA-mediated initiation

Another well-known cap-independent translation mechanism is mediated
by methylated adenosine residues in the form of Né-methyladenosines (m°®A) in
the 5" UTR44.145. m8A is the most abundant post-transcriptional modification in
eukaryotic mRNA146.147  Directed by its consensus sequence RRACH48149,
mOA is installed to the nascent mRNA by methyltransferase complex (m®A writer)
comprising a Methyltransferase Like 3 protein (METTL3), a Methyltransferase
Like 14 protein (METTL14), and a Wilms' tumor 1-associating protein (WTAP).
It was found that Fat mass and obesity-associated protein (FTO)'%0 and AlkB
homolog 5 (ALKBH5)'®! are responsible for the demethylation of m8A (mSA
eraser). mfA has a wide role in RNA biology, including RNA stability'?,
splicing™3, and RNA secondary structure’®. Cap-independent translation

initiation mediated by mfA was discovered recently’44145 as exemplified by the
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selective translation of heat shock-induced mRNA (e. g., Hsp70) in control of
the YTH N6é-Methyladenosine RNA Binding Protein 2 (YTHDF2; mPA reader)45.
Interestingly, the observations that m8A-mediated translation both occurs on
fully capped mRNAs and co-exists with elF4F-mediated cap-dependent
translation indicate that the presence of mfA enables mRNAs to undergo
different translational initiation models'5. In alignment with this notion, the
5’'UTR methylation in the form of m®A has been reported to not only promote
cap-independent translation under heat shock stress'#® but also regulate start
codon selections under amino acid starvation®®156. However, the mechanisms
whereby mfA modification facilitates PIC attachments or regulates TIS
selections by PIC remain unclear. elF3a has been suggested involved in m°A-
mediated translation initiation, as evidenced by its cross-linking with m8A and
by the overlapping between mfA peaks and elF3a Photoactivatable
Ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP)
data'#4. Other studies indicated that the ribosome scanning might be influenced
by méA-induced RNA-protein interactions or RNA structure formation which
impact on start codon selections'541%7, Given the critical role of m®A modification
in physiological processes and the participance of m®fA regulators in
pathogenesis?%8.151,159,160,161 - the molecular mechanism underlying the mPA-

mediated translation and its translational control merits further investigation.
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Circular RNA initiation

Covalently closed circular RNAs (circRNAs) were first discovered in the
1970s. Because of their non-linear conformation and the lack of both m’G cap
and polyadenylated tails, it has been suggested that translation of circRNAs
relies on a cap-independent manner. Although most endogenous circRNAs
were classified as non-coding RNAs (ncRNAs) which are not involved in
translation, recent studies have discovered that a small subset of peptides
aligned with the sequence of circRNAs corresponding proteins expressed in
human'®2, For example, the human circZNF609 was found to be translatable,
as evidenced by its association with translating polysomes’3. It was reported
that the translation of circRNAs is achieved via an IRES-mediated
mechanism164.165,166  |RES structures were embedded within circMbl and
circZNF609 to allow the cap-independent translation63.167, |In addition to IRESS,
m8A modification can also drive circRNA translation, as evidenced by the facts
that the translation efficiency was impaired in the absence of m8A demethylase
FTO and promoted by knockdown of the m®A methyltransferase complex
METTLS3 and/or 14168, Although the functions of the circRNA-encoded proteins
remain unknown, circRNA translation was altered in cells under stress
conditions. For instance, starvation resulted in increased circMbl translation6?,
and heat shock promoted GFP translation from the m8A-containing circRNA
plasmid'®8, Although only a small proportion of circRNAs are associated with

polysomes, circRNAs have been discovered to be key regulators that mediate
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many fundamental cellular processes'®. A better understanding of the role and
underlying mechanism of circRNAs translation will discover a hidden human
proteome and enhance us to appreciate the importance of circRNAs in human

diseases.

Poly (A) tract-mediated initiation

Although most viral RNAs translation are driven by IRES structures,
mMRNA translation in poxviruses must rely on other 5’ UTR features as no well-
defined IRES structures have been described. Poly (A) sequences, mostly 30-
40 nt long, were found immediately upstream of AUG codon in the 5’ leaders of
highly expressed mRNAs in poxviruses'’0. Translation of the poxvirus mRNAs
with a poly (A) tract was later shown to be independent of m’G cap as well as
some translation initiation factors such as elF4A, elF4F and elF3'71.172.173,
Intriguingly, the A-rich elements are also prevalent in a type of low structured
eukaryotic cellular IRESs, such as Drosophila hsp70'74 and yeast YMR181c. In
yeast, the poly (A) tract has been found to promote cap-independent IRES-
mediated mRNA translation via Pab1 and elF4G'7>. The opposite translational
dependence on elF4G from these studies suggest that the IRES-facilitating
activity of the internal poly (A) tract is different from the direct ribosome recruiting
ability of poly (A) leaders. In the future, more investigations are needed to fully
understand the potential role of poly (A) tract in alternative translation initiation

modes.
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1.3.4 Cap-dependent but elF4E-independent attachment of 43S PIC

elF3d-mediated initiation

A recent study discovered that elF3 could bind directly to the m’G cap
independent of elF4F via its elF3d subunit at the 5’ end of c-dJun mRNA. The
presence of a specific stem-loop structure within the c-Jun mRNA prevents the
recruitment of elF4F to the 5’ end and directly induces the ‘open’ state of elF3d
for its cap binding'?. In alignment with this elF3d: m’G interaction, evidence
from recent studies demonstrated the localization of elF3d near the mRNA exit
channel in the 40S ribosome'’¢ and its interaction with the upstream mRNA22,
However, there is a high likelihood that elF3d functions as an elF4E cap-binding
analog in an mRNA specific manner to promote translation upon allosteric

activation, exemplified by the elF3-binding site in the JUN 5'UTR120.

1.4 Ribosome Scanning

Once the 43S PIC loads onto the eukaryotic mRNAs, it follows the
scanning mechanism wherein the 43S PIC migrates on the leader (5’UTR) of
mRNAs and continuously inspects the initiation codon (AUG) using
complementarity with the anticodon of Met-tRNAMet, Regulation of translation
initiation in eukaryotic mRNAs is primarily conferred by their 5’ UTR features
including secondary structures, sequence elements, and length of 5’UTR.
Highly structured 5’UTRs have long been known to inhibit scanning; while

extremely short 5’UTRs, even without any structure, also dramatically decrease
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translation efficiency. Structures that impede threading of mRNA in single-
strand form through the 40S subunit are effectively unwound during scanning.
Intriguingly, even the scanning of 5’UTR containing weak secondary structures
requires the participation of ATP and elF4F groups including elF4A, elF4G, and
elF4B'7. Other RNA helicases, such as DHX29 and Ded1, have been
implicated in scanning on long and highly structured 5’'UTRs'78.179, Ribosome
attachment is achieved by interactions among mRNA-40S-elFs, whereas the
fate of each link during the transition from the PIC attachment to the PIC
scanning is unclear. In the scanning process, whether the m’G cap remains
attached to the PIC complex has been one of the most vigorous debates in the
field. While the widely-accepted classic model of ribosome scanning depicts a
5’ -> 3’ uni-directional motion of the PIC complex, a non-linear bi-directional
motion of the scanning ribosome has been proposed to account for the dynamic
nature of scanning ribosome. With above mentioned open questions, the
characterization of this highly dynamic process and the molecular mechanism

by which factors assist scanning require further investigation.
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1.4.1 Features of 5’UTR

1.4.1.1 5°'UTR length

In eukaryotes, the average
genome length of 5° UTR ranges from
~100 nt to ~200 nt in mammals180.181
and ~50 nt in yeast'®. However, the
5'UTR length varies considerably
among the transcripts in a genome,
ranging from a few base-pairs to several
thousand base-pairs'83. Around 0.25%-
0.35% mRNAs in human transcriptome

harbor 5’UTR shorter than 10nt (Figure
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Figure 1-7 Distribution of human 5’UTR

length.
Analysis is based on CAGE-seq data from cytosolic,
nuclear and total mRNASs across five human cell-lines.

1-7). It was thought that a minimal length of 20nt is required for efficient

recognition of a start codon by the ribosome'. Despite that, researchers

reported that mRNAs with a very short 5 UTR or no 5’'UTR (e, g,. leaderless)

present naturally in a number of primitive eukaryotes'85186.187  Also, people

found that 5’UTR containing only one nucleotide is able to initiate translation

using a mammalian in vitro system'. However, this discovery has not been

examined in mammalian cells because of the rarity of authentic leader

sequences shorter than ten nucleotides. With the development of deep

sequencing and other biochemical methods, detecting endogenous mRNAs

harboring 5’UTR in the range of 0 to 10 nt has become feasible'®. The key
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question is how the ribosome could effectively scan such short 5’UTR for
accurate start codon selection. This class of 5’UTR could involve a novel
translation initiation mode in mammalian cells. Recently, some studies have
reported a mechanism by which mRNA with short 5’UTR (~12nt) is translatable.
It showed this translation mode is independent of scanning but relies on a
restricted consensus sequence for start codon recognition'®. (Further
discussed in section 1.4.6) However, it remains to be elucidated how mRNAs
with 5’UTR in the range of 1 to 10 nucleotides without a conserved sequence

are translated in vivo.

1.4.1.2 Sequence elements

Kozak sequence

Discovered by Kozak, consensus particular sequences flanking the AUG
enhance AUG selection by the scanning 43S PIC, which is known as the Kozak
sequence. A ‘strong’ Kozak consensus sequence is gccRccAUGG, in which the
start AUG is surrounded by highly conserved nucleotides (uppercase letters
indicate highly conserved nucleotides; lowercase letters indicate less conserved
nucleotides; R indicates a purine nucleotide) '9'. This consensus sequence
gccRccAUGG is later validated in vertebrates'®2. The consensus sequence is
WAMAAMAUGUCY (W: A/U; M: A/C; Y: Pyrimidine ) in yeast’®, and
AMAAUGGC in higher plants™!. These sequences were derived from a

compilation of relatively abundant, well-translated mRNA. The variations on
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consensus sequences may be related to the availability or the abundance of
initiation factors in different species. In human, mutations in the Kozak context
have the potential to disrupt protein translation levels and impact health94.195,
For example, several nucleotide context mutations are associated with
tumorigenesis’®®. A recent high-throughput sequencing experiment indicated
that -3 and the +4 positions are critical in determining TIS efficiency, while the
-2, -4, and +5 positions tend are auxiliary'®”.197 Despite its important roles in
TIS selection, a large-scale analysis of human mRNAs indicates that only 38%
of mMRNAs contain an annotated start codon in the optimal Kozak context. Of
the remaining mRNAs, 52% and 10% are in suboptimal and non-optimal Kozak
contexts, respectively, suggesting lower translation efficiencies of these
mRNAs'98, Currently, it is unclear whether the translation of these suboptimal
MRNAs undergoes a leaky scanning of the annotated AUG or follows less-

stringent context criteria.

Upstream open reading frames (UORFs)

About 45-50% of mammalian genes (but only ~ 13% of yeast genes)
encode mRNAs that have at least one short uORF (typically < 30 codons)
upstream of the main coding region'99.200.201 - Ribosome profiling experiments
uncovered widespread translation at many of these uORFs2%2, In some cases,
uORFs are involved in translational control of annotated ORF. The best-

characterized example is the Activating Transcription Factor 4 (ATF4) in
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mammals (GCN4 mRNA in yeast). Different from the main ORF translation
which is inhibited by uORFs (mainly by uORF2 translation) under normal
conditions, ATF4 expression is stimulated by 5-fold upon elF2a
phosphorylation?%3204 The stimulatory effect is explained by the particular
UORF configuration, including a very short upstream uORF1 and a longer
UORF2 overlapping the ATF4 (or GCN2) ORF. (Mechanistic details are further
discussed in Section 1.4.6.) A short uUORF has also been suggested to stall the
cap-recruited ribosome that enhances the downstream I|IRES-mediated
translation2%, Examples include the uORFs upstream of amino acid transporter
cationic 1 (CAT1, also called SLC7A1)206:207 and fibroblast growth factor 9
(FGF9)2%8, Despite these regulatory effects of UORFs, a recent computational
study based on ribosome profiling data examined the relationship between the
features of 5’'UTR and annotated ORF translation efficiency (TE), and
concluded that uORFs are generally repressive but only minor determinants of
global annotated ORF translation, while the sequence variation in 5’ leader at

individual genes may mainly contribute to the expression level?®.

5’ terminal oligopyrimidine (5’ TOP motif)

The 5TOP motif is a cis-regulatory RNA element located immediately
downstream of the m’G cap of TOP mRNAs that are essential for ribosome
biogenesis?'°. Comprising an invariant 5’-cytidine followed by an uninterrupted

tract of 4—14 pyrimidine nucleotides, 5 UTRs of TOP mRNAs are relatively
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short (40nt on average), and free from stable secondary structures and
uORFs?'!, Currently, there are 97 widely accepted TOP mRNAs in higher
eukaryotes, which encode mostly translation factors and nearly all ribosomal
proteins (RP)%'2. However, a large-scale analyses of mRNA 5’ sequences
hinted that thousands of mMRNAs may encode TOP sequences?'s. Previous
genome-wide studies revealed that the mRNA subsets highly sensitive to the
mammalian target of rapamycin complex 1 (mTORC1) signaling consist almost
entirely of transcripts with 5’TOP elements?4215, In response to nutrients, the
activated mTORC1 signaling boosts the production of components of the
translation machinery encoded by TOP mRNAs?12216_ e|lF4E, and its repressor
proteins, 4E-BP1 and 4E-BP2, have been implicated in the control of TOP
mRNA translation downstream of mTORC1214215, Most recent findings
indicated that the RNA-binding protein La-related protein 1 (LARP1) may play a
central role in mediating translation of 5TOP mRNAs downstream of
mTORC1217.218 |t has been proposed that, upon mMTORCH1 inhibition, LARP1
dissociates from mTORC1 and binds to the 5’TOP motif of TOP mRNAs to
inhibit the translation?'”. Both crystallography and biochemical analyses
revealed that the LARP1-unique domain DM15 specifically binds to the m’G cap
and the invariant first cytidine of TOP mRNAs to prevent the binding of elF4E to
the m’G cap and block the assembly of the elF4F complex on TOP mRNAs?2'9,
A recent crystallography study confirmed that the DM15 pocket of LARP1

involves in TOP-specific m’GpppC-motif recognition and demonstrated that this
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DM15 region can serve as a future pharmacological target??°. In addition to its
translational control on TOP mRNA, LARP1 has been suggested to mediate the
stability of TOP mRNAs through its association with poly (A) tail via PABP1221.222,
Future studies are required for a deeper understanding of the translational
control of transcripts with 5 TOP elements and the cellular biology of ribosome

biogenesis.

Other 5’ UTR elements

Besides the consensus sequence flanking start codons, uORFs, and 5’
TOP elements, other 5’UTR elements have also been implicated in the control
of translation initiation. For example, the poly (A) tract in 5’ leader region has
been proposed to induce cap-independent translation (Discussed in Section
1.3.3); The Translation Initiator of Short 5'UTR (TISU) motif was found to induce
the cap-dependent scanning-free translation (Discussed in Section 71.4.6); RNA
modification motifs, like RRACH which induces m®A modifications (Discussed
in Section 1.3.3), play critical roles in the regulation of translation initiation. With
the accumulating knowledge of these 5' UTR elements, we can expect a better

understanding of the diverse mechanisms of translation initiation in eukaryotes.

1.4.1.3 Secondary structures

With the intrinsic propensity to fold and form a higher-order structure

quickly and dynamically, mRNA displays a second layer of structural information
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specified by the sequence. Secondary structures in the 5’UTR affect the
frequency of translation initiation and participate in the regulation of protein
synthesis. Primarily in bacteria, RNA secondary structures in the 5’UTR direct
multiple functions, including shaping the initiation region (around initiation codon
and Shine-Dalgarno sequence), modulating bacterial metabolism through
riboswitches and serving as the interacting sites for various RNA-binding
proteins (RBPs). While in eukaryotes, structures in the 5’UTR tend to play an
inhibitory role in mRNA translation by blocking ribosome loading or impeding
the ribosome scanning process. One example is the iron-responsive element
(IRE)?2® which represses 43S PIC associating with iron homeostasis related
mRNAs (e, g,. ferritin and ferroportin) by binding iron-regulatory protein 1 (IRP1)
or IRP2 in low-iron conditions?24225.226, However, there are also a few cases
where stem-loop structures activate translation by directly binding to elF3 and
recruiting ribosome while bypassing the 5’ cap of cellular mMRNAs227,
Parameters such as GC content and negative folding free energy (AG)
for modeling RNA secondary structures have been used to predict the intricate
RNA base-pairing patterns. Whereas, it has difficulty in processing long RNA
sequences and predicting distant interactions or complex structures. Recently,
by integrating the deep-sequencing and experimental RNA structure probing
methodologies, researchers were able to identify genome-wide structural
patterns and motifs in coding and non-coding regions of transcripts from various

organisms??®. Studies of high-throughput selective 2’-hydroxyl acylation
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analyzed by primer extension (SHAPE)??°, parallel analysis of RNA structures
(PARS)230.231  ds/ssRNA-seq?32233, DMS-seg?** and  Structure-seqg?®
experiments revealed that the relative structural contents vary among 5’'UTR,
CDS, and 3’UTR in different organisms. Both 5’UTR and 3’'UTR are associated
with an increased level of RNA secondary structures than CDS in HIV,
Drosophila, C.elegans, and human mRNAs. In contrast, the opposite results
were obtained for yeast and Arabidopsis, which explained why translation is 90%
inhibited by structures with low stability (AG >-20 kcal mol') in yeast?362%_ |t is
not quite clear whether the observed difference in structural pattern among
eukaryotes is due to characteristics defined by species or technology issues.
Nevertheless, for all eukaryotic species, a significant decrease in mRNA
secondary structure contents around the initiation codon has been universally
observed?30231,235.238 (Figure 1-8). And all these genome-wide studies show that

mRNA structures in 5’UTR exert a significant translational effect on gene

expression.
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Figure 1-8 Landscape of RNA structure across the human RNA transcriptome.

PARS score (renatured transcripts; native transcripts) and GC content across the 5’UTR, CDS and 3’UTR, averaged
across all transcripts, aligned by translational start and stop sites.

Figure is modified from Wan et al., 2014
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Secondary structures - Hairpins (Stem loops)

Based on the current knowledge, increasing predicted mRNA thermal
stability leads to a decrease in translation efficiency. In vitro studies by Kozak
et al demonstrated that hairpins with the predicted thermal stability of -30
kcal/mol did not affect mRNA translation, while those of -50 kcal/mol reduced
translation by 85%-95%72%. It was later adjusted to the range from -25 kcal/mol
to -35 kcal/mol where the translation efficiency falls off dramatically by a
systematic in vivo study?¥°. Besides the thermal stability, following studies
showed that hairpin position is another critical factor on translation efficiency. 1)
Translation efficiency decreased dramatically as the distance between the m’G
cap and stem-loop reduced to several nucleotides. Structures with low stability
reduced translation when it was placed 12nt from the cap?*'. Later studies
confirmed this phenomenon by showing that the cap-proximal hairpins had the
greatest inhibitory effects on translation when placed within the first 16nt of the
5'UTR in live cells?*. Cross-linking studies reported that stem-loop positioned
immediately adjacent to the cap within 6nt downstream impairs elF4E’s ability
to interact with the cap?*2. 2) Stem-loops in 5’UTR close to the initiation codon
can block scanning, although the inhibitory potential of a the cap-proximal stem-
loop is greater than those in positions close to the AUG in the eukaryotic
systems?36:241,243.244 Gonsistently, several structurome studies in both yeast and
human revealed a negative correlation between the density of structures at the

proximal upstream region of the initiation site and the ribosome density
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throughout the transcripts?3%-245, 3) In contrast, when located downstream of,
and in proximity to, an initiation codon, a hairpin can increase utilization of the
initiation codon by slowing 40S migration and allowing increased codon
sampling time?239246_ A transcriptome-wide in silico analysis study of human and
mouse mRNAs reported that the third position of the start codon (G) tends to
reside in local structures while the first two (A and U) tend to remain
unpaired?*3247_ In summary, both the stability and the position of hairpin

structures affect initiation and mRNA translation in eukaryotes.

Secondary structures - Antisense oligonucleotides (ASOs)

In the past decades, extensive studies to develop and exploit antisense
technologies have been conducted. ASOs are synthetic single strands of 16—
20 nucleotides and engineered to regulate mRNA and protein expression with
nucleotide specificity through several distinct mechanisms. ASOs act on RNA
to modulate splicing, elicit degradation of the mRNAs, and regulate translation
through highly specific hybridization to a target RNA. ASOs are chemically
modified with increased binding affinity to single-strand RNA, stronger nuclease
resistance, and enhanced pharmacological properties. Importantly, several
ASO technology-based drugs have been approved by the FDA?*8, such as the
treatment for homozygous familial hypercholesterolemia and transthyretin

amyloidosis?49:250,
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Despite a substantial knowledge of the ASOs from the perspectives of
synthetic chemistry, pharmacologic, pharmacokinetic, and toxicologic
properties, a clear understanding of the basic mechanisms of each type of ASOs
remains lacking. For example, morpholinos as one group of ASOs can bind to
RNA with high affinity and have limited interaction with proteins. They are
designed to bind the sequence in the 5’UTR of the transcripts and sterically
block the translation initiation without affecting the mRNA stability. The
advantage of this method is that it inhibits the mRNA translation without inducing
MRNA degradation pathway or influencing RNA processing. However, recent
studies show that using ASOs targeting different regions or elements in the
5’UTR could exhibit opposite effects. Several studies reported that binding the
ASOs to the 5’ cap proximal region blocked the interaction of 40S to the mRNA
and to prevented the formation of the PIC25'. In alignment with this, the inhibitory
effects of ASOs reduce dramatically as target sites are moved downstream
within the 5> UTR. It has been reported that the ASOs targeting the region
containing AUG show more inhibitory effects than those targeting the upstream
or downstream regions of the AUG?252253, These observations suggested that
ASOs might have similar effects on mRNA translation as the hairpins.
Interestingly, recent studies demonstrated that the ASOs increase the
translation efficiency by targeting the inhibitory elements in 5’UTR, like uORF or
structured region254255.256.257 " |n conclusion, the activities of the ASOs in

modulating translation are position/sequence-dependent.
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Secondary structures - unwinding or bypassing

The intriguing question is how a scanning PIC navigates through regions
of the mRNA that contain secondary structures. Since the canonical scanning
requires ATP258, the energy is speculated to be consumed by the ATP-
dependent DEAD/H-box RNA helicases to overcome the structural impediments.
Three RNA helicases, elF4A, DHX29. and DDX3, have been shown to unfold

and rearrange the secondary structures in the mRNA leaders. Their functions

in translation initiation are not redundant as @
f ¥
AUG

they might be specialized for certain types © 1,

or locations of mRNA structures'78.:60, The
c@'
rate of cap-binding reduced significantly if

l +ATP
the interaction between elF4E and the cap (46 )

is sterically hindered by the cap-proximal

Figure 1-9 elF4A remodels the cap-

structures?5%-260 (Figure 1-9). To enable PIC proximal secondary structures.
elF4A (red) in the complex with eIF4G (yellow)

. . . and elF4E (blue) associates 5’end of mRNA and
loading, elF4A unwinds the 5 proximal ynwinds the cap-proximal secondary structures

stimulated by ATP.
secondary structure with the assistance of elF4B/elF4H%%'. However, elF4F,
elF4A, and elF4B function poorly in the mammalian system to stimulate
scanning through strong SLs of —19 kcal/mol or less'22262, DHX29 and the yeast
homolog of DDX3 (Ded1) were suggested to stimulate scanning through highly
structured regions (-30 kcal/mol or less) distal from the cap78262,263,179,264 Rijho-

seq data in yeast Ded1 and elF4A mutants revealed that Ded1-hyperdependent

genes tend to have long and structured 5’'UTR, whereas elF4A contributes more
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equally to the translation of all mMRNAs regardless of the degree of structures?.
Consistently, mammalian homolog DDX3 depletion reduced the expression of
mRNA with highly structured 5’'UTR2%6. A recent study reported that the
mammalian DDX3 cooperates with elF4A in destabilizing cap-proximal SL
before PIC attachment?%”. The synergistic action taken by Ded1 and elF4A was
also confirmed by both unwinding assay?6826° and the Atomic Force Microscopy
(AFM)27°, Characterization of each RNA helicase and their abilities in unwinding
the secondary structures are further discussed in Section 1.4.3.

Although it is generally accepted that RNA structures with moderate
stability are destabilized before entering the mRNA cleft of the 40S subunit,
several studies reported the intact stem could be ‘bypassed’ by the scanning
PIC or to some extent penetrates the mRNA-binding cleft. In the absence of
DHX29, 48S complexes form on AUG triplets immediately preceding stable
stems without unwinding, characterized by aberrant toe-printing +11-12 nt
downstream of the stem?2%2, Another study demonstrated that ribosomes could
efficiently bypass a stable double-stranded RNA bridge without melting the
structure?’!. This concept of bypass is similar to the mechanism of ribosome
shunting in a way that the encoding RNA signals direct the ribosome to
bypass/shunt sections of the 5" UTR, including highly structured regions and
short uUORFs, on its way to the AUG start codon. Ribosome shunting was first
described in the Cauliflower mosaic virus gene?’? and was later reported in

several cellular mBNAs. Two of the few examples of this mechanism in the
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cellular mRNAs are B-secretase enzyme1 and cellular inhibitor of apoptosis 2,
both of which are efficiently translated while containing multiple upstream AUGs
(uUAUGs) and strong secondary structured regions in 5’UTR?73274, The efficient
bypassing of stable stems, leading to formation of 48S complexes on AUGs
immediately upstream and downstream of the stems, was promoted by elF4
groups of factors while suppressed by DHX29 and elF1262, Therefore, it was
proposed that DHX29, like elF1, can structurally remodel the PIC (entry site),
rather than directly removing the secondary structures??. The ‘bypassing’ or
‘shunting’ model of the eukaryotic ribosome is still controversial?75276, and the
mechanistic details of the stem ‘bypassing’ or ‘shunting’ by the ribosome in

eukaryotic 5’UTR is beyond the comprehension.

1.4.2 Scanning-competent PIC

During the transit period of mMRNA accommodation into the entry channel
of the 43S PIC, the complex undergoes a conformational change to get ready
for TC binding, PIC scanning, and start codon selection. Induced by elF1 and
elF1A, PIC adopts a scanning-competent conformation in which it opens the
mRNA binding channel for mMRNA accommodation?’7:177.278.94 The omission of
elF1A reduces the intrinsic scanning ability of 43S complexes, whereas the
absence of elF1 almost abrogates it'”’. Importantly, elF1 antagonizes the
conformational changes (from ‘open’ to ‘close’) of the 40S subunit which occur

upon the codon-anticodon base-pairing. Another function of elF1 during
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scanning is to discriminate non-AUG triplets and AUG triplets in a suboptimal
context!77,279.280 Recent structural studies using cryo-EM revealed that the open
(scanning-competent) conformation of the 40S subunit relies on the participants
of elF3, elF5, and elF2. The interaction between the N-terminal tail of elF1A
(elF1A-NTT) and the C-terminal of elF5 (elF5-CTD) strengthens binding
between elF1 and elF5 which retains elF1 in the 43S PIC?8', Disruption of this
interaction leads to the release of elF1 and a shift of PIC from the scanning-
competent state to the scanning-incompetent state upon AUG
recognition?81.28271 . NMR and complementary binding assay revealed that the
N-terminal of elF3c strengthened the interactions of elF1 interactions with elF5
and 43S PIC to modulate the conformational change of PIC during scanning
and upon AUG recognition?83, A recent study using co-immunoprecipitation (Co-
IP) and mutation analysis reported that elF4E indirectly interacts with the elF1-
binding site of elF4G, suggesting the competitive natures of elF4E and elF1 for
elF4G binding. This finding underlined the rearrangement of 43S PIC from the
cap-binding mode to the scanning mode during the canonical scanning-
dependent initiation?®*. Intriguingly, in the open conformation of the PIC, Met-
tRNAMet in complex of TC is not fully engaged in the P-site until recognition of
AUG, which triggers the transition to the closed conformation with Met-tRNAMet
fully accommodated in the P-site?85286, Moreover, it has been proposed that TC
is not absolutely required for mRNA recruitment or PIC scanning, especially

when TC availability is reduced in response to stress or stimuli®87:288_ Even so,
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the recruitment of TC to the 43S PIC was found to stabilize the open
conformation of PIC through the interplay between elF2B3-NTT with elF1'12,
Additional work is required to understand the dynamic conformational
rearrangement of PIC throughout the scanning process, from mRNA attachment

up to the AUG recognition.

1.4.3 RNA helicases in scanning

During the initiation phase, the scanning 40S small subunit of the
ribosome travels along the 5 UTR until it finds the start codon, where the 60S
large subunit is recruited to commence the elongation. The majority of
translation regulation occurs during the initiation step which is controlled by
initiation factors and affected by various mRNA structures. Structurally, the m’G
cap of most mammalian mRNAs greatly increases the efficiency of translation
initiation?®®, while hairpins and other secondary structures could impair
translation®%, In particular, stem-loops near the 5 end of the cap inhibit
translation initiation by preventing the association of 40S ribosomes?*'. While,
equally stable stem-loops 50 to 60 nt downstream of the cap exhibited much
less inhibitory effects on the scanning of the 40S ribosome?%°, suggesting that
helicases within the 40S small subunit are able to unwind the stable stems and
access start codons within the structures®®. This highlights the importance of
RNA helicases in PIC scanning during the translation initiation. The DEAD and

DExH box helicases involved in translation initiation unwind long duplexes in a
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non-processive manner 291.292.293,294 Their helicase activity is mediated by RNA
binding in the presence of ATP, followed by ATP hydrolysis, and the cycles of
release and rebinding. elF4A and DHX29 are the two best-studied DEAD and

DExH box RNA helicases involved in mammalian translation initiation.

1.4.3.1 elF4A

elF4A - Overview

elF4A (DDX2) is a DEAD-box protein (contains Asp-Glu-Ala-Asp
sequence in conserved motifs) that consists of two conserved helicase core
domains, called RecA-like domains®®. These two domains of elF4A form a
‘clamp’-like structure which switches from inactive ‘open’ conformation to active

elF4G-m 4 "“ @, 1 y . .
' é\x_( ’*} closed’ conformation on transcripts upon the

presence of ligand ATP2%6 (Figure 1-10). As it
recapitulates the characteristic properties of
DEAD-box protein, elF4A exhibits RNA-

ﬁ"}i stimulated ATPase activity and an ATP-

dependent RNA unwinding activity?®’. As the

Figure 1-10 Structural models of naradigm of DEAD-box protein, elF4A is a non-
elF4A upon RNA and ATP
binding.

Figure from Oberer, Marintchev, &
Wagner, 2005

processive RNA helicase which on its own only
unwinds local secondary structure by binding to
the duplex region and destabilizing the secondary structure instead of

translocating along RNA molecules?92.293,
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elF4A has three isoforms in mammalian cells: elF4A1, elF4A2, and
elF4A3. elF4A1 and elF4A2 are involved in translation initiation'® and share
91% similarity at the protein level. Although they are interchangeable in the
elF4F complex?%8 and exhibit similar biochemical activities?®, they do not have
identical functions in the translation initiation process.300301 Notably, elF4A1 is
more abundant as it is predominantly produced under normal, whereas
synthesis of elF4A2 is induced during growth arrest3??. elF4A3 is only 65%
identical to elF4A1 and elF4A2, yet it is absent in the yeast genome. elF4A1
and elF4A2 mainly exist in the cytoplasm to participate in translation initiation3°3,
while elF4A3 localizes in both the nucleus and cytoplasm to function in other
processes such as mRNA decay3043%5 and exon junction complex after
splicing3%. elF4AS3 also failed to substitute for elF4A1 in translation and thus is

not likely to be involved in the control of initiation304.307,

elF4A1 — Potential roles in the initiation

elF4A1 is the most abundant initiation factor in mammalian cells. More
than 90% of elF4A1 exist in a free form (elF4Af)3%, The remaining 10% of
elF4A1 are part of the elF4F complex (elF4Ac)>3. As one of the key components
of the elF4F complex, which facilitates the association of 40S ribosomes and
mRNAs, elF4A1 was suggested to remodel the cap proximal secondary
structure via its helicase activity''s. However, other researchers argued that

elF4A1 facilitates ribosome attachment by recruiting additional helicases like
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DDX3 instead of directly destabilizing the 5’ proximal structures?8. The ATPase
and helicase activity of individual elF4A1 is low, like other non-processive
DEAD-box helicases®®. In the presence of its accessory factor
elF4B/elF4H/elF4G or in the complex of elF4F, its ATPase and helicase
activities were dramatically enhanced. The HEAT-1/MIF4G domain of elF4G
binds both RecA domains of elF4A1 to induce a ‘closed’ active conformation
and stimulates its ATP hydrolysis and RNA binding activity3®®. elF4B/4H-
mediates stimulation of elF4A activities likely by a similar mechanism310.:69.58 _|n
contrast, the antioncogene Pdcd4 inhibits elF4A activities by binding to both
RecA domains in an ‘open’ inactive conformation3'!, as well as competing with
elF4G and RNA binding for elF4A3'2, In addition to directly promoting the
activities of elF4A, elF4B/elF4H/elFAG each has at least one RNA-binding site,
which increases the elF4A affinity for RNA313. While elF4G bias RNA unwinding
activity of elF4F toward duplexes with 5’ overhang®'4, elF4H directed elF4A to
the loop region within the stem-loops rather than to the single-stranded
overhangs revealed by sm-FRET?315. These observations suggest that the
accessory factors likely provide the substrate specificity for elF4A. Last but not
least, the elF4A accessory factors could modulate elF4A activities in response
to different signaling pathways. Phosphoinositide 3-kinase (PI3K)-mTOR
signaling pathway promotes the assembly of the elF4F complex by increasing
the availability of elF4E for elF4G binding3'® which stimulates elF4A helicase

activity®'”. elF4B is another downstream effector of major signaling pathways
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that control translation initiation such as PI3BK/mTOR and mitogen-activated
protein kinase (MARK) signaling pathway3'8. Induced S6 kinase phosphorylates
Ser406 and Ser422 on elF4B which promotes its interaction with elF4A and
elF331°9318320. However, the absence of elF4H and the second elF4A binding
site on elF4G®¢, as well as the dispensability of the elF4B RRM domain in
yeast3?!| suggest that their accessory function might be either dispensable or
supplied by other factors. Despite a significant enhancement on its activity,
elF4F/elF4A/elF4B still shows limited capability in unwinding stem loops3?? (free
energy of -19 kcal/mol in vivo'?? and -30 kcal/mol in vitro) and promotes initiation
of mMRNA with relatively short and unstructured 5’UTR.323324177 A single-
molecule assay reported that elF4A displays processivity in the presence of
elF4G and elF4H/elF4B which rendered elF4A the capability of unwinding
structures of -150 kcal/mol®®. The discrepancy in the unwinding activity of elF4A
might be due to different unwinding systems. For example, in the absence of
elF4E or the initiation complex, the binding site of elF4A on the mRNA will not
be limited. Nevertheless, the processivity mechanism used by elF4A is still
unclear.

Based on the observation that elF4A1, in conjunction with elF4B or 4H,
unwinds RNA duplexes of either orientation (5’ -> 3’ or 3’ -> 5’) with similar
rates?61.297  e|F4A1 is reported to act as a ‘bidirectional helicase?®?%326, Of note,
the elF4F complex preferentially unwinds RNA duplexes with 5-overhangs

facilitated by RNA binding domain of elF4G3'4. However, all of these studies
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examined the unwinding directionality of elF4A in the in vitro systems. Whether
elF4A exhibits ‘bi-directional’ unwinding in vivo and, even more intriguingly,
whether its capability of ‘bi-directional’ unwinding impacts the directionality of
the 40S ribosome migration on 5’UTR remain unknown.

In addition to its role in RNA unwinding, elF4A has been recently
proposed to promote ribosome loading onto mRNAs in universal initiation
independent of unwinding activity. Both biochemistry assays and genomic-wide
analysis revealed that elF4A is required for mRNA recruitment by all mRNAs
regardless of the structural complexity of the 5’UTR in yeast 5960, A recent study
showed that the elF4A: ATP binding status modulates the PIC attachment by
altering the association between elF3j and the 43S PIC in the mRNA channel®?’.
The elF4A accessory factor, elF4B, has been suggested to stimulate ribosome
attachment to the mRNA as well3?8. In sum, beyond the established functions of
its ATPase and helicase activity, the non-conventional roles of elF4A in the

regulation of translation initiation need further exploration.

elF4A - Localization

Localization of elF4A1 relative to 43S PIC is under debate whether it
locates at the leading edge or the trailing edge of the 40S subunit. Based on the
Cryo-EM reconstruction, the possible location of elF4G near the mRNA exit
channel implied that elF4A in complex with elF4F is positioned near the E-site

rather than the P-site®8. Evidence from the crystal structure of human elF4E
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bound to human elF4G also postulated that the elF4F complex is located near
the SSU platform, close to its E-site'?*. elF4B was found at the ‘head’ on the
solvent side of the 40S, close to the E-site in yeast by hydroxyl radical
mapping®?! Another cryo-EM study revealed that elF3d, a potent m’G cap-
binding factor like elF4E, resides around the mRNA exit site, suggesting the
position of elF4F is toward the trailing edge of the 40S subunit®?°. Consistently,
cross-linking of elF3d to mRNA showed that it interacts with outbound mRNA
and might participate in extending the exit portion of the mRNA channel'??. A
newly developed approach TCP-seq, which is advanced in detecting the
footprint distribution of small ribosomal subunits specifically, uncovered that the
additional regions covered by elFs attached to PIC are on the 5’ side of the 40S
ribosomes3°, This evidence indicated that elFs of large size, such as elF4G or
elF4F, interact with the outbound mRNAs and sit near the exit site of the PIC.
However, other studies showed evidence which is at apparent variance
with this notion and supported the location of elF4A near the mRNA entry site.
For example, cross-linking of highly structured incoming 5’UTR with associated
elFs revealed that elF4A potentially locates in the ES6S region (around the
entry site) of the 40S ribosome33'. Whereas, minimal elF4A1 was cross-linked
to unstructured 5’UTR in the same region33!, suggesting that the presence of
elF4A in the ES6S region is mRNA-specific but not universal. Another
supporting evidence came from the newly developed Ascorbate Peroxidase

(APEX) proximity proteomics which placed elF4A1 on the 3’ side of the PIC, as
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several elF4A1-proximal proteins are located near the mRBNA entry site3%,
However, the elF4A1-distal proteins identified in the same study, such as RPS2
and RPS3, were in the vicinity of the entry site as well3®2. Moreover, other
studies applied similar approaches suggested that elF4A might be able to
interact with both incoming and outbound mRNA. Proximity proteomics Biotin
Identification (BiolD) revealed that elF4A1 is in proximity to elF3 subunits
situated in both entry (elF3b and elF3I) and exit (elF3c) sites333. Based on the
results from biochemistry studies and the structure analysis of human elF4G,
elF4A could bind to human elF4G in two different binding sites, which allow

elF4A to be placed at both exit and entry sites of the mRNA channel334.

elF4A - Pharmacological targeting

Dysregulation of protein synthesis is considered as a hallmark of cancer
and linked to aberrant proliferation, survival, and angiogenesis. Malignant cells
exhibit augmented activity on most of the components in the translation
machinery. As the key enzymatic core of the elF4F complex, elF4A is one of
the targets for therapeutic strategies335336, The expression level of elF4A is
abnormally high in several malignancies, such as cervical cancer and
leukaemia337338, |t has been reported that elF4A helicase inhibitors can
selectively kill tumor cells, and were well tolerated in non-tumor bearing mice

without inducing appreciable toxicity33%:338, High-throughput screens have
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identified three natural products, Pateamine A, Hippuristanol, and Silvestrol
(one of Rocaglamide family), that selectively target elF4A340:341,342,

Hippuristanol is an allosteric inhibitor of elF4A. It binds to the C-terminal
of elF4A and inhibits RNA interaction by stabilizing elF4A in a closed inactive
conformation341.343:344 - Almost all the Hippu binding residues are present in
mammalian elF4A1/2 and the yeast elF4A homolog Tif1/2p but not among other
DEAD-Box helicase family members. elF4A1 and elF4A2 showed similar
sensitivities to Hippuristanol, whereas elF4A3 required ~10-fold higher
concentrations of compound to achieve equivalent inhibition, making it a
selective elF4A inhibitor343. Hippuristanol also inhibits elF4A by abolishing the
RNA-binding activity of both elF4As and elF4Ac344. As a consequence, it inhibits
elF4A helicase and ATPase activities without affecting the ATP-binding by
e|F4A341,343_

Pateamine A serves as chemical inducers of dimerization (CID) which
force engagement of elF4A and RNA, resulting in sequestration of elF4As from
elF4F complex340:345346 |t has been reported that inhibition of elF4G: elF4A
association by Pateamine A also lead to a reduction in elF4F formation and
impaired ribosome attachment on mRNA345, Despite a decreased elF4F level,
the enhanced RNA binding affinity of elF4Ac by Pateamine A causes a several-
fold increase in both ATP hydrolysis activity and helicase activity of elF4Ac34.
In terms of its specificity, Pateamine A has been reported to inhibit the

Nonsense-mediated mRNA decay (NMD) through elF4AS, suggesting it targets
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all three isoforms of elF4A under similar concentration. However, it is also likely
that the inhibiton of NMD was secondary to the induction of stress
granules (SGs) followed by disruption of elIF4A1 or arrested translation34’.

Silvestrol, one of the best-studied rocaglates, was first discovered from
the same high-throughput screen that identified Hippuristanol®2. In contrast to
Hippu that disrupts elF4A: RNA association, Rocaglates, like Pateamine A,
have been reported to stabilize RNA-bound elF4A, promote both ATP
hydrolysis activity and helicase activity of elF4A, and reduce elF4A availability
for elF4F complex342348, However, recent studies indicated that rocaglates
(specifically Rocaglamide A) impacts translation initiation by a different
mechanism where Rocaglamide A (RocA) bound elF4A clamps on the
polypurine motifs in the mMRNAs and blocks the scanning 43S PIC34%, Revealed
by the crystal structure of elF4A: RocA: RNA, C-ring in the rocaglate backbone
is important for elF4A binding, while the A- and B- rings determine the purine
selectivity of elF4A: RocA30. Early identified and characterized rocaglate-
resistant allele (F163L) in murine cells is consistent with this crystal structure,
where F163 was found to interact with C-ring 348350,

These three compounds have been characterized extensively as
inhibitors of elF4A. Currently, they are explored as potential chemotherapies,
and have all demonstrated preclinical efficacy3>'. The major features of each
compound are highlighted in Figure 1-11. A number of new small molecules

have been recently discovered as the alternative elF4A targeting modulators
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whose effects and biological mechanisms will be revealed with future
investigation3%2, Nevertheless, characterizations of these regulators targeting
elF4A and their different impacts on elF4A or translation initiation will provide
more insights to appreciate how elF4A mediates regulation of the translation

initiation.

/

elF4F complex 43S pre-initiation
complex

Figure 1-11 Mechanisms of three e[F4A1 regulators.

Hippuristanol (Hippu) binds to the C-terminal of eIF4A and specifically inhibits its RNA binding, ATPase and
helicase activity by inducing an inactive conformation. Pateamine A (PatA) stimulates RNA binding activity of free
elF4A (elF4Ar), leading to the sequestration of elF4Ar from the elF4F complex. Of the family of Rocaglates,
Rocaglamide A (RocA) clamps eIF4A on the polypurine sequences in the mRNAs, hereby blocking the ribosomal
scanning.

1.4.3.2 DHX29

DHX29 is a ubiquitously expressed cytoplasmic DEAH-box RNA helicase,
found in both yeast and mammals3®3. Different from elF4A, DHX29 not only
contains the conserved sequence Asp-Glu-Ala-His (DEAH), but also carries
multiple accessory domains with it to form a complex regulatory network3%4.
DHX29 plays a critical role in the PIC scanning during the translation initiation.

Silencing of DHX29 has shown reductions in global translation, cell proliferation
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and tumoregenesis®®3. Consistently, ribosome profiling studies have shown that
the absence of DHX29 caused dissociation of polysomes but an increase in the
80S monosome peak — ‘hallmarks’ of translation initiation inhibition3%3. Given its
major function in the initiation, DHX29 is mostly found in the 40S fraction3%3. It
has been reported that DHX29 protects 18S rRNA residues at the top of h16 in
40S from the chemical modification’®. A dsRNA binding motif in the DHX29
was found critical for its binding to the 43S PIC3%4. DHX29 also contacts elF3a
and elF3b, and these interactions are important for DHX29’s activity during
scanning®®. In agreement with these findings, the recent Cryo-EM analysis of
the 43S has found that DHX29 resides at the mRNA entry site3%¢ (Figure 1-12).
Both in vitro and in vivo
studies have demonstrated that
DHX29 is essential for the o4

translation initiation of mMmRNA

sequences with highly structured

5" UTRs'782633%3  Due to its ® @ ) © 408 subunit
' & @elF3core
h44 @ eIF3 peripheral domains
position along the leading edge of ® DHX29

® elF2-ternary complex

the mRNA channel, DHX29 was Figure 1-12 Mammalian 43S PIC with DHX29.

) Figure from Hashem et al., 2013
proposed to unwind the stable

stems before structured sequence threading into the mRNA channel. Similar as
elF4A, DHX29 alone is a non-processive RNA helicase which requires NTP

hydrolysis to function. Whereas, its direct association with the 40S ribosome,

70



but not RNA-binding, enhances its functionality by stimulating the processivity
and NTPase activity'78:3%4,

Recently, DHX29 was suggested to act through remodeling the 40S
ribosomal subunits instead of direct RNA unwinding to remove the incoming
stable structures. A cross-linking study found that DHX29 produces only weak
contacts with the mRNA, and the low efficiency of cross-linking between DHX29
and mRNA sequences suggested that mRNAs in the channel do not pass
through the helicase3%. The addition of DHX29 was found to dissemble the 48S
complex which either contains an intact stem in the A-site®®? or pre-assembles
on certain viral (CrPV- and CSFV-like HCV IRESs) IRESs'’8, indicating that
DHX29 could cause conformational changes in 40S subunits.

Beyond the general functions in RNA structure unwinding, DHX29 has
also been suggested to participate in the start codon selection from in vitro
systems. The addition of DHX29 to an in vitro system decreased the leaking
scanning of upstream AUGs, regardless of the sequence context3%”. In
conclusion, despite its role as a key translation initiation factor, the mechanisms
of how DHX29 promotes translation and the unwinding of stable stems remains

elusive.

1.4.4 Release of the cap from scanning 43S PIC

Several intriguing questions regarding the scanning process remain

debatable for decades. The answer to the question of whether m’G cap remains

71



attached to or disengages from the scanning 43S PIC is unclear. Two exclusive
models were proposed: ‘cap-tethered’ or ‘cap-severed.’” In the cap-tethered
model, the m’G cap at the 5’ end of the mRNA keeps in contact with the
scanning 43 PIC until initiation is completed. After the formation of the 80S, the
m’G cap, as well as other elFs, dissociate from the ribosome together. This
model was once favored for its simplicity as there would be no additional
mechanisms required to explain cap detachment from the scanning 43S PIC.
However, evidence implied that multiple 43S PIC could transverse single 5’UTR
at the same time indicated the interaction between cap and scanning ribosome
must be disrupted to allow multiple rounds of 43S PIC loading. For example,
reporter mRNAs with increasing 5’UTR length from 43 nt to 1770 nt showed a
similar rate of protein expression, suggesting a steady-state initiation
frequency'”®. An early in vitro biochemical study showed that edeine, a drug that
impairs start codon recognition and enables infinite scanning of PIC,
significantly induced sequence complexity of the 40S protected fragment,
indicating increased 40S binding to a single messenger under edeine
treatment3%®, A recently developed translation complex profile sequencing
(TCP-seq) method modified canonical ribosome profiling (Ribo-seq) by adding
formaldehyde cross-linking and a second round of sucrose gradient separation
to enrich footprints of small ribosomal subunit3>®, Correlation between 5’'UTR
length and 40S occupancy uncovered by TCP-seq showed no negative

correlation, consistent with the previous finding'”®. Moreover, the absence of
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footprint density near the 5’ end in the TCP-seq is another evidence against the
‘cap-tethered’ model in which a magnified ribosome dwell time at the cap
relative to other regions is expected to. Interestingly, TCP revealed a subset of
start-codon-associated footprints with extended 30nt length at their 5’ end,
suggesting the presence of queue-up 40S3%°. These observations of multiple
rounds of ribosome loading strongly favored the ‘cap-severed’ mode.

As the currently accepted model, ‘cap-severed’ scanning process
remained obscure in details such as the location of detachment. Whether cap
dissociated from 43S PIC by itself or in the form of cap-elF4E complex is
uncertain according to the current knowledge. The fast dissociation rate of
elF4E from the cap in vitro suggests that elF4E might be released the cap during
the scanning process3®. Biochemical observations supported this model by
showing the dramatically reduced cross-linking between m’G and elF4E at the
late stage of initiation''®. Another suggestive evidence is that replacement of
m’G cap with non-functional cap analogs impaired de novo initiation but not
ongoing translation3®'. Early studies showed that phosphorylation of elF4E
S209 by MNK1, a kinase binding to the elF4G CTD HEAT domain, decreases
elF4E’s affinity for the cap without affecting its binding to 4E-BP362:363  indicating
an MNK-mediated elF4E release from the cap. These results suggest that m’G
cap detaches from the scanning 43S PIC upon the complete accommodation of
MRNA, whereas elF4E remains bound to the ribosome and does not recycle as

efficiently as m’G does for multiple rounds of ribosome loading.
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1.4.5 Directionality of scanning

Another major open question regarding -

the mechanistic aspect of scanning concerns ,"" ' L5
3" entry

the directionality of PIC motion. The classic

model ribosome scanning model depicts a 5’

-> 3’ linear, base-by-base motion of PIC ()
complex. Consistent with this, an inverse V
40S
relationship between 5°UTR length and initial pigyre 1-13 Directionality of PIC
scanning.

translation rate was observed in cell Model of mRNA passing mRNA channel of
40S with A-, P- and E-sites highlighted. The

extracts'79364, The linear correlation between Zﬁgdﬁnfod?’hfoifﬁgiéni?aﬁ?cthililgtotﬁé
5°UTR respectively.

the scanning time and the 5’UTR length was demonstrated as the evidence of

unidirectional movement of scanning ribosome364. Also, where multiple AUGs

appear in an mRNA, the first AUG from the 5’ end will be chosen as the initiation

site365.366 suggesting a strong 5’-polarity in AUG recognition.

However, most of these observations demonstrated a net directionality
in the process but not the dynamics of the scanning. It has also been proposed
that the scanning process, rather than exclusively uni-directional, may consist
of forward (5’ to 3’) thrusts alternating with limited relaxation in the reverse
direction (Figure 1-13). The fact that initiation decisions involving two closely
spaced AUGs are not sequential with 5’ polarity due to a poor context sequence

suggests that ribosome scanning involves a net 5’ -> 3’ movement with small-

amplitude back-and-forth oscillations3¢”. In contrast to the classic scanning
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model depicting a linear base-by-base movement of the ribosome, the
oscillation model permits a non-linear bi-directional migration of the scanning
ribosome. Bidirectional scanning allows the start codon recognition within the
‘blind-spot’ in the scenario of ‘slot-in’ ribosome attachment (described in Section
1.4.4). In accordance with this, initiation efficiency at the 5’ proximal AUG is
reduced by the presence of a nearby downstream AUG3¢” in the cells.
Consistently, earlier in vitro studies demonstrated that the first AUG that resides
within 12 nucleotides downstream of the cap is less favored by the scanning
ribosome despite the favorable sequence context'84366, Although other studies
reported the opposite results supporting the classic uni-directional scanning368,
the non-linear scanning mechanism has been suggested in different modes of
initiation. Retrograde scanning of the 40S has been proposed in IRES
dependent initiation in Halastavi arva virus.3%%370 An early study has reported
that reinitiation ribosomes reach neighboring initiation codons by lateral
diffusion along the mRNA. This retrograde movement of the reinitiating
ribosome has a radius of action of more than 40 nucleotides in the eubacteria
system3”1, In the eukaryotic system, the bidirectional scanning has also been
documented for both post-terminating 80S ribosomes and recycled 40S during
translation reinitiation372373. Even though, whether the observed bidirectional
scanning is a rare event that happens in an mRNA-specific manner or a
ubiquitous action of ribosome that occurs during the canonical scanning process

remains unknown.
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A more profound question is how the net 5’ -> 3’ movement of the PIC is
achieved on untranslated regions of mMRNAs. The canonical translation initiation
requires ATP for both mRNA attachment®?” and the scanning process?8. As the
only ATP-binding and ATP-hydrolyzing initiation factors of PIC, the RNA
helicases involved in the initiation process (described in 1.4.3) have been
implicated in supplying energy for the migration of the PIC along the 5’UTR.
Both DHX29 and DDXS3 (or Ded1 in yeast) are found at the leading edge of the
40S ribosome and mainly function on the highly structured 5’UTR to destabilize
the structure of incoming MRNAs374329.178 = which promotes the forward
scanning motion of the ribosome. Given an uneven distribution of secondary
structure across the entire length of 5’ UTRs, it is unwise to assume the same
mechanism for all mRNAs, including those with unstructured 5’UTRs. Thus,
unwinding the incoming secondary structures by DHX29 or DDX3 ahead of the
ribosomes cannot be the only determinant of scanning directionality.

Compared to DHX29 and DDX3X, elF4A shows a limited capacity of
unwinding secondary structures®??. Intriguingly, as an RNA helicase with high
abundance in the cells®®, elF4A is indispensable for most endogenous
transcripts regardless of the degree of structures®?, indicating a more generic
role of elF4A in the translation initiation or scanning process. Therefore, it has
been suggested that elF4A is the key factor for the directionality of the general
scanning motion. Two potential roles of elF4A were proposed to explain the

directional scanning of PIC on 5’UTRs: 1. elF4A localizes in front of the 40S
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ribosome and stabilizes the incoming mRNAs through
association/unwinding/dissociation cycles®9876.377.331; 2 Repeated elF4A
binding to the outbound mRNAs near the exit site prevents the possible
backward (3’ -> 5’) movement of the 40S ribosome33498378 Both models
presume that elF4A guarantees the forward scanning of PIC on mRNAs. In line
with this mechanism, the studies on bidirectional scanning in the context of
IRES-mediated initiation and re-initiation reported that the presence of elF4F
complex represses retrograde scanning and imposes 5-> 3’ forward
scanning®6%:372, However, both studies applied the in vitro toe-printing assay,
which might be insufficient to reflect the scanning events in the cells where
elF4A is much more abundant and could exert disparate functions upon binding
to different factors. For example, elF4A bound by elF4B or 4H, but not elF4G,
can unwind RNA duplex in either direction at the same rate?6'.55. Moreover,
there is lack of solid evidence to support the assumption that elF4A would take
different actions based on its position relative to the 40S ribosome. Alternatively,
the possibility for elF4A to unwind secondary structure and stabilize single-
strand RNAs near the exit site of the 40S ribosome, or clamp on mRNAs like a
roadblock in front of the ribosome could not be eliminated. In either of these
cases, elF4A can block the forward scanning while promoting the backward
scanning of PIC on the mRNAs by itself or in conjunction with other binding

proteins, The observation that RocA treatment, which clamps elF4A onto
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polypurine sequences, inhibited 5’ -> 3’ scanning on the 5’UTR bearing
downstream polypurine motif is in consistence with this idea34°:3%0,

Overall, there is no absolute certainty on the molecular mechanism of the
scanning directionality. Both duplex separation and active mRNA binding might
occur on either side of the 40S ribosome during this highly dynamic process.
Mammalian 5’UTRs are longer and more structured, compared to yeast
5’'UTRs®7°, Let alone, the scanning ribosomes in mammals involve more factors
(elF3%9) and cofactors (elF4H38%), which could take additional actions (like a
second binding site for elF4A in elF4G® and elF4B dimerization389). The
identification of the determinants of scanning directionality is expected to be

much more complex in the higher eukaryotes.

1.4.6 Non-canonical scanning
Reinitiation

As described in Section 1.4.1.2, approximately 40% of eukaryotic
mRBNAs harbor upstream (u)ORFs'. Ribosome profiling experiments
uncovered widespread translation at many of these uORFs?2%2, In these cases,
the ribosomes show the ability to resume scanning following termination at
UORFs. Post-termination events at uORF stop codons probably proceed
conventionally, with the splitting of 80S ribosomes and the release of 60S
subunits and eRFs, while some 40S subunits could remain attached on the

mRNA and resume scanning. Although at this stage, 40S subunits are
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incompetent for start codon recognition due to lack of TC, they are capable of
scanning, during which a new TC can be acquired. This process is termed
reinitiation. This resumed scanning after translation termination in the absence
of TC in the first place has some difference in mechanistic details compared to
the canonical scanning. A subset of elFs have been suggested to be essential
for reinitiation. Reinitation at downstream ORF was found highly dependent on
the distance between the ORFs31. As TC availability probably determines how
far 40S subunits migrate before acquiring one, it has been suggested that a
minimal scanning time was required for TC recruitment before the downstream
AUG is encountered3®?, Therefore, elF2, which is responsible for delivering TC
to the scanning ribosomes, is considered as one of the most important
regulators of reinitiation. The principle of elF2-mediated reinitiation first
explained the translational control of yeast GCN4 mRNA (and mammalian ATF4
mRNAs) by multiple uORFs38. Interestingly, it was reported that reinitiation
efficiency is inversely correlated with the length of the uORF381. Also, stable
RNA secondary structures in the uORF negatively influenced reinitiation
potential as well®®4, These observations suggest that increased time taken by
the 80S ribosome to finish the translation of uUORF, due to either increased
length of UORFs or stable structures in the uORF, might ultimately lead to the
loss of reinitiation potential. Hence, resumption of scanning is restricted to
UORFs that are translated in a short period of time. This limitation could be best

explained by the high dependence of reinitiation on the elFs, which remain
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attached to the post-termination ribosomes. Therefore, elFs, which stay with the
ribosome for a very short period of time following the start of elongation, were
implicated in the reinitiation process3®®. To date, it is unclear when elF3 and
elF4 group factors dissociate from the ribosomes. It has been suggested that
elF3 (maybe together with elF4G) might remain attached to the elongating
ribosomes for some time, which could be an alternative mechanism to explain

the reinitiation after short uUORFg99.386,

Leaky Scanning

Although for some cellular transcripts with at least one uORFs, annotated
AUG codons are recognized by the reinitiation mechanism, other annotated
AUG codons are reached by the scanning ribosomes via bypassing the uAUGs.
This is called leaky scanning. Different from the canonical scanning mechanism
whereby ribosomes will initiate at the first AUG codon, leaky scanning results in
bypassing the first AUG while selecting a start codon farther downstream. Since
the transition from the scanning-competent mode into the arrested mode at the
start codon must be a relatively fast process to be compatible with scanning
speeds of ~10 nt/s179:364 sequence context adjacent to the start codon was
thought to affect the speed of scanning. In alignment with this notion, leaky
scanning was first reported based on the observation that an upstream start
codon within a ‘weak’ Kozak sequence context is unfavored and skipped by the

scanning ribosome. Recently, the crystal structures of 48S PIC revealed that
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the interaction between elF1A with the nucleotide next to the P-site (+4 position)
is likely to contribute the pausing during scanning3®’. elF2a interactions with
nucleotides in positions -2, -3 were thought to be critical for the start codon
recognition®7938_ These findings suggest that signals from the sequence
context slow down the scanning ribosome’s speed via interactions with elFs.
Notably, sequence context is not the only determinant of leaky scanning, as 5’
proximal AUGs that deviate sufficiently from the optimum context can be
bypassed in the event of leaky scanning. As one of the key determinants of the
start codon recognition, initiation factors have been implicated in the regulation
of leaky scanning. elF1 and elF1A were shown to promote leaky scanning by
stabilizing ‘open’, scanning-competent conformation of the ribosome®-.
Accordingly, a genome-wide analysis observed that low elF1 levels promote
translation initiation at upstream start codons, although embedded in a
suboptimal nucleotide context®. The reduction of TC availability evoked by
elF2a phosphorylation enables rescanning ribosome bypassing the uORFs2%4.
elF3, elF5 and elF5B were also implicated in the modulation of start codon
selection100:390.391 " nterestingly, RNA helicase DHX29 has been reported to
reduce leaky scanning regardless of its nucleotide context through interaction
with elF1A3%7, More comprehensive studies on these initiation factors could help
us to better appreciate the mechanism underlying the leaky scanning under

different conditions.
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Scanning-independent initiation

A non-canonical translation of mRNAs bearing short 5° UTR with a
median length of 12 nt is governed by the TISU (translation initiator of short 5
UTRs) element (SAASATGGCGGC) operates in higher eukaryotes3®?. The
TISU element was discovered as an important transcription regulatory element
by a bioinformatics search for elements overrepresented in the core promoter
region. TISU locates downstream to the transcription start site (TSS) from
position +5 up to +30 relative to the TSS and is therefore very proximal to the
m’G cap of the mature mRNAs. TISU is present in ~4% of all genes,
preferentially in those with ‘housekeeping’ functions3®3. Like the Kozak
sequence, the TISU element contains an AUG codon flanking with unique
nucleotides. The AUG of the TISU element serves as the exclusive translation
start site, while the flanking nucleotides are very important for resistance to
leaky scanning and accurate translation from the 5’ proximal AUG34.
Translation mediated by this element is reported to be cap-dependent, as
evidenced by the inhibitory effect of non-functional cap analog incorporation, 5’
proximal structures insertion, and disrupted elF4E:elF4G interactions on TISU
mediated-translation'%. In agreement with this notion, results from a toe-printing
assay indicated that the TISU mediated translation requires elF4F3°5, However,
TISU-directed translation is unaffected by inhibition of the RNA helicase elF4A
suggesting that TISU mediated translation is cap-dependent but acts without

scanning'®. Mechanism of translation initiation driven by TISU elements
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requires the release of the elF4F complex following AUG recognition to prevent
the overlapping between the incoming 48S complex and elF4F complex3°s. A
recent study revealed elF4E indirectly interacts with the elF1-binding site of
elF4G, suggesting the competing nature of elF4G binding between elF4E and
elF1. This finding underlined the rearrangement of 43S PIC from cap-binding
mode to the scanning mode during the canonical scanning-dependent initiation,
which is absent in the TISU-mediated initiation due to the release of elF4F
complex?®4. And the scanning-arrest state is further stabilized by the sequence-
specific contacts with A-site ribosomal protein S3 and S10e enhanced by the
presence of elF1A3%4,

Another well-known case of cap-dependent but scanning-free translation
is for cellular mRNAs encoding histone proteins, particularly histone 4 (H4)
MRNA, which also bear very short 5’UTRs and no poly(A) tail. Interestingly, the
m’G cap is required for H4 mRNA translation but not elF4E binding on mRNA.
The ORF of H4 mRNA contains two structural elements, one of which directly
recruits elF4E in the complex of elF4F without m’G as it is sequestered by
another structure. Following its binding, elF4F facilitates ribosome attachment
at the internal site and a quick relocation to the region in the vicinity of AUG
through the release of m’G cap from another structure region by elF4A helicase
and the interaction between elF4E and m’G cap3%. This Cap-assisted internal
initiation of H4 mMRNA is promoted by the purine-rich region of the H4 mRNA,

which is complementary to the UUUC of helix h16 of 18S rRNA at the entry site
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of the mRNA channel. This element assists in placing the start codon very close
to the P-site almost immediately upon its recruitment through the cap-binding

complex3?’,

1.5 Conclusions

The field of mRBNA translation has made tremendous progress in
understanding molecular mechanism underlying the canonical eukaryotic
translation initiation over the past decade. Biochemical, structural, and genetic
studies have enabled the elucidation of the precise nature of interplay among
ribosomes, initiation factors, and mRNAs. Nevertheless, the specific
interactions that occur during the transition stages and the dynamic actions
taken by PIC per se along the pathway remain obscure. The mechanistic details
regarding the mRNA recruitment and PIC scanning have yet been fully
appreciated. Given the recent progress in single-molecule kinetic analyses and
high-throughput sequencing techniques, intensive dissection of these two
intricate processes can be anticipated. A thorough understanding of the
translation initiation in eukaryotes will ultimately provide insights into the

development of new therapeutic strategies for human diseases.
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CHAPTER 2

Nonlinear Ribosome Scanning Controls the Stringency of Start Codon

Selection

The contents of this Chapter are in submission for the manuscript to be
published as Gu Y, Mao Y, Jia L, Dong L, and Qian SB. Nonlinear Ribosome
Scanning Controls the Stringency of Start Codon Selection. Minor
modifications have been made for reprint.

2.1 Abstract

The fidelity of start codon recognition by ribosomes is paramount during
protein synthesis. The textbook knowledge of eukaryotic translation initiation
depicts 5°—8’ unidirectional migration of the pre-initiation complex (PIC) along
the 5’UTR. In probing translation initiation from ultra-short 5’UTR, we report that
an AUG triplet near the 5’ end can be selected via PIC backsliding. The bi-
directional ribosome scanning is supported by competitive selection of closely
spaced AUG codons and recognition of two initiation sites flanking an internal
ribosome entry site. Transcriptome-wide PIC profiling reveals footprints with a
pattern of oscillation near the 5’ end and start codons. Depleting the RNA
helicase elF4A leads to reduced PIC oscillations and impaired selection of 5’
end start codons. Enhancing the ATPase activity of elF4A promotes nonlinear
PIC scanning and stimulates upstream translation initiation. The elF4A-
mediated PIC conformational switch may provide an operational mechanism

that unifies ribosome recruitment, scanning, and start codon selection.
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2.2 Introduction

Translation of eukaryotic mRNAs typically begins with the attachment of
a 43S PIC to the capped 5’ end, which is facilitated by a heterotrimeric complex
elF4F comprised of elF4E, elF4A and elF4G'23. While our knowledge of
translation initiation is steadily increasing, molecular details of many key steps
remain to be hammered out. During the first step of translation, for instance,
how mRNA is accommodated into the ribosome remains surprisingly obscure.
Studies using in vitro reconstituted translation proposed a ‘threading’ model,
whereby the cap-binding protein elF4E sits near the entry site and feeds the 5’
mRNA cap into the mRNA channel (Figure 2-1A). This hypothesis was
supported by the observation that 5’UTR has no ‘blind spots’ during scanning*.
Although the ‘threading’ model permits base-by-base inspection of mRNA from
the 5’ end, it does not explain the poor recognition of start codons near the 5’
end. The ‘slot-in” model, by contrast, directly places elF4E near the exit site of
the mRNA-binding cleft followed by lateral attachment of mRNA to the 40S
(Figure 2-1A). Perhaps the best evidence supporting the slotting mechanism
comes from the internal ribosome entry site (IRES)-mediated cap-independent
translation®. For cap-dependent translation, however, the ‘slot-in’ model is
expected to leave a ‘blind spot’ of ~12 nucleotides (nt) from the 5’ end. Another
key difference between these two mutually exclusive pathways lies in the elF4E
kinetics after mRNA loading. For the ‘threading’ model to occur, elF4E needs to

be detached from the 5’ end cap of mMRNA. The ‘slot-in’ model, however, permits
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continuous elF4E engagement at the 5’ end cap. While several lines of evidence
supported cap-severed scanning®®’, a recent study suggested cap-tethered
ribosome scanning in human cells®. It remains unclear whether and how elF4E
dissociation from the cap occurs during mRNA accommodation.

Scanning commences once the PIC is loaded onto mRNA. It has been
well-documented that stable hairpins in 5’UTR inhibits translation initiation,
especially when the secondary structure is close to the 5’ end®. The DEAD-box
RNA helicase elF4A is thought to prepare a single-stranded region near the 5’
end of mMRNA, thereby facilitating PIC attachment'®. However, recent studies
suggest that yeast elF4A enhances recruitment of mMRNAs regardless of their
structural complexity'’. Notably, the ATPase activity of elF4A is markedly
stimulated in the presence of the PIC, suggesting a ribosome-dependent
function of elF4A beyond its role in RNA unwinding. Indeed, elF4A appears to
modulate the conformation of the PIC to promote mRNA accommodation in an
ATP-dependent but helicase-independent manner'2. It has been proposed that
cycles of ATP hydrolysis of elF4A lead to rounds of ‘closed’ and ‘open’
conformations of elF4A, which correspond to alterations of ‘closed’ and ‘open’
states of the PIC. Despite the fact that elF4A is the most abundant translation
initiation factor'3, structural and biochemical data do not unanimously outline
the position and orientation of elF4A in the PIC complexes. As a result, the exact

role of elF4A in PIC loading and scanning remains incompletely understood.
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The scanning process is arguably the most enigmatic stage during
translation initiation. A widely accepted view indicates 5—3’ directional
movement of the PIC along 5’'UTR'. However, the underlying driving force
remains controversial and the determinants of the scanning directionality have
been the subject of much speculation'>. To complicate things further,
noncanonical scanning modes like ribosome jumping or shunting have been
documented'®17.18, Those cases of nonlinear scanning, albeit exceptional,
serve as warnings against the over-simplified scanning model. Due to the highly
dynamic nature of the process, a direct characterization of scanning has proven
to be challenging. The recent development of translation complex profiling
(TCP-seq) revealed heterogeneous footprint sizes for scanning PICs®. However,
a snapshot of PIC footprints does not reveal the scanning directionality.

Proper recognition of mRNA start codons is crucial to produce desired
proteins. It is commonly assumed that the first AUG codon that the scanning
PIC encounters servers as the translation initiation site (TIS). This conventional
wisdom has been challenged recently by many studies reporting alternative
translation events initiated from multiple AUG codons as well as non-AUG
triplets™29. The stringency of TIS selection is influenced by cis-sequence
elements and trans-acting factors, both of which affect the kinetics of PIC
scanning. For instance, impediments to PIC scanning by stable hairpins
enhances the recognition of suboptimal start codons that otherwise would be

skipped?'?2, On the other hand, even the most optimal start codon is not
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recognized at 100%. The subsequent leaky scanning implies the 5’ preference
of start codon selection, which has long been attributed to the 3’-ward linear PIC
migration. However, such 5’ polarity does not always hold true for closely
spaced start codons?3, with downstream TIS negatively affects the upstream
start codon. The competitive nature of neighboring start codons suggests an
intriguing possibility of bi-directional PIC scanning, although the molecular
dynamics of nonlinear PIC migration remains poorly understood.

Here, using comprehensive mRNA reporters, we provide additional lines
of evidence supporting bi-directional ribosome scanning. A combination of
genome-wide PIC and TIS profiling reveals an unexpected role of elF4A in
driving nonlinear PIC scanning, which directly influencing the stringency of start
codon selection. The ATPase-mediated conformation switch of ribosomes
provides an operational mechanism that unifies lateral PIC recruitment,

nonlinear scanning, and alternative start codon selection.

2.3 Results

2.3.1 Recognition of Start Codons Near the 5’ End Cap

To address whether eukaryotic translation initiation follows ‘threading’ or
‘slot-in” mechanisms for PIC attachment (Figure 2-1A), it is important to
determine the minimal length of 5’UTR. Although in vitro studies have ruled out
blind spots for start codon selection?*, whether mRNAs inside cells exhibit the
same feature remains unclear. We constructed firefly luciferase (Fluc) reporters
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harboring varied length of 5’UTR. To gain an accurate measurement of start
codon selection, we (i) mutated the in-frame AUG codons of Fluc to minimize
downstream initiation (Figure 2-S1A); (ii) conducted transfection of mRNAs
synthesized in vitro to eliminate transcript isoforms (Figure 2-1B); (iii) employed
a real-time luminometer to monitor Fluc levels above the background (Figure 2-
S1B); (iv) performed RT-qPCR at end points to factor out variations of mRNA
stability. Among reporters with increasing 5’UTR length, a binary phase of
translation efficiency is evident with the robust translation achieved when the
5’'UTR length reaches 20 nt or above (Figure 2-1B, right panel). Intriguingly,
Fluc mRNAs with ultra-short 5’UTR (e.g., 2nt) are clearly translatable. The
relatively low translation efficiency could be due to the suboptimal context
missing the —3 purine.

For mRNA reporters with ultra-short 5’UTR, the observed Fluc activities
could be derived from downstream initiation using non-AUG codons. To rule out
this possibility, we devised an independent reporter system bearing an
upstream open reading frame (UORF) and a downstream GFP (Figure 2-1C).
The uORF-encoded tracer peptide (SIINFEKL) is efficiently presented on the
cell surface by mouse major histocompatibility complex class | molecules H-2KP
25, A monoclonal antibody 25D1 recognizes the KP-SIINFEKL complex with
exquisite sensitivity?®, thereby offering a direct measurement of the uORF
product. Upon transfection into HEK293 cells stably expressing H-2K®, both the

tracer peptide and GFP can be quantified via flow cytometry. Like Fluc reporters,
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a 2-ntlong 5’UTR enables uORF translation as evidenced by the elevated 25D1
signals compared to the GFP control (Figure 2-1C). We obtained similar results
in cells transfected with plasmid-based reporters (Figure 2-S1C). The
translation of mRNAs with ultra-short 5’UTR is strictly cap-dependent (Figure 2-
S1D), excluding the possibility of non-canonical ribosome entry. To confirm the
exact positions of start codons selected by PIC, we conducted toe-printing
assays using rabbit reticulum lysates (RRL) (Figure 2-1D). Typical start codon-
associated peaks appeared at the leading edge of initiating ribosomes
immobilized by cycloheximide (CHX). We observed those peaks from the very
first AUG triplet of all the mRNA templates regardless of the 5’UTR length.
Therefore, start codons near the 5’ end can be reached by the PIC in vitro and

inside cells, albeit with low efficiency.
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Figure 2-1 Selection of start codons near the 5’ end cap of mRNAs.

(A) Schematic of mRNA entering the 40S via the ‘threading’” mode (left) or the ‘slot-in” mode
(right). Only eIF4E is shown for simplicity. The black portion of mRNA indicates the ‘blind
spot’.

(B) Translation efficiency of Fluc mRNA reporters bearing ultra-short 5’UTR. The left panel
shows the schematic of Real-time Luciferase Assay. In vitro synthesized mRNAs were
transfected into MEF cells and Fluc activities were monitored by real-time luminometry. Fluc
activities at 6 hr were normalized to mRNA levels quantified by RT-qPCR. Uncapped mRNAs
were included as negative control. Error bars: mean + SEM; n = 3 biological replicates.

(C) Translation efficiency of uORF mRNA reporters bearing ultra-short S’UTR. The top panel
shows the schematic of uORF reporter assay coupled with FACS. The uORF reporter contains
a sequence encoding SIINFEKL (purple) followed by GFP (green). Synthesized mRNA
reporters were transfected into HEK293-Kb cells, followed by measurement of 25D1 and GFP
using flow cytometry. The bottom panel shows the representative flow cytometry scatterplots
of HEK293-Kb cells transfected with uORF reporters with varied length of 5’UTR. mRNAs
with no uORF were included as negative control.

(D) Start codon recognition by toe-printing assays. Fluc mRNA reporters with varied
length of 5’UTR were incubated in RRL, followed by reverse transcription using a probe
downstream of the start codon. Expected positions corresponding to the full length and
the ribosome leading edge are highlighted.
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Figure 2-S1 Characterization of Fluc mRNA reporters with ultra-short 5’UTR.

(A) The top panel shows the schematic of the wild type Fluc and the A88T mutant lacking the
downstream AUG codon. The bottom panel shows the quantification of Fluc activities of WT
or A88T mRNA reporters with varied 5’UTR length in transfected MEF cells. Error bars; mean
+ SEM; n=3 biological replicates.

(B) Representative real-time luminometry of MEF cells transfected with Fluc mRNA reporters
bearing 5’UTR of the indicated length. Uncapped mRNA with 20-nt 5’UTR was included as
negative control.

(C) Representative flow cytometry scatterplots of HEK293-Kb cells transfected with plasmids
of uORF reporters with 5’UTR of the indicated length. Plasmid with GFP only was included as
negative control.

(D) Fluc mRNA reporters capped with m7G (the left panel) or the cap analog ApppG (the right
panel) with varied 5’UTR length were transfected into MEF cells followed by quantification of
Fluc activities. Error bars; mean = SEM; n=3 biological replicates.

2.3.2 Tethering elF4E Prevents Selection of Start Codons Near the 5’ End Cap

The lack of an absolute ‘blind spot’ in 5’UTR for start codon selection is
seemingly incompatible with the ‘slot-in’ model. If the mRNA follows the
‘threading’ model for start codon selection, tethering elF4E to the 5’ end m’G
cap would prevent the subsequent PIC attachment. We synthesized a Fluc
reporter mMRNA capped with m’s®G (Figure 2-S2A), which could be crosslinked
to its binding protein elF4E under UV 360 nm (Figure 2-2A)?’. In the absence of
crosslinking, m’s®G behaves like the normal m’G cap as evidenced by the
comparable Fluc levels in RRL (Figure. 2-S2B). When purified elF4E was
crosslinked to the m’s®G cap, robust Fluc translation was readily observed for
mRNAs bearing the B-globin 5’UTR (Figure 2-2B, top panel). This result cannot
be explained by the ‘threading’ model because the constitutive presence of
elF4E at the 5’ end would prevent mRNA from entering into the narrow mRNA
channel (Figure 2-1A). Intriguingly, the non-dissociable elF4E nearly abolished

the translation of Fluc mRNAs with ultra-short 5’UTR (Figure 2-2C, top panel).
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To exclude possible side effects of UV crosslinking, we applied a chemical
crosslinking methodology originally designed to identify elF4E (Figure 2-S2C)%,
and obtained the similar results (Figure 2-2B and 2C, bottom panel). The re-
appearance of the ‘blind spot’ when the 5’ cap is tethered with elF4E suggests

that mRNA is loaded into the PIC via ‘slot-in’.
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Figure 2-2 Bi-directional scanning of PIC contributes to start codon selection.

(A) Schematic of cross-linking between m7G cap and elF4E. Tethering elF4E to m7G cap will
prevent start codon selection in the ‘threading’ model, while permitting recognition of start
codon downstream of the ‘blind spot’ in the ‘slot-in” model.

(B) Translational effects of cross-linking between m7G cap and elF4E using Fluc mRNAs with
B-globin 5’UTR. The top panel used m7s6G capped mRNAs followed by cross-linking under
UV 360 nm. The bottom panel used redox reactions for cross-linking. In vitro translation was
conducted in RRL and Fluc activities were monitored by luminometry. Error bars; mean + SEM,;
n=3 biological replicates.

(C) Translational effects of cross-linking between m7G cap and elF4E using Fluc mRNAs with
ultra-short 5’UTR (2 nt). The top and bottom panels are similar to (B). Error bars; mean + SEM,;
n = 3 biological replicates.
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Figure 2-S2 Cross-linking between m’G cap and eIF4E for Fluc mRNA reporters.

(A) Schematic of cross-linking between m’s°G capped mRNAs with purified eIF4E under UV
360 nm. In vitro synthesized mRNAs were capped with 6-Thio-GTP using capping enzyme
system. m’s°G capped mRNAs were incubated with purified eIF4E in the binding buffer at 4°C
under 360 nm UV exposure for 15 min.
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(B) Characterization of m’s°G capped mRNA reporters. Uncapped mRNA, m’G or m’s°G
capped mRNAs with either $-globin (upper) or 2-nt (bottom) 5’UTR were incubated with RRL.
Fluc activities were monitored by luminometry. Error bars; mean = SEM; n=3 biological
replicates.

(C) Schematic of cross-linking between m7G capped mRNAs with purified elF4E via redox
reaction. m’G capped mRNA are oxidized in presence of sodium periodate, followed by ethanol
precipitation. Oxidized mRNA was incubated with purified eIF4E in the binding buffer at 4°C
for 15 min. Sodium borohydride was added to the mixtures, followed by incubation for 2-3 hr
on ice.

2.3.3 Competitive Selection of Start Codons Suggests Bi-directional Scanning

of PIC

An immediate question is how the PIC loaded downstream can select an
upstream AUG triplet within the ‘blind spot’. One possibility is that the PIC relies
on 3 -5’ movement to scan the 5’ end region. The backward excursion of
ribosomes has been suggested from experiments using closely spaced AUG
codons found in Turnip yellow mosaic virus (TYMV)23. We conducted similar
experiments using toe-printing assays to quantify the relative usage of two AUG
codons having identical flanking sequences (Figure 2-3A). Indeed, placing an
AUG codon 4 nt downstream reduced the selection of the first AUG. Importantly,
with increasing spacer lengths, we observed a trend of ascending recognition
of the first AUG and descending recognition of the second (Figure 2-3A). The
competitive relationship between neighboring AUG codons is incompatible with
the linear scanning model. Only when the scanning ribosome undergoes back-
and-forth oscillations, could the downstream AUG codon influence the upstream
one. To substantiate this finding further, we placed three AUG codons into the
‘blind spot’ with a single G in between. This design ensures that all AUG triplets

are in different reading frames while retaining the same sequence context
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(Figure 2-S3A). It is clear that AUG3 exhibited the most efficient initiation (>3
fold) in transfected cells. We also constructed mRNA reporters with the uORF
driven by each AUG codons and obtained the similar results (Figure 2-S3B).
Unlike the mRNA ‘threading’ model that would follow the first-AUG rule in start
codon selection, the more favorable recognition of the AUGS3 supports reverse
scanning of the PIC.

To directly demonstrate that the PIC is capable of bi-directional scanning,
we constructed uORF reporters by inserting an internal ribosome entry site
(IRES) element between the tracer peptide SIINFEKL and GFP (Figure 2-S3C).
The poliovirus IRES was chosen because the class | IRES element follows the
canonical initiation mechanism for PIC assembly and scanning®. In the absence
of IRES, the non-functional cap analog ApppG supported neither uORF nor
GFP translation in transfected HEK293-Kb cells (Figure 2-S3D). Remarkably,
the presence of the polio- IRES element after the uORF not only mediated
downstream GFP translation, but also enabled uORF translation as evidenced
by the elevated 25D1 signals (Figure 2-3B). To rule out the possibility that the
uORF translation was a result of forward scanning of the PIC looped from IRES,
we reversed the orientation of the polio-IRES element (Figure 2-S3C). In spite
of the identical sequence, neither uORF nor GFP showed any translational
activity (Figure 2-3B). When the distance between uORF and IRES was

increased from 6 nt to 18 nt, the translation potential of uORF but not GFP was

117



reduced. This result supports the backward migration of PIC recruited from the

IRES.
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Figure 2-3 Selection of Neighboring Start Codons by Bi-directional PIC Scanning

(A) Selection of closely spaced AUG codons by toe-printing assays. Two AUG codons with
identical flanking sequence but different length of the spacer were inserted into Fluc mRNAs
with B-globin 5’UTR. Expected positions corresponding to the ribosome leading edge are
highlighted. The relative peak heights correspond to the efficiency of start codon selection.

(B) Selection of start codons flanking the IRES. The polio IRES was inserted between the uORF
encoding SIINFEKL and GFP with 6 nt or 18 nt downstream of the uORF stop codon. The
mRNA reporters were capped with non-functional ApppG. The left panel shows the
representative flow cytometry scatterplots of HEK293-Kb cells transfected with mRNA
reporters bearing different IRES orientations. The right panel shows the quantification of GFP
and 25D1 signals. Error bars: mean £ SEM; n = 3 biological replicates. One-way ANOVA, * p
<0.05.
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Figure 2-S3 Bi-directional scanning of PIC contributes to start codon selection.

(A) Fluc mRNA reporters containing 3 AUG codons near the 5° end were transfected into MEF
cells, followed by quantification of Fluc activities by real-time luminometry. Error bars; mean
+ SEM; n=3 biological replicates.

(B) Representative flow cytometry scatterplots of HEK293-Kb cells transfected with uORF
reporters containing 3 AUG codons near the 5’end. AUG1 (left), AUG2 (middle) or AUG3
(right) is in the same fame of uORF encoding SIINFEKL (purple). The right panel shows the
quantification of GFP and 25D1 fluorescence intensity from transfected HEK293-Kb cells.
Error bars: mean = SEM; n = 3 biological replicates. One-way ANOVA, * p < 0.05.

(C) Schematic of the uORF reporters with the polio IRES inserted between uORF and GFP. The
bottom panel shows the same reporter with an inversed IRES element.

(D) Representative flow cytometry scatterplots of HEK 293-Kb cells transfected with uORF
reporters with neither m7G cap nor the IRES element.
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2.3.4 Transcriptome-Wide PIC Profiling Supports Bi-directional Scanning

A previous study developed translation complex profiling (TCP-seq) to
track scanning ribosomes in 5’UTR®. We reasoned that the pattern of PIC
footprints near the 5’ end of transcripts might help distinguish different modes
of mMRNA accommodation. For instance, the ‘slot-in’ model is expected to leave
a uniform width of PIC footprints from the 5’ end cap, resulting in parallel
distribution of 5’ and 3’ end of reads (Figure 2-4A). The threading model, by
contrast, gives rise to increasing lengths of PIC footprints from the transcription
start site (TSS), forming a 5’ end peak only. Bi-directional scanning after ‘slot-
in’, however, would form a 3’ end bump in addition to the 5’ end peak at TSS.
In querying the TCP-seq data sets obtained from human cells?®, we noticed that
the size of PIC footprint near the mRNA cap (or TSS) is surprisingly broader
than that in 5’UTR (Figure 2-4B, left panel). The longer footprint size of the PIC
near the TSS argues that the initiation complex loaded via the 5’ end cap spans
a broader mRNA region. Mapping the 3’ end position of PIC footprints revealed
a clear bump (Figure 2-4B, right panel), suggesting bi-directional PIC scanning
after slot-in. The same feature holds true for the original TCP-seq conducted in
budding yeast (Figure 2-S4A). A recent study reported 40S profiling in zebra
fish using a similar approach called ribosome complex profiling (RCP-seq)3°.
Despite the similar findings as TCP-seq, the authors concluded that the mRNA
recruitment follows the threading model. We found that the same results could

be interpreted as bi-directional PIC scanning after slot-in (Figure 2-S4B). To
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substantiate this finding further, we explored selective TCP-seq associated with
elF3B?°. The elF3-associated PIC footprints near the mRNA 5’ end not only
showed broader sizes, but also displayed a typical bump for the 3’ end of reads
(Figure 2-S4C).

TCP-seq relies on sucrose gradient sedimentation to separate
crosslinked 40S, which likely excludes initiation complexes with larger sizes. To
capture scanning PICs in a more comprehensive manner, we modified TCP-
seq by enriching elF3-associated ribosome complexes from mouse embryonic
fibroblast (MEF) cells after formaldehyde crosslinking and RNase | digestion
(Figure 2-S4D). Compared to the standard Ribo-seq that shows a typical read
length of ~29 nt, elF3-seq uncovered a broader range of read length especially
in 5’UTR (Figure 2-S4D). Like TCP-seq, elF3 footprints near the TSS showed a
broader read length and a unique 3’ end bump (Figure 2-4C, top panel).

We next examined the feature of elF3 footprints near the annotated start
codons, which could shed light on PIC dynamics during start codon selection.
As expected, Ribo-seq showed single 5’ and 3’ end peaks corresponding to the
boundary of the 80S engaged at start codons (Figure 2-4D, left panel).
Intriguingly, elF3 footprints showed several distinct peaks for 5’ and 3’ ends of
reads (Figure 2-4D, middle panel). Upstream PICs are discernable from 3’ end
peaks, whereas downstream PICs are evident from peaks formed by the 5’ end
of reads. The 5’ end peak downstream of the start codon was also evident in

published TCP-seq data sets using HEK293 cells (Figure 2-S4E). The elF3
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footprints flanking the start codon likely represent oscillating PICs averaging
about 12 nt.

It is possible that the elF3 footprints downstream of the start codon stem
from 80S ribosomes in the early stage of elongation®2°. To distinguish elF3:40S
from elF3:80S complexes, we subtracted 80S footprints from the library of total
RNA fragments to enrich PIC footprints (Figure 2-S4D). Indeed, PIC-seq
uncovered more 5’UTR reads than elF3-seq with broad read populations
ranging from 19 nt to >60 nt. Once again, PIC-seq revealed a broader read
length near the TSS and a bump of 3’ end read accumulation (Figure 2-4C,
bottom panel), echoing the bi-directional scanning of PIC after slot-in. When
transcripts are aligned to the start codon, PIC footprints showed more prominent
peaks downstream and upstream of the start codon (Figure 2-4D). These
results support the oscillating behavior of PIC during start codon recognition,

which potentially explains the competitive selection of neighboring start codons.
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Figure 2-4 Genome-Wide PIC Profiling Supports Bi-directional Scanning.

(A) Schematic representation of ‘threading’, ‘slotting’, and ‘slotting + bi-scanning’ models for
PIC loading (top panel) and their corresponding read distribution of 5° end (green) and 3’ end
(red) of footprints.

(B) Reanalysis of TCP-seq data sets obtained from HEK293 cells (Wagner et al). The left panel
shows the length distribution of reads mapped to TSS, 5’UTR, or near start codons. The right
panel shows the aggregation plots of 5’ end (green) and 3’ end (red) of reads on mRNAs aligned
to TSS.

(C) MEF cells were used for elF3-seq (top panels) and PIC-seq (bottom panels) followed by
analysis of read length distribution (left panels) and aggregation plots (right panels) of reads on
mRNAs aligned to TSS.

(D) Characterization of ribosome footprints from Ribo-seq, elF3-seq, and PIC-seq data sets in
MEEF cells. Both the 5" end (green) and 3’ end (red) of reads were mapped to transcripts aligned
to annotated start codons (red star).
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Figure 2-S4 Characterizing PIC Footprints.

(A) Reanalysis of TCP-seq data sets obtained from S. cerevisiae (Archer et al). The left panel
shows the length distribution of reads mapped to TSS, 5’UTR, or near start codons. The right
panel shows the aggregation plots of 5’ end (green) and 3’ end (red) of reads on mRNAs aligned
to TSS.

(B) Reanalysis of RCP-seq data sets obtained from zebrafish (Giess et al).

(C) Reanalysis of sel-TCP-seq data sets obtained from HEK293T cells (Wagner et al).

(D) Schematic of Ribo-seq, elF3-seq, and PIC-seq. For Ribo-seq, polysomes were separated
from whole cell lysates using sucrose gradients. Collected polysome fractions were digested
with RNase I followed by deep sequencing of ribosome-protected mRNA fragments. For elF3-
seq, cells were fixed by formaldehyde followed by polysome separation and RNase I digestion.
Collected 40S and 80S fractions were subjected to immunoprecipitation using anti-elF3a
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antibodies. Purified elF3-associated ribosome footprints were subjected to deep sequencing. For
PIC-seq, cells were fixed by formaldehyde followed by polysome separation and RNase I
digestion. Purified ribosome footprints from 80S fractions were reverse transcribed using
biotinylated primer. The biotin labeled cDNA was hybridized to the purified footprints from
40S fractions. After depletion by streptavidin beads, the PIC-associated ribosome footprints
were enriched and subjected to deep sequencing. The bottom panels are read length distribution
for 5’UTR reads obtained from Ribo-seq, eIlF3-seq and PIC-seq.

(E) Characterization of PIC footprints from sel-TCP-seq and TCP-seq obtained from HEK293T
cells (Wagner et al). Both the 5" end (green) and 3’ end (red) of reads were mapped to transcripts
aligned to annotated start codons (red star).

2.3.5 elF4A Facilitates Selection of Start Codons Near the 5° End Cap and

Free Scanning of the PIC

It is unclear whether the bi-directional scanning of PIC is a spontaneous
act or a guided event. The ATP-dependent helicase elF4A has been widely
believed to provide scanning directionality by resolving mRNA secondary
structures in 5’UTR3'. We deleted Eif4a1l from MEF cells using CRISPR/Cas9
gene editing and observed a marked disassembly of polysomes (Figure 2-S5A
and S5B). Consistently, both cell growth and global protein synthesis were
reduced in the absence of elF4A1 (Figure 2-S5C and S5D). Ribo-seq also
revealed global reduction of translation (Wilcoxon-test, P < 2.2A~10-16) when
the total amount of footprints was normalized to mitochondria (Figure 2-5A),
whose translation is independent of elF4A. When individual mRNAs were
considered, however, elF4A1 depletion showed little mRNA specificity (Figure
2-S5E). This finding agrees with the recent proposal that elF4A promotes
ribosome loading to nearly allmRNAs regardless of their structural complexity''.
We next examined the role of elF4A1 in the scanning process by measuring the

translation of mRNA reporters with varied 5’UTR length. Unexpectedly,

124



messengers with ultra-short 5’UTR were more sensitive to elF4A1 depletion
than those with long 5°UTR (Figure 2-5B and Figure 2-S5F). We further
confirmed that, in mRNA reporters bearing 3 AUG codons near the 5’ end,
AUG1 was more susceptible to elF4A1 silencing than AUG3 (Figure 2-5C and
Figure 2-S5@G). These results suggest that elF4A1 facilitates recognition of start

codons near the 5’ end cap.
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Figure 2-5 The RNA helicase el[F4A1 Promotes Free Scanning of the PIC.

(A) Evaluation of global translation by Ribo-seq in MEF cells with or without elF4A1
knockdown. Ribosome densities on individual transcripts were normalized to the number of
mitochondrial reads and plotted as cumulative fractions.

(B) Translation efficiency of Fluc mRNA reporters with ultra-short 5’UTR in MEF cells with
or without eI[F4A 1 knockdown. Fluc activities in the absence of e[F4A1 were normalized to the
control. Error bars: mean £ SEM; n = 3 biological replicates. t-test, * p < 0.05; *** p <0.001.
(C) Translation efficiency of Fluc mRNA reporters containing 3 AUG codons near the 5’ end
in MEF cells with or without eI[F4A1 knockdown. Fluc activities in the absence of e[F4A1 were
normalized to the control. Error bars: mean + SEM; n=3 biological replicates. t-test, * p < 0.05;
*¥E p <0.001; #*** p <0.0001.

(D) Comparison of read length distribution in cells with or without eI[F4A1 knockdown. Reads
mapped to TSS, 5S’UTR, or start codons are plotted separately.

(E) Aggregation plots of 5” end (green) and 3’ end (red) of reads on mRNAs aligned to TSS
using elF3-seq data sets obtained from cells with or without eI[F4A1 knockdown.

(F) Aggregation plots of 5* end (green) and 3’ end (red) of reads on mRNAs aligned to start
codons using elF3-seq data sets obtained from cells with or without elF4A1 knockdown.
Highlighted squares indicate upstream footprints (3’ end of reads) and downstream footprints
(5’ end of reads).
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As a DEAD-box RNA-dependent ATPase, elF4A1 has been shown to
unwind RNA duplexes in a bi-directional manner'332, Although the static view of
PIC footprints is not suitable to infer the scanning directionality of PIC, the PIC
conformation can be assessed by the length of footprints with an open
conformation having shorter footprints®. Given the coordination between
ATPase-dependent elF4A and ribosome conformations??, it is possible that the
lack of elF4A1 leads to more closed PIC conformation. To probe PIC
conformation in the absence of elF4A1, we conducted elF3-seq and PIC-seq.
Intriguingly, depletion of elF4A1 resulted in longer reads in TSS and 5’'UTR
(Figure 2-5D). This was not due to sample variation because footprints mapped
at the start codon have comparable read length. The longer PIC footprints in the
absence of elF4A1, albeit counter-intuitive, is in line with the more closed PIC
conformation. For PIC footprints near the TSS, the bump formed by the 3’ end
of reads was reduced followed by a relatively increased read density
downstream (Figure 2-5E). This could be due to reduced PIC backsliding and/or
delayed scanning in the absence of elF4A1. Indeed, PIC-seq revealed higher
read density across the 5’UTR in cells lacking elF4A1 (Figure 2-S5H). The
stalled PIC in 5’UTR likely sequester other translation initiation factors like elF3.
This was indeed the case, immunoblotting of ribosome fractions showed a
relocation of elF3a from the ribosome-free fraction to the 40S fraction upon

elF4A1 depletion (Figure 2-S5I).
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We next examined whether silencing elF4A1 affects the PIC behavior in

start codon recognition. Compared to the control cells, elF4A1 depletion nearly

eliminated downstream reads (judged from 5’ end) and upstream reads (judged

from 3’ end) relative to the start codon (Figure 2-5F). These results strongly

support the notion that elF4A1 promotes free scanning of PIC by enabling an

open conformation during start codon recognition. Without elF4A1, the closed

PIC conformation not only delays scanning, but also limits competitive selection

of neighboring start codons.
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Figure 2-S5 Characterization of MEF cells with e[F4A1 knockdown.

(A) Immunoblotting of MEF cells with or without eI[F4A1 knockdown.

(B) Polysome profiles of MEF cells with or without el[F4A1 knockdown were analyzed by
sucrose density gradient centrifugation in polysome buffer.

(C) Proliferation rates of MEF cells with or without e[F4A1 knockdown. Cell numbers were
normalized to the value obtained on Day 1. Error bars: mean = SEM; n = 3 biological replicates.
(D) Nascent proteins in MEF cells with or without el[F4A1 knockdown were labeled with 10
pg/ml of puromycin for 5, 10 or 15 mins. Cell lysates were resolved by SDS-PAGE and
analyzed by immunoblotting using the indicated antibodies.

(E) Using Ribo-seq data sets, a scatter plot shows the correlation of individual CDS ribosome
occupancy between MEF cells with or without e[F4A1 knockdown.

(F) Translation efficiency of Fluc mRNA reporters with ultra-short 5’UTR in MEF cells with
or without e[F4A1 knockdown. Error bars: mean = SEM; n = 3 biological replicates. t-test, * p
<0.05; *** p <0.001.

(G) Translation efficiency of Fluc mRNA reporters containing 3 AUG codons near the 5’ end
in MEF cells with or without el[F4A1 knockdown. Error bars: mean £ SEM; n = 3 biological
replicates. t-test, * p <0.05; *** p <0.001; **** p <(.0001.

(H) A box plot of 5’UTR read density over the CDS from PIC-seq data sets obtained from MEF
cells with or without eI[F4A1 knockdown.

(D) Polysome samples as in (B) were subjected to immunoblotting using antibodies indicated.

2.3.6 elF4A Promotes PIC Scanning in an ATPase-Dependent Manner

We next seek the possibility of modulating the elF4A activity using
chemical compounds. The natural product Hippuristanol (Hippu) potently
inhibits the ATPase activity of elF4A33, whereas Pateamine A (PatA) enhances
its intrinsic enzymatic activities®*. Pre-treatment with either Hippu or PatA
readily disassembled polysomes (Figure 2-S6A). Not surprisingly, both Hippu
and PatA are commonly used as translation inhibitors despite their opposing
effects toward the ATPase activity of elF4A. We monitored the start codon
selection from ultra-short 5’UTR in MEFs after exposure to low concentrations
of Hippu or PatA. Like elF4A1 depletion (Figure 2-5A), Hippu treatment
repressed initiation of mRNAs with ultra-short 5’UTR (Figure 2-6A, top panel).

Remarkably, pre-treatment with PatA promoted recognition of start codons near
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the 5’ end. The opposing effects of Hippu and PatA were no longer evident in
the translation of messengers bearing 20-nt long 5’UTR. We further examined
mRNA reporters with 3 AUG codons near the 5’ end and found that the selection
of those AUG codons from the ‘blind spot’ was repressed by Hippu but not PatA
(Figure 2-6A, bottom panel). The finding that elF4A enhances recognition of
start codons within the ‘blind spot’ argues against the hypothesis that elF4A
prevents PIC from back-sliding. Rather, elF4A promotes free scanning of the
PIC in an ATP-dependent manner, presumably via an open conformation.

The average length of 5’UTR in mammalian cells is ~200 nt3°. It is thus
unlikely that the bi-directional scanning of PIC is evolved to select start codons
near the 5 end. Since PIC oscillation occurs during the entire course of
scanning, the back-and-forth excursions is expected to increase the dwell time
of PIC in 5’UTR and facilitate the recognition of upstream start sites (uTIS). We
conducted Ribo-seq of MEFs exposed to elF4A modulators for different times.
To factor out variations of mMRNA levels, we used the read density in the coding
region (CDS) as internal control to compute 5’UTR ribosome occupancy.
Remarkably, PatA treatment for 2h resulted in a global increase of 5’UTR read
density relative to the CDS (Figure 2-6B, top panel). Notably, the overall CDS
ribosome occupancy was reduced in the presence of PatA (Figure 2-6C). This
effect became more dramatic under prolonged PatA treatment (8h). Typical
examples are Rps5 (Figure 2-6D) and Eefla1 (Figure 2-S6B). By contrast,

Hippu treatment showed minimal changes of ribosome occupancy in 5’'UTR
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relative to CDS (Figure 2-6B, bottom panel), despite its inhibitory effects on
global translation (Figure 2-6C). The opposing effect of Hippu and PatA on
5’UTR read density was further confirmed when the 3’UTR read density was
used as internal control (Figure 2-S6C). Since PatA enhances the ATPase
activity of elF4A, the marked accumulation of ribosome footprints in 5’UTR is

likely a consequence of increased recognition of uTIS sites.
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Figure 2-6 elF4A Promotes PIC Scanning in an ATPase-Dependent Manner.

(A) Effects of Hippuristanol (Hippu) or Pateamine A (PatA) treatment on the translation
efficiency of Fluc mRNA reporters with ultra-short 5’UTR (top) or those containing 3 AUG
codons near the 5° end (bottom). Transfected MEF cells were treated with 200 nM Hippu or 50
UM PatA and Fluc activities were quantified by real-time luminometry. Error bars: mean + SEM,;
n = 3 biological replicates. t-test, * p < 0.05; ** p <0.01.

(B) Effects of Hippu or PatA treatment on 5’UTR ribosome occupancy revealed by Ribo-seq.
Scatter plots show the correlation of read ratio (5’UTR / CDS) between vehicle control and
treatment (200 nM PatA: top; 50 uM Hippu: bottom) for 2 hrs (left) or 8 hrs (right).

(C) Effects of Hippu or PatA treatment on CDS ribosome occupancy revealed by Ribo-seq.
From the same data sets as (B), CDS ribosome occupancies on individual transcripts were
normalized to the number of mitochondrial reads and plotted as cumulative fractions.
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(D) A representative gene (Rps5) shows differential 5’UTR read density (red) relative to the
CDS (dark gray) after treatment with elF4A modulators.
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Figure 2-S6 Enhanced the ATPase activity of e[F4A1 promotes alternative translation in
5’UTR.

(A) Polysome profiles of MEF cells treated with e[F4A1 modulators. The upper panels show
the polysome profiling of MEF cells treated with 50 uM PatA for different times. The bottom
panels show polysome profiling of MEF cells treated with 200 nM Hippu for different times.
(B) A representative example of genes (Eeflal) shows differential ribosome occupancy in
5’UTR after treatment with eI[F4A1 modulators.

(C) Distribution of fold changes for 5’UTR ribosome occupancy after treatment with e[F4A1
modulators (red line). 3’UTR read density was used as internal controls (blue line).

(D) A representative example of genes (Rp/19) shows newly emerged ribosome occupancy in
5’UTR after treatment with PatA, but not Hippu.
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2.3.7 elF4A Controls Alternative Start Codon Selection in an ATPase-

Dependent Manner

We noticed that, for some transcripts with few 5’'UTR reads, PatA
treatment readily triggered the appearance of new footprints (Figure 2-S6D),
representing induced alternative translation. A boost of elF4A helicase activities
thus offers a simple but effective means to uncover hidden uTIS sites across
the transcriptome. We previously developed quantitative profiling of initiating
ribosomes (QTI-seq) that enables identification of alternative TIS sites at single
base resolution®. Due to low levels of alternative initiation under physiological
conditions, the global TIS map is far from complete. To uncover cryptic TIS sites
from 5’UTR, we treated HEK293 cells with 50 nM of PatA for 2 h followed by
QTl-seq (Figure 2-S7A). Indeed, PatA treatment not only expanded the scope
of identifiable uTIS sites (Figure 2-7A), but also increased the relative uTIS
density above the background (Figure 2-S7B). By contrast, the aTIS usage was
attenuated by PatA. One typical example is Sod1 that showed only 1 uTIS under
the control condition but 3 uTIS peaks were emerged upon PatA treatment
(Figure 2-7B). Importantly, elF4A inhibition by a low dose of Hippu (200 nM)
reversed the relative usage between uTIS and aTIS. To gain a better
understanding of the cryptic uTIS sites, we compared the sequence features
between common uTIS codons and PatA-induced unique uTIS sits. Consistent
with previous reports??, physiological uTIS sites are dominated by the CUG

codon with an optimal sequence context (i.e., a purine at position — 3 and a
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guanine at position +4) (Figure 2-S7C). Intriguingly, PatA- induced unique uTIS
sites showed a less optimal sequence context, especially at position — 3. The
underrepresented adenine is also seen at the first nucleotide of start codons.
Indeed, codon composition analysis revealed less AUG usage for PatA-induced
unique uTIS codons (Figure 2-7C). By contrast, Hippu treatment suppressed
the usage of CUG as uTIS codons (Figure 2-7D). Therefore, modulating elF4A
activities controls the stringency of start codon selection with increased helicase
activity promoting recognition of suboptimal start codons.

We also treated cells with a high dose of Hippu (1000 nM) that nearly
eliminated all the TIS peaks (Figure 2-S8A), presumably as a result of inhibited
ribosome loading. This finding echoes the global effect of elF4A with little mRNA
specificity''. Intriguingly, a handful of peaks were resistant to the high dose of
Hippu, likely representing non-ribosome footprints as most of these peaks were
mapped to 3’'UTR (Figure 2-S8B). By identifying false-positive TIS peaks from
5’'UTR (Figure 2-S8C), high does Hippu treatment offers an orthogonal way to

validate uTIS sites identified by QTI-seq.
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Figure 2-S7 Modulating the ATPase Activity of elF4A1 Controls the Stringency of uTIS
Selection.

(A) A schematic diagram of QTI-seq. Cell lysates were treated with lactinomycin (LTM) to
freeze the initiating ribosomes, followed by depletion of elongating ribosomes by puromycin.
(B) Ribosome densities at uTIS (top) and aTIS (bottom) were computed from QTI-seq in
HEK293 cells before and after PatA treatment and plotted as cumulative fractions. Wilcoxon
test, P <2.0 x10™"" (Top); P = 0.09 (bottom).

(C) Probabilities for nucleotide sequence surrounding the ‘Common uTIS’ (upper) or ‘PatA-
unique uTIS’ (bottom) identified from QTI-seq reads data sets.
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Figure 2-7 eIF4A Controls Alternative Translation Initiation in an ATPase-Dependent Manner.
(A) A Venn diagram shows the number of uTIS (upper) or aTIS (bottom) identified by QTI-seq
in HEK?293 cells before and after treatment with 50 uM PatA for 2 hrs.

(B) A representative gene (Sodl) shows induced uTIS sites by PatA treatment but repressed by
Hippu. HEK293 cells were treated with 200 nM Hippu or 50 pM PatA for 2 hrs followed by
QTI-seq. Solid green triangle, aTIS; unfilled green triangle, uTIS.

(C) Codon composition analysis of ‘Common uTIS’ (upper) or ‘PatA-unique uTIS’ (bottom)
identified from QTI-seq reads data sets.

(D) Codon composition analysis of ‘Common uTIS’ (upper) or ‘Hippu-unique uTIS’ (bottom)
identified from QTI-seq reads data sets.
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Figure 2-8 Proposed Models for el[F4A-Mediated PIC Conformational Change that Unifies
Ribosome Recruitment, Scanning, and Start Codon Selection

In the absence of eIF4A, the closed PIC conformation leads to reduced mRNA loading, delayed
PIC scanning, and increased stringency of start codon selection. In the presence of elF4A
(orange triangle), multiple cycles of ATP hydrolysis lead to open conformation of PIC that
facilitates ‘slot-in” mRNA loading, bi-directional PIC scanning, and selection of suboptimal
start codons (empty red star).
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Figure 2-S8 High dose of Hippu eliminates false-positive TIS sites identified from QTI-seq.
(A) Heat-map of TIS density across individual transcripts from HEK293 cells treated with
different doses of Hippu.

(B) Venn diagrams show the total number of TIS sites identified by QTI-seq in HEK293 cells
before and after treatment with a high dose of Hippu (1000 nM). TIS sites in different regions
(5’UTR, aTIS, CDS, and 3’UTR) were counted separately.

(C) A representative example of genes (Rpl30) shows a false-positive TIS peak identified by a
high dose of Hippu (1000 nM). Solid green triangle, aTIS; unfilled green triangle, alternative
TIS sites.
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2 .4 Discussion

Eukaryotic translation begins with accommodation of specific mMRNAs by
the 43S PIC. The proposed mRNA ‘threading’ mechanism permits base-by-
base inspection by the PIC, enabling selection of start codons near the 5’ end
cap?*. However, for many transcripts with short 5’UTRs, translation is facilitated
by a motif celled translation initiator of short 5’UTR (TISU)%’, which is unlikely
functional in the form of linear thread. Another feature of the ‘threading’ model
is the mandatory elF4E dissociation from the 5’ end cap. A recent study using
selective 40S footprinting in human cells reported that elF4E could remain
attached on the PIC throughput the®. We demonstrated that tethering elF4E to
the 5’ end cap does not abolish the translation of mMRNAs with long 5’UTR. The
‘slot-in” model conforms to mRNA ftranslation mediated by IRES, m®A
residues®39, or the poly(A) tract in 5’UTR*C. The translation potential of circular
RNAs (circRNAs) further indicate a more lateral loading of mMRNA into the PIC#!.
For cap-dependent mRNA translation, however, the slotting PIC is expected to
leave a blind spot on mRNA for start codon selection. In vitro studies have
documented that a single nucleotide is a sufficient 5’UTR for translation4?. Using
in vivo mRNA reporters, we showed that a 5’UTR of 2 nt enables mRNA
translation albeit with low efficiency. It appears that neither the ‘threading’ nor
the ‘slot-in’ model could fully explain those experimental observations.

It is possible that ‘threading’ and ‘slotting’ modes co-exist inside cells with

the latter utilized solely for special types of mRNAs. However, the putative
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position of elF4E in proximity to the E-site is inconsistent with the presumption
of the ‘threading’ model in which the cap-binding protein must be placed near
the A-site. Additionally, cross-linking assays revealed that the 5’ end of mMRNA
interacted with elF3a, elF3b, and elF3d instead of small ribosomal proteins*3. It
is also worth noting that the PIC near the 5’ end shows a broad range of footprint
sizes, which is more consistent with the laterally loaded PIC spanning a sizable
mRNA region from the 5’ end cap. The major conflict between the ‘threading’
and the ‘slot-in’ model lies in the presence of blind spots for start codon selection.
If the PIC undergoes a nonlinear motion after accommodation of mRNA, start
codons near the 5’ end can be reached without ‘threading’. Supporting this
notion, a blind spot emerged when the elF4E was crosslinked with the 5’ end
cap, which prevents PIC backsliding. We propose that PIC undergoes bi-
directional migration after slotting, which resolves the fundamental dilemma
between ‘slot-in” mMRNA accommodation and recognition of 5’ end start codons.

The scanning process commences once the PIC has been loaded onto
the mRNA. Another major open question in translation initiation concerns the
scanning directionality. The linear correlation between the scanning time and
the 5’UTR length was demonstrated as the evidence supporting the 5 —3’
unidirectional movement of PIC#. For mRNAs with multiple start codons, the
first AUG codon is favored by the scanning PIC also suggests the linear
scanning mode*®. Nevertheless, most of these conclusions considered a net

directionality in the process but not the dynamics of the scanning. Despite the
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widely accepted scanning model, i.e., 5’—3’ linear and base-by-base migration,
the nonlinear scanning mechanism has been suggested before. For instance,
the IRES element from Halastavi arva virus (HalV) recruits PIC immediately
downstream of the start codon, which is then picked by retrograde scanning?®.
The bidirectional scanning has also been documented for both post-terminating
80S ribosomes and recycled 40S during translation reinitiation4”48, For cap-
dependent translation, the back-and-forth oscillations of scanning ribosomes
was originally suggested from experiments using closely spaced AUG codons
found in Turnip yellow mosaic virus (TYMV)23, We confirmed the competitive
nature of neighboring start codons by demonstrating that downstream start
codons negatively regulate upstream ones. Perhaps the most compelling
evidence comes from mRNA reporters sandwiched by an IRES. Only when the
PIC undergoes bi-directional scanning, could both upstream and downstream
start codons be selected.

A more profound question is how the net 5’—3’ directionality is achieved
on 5°UTR if PIC undergoes back-and-forth migrations. The DEAD-box RNA
helicases have long been implicated in the scanning process. The yeast Ded1p
catalyzes the forward scanning of PIC by residing at the mRNA entry channel
and unwinding mRNA secondary structures*. The mammalian specific-DHX29
possibly uses the similar mechanism to assist forward scanning®°'. Not
surprisingly, translation of mMRNAs with complex structures is more susceptible

to Ded1p or DHX29 deficiency. As the prototypical member of DEAD-box RNA
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helicase, elF4A is the most abundant translation initiation factor's. Unlike
DHX29 that is stably positioned at the leading edge of PIC, elF4A is believed to
recycle rapidly during the scanning process®. Notably, in vitro studies revealed
that elF4A can unwind RNA duplex in either direction at the same rate. A
previous study reported that elF4A together with Rocaglamide A delays PIC
scanning by clamping onto polypurine sequences in an ATP-independent
manner®3. Importantly, elF4A has been shown to modulate the PIC
conformations via ATP hydrolysis'?, suggesting that mRNA is not the only
substrate of elF4A. Indeed, lack of elF4A leads to longer PIC footprints in 5’'UTR,
a sign of closed PIC conformation. Consistently, in the absence of elF4A, the
closed PICs tend to stall in traversing 5’UTR. As a result, global translation is
severely inhibited. Given the crucial role of elF4A in driving PIC free scanning,
it is conceivable that the nonlinear scanning consists of forward thrusts
alternating with limited relaxation in the reverse direction (Figure 2-8).

The scanning process is also crucial for inspection of potential start
codons on mRNAs. A growing body of evidence suggests that the stringency of
start codon selection is tightly coupled with the scanning kinetics. In general,
slow scanning enables recognition of suboptimal start codons, whereas fast
scanning increases the fidelity of start site selection. However, the PIC
conformation is equally important in controlling the stringency of start codon
selection. Intriguingly, elF4A-dependent changes in the conformation of elF3]

has been implied in the fidelity of start codon recognition®*. By modulating the
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ATPase activity of elF4A using small molecule compounds, we demonstrate
that recognition of cryptic uTIS sites can be induced or repressed. We anticipate
that, by adjusting both ATPase and helicase activities of elF4A, it is possible to
fine-tune the stringency of start codon selection and control the translational
output. As RNA helicases have been implicated in development and cancer>s,
dissecting their distinct roles in the scanning process will accelerate our
understanding of translational reprogramming in cellular homeostasis and

pathophysiology.

2.5 Material and Methods

Cell lines and reagents

MEF, HEK293 and HEK293-KP cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS). Antibodies used
in the immunoblotting are listed below: anti-elF4A1 (Abcam ab31217), anti-
puromycin (Developmental Studies Hybridoma Bank PMY-2A4), anti-B-Actin
(sigma A5441), anti-elF3a (Cell signaling 3411S), anti-RPS26 (Protein Tech
14909-1-AP), anti-RPL4 (Protein Tech 11302-1-AP), Alexa Fluor 546 donkey
anti-mouse secondary antibody (Invitrogen A10036) and Alexa Fluor 546

donkey anti-rabbit secondary antibody (Invitrogen A10040).

Plasmid constructions

The full-length firefly luciferase (Fluc) gene was cloned into pcDNAS.1 vector
(Invitrogen) to generate the Fluc/pcDNA3.1 vector. To create the A88T mutant,
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site-directed mutagenesis was performed using the QuikChange Il XL Site-
Directed Mutagenesis Kit (Agilent Technologies). Primers are 5’'-
GCGTATCTCTTCAAAGCCTTATGCAGTTGCTCTCC -3’ and 5'-
GGAGAGCAACTGCATAAGGCTTTGAAGAGATACGC -3’. Mutation was
confirmed by Sanger DNA sequencing. The uORF plasmid reporters were
constructed by inserting DNA sequences containing 5’UTR (2-nt, 4-nt, 10-nt or
20-nt) and the sequence encoding SIINFEKL into Sac I/BamH | sites of
EGFP/pcDNA3.1 vector to generate SIINFEKL-EGFP/pcDNA3.1 vector. To
construct the SIINFEKL-6nt-IRES-Fluc/pcDNA3.1 vector, the DNA sequence
encoding SIINFEKL was cloned into Nhe I/ Pml | sites of Rluc-IRES-Fluc/
pcDNA3.1 vector. DNA sequence encoding EGFP was amplified from
EGFP/pcDNAS3.1 vector, and subcloned into BamHI/Xohl sites of SIINFEKL-
6nt-IRES-Fluc/pcDNA3.1 vector to generate  SIINFEKL-6nt-IRES-
EGFP/pcDNAS3.1 vector. The SIINFEKL-18nt-IRES-EGFP/pcDNAS.1 vector
was constructed by inserting 12nt + IRES sequence into Pml I/BamH | sites of
SIINFEKL-6nt-IRES-EGFP/pcDNA3.1 vector. The Polio(inv) sequence was
synthesized (Top Gene Technologies) and cloned into Pml I/BamH | sites of
SIINFEKL-6nt-IRES-EGFP/pcDNAS.1 and SIINFEKL-18nt-IRES-
EGFP/pcDNAS.1 vectors to generate SIINFEKL-6nt-IRES(inv)-
EGFP/pcDNA3.1 and SIINFEKL-18nt-IRES(inv)-EGFP/pcDNAS3.1 vectors,
respectively. DNA sequences of all primers used in this study are listed in

Appendix lI.
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In Vitro Transcription

To generate mRNAs suitable for transfection, 3 ug PCR products described
above were utilized for in vitro transcription. Transcripts with the normal m’G
cap were generated using the mMMESSAGE mMACHINE T7 Transcription Kit
(Invitrogen 1344) and transcripts with the non-functional cap analog ApppG
(NEB) were synthesized using MEGAscript T7 Transcription Kit (Invitrogen
1333), followed by polyadenylation using Poly(A) Tailing Kit (Invitrogen
AM1350M). mRNA products were purified according to the manufacturer’s

instruction.

Real-Time Luciferase Assay

Cells grown in 35mm dishes were transfected with in vitro synthesized
luciferase reporter mRNAs. Luciferase substrate D-luciferin (1 mM, Regis Tech)
was added into the culture medium immediately after transfection. Luciferase

activity was monitored and recorded using Kronos Dio Luminometer (Atto).

Real-time quantitative PCR

Total RNA was isolated by TRIzol reagent (Invitrogen) and used for reverse
transcription assay via High Capacity cDNA Reverse Transcription Kit
(Invitrogen). Real-time PCR analysis was conducted using Power SYBR Green
PCR Master Mix (Applied Biosystems) and carried on a LightCycler 480 Real-
Time PCR System (Roche Applied Science). Primers for amplifying each target

are listed in Appendix IlI.
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Flow cytometry

Transfected HEK293-KP cells were washed with PBS and harvested by trypsin.
Cells were then re-suspended in blocking buffer (1% bovine serum albumin
(BSA) in PBS). Cells are aliquoted into a 96-well plate followed by 2000 rpm
spinning for 2 min. After removal of blocking buffer, cells were washed one more
time followed by staining with 25D1 Alexa 647 antibody (1:1000 in 75 uL solution
per well). After incubation in the dark with gentle rocking at 4°C for 30 min, cells
were washed three times with 200 uL of the blocking buffer to remove unbound
antibodies. Resuspend cells in 300 pl of blocking buffer followed by single cell
filtering (Falcon). Cells were analyzed on a BD FACSAria Fusion flow cytometer

(BD Biosciences). Cytometry data analysis is conducted using FlowdJo.

Toeprinting

The ribosome binding reaction mixture was prepared on ice in a total volume of
10 ul containing 50% Nuclease-treated rabbit reticulocyte lysate (Promega), 20
pmol of primer (5’- 6-FAM-AATTGTTCCAGGAACCAG- 3’), 20 uM amino acid
mixture, 0.4 U/ul RNaseOUT (Invitrogen) and 50 mM Tris-HCI pH 7.5.
Reactions were treated with 0.5 mg/ml CHX followed by incubation at 37 °C for
5 min. After addition of 0.3 mg of reporter mRNAs, the reaction mixtures were
incubated at 30 °C for 20 min to allow the translation machinery to assemble at
the start codon. The reverse transcriptase reaction was conducted in a total
volume of 20 ul containing the entire ribosome binding reaction, 1x Superscript
Il reverse transcriptase buffer, 5 mM DTT, 40 mM KCI, 3 mM MgClz, 50 mM
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Tris-HCI pH7.5, 0.5 mg/ml cycloheximide, 0.8 mM of dNTP, 1.5 U/ul RNaseOUT,
5 U/ul Superscript Il reverse transcriptase. After incubation at 25 °C for 10 min,
the reaction was terminated by nucleic acids extraction by phenol:chloroform
and ethanol precipitation. The primer extension products were resuspended in
10 pl of Hi-Di formamide. 2 ul aliquot was run with 0.2 ul GeneScan 500 LIZ
dye Size Standard (Fisher) on an ABI 3730xl instrument. Data is analyzed by

Peak Scanner 2 software.

Recombinant protein purification

The Eif4e coding sequence was cloned into pGEX-6P-1 vector using the
following primers:

elF4E-F, 5'- GCGAATTCATGGCGACTGTCGAACCGGA-3’;

elF4E-R, 5'-CCGCTCGAGTTAAACAACAAACCTATTTTTAG-3'.

The construct was transformed into the E. colibacteria BL21. GST fusion
protein was induced by 0.5 mM IPTG at 20°C for 3-4 hr. The cells were
harvested and lysed in the lysis buffer (PBS supplemented with 0.5 mM PMSF,
1 mM DTT, protease inhibitor cocktail (Roche), 0.1% (v/v) Triton X-100) with
10 min sonication. Cell debris was removed by centrifuge at 12,000 rpm for
30 min. The supernatant was mixed with 2 ml equilibrated Pierce glutathione
agarose followed by 4 °C incubation for 2-3 hr. The resin was washed five times
and the fusion protein was eluted in GST elution buffer (5 mM glutathione, 50

mM Tris-HCI pH 8.0).
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UV-crosslinking and chemical crosslinking

MRNAs synthesized with the T7 RNA polymerase system (Invitrogen AM1333)
were capped with GTP or 6-Thio-GTP using the capping enzyme system
(CellScript C-SCCS1710), followed by polyadenylation with Poly(A) Tailing Kit
(Invitrogen AM1350M). For UV-crosslinking, Purified GST-elF4E protein was
incubated with m”S8G capped mRNA in binding buffer (10 mM HEPES-KOH pH
7.6, 100 mM KCI, 0.5 mM MgClz, and protease inhibitors) at 4 °C under 360 nm
UV exposure for 15 min. For chemical crosslinking, m’G capped mRNA are
incubated for 2-3 hr on ice in 100 mM sodium acetate pH 5.3, 10 mM EDTA, 0.2
mM sodium periodate. The crosslinked mixture was neutralized by adding
glycerol to 2% (v/v) final concentration. After 10 min incubation at room
temperature, the crosslinked mRNAs were phenol extracted twice and ethanal
precipitated. The RNA pellet was dissolved in Nuclease-free water. Purified
GST-elF4E protein was incubated with oxidized mRNA in binding buffer (10 mM
HEPES-KOH pH7.6, 100 mM KCI, 0.5 mM MgClz, and protease inhibitors) at
4 °C for 15 min. NaBH4 (20 mM) was added and incubation was pursued for 2-
3 hronice. UV or Chemical Crosslinked Mixtures were then incubated with 70%
Nuclease-treated rabbit reticulocyte lysate (Promega), 20 mM amino acid
mixture for 1.5 hr at 30 °C. Firefly luciferase activities were measured using
Luciferase Assay System (Promega E1500). Briefly, 20 ul of RRL mixture was
transferred to each well of a 96-well plate. The 96-well plate was placed into the

Plate-reading Luminometer with injector (BioTek). The injector added 100 pl of
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Luciferase Assay Reagent per well followed by the measurement of light
intensity before the plate was advanced to the next well for a repeat of the inject-

then-read process.

Lentiviral sgRNAs

LentiCRISPRv2 plasmids targeting elF4Al were constructed using methods
described previously (°6,57). Briefly, complementary oligonucleotides containing
the specific sgRNA sequence and overhangs complementary to overhangs
generated by BsmBI digestion of LentiCRISPRv2 were annealed to the BsmBI
digested LentiCRISPRv2 plasmid to generate the functional transfer vector.
Undigested LentiCRISPRv2 plasmid lacking a sgRNA sequence was used for
pseudovirus production as a control (Scramble). Lentiviral particles were
packaged using Lenti-X 293T cells (Clontech). Virus-containing supernatants
were collected at 48 hr after transfection and filtered to eliminate cells. MEF
cells were infected by the lentivirus for 48 hr followed by selection with 2 pg/mi
puromycin. Selected cells were plated in 96-well plates by serial dilution at 1 cell
per well. Single cells were then expanded and analyzed by PCR amplification
of genomic DNA flanking the CRISPR-targeted region. sgRNA targeting

sequence used in this study is listed in Appendix llI.

Puromycin Labeling

Cells at 80-90% confluence were treated with DMEM + 10% FBS 2 hr before

media was changed to DMEM + 10% FBS supplemented with 10 pg/ml
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puromycin for an additional 5 min, 10 min or 15 min. Cells were washed twice

with ice-cold DPBS and lysed, followed by immunoblotting.

Immunoblotting

Cells were lysed on ice in TBS buffer (50 mM Tris pH7.5, 150 mM NaCl, 1 mM
EDTA) containing 1% Triton X-100, 2 U/ml DNase and protease inhibitor
cocktail tablet. The lysates were incubated on ice for 30 min, followed by heating
for 10 min in SDS-PAGE sample buffer (50 mM Tris pH6.8, 100 mM dithiothreitol,
2% SDS, 0.1% bromophenol blue, 10% glycerol). Proteins were separated on
SDS-PAGE and transferred to PVDF membranes (Fisher). Membranes were
blocked in TBS containing 5% non-fat milk and 0.1 % Tween-20 for 1 hr,
followed by incubation with primary antibodies overnight at 4 °C. After
incubation with horseradish peroxidase-coupled secondary antibodies at room
temperature for 1 hr, immunoblots were Vvisualized using enhanced

chemiluminescence (ECLPIlus, GE Healthcare).

elF3-seq and PIC-seq

A total of five 10 cm dishes with 90% confluence of MEF cells were used for
either elF3-seq or PIC-seq. After cell washing using ice-cold DPBS, cells were
fixed in 10 ml/dish ice-cold formaldehyde solution (0.5% formaldehyde in DPBS)
followed by 10 min incubation at 4°C on a rocker. The cells were then washed
with ice-cold DPBS and quenched in 10ml/dish ice-cold buffer (50 mM Glycine,

50 mM Tris-HCI pH 7.5 in Nulease-free water) for 10 min at 4°C on a rocker.
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After removal of the quench buffer, cells were washed with polysome buffer
(10mM HEPES-KOH pH 7.4, 100 mM KCI and 5 mM MgClz), and collected in
400 pl lysis buffer (1% Triton-X-100 in polysome buffer) on ice. Whole cell
lysates were cleared at 15,000 rpm for 10 min at 4 °C. The supernatant was
transferred into a 1.5 ml tube followed by RNA digestion with RNase | (Ambion,
750 U per 100 A260 units). The mixture was incubated for 45 min at 4 °C. During
the incubation, the sucrose solutions were prepared in polysome buffer. 10%-
40% (w/v) sucrose density gradients were freshly prepared in a SW41
ultracentrifuge tube (Backman) using a Gradient Master (BioComp Instruments).
Digested supernatant was loaded onto sucrose gradients followed by
centrifugation for 3 hr 30 min at 32,000 rpm 4 °C in a SW41 rotor. Separated
samples were fractionated at 1.5 ml/min through an automated fractionation
system (Isco) that continually monitors OD254 values. After separation, for
elF3-seq, 40S and 80S fractions were pool together and mixed thoroughly to
get 600 ul total sample. 5 pg/mg lysate elF3a antibody (Cell signaling 3411S)
and 0.5 U/ ul SUPERase-In (Invitrogen AM2696) were added to the IP samples,
followed by an incubation under gentle rotation at 4 °C for 3 hr. Washed (3 times)
Protein A/G beads were added into each IP sample and rock IP samples at 4 °C
overnight. Beads were collected by spinning at 1000 rpm for 3 min at 4 °C and
the supernatant was removed. Beads were washed 3 times with polysome
buffer. After last washing, all supernatant was carefully removed and 400 ul of

polysome buffer were added to resuspend the beads. For PIC-seq, 40S and
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80S fractions were pool separately to get 400 ul each. For elF3-seq, RNA was
extracted from resuspended beads in polysome buffer. For PIC-seq, RNA was
extracted from sucrose of 40S fractions and 80S fractions separately using
methods previously described®8. Briefly, samples were adjusted to 10 mM Tris-
HCI pH 7.4, 10 mM glycine, 1% (w/v) SDS and 10 mM EDTA pH 8.0 and
incubated at 65 °C for 5 min. Add one volume of acidic phenol/chloroform
solution and vortex at maximum speed for 2 min. Place the tubes with mixtures
into thermomixer and continue shaking at 1400 rpm for 20 min at 65 °C to
reverse the cross-links. Centrifuge the samples at 14000 rpm for 5 min at room
temperature. Carefully transfer the aqueous phases to new 1.5 ml tubes.
Perform ethanol precipitation of RNA. Purified RNA was used for cDNA library

construction and high-throughput sequencing described below.

QTlI-seq and Ribo-seq

QTlI-seq was conducted using a method described previously (%°). In brief, cells
were collected in 400 ml of ice-cold polysome buffer containing 5 mM LTM.
Samples were transferred to a 1.5 ml tube containing Lysing Matrix-D and cells
were lysed by vortexing 20 s for six times with a 40 s interval on ice. After
removing the debris by centrifugation for 10 min at 13,000 g 4 °C, supernatant
was transferred to a new 1.5ml tube and supplemented with 10 mM creatine
phosphate, 0.1 mM spermidine, 40 mg/ml creatine phosphokinase, 0.8 mM ATP,
20 mM ATA and 25 mM of puromycin. The mixtures were incubated at 35 °C for
15 min and ready for the sucrose gradient sedimentation. For Ribo-seq, five
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10cm dishes of cells were harvested in 450yl lysis buffer (1% Triton X-100 in
polysome buffer) containing CHX (100 pg/ml), then centrifuged at 12,000 g 4°C
for 10min. The supernatant was collected and subjected to sucrose gradient
sedimentation. Sucrose solutions were prepared in polysome buffer. 15%- 45%
(w/v) Sucrose density gradients were freshly prepared in a SW41 ultracentrifuge
tube (Backman) using a Gradient Master (BioComp Instruments). Supernatant
was loaded onto sucrose gradients followed by centrifugation for 2 hr 30 min at
32,000 rpm 4 °C in a SW41 rotor. Separated samples were fractionated at 1.5
ml/min through an automated fractionation system (Isco) that continually
monitors OD254 values. For both QTIl-seq and Ribo-seq, ribosome fractions
separated by sucrose gradient sedimentation were pooled and digested with E.
coli RNase | (Ambion, 750 U per 100 A260 units) by incubation at 4 °C for 1 hr.
SUPERase*In (50 U per 100 U RNase |) was then added into the reaction
mixture to stop the digestion. Total RNA was extracted using TRIzol LS reagent.
Purified RNA was used for cDNA library construction and high-throughput

sequencing described below.

cDNA library construction

Fragmented RNAs were separated on a 15% polyacrylamide TBE-urea gel
(Invitrogen) and visualized using SYBR Gold (Invitrogen). Selected regions of
the gel corresponding to 20-70 nt (for PIC-seq and elF3-seq) or 25-35 nt (for
Ribo-seq and QTIl-seq) were excised. The gel slices were disrupted by using
centrifugation through the holes at the bottom of the tube. RNA fragments were
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dissolved by soaking overnight in 400 ul RNA gel elution buffer (300 mM NaOAc
pH 5.5, 1 mM EDTA, 0.1 U/ul SUPERase-In). The gel debris was removed using
a Spin-X column (Corning), followed by ethanol precipitation.

Purified RNA fragments were re-suspended in Nuclease-free water, then
dephosphorylated for 1 hr at 37 °C in a 15 pl reaction (1x T4 polynucleotide
kinase buffer, 10 U SUPERase*In and 20 U T4 polynucleotide kinase).
Dephosphorylated RNA fragments were precipitated using ethanol and re-
suspended in Nuclease-free water. 0.15 Mg linker
(rApp/NNNNCTGTAGGCACCATCAAT/3ddC) then was added to the RNA
fragments, heated at 70 °C for 90 s and then cooled to room temperature,
followed by ligation for 3 hr at at 22 °C in a 20 ul reaction (1x T4 Rnl2 reaction
buffer, 10 U SUPERase*In, 15% PEG8000 and 20 U T4 RNA ligase 2 truncated).
The reaction was heat inactivated at 80 °C for 10 min and the products were
separated on a 10% polyacrylamide TBE-urea gel and selected regions in the
gel corresponding to 45-95 nt (for PIC-seq and elF3-seq) or 60-70 nt (for Ribo-
seq and QTl-seq) were excised. RNA fragments were dissolved by soaking
overnight in 400 pl RNA gel elution buffer. RNA fragments were Purified from
RNA gel elution buffer as described earlier and re-suspended in Nuclease-free
water.

For reverse transcription, the following oligos containing barcodes were

used:
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(Phos) CTANNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCT
CGGTGGTCGC(SpC18)CACTCA(SpC18)TTCAGACGTGTGCTCTTCCGATC

TATTGATGGTGCCTACAG

(Phos) AGCNNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCT
CGGTGGTCGC(SpC18)CACTCA(SpC18)TTCAGACGTGTGCTCTTCCGATC

TATTGATGGTGCCTACAG

(Phos) ATTNNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCT
CGGTGGTCGC(SpC18)CACTCA(SpC18)TTCAGACGTGTGCTCTTCCGATC

TATTGATGGTGCCTACAG

(Phos) CCGNNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCT
CGGTGGTCGC(SpC18)CACTCA(SpC18)TTCAGACGTGTGCTCTTCCGATC

TATTGATGGTGCCTACAG

where Phos represents phosphorylation, NNN represents random sequence,

SpC18 represents Hexa-ethyleneglycol spacer.

The linker ligated RNA sample was mixed with 0.5 mM dNTP and 2.5
mM synthesized primer and incubated at 75 ° C for 3 min, followed by incubation
on ice for at least 1 min. The reaction master mix was then added with 20 mM
Tris (pH 8.4), 50 mM KCI, 5 mM MgClz, 10 mM DTT, 40 U RNaseOUT and 200
U SuperScript lll. Reverse transcription reaction was performed according to
the manufacturer’s instruction. Reverse transcription products were separated

on a 10% polyacrylamide TBE-urea gel. Corresponding region was excised,
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which was expected to be approximately 200 nt. The first-strand cDNA products
were recovered in DNA gel elution buffer (300 mM NaCl, 1 mM EDTA), then

purified and re-suspended in Nuclease-free water as described earlier.

cDNA products were circularized in 20 pl of reaction containing
1xCircLigase buffer, 2.5 mM MnCl2, 1M Betaine and 100 U CircLigase Il
(Epicentre). Circularization was performed at 60 °C for 1 hr and the reaction

was heat inactivated at 80 °C for 10 min.

Deep sequencing

Circular template was amplified by PCR using the Phusion high-fidelity (HF)
enzyme (NEB) according to the manufacturer’s instructions. The PCR forward
primer: 5-AATGATACGGCGACCACCGAGATCTACAC-3’ and reverse primer:
5-CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCA

GACGTGTGCTCTTCCG -3’ were used to create products suitable for
sequencing. PCR reaction contains 1x HF buffer, 0.2 mM dNTP, 0.5 uM
oligonucleotide primers, and 0.25 U Phusion polymerase. PCR was carried out
with an initial 30 s denaturation at 98 °C, followed by 12 cycles of 10 s
denaturation at 98 °C, 20 s annealing at 65 °C, and 20 s extension at 72 °C.
PCR products were separated on a nondenaturing 8% polyacrylamide TBE gel.
Expected products around 180 bp were excised and recovered in DNA
gel elution buffer, then purified and re-suspended in Nuclease-free water as

described earlier (°°).
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After quantification by Agilent BioAnalyzer DNA 1000 assay, equal
amounts of barcoded samples were pooled into one sample. Approximately 5
pM mixed DNA samples were used for cluster generation followed by
sequencing by using sequencing primer 5-

CGACAGGTTCAGAGTTCTACAGTCCGACGATC-3’ (lllumina HiSeq).

Alignment of sequencing reads

The 3’ adapter CTGTAGGCACCATCAAT was trimmed by Cutadapt (%°). The
trimmed reads with length shorter than 15 nucleotides or longer than 35
nucleotides were discarded. The remaining reads were mapped to the mouse
transcriptome using STAR with default parameters (¢'). Only the reads that were
aligned to a unique position with mismatches lower than 2 nucleotides were kept.
To construct mouse transcriptome, the annotation file and genome sequences
downloaded from ENSEMBL database (GRCm38) were used. For each gene,
the mRNA with longest CDS was selected. In the case of equal CDS length, the

longest transcript was used.

Ribosome density of transcript

For each transcript, RPKM (reads per kilobase of CDS, per Million mapped
reads) was used to estimate the ribosome density of transcript. To exclude the
global effect of drug treatment, the count of total reads mapped to cytoplasmic
transcriptome was first normalized by the count of reads that were aligned to

mitochondrial genome. mRNAs with RPKM value <1 were excluded.
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Aggregation Plot of ribosome density

To make the aggregation plot around start and stop codons, for each transcript,
Ribo-seq reads at individual positions were normalized by the average reads of
transcript. Then, the normalized counts at the same position relative to start or
stop codon were averaged. For 5’ end aggregation plot, positions of 5’ end of
Ribo-seq reads were used. For 3’ end aggregation plot, positions of 3’ end of

Ribo-seq reads were used.

TIS identification

We used the same method in Gao et al®® to identify translation initiation sites
(T1S) from QTI-seq, with slightly modifications. Briefly, for each transcript with
total QTI-seq reads higher than 16, the distribution of P-site read count is
modeled by Zero-Truncated Binomial Negative (ZTNB) distribution. For the sites
in CDS and 3’ UTR, the sites with FDR adjusted p-value lower than 0.05 were
considered as potential downstream TIS (dTIS). For the sites in other regions,
a putative TIS is predicted provided it meets the following criteria: 1) p-value is
lower than 0.01, 2) ribosome read count (from Ribo-seq) in corresponding ORF
is higher than 5, 3) in-frame reads is significantly higher than out-frame reads
(Wilcoxon-test). The overlapped TIS within a small window (from -5 to +5 nt)
were merged into a single TIS, by selecting the TIS with highest QTI peak

density.
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Motif analysis

The sequence motifs around TIS were plotted by ggseqlogo®?.
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CHAPTER 3

Roles of RNA Helicases on the Ribosome Scanning of mRNAs with

Secondary Structures in Different Regions

The contents of this Chapter are in preparation for the manuscript to be
published as Gu Y, Lin K, Mao Y, Dong L, and Qian SB. Roles of RNA
Helicases on the Ribosome Scanning of mRNAs with Secondary
Structures in Different Regions.

3.1 Abstract

Single-stranded RNA molecules tend to form high-order structures via
intricate patterns of base pairing. Structural features of mRNA transcripts
provide additional layers of gene regulation beyond that of their sequence.
However, the specific effects of the secondary structures in different mRNA
regions on the eukaryotic translation and the underlying mechanisms remain
elusive. Here, we report that the translational effects of stem-loops (SLs) in the
5’ untranslated region (5’UTR) depend on their positions. However, the
positioning of these SLs did not affect their sensitivities to the RNA helicase
elF4A1 or DHX29. To our surprise, the AUG-proximal SLs in the coding region
(CDS) showed high dependence on DHX29, similar to SLs in the 5’UTR. In
contrast, all the mRNA reporters showed equal dependence on elF4A1,
regardless of the structural complexity. Also, DHX29 was found in both 40S and
80S monosome fractions after polysome fractionation. Collectively, these
findings suggest that, besides its function initiation, DHX29 is likely involved in

the early stage of the elongation before it dissociates from the 80S ribosome.
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3.2 Introduction

Protein synthesis via mRNA translation is one of the most fundamental
cellular processes in eukaryotes. Regulation of mRNA translation is principally
directed at the initiation stage in order to achieve rapid, reversible and dynamic
control of gene expression. In eukaryotes, the canonical translation initiation
starts with the assembly of the ternary complex (TC) which consist of eukaryotic
initiation factor 2 (elF2), GTP and aminoacyl methionine tRNA Met-tRNA (Met-
tRNAiMety,. TC, in cooperation with eukaryotic initiation factor 3 (elF3), -1 (elF1)
and -1A (elF1A), binds to the 40S ribosomal subunit, forming the 43S pre-
initiation complex (PIC). Facilitated by the eukaryotic initiation factor 4F (elF4F)
complex which binds to the m’G cap, the PIC attaches to the 5’end of mRNAs
and scans the 5’UTR to the downstream appropriate start codon. Upon the start
codon recognition, 48S PIC is formed and ready for the joining of the 60S
ribosome.

Due to the intrinsic propensity to quickly and dynamically fold or form
structures, mRNA exhibits a second layer of structural information which shapes
the post-transcriptional control of gene expression. However, RNA structures,
such as hairpins (SLs) and RNA duplexes, in the 5’UTR tend to play an inhibitory
role in translation initiation by blocking the ribosome loading or impeding the
ribosome scanning process?. Previous studies on the relationship between cap-
to-SL distances and translation efficiency revealed that SLs proximal to the

5’end inhibits translation initiation by preventing the association of 40S
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ribosomes3#, whereas the inhibitory effect of the equally stable SL decreases
dramatically as its position was moved downstream (e.g., 16nt) of the cap?*.
Similar phenomenon was found when the antisense oligonucleotides (ASOs)
complementary to the particular region of 5’UTR were introduceds. On the other
hand, SL-to-AUG distances are able to determine the translation efficiency as
well. SLs present upstream of an initiation codon have been reported to block
the translation of endogenous transacriptsé’. Intriguingly, for all eukaryotic
species, a significant decrease in mRNA secondary structure contents around
the initiation codon have been universally observed in recent genome-wide
structural studies®8910, Despite the wide appreciation of the impact that
secondary structures at various regions may have on translation initiation, little
is known about the differences in their mechanistic details.

Ribosomal scanning through structural barriers is known to be regulated
through helicase-mediated destabilization of RNA structures. RNA helicases
associated with the 43S PIC are able to unwind the stable stems and assist the
ribosome to access the downstream start codons. Eukaryotic initiation factor 4A
(elF4A) and DExH/D-box helicase 29 (DHX29) are two prominent RNA
helicases which are part of the translation machinery mainly involved in initiation.
As one of the key components of the elF4F complex, which facilitates the
association of the 40S ribosome and mMRNAs, elF4A was suggested to remodel
the cap-proximal secondary structures via its helicase activity. However, the

ATPase and helicase activity of individual elF4A is low. Despite the
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enhancement of its activity by its accessory factors like elF4G and elF4B, elF4A
still shows limited capability in unwinding stem loops''. Even though, elF4A is
essential for the general translation of transcripts regardless of the structure
complexity'. elF4A has been recently proposed to promote the ribosome
loading on mRNAs in universal initiation independent of its unwinding activity.
Given that, unwinding of stable structures in 5’UTR must rely on other RNA
helicases like DHX29.

DHX29 is an RNA helicase which is critical for translation initiation. It is
a ubiquitously expressed cytoplasmic protein, and is found in a wide range of
human and murine cell lines'. The knockdown of DHX29 also caused a
dissociation of polysomes but an increase of the monosome in polysome
profiling — ‘hallmarks’ of translation initiation inhibition. Both in vitro and in vivo
studies have reported that DHX29 is necessary for the translation of mRNAs
with highly structured 5’ UTRs'41513. Recent cryo-EM structure of 48S ribosome
revealed that DHX29 resides along the A-site of the ribosome'®. Due to its
position at the leading edge of the mRNA channel, DHX29 was thought to
promote scanning of PIC by directly unwinding the secondary structures before
entering into the mMRNA binding cleft within the ribosome'”. Beyond the general
function in the RNA structure unwinding, DHX29 has been suggested to
promote 48S PIC formation, although the specific mechanism is uncertain.

Despite the well-accepted fact that elF4A and DHX29 play non-

redundant roles in the translation initiation, a comprehensive understanding of
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their non-overlapping functions to promote translation and unwind of secondary
structures is lacking. In this study, the ability of elF4A and DHX29 to promote
the unwinding of secondary structures in different regions of the mRNA was
compared in order to better understand the wide scope of functions these two
RNA helicases may have. Unexpectedly, we found that the structures in CDS
close to the start codons, like those in the 5’UTR, significantly impaired the
translation when DHX29 was depleted. Whereas, all the mRNA reporters
showed a uniform decrease in translation efficiency in the absence of elF4A.
Moreover, DHX29 was found in both 40S and 80S monosome fractions after
polysome fractionation. Together all, we proposed that DHX29 possesses more
functions than just the regulation of translation initiation and may even

participate in the early stages of elongation.

3.3 Results

3.3.1 5’ proximal SLs close to the AUG abrogate the start codon recognition.

To investigate how the position of SLs in 5’UTR affects the translation
initiation, | first validated the inhibitory effect of 5’ proximal SLs on translation by
comparing the translatability of Firefly luciferase (Fluc) mRNA reporters inserted
with a stable SLs (AG= -20 kcal mol') 20nt, 6nt, or 2nt downstream of the 5’
end (Figure 3-1A left panel). As expected, | observed a dramatic (around 4-fold)
reduction in translation efficiency when the cap-to-SL distance was shortened
from 20nt to 2nt (Figure 3-1A right panel). Although 5’ proximal SL has been
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suggested to inhibit translation initiation by preventing the association of 40S
ribosomes3#, it remains unclear whether features other than the cap-to-SL
distance could determine the effect of 5’ proximal SLs. To examine whether the
SL-to-AUG distances also play critical roles in the attenuated translation caused
by the 5’ proximal SLs, | measured the Fluc activities of mRNA reporters with
the same 5’ proximal SLs (cap-2nt-SL) while containing an untranslated region
of various length (from 20nt to 2nt) between the SL and the downstream AUG.
Interestingly, | found that SL-to-AUG distance shorter than 10 nt leads to a
complete abrogation of Fluc translation, indicated by the observed Fluc activity
comparable to the basal level. In comparison, the 2nt-SL-20nt-AUG reporter
exhibited a robust expression level (Figure 3-1B). In Chapter 2, | showed that
the length of the 5’UTR determines the position of the decoding site of the PIC
relative to the AUG on the mRNA after the mRNA recruitment via ‘slot-in’. Here,
I hypothesize that, mMRNAs with 5’ proximal SL are capable to attach to the PIC,
while the 5’ proximal SL with SL-to-AUG distance less than 10 nt places the
start codon within the ‘blind-spot’ of the PIC and abolishes its recognition (Figure
3-1C). To evaluate this hypothesis, | conducted the toe-printing assay to reveal
the exact position of start codons selected by PIC in the rabbit reticulum lysates
(RRL). Sharp and strong peaks corresponding to the first AUG downstream of
the 5’ proximal SL were detected for 2nt-SL-20nt-AUG reporters. However, no
start codon-associated peaks were detected for the other reporters with SLs

proximal to both 5’ends and start codons (Figure 3-1D). Together the present
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results, both in vitro and in vivo data demonstrated that PICs load onto the
mRNA in the downstream region of the 5’ proximal SLs and the proximal
downstream AUG was placed within the ‘blind-spot’, which leads to the failure

in the start codon recognition by the PIC.
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Figure 3-1 Translational effects of 5’ proximal SLs.

(A) Translation efficiency of Fluc mRNA reporters bearing SLs proximal to 5’end. (Left)
Sequence of Fluc reporter mRNAs. (Right) Fluc activity of indicated mRNAs. In vitro
synthesized mRNAs were transfected into MEF cells and Fluc activities were monitored by real-
time luminometry. The reporter mRNAs bearing SLs 20nt downstream of the 5’ end were
included as positive control. Uncapped mRNAs were included as negative control. Error bars:
mean + SEM; n = 3 biological replicates. (B) Translational effects of SL-to-AUG distance on
the Fluc mRNA reporters bearing SLs proximal to 5’end. Fluc mRNA reporters, bearing 5’
proximal SLs with indicated SL-to-AUG distance, were transfected into MEF cells, followed
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by quantification of Fluc activities by real-time luminometry. Error bars: mean = SEM; n = 3
biological replicates, ns, not significant, ****P<(0.0001; One-way ANOVA. (C) Schematic of
PIC loading on to the mRNAs bearing SLs proximal to 5’end. (Left) On the 2nt-SL-20nt-AUG
reporter, PIC loading placed the AUG downstream of the decoding site and allowed the AUG
recognition. (Right) On the 2nt-SL-GG-AUG reporter, PIC loading placed the AUG upstream
of the decoding site and disabled the AUG recognition. (D) Start codon recognition by toe-
printing assays. Fluc mRNA reporters, bearing 5’ proximal SLs with indicated SL-to-AUG
distance, were incubated in RRL, followed by reverse transcription using a probe downstream
of the start codon. Expected positions corresponding to the full length and the ribosome leading
edge are highlighted.

3.3.2 AUG-proximal SLs and AUG-distal SLs in the 5’UTR show similar

dependence on DHX29 and elF4A1.

To further examine the relationship between SL-to-AUG distances and
the mRNA translation efficiency, | constructed a set of Fluc reporters with a 5’
proximal (6nt) or distal (20nt or 56nt) SL, followed by an AUG either 2nt or 20nt
downstream (Figure 3-2A). The 56-nt sequence used here is from the full length
of unstructured B-globin 5’UTR'8. Regardless of the cap-to-SL distances,
mRNAs with SLs further upstream from the start codons were always translated
more efficiently than those close to the start codons (Figure 3-2A), suggesting
that the SL-to-AUG distance does affect the translation efficiency. This
observation is in alignment with the previous sequencing data that AUG-
proximal SLs in the 5 UTR are associated with decreased ribosome
occupancy®’. Notably, this trend is even more significant in the reporters with 5°
proximal SLs (6nt-SL-GG-AUG vs 6nt-SL-20nt-AUG), compared to the mRNAs
with longer cap-to-SL distances (e.g., 20 nt and 56 nt) (Figure 3-2B). The

observed difference agrees with the hypothesis that SLs proximal to both 5’ end
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and the downstream AUG disrupt the start codon recognition by the PIC as
discussed before (Figure 3-1C Right panel).

To elucidate the mechanistic details regarding the translational effects of
AUG-proximal SLs in the 5’'UTR, | tested whether they are more dependent on
particular RNA helicases than AUG-distal SLs. Using the CRISPR/Cas9 gene
editing technique, | deleted Eif4A1 and Dhx29 individually in the MEF cell-line.
The knockdown efficiency was verified through Immunoblotting (Figure 3-2B
and 2C left panels). Fluc reporters with relatively long cap-to-SL distances (e.g.,
20 nt and 56 nt) were transfected into the elF4A1 knockdown, DHX29
knockdown, and Scramble MEF cells, and the fold change (Knockdown versus
Scramble) in the Fluc activity was compared. EIF4A1 depletion decreased the
translation of all the reporter mMRNAs, as evidenced by fold change less than 1.
However, no difference was observed in the fold change between the structured
and unstructured mRNAs (Figure 3-2B right two panels). This data suggested
that elF4A1 depletion impairs the overall translation rather than selectively
inhibits the translation of mMRNAs with structured 5’ UTRs. In contrast, mRNAs
with structured 5° UTRs showed a much lower fold change than those with
unstructured 5° UTRs upon DHX29 depletion. (Figure 3-2C right two panels)
This is expected as DHX29 is known to promote the unwinding of stable SLs
during PIC scanning'®. However, there was no difference in the fold change
between the reporters with AUG-proximal SL (SL-2nt-AUG) and the reporters

with AUG-distal SL (SL-20nt-AUG) (Figure 3-2C right two panels). This lack of
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discrepancy indicates that DHX29 does not selectively enhance the unwinding
of SLs closer or further to the start codon in the 5’UTR. Together, | conclude
that DHX29 selectively promotes translation of mRNAs with structured 5’ UTRs,
whereas elF4A1 does not. However, neither elF4A1 nor DHX29 mediates the

translational effects of AUG-proximal SLs in the 5’UTR on the mRNA

translatability.

A (¥ (¥
o o >
o_n o—n
e—a 6nt-SL-GG-AUG °—a 20nt-SL-GG-AUG
g2 o2
wo—0 o—0
S—a S a
m7G-t—'ﬁnGGAUG [CCTTFIUCTT T TAAA.. m7G-[20ntJ6—~ GGAUG[I " FLUC " ]AAA...
(¥ (¥
o > [T
N o_n
—a 6nt-SL-20nt-AUG oa 20nt-SL-20nt-AUG
S Sy
u—0 o—0
w—n v—0
m7GJERllS—A[20nt] AUG FLUC AAA... m7G-[20nt]5—A[20ntJAUG| FLUC AAA...
(¥ e . -
el SL positioning in 5’'UTR
°e—a HBB-SL-GG-AUG 1%105
3= O Xnt-SL-GG-AUG
S—a 8x104{ [ Xnt-SL-20nt-AUG —
m7GHBBIo—NGGAUGIT T FIUC T TIAAA...
4,
é,(; : 6x10
oA < 4,
'-"tg HBB-SL-20nt-AUG 4x10 *
e
= 2x104 =
m7G-JHBBIS—A [20nt]AUG [ FICAAA... 0 ] |:—|
- L} T Ll
A\ X
& ,19*‘ Qgg’
B Fold Change Fold Change
Scramble sg elF4A1 5 5
Q 0.6 Q 0.6
elF4A1 g, g..
< <
B-Actin T 02 S 02
0.0 T T T 0.0 T T T
© © © © © ©
&S S S
o & o & o4 e&
v Y 2 N o N
& & & o
o + & &
C Fold Change Fold Change

Scramble sg DHX29 ns

[B-Actin |“——

o
®

I
>

DHX29KD/Scr
o o
N -
)
(/0 4 |_|
DHX29KD/Scr
° °
N

T T
&£ £ &£ £ R
& & o o &
oF & '\ Q [ o
v o ,_,\,"L N P 9\9‘
« Q& E:
I 4 &

170



Figure 3-2 Translational effects of SL-to-AUG distance.

(A) Translation efficiency of Fluc mRNA reporters bearing SLs 20nt or 2nt upstream of the start
codon. The indicated mRNA reporters were transfected into MEF cells, followed by
quantification of Fluc activities by real-time luminometry. Error bars: mean £+ SEM; n = 3
biological replicates. #-test, * p < 0.05; ** p < 0.01. Sequence of Fluc reporter mRNAs were
illustrated. (B) Translation efficiency of Fluc mRNA reporters with indicated SL-to-AUG
distance in MEF cells with or without eIF4A1 knockdown. (Left) Immunoblotting of MEF cells
with or without e[F4A 1 knockdown. (Middel and Right) Fluc activities in the absence of e[F4A 1
were normalized to the control. (C) Translation efficiency of Fluc mRNA reporters with
indicated SL-to-AUG distance in MEF cells with or without DHX29 knockdown. (Left)
Immunoblotting of MEF cells with or without DHX29 knockdown. (Middel and Right) Fluc
activities in the absence of DHX29 were normalized to the control. Error bars: mean + SEM; n
= 3 biological replicates. One-way ANOVA for multiple comparisons and unpaired Student’s
t-test for individual comparisons, ns, not significant; * p < 0.05.

3.3.3 DHX29 mediates the unwinding of SLs in the CDS near the AUG.

In addition to the SLs in the 5’UTR, SLs outside the 5 UTR were
monitored as well. | constructed another set of Fluc mRNA reporters harboring
SLs at different positions within the CDS (Figure 3-3A). Unexpectedly, mRNAs
with SLs in CDS near the start codon, but not the stop codon, showed
sensitivities to the depletion of DHX29. The dependence of the 20nt-AUG-GG-
SL reporter on DHX29 could be explained by unfinished initiation allowing
DHX29 to unwind the SLs at the leading edge of the PIC before the decoding
site reaches the start codon. However, the SL 20nt downstream of the AUG
ought to be unwound by the 80S ribosome during the early elongation phase
where DHX29 has been released.

ASOs could inhibit translation through highly specific hybridization to a
target MRNA'%20, To confirm the dependence on DHX29 of mRNAs with SLs in
CDS close to the AUG, | designed 15-nt DNA oligonucleotides (oligos)

complementary to different regions of the Fluc reporter mRNA with 56-nt (f3-
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globin) 5’UTR (Figure 3-3B). DNA oligos were annealed to the mRNA reporters,
forming the DNA:RNA hybrids, followed by the transfection of annealing
products into the MEF cell-lines. To exclude the impact of the DNA:RNA hybrids
on the mRNA stability, Fluc activities were normalized to the mRNA levels at
end points. Consistent with the previous finding using ASOs'92021.22, ' DNA
oligos binding to the 5’UTR near the AUG (‘U20’) or to the region including AUG
(‘AUG’) impaired translation more significantly than those targeting the region
further downstream of the AUG (‘D1000’°). Of note, DNA oligos binding to the
CDS near the AUG (‘D20’) showed similar effects as ‘U20’ (Figure 3-3B). Next,
| transfected the hybrids into DHX29 knockdown cells and found that the
reporter mMRNA was more sensitive to the depletion of DHX29 when targeted by
‘U20’, ‘D20’, and ‘AUG’ DNA oligos, but not ‘D1000’. These findings validated
that the structure in the CDS near the start codon is likely modulated by DHX29.

To further probe the translational effects of SL positioning, | applied an
independent uORF reporter assay. As described in Chapter 2, the uORF
reporters are transfected into a cell-line stably expressing H-2KP, the intensity
of both AF647 and GFP can be quantified by flow cytometry (Figure 3-3C). |
inserted a stable SL at different positions of the reporter mRNAs. The reporter
with 20-nt unstructured 5’'UTR was included as control (Figure 3-3E upper
panel). Similar to the Fluc reporters, SLs in the 5’UTR, the region close to AUG
or the region containing AUG impeded the translation of both trace peptide and

GFP. However, the SL in the untranslated region between the two ORFs only
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impaired the translation efficiency of GFP (Figure 3-3E middle panel). To
validate the dependence of DHX29 on translation of mRNAs with SLs in CDS
close to AUG, | deleted DHX29 in HEK293-KP cell-line using CRISPR/Cas9
(Figure 3-3D) and transfected the uORF reporters into HEK293-KP cells with
DHX29 knockdown. As expected, DHX29 depletion dramatically reduced the
AF647 signals from reporters with SLs in the 5’UTR and those with SLs
overlapping the start codon, compared to unstructured control (Figure 3-3E lane
1, 2, 8). The SL between the two ORFs only exhibited minimal effects on AF647
signal upon DHX29 depletion, although the GFP signal was decreased
apparently (Figure 3-3E lane 5). These findings all fall within the current
understanding of DHX29’s role in PIC scanning. Intriguingly, the reporter with a
SL 15nt downstream of the start codon was highly susceptible to the DHX29
depletion (Figure 3-3E lane 4), similar to those with SLs in the 5’UTR. This data
further validated that DHX29 involves in unwinding of SLs outside of 5’UTR, and

that DHX29 may be functional beyond translation initiation.
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Figure 3-3 DHX29 mediates the unwinding of the CDS SLs close to the AUG.

(A) Translation efficiency of Fluc mRNA bearing CDS SLs with varied AUG-to-SL distance in
MEF cells with or without DHX29 knockdown. (Left and Middle) Sequence of Fluc reporter
mRNAs. (Right) Fluc activities in the absence of DHX29 were normalized to the control. The
mRNAs with no SL inserted was included as positive control. The mRNAs with SL inserted
20nt upstream of the stop codon was included as another positive control. Error bars: mean +
SEM; n = 3 biological replicates. (B) Translation efficiency of Fluc mRNA reporters targeted
by DNA oligos in MEF cells with or without DHX29 knockdown. (Left) The reporter mRNAs
were annealed to the DNA oligos targeting the indicated regions of the mRNA. Annealing
products were transfected into MEF cells and Fluc activities were monitored by real-time
luminometry. Fluc activities at 6 hr were normalized to mRNA levels quantified by RT-qPCR.
(Right) Fluc activities in the absence of DHX29 were normalized to the control. Error bars:
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mean £ SEM; n = 3 biological replicates. (C) The schematic of uORF reporter assay coupled
with FACS. The uORF reporter contains a sequence encoding SIINFEKL (orange) followed by
GFP (green). Synthesized mRNA reporters were transfected into HEK293-Kb cells, followed
by measurement of 25D1 and GFP using flow cytometry. (D) Immunoblotting of HEK293-K"
cells with or without DHX29 knockdown. (E) Translation efficiency of uORF mRNA reporters
bearing SLs at different positions in HEK293-K" cells with or without DHX29 knockdown.
(Left)The representative flow cytometry scatterplots of HEK293-K® Scramble cells or DHX29
knockdown cells transfected with indicated uORF reporters. mRNAs with no SL insertion were
included as positive control. (Right upper) The quantification of 25D1 signals in Scramble cells.
(Right bottom) 25D1 signals in the absence of DHX29 were normalized to the control. Error
bars: mean = SEM; n = 3 biological replicates. One-way ANOVA, ns, not significant, * p <
0.05, **p<0.01, ***p<0.001.

3.3.4 elF4A1 is minimally engaged in unwinding SL in the CDS region.

Next, | sought to determine whether elF4A1 and DHX29 have similar or
distinct activities in stimulating unwinding of SLs in the CDS close to the start
codons. | repeated the Fuc reporter assays with either SLs inserted or DNA
oligos targeted in elF4A1 knockdown MEF cells and observed a uniform fold
change in all constructs (Figure 3-4A and 4B). | also created a HEK293-KP" cell-
line with elF4A1 knockdown using CRISPR-Cas9 gene editing method to
conduct the TIS-Selex assay (Figure 3-4C). All the mRNA reporters displayed
an equally strong dependence on elF4A1 including the unstructured control
(Figure 3-4D). These observations are in alignment with the recent notion of
elF4A1 that it is essential to the global mRNA translation, regardless of the

structural complexity.
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Figure 3-4 e[F4A1 is minimally engaged in unwinding of SLs in CDS near the AUG.

(A) Translation efficiency of Fluc mRNA bearing CDS SLs with varied AUG-to-SL distance in
MEF cells with or without elF4A1 knockdown. Similar to Figure 3-3A (B) Translation
efficiency of Fluc mRNA reporters targeted by DNA oligos in MEF cells with or without
elF4A1 knockdown. Similar to Figure 3-3B (C) Immunoblotting of HEK293-K" cells with or
without e[F4A1 knockdown. (D) Translation efficiency of uORF mRNA reporters bearing SLs
at different positions in HEK293-K" cells with or without elF4A1 knockdown. (Left) The
representative flow cytometry scatterplots of HEK293-K® Scramble cells or eIF4A 1 knockdown
cells transfected with indicated uORF reporters. Similar to Figure 3-3E. Error bars: mean +
SEM; n = 3 biological replicates. One-way ANOVA, ns, not significant. (Right) 25D1 signals
in the absence of elF4A1 were normalized to the control. Error bars: mean = SEM; n = 3
biological replicates. One-way ANOVA, ns, not significant.
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3.3.5 Impact of DHX29 depletion and elF4A1 depletion on global translation.

To further study and compare the functional differences between DHX29
and elF4A1, | measured the relative growth rates of MEF and HEK293-KP cells
depleted with either DHX29 or elF4A1, compared to the Scramble cell-lines.
The depletion of DHX29 minimally reduced the growth rate in both cell lines.
Differences in growth rate was not significant (p > 0.05) (Figure 3-5A left panels).
In agreement with the growth rate, puromycin labeling showed slight difference
in the puromycin incorporation into nascent polypeptides between the DHX29
knockdown cell-lines and the Scramble controls (Figure 3-5B, left panel).
Consistently, polysome profiling revealed a mild decreased but still robust
polysome fractions in both DHX29 knockdown cell-lines (Figure 3-5C, right
panels). These findings demonstrated that the depletion of DHX29 minimally
affected the overall mMRNA translation in both murine and human cell lines.

On the other hand, elF4A1 depletion displayed a more dramatic impact
on both cell growth and global mRNA translation. elF4A1 knockdown
significantly slowed down the growth rate of both MEF and HEK293 KP cells
(Figure 3-5A right panels). Also, the absence of elF4A1 impaired the synthesis
of nascent peptides, revealed by the puromycin labeling (Figure 3-5B right
panels). Moreover, elF4A1 depletion leads to a huge shift from the polysomes
to the monosome indicating the remarkable inhibition of translation initiation

(Figure 3-5C, middle panels). Taking all these data together, | conclude that
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elF4A1 plays a critical role in both cell growth and global mRNA translation,
whereas DHX29 seems to be less essential.

To test the hypothesis that DHX29 may play a role beyond the initiation
phase of translation, samples from the fractionation of the wild-type HEK293 Kb
cells were collected and subjected to the immunoblotting for DHX29 to monitor
its distribution across the polysome fractions. Immunoblotting for RPS26, RPL4
was conducted at the same time as the representatives for 40S and 60S. The
Western blot analysis revealed that DHX29 was mostly found in the ribosome
free and 40S fractions (Figure 3-5D lane 1, 2, 3), consistent with the previous
report that DHX29 was most strongly associated with the 40S'4. Notably,
DHX29 was also found in the monosome and light polysome fractions (Figure
3-5D lane 5, 6, 7), suggesting that DHX29 remains associated with the 80S
ribosome beyond initiation at least during the early elongation phase. In
comparison, the distribution of elF4A1 in the polysome fractions showed that
elF4A1 mainly exists in ribosome-free and 40S fractions, while only minimal
elF4A1 appears in the monosome fraction and is absent in the polysome
fractions. This observation further supports the hypothesis that DHX29 remains
on the 80S and is involved in unwinding SLs within the CDS during the early
elongation phase, while elF4A1 is released from the ribosome upon 80S

formation.
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Figure 3-5 Impact of DHX29 or e[F4A1 depletion on global translation.

(A) Proliferation rate of MEF and HEK293-K" cells with either DHX29 knockdown or elF4A1
knockdown. Cell numbers were normalized to the value obtained on Day 1. Error bars, mean +
SD, n = 3 biological replicates; ns, not significant, *P<0.05; Student’s t test. (B) Nascent
proteins in MEF and HEK293-K" cells with either DHX29 knockdown or eIF4A1 knockdown
were labeled with 10 pg/ml of puromycin for 5, 10 or 15 mins. Cell lysates were resolved by
SDS-PAGE and analyzed by immunoblotting using the indicated antibodies. (C) Polysome
profiles of MEF and HEK293-K" cells with either DHX29 knockdown or eIlF4A1 knockdown
were analyzed by sucrose density gradient centrifugation in polysome buffer. (D) (Light)
Distribution of DHX29 and elF4A1 in polysome fractions. Immunoblotting of DHX29, elF4A 1
RPL4 and RPS26 in indicated fractions from HEK293-K® wide-type cells. (Right) Polysome
profile from HEK293-K" wide-type cells.

3.4 Discussion

The canonical scanning model of translation initiation proposes that
stable secondary structures within 5’UTR can inhibit translation efficiency. In
this study, | examined the impact of the location of secondary structures with
the same thermal stabilities on mRNA translation. | confirmed that mRNA
structure is inhibitory when proximal to the 5’ end of mRNA (Figure 3-1A). The
previous studies suggested that the inhibitory effect of 5’ proximal structures is
due to impaired association between the PIC and mRNA. Using the toe-printing
assay, | showed that the PIC is still able to attach to the mRNA in presence of
the 5’ proximal SLs when there is at least 20-nt space between the SL and the
downstream AUG (Figure 3-1D). Whereas, the secondary structure proximal to
both 5’ end and the downstream AUG completely abrogated the start codon
recognition by the PIC (Figure 3-1C). | further explored the translational effects
of SL-to-AUG distances and found that the secondary structure 2nt upstream of
the start codon reduced translation efficiency more dramatically, compared to

those 20nt upstream (Figure 3-2A). This observation is in alignment with the
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previous transcriptome studies demonstrating that 5’UTR structures close to the
start codon impaired the mRNA translatability®”

In addition to the structures within 5’'UTR, | also tested the SLs in other
regions of the mRNA. | was surprised to notice that the structures located up to
20nt downstream of the start codon exhibited similar inhibitory effects as
structures in the 5’UTR (Figure 3-3A). This phenomenon was observed in both
Fluc and uORF reporter assays using reporter mRNAs either inserted with SLs
or targeted by the complementary DNA oligos in different regions (Figure 3-3B
and 3E). The structures 20nt downstream of the start codon ought to be
destabilized by the assembled 80S during the elongation, while those more
proximal to the AUG (e, g,. 2nt) are likely unwound by the PIC in the late initiation
stage.

Several RNA helicases have been implicated in the unwinding secondary
structures during PIC scanning. It has been long appreciated that elF4A1, in the
complex of elF4F, promotes ribosome attachment by unwinding 5’ proximal
structures??. DHX29 was found necessary for the translation of mRNA
sequences with highly structured 5 UTRs'41513 In this study, | intended to
determine whether either of these two RNA helicases might mediate the
translational effects of secondary structures in different positions. As shown in
Figure 3-2, the translational efficiency of reporters with structured 5° UTRs show
different sensitivity to DHX29 and elF4A knockdown. Cells with elF4A1

knockdown demonstrate a uniform reduction in translation efficiency of all the
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reporter mRNAs, including unstructured control (Figure 3-2B). This observation
agrees with more recent notions that elF4A1 is required for mRNA recruitment
by all mMRNAs regardless of the structural complexity?#25 In contrast, a more
significant reduction in the translation of mMRNAs with structured 5’ UTRs was
seen in DHX29 knockdowns (Figure 3-2C). Despite the dependence of
structured 5’'UTRs on DHX29, the translation of mRNAs with secondary
structures in different locations of the 5’UTR show equal sensitivities to DHX29
depletion. These results indicate that the translational effect of the structure
positioning is not mediated by DHX29 or elF4A1.

DHX29 has been long considered to act in the initiation stage of
translation. Its strong association with the 40S small subunit suggested that it
functioned primarily in the unwinding of secondary structures during the
scanning process'3. In this study, a new function of DHX29 may have been
identified. As seen in Figure 3-3 and Figure 3-4, knockdown of DHX29 but not
elF4A1 appeared to impair the translation of reporters with SLs in the CDS near
the start codon. In both Fluc and uORF reporter assays, DHX29 depletion
affects both the translation of reporters with SLs in the 5’UTR and overlapping
the start codon. Unexpectedly, reporters with SLs in the CDS near the start
codon were also highly susceptible to the DHX29 depletion (Figure 3-3A and
3E). Reduced translation of mMRNAs with SLs in the 5’ UTR was expected as
DHX29 has been shown to promote the scanning of the 43S ribosome through

secondary structures in the 5 UTR'™. Similarly, secondary structures
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overlapping the start codon are also unwound prior to 80S ribosome assembly.
However, it came as a surprise that the unwinding of stable stems 20nt
downstream of the AUG would also be affected by DHX29 depletion, as the
unwinding of these stems would likely occur only in the elongation phase. To
mitigate the potential problems posed by the unpredicted structure formation, |
further validated this finding by introducing DNA oligos targeting different areas
downstream of the start codon in long Fluc reporters. It was shown that the
secondary structures within 20nt downstream of the AUG are significantly more
sensitive to DHX29 depletion than those more distal from the AUG (Figure 3-
3B). In light of this phenomenon, | hypothesize that DHX29 may play a role in
the early elongation phase, and not just the initiation phase as previously
thought.

The proposed role of DHX29 in the early stages of elongation is also
supported by its stronger presence in the 80S monosome fraction and light
polysome fractions, but much weaker presence in the heavy polysome fractions,
as seen in Figure 3-5. Combined with the findings from the reporter assays, the
presence of DHX29 in 80S suggests its potential role in translation beyond just
the initiation stage. This notion might run counter to the convention that DHX29
dissociates from 40S complexes®®. However, the past published polysome
profiling data shows that DHX29 can be found in the 80S fraction as well'3. Also,
DHX29 was found to contact elF3a2” which was found to remain associated with

80S ribosome during early elongation phase?. Taking all this data together, |
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propose that DHX29 could be present during the elongation, making it a
candidate for secondary structure unwinding during elongation, given its similar
role during initiation. While there is still much more research that needs to be
done to prove DHX29’s role beyond the initiation process, if confirmed, this
could suggest a novel function for DHX29.

Previous literature suggested that the two RNA helicases involved in
initiation, DHX29 and elF4A1, may have stimulatory functions or act
synergistically to unwind stable secondary structures, while also keeping some
overlapping functions'#. This study found that the absence of elF4A1 or DHX29
both lead to reduced global translation and cell proliferation, while the reduction
of translation was much more dramatic in the absence of elF4A1 than DHX29.
The huge impact of elF4A1 depletion observed in this study is consistent with
the previous notion that elF4A1 is essential to the cell growth. Despite that, the
elF4A1 knockout was found not lethal in this study. However, previous literature
had demonstrated that DHX29 knockdown with shRNAs in HelLa cells showed
an average two-fold reduction in global translation levels'. However, the
reduction of translation observed in this study was not as remarkable as
previously described. This discrepancy might be due to differences in cell line,
knockdown technique, global translation measurement techniques and growth
rate measurement techniques between this study and the previous literature.
As only 10% of mRNAs contain atypically long 5° UTRs which have a greater

propensity to form stable secondary structures??, this low prevalence of highly
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structured mRNAs may explain the mild decreases in global translation and thus
cell growth caused by DHX29 knockdown. In summary, the different influence
of two RNA helicases on global translation and cell growth further demonstrate

the non-overlapping functions of DHX29 and elF4A1 in mammalian cells.

3.5 Materials and Methods

Cell lines and reagents

MEF and HEK293-KP cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% fetal bovine serum (FBS). Antibodies used in the
immunoblotting are listed below: anti-elF4A1 (Abcam ab31217), anti-puromycin
(Developmental Studies Hybridoma Bank PMY-2A4), anti-DHX29 (Cell
Signaling 4648S), anti-B-Actin (sigma A5441), anti-RPS26 (Protein Tech
14909-1-AP), anti-RPL4 (Protein Tech 11302-1-AP), Alexa Fluor 546 donkey
anti-mouse secondary antibody (Invitrogen A10036) and Alexa Fluor 546

donkey anti-rabbit secondary antibody (Invitrogen A10040).

Plasmid constructions

The full-length firefly luciferase (Fluc) gene was cloned into pcDNAS.1 vector
(Invitrogen) to generate the Fluc/pcDNAS.1 vector. The uORF plasmid reporters
were constructed by inserting the sequence encoding SIINFEKL into Sac

I/BamH | sites of EGFP/pcDNA3.1 vector to generate SIINFEKL-
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EGFP/pcDNAS.1 vector. DNA sequences of all primers used in this study are

listed in Appendix IV.

In Vitro Transcription

To generate mRNAs suitable for transfection, 3 ug PCR products described
above were utilized for in vitro transcription. Transcripts with the normal m’G
cap were generated using the mMMESSAGE mMACHINE T7 Transcription Kit
(Invitrogen 1344) and transcripts with the non-functional cap analog ApppG
(NEB) were synthesized using MEGAscript T7 Transcription Kit (Invitrogen
1333), followed by polyadenylation using Poly(A) Tailing Kit (Invitrogen
AM1350M). mRNA products were purified according to the manufacturer’s

instruction.

Real-Time Luciferase Assay

Cells grown in 35mm dishes were transfected with in vitro synthesized
luciferase reporter mRNAs. Luciferase substrate D-luciferin (1 mM, Regis Tech)
was added into the culture medium immediately after transfection. Luciferase

activity was monitored and recorded using Kronos Dio Luminometer (Atto).

Real-time quantitative PCR

Total RNA was isolated by TRIzol reagent (Invitrogen) and used for reverse

transcription assay via High Capacity cDNA Reverse Transcription Kit
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(Invitrogen). Real-time PCR analysis was conducted using Power SYBR Green
PCR Master Mix (Applied Biosystems) and carried on a LightCycler 480 Real-
Time PCR System (Roche Applied Science). Primers for amplifying each target

are listed in Appendix IV.

Flow cytometry

Transfected HEK293-KP cells were washed with PBS and harvested by trypsin.
Cells were then re-suspended in blocking buffer (1% bovine serum albumin
(BSA) in PBS). Cells are aliquoted into a 96-well plate followed by 2000 rpm
spinning for 2 min. After removal of blocking buffer, cells were washed one more
time followed by staining with 25D1 Alexa 647 antibody (1:1000 in 75 uL solution
per well). After incubation in the dark with gentle rocking at 4°C for 30 min, cells
were washed three times with 200 uL of the blocking buffer to remove unbound
antibodies. Resuspend cells in 300 pl of blocking buffer followed by single cell
filtering (Falcon). Cells were analyzed on a BD FACSAria Fusion flow cytometer

(BD Biosciences). Cytometry data analysis is conducted using FlowdJo.

DNA-RNA Oligonucleotide Annealing

The annealing mixture was prepared on ice in a total volume of 20 pl containing
15 picomole of DNA oligonucleotides, 5 picomole of mRNA reporters, 4 yL of
100 mM HEPES, 4 pyL of 10 mM MgCI2 and 2 pyL of 1M KCI. DNA-RNA.

Annealing occurred at 65 °C for 10 minutes. After 10-minute incubation, the
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thermocycler was turned off, and the reactions slowly cool down to the room

temperature for 30 minutes. The annealing products were ready for transfection.

Toeprinting

The ribosome binding reaction mixture was prepared on ice in a total volume of
10 ul containing 50% Nuclease-treated rabbit reticulocyte lysate (Promega), 20
pmol of primer (5’- 6-FAM-AATTGTTCCAGGAACCAG- 3’), 20 uM amino acid
mixture, 0.4 U/ul RNaseOUT (Invitrogen) and 50 mM Tris-HCI pH 7.5.
Reactions were treated with 0.5 mg/ml CHX followed by incubation at 37 °C for
5 min. After addition of 0.3 mg of reporter mRNAs, the reaction mixtures were
incubated at 30 °C for 20 min to allow the translation machinery to assemble at
the start codon. The reverse transcriptase reaction was conducted in a total
volume of 20 ul containing the entire ribosome binding reaction, 1x Superscript
Il reverse transcriptase buffer, 5 mM DTT, 40 mM KCI, 3 mM MgClz, 50 mM
Tris-HCI pH7.5, 0.5 mg/ml cycloheximide, 0.8 mM of dNTP, 1.5 U/ul RNaseOUT,
5 U/ul Superscript Il reverse transcriptase. After incubation at 25 °C for 10 min,
the reaction was terminated by nucleic acids extraction by phenol:chloroform
and ethanol precipitation. The primer extension products were resuspended in
10 pl of Hi-Di formamide. 2 ul aliquot was run with 0.2 ul GeneScan 500 LIZ
dye Size Standard (Fisher) on an ABI 3730xl instrument. Data is analyzed by

Peak Scanner 2 software.
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Lentiviral sgRNAs

LentiCRISPRv2 plasmids targeting elF4Al were constructed using methods
described previously (30,31). Briefly, complementary oligonucleotides
containing the specific sgRNA sequence and overhangs complementary to
overhangs generated by BsmBl digestion of LentiCRISPRv2 were annealed to
the BsmBI digested LentiCRISPRv2 plasmid to generate the functional transfer
vector. Undigested LentiCRISPRv2 plasmid lacking a sgRNA sequence was
used for pseudovirus production as a control (Scramble). Lentiviral particles
were packaged using Lenti-X 293T cells (Clontech). Virus-containing
supernatants were collected at 48 hr after transfection and filtered to eliminate
cells. MEF cells were infected by the lentivirus for 48 hr followed by selection
with 2 ug/ml puromycin. Selected cells were plated in 96-well plates by serial
dilution at 1 cell per well. Single cells were then expanded and analyzed by PCR
amplification of genomic DNA flanking the CRISPR-targeted region. sgRNA

targeting sequence used in this study is listed in Appendix IV.

Growth Curve

Cell growth rates were compared through cell counting using a hemocytometer.
Cells were plated for a 10% confluency into 6-well plates. The first well was
counted eight hours post-plating in order to set a Day 1 baseline reading. All
other wells were counted 24 hours after Day 1. Relative cell growth was

calculated as the cell count for that day normalized to the Day 1 count. Cell
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growth was tracked for six days. Cells were plated in triplicates and relative

growth rates for each of the replicated were averaged.

Puromycin Labeling

Cells at 80-90% confluence were treated with DMEM + 10% FBS 2 hr before
media was changed to DMEM + 10% FBS supplemented with 10 pg/ml
puromycin for an additional 5 min, 10 min or 15 min. Cells were washed twice

with ice-cold DPBS and lysed, followed by immunoblotting.

Immunoblotting

Cells were lysed on ice in TBS buffer (50 mM Tris pH7.5, 150 mM NaCl, 1 mM
EDTA) containing 1% Triton X-100, 2 U/ml DNase and protease inhibitor
cocktail tablet. The lysates were incubated on ice for 30 min, followed by heating
for 10 min in SDS-PAGE sample buffer (50 mM Tris pH6.8, 100 mM dithiothreitol,
2% SDS, 0.1% bromophenol blue, 10% glycerol). Proteins were separated on
SDS-PAGE and transferred to PVDF membranes (Fisher). Membranes were
blocked in TBS containing 5% non-fat milk and 0.1 % Tween-20 for 1 hr,
followed by incubation with primary antibodies overnight at 4 °C. After
incubation with horseradish peroxidase-coupled secondary antibodies at room
temperature for 1 hr, immunoblots were Vvisualized using enhanced

chemiluminescence (ECLPIus, GE Healthcare).
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Polysome Fractionation

Five 10 cm dishes of cells were harvested in 450 ul lysis buffer (1% Triton X-100
in polysome buffer) containing CHX (100 ug/ml), then centrifuged at 12,000 g
4°C for 10min. The supernatant was collected and subjected to sucrose
gradient sedimentation. Sucrose solutions were prepared in polysome buffer.
15%- 45% (w/v) Sucrose density gradients were freshly prepared in a SW41
ultracentrifuge tube (Backman) using a Gradient Master (BioComp Instruments).
Supernatant was loaded onto sucrose gradients followed by centrifugation for 2
hr 30 min at 32,000 rpm 4 °C in a SW41 rotor. Separated samples were
fractionated at 1.5 ml/min through an automated fractionation system (Isco) that

continually monitors OD254 values.
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CHAPTER 4

Conclusions and Future Endeavors

The selection of proper start codons by ribosomes is a pivotal step in
protein synthesis, ensuring that the correct polypeptide is produced from the
MRNA. The dynamic start codon selection is coupled to the scanning process
of the pre-initiation complex (PIC). One of the most fundamental questions
regarding the scanning directionality is still under debate. Several DEAD-box
RNA helicases have been implicated in the translation initiation on highly
structured mRNA leaders. For instance, the yeast Ded1p catalyzes the forward
scanning of PIC by interacting at the mRNA entry channel and unwinding mRNA
secondary structures. Reduced Ded1p expression during meiosis contributes to
the activation of uORFs by selecting near-cognate start codons. The
mammalian specific-DHX29 uses the similar mechanism to assist forward
scanning. Despite that the classic linear scanning model (i.e., 5—3
unidirectional migration of PIC along the 5’ leader sequence) is widely accepted,
several studies have suggested that this process, rather than exclusively
unidirectional, may consist of forward (5’ to 3’) thrusts alternating with motion
the reverse direction (3’ to 57) 123,

In Chapter 2, | aimed to address the question of how the scanning
directionality is determined. Using both in vivo reporter assays and quantitative
probing of start codon selection in vitro, | provide evidence suggesting that PIC

undergoes bi-directional oscillations with a net 5—3 movement. The
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translatability of mRNAs with ultra-short 5’UTR indicates the lack of an absolute
‘blind spot’ within 5’UTR for start codon selection. Intriguingly, the cross-linking
between elF4E and m’G cap abolished the translation of mRNA with ultra-short
5’UTR. The dependence of the ‘blind spot’ on the 5’ block suggests a lateral
attachment of mRNA (‘slot-in” model) during the ribosome loading. The
preference on the third AUG among the three closely spaced AUGs in mRNAs
with ultra-short 5’UTR hints the 3’ to 5’ migration of the PIC after slot-in. The
backward scanning of PIC was further validated in the scanning-dependent
IRES-mediated translation. The bi-directional scanning model unifies the ‘slot-
in” mode of PIC attachment, cap-severed PIC scanning, and the competitive
nature of neighboring start codons for PIC recognition.

The most unexpected finding is the role of elF4A in bi-directional
scanning of PIC. As the prototypical member of DEAD-box RNA helicases,
elF4A is the most abundant translation initiation factor. Similar to prior studies
using yeast cells, genetic ablation of elF4A1 from mammalian cells represses
global protein synthesis with littte mRNA specificity. In addition to reduced PIC
attachment, recognition of start codons near the 5’ end is also impaired in the
absence of elF4A1. By manipulating the ATPase activity of elF4A using small
molecule compounds, we demonstrate that it is possible to control the power of
the scanning ‘motor’ as well as its directionality. Unlike DHX29 that is stably
positioned at the leading edge of PIC, elF4A is believed to recycle rapidly during

the scanning process. Such action might be required to avoid a futile scanning
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process. Instead, it allows the net 5—3’ movement punctuated with bi-
directional oscillations. Future studies using the single molecule strategy might
elucidate the underlying molecular details. We anticipate that balancing the
activity of forward and backward helicases fine-tunes the stringency of start
codon selection, which subsequently controls the translational output.

During the canonical scanning of PIC, stable secondary structures within
5’'UTR can inhibit the efficiency of start codon recognition and translation
initiation. The primary goal of chapter 3 was to investigate the effects of structure
positioning on translation efficiency. | first designed Fluc reporter mRNAs with
SLs inserted at different positions in 5’UTR. In agreement with published data,
| found that the SLs in 5’UTR proximal to either the 5’ end or the AUG impede
mMRNA translation more dramatically than those distal from both ends of 5’UTR.
To be noted, results from toe-printing assay revealed that AUG recognition by
PIC was completely abrogated when the SL is proximal to both 5’ end and AUG.
This phenomenon can be explained by the ‘slot-in” model of ribosome
attachment proposed in chapter 2.

In addition to the SLs in 5’UTR, | also tested the translational effects of
SLs outside the 5’UTR. Owing to a very short SIINFEKL uORF, the uORF
reporter assay allowed me to systematically examine a wider range of the SL
positioning using uORF reporters which contain a GFP dORF serving as the
internal control. Interestingly, | observed that the SLs in CDS close to the AUG

exhibited similar inhibitory effects on translation efficiency as SLs in 5’UTR did.

196



It was unexpected as SLs in CDS were thought to have less inhibitory effects,
as they were unwound more efficiently by the 80S ribosome during elongation,
compared to those in 5’UTR. This finding was validated by the results from Fluc
reporter assays using mRNA reporters either inserted with SLs or targeted by
the complementary DNA oligos at different regions.

RNA helicases play a key role in promoting the ribosome scanning
through 5’UTR during initiation. Among these helicases are DEAD/DEAH-Box
helicases such as DHX29 and elF4A1. The current body of knowledge
concludes that DHX29 is required for the initiation of mMRNAs with heavily
structured 5° UTRs, while elF4A1 exhibits limited capability of unwinding
structures. Upon noticing the distinct translational impacts of SLs located in
different 5’UTR regions, | intended to address the question whether SLs in
particular regions are more dependent on RNA helicases, like DHX29 and
elF4A1, than those in other regions. Using both Fluc reporter assays and uORF
reporter assays, | found that all the constructs displayed the uniform
dependence on elF4A1, regardless of the structure complexity. This is
consistent with the notion that elF4A1 is important for global translation while
exhibits little mRNA preference. Different from elF4A1, DHX29 selectively
promoted translation of mRNA with structured 5’UTR, as evidenced by the
observed dramatic reduction in the expression level of these mRNAs upon

DHX29 depletion. The functional differences between DHX29 and elF4A1 in
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translation of mMRNAs with structured 5° UTRs confirmed that these two RNA
helicases do not have redundant functions.

However, an unexpected finding was that the absence of DHX29
impeded the translation of mRNAs which contain structures within the range
from 5’ end up to 20nt downstream of the start codon. Within this range, the
position of structures does not affect their sensitivities to DHX29 depletion. A
novel function of DHX29 was proposed to explain this phenomenon. The
observed impaired translation of reporters with SLs in the CDS upon DHX29
depletion suggests that DHX29 may unwind secondary structures during
elongation and it may be involved in the early elongation phase. To validate this
hypothesis, | conducted plolysome fractionation and immunoblot DHX29 in the
various fractions to show the distribution of DHX29. | found that DHX29 is
present not only in 40S fractions but also in the monosome as well as light
polysome fractions. These results challenge the current viewpoint that DHX29
dissociates from the ribosome after 48S formation. It may now be considered
that DHX29 remains on the ribosome during the early elongation phase. While
there are still future investigations to be done in order to confirm the
mechanisms through which DHX29 promote the unwinding of stable stems in
both the 5> UTR and in the early stages of elongation, these novel findings
suggest that DHX29 may play a greater role in the regulation of translation than
initially thought and highlights DHX29’s importance to protein translation beyond

translation initiation stage.
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Hairpins located downstream of, and in proximity to, an initiation codon,
were reported to increase utilization of the initiation codon by slowing 40S
migration and allowing increased codon dwelling time*®. Here, we found that
SLs 15nt downstream of AUG significantly reduced translation. To characterize
the best position for a downstream hairpin to facilitate start codon recognition,
systemic studies of translational effects of SLs located within the proximal
downstream region of the initiation site are planned for future endeavors. Also,
both chapter 2 and chapter 3 revealed the wide scope of functions of RNA
helicases elF4A1 and DHX29. As many helicases have been implicated in
development and cancer, future investigations of their non-overlapping roles in
the scanning process will accelerate our understanding of alternative translation

in cellular homeostasis and pathophysiology.
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APPENDIX I

Start Codon-Associated Ribosomal Frameshifting

This section is work in process to further dissect the mechanism underlying the
bi-directional movement of ribosome discussed in Chapter 2, while it was

organized as part of a new manuscript in preparation.

Al.1 Results

Reading frame maintenance is a critical property of ribosomes during the
translation elongation. Ribosome frameshifting during translocation could yield
a variety of distinct polypeptides. A number of programed ribosomal
frameshifting (PRF) events have been reported. The slippery sequence, a cis-
acting element in the mRNA sequence, stimulates ribosome frameshifting into
the -1 reading frame." The aminoacyl-tRNA limitation was found to induce the
alternative ribosome frameshifting pathway.? A recent study demonstrated that
ribosome collision leads to +1 frameshifting independent of mRNA decay.? In
this study, a global increased frameshift at the early stage of elongation was
revealed by a newly developed high-resolution ribosome profiling approach.

To validate this finding, | first examined the translatability of Fluc ORF in
the +1 or +2 reading frame. To factor out the variations of translation products

derived from downstream AUGs, | included the reporter mRNAs with the first
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start codons in the weak ‘Kozak’ sequence context (Figure Al-1A). In
comparison to the in-frame ORFs (‘Strong-OFM’ and ‘Weak-0FM’), ORFs in the
+1 and +2 reading frame showed minimal translation efficiency, regardless of
the sequence context (Figure Al-1B). However, a close inspection of the real-
time luciferase expression revealed that the translation from the ‘Strong-1FM’
and ‘Strong-2FM’ was detectable, evidenced by the increased FO value. In
contrast, the expression of ‘Weak-1FM’ and ‘Weak-2FM’ was comparable to the
basal level (‘Uncapped’), indicating lack of translation from the downstream

AUGs (Figure Al-1C).

A Strong-0FM m’G{_Balobin | GACAGGATG GA™ Fluc AAAA...
Strong-1FM m’G{_Balobin __}GACAGGATGGIGAL: Fluc AAAA...
Strong-2FM m’G{_Balobin __}GACAGGATGGGGALL Fluc AAAA...
Weak-0FM  m’G{_Bglobin __CCGCGCATG [CT.x Fluc AAAA...
Weak-1FM  m’G{_Balobin 1 CCGCGCATGCIGAL Fluc AAAA...
Weak-2FM  m’G{_palobin___CCGCGCATGCTIGA Fluc AAAA...

B Fluc Activity C Real-time Luciferase Assay

2.0%10%+ 700
T —Strong-1FM —Strong-2FM
~~~~~~~ Weak-1FM ----Weak-2FM
1.5%10%-
2 1.0x10%
5.0x103
0.0
&
QQ

Figure AI-1 Translatability of out-of-frame ORFs.

(A) Sequence of Fluc reporter mRNAs. (B) Fluc activity of indicated mRNAs. In vitro
synthesized mRNAs were transfected into MEF cells and Fluc activities were monitored by real-
time luminometry. Uncapped mRNAs were included as negative control. Error bars: mean +
SEM; n = 3 biological replicates. (C) Representative real-time luminometry of MEF cells
transfected with indicated Fluc mRNA reporters. Uncapped mRNA with 20-nt 5’UTR was
included as a negative control.
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One possibility of the translatability of these out-of-frame ORFs is the bi-
directional movement of the ribosome around the start-codon-associated region.
In Chapter 2, | reported the non-linear movement of ribosomes between two
closely spaced AUGs by an observed trend of ascending recognition of the first
AUG and descending recognition of the second. To substantiate this finding, |
designed another set of Fluc reporters with switched reading frames of the
neighboring AUG codons (Figure Al-2A). When the space between two AUGs
were increased, the first AUG showed promoted translation efficiency (Figure
Al-2B) but the second AUG showed the opposite trend (Figure Al-2C), revealed
by Fluc reporter assay. | also conducted the Toe-printing assay in the RRL using
reporter mMRNAs with the first AUG out-of-frame while the second AUG in-frame
(Figure Al-3). Despite out-of-frame, the first AUG always showed a strong and
sharp peak. As expected, the presence of the downstream adjacent AUG
significantly reduced the recognition of the first AUG (‘+1FM-7nt’ and ‘+2FM-
8nt’), confirming the competitive relationship between closely spaced AUGSs. As
the dTIS moves further (‘+1FM-13nt’ and ‘+2FM-14nt’), the recognition potential
of the first AUG was resumed. The back-and-forth oscillation of the ribosome
around the start-codon-associated region was further validated using Fluc

reporters with three closely spaced AUGs (Figure Al-4).
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A OFM-1AUG m’G{__Bglobin _ [AGGATG [GA™: Fluc AAAA...

+1FM-1AUG m’G{_Bqlobin __JAGGATGGIGA... Fluc AAAA...
+2FM-1AUG m’G{_Bglobin __ }AGGATGGGIGA... Fluc AAAA...
OFM-7nt  m’GL_Balobin _ }FAGGATGGAGGATGGA [GA. Fluc AAAA...
OFM-1ont m’GL__Balobin _ }AGGATGGAGCAGGATGGAGAL Fluc AAAA...
0FM-13nt m’G{_Balobin__ FAGGATGGAGCGACAGGATGGA GAL: Fluc AAAA...
+FM-7nt  m’G{_Dalobin___}AGGATGGAGGATG|GA.: Fluc AAAA...
+1FM-10nt  m’GL__Bglobin I AGGATGGAGCAGGATG GA.. Fluc AAAA...
+1FM-13nt  m’G]_Balobin___}AGGATGGAGCGACAGGATG |GAN Fluc AAAA..
B Fluc Activity C Fluc Activity
2.0x10% 1.5%10%
us T
1.5%10%-
1.0x10%
2 1.0x104 e
5.0x103
5.0%103 rl
OC.TTH.. oc.'T'T.H'T
Q& & S R O
\&,0 o \Vo & N \&S’ @'o §° & N
FEEL NS &S

Figure AI-2 Bi-directional movement of ribosomes in start-codon-associated region.

(A) Sequence of Fluc reporter mRNAs. (B) Fluc activity of indicated mRNAs. In vitro
synthesized mRNAs were transfected into MEF cells and Fluc activities were monitored by real-
time luminometry. The mRNA reporter with in-frame ORF was included as positive control.
The mRNA reporters with out-of-frame ORF were included as negative control. (C) Similar as
(B). Error bars: mean = SEM; n = 3 biological replicates.

Revealed by the sequencing data, the presence of uracil at the fifth
position downstream of the AUG (+5) could induce the ribosomal frameshifting.
To verify this finding, | modified the mRNA reporters used in the toe-printing
assay by replacing the ‘A’ with ‘U’ at the +5 position of the first AUG (Figure Al-
3A). Compared to the unmodified reporters, the modified reporters (‘GT’)
exhibited an increase in the recognition of the second AUG (Figure Al-3B, right

two panels), indicating an enhanced frameshifting behavior of the ribosome.
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A OFM-1AUG m’G{__Balobin___}AGGATG IGA... Fluc AAAA...
+1FM-1AUG m’G{_Balobin __JAGGATGGIGA. Fluc AAAA...
+2FM-1AUG m’G{_Balobin___}AGGATGGGIGAL Fluc AAAA...
+FM-7nt  m’G{__Dalobin ___}AGGATGGAGGATG [GAw: +2FM-8nt  m’G{_DBglobin __FAGGATGGAAGGATG GAL.
+1EM-1ont  m’G{_Balobln___}FAGGATGGAGCAGGATG [GA.: +2FM-11nt  m’G{_Balobin__FAGGATGGAGGCAGGATG GAN
+1FM-13nt  m’G{_Balobin__}AGGATGGAGCGACAGGATGIGAL +2FM-14nt  m’G{_Bglobin__}AGGATGGAGGCGACAGGATG GAL:
+FM22nt  m7G{__Balobin  JAGGATGGAGCGACAGGCCGAGCAGGATG GART  +2FM-23nt  m’G{__Balobin _ FAGGATGGAGGCGACAGGCCGAGCAGGATG GAL:
+1FM-10nt  m7’G{_Balobin ___FAGGATGGTGCAGGATG (GAw: +2FM-11nt  m7G{_DBalobin___}AGGATGGTGGCAGGATG IGAN
(GT) (GT)
+FM-13nt  m’G{_DBalobin___}AGGATGGTGCGACAGGATG (GAN: +2FM-14nt  m’G{__DBalobin __}AGGATGGIGGCGACAGGATG [GAw:
(GT) (GT)
45 65 85 105 125 145 165 185 45 65 85 105 125 145 165 185 45 65 85 105 125 145 165 185 45 65 85 105 125 145 165 185
3200 2400 7000
i OFM-1AUG b +1FM-7nt |  +1FM-10nt oo +1FM-13nt
é 2000 FL f L 122 FL 1000
3000
T 100 lm 80 2000
400 400 ’. ) 1000
B e T T T R T TR A IS TN B R T e T TR T N RS
;‘;’gg 3% 4000 4000 }
2800
é 200 1 ;5% l 3000 l 3000
2000 2000
1600 1600 2000 2000
* 1;32 1;% 1000 1000
400 400
"0 R 100 0 T 16 180 R R I T 190160 180 “077E R 10 10 1016018 B T T SV O T
3000 8000+ §
5000
+1FM-1AUG oo +1FM-221’lt 6000 '1‘11'-' M-lOnt 200 +1F M'lant
2000
g FL 3000 FL 4000 (GT) FL (GT) FL
T 100 200 00 1000
1000
qw 60 8 100 120 140 160 180 (}W 60 8 iOO 120 140 160 ‘180 ndU 60 8 100 120 140 1.60 180 f‘lm 60 8 100 120 140 160 180
e 200" 0 0 i
x 1600 1600 1600
5 1200 1 1200 l 1200 1 00
e 800 800 800 2000
400 f q 400 1000
0 A A nMJLM_J_ 0 N, A

n 0 1m0 130 150 pul kY o 130 150 € 110 130 150 1m % 110 130 150 1m
N 3200
6000 5000
« +2FM-1AUG +2FM-8nt =) +2FM-11n b +2FM-14nt
4000 2400
4000 3000 2000
U w FL FL 20 FL 1600 FL
oo 0 120
1000
J b
S SR Y UV W A | )
n £ mw e 0 m 0 9% 10 130 10 m " %0 mw 130 10 1 0 €0 10 130 10 7
N 3200
o 0 3000 0
?I:( 0 00 2400
4000 2000
QO m 1 e l o 1 1600
+ m 20 1 "
1000 1000 400
n.——A—/u‘LA————td ! 0 . . 0 AW . ) (VA A
% 110 130 150 1m % 110 130 150 1m % 110 130 150 1m
10 200 20
s L u +2FM-23nt S #2FM-11n Wl +2FM-14n
0
m’G é " FL 1600 (GT) FL
60 1200
(-'J 0 a0
AUGL FL
1 ; : ) ‘
%0 1 130 150 170 %0 110 130 150 1m % 1 130 150 170
1 140 1600
1200 1600
% 1$: 1 1200 1
F @ 1 0 1 &0
23 w 100




Figure AI-3 Start codon recognition between two closely spaced AUGs.

(A) and (B) Sequence of Fluc reporter mRNAs. (C) Selection of closely spaced AUG codons
by toe-printing assays. Two AUG codons with identical flanking sequence but different length
of the spacer were inserted into Fluc mRNAs with B-globin 5’UTR. Expected positions
corresponding to the ribosome leading edge are highlighted. The first AUG was marked as a
black arrow; The second AUG was marked as a grey arrow. The relative peak heights
correspond to the efficiency of start codon selection.
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Figure Al-4 Start codon selection among three closely spaced AUGS.

(A) Fluc activity of mRNA reporters containing 3 AUG codons. (Left) Sequence of Fluc
reporter mRNAs. (Right) Fluc activity of indicated mRNAs. In vitro synthesized mRNAs were
transfected into MEF cells and Fluc activities were monitored by real-time luminometry. Error
bars: mean £ SEM; n = 3 biological replicates. (B) Schematic of non-linear movement of
ribosome among three AUGs. (C) Selection of closely spaced AUG codons by toe-printing
assays. Three AUG codons with various space between neighboring AUGs were inserted into
Fluc mRNAs with 20-nt 5’UTR. Expected positions corresponding to the ribosome leading edge
are highlighted. The relative peak heights correspond to the efficiency of start codon selection.

In addition to the mRNA features, the sequencing results suggested that
conditions of amino acid starvation associated with increased ribosomal
frameshifting in the start-codon-associated region. To dissect the underlying
mechanism, | conducted the polysome profiling in both MEF and HEK293 KP
cell-lines with either full amino acid or 2-hr amino acid starvation. | also included

the elF4A1 knockdown and DHX29 knockdown samples from both cell-lines to
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test their potential functions in the ribosomal frameshifting. The polysome
profiling data was shown in the Figure Al-5, and fractionation samples were
subjected to the library conduction for the Ribo-seq.

Together all, | conclude that the ribosomal frameshifting around the start-
codon-associated region might be due to the bi-directional movement of the
ribosome which is stimulated by the sequence element or stress condition like

amino acid starvation.
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Figure AI-5 Impact of amino acid starvation on mRNA translation upon elF4A1 or DHX29

depletion.

Polysome profiles of MEF and HEK293-K" cells with either DHX29 knockdown or elF4A1
knockdown under 2-hr full amino acid starvation (-AA) or control (+AA) conditions were
analyzed by sucrose density gradient centrifugation in polysome buffer.

Al.2 Methods (in addition to section 2.5)

Starvation Treatment

Amino acid starvation treatment was carried out by incubating cells in

HBSS buffer (Lonza) with 10% dialyzed FBS (Sigma Aldrich) for two hours at

37 °C. The control experiment was performed in parallel in DMEM with 10%

FBS.

Table of primers

Table of primers

Number Name Sequence Description
TAATACGACTCACTATA . .
Strong-0FM Forward primer for constructing
1 (Same as OFM- ggg?%%i%fg (?ﬁl? GA (?/;FZ Strong-0FM (Same as 0FM-1AUG)
IAUG) GACGCCAAAAAC reporter
TAATACGACTCACTATA . .
Strong-1FM Forward primer for constructing
2 (Same as GGGAGAACTTGGACACTT Strong-1FM (Same as +1FM-1AUG)
GCTTTTGACAGGATGGGA
+1FM-1AUG) AGACGCCAAAAAC reporter
TAATACGACTCACTATA . .
Strong-2FM Forward primer for constructing
3 (Same as GGGAGAACTTGGACACTT Strong-2FM (Same as +2FM-1AUG)
GCTTTTGACAGGATGGGG
+2FM-1AUG) AAGACGCCAAAAAC reporter
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Weak-0FM

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTCCGCGCATGCTCG

AAGACGCCAAAAAC

Forward primer for constructing
Weak-0FM reporter

Weak-1FM

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTCCGCGCATGCGAA
GACGCCAAAAAC

Forward primer for constructing
Weak-1FM reporter

Weak-2FM

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTCCGCGCATGCTGA
AGACGCCAAAAAC

Forward primer for constructing
Weak-2FM reporter

0FM-7nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
GATGGAGAAGACGCCAAA

AAC

Forward primer for constructing
O0FM-7nt reporter

0FM-10nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
CAGGATGGAGAAGACGCC

AAAAAC

Forward primer for constructing
0FM-10nt reporter

0FM-13nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
CGACAGGATGGAGAAGAC

GCCAAAAAC

Forward primer for constructing
0FM-13nt reporter

10

+1FM-7nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
GATGGAAGACGCCAAAAA

C

Forward primer for constructing
+1FM-7nt reporter

11

+1FM-10nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
CAGGATGGAAGACGCCAA

AAAC

Forward primer for constructing
+1FM-10nt reporter
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12

+1FM-13nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
CGACAGGATGGAAGACGC

CAAAAAC

Forward primer for constructing
+1FM-13nt reporter

13

+1FM-22nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
CGACAGGCCGAGCAGGAT

GGAAGACGCCAAAAAC

Forward primer for constructing
+1FM-22nt reporter

14

+1FM-10nt
(GT)

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGTG
CAGGATGGAAGACGCCAA

AAAC

Forward primer for constructing
+1FM-10nt (GT)reporter

15

+1FM-13nt
(GT)

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGTG
CGACAGGATGGAAGACGC

CAAAAAC

Forward primer for constructing
+1FM-13nt (GT) reporter

16

+2FM-8nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAA
GGATGGAAGACGCCAAAA

AC

Forward primer for constructing
+2FM-8nt reporter

17

+2FM-11nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
GCAGGATGGAAGACGCCA

AAAAC

Forward primer for constructing
+2FM-11nt reporter

18

+2FM-14nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
GCGACAGGATGGAAGACG

CCAAAAAC

Forward primer for constructing
+2FM-14nt reporter

19

+2FM-23nt

TAATACGACTCACTATA
GGGAGAACTTGGACACTT
GCTTTTGACAGGATGGAG
GCGACAGGCCGAGCAGGA

TGGAAGACGCCAAAAAC

Forward primer for constructing
+2FM-23nt reporter
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TAATACGACTCACTATA

GGGAGAACTTGGACACTT . .
20 +2F(z%lm GCTTTTGACAGGATGGTG Forf;‘lﬁidpﬁn‘zr(g COHStrr‘tw“ng
GCAGGATGGAAGACGCCA -11nt (GT) reporter
AAAAC
TAATACGACTCACTATA
GGGAGAACTTGGACACTT . .
21 +2F(z%4m GCTTTTGACAGGATGGTG Forfjlﬁi/{prf;n‘zr g’; COHStrr‘tw“ng
GCGACAGGATGGAAGACG -14nt (GT) reporter
CCAAAAAC
TAATACGACTCACTATA | o dorimer ucting It
22 t-3AUG] | GGATGGATGGATGGGAAG | +orWar p;fSrGlor °°nrst ructing ~nt-
ACGCCAAAAAC reporter
TAATACGACTCACTATA | o dorimer f ucting It
23 nt-3AUG2 | GGATGGATGGATGGAGAA | + orWar p;ZnSer"r conrst ructing ~nt-
GACGCCAAAAAC reporter
TAATACGACTCACTATA | o dorimer ucting It
24 nt-3AUG3 | GGATGGATGGATGGAAGA | +orWar p;inér(};r °°nrst ructing ~nt-
CGCCAAAAAC reporter
TAATACGACTCACTATA | o dorimer ructing Snt
25 5nt-3AUG1 | GGAGGATGGATGGATGGG | +omar p;inSrGlor °°nrst ructing ont-
AAGACGCCAAAAAC reporter
TAATACGACTCACTATA | o dorimer f ucting Snt
26 5nt-3AUG2 | GGAGGATGGATGGATGGA | +omvar p;inSer"r °°nrst ructing ont-
GAAGACGCCAAAAAC reporter
TAATACGACTCACTATA | o dorimer f ructing Snt
27 5nt-3AUG3 | GGAGGATGGATGGATGGA | +omvar p;inér(};r °°nrst ructing ont-
AGACGCCAAAAAC reporter
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TAATACGACTCACTATA

8 20nt-3AUG1 GGACACTTGCTTTTGACAG Forward primer for constructing
GATGGATGGATGGGAAGA 20nt-3AUGI reporter
CGCCAAAAAC
TAATACGACTCACTATA
GGACACTTGCTTTTGACAG Forward primer for constructing
29 20nt-3AUG2 GATGGATGGATGGAGAAG 20nt-3AUG?2 reporter
ACGCCAAAAAC
20nt- TAATACGACTCACTATA Forward primer for constructing
3AUG3(Same | GGACACTTGCTTTTGACAG
%0 | a5 2003AUG- | GATGGATGGATGGAAGAC | 20nt3AUG3 and 20n3AUG-1sp
1sp) GCCAAAAAC P
TAATACGACTCACTATA
GGACACTTGCTTTTGACAG Forward primer for constructing
31 20063AUG-0p | A TGGATGGATGGAAGAC 20nt-3AUG-0sp reporter
GCCAAAAAC
TAATACGACTCACTATA
GGACACTTGCTTTTGACAG Forward primer for constructing
32 20nt-3AUG-2Sp | 4 A TGGAATGGAATGGAAG 20nt-3AUG-2sp reporter
ACGCCAAAAAC
TAATACGACTCACTATA
GGACACTTGCTTTTGACAG Forward primer for constructing
33 20nt-3AUG-3P | A TGGAGATGGAGATGGA reporter
AGACGCCAAAAAC
34 Fluc R TTACACGGCGATCTTTCCG | Reverse primer for constructing all
e CCCTTC Fluc mRNA reporters
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APPENDIX II

The Effects of Secondary Structures in Different Regions of mRNAs

This work is in process to further investigate the effects of secondary structures

in different regions of mMRNA on the basis of Chapter 3.

AIl.1 Results

All.1.1 ASOs targeting different regions equally affects mMRNA stability.

In Chapter 3, | examined the impact of the location of secondary
structures on mRNA translation. As one of the supporting evidences, DNA
oligos binding to various regions of the Fluc reporter mRNAs showed different
effects on Fluc expression. However, the introduction of antisense
oligonucleotides (ASO) could induce the degradation of the targeted mRNA'.
To rule out the potential impact of DNA:RNA hybridization on mRNA stability, |
measured the level of reporter mRNAs after transection. Using RT-qPCR, |
observed a uniform reduction (20%) in the mRNA level when the reporter
MRNAs were targeted by 15-nt oligos, regardless of the binding region. And the
fold changes were more dramatic (50%) but still similar when the targeted
regions were extended to 31 nt (Figure All-1B). This observation further
validated that the observed region-specific effects of the secondary structures

were primarily at the level of translation.
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Figure AIl-1 ASOs targeting different regions equally affects mRNA stability.

(A) Different regions in the Fluc reporter mRNAs targeted by DNA oligos. (B) Relative mRNA
level of reporter Fluc reporters. Total RNA was extracted 6hr after mRNA transfection. The
mRNA level was quantified by RT-qPCR, followed by normalization to the endogenous control
B-Actin. Error bars: mean £ SEM; n = 3 biological replicates.

All.1.2 ASOs with overhangs impaired translation independent of elF4A1.

In addition to the DNA oligos fully complementary to the specific regions
in the mRNA, oligos with either 5’ overhangs or 3’ overhangs were tested as
well (Figure All-2A). Unexpectedly, both oligos with 5 overhang and 3’
overhang exhibited a more significant inhibitory effect on the Fluc expression,
compared to the oligo with no overhangs (Figure All-2B). This phenomenon is
mainly at the translational level as no difference in the fold change of mRNA
level was observed (Figure All-2C).

A recent study reported that elF4A1 unwinds RNA duplexes with long
overhangs less efficiently. 2 In the light of this finding, | speculated that elF4A1
could facilitate the translation of mRNAs targeted by DNA oligos with no
overhangs but not those with overhangs. To test my hypothesis, | transfected

the DNA:RNA hybrids into both Scramble and elF4A1 knockdown MEF cell-
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lines (Figure All-2D). However, a uniform fold change of the translational
efficiency was observed from the mRNA reporters targeted by different oligos
(Figure All-2E). This data suggested that the inhibitory effect of oligos with 5’ or

3’ overhangs is independent of elF4A1.
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Figure AIl-2 ASOs with overhangs impaired translation independent of e[F4A1.

(A) Schematic of Fluc reporter mRNAs targeted by different DNA oligos. (B) Fluc activity of
indicated mRNAs. In vitro synthesized mRNAs were transfected into MEF cells and Fluc
activities were monitored by real-time luminometry. The mRNA reporter with no oligo binding
was included as positive control. (C) Relative mRNA level of reporter Fluc reporters. Total
RNA was extracted 6hr after mRNA transfection. The mRNA level was quantified by RT-qPCR,
followed by normalization to the endogenous control B-Actin. (D) Immunoblotting of MEF cells
with or without elF4A1 knockdown. (E) Fluc activities in the absence of elF4Al were
normalized to the control. Error bars: mean = SEM; n = 3 biological replicates. One-way
ANOVA for multiple comparisons and unpaired Student’s t-test for individual comparisons, ns,
not significant; * p < 0.05; ***p<0.001.
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All.1.3 SLs downstream proximal to the start codon promote the utilization of
the upstream initiation codon.

In Chapter 3, | reported that the secondary structures in the CDS up to
20nt downstream of the start codon exhibited the high dependence of DHX29.
It is likely that the AUG-proximal (e,g,. 2nt downstream of AUG) SLs are
unwound during the unfinished initiation before the decoding site of PIC reaches
the start codon, while the SL 20nt downstream of the AUG ought to be unwound
by the 80S ribosome during the early elongation phase. An early study showed
that hairpins located downstream of, and in proximity to, an initiation codon,
increase utilization of the initiation codon by slowing 40S migration and allowing
increased codon dwelling time34. To test this proposed mechanism, | conducted
the Fluc reporter assays and the Toe-printing assays using Fluc reporters with
or without a SL 2nt downstream of the start codon. Interestingly, while the
translational efficiency was reduced to half in the presence of the SL (Figure
All-3B), the start codon recognition was slightly increased (Figure All-3A). This
evidence suggested that SLs immediately downstream of the start codon indeed
increases the utilization of the upstream initiation codon. However, slowing
down 40S migration around the start codon might reduce the initial translation

rate of 80S and impair the overall translational efficiency.
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Figure AII-3 SLs downstream proximal to the start codon promote the utilization of the
upstream initiation codon.

(A) Selection of AUG immediately upstream of the SL by toe-printing assays. SLs were inserted
2nt downstream of the start codon of the Fluc mRNAs. Expected positions corresponding to the
ribosome leading edge are highlighted. The relative peak heights correspond to the efficiency
of start codon selection. (B) Fluc activity of mRNA reporters containing a SL 2nt downstream
of the start codon. Fluc activity of indicated mRNAs. In vitro synthesized mRNAs were
transfected into MEF cells and Fluc activities were monitored by real-time luminometry. The
mRNA reporter with no SLs was included as positive control. Error bars: mean £ SEM; n = 3
biological replicates. Unpaired Student’s t-test for individual comparison, ***p<0.001.

218



AIlL.2 Methods (in addition to section 3.5)

Table of primers

Table of primers

CACAGTTGTG

Number Name Sequence Description
TAATACGACTCACTATA
T7-Belobin- GGGAGAACATTTGCTTCTGAC Forward primer for
1 Flg OF ACAACTGTGTTCACTAGCAAC |  constructing Pglobin-Fluc
He_ CTCAAACAGACACC ATG mRNA reporter
GAAGACGCCAAAAAC
15nt of DNA oligo
2 2nt/15bp GAAGCAAATGTTCTC complementary to 2nt
downstream region of 5'end
; - GAACACAGTTGTGTCAGAAGC S1nt of DNA oligo
nv>top AAATGTTCTC compiementary to -
downstream region of 5'end
15nt of DNA oligo
4 6nt/15bp GTCAGAAGCAAATGT complementary to 6nt
downstream region of 5'end
5 6nt/31h TAGTGAACACAGTTGTGTCAG 3;11“1 OrlenI;;A Othggn .
nv>1op AAGCAAATGT complementary o bn
downstream region of 5'end
20nt/15bp 15nt of DNA oligo
6 (Same as GTGAACACAGTTGTG complementary to 20nt
20nt/15bp-NT) downstream region of 5'end
31nt of DNA oligo
7 20nt/31bp CTGTTTGAGGTTGCTAGTGAA complementary to 20nt

downstream region of 5'end
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15nt of DNA oligo

8 AUG/15bp GTCTTCCATGGTGTC complementary to AUG-
associated region
. AUG1bs | TTTTTGGCGTCTTCCATGGTGT dlnt of DA oligo
P CTGTTTGAG complementary to AL
associated region
10 CDS/15bp GGCGCCGGGCCTTTC 15nt of DNA oligo
complementary to CDS
1 CDS/31b TTCCAGCGGATAGAATGGCGC 31nt of DNA oligo
P CGGGCCTTTC complementary to CDS
15nt of DNA oligo
GTGTGTGTGGTGAACACAGTT complementary to 20nt
12 20nt/15bp-5T GTG downstream region of 5'end
with 5' overhang
15nt of DNA oligo
GTGAACACAGTTGTGGTGTGT complementary to 20nt
13 20nt/15bp-3T GTG downstream region of 5'end
with 3' overhang
TAATACGACTCACTATA Forward primer for
14 T7-20nt-Fluc F | GGACACTTGCTTTTGACAGG | constructing 20nt-Fluc mRNA
ATG GAAGACGCCAAAAAC reporter
ATG
T7-200t-AUG- GGGCGCTGCGGGCCACCGCAG First fqrward primer for
15 GG-SL-Luc F1 CGC GAA constructing T7-20nt-AUG-
- GACGCCAAAAACATAAAGAA GG-SL-Luc reporter
AGG
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T7-200t-AUG TAATACGACTCACTATA Second forward primer for
16 G G' SE‘L F2 GGACACTTGCTTTTGAC AGG constructing T7-20nt-AUG-
ERUC RS ATG GGGCGCTGCGGGCCACC GG-SL-Luc reporter
Reverse primer for
17 Fluc R TTACACGGCGATCTTTCCGEC constructing all Fluc mRNA

CTTC

reporters
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APPENDIX I Supplementary Table for Chapter 2

Table of primers and sgRNA targeting sequences

Number Name Sequence Description
TAATACGACTCACTATA | oo\ . ucting It
1 T7-2nt-Fluc_F GG ATG O e RN masonsr 2
GAAGACGCCAAAAAC ue feportet
TAATACGACTCACTATA | o0\ . ucting 3nt
2 T7-3nt-Fluc_F GGG ATG O e R NA masonsr 2
GAAGACGCCAAAAAC ue feportet
TAATACGACTCACTATA | o\ . ucting 4t
3 T7-4nt-Fluc_F GAGG ATG O e o ENA masonsr o
GAAGACGCCAAAAAC ue feportet
TAATACGACTCACTATA | o\ . ucting Snt
4 T7-5nt-Fluc_F GGAGG ATG O e RN masonsr 2o
GAAGACGCCAAAAAC ue feportet
TAATACGACTCACTATA | oo\ . ucting 6nt
5 T7-6nt-Fluc_F GGGAGG ATG O e o ENA masonst 2
GAAGACGCCAAAAAC ue feportet
TAATACGACTCACTATA | . . ucting Snt
6 T7-8nt-Fluc F GGGAGAGG ATG orwar Fll’rlmrfl;ﬁzcons rr‘tlc tng ent-
GAAGACGCCAAAAAC ue feportet
TAATACGACTCACTATA | Lo\ . ucting 10nt
7 T7-10nt-Fluc F GGGGAGGAGG ATG orwar gflmf;R;; Xons r‘rltc 1ng 1ont-
GAAGACGCCAAAAAC ue feportet
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TAATACGACTCACTATA

GGACACTTGCTTTTGACA | Forward primer for constructing 20nt-
8 T7-20nt-Flue_F GG ATG Fluc mRNA reporter
GAAGACGCCAAAAAC
TAATACGACTCACTATA
GGGAGAACATTTGCTTCT
9 T7-Bglobin- GACACAACTGTGTTCACT Forward primer for constructing
Fluc F AGCAACCTCAAACAGAC Bglobin-Fluc mRNA reporter
ACC ATG
GAAGACGCCAAAAAC
10 Fluc R TTACACGGCGATCTTTCC | Reverse primer for constructing all Fluc
- GCCCTTC mRNA reporters
TCGATCATCAACTTCGAA Fli“ rgund ﬁogvﬁﬁig%neﬁg A
" SIINFEKL- AAGCTATAG cons r‘rlz;;‘ftears SIINFEKL.
EGFP_FI GACACTAGCTTAGGAGG | pGpp/n DNA3. 1, BamHI marked in
ATCCGGAG
Magenta
TAATACGACTCACTATA .
T7-2nt- GG ATG Second .round forward primer for
12| SINFEKL F2 | GAATCGATCATCAACTTC | constructing 2nt-SIINFEKL mRNA
- G reporter
TAATACGACTCACTATA S d df d ori P
SIINFEKL_F2 | GAATCGATCATCAACTTC | COnSHuctng >
- G reporter
Second round forward primer for
constructing 20nt-SIINFEKL mRNA
TAATACGACTCACTATA reporter; Forward primer for
14 T7-20nt- GGACACTTGCTTTTGACA constructing mRNA reporters of
SIINFEKL F2 GG ATG SIINFEKL-6nt-IRES-EGFP,
GAATCGATCATCAAC SIINFEKL-18nt-IRES-EGFP,
SIINFEKL-6nt-Anti-IRES-EGFP and
SIINFEKL-18nt-Anti-IRES-EGFP
Reverse primer for constructing all
15 EGFP R ACTAGAAGGCACAGTCG SIINFEKL mRNA reporters and
= AGGCTGAT SIINFEKL-18nt-IRES-

EGFP/pcDNA3.1
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GG TCTGGCTAA Second round forward primer for
16 Sacl-TSS-2nt- GG ATG constructing 2nt-SIINFEKL-
SIINFEKL- F2 | GAATCGATCATCAACTTC EGFP/pcDNA3.1, Sacl marked in
GAAAAGCTATAG Turquoise
GG TCTGGCTAA Second round forward primer for
17 Sacl-TSS-4nt- GAGG ATG constructing 4nt-SIINFEKL-
SIINFEKL- F2 | GAATCGATCATCAACTTC EGFP/pcDNA3.1, Sacl marked in
GAAAAGCTATAG Turquoise
GG TCTGGCTAA Second round forward primer for
18 Sacl-TSS-10nt- GGGGAGGAGG ATG constructing 10nt-SIINFEKL-
SIINFEKL- F2 | GAATCGATCATCAACTTC EGFP/pcDNA3.1, Sacl marked in
GAAAAGCTATAG Turquoise
GG TCTGGCTAA Second round forward primer for
19 Sacl-TSS-20nt- GGACAC;F‘IE(;I&C]:F g TTGACA constructing 20nt-SIINFEKL-
SIINFEKL- F2 GAATCGATCATCAACTTC EGFP/pcDI\IFA3.l, Sacl marked in
GAAAAGCTATAG urquotse
TAATACGACTCACTATA
20 T7-30nt-1AUG- | GGGAGAACTTGGACACTT | Forward primer for constructing 30nt-
Fluc F GCTTTTGACAGG ATG Fluc mRNA reporter
GAAGACGCCAAAAAC
TAATACGACTCACTATA
T7-30nt- GGGAGAACTTGGACACTT Forward primer for constructing 30nt
21 2AUG(4nt)- GCTTTTGACAGG ATG )
Fluc_F GAGG ATG 2AUG(4nt)-Fluc mRNA reporter
GAAGACGCCAAAAAC
TAATACGACTCACTATA
T7-30nt- GGGAGAACTTGGACACTT Forward primer for constructing 30nt
22 2AUG(7nt)- GCTTTTGACAGG ATG )
Fluc_F GAGCAGG ATG 2AUG(7nt)-Fluc mRNA reporter
GAAGACGCCAAAAAC
TAATACGACTCACTATA
T7-30nt- GGGAGAACTTGGACACTT Forward primer for constructing 30nt
23 2AUG(10nt)- GCTTTTGACAGG ATG )
Fluc_F GAGCGACAGG ATG 2AUG(10nt)-Fluc mRNA reporter
GAAGACGCCAAAAAC
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Nhel-20nt-

Forward primer for amplification of
SIINFEKL sequence and constructing

24 SIINFEKL- Gee CTTTT Gi(éi(ééCTTG SIINFEKL-6nt-IRES-
Pmll F EGFP/pcDNA3.1, Nhel marked in
Tangerine
Reverse primer for amplification of
Nhel-20nt- GCC CTATAGCTT | SIINFEKL sequence and constructing
25 SIINFEKL- TTCGAAGTTGATGATCGA SIINFEKL-6nt-IRES-
Pmll R CTC EGFP/pcDNA3.1, Pamll marked in
Cantaloupe
Forward primer for amplification of
BamHI-GFP- GCC ATGGTGAGC EGFP sequence and constructing
26 29nt-Xhol F AAGGGCGAGGAGCTGTT SIINFEKL-6nt-IRES-
- C EGFP/pcDNA3.1, BamHI marked in
Magenta
GecciconcacTanant | g ramtiaon o
. BamHI-GFP- TTCGTCATCGCTG SIINFEKL-enoIrEs.
22nt-Xhol R | CTACTTGTACAGCTCGTC .
- EGFP/pcDNA3.1, Xhol marked in
CATGC
Green
Forward primer for amplification of
Pmll-12nt- GAATTC GACACT IRES sequence and constructing
28 IRES F AGCTTAGCGGCTAGTACT SIINFEKL-18nt-IRES-
- CCGGTATTGCG EGFP/pcDNA3.1, Pamll marked in
Cantaloupe
Nhel- GCC GGACACTTG Fomard primer for amplification .of
SIINFEK L-6nt- CTTTTGACAGGATGGAAT anti-IRES sequence and .constructlng
29 Anti-IRES- CGATCATCAACTTCGAAA SIINFEKL-6nt-Anti-IRES-
BamHI F AGCTATAGCACGTGCTAT EGFP/pcDNA3.1, Nhel marked in
- AGAATTGT Tangerine
Nhel- GCC GGACACTTG Fomard primer for amplification .of
SIINFEKL- CTTTTGACAGGATGGAAT anti-IRES sequence and constructing
30 18nt-Anti- CGATCATCAACTTCGAAA SIINFEKL-18nt-Anti-IRES- .
IRES-BamHI F AGCTATAGCACGTGGAC EGFP/pcDNA3.1, Nhel marked in
- ACTAGC Tangerine
Reverse primer for amplification of
Nhel- anti-IRES sequence and constructing
3] SIINFEKL- SSET GCGG nggg§g¥8¥ SIINFEKL-18nt-Anti-IRES-
Anti-IRES- G EGFP/pcDNA3.1 and SIINFEKL-18nt-
BamHI R Anti-IRES-EGFP/pcDNA3.1, BamHI

marked in Magenta
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T7-2nt-

TAATACGACTCACTATA

GG Forward primer for constructing
32 3A§i( l;t)— ATGGATGGATGGGAAGA AUGI1-Fluc mRNA reporter
- CGCCAAAAAC
TAATACGACTCACTATA
T7-2nt- . .
33 3AUG(2nd)- GG Forward primer for constructing
Fluc F ATGGATGGATGGAGAAG AUG2-Fluc mRNA reporter
- ACGCCAAAAAC
TAATACGACTCACTATA
T7-2nt- . .
34 3AUGQrd)- GG Forward primer for constructing
Fluc F ATGGATGGATGGAAGAC AUG3-Fluc mRNA reporter
- GCCAAAAAC
TAATACGACTCACTATA
T7-2nt- . .
35 3AUG(Ist)- GG Second forward primer for constructing
SIINFEKL F2 ATGGATGGATGGGAATC AUGI-SIINFEKL mRNA reporter
- GATCATCAACTTCG
TAATACGACTCACTATA
T7-2nt- . .
36 3AUG(2nd)- GG Second forward primer for constructing
SIINFEKL F2 ATGGATGGATGGAGAAT AUG2-SIINFEKL mRNA reporter
= CGATCATCAACTTCG
TAATACGACTCACTATA
T7-2nt- . .
37 3AUGQrd)- GG Second forward primer for constructing
SIINFEKL F2 ATGGATGGATGGAATCG AUG3-SIINFEKL mRNA reporter
- ATCATCAACTTCG
38 sg elF4A1 GGAGCCGQF%AGGCGTCA sgRNA targeting sequences for eIF4Al
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APPENDIX IV Supplementary Table for Chapter 3

Table of primers and sgRNA targeting sequences

Number Name Sequence Description
GGACACTTGCTTITGAC First round forward primer for
1 T7-Xnt-SL- AGG ATG GAA constructing 2nt-SL-20nt-AUG and 6nt-
20nt-Luc F1 | GACGCCAAAAACATAAA SL-20nt-AUG Fluc mRNA reporters
GAAAGG
TAATACGACTCACTATA .
Second round forward primer for
2 T7-GG-SL- GG constructing 2nt-SL-20nt-AUG Fluc
20nt-Luc F2 | GCGCTGCGGGCCACCGC mRNA reporter
AGCGC GGACACTTGC
TAATACGACTCACTIATA Second round forward primer for
3 T7-ont-SL- GGG AGG constructing 6nt-SL-20nt-AUG Fluc
20nt-Luc F2 | GCGCTGCGGGCCACCGC mRNA reporter
AGCGC GGACACTTGC
GCGCTGCGGGCCACCGC . .
First round forward primer for
T7-Xnt-SL- AGCGC )
4 20nt-AUG- | GGACACTTGCTTTTGAC | SOpsimieting 2on-r -20ne-AUG and
Luc Fl AGG ATG nt-SL-20nt-AUG Fluc mRNA
- GAAGACGCCAAAAAC reporters
T7-20nt-SL- TAATACGACTCACTATA Second .round forward primer for
5 Xnt-AUG- GGACACTTGCTTTTGAC constructing 20nt-SL-2nt-AUG and
Luc F2 AGG 20nt-SL-20nt-AUG Fluc mRNA
- GCGCTGCGGGCCACC reporters
T7-GG-SL- GG ATG First rgund forward primer for
6 Xnt-Luc Fl GAAGACGCCAAAAACAT constructing 2nt-SL-Xnt-AUG Fluc
- AAAGAAAGG mRNA reporters
TAATACGACTCACTATA
T7-GG-SL- GG Second r.ound forward primer for
7 dnt-Luc F2 GCGCTGCGGGCCACCGC constructing 2nt-SL-2nt-AUG Fluc
- AGCGC GG ATG mRNA reporter
GAAGAC
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TAATACGACTCACTATA

T7-GG-SL- GG Second r.ound forward primer for
8 3nt-Luc F2 GCGCTGCGGGCCACCGC constructing 2nt-SL-3nt-AUG Fluc
= AGCGC GGG ATG GAA mRNA reporter
GAC
TAATACGACTCACTATA
T7-GG-SL- GG Second r.ound forward primer for
9 4nt-Luc F2 GCGCTGCGGGCCACCGC constructing 2nt-SL-4nt-AUG Fluc
= AGCGC G GGG ATG GAA mRNA reporter
GAC
TAATACGACTCACTATA
T7-GG-SL- GG Second r.ound forward primer for
10 Snt-Luc F2 GCGCTGCGGGCCACCGC constructing 2nt-SL-5nt-AUG Fluc
- AGCGC GG AGG ATG mRNA reporter
GAA GAC
TAATACGACTCACTATA
T7-GG-SL- GG Second r.ound forward primer for
11 6nt-Luc F2 GCGCTGCGGGCCACCGC constructing 2nt-SL-6nt-AUG Fluc
- AGCGC GGG AGG ATG mRNA reporter
GAA GAC
TAATACGACTCACTATA
T7-GG-SL- GG Second r.ound forward primer for
14 8nt-Luc F2 GCGCTGCGGGCCACCGC constructing 2nt-SL-8nt-AUG Fluc
- AGCGC GGG AGA GG mRNA reporter
ATG GAA GAC
TAATACGACTCACTATA
T7-GG-SL- GG Second .round forward primer for
15 10nt-Luc F2 GCGCTGCGGGCCACCGC constructing 2nt-SL-10nt-AUG Fluc
- AGCGC GGGG AGG AGG mRNA reporter
ATG GAA GAC
GAC AGG
T7-Xnt-SL- GCGCTGCGGGCCACCGC First round forward primer for
16 GG-AUG- AGCGC GG ATG constructing 20nt-SL-2nt-AUG and
Luc FI GAAGACGCCAAAAACAT | 56nt-SL-2nt-AUG Fluc mRNA reporters
AAAGAAAGG
TAATACGACTCACTATA
GGGAGAACATTTGCTTC Second round forward primer for
17 T7-56nt-SL- TGACACAACTGTGTTCA constructing 56nt-SL-2nt-AUG and
Xnt-Luc F2 | CTAGCAACCTCAAACAG 56nt-SL-20nt-AUG Fluc mRNA
ACACC reporters
GCGCTGCGGGCCACC
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TAATACGACTCACTATA

18 T7-20nt- GGACACTTGCTTTTGAC Forward primer for constructing 20nt-
Fluc F AGG ATG Fluc mRNA reporter
GAAGACGCCAAAAAC
ATG GG First round forward primer f
T7-20nt-AUG- | GCGCTGCGGGCCACCGC sl e
constructing 20nt-AUG-2nt-SL and
19 GG-SL- AGCGC GAA 20nt-AUG-20nt-SL Fluc mRNA
Luc_F1 GACGCCAAAAACATAAA neAbh=An o e
GAAAGG reporters
T7-20nt-AUG- géigi%%ﬁgggﬁggézé Second round forward primer for
20 GG-SL- constructing 20nt-AUG-2nt-SL mRNA
Luc F2 AGG ATG GG reporter
- GCGCTGCGGGCCACC eporte
TAATACGACTCACTATA
T7-20nt-AUG- GGACAE;F}E(;C]:F (";FTTGAC Second round forward primer for
21 20nt-SL- GAAGACGCCAAAAACAT constructing 20nt-AUG-20nt-SL mRNA
Luc F2 reporter
AGG
GCGCTGCGGGCCACC
CTTACACGGCGATCTTT
CCGCCCT
29 T7-Luc-SL- GCGCTGCGGTGGCCCGC | Reverse primer for constructing SL-Stop
20nt-Stop_R AGCGC Fluc mRNA reporter
CACGGCGATCTTTCCGC
CCTTCTTGGCC
TAATACGACTCACTATA
GGGAGAACATTTGCTTC
23 T7-Bglobin- TGACACAACTGTGTTCA Forward primer for constructing
Fluc F CTAGCAACCTCAAACAG Bglobin-Fluc mRNA reporter
ACACC ATG
GAAGACGCCAAAAAC
24 Fluc R TTACACGGCGATCTTTC | Reverse primer for constructing all Fluc
- CGCCCTTC mRNA reporters, except for SL-Stop
TAATACGACTCACTATA
25 T7-20nt- GGACACTTGCTTTTGAC Forward primer for constructing
SIINFEKL F2 AGG ATG unstructured uORF mRNA reporter
GAATCGATCATCAAC
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T7-20nt-SL-

CACAGACAAGGCATTGT

First round of forward primer for

26 Tracer- CIGTGAGTAAG constructing 20nt-SL-Tracer-GFP uORF
GFP F1 GGACACTTGCTTTTGAC MRNA ”
- AGG ATGGAATCGATC TEPOTE
TAATACGACTCACTATA
T7-20nt-SL- GGACACTTGCTTTTGAC Second round of forward primer for
27 Tracer- AGG constructing 20nt-SL-Tracer-GFP uORF
GFP_F2 CTTACTCACAGACAAGG mRNA reporter
C
GACAGG . .
T7-20nt- First round of forward primer for
28 Tracer(SL+AU GATGATCGATTCCATGC constructing 20nt-Tracer(SL+AUG)-
G)-GFP_Fl CAATGGAATCGATCATC GFP uORF mRNA "
et AACTTCGAAAAGC Y TEPOTter
T7-20nt- TAATACGACTCACTATA Second round of forward primer for
29 Tracer(SL+AU | GGACACTTGCTTTTGAC constructing 20nt-Tracer(SL+AUG)-
G)-GFP_F2 AGG GATGATCGATTCC GFP uORF mRNA reporter
CGATCATCAAC . .
T7-20nt- TTCGAAAAGCTATAGGC First r.ound of forward primer for
30 Tracer(18nt+S constructing 20nt-Tracer(SL+18nt)-GFP
L)-GFP FI CACTATAGCTTTTCGAA ORF mRNA I
I GACACTAGCTTAGGA Y TEPOTIE
TAATACGACTCACTATA
T7-20nt- GGACACTTGCTTTTGAC Second round of forward primer for
31 Tracer(18nt+S AGG constructing 20nt-Tracer(SL+18nt)-GFP
L)-GFP_F2 ATGGAATCGATCATCAA uORF mRNA reporter
CTTCG
CTAGCTTAGGA . .
T7-20nt- CTTACTCACAGACAAGG First r.ound of forward primer for
32 Tracer-SL- constructing 20nt-Tracer-SL-GFP uORF
GFP F1 CATTGTCTGTGAGTAAG MRNA %
- GGAGGAGGAGGATCA feporter
TAATACGACTCACTATA
T7-20nt- GGACACTI;F((}} ((}:TTTTGAC Second round of forward primer for
33 Tg}(j:le)r—FS;— ATGGAATCGATCATCAA constructing ri%rg—i racer;tSL—GFP uORF
- CTTCGAAAAGCTATAG reporter
GACACTAGCTTAGGA C
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ACTAGAAGGCACAGTCG

Reverse primer for constructing all

34 EGFP_R AGGCTGAT uORF mRNA reporters
sg elF4A1 GGAGCCGGAAGGCGTCA | sgRNA targeting sequences for elF4Al
35 .
(Mouse) TC in Mouse
sg elF4A1 AAACATCTTGATGTATT | sgRNA targeting sequences for elF4A1
36 .
(Human) TGG in Human
37 sg DHX29 AAAGTAAATTTACCTCA | sgRNA targeting sequences for DHX29
(Mouse) ACA in Mouse
sg DHX29 ACCAATACACTCTTATA | sgRNA targeting sequences for DHX29
38 .
(Human) TGG in Human
GCCAAAAGCACTCTGAT Forward primer for Firefly luciferase
39 qPCR-Fluc F TGAC qPCR
CCATATCCTTGCCTGAT Reverse primer for Firefly luciferase
40 qPCR-Fluc R ACCTG qPCR
41 qPCR-Pactin- AGCCTCGCCTTTGCCGA | Forward primer for human B-actin qPCR

h F
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42 qPCl}(l—[ﬁlctln— GCGCGGC(,}I%TATCATCA Reverse primer for human B-actin qPCR

43 qPC};B;‘C“n' GCGGGCGACGATGCT | Forward primer for mouse B-actin gPCR
gPCR-Bactin- | TGCCAGATCTTCTCCAT . o

44 m R GTCG Reverse primer for mouse B-actin qPCR
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