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Insights into DDX3X function and interactions in protein synthesis

Kevin C. Wilkins

ABSTRACT

Protein synthesis is the most energy expensive process in the cell and a crucial
component of most biological processes, and its dysregulation can lead to many human
diseases, ranging from neurodegeneration to cancer. During translation initiation, the first
and rate limiting step in protein synthesis, the small subunit of the ribosome scans the &’
untranslated region (5' UTR) of an mRNA to identify a start codon and commence
translation elongation. By unwinding and modulating secondary structures and other RNA
features present in the 5’ UTR, RNA helicases can regulate ribosome scanning and start
codon selection. This dissertation presents an approach to measure the effect of RNA
helicases on mRNA translation initiation by employing in vitro transcribed 5' UTR
luciferase reporters in either an in vitro or a cell-based assay. These methods can be
used to investigate how the perturbation of a helicase affects translation initiation at the
5" UTR level to obtain insights into both normal and pathological conditions. This
dissertation also explores the role and function of a specific RNA helicase of the DEAD-
box family, DDX3X, which regulates the translation of human transcripts containing
complex 5" UTRs. Despite DDX3X'’s involvement in several diseases, particularly in
medulloblastoma and neurodevelopment disorders, several questions abouts its function,

interactions, and mRNA targets remain unanswered. We developed the helicase activity



reporter for translation (HART), a reporter that uses DDX3X-sensitive 5' UTRs to measure
DDX3X-dependent translational activity. Through SHAPE-MaP analysis, we determined
the secondary structure of these 5' UTRs and used HART to investigate the features that
render them sensitive to DDX3X. Additionally, we investigated the association of DDX3X
with the ribosome during scanning and identified residues 38-44 of DDX3X as potential
mediators of its interaction with the translational machinery. HART revealed that both
DDX3X 38-44ala and the helicase-defective mutant DDX3X R534H exhibit deficiencies
in promoting translation on DDX3X-sensitive 5" UTRs. These findings suggest DDX3X
plays a crucial role in unwinding RNA structures during translation initiation through its
interaction with the translational machinery. We also establish HART as a robust,

lentivirally encoded, and adaptable reporter of DDX3X function.
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CHAPTER 1

INTRODUCTION

RNA helicases in translation

mMRNA translation and protein synthesis are at the cornerstone of biology,
constituting a complex process that underpins the very essence of life. As the most
energy-consuming endeavor within a cell (Buttgereit & Brand, 1995; Kafri et al., 2016;
Rolfe & Brown, 1997), this orchestrated dance of molecular machinery transform genetic
information into functional proteins, the foundation of all cellular activity (Hershey et al.,
2019; Sonenberg & Hinnebusch, 2009).

Through regulation of protein synthesis the cell tailors its proteomic toolkit to meet
changing environmental cues and internal demands (Hershey et al., 2019; Sonneveld et
al., 2020). Strategies such as modulation of translation factors, differential mRNA
isoforms, selective mRNA degradation, ribonucleoprotein complex formation, and
microRNA-mediated repression, cells can swiftly respond to changing conditions,
optimize energy usage, ensure precise regulation of biological processes, both preserving
homeostasis as well as engage in development (Gebauer & Hentze, 2004; Mitschka &
Mayr, 2022; Roux & Topisirovic, 2018; Wilkie et al., 2003).

This vital and complex molecular dance is not without its perils, as missteps or
dysregulation in mRNA translation can contribute to diseases, ranging from
neurodegenerative disorders, to cancers, metabolic syndromes, and more (Bhat et al.,
2015; Blagden & Willis, 2011; Jishi et al., 2021; L. J. Lee et al., 2021). Unraveling the

intricate links between mRNA translation, protein production regulation, and disease



offers tantalizing prospects for gaining a better understanding of human biology as well
as therapeutic interventions.

A key role in regulation of mRNA translation is played by RNA helicases, which
unwind and rearrange RNA molecules, often by utilizing ATP hydrolysis (Bohnsack et al.,
2023; Bourgeois et al., 2016). Their function is modulating aspects of RNA structure and
enabling proper mRNA processing, nuclear export, splicing, translation, and degradation,
as well as ribosome biogenesis. By unzipping complex RNA secondary structures, RNA
helicases grant access to key functional regions, modulate ribonucleoprotein assembly,
and facilitate the passage of RNA through the ribosome. Additional roles for this class of
proteins can be found in biological contexts as diverse as viral replication or response to
cellular stress. As regulators and chaperones of RNA, these proteins participate in the
molecular choreography that allows for proper cell functioning.

Studying the behavior and function of RNA helicases requires the developmental
dn use of reliable methods and protocols that probe their effect on RNA. Chapter 2 of this
dissertation describes assays to study the ability of helicases to promote translation
initiation on the 5" untranslated region (5' UTR) of given mRNA transcripts. The chapter
describes the design and in vitro translation of 5' UTR, as well as their employment in a

lysate-based in vitro or a transfection-based in cell assay.

DDX3X: structure and function

DEAD-box RNA helicases are found in all eukaryotic cells and play important roles
in a wide ranging set of biological functions (Linder & Jankowsky, 2011). These helicases

are characterized by highly conserved core, constituted by two very similar domains that



resemble the bacterial recombination protein recombinase A (RecA) separated by a linker
region. The core itself contains 12 conserved sequence motifs, including motif Il, which
includes the Asp-Glu-Ala-Asp residues (DEAD) that inspires the family’s name (Tanner &
Linder, 2001; Taschuk & Cherry, 2020; Wurm et al., 2021). The two RecA-like domains
form a cleft which binds RNA on one side and binds and hydrolyses ATP on the other
side, with the various motifs mediating one of both of these functions (Linder &
Jankowsky, 2011; Tanner & Linder, 2001). Binding to ATP increases affinity for RNA while
ATP hydrolysis allows for release.

Helicases of this family have been observed to act not as processive helicases,
but rather as RNA clamps whose binding can destabilize RNA duplexes, although the
exact mechanism is still under investigation (Hilbert et al., 2009; Linder & Jankowsky,
2011; Sengoku et al., 2006; Song & Ji, 2019). DEAD-box RNA helicases play integral
roles in virtually all stages of RNA life, including transcription, editing, processing, splicing,
ribosome biogenesis, nuclear export, translation, decay, stress granule regulation,
assembly and remodeling of ribonucleoprotein complexes, as well as recognition and
modulation or viral RNA (Andrisani et al., 2022; De Colibus et al., 2022; Kwon et al., 2022;
Linder & Jankowsky, 2011; Sarkar & Ghosh, 2016; Tanner & Linder, 2001; Weis &
Hondele, 2022). Given their wide-ranging functions in the cells make RNA helicases also
implicated and relevant in several human diseases, in particular various cancers,
developmental disorders, autoimmune diseases, and viral infection (Andrisani et al.,
2022; Samir & Kanneganti, 2022; Tabassum & Ghosh, 2023).

DDX3X is a member of the DEAD-box RNA helicase family and is involved in

various cellular processes, including transcription, splicing, nuclear export, translation



initiation, stress granule regulation and RNA degradation. Dysfunction of DDX3X is
associated with human diseases, including neurodevelopmental disorder (Gadek et al.,
2023; Lennox et al., 2020; Levy et al., 2023), inflammation (Samir et al., 2019), viral
replication and infection (Hernandez-Diaz et al., 2021; Soto-Rifo et al., 2013; Yedavalli et
al., 2004), and several cancers, in which DDX3X has been observed to act both as a
tumor suppressor and oncogene (Epling et al., 2015; Secchi et al., 2022).

Recent studies have highlighted its role in promoting translation of certain human
transcripts during (Calviello et al., 2021; Oh et al., 2016; Phung et al., 2019; Ryan &
Schroder, 2022). CLIP studies have observed DDX3X associating preferentially with the
5'UTR of transcripts (Calviello et al., 2021; Gong et al., 2021; Valentin-Vega et al., 2016).
This suggests a role in translation initiation, potentially akin to that of elF4A, also a
member of the DEAD-box family, which unwinds secondary structures in the 5" UTR to
allow for scanning of the smaller subunit of the ribosome through its association with the
other members of the elF4F complex, elF4E and elF4G (Andreou & Klostermeier, 2013;
Harms et al., 2014; Marintchev et al., 2009; Parsyan et al., 2011). DDX3X itself, as well
as its yeast homolog Ded1, has been suggested to associate with elF4F components
(Gulay et al., 2020; Gupta et al., 2018; Hilliker et al., 2011; Ryan & Schroder, 2022; Soto-
Rifo et al., 2012) as well as the ribosome (Calviello et al., 2021; Guenther et al., 2018),
but the exact characterization of these interactions as well as dynamics and their
functional valence during translation initiation are unknown. Chapter 3 of this dissertation
seeks to elucidate the interaction between DDX3X and the translational machinery and

its impact on DDX3X'’s ability to promote ribosome scanning.



Unlike elF4A, which drives overall translation and whose inhibition leads to a
general decrease in translation (Galicia-Vazquez et al., 2012; Sonenberg & Hinnebusch,
2009), DDX3X has been observed to regulate only a subset of human mRNAs (Calviello
et al., 2021). Understanding which human transcripts are dependent on DDX3X for their
proper translation and what features they possess causes this DDX3X-sensitivity is an
important step in understanding its role in translation. While factors such as 5' UTR GC
content and G-quadruplexes have been identified as contributing to DDX3X-sensitivy, the
lack of clear consensus sequences from CLIP experiments suggests that DDX3X-
sensitive is not driven by sequence, but possibly by structure (Calviello et al., 2021; Ryan
& Schroder, 2022; Valentin-Vega et al., 2016). Other observations, such as DDX3X’s role
in unwinding %' proximal structures (Soto-Rifo et al., 2012), have yet to be tested in a
systematic fashion. Chapter 3 of this dissertation characterizes DDX3X-sensitive 5' UTRs
and investigates the structural underpinnings of DDX3X-dependence during translation.
Additionally, it describes the employment of sensitive 5' UTRs for the creation of a reporter
of DDX3X function, which can be employed for further systematic investigations of both
5" UTR features that confer sensitivity as well as the effect of DDX3X perturbations on

translation.



CHAPTER 2
LYSATE AND CELL-BASED ASSAYS TO PROBE THE TRANSLATIONAL ROLE OF

RNA HELICASES

Kevin C Wilkins'2, Srivats Venkataramanan', Stephen N Floor'-3

Department of Cell and Tissue Biology, University of California, San Francisco, San
Francisco, California 94143, USA

2Graduate Division, University of California, San Francisco, San Francisco, California
94143, USA

3Helen Diller Family Comprehensive Cancer Center, University of California, San

Francisco, San Francisco, California 94143, USA

ABSTRACT

Translation initiation is the first step in protein synthesis, during which the small
subunit of the ribosome scans the 5" untranslated region (5 UTR) of an mRNA to identify
a start codon and commence translation elongation. By unwinding and modulating
secondary structures and other RNA features present in the 5 UTR, RNA helicases can
regulate ribosome scanning and start codon selection. This chapter presents an approach
to measure the effect of RNA helicases on mRNA translation initiation. 5' UTR luciferase
reporters are transcribed in vitro and employed in either of two assays. The in vitro assay
translates the reporters in a cell-free whole-cell lysate system, which allows for greater

biochemical manipulation and tighter control over confounding effects. In the alternative



cell-based approach, the reporters are transfected and translated in living cells, which
provides a more physiological setup. Either method can be used to investigate how the
perturbation of a helicase, such as changes in protein levels or mutations, affects
translation initiation at the 5 UTR level. The chapter also discusses alternative
approaches, troubleshooting, and further applications of these methods. These assays
will provide insights on the role of helicases and other translational factors as regulators

of the proteome both in physiological and diseased settings.

INTRODUCTION

Translation regulation

The translation of messenger RNA (mRNA) into protein is a fundamental and
tightly regulated process. Canonical cap-dependent translation starts with the recruitment
of the 40S ribosome subunit and associated factors, collectively known as the 43S pre-
initiation complex (PIC), to the 5'-cap of an mRNA. Recruitment is mediated by cap-
binding protein elF4E that, together with scaffolding protein elF4G and RNA helicases,
comprises the elF4F complex. Once bound near the 5'-cap, the 43S PIC travels along
the 5" untranslated region (5’ UTR) in the 5'-3’ direction until it reaches a start codon where
it is joined by the 60S large ribosomal subunit and translation elongation commences.
Known as ribosome scanning, the process of the ribosome moving along a 5" UTRs
intensely regulated.

The 5" UTR contains features that regulate protein production from the open
reading frame (ORF) by altering the rate of ribosome scanning and start codon selection

(Hinnebusch et al., 2016; Leppek et al., 2018). Hairpins, RNA secondary structures, G-



quadruplexes, pseudoknots, and other features can alter translation by slowing down
ribosomes, preventing them from reaching the main start codon altogether, or promoting
use of an alternative start codon (Hinnebusch et al., 2016; Leppek et al., 2018). Upstream
open reading frames (UORFs) result from initiation at start codons before the main ORF
start codon. Upstream initiation generally decreases but, more infrequently, can also
increase protein production at the main ORF depending on the arrangement of the start
codons and reading frames (Calvo et al., 2009; Hinnebusch et al., 2016). The strength of
the Kozak sequence environment around the start codon, both of the main ORF and of
the uORFs, can drastically alter their usage (Kozak, 2002). Secondary structures can
stimulate usage of a uORF through proximity, which causes ribosomes to dwell longer on
a start codon and initiate elongation (Kozak, 1990). Other regulatory features in 5' UTRs
include RNA modifications, RNA binding protein (RBPs) binding sites, and long non-
coding RNAs (IncRNAs), which can form ribonucleoprotein complexes or interact with
other RNA molecules (Leppek et al., 2018). Understanding the complex 5’ UTR regulatory

network is essential for a complete picture of how protein production is regulated.

RNA helicases

One class of proteins that have an important role in modulating and interacting with
5" UTR regulatory features are RNA helicases. The family of RNA helicases contains
multiple subfamilies, some of which function as processive helicases and others function
as distributive RNA chaperones (Fairman-Williams et al., 2010); we refer to this entire
group as RNA helicases in this method. elF4A, a member of the elF4F complex and one

of the canonical initiation factors, is a crucial DEAD-box RNA helicase whose role is to



unwind secondary structures in 5’ UTR to allow for ribosome progression (lwasaki et al.,
2016; Leppek et al., 2018; Pestova & Kolupaeva, 2002). The related DEAD-box RNA
helicase DDX3X is similarly implicated in resolving secondary structures ahead of
ribosome scanning (Calviello et al., 2021; Nashchekin et al., 2006; Sharma & Jankowsky,
2014; Soto-Rifo et al., 2012). The DExH-box RNA helicase DHX29 has also been shown
to be required for proper translation of highly structured 5' UTRs (Parsyan et al., 2009;
Pisareva et al., 2008). Whether DHX29 acts by unwinding mRNA or by modulating the
ribosomal RNA or a combination of both is under active investigation (Sweeney et al.,
2021). Another example is provided by DHX36, which has been shown to resolve G-
quadruplexes within the 5' UTR in order to promote proper translation (Murat et al., 2018;
Sauer et al., 2019). Given the importance of tightly regulating protein synthesis, it is
unsurprising that many helicases involved in mRNA translation are also implicated in
several diseases, particularly in cancer (Cai et al., 2017; Fuller-Pace, 2013a; Hao et al.,
2020; van Voss et al., 2017; Zhao, Mao, Zhao, et al., 2016). Developing methods to
functionally interrogate RNA helicases during protein production is an essential step to
advancing the understanding of their role in health and disease.

Characterizing the direct role of individual RNA helicases on mRNA translation in
mammalian cells presents challenges. Perturbing a given helicase to observe its role on
translation in cells can be difficult, since any secondary effects on translation,
transcription, or other RNA processing steps can act as confounding factors. Additionally,
targeting a helicase that affects translation can alter the proteome which can indirectly
affect protein production. Small molecules can be effective ways to perturb activity

(lwasaki et al., 2016; Naineni et al., 2020), but achieving specificity can be hard since



there are many similar RNA helicases (Arrowsmith et al., 2015; Calviello et al., 2021;
Floor, Barkovich, et al., 2016). These challenges can complicate studies observing the
direct effects of the helicase on the mechanism of translation. Reconstituted systems,
particularly in yeast, have been fundamental to avoid these issues and have been an
excellent source of mechanistic insight into translation initiation (Acker et al., 2007; Aitken
et al., 2016). An alternative option are mRNA reporter-based in vitro translation assays
which can measure the effects of perturbing a given helicase on translation. Such assays
have also been used for other RNA binding proteins and translation factors, such as elF3
(A.S.Y.Leeetal., 2015), as well as investigating translation by transcript isoforms (Floor
& Doudna, 2016).

In this chapter, we present a protocol to measure the effect of helicases on mRNA
translation. We describe how to transcribe mRNA luciferase reporters in vitro and how to
employ them in both an in vitro and an in cell translation assay. These assays can be
used to observe the effects of the perturbation of a given helicase on protein production.
Observing how mutations of a given helicase, as well as alterations of its protein levels,
impact translation initiation on 5' UTRs can provide insight on its function as a regulator
or protein levels as well as its malfunction in disease systems. We also outline the
advantages and the limitations of the in vitro and in cell systems compared to in vivo
investigations. Finally, we discuss troubleshooting, adaptations of protocol for further

experiments and alternative strategies.
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BEFORE YOU BEGIN
List of reagents
The reagents used in this study, including manufacturer or origin, and identifying

numbers, can be found in Table 2.1.

Equipment

e Cell culture equipment and reagents

e GloMax Explorer plate reader (Promega) or equivalent
e Thermocycler

e Water bath (can also use thermocycler or thermomixer)

e Opaque 96-well plates, sterile (PerkinElmer — 6005688 or equivalent)

RNA reporters

The RNA reporters employed in this assay contain a 5' UTR followed by a
Renilla luciferase ORF (Calviello et al., 2021; Floor & Doudna, 2016; Iwasaki et al.,
2016). Plasmids and full sequences are available on Addgene (Addgene ID 182638
for the minimal 5’ UTR reporter and ID 182639 for an example of an experimental 5'
UTR reporter). Other luciferases could also be used in place of Renilla. Transcription
is driven by a bacteriophage T7 promoter and terminated via run-off transcription
following 60 adenosine nucleotides encoded in the template downstream of the stop
codon to mimic polyadenylation (Figure 2.1 A). The 5' UTR of each reporter is chosen

based on the biological question of the experiment, for example 5" UTRs that are
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sensitive to the perturbation of a given helicase or translational factor. In Calviello et
al., the 5" UTRs employed were selected among those known to be translationally
controlled by DDX3X (Calviello et al., 2021). Additionally, this assay also employs a
control reporter, which we refer to here as the minimal 5’ UTR reporter. As the name
suggests, it possesses a minimal 8 nucleotide 5’ UTR. During data analysis, the signal
of all other reporters is normalized to the signal of this control reporter to account for
variations in the translational activity of the different lysates. This reporter can be
modified or adapted for future experiments to obtain a control that is non-sensitive or

the least sensitive as possible to the biological perturbation that is investigated.

Cells and lysates

The in vitro assay (step 2.2) measures the luciferase signal from RNA reporters
translated for 1 hour in an enriched whole-cell lysate reaction (see Figure 2.1 B). The
lysate is obtained by growing and lysing cells and then supplementing it with additional
reagents (A. S. Y. Lee et al., 2015). This protocol and the papers referenced have been
tested and optimized for HEK 293T, HCT-116, and HelLa cells (Calviello et al., 2021; A.
S. Y. Lee et al., 2015; Venkataramanan et al., 2021). Other cells may also be employed
but may require optimization and may not achieve the desired signal.

The in cell assay (step 2.3) measures the luciferase signal from RNA reporters
transfected into cells (see Figure 2.1 C). This assay has been optimized for the same cell
lines as step 2.2; using other cell types may require optimization. Because the luciferase

measurement protocol requires lysis in a small volume, adherent cells are recommended.
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Suspension cells may need to be removed from their media for lysis and this may prove
unfeasible or compromise the strength of the signal.
Note: The relative advantages and disadvantages of the two assays are discussed

in at the end of this chapter.

Perturbation of the helicase

Each experiment should include a control condition and one or more experimental
conditions in which the helicase (or the translational factor) of interest is perturbed. For
example, the assay can be run with cells expressing wild-type versus a mutant helicase,
or cells expressing normal protein levels versus depletion. Chemical inhibition or inducible
degron tags may prove advantageous, when possible, due to the rapid impact on
translation before compensatory effects can occur. When using gene knockout or
depletion with CRISPRI or siRNA, it is possible that some effects may be secondary in

nature.

STEP-BY-STEP METHOD DETAILS

This protocol is composed of three sections. Step 2.1 describes the in vitro
transcription of mRNA reporters (Rio, 2011). These can be used in either the in vitro
translation assay (step 2.2) or the in cell translation assay (2.3) or other assays (Bai et
al., 2013; Calviello et al., 2021). Quantification and statistical analysis for both assays are
described in the section “Quantification and statistical analysis”. The advantages and
limitations of each assay are described in at the end of this chapter, in section

‘Advantages and limitations”.
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2.1 IN VITRO TRANSCRIPTION, CAPPING, AND 2'-O METHYLATION OF LONG
RNAS

This protocol is for in vitro transcription of long RNAs off plasmid or PCR product
templates (see Figure 2.1 A) (Rio, 2011). The template is purified and the size verified by
running an agarose gel, and transcription occurs via a T7 promoter with a fixed 3' polyA
tail encoded in the template (typically AG0). Following this protocol, the RNA will be ready
for transfection into mammalian cells (step 2.3) or in vitro translation (step 2.2) (Bai et al.,
2013; Calviello et al., 2021). Significant amounts of template are necessary: at least 1 ug
of template per 100 pL reaction; ideally closer to 5 ug of template, especially for very long

templates. Use RNase sensitive protocols and reagents for all steps of this procedure.

PCR amplification of template

1. The DNA template is amplified using the following primers:

Reverse rrrrrerrerrrrererrr rer e rrr rerr retrl

template [TTTTTTTITTITTTITTTITTITTTT CTG CAG

primer

Forward CGG CCA GTG AAT TCG AGC TCT AAT ACG ACT
template CAC TAT AGG

primer

Note: The reverse primer ensures 60 thymidine residues are present on

the template. This primer is used to amplify any 3' UTR that has a
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constant 3’ hexanucleotide region but can be modified for higher

efficiency PCR by extending the complementarity region if only one 3’

UTR is being used.

Assemble the following PCR reaction. Prepare one reaction (total volume

of 100 pL) for each of the RNAs you are transcribing.

Reagent Amount per 100 pL rxn
HF buffer 20 pL

dNTP 2 uL

Forward template primer (100 uM) | 0.5 pL

Reverse template primer (100 uM) | 0.5 pL

Phusion polymerase 1L

Template (50 ng total) 10 L

water 66 pL

1)
2)
3)
4)
o)

6)

Run PCR with a two-step protocol:

98 °C melting for 2 minutes
98 °C melting for 30 seconds

67 °C annealing for 30 seconds

72 °C annealing/extension for 3 minutes

Repeat steps 2, 3 and 4 for 30 cycles

10 minute final extension time.
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Note: Steps 2 and 3 can be also done with different PCR kits and
polymerases. Regardless of which PCR kit is used, step 4 is used to check

if you have the right product.

4. Run the PCRs on a native agarose gel, verify the size of the template
band(s), and gel extract with a Qiagen DNA gel extraction kit
(alternatively, other gel purification kits can be used). Note: The size of
the template PCR product will be the length of the RNA reporter construct
including primers. It should be 1098bp + length of the 5" UTR for the
plasmid cited in section “Before you begin: RNA reporters” but will differ
if the luciferase or other transcribed regions change.

5. You have now obtained the DNA template that will be used for RNA

transcription.

In vitro transcription of RNA

Note: This protocol employs purified T7 polymerase at 1 mg/mL (Rio,
2013). It is possible to transcribe the RNA by using alternative kits, such
as the MEGAscript™ T7 Transcription Kit (AMB13345) and following
manufacturer instructions. If using an alternative kit, assemble

transcription and skip to step 5.
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1. Assemble a 10X transcription buffer:

300 mM Tris-ClI, pH 8.1

250 mM MgClI2

0.1% Triton X-100

20 mM spermidine

DTT

2. Assemble ACGU solution by mixing adenosine, cytidine, guanosine,
uridine 5'-triphosphate disodium salt hydrates at 25 mM each. Critical:
Ensure solution of nucleoside triphosphates is adjusted to pH 7. Note:
The solution can be stored long term at -20 °C.

3. Warm all reagents for step 4 except T7 polymerase and Superase:IN to
room temperature. Note: Adding cold spermidine to template can cause

precipitation of the template.
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4. Assemble the transcription reaction by mixing the following in a tube at
room temperature. If you are transcribing more than one RNA, assemble
a master mix, split it into different tubes, and add the templates
separately. Note: This reaction can be run in either a 1.5 mL tube or a

PCR tube.

Reagent 100uL reaction (pL each)

Template (from step 2.1.1) | 1to 5 g

ACGU (25 mM) 30 uL
10X txn buffer (RT) 10 L
DTT (1M) 2L
MgCI2 (1M) 1L

T7 polymerase (1 mg/mL) | 10 pyL

Superase:IN 1L

RNase-free H20 Up to 100

1. Incubate at 37 °C in a stable incubator - a water bath, stable dry
incubator, or PCR thermocycler. Warm rooms and heat blocks can have
higher variability in temperature that may decrease reproducibility.

2. Wait one hour and check the reactions - they should be somewhat
cloudy from pyrophosphate precipitation. If they are, add 1 pL of 1
mg/mL pyrophosphatase to each. Note: Reactions that are not cloudy

might also have worked, although it is less likely. You can proceed with
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3.

4.

6.

the protocol and check if non-cloudy reactions were successful with a
glyoxal gel.

Allow the reactions to proceed for 3-4 hours.

Add 1 pL of RQ1 RNase-free DNase to each reaction and incubate at
37 °C for 30 minutes to digest the template.

Precipitate transcription products by adding 200 pL 0.3M NaOAc pH 5.2,
1 uL GlycoBlue and 750 pL 100% EtOH to each reaction. Note: If the
reactions were run in a 1.5 mL tube, add these directly to the tube. If the
reactions were run in a smaller tube, add these to a new 1.5 mL tube
and then transfer the reactions into the tube.

Incubate at -80 °C for >1 hour to overnight.

Pause point: The samples can be kept at stored at -80 °C for months.

Resuspending EtOH precipitated RNA

1.

Pellet precipitations by centrifugation at 16,000 g at 4 °C for 25 minutes.

. Remove supernatant with a pipette and discard.

Wash with 500 pL -20 C° 70% EtOH.

Centrifuge at 16,000 g at 4 C° for 5 minutes.

Remove supernatant with a pipette and discard.

Quick-spin and remove residual ethanol with a P20 pipet.

Allow pellet to air dry for 5 minutes Note: Do not overdry as this can
impact recovery.

Resuspend pellet in 100 yL 50 mM EDTA.
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10.

Quality control:

Purify RNA with Zymo RNA Clean & Concentrator 25 column following
the small RNA removal protocol and elute in 30 yL RNase-free H20.

Measure concentration of RNA on a nanodrop or Qubit or other assay.

glyoxal gel

. RNA molecules will fold intramolecularly and may not run according to

their sequence length in a native gel. Chemical modification of adenine,
cytidine, and guanosine bases by glyoxal reduces intramolecular
secondary structure, promoting size-dependent migration of RNA

molecules without using formamide or other denaturing gels.

. Add 2 yL of the NorthernMax™-Gly Sample Loading Dye to 2 uL of each

RNA. Add 5 pL of the dye to 5 pL of the RNA ladder. Incubate reactions
for 30 min at 50 °C (Rio, 2015).

Run samples on an 1% agarose gel. Make the gel and run itin 0.5X TBE
buffer. Critical: Ensure the gel and the running buffer are made from

RNase free water to prevent RNase contamination.

. Check size of the products.

If degradation products are apparent on the agarose gel, use image
quantification software to quantify the band corresponding to full-length
product and use this to determine concentration in combination with

nanodrop readings.
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6. Alternatively, if significant truncated products are present purify the full-
length product by agarose gel purification using the Zymo Agarose Gel

Zymoclean kit (R1011).

Capping and 2'-O-Methylation

1. Dilute 20 pg of RNA in 26 yL RNase-free H20 in a PCR tube.
2. Prepare a 4 mM stock of SAM (supplied with Vaccinia kit) in RNase-free

H20 from the supplied 32 mM stock.

Note: SAM is labile and should not be freeze-thawed repeatedly. If
reusing SAM supplied in a kit, aliquot on first thaw to avoid freeze-
thaws. Degraded SAM will interfere with proper mRNA capping and

reduce translation efficiency.

3. Assemble a master mix according to the following recipe.

Reagent per 40 pL reaction
10X NEB capping buffer 4 uL
10 mM GTP 2 uL
4 mM SAM 2 uL

NEB Vaccinia capping enzyme | 2 uL

NEB 2'-O-Me transferase 2L

RNasin 2L
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4. Add 14 L of the master mix to each PCR tube from step 1.

5. Incubate at 37 C° for 60 minutes.

6. Purify over a Zymo Clean and Concentrator 25 column following the
small RNA removal protocol and elute in 30 uyL RNase-free H20.

7. Optional: Run a second glyoxal gel as in step 2.1.27 to verify your RNAs

are the correct size.

2.2 IN VITRO TRANSLATION ASSAY

The RNA reporters transcribed in 2.1 can be used in an in vitro translation assay.
In this assay, the transcribed reporters are translated for one hour in whole-cell lysate.
The luciferase produced is then measured (see Figure 2.1 B). The whole-cell lysate, while
not perfectly reproducing the biology of a living cell, presents the opportunity to easily
manipulate the reaction by adding or removing chemical compounds, proteins, or other
factors. In addition, the optimized in vitro reaction provides a short timeframe (which

reduces unwanted secondary effects) and a high translation signal.
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Materials

Lysis Buffer

10 mM Hepes, pH 7.6

10 mM KOAc

0.5 mM MgOAc2

5mMDTT

Complete EDTA-free protease inhibitor (1 tablet per 10mL buffer)

(make in RNase-free water and keep on ice)

Note: The buffer can be stored at 4 °C, but the protease inhibitor

must be added fresh.

Making the lysate

Grow cells in 15 cm plates, making 5-10 plates at a time. Note: Do not
let cells reach high confluency levels since this inhibits translation.
Actively replicating cells are best suited for this protocol.

Treat your cells to obtain cells with the desired helicase perturbation and
the appropriate control cells (as discussed in section “Before you being:
Cells and lysates”). Note: For example, cells expressing WT or mutant
helicase can be used to create a WT and mutant lysates. Alternatively,
cells expressing normal levels and knock-out for the helicase of interest
can be used to obtain lysates. See section “Before you being:

Perturbation of the helicase”.
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10.

Trypsinize the cells by adding 4 mL trypsin to each plate and stop by
adding 4 mL complete media and move into a conical tube.

Spin 1 minute at 1000 g, 4 C° to pellet.

Wash the pellet with PBS and transfer to a 1.5 mL microcentrifuge tube.
Spin down the pellet and remove the PBS.

Add equal volume of Lysis Buffer to the pellet. Note: The volume of Lysis
Buffer added needs to match the pellet approximately 1:1. To obtain this,
check the volume of the pellet at the bottom of the 1.5 mL tube by eye
and add the equal amount of Lysis Buffer. To ensure all lysates are made
the same way, you can weigh all the pellets first. Add the Lysis Buffer to
the first tube, and then adjust the amount of Lysis Buffer added to the
other tubes in proportion to the weight.

Dissolve the pellet by pipetting up and down, do not vortex.

Incubate the tubes on ice for 45 minutes. This induces hypotonic swelling
in the cells.

Homogenize the cells. This is done by aspirating slowly the lysate into a
1 mL syringe with 26G (subq) needle. Then, push the lysate out quickly

with the needle against the side of the tube. Repeat 13 times.

Note: Squirting the cells through the needle and against the tube helps
completely break down the cell membranes, which were previously

made fragile by the hypotonic swelling.

24



11.

12.

13.

14.

Check under light microscope for disruption with trypan blue (blue nuclei
signify lysis). Disrupt until ~95% is done.

Centrifuge the tubes at 14000 g for 1 min, 4 °C to remove cell debris and
nuclei.

Collect the supernatant. These are the lysates for the assay.

Note: any antibody depletion or other biochemical manipulations to the

lysate can be performed at this step.

Aliquot and flash freeze the lysate in liquid nitrogen. Put at -80 °C. Note:
An aliquot of the lysate (diluted into lysate buffer 10:1) can be run on a

western blot.

Pause point: The lysates can be stored at -80 °C.
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Running the assay

1. Each RNA assay will be run as three technical replicates; the number of total

reactions will be the number of RNAs times three. Note: If you do more than eight

total replicates, it is easiest to run the assay in a 96-well PCR plate, and then image

it on a 96-well opaque flat-bottom plate.

2. For each RNA, mix in a tube:

Reagent 1 replicate
100mM ATP 0.042 uL
10mM GTP 0.105 pL
1M Creatine Phosphate 0.105 uL
7.5U/uL Creatine phosphokinase 0.03 uL
1 M Hepes pH7.5 0.05 pL
0.1 MDTT 0.1 uL
40 mM MgOAc 0.25 L
2 mM KOAc 0.25 uL
1mM amino acids 0.04 pL
Spermidine (.02295M) 0.056 uL
Murine RNAse inhibitor 0.125 uL
Lysate 2.5pL
(Usually 100-200ng) RNA 1.348 pL
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Note: The concentration of MgOAc and KOAc may require optimization based
on the control 5' UTR and/or the cell type used. It is recommended to test
ranges of 25-150 mM for the MgOAc and ranges 1-3 mM for the KOAc.

Note: To minimize variability, we recommend making a 3X master mix for each
RNA construct, and then splitting into three replicates.

Note: The concentration of RNA needed to obtain enough signal will vary by 5’
UTR construct since different 5' UTR have different translational activity.
Optimization might be required for each construct. Initial values can range from
20 to 200 ng total RNA per replicate.

3. Incubate for 1 hour at 30 °C (PCR Block).

4. Transfer the content of the 96-well PCR plate into a 96-well opaque flat-bottom
plate. Note: Make sure the plate is opaque and compatible with luciferase
luminescence measurement.

5. Image the luciferase signal. Note: Luciferase measurement protocols will vary
based on the kit and apparatus used. Example: For the Renilla Luciferase Assay
System (Promega) measured on a GloMax Explorer luminometer (Promega)
Steps: 1) Transfer each reaction to a well in a 96-well plate 2) add lysis buffer to
each well 3) leave 15 minutes on rocker 4) place in machine and follow machine

measurement protocol.
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2.3 IN CELL TRANSLATION ASSAY

The RNA reporters transcribed in 2.1 can also be used for an in cell assay. In this
assay, transcribed reporters are transfected into living cells that produce luciferase
protein for 24 hours, which is then measured (see Figure 2.1 C). The longer incubation
time for the translation step compared to the in vitro assay in step 2.2 may leave more
time for non-translation related confounding effects to take place. On the other hand, it
provides a more physiologically relevant system since it takes place in living cells instead

of lysate.

Grow cells and transfect

1. Grow cells in a sterile 96-well opaque flat-bottom plate.
Critical: This plate will be used for the whole experiment, including growing
cells, transfecting them with reporter RNAs, and measuring the luciferase
signal. Make sure the plate is compatible with the luminometer (in particular,
the plate must be opaque to prevent signal leaking between wells).
Note: Since the plate is opaque, it is not be possible to observe the cells
under a microscope during the experiment. To obviate this issue, we
recommend plating a “mirror” 96-well transparent culture plate in parallel
with the same number of cells and transfecting them in the same manner
as in the experimental plate. These cells will be able to be observed and will
mirror the conditions of the cells used for the experiment. Alternatively, cells

can be grown and transfected in a transparent culture plate. Cells will then
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be lysed, and the lysate moved to the opaque plate for luciferase
measurement.

2. Plate cells at ~80% confluency. Note: Confluency and plating timeline may
need to be optimized based on cell type.

3. After 48 hours, transfect cells with a mixture of 10 ng in vitro transcribed firefly
luciferase (Fluc) RNA with a minimal 5’ UTR and between 50-200 ng renilla
luciferase RNA (Rluc) downstream of selected 5" UTRs using the TransIT
mRNA Transfection Kit (Mirus Bio) per manufacturer’s instructions.

4. Lyse cells 24 hours post transfection.

5. Measure luciferase values with the Dual-Luciferase Reporter Assay System
(Promega) on a GloMax Explorer luminometer (Promega) or similar instrument,

following manufacturer’s instructions.

2.4 QUANTIFICATION AND STATISTICAL ANALYSIS

For the in vitro translation assay (section 2.2)

1.

The data obtained from the plate reader will consist of a luminescence value for
each replicate. Note: These values are dimensionless (See table 2.2).

Inspect the luminescence values to ensure there is sufficient signal to analyze the
results. Typical successful experiments have ranged from luminescence values in
the 102 to 108 range. Observe if there are large differences between neighboring
wells — note that luminescence will bleed from high signal wells into lower signal
wells. Multiple order-of-magnitude signal differences should be avoided between

neighboring wells.
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3. Divide the Renilla luminescence value of each replicate by the average value of
the replicates obtained from the same lysates as that well and the control RNA
reporter. This step normalizes the values of all RNA reporters to that of the control
RNA reporter translated with the same lysate. This returns values for each reporter
and condition that are normalized to the control and helps account for differences
in translational activity of each lysate (See step 1 in table 2.2).

4. Secondly, divide the resulting value for each replicate by the average value of all
replicates for the same RNA reporter for the control lysate. This step will return the
relative signal obtained for each reporter with that of the same reporter in the
control lysate. Note: The values for all reporters in the control lysates will be equal
to 1, while the values for the reporters with the experimental lysates will represent
level of translation relative to the control (See step 2 in table 2.2).

5. Following the above steps, the average value of all replicates of mMRNA reporters
in control lysates are normalized to 1. The impact of the perturbation of an RNA
helicase on translation of a given mRNA is the difference between the
experimental lysate versus the control. Note: The values for the control mRNA
reporters will average to 1 across all lysates, since they are the normalization
factor. This reflects the in-built assumption of this assay that the control reporter is
insensitive to perturbations of the helicase. This assumption can be tested using
an orthogonal luciferase, but there may be perturbations that impact all translation.

6. Statistical analysis can be run for each reporter to compare the values of the

replicates in each lysate relative to the other lysates. For the example provided,
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statistical significance between conditions was calculated with an unpaired two-
tailed t-test.
7. Finally, the data can be visualized, for example using a box plot with data points

(See Figure 2.2).

For the in cell translation assay (section 2.3)

1. Normalize the Renilla luciferase signal in each well by dividing it by the Firefly
luciferase signal from the same well. This is done to control for cell number,
transfection efficiency, and basal translation levels of each well.

2. The resulting values obtained for each well are then divided by the average of the
values of the wells with control cells.

3. The average value of all replicates of the mRNA reporters transfected in the control
cells will be equal to 1. The average values of the replicates of a given mRNA
reporter transfected in the treated cell will reflect the translational level relative to
the control. Note: The values for the control mRNA reporters will average to 1
across all cells, since they are the normalization factor. This reflects the in-built
assumption of this assay that the control reporter is insensitive to perturbations of
the helicase.

4. Statistical analysis can be run for each reporter to compare the values of the
replicates in each cell treatment relative to control and other treatments. For the
example, statistical significance between conditions was calculated with an
unpaired two-tailed t-test.

5. Finally, the data can be visualized, for example using a bar graph. (See Figure 2.2)
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3. Expected Outcomes

The luciferase luminescence values will change both depending on the intrinsic
translation level of different reporter constructs and the perturbations to RNA helicases.
Reporters with decreased luciferase levels upon helicase perturbation depend on the
helicase of interest for efficient translation, while reporters with increased luciferase levels
are inhibited by the helicase of interest. Some helicases that operate during translation
initiation like elF4A will likely be overall promoters of translation (Linder & Jankowsky,
2011; Sen et al., 2015), although they might inhibit translation of a subset of transcripts
(Calviello et al., 2021). It is important to note that reporters might behave differently to
knockdown vs missense mutations of helicases (Calviello et al., 2021; Lennox et al.,

2020).

ADVANTAGES AND LIMITATIONS

Advantages

The mRNAs reporter, as constructed, isolates a specific part of the mRNA on
which the effect of the helicase can be determined. In the case of the reporters described
here, they differ solely in their 5' UTR, hence the impact that is measured on translation
can be attributed to translation initiation. The reporters in this protocol are transcribed,
capped, and polyadenylated mRNA in vitro. This allows isolating the effect of the helicase
on translation alone, without having to account for potential effects during DNA or pre-
mRNA processing.

The short 1 hour translation timeframe of in vitro assay allows for tight control and

focuses the assay predominantly on translation. The time constraint limits the possibility
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of secondary effects due to proteome changes and RNA-processing steps in which the
helicase might be involved. The protocol, which has been optimized to increase
translational output, allows for increased signal. Additionally, conducting the assay in a
whole-cell lysate makes it amenable to manipulations that might be impossible in a cell
system. This includes the addition of drugs, purified proteins, and reagents that are hard
to deliver in cells or the removal of factors from the lysate with IP or similar techniques.
Biochemical manipulation of the lysate can be performed, such as immunodepletion of
factors, addition of recombinant proteins, or addition of compounds that are not cell
permeable.

Compared the in vitro assay, the in cell assay offers more physiological relevance
since translation occurs within living cells. For example, our prior work identified a
difference in CCNE1 5" UTRtranslation between in vitro and in cell experiments, which

could be caused by cell cycling (Calviello et al., 2021).

Limitations

There are situations where reporters do not recapitulate native regulation
(Mitschka & Mayr, 2021). Another factor to take in account is that the reporters contain a
limited amount of the mRNA of interest (in this case the 5' UTRs), which might exclude
other important regulatory features and miss important biological information.
Additionally, given the overexpression of the reporters and/or the helicase, the
stoichiometry of factors in the assay might differ from physiological conditions. Finally,
given how data normalization is conducted, is necessary to find control ' UTRs that are

not regulated by helicase of interest, which may not always be possible.
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The in vitro assay is more removed from the biology of the cells, since it lacks
important features of the cells such as the cell wall, organelles, and the cell cycle.
Similarly, the whole-lysate reaction is composed of diluted cytoplasm and additional
reagents, providing for an environment that may differ in composition and stoichiometry
from physiological conditions. Finally, there can be substantial variability in specific
activity between batches of lysate, although the normalization to the control reporter is
designed to minimize this noise.

The timeframe of in cell assay is significantly longer than for the in vitro assay,
which may lead to a greater opportunity for secondary effect downstream of the
perturbation of the helicase to act as confounding factors. Additionally, there is a greater
possibility that the helicase might affect the mRNA reporters by non-translational means,
such as through mRNA nuclear shuttling or mRNA decay. This assay tends to give lower
signal compared to the in vitro assay, given the fact that lacks the additional reagents that
optimize and boost its translational output. Additionally, given the inefficiency of

transfection, it requires higher amounts of mRNA.
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OPTIMIZATION AND TROUBLESHOOTING

Poor or no signal:

In vitro transcription is a delicate procedure, and improperly transcribed mRNA,
the transcription of an incorrect isoform, or insufficient levels of reporter may result
in poor or no signal. Ensure to run a glyoxal gel to control the size, integrity, and
amount of product. Ensure that all reagents are free from RNase which will
degrade the reporters.

Another possibility is low signal whole-cell lysate which is not translationally active.
This might result from the lysate having been collected when the cells were too
confluent (as this inhibits translation), the frozen lysate being too old or having
been freeze-thawed too many times, or the use of cell lines that are not optimal for

translation.

The experimental signal matches the control

A lack of differences between the measurement obtained by the experimental and
the control conditions may be due to the control 5’ UTR (or control mRNA element)
being sensitive to the perturbation of the helicase to the same degree as the
experimental 5' UTR. To solve this problem, select a different control 5’ UTR that
is likely to be the least sensitive to regulation by the helicase of interest. Another
solution is to employ a firefly reporter as internal control (as described in step 2.3).
It may be useful to employ an internal ribosomal entry site (IRES) to drive the
translation of the internal control firefly reporter, as many IRESs require different
and often fewer translation factors and may not be sensitive to the helicase of

interest (Pisarev et al., 2005).
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The in vitro data does not match the in cell data:

- The data collected with the in vitro assay (step 3.2) may not match up with that
collected with the in cell assay (step 3.3), even if the same reporters and same
experimental conditions are employed. This might be due to non-translation related
processes (such as mRNA export or decay) or other secondary effects of the
helicase. These may be occurring in the in cell setup but may not have the time to
take place in the short time span of in vitro assay. Additionally, it may be caused
by the involvement of biological features of the cell, such as organelles or the cell
cycle, that are lost in the whole-cell lysate setup. Finally, the amount of mMRNA per
reaction/cell, the confluency and translational potential of cells, and other variables

might be different between the two assays.

ALTERNATIVE METHODS/PROCEDURES

In addition to the translational assays here presented, there are several alternative

methods to measure the translational effect of a given helicase:

e Ribosome profiling is a powerful technique that can provide genome wide and
transcript specific information on the translational effect of RNA helicases
(Calviello et al., 2021; Ingolia et al., 2019). This technique maps all footprints
of actively translating ribosomes onto the transcriptome, allowing to detect
changes in translation due to the perturbation of a helicase (Guenther et al.,
2018).

e Other techniques that measure global translation include polysome profiling,

35S methionine, FUNCAT, or puromycin staining (Aryanpur et al., 2019;
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Dieterich et al., 2010; Goodman et al., 2012; Guenther et al., 2018; Murat et
al., 2018). Combined with the appropriate experimental setup, these methods
can provide insight in the effects of helicases on the translatome.

For the impact of helicases on the translation of specific proteins, methods such
as fluorescence-based reporters in cells, western blotting, or direct
measurement of protein levels can be employed. The use of translation
inhibitors can test whether the changes observed are translationally mediated.
Rabbit reticulocyte lysate and wheat germ extract are well established and
highly efficient in vitro eukaryotic protein synthesis systems that can be
employed to translate reporters in a cell-free context (Chong, 2014). While
these systems may have less physiological relevance for the investigation of
human helicases compared to the protocols described in section 2.3, they may
be more robust and more amenable for certain reporters and experimental

setups. These systems also generally have higher specific activity.

SUMMARY AND CONCLUSION

As the first step of protein synthesis, translation initiation is fundamental and tightly

regulated process in every cells. Helicases play an important role by modulating and

interacting with the 8" UTR and its many structural features. In particular, several

helicases unwind complex secondary structures, such as hairpins and g-quadruplexes,

or modulate uORF selection allowing for proper regulation of ribosome scanning. Gaining

insight of how helicases affect translation will unlock a more complete understanding of

their role as regulators of the proteome both in physiological and diseased settings.
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This chapter explores helpful ways to investigate the effect of helicases on mRNA
translation initiation. Starting with in vitro transcribed, capped, and polyadenylated
luciferase 5' UTR reporters allows for assays that restrict probing to the aspect of
translation itself, removing confounding effects such as DNA and RNA processing. Two
assays are described in this chapter: an in vitro approach, with employs the mRNA
reporters in a cell-free whole-cell lysate system, and an in cell approach, in which the
reporters are transfected into living cells. Either method can be used to investigate how
translation initiation at 5' UTR is affected by RNA helicases. While the in vitro method
offers tighter controls and fewer confounding effects, the in cell approach can offer a more
physiologically relevant setup.

Although the protocol described here measures the effect of helicases on
translation initiation by using 5' UTR reporters, it is adaptable to further use. Other mMRNA
features, such as the 3'UTR, individual regulatory elements and structures, ORF features,
or even point mutations in the mRNA can be used as reporters in the same fashion.
Similarly, this protocol can be used to investigate not only the translational role of
helicases, but of any protein or factor with translational implication, including chemicals

compounds.
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Figure 2.1 Schematic of the transcription of the reporters and the in vitro and in
vivo translation assays. A) In vitro transcription of RNA reporters. The template plasmid
contains a T7 promoter followed by a 5’ UTR (either the control or a 5' UTR of interest),
followed by the luciferase open reading frame (ORF) and a string of Adenosines. PCR on
this plasmid is used to obtain the template DNA containing the reporter. The DNA is then
used to transcribe the RNA reporters. The reporters are then capped and methylated. B)
In vitro assay. Cells are grown, pelleted, and lysed to obtain the whole-cell lysate. The
lysate is enriched and combined with the mRNA reporters in a 1 hour translation reaction.
The reactions are moved to an opaque plate and the luciferase signal is measured. C) In
cell assay. Cells are grown in an opaque plate. The mRNA reporters are transfected into
the cells. After 24 hours, the media is removed and the cells are lysed, and the luciferase
signal is read on an imager.
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Figure 2.2 Data visualization for the translation assay. The final values data obtained
from normalization in Table 2.2 can be plotted. Both the control and experimental
reporters will give final normalized values of 1 with the control lysate since they are the
values on which the normalization is calculated. This is also true for the value of the
control reporter in the experimental lysate. This graph shows that the translation of the
experimental reporter goes down in the lysate experimental lysate compared to the
control lysate. The dots represent the three technical replicates. Statistical significance
was calculated with an unpaired two-tailed t-test (*** = P<0.005).]
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TABLES

Table 2.1 List of reagents. This table contains the list of reagents used in this chapter,
including the name, manufacturer or source, and identifying number.

Reagent Source Identifier

2'-O-methyltransferase NEB MO0366S

(enzyme, buffer, SAM)

Adenosine 5'-triphosphate | Sigma-Aldrich A7699

disodium salt hydrate

Cytidine  5'-triphosphate | Sigma-Aldrich C1506
disodium salt
Guanosine 5'- | Sigma-Aldrich G8877

triphosphate sodium salt

hydrate

Uridine-5'-triphosphate Sigma-Aldrich u6750

trisodium salt

1mM Amino Acids Promega L4461
ATP Sigma-Aldrich A26209
cOmplete™, Mini, EDTA- | Merck 4693159001

free Protease-Inhibitor-

Cocktail

Creatine Kinase (CK) from | Merck 10127566001

rabbit muscle

Creatine Phosphate Merck 10621714001
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Reagent Source Identifier
DTT Gold Bio DTT500
EDTA 500 mM, pH 8.0 Teknova E0308
EtOH VWR V1101
GlycoBlue™ Ambion/ThermoFisher AM9516
Coprecipitant

Hepes pH 7.6 Gold Bio H-400
KOAc Sigma-Aldrich P5708
MgClI2 Sigma-Aldrich M2670
MgOAc2 Sigma-Aldrich M5661
Murine RNAse inhibitor NEB M0314S
NaOAc pH 5.2 Fisher Scientific P171-500
NorthernMax™-Gly Ambion/ThermoFisher AM8551
Sample Loading Dye

RNase-free DNase Promega M6101
RNasin Ribonuclease | Promega N2611
Inhibitor

Spermidine Sigma-Aldrich S2626
Superase:IN Ambion/ThermoFisher AM2696
TBE 10X Concentrate VWR E442

T7 polymerase (1 mg/mL)

Tris-Cl, pH 8.1 Gold Bio T-095-100
Triton X-100 Sigma-Aldrich 18787
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Reagent Source Identifier
Vaccinia capping enzyme | NEB M2080S
system (enzyme, buffer,

SAM, GTP)

Zymo Clean & | Zymo Research D4033
Concentrator 25 columns

Promega Dual Glo Promega E2920
Renilla Luciferase Assay | Promega E2820

System
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Table 2.2 Quantification and Statistical Analysis. The raw data obtained from the plate
reader will consist of numerical luciferase luminescence value for each technical replicate.
The averages that need to be calculated for step 1 are shown. Step 1) The raw value of
each replicate is divided it by the average value of the replicates obtained from the same
lysate as with the control RNA reporter. This normalizes each replicate’s value to the
baseline translational activity of its lysate. The averages that need to be calculated for
step 2 are shown. Step 2) The intermediate resulting value for each replicate was divided
by the average value of all replicates obtained with the same RNA reporter for the control
lysate. This step will return the signal obtained for each reporter relative to the same
reporter in the control lysate.

Lysate - control Lysate — experimental condition 1
Reporter: control Reporter 1 Reporter: control Reporter 1
Replicate: 1 2 3 1 2 3 1 2 3 1 2 3

Raw values | 225000 230000 250000 | 380000 400000 450000 |470000 505000 550000 |320000 440000 450000

average is 235000 average is 508333

Step 1 divide by 235000 divide by 235000 divide by 508333 divide by 508333
0957 0979 1064 | 1617 1702 1915 | 0925 0.993 1.082 | 0.630 0.866 0.885

average is 1 average is 1.7446

Step 2 divide by 1 divide by1.7446 divide by 1 divide by 1.7446
Final values | 0.957 0.979 1.064 | 0.927 0976 1.098 | 0.925 0.993 1.082 | 0.361 049 0.507

average is 1 average is 1 average is 1 average is 0.4547
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ABSTRACT

DDX3X regulates the translation of human transcripts containing complex 5'

untranslated regions. In this study, we developed a reporter called HART that uses

DDX3X-sensitive 5' UTRs to measure DDX3X-dependent translational activity. Through

SHAPE-MaP analysis, we determined the secondary structure of these 5' UTRs and used
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HART to investigate the features that render them sensitive to DDX3X. Additionally, we
studied the association of DDX3X with the ribosome during scanning and identified
residues 38-44 of DDX3X as potential mediators of its interaction with the translational
machinery. HART revealed that both DDX3X 38-44ala and the helicase-defective mutant
DDX3X R534H exhibit deficiencies in promoting translation on DDX3X-sensitive 5’ UTRs.
These findings suggest DDX3X plays a crucial role in translation initiation through its
interaction with the translational machinery, and establish the HART reporter as a robust,

lentivirally encoded measurement of DDX3X-dependent translation in cells.

INTRODUCTION

DDX3X is a ubiquitously expressed RNA-helicase involved in almost all stages of
RNA metabolism (Sharma & Jankowsky, 2014; Soto-Rifo & Ohlmann, 2013), including
transcription (Chao et al., 2006; Saikruang et al., 2022), RNA export (Lai et al., 2008;
Yedavalli et al., 2004), pre-mRNA splicing (Merz et al., 2007; Zhou et al., 2002),
translation  (Calviello et al., 2021; Shih et al.,, 2008; Soto-Rifo et al., 2012;
Venkataramanan et al., 2021), microRNA expression (Hk et al., 2016; Nussbacher & Yeo,
2018), and viral RNA interactions (Heaton et al., 2023; Rao et al., 2021). By influencing
gene expression, RNA localization, and RNA stability, DDX3X impacts cellular functions
and responses, including cellular homeostasis (Tsai et al., 2017), stress granule
regulation (Shih et al., 2012; Valentin-Vega et al., 2016), cell stress (Oh et al., 2016; Samir
et al., 2019), cell signaling (Sharma & Jankowsky, 2014), the immune response (Soulat

et al., 2008; Szappanos et al., 2018), and embryonic development (C.-Y. Chen et al.,
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2016; Lennox et al., 2020). Alterations to DDX3X are linked to several human diseases,
including cancer, viral infection, inflammation, and developmental disorders (Gadek et al.,
2023; Mo et al., 2021; Sharma & Jankowsky, 2014).

DDX3X is a member of the DEAD-box RNA helicase family and hydrolyzes ATP
to unwind RNA molecules and remodel RNA-protein complexes (Linder & Jankowsky,
2011). DDX3X shows high conservation with its yeast homolog Ded1 and form a clearly
defined subfamily (Fairman-Williams et al.,, 2010). DDX3X/Ded1 helicases are
characterized by a conserved helicase core domain which contains nine conserved motifs
involved in ATP binding, hydrolysis, and RNA interaction (Linder & Jankowsky, 2011;
Sharma & Jankowsky, 2014). While the helicase core is highly conserved across the
DEAD-box family, the N- and C-termini are more variable (Floor, Condon, et al., 2016;
Linder & Jankowsky, 2011). These termini are involved in protein-protein interactions and
subcellular localization, but their role is yet to be fully understood (Sharma & Jankowsky,
2014).

DDX3X is thought to play a role in translation by unwinding RNA secondary
structures and remodeling RNA-protein complexes. DDX3X/Ded1 are suggested to
interact with components of the translation initiation complex, including the elF4F complex
(elFAE, elFAG, and elF4A), to promote ribosome binding to the mRNA's &' cap structure
and enhance the recruitment of ribosomes to the mRNA (Guenther et al., 2018; Gulay et
al., 2020; Gupta et al., 2018; Sharma & Jankowsky, 2014; Shih et al., 2012). As opposed
to elF4A, a generalist necessary for global translation, DDX3X has been observed to act
as a specialist helicase, required for the proper translation of a subset of the human

mMRNAs (Calviello et al., 2021; Linder & Jankowsky, 2011). This specialized role could
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derive from DDX3X/Ded1’s higher RNA unwinding capability compared to elF4A,
suggesting that DDX3X might be required to resolve complex and highly structured 5'
UTRs (Gao et al., 2016).

Several aspects of DDX3X’s activity during ribosome scanning and translation are
still incompletely understood. The 5' UTR features that confer dependency on DDX3X are
an active area of study. Further, while DDX3X has been observed to interact with helix
16 of the 18S rRNA, a component of the small ribosomal subunit (Calviello et al., 2021)
the function and extent of its association with the ribosome and other translation factors
is still unclear. Given the substrate-dependency of DDX3X'’s role in diseases, a better
picture of such variables is necessary for insights into the broader landscape of translation
regulation and its implications in health and disease.

DDX3X exhibits a dual role in cancer, acting either as a tumor suppressor or an
oncogene, depending on the context and the specific mRNA transcripts it regulates during
translation (Fuller-Pace, 2013a; Secchi et al., 2022; Zhao, Mao, Zhou, et al., 2016).
Examples of oncogenic behavior include high DDX3X expression being associated with
poor prognosis in non-small-cell lung cancer (NSCLLC) and head and neck squamous
carcinoma (HNSCC) (H.-H. Chen et al., 2018; Heerma van Voss et al., 2015; Stransky et
al., 2011; van Voss et al., 2017). In HNSCC, DDX3X promotes translation of ATF4 and
other oncogenic mRNAs, although the exact mechanism is unknown (H.-H. Chen et al.,
2018). Conversely, DDX3X acts as a tumor suppressor in cancers like medulloblastoma,
colorectal cancer, and non-small-cell lung cancer, where its loss is associated with
increased colony formation and invasiveness (Fuller-Pace, 2013a; C.-H. Lee et al., 2014;

Oh et al., 2016; Zhao, Mao, Zhou, et al., 2016).
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The diverse behavior of DDX3X in cancer, functioning as both an oncogene and a
tumor suppressor, is likely attributed to specific mutations within DDX3X and the
distinctive structural characteristics of the 5° UTRs of mRNA molecules present in
different cell types or cancer subtypes. These variations in transcriptional substrates can
give rise to distinct translational outcomes for various oncogenes or tumor suppressors,
contributing to the progression of cancer (H.-H. Chen et al., 2018; Kozak, 1991).
Identifying the mechanism of DDX3X function in translation and the features of mRNA
transcripts it regulates will help provide insights into cancer progression and potential
therapeutic targets.

DDX3X’s role in mRNA processing and translation has been linked to several other
diseases. DDX3X-related is a neurodevelopmental disorder is a type of global
developmental delay (GDD) associated with structural brain defects in which DDX3X
mutants with RNA helicase activity cause induce ectopic RNA-protein granules in neural
progenitors and neurons and impair translation (Gadek et al., 2023; Hoye et al., 2022;
Lennox et al., 2020). DDX3X is essential in the replication of several viruses, such as
HIV-1 or HCV, and is implicated in in host-virus interaction, viral replication, antiviral
responses, and immune evasion (Hernandez-Diaz et al., 2021). Analyzing the
transcriptional substrate context influenced by DDX3X in translation provides critical
insights into the on the key genes, pathways, biological processes, and pathogenesis of
intellectual disability and viral infections. Given the lack of current effective therapies to

treat DDX3X(Gadek et al., 2023), this knowledge can aid in the development of targeted
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therapeutic strategies to restore normal translation control and mitigate the detrimental
effects of DDX3X dysregulation in these diseases.

In this chapter, we created a helicase activity reporter for translation (HART) to
measure the translational activity of DDX3X. We characterized the structures and
features of DDX3X-dependent 5' UTRs and employed HART to dissect this sensitivity to
DDX3X. We then identified residues in the N-terminus of DDX3X that interact with the
ribosome and used HART to determine that this interaction is important for DDX3X’s role
in translation. Together, our work advances the understanding of the mechanism of
DDX3X-dependent translation and creates a versatile reporter with potential implications

in both further dissection of DDX3X function and drug discovery.

RESULTS

Creating a reporter for the translational activity of DDX3X

To better understand the mechanism of DDX3X, we created a reporter for the
translational activity of DDX3X. We first identified human transcripts whose proper
translation is dependent on DDX3X. Prior work showed that the loss of DDX3X caused a
decrease in ribosome density on a subset of transcripts, including ODC1, RAC1, and
HMBS (Calviello et al., 2021). The 5" UTRs of these transcripts require DDX3X for efficient
translation in vitro and in cells (Wilkins et al., 2022). We define these sequences as
DDX3X-sensitive 5" UTRs and reasoned we could use them as the foundation of a
reporter for DDX3X translation activity in cells (Figure 3.1 A).

We incorporated four different DDX3X-sensitive 5' UTRs into a construct we called

helicase activity reporter for translation (HART, Figure 3.1 B). HART is a lentiviral plasmid

52



built around a dual promoter, containing a copy of human PGK (hPGK) and mini CMV,
which is an efficient bidirectional promoter in cells and in vivo (Amendola et al., 2005).
We used hPGK to direct transcription of a DDX3X-sensitive 5' UTR followed by the open
reading frame (ORF) of the fluorescent protein mCherry. The mini CMV promoter was
used to direct transcription of a DDX3X-insensitive 5' UTR followed the ORF of eGFP to
act as an internal control. The DDX3X-insensitive 5' UTR consists of a short 9 nt sequence
(CTAGCCACC) which was previously used as a control in cellular and in vitro assays of
DDX3X-sensitive translation (Calviello et al., 2021). To better detect changes in protein
levels, we fused mCherry to the ornithine decarboxylase (ODC) degron (d4), which
confers a protein half-life of 4 hours (Yen et al., 2008). In the HART reporter, mCherry
protein levels are a proxy for translation of DDX3X-sensitive transcripts, while eGFP
protein levels are independent of DDX3X changes and act as an internal control. The
mCherry/eGFP ratio, which we refer to as the HART ratio, is thus a readout of DDX3X's
ability to promote translation.

To validate the reporter system, we assessed the impact of DDX3X loss on the
HART ratio. We depleted endogenous DDX3X using an inducible degron system in the
male colorectal cancer HCT 116 cells (Calviello et al., 2021; Natsume et al., 2016).
Treating the DDX3X degron cells with auxin for 48 hours results in near complete
degradation of DDX3X protein (Figure 3.1 E). We transduced HART into the DDX3X
degron cells and treated them with auxin for 48 hours. Flow cytometry measurements of
the ratio of mCherry to eGFP signal identified a significant decrease in auxin-treated cells
compared to the DMSO-treated control in HART constructs containing HMBS, ODC1, or

RAC1 but not RPLP1 5 UTRs (Figure 3.1 C, Figure 3.2 A). These results were in line with
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previous in cell and in vitro translation assays (Calviello et al., 2021; H.-H. Chen et al.,
2015; Perfetto et al., 2021). Notably, there was no difference in eGFP fluorescence levels
between auxin-treated cells and controls, while mCherry levels exhibited significant
differences, demonstrating that the change in HART ratio between treatments was driven
by the DDX3X-sensitive 5" UTR (Figure 3.2 B-C). Microscopy measurements were
consistent with flow cytometry, confirming the reliability and generalizability of HART-
ODC1 and HART-RAC1 (Figure 3.1 F). Overall, these results collectively demonstrated
the effectiveness of HART as a reporter for evaluating DDX3X’s impact on translation

initiation.

Structural probing of the RAC1 and ODC1 5° UTRs

DDX3X is necessary for the proper translation of several human mRNAs, but the
precise understanding of which 5" UTR structures and features render a given transcript
sensitive to DDX3X remains incomplete. Prior work has implicated upstream start codons,
RNA structure, GC content, and other mRNA features as important in DDX3X-based
regulation (Calviello et al., 2021; H.-H. Chen et al., 2015; Lai et al., 2016; Soto-Rifo et al.,
2012). However, experimental evidence of RNA structure in DDX3X-sensitive mRNAs is
limited. To gain deeper insights into the elements that confer DDX3X sensitivity to the
RAC1 and ODC1 %' UTRs, we used SHAPE-MaP structure probing to experimentally
determine their secondary RNA structures (Smola et al., 2015; Smola & Weeks, 2018).
We transcribed the RAC1 and ODC1 5' UTRs and the luciferase ORF in vitro using T7
polymerase (Calviello et al., 2021; Wilkins et al., 2022). RNA was then folded, probed

with NAI or DMSO as control, reverse transcribed, and sequenced. Mutation profiles and
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SHAPE reactivity were measured using SHAPE-MaP and used to generate SHAPE-
constrained RNA secondary structures using SHAPEmapper (Figure 3.3 A-D).

The SHAPE-MaP constrained structure for RAC1 is complex, comprising a 152 bp
long structure and a 23 bp stem loop (Figure 3.3 A-B). The RAC1 5’ UTR has predicted
free energy of -97.20 kcal/mol and 79% GC content. The RAC1 SHAPE-MaP result
obtained in vitro is similar to the one obtained in cells (Figure 3.4 A-B) or via in silico
predictions using RNAfold (Figure 3.4 C). The ODC1 & UTR also showed a highly
complex structure, with a long 376 bp structure with several smaller hairpins branching
off it and a shorter 107 bp structure, with an overall free energy of -251.70 kcal/mol (Figure
3.3 C-D) and a 69% GC content. These in vitro probing results are overall similar to an
RNAfold prediction (Figure 3.4 D).

The presence of large stem loops and overall high complexity of these 5' UTRs
could impede efficient translation initiation in the absence of the unwinding and
remodeling activity of helicases (Pisareva et al., 2008). DDX3X may be crucial in resolving
these stable stem loops and enabling mMRNA accommodating into the small ribosomal
subunit or scanning across the 5" UTR to identify the translation start site. Previous work
has suggested that Ded1, the yeast homolog, has a higher unwinding activity than elF4A,
which may position Ded1/DDX3X as a specialist helicase required to unwind particularly

complex structures (Gao et al., 2016).

Dissection of RAC1 and ODC1 DDX3X-sensitivity

We next sought to determine which regions of the ODC1 and RAC1 & UTRs

contribute to DDX3X-sensitivity. We created HART constructs with five equal size
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deletions tiling the 5" UTRs of both RAC1 (Figure 3.5 A and B) and ODC1 (Figure 3.5 A
and E). The HART ratio was used to measure the translation efficiency of deletion
constructs in HCT-116 degron cells after 48 hours of auxin or DMSO treatment.
Deletions of the 79-117, 118-157, and 158-197 regions of the RAC1 5" UTRs
residues conferred similar DDX3X-sensitivity compared to full length wildtype. However,
deletion of residues 1-39 led to diminished sensitivity, while deletion of residues 40-78
showed an even further reduction to the point where there was no statistical difference
between cells treated with auxin or DMSO. The 1-39 and 40-78 deletions overlap the
large structure in the RAC1 5’ UTR, suggesting that unwinding of this structure by DDX3X
is important in translational regulation of the §' UTRs (Figure 3.5 B). This is consistent
with prior work that identified an important role for cap-proximal RNA structures in
DDX3X-dependent translation (Soto-Rifo et al., 2012). Notably, in silico folding predicts
the A40-78 RAC1 &' UTRs possess the lowest free energy among all the deletions,
suggesting that a less stable structure exhibits decreased sensitivity to DDX3X (Figure
3.6). In contrast, we find that deletions in the ODC1 5" UTR do not impact DDX3X
sensitivity, suggesting its overall GC content or structure may be sufficiently complex that
no single deletion removes a requirement for DDX3X (Figure 3.5 G). Taken together, we
find that DDX3X sensitivity is mediated by regions within some but not all DDX3X-

sensitive mRNAs.
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The 38-44 residues of DDX3X contribute to its association with the translational

machinery

The dynamics of DDX3X unwinding of 5" UTR structures during ribosome
accommodation and/or scanning are currently unknown. One possibility is that DDX3X
unwinds structures ahead of ribosome scanning independently and untethered from the
ribosome or other ribosome-associated factors, in a frans mechanism. Alternatively, it is
possible that DDX3X is bound to the ribosome or associated factors during scanning and
that it unwinds 5' UTRs while tethered, in a cis fashion. The cis scenario would be like the
behavior of related DEAD-box RNA helicase elF4A which associates with the ribosome
during scanning (Brito Querido et al., 2020). Some evidence for the cis model is provided
by iCLIP data, which suggests that DDX3X binds to the helix 16 of the 18S rRNA in the
small subunit of the ribosome, which is located near the mRNA entry channel (Calviello
et al., 2021). Interestingly, a similar result was also found in yeast, where iCLIP identified
helix 16 as crosslinking with Ded1, the yeast homolog of DDX3X (Guenther et al., 2018).

While helix 16 is a potential location of binding of DDX3X to the ribosome, it is
unknown what part of the DDX3X protein is responsible for this interaction. DDX3X
contains two RecA-like domains that make up the helicase core. The helicase core is
flanked by the N-terminal extension (NTE) and the C-terminal extension (CTE), which are
essential for helicase activity (Epling et al., 2015; Floor, Condon, et al., 2016). Finally, the
N-terminus and the C-terminus are present at the extremities of the protein and contain
several regions conserved across the DDX3X/Ded1 subfamily and divergent regions

(Figure 3.7 A), although (Sharma & Jankowsky, 2014).
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DDX3X could interact with the translational machinery through the functional core,
one or both termini, or multiple locations. One factor that suggests this interaction is
happening in the termini is the possible conservation of this binding between DDX3X and
its yeast homolog Ded1 (Guenther et al., 2018). Taken together, these data indicate that
the N- and C- termini of DDX3X play a functional role and may mediate interaction with
the ribosome.

To determine which regions in DDX3X interact with the translation machinery, we
transduced HEK 293T cells with FLAG-tagged full length DDX3X or a truncated 132-607
mutant, and conducted FLAG immunoprecipitation. WT, but not 132-607, co-precipitated
small ribosomal subunit protein RPS11 and elF4A, suggesting a loss of interaction with
the translation machinery for the truncated mutant (Figure 3.8 A).

Having identified the N- and C-termini as locations potentially mediating binding to
the ribosome, we then attempted to narrow down the location of the ribosome-binding
domain. We made constructs of FLAG-tagged DDX3X with alanine substitutions across
termini residues conserved across the DDX3X family, including amino acids 14-21, 38-
44, and 600-603 (Figure 3.8 B). These constructs were transduced into HEK 293T cells
from which RNase-treated Iysates were obtained and wused for FLAG
immunoprecipitation. DDX3X WT co-purified with the small ribosomal subunit protein
RPS11 and translation factors elF4E and elF4A, which are associated with the scanning
ribosome (Kumar et al., 2016). Conversely, the different mutants lost interaction with
these proteins to different degrees. Both 14-21 and 600-603 mutant showed a similar
ability to pull down elF4E and elF4A, but a reduced ability to pull down RPS11. The

helicase deficient mutant R534H pulled down RPS11 to the same degree as wild type,

58



but lost interaction with elF4E and elF4A. Finally, the mutant with alanine substitutions
spanning the 38-44 residues, which we refer to as 38-44ala, presented the most severe
difference from wild type, with greatly reduced copurification of RPS11, elF4E, and elF4A
(Figure 3.7 B, Figure 3.8 B). This suggests that the 38-44 residues of DDX3X are involved
in mediating the interaction with the ribosome, whether directly or indirectly through other
intermediary proteins.

The 38-44 residues (YIPPHLR) are conserved across the DDX3X/Ded1 subfamily
but absent in other DEAD box proteins (Sharma & Jankowsky, 2014). This sequence has
been previously identified as potential elF4E-binding region because it is reminiscent of
the consensus elF4E-binding YXXXXL® found in several elF4E-binding proteins such as
the 4EBPs and elF4G (Figure 3.7 C). substitution of Tyr38 or Leu43 to alanine partially
ablated co-immunoprecipitation of DDX3X and elF4E in HelLa lysate (Shih et al., 2008),
in a fashion similar to our own observation of the lack of co-precipitation between 38-
44ala and elF4E. We hence decided to test whether these residues mediate DDX3X's
indirect interaction with ribosome via direct binding to elF4E.

To directly test whether the 38-44 region of DDX3X interacts with elF4E, we used
NMR spectroscopy. We purified >N labeled S. cerevisiae elFAE, which shares the core
conserved peptide binding site with human elF4E (Joshi et al., 2004). The SN HSQC
spectrum of elF4E bound to m7GTP was well-dispersed, indicating a stable, folded
protein (Figure 3.7 D). Addition of 1 mM of a peptide comprising human 4E-BP1 amino
acids 51-67 elicited dramatic chemical shift changes (Figure 3.7 E), consistent with the
known interaction between 4E-BP1 and elF4E. In contrast, addition of a peptide

comprising human DDX3X amino acids 33-51 caused minimal chemical shift
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perturbations (Figure 3.7 F). We therefore conclude that human 4E-BP1 binds to S.
cerevisiae elFAE, but that DDX3X amino acids 33-51 does not directly interact with S.
cerevisiae elF4E.

The lack of co-immunoprecipitation between mutant DDX3X and ribosomal
proteins could be due to altered protein localization. To test this possibility, we used
microscopy to determine the localization of the different DDX3X variants. HEK 293T cells
were transduced with different DDX3X-FLAG constructs, fixed, and stained for anti-
DDX3X and the nuclear marker DRAQ7. DDX3X protein was broadly cytoplasmic, and
neither the R534H mutation, nor 38-44ala, nor the double mutant 38-44ala/R534H altered
this localization compared to WT (Figure 3.7 G). We have therefore identified the 38-
44ala residues as contributors to the interaction between DDX3X and the ribosome or its

associated factors, though likely not substantively through direct interactions with elF4E.

Ribosome-association plays a role in DDX3X function

Having identified a DDX3X mutant that impacts its association with the ribosome,
we next investigated the effect of losing this interaction on the DDX3X'’s translational
activity. HCT-116 degron cells were transduced with both the HART construct and
DDX3X-FLAG-BFP, either WT or helicase defective R534H, 38-44ala, or the double
mutant 38-44ala/R534H. FACS was used to obtain a triple-positive population for
mCherry, eGFP, and BFP. These cells were treated with auxin for 48 hours and flow
cytometry was used to measure the HART ratio.

The HART-ODCH1 ratio of auxin-treated cells co-transduced with WT DDX3X was

increased compared to parental cells, although not to the same level as control DMSO-
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treated cells. This suggests the exogenous DDX3X partially rescued the translation defect
caused the loss of endogenous DDX3X. Instead, transduction of R534H nor 38-44ala nor
the double mutant 38-44ala/R534H not only did not rescue the effect, but further
decreased the HART ratio compared to uninfected cells suggesting a dominant effect
(Figure 3.9 A). Results for HART-RAC1 showed no increase nor decrease in HART ratio
in WT, 38-44ala, or R534H/38-44ala cells compared to uninfected, while infection R534H
did show a statistically significant decrease compared to uninfected cells (Figure 3.9 B).
For both reporters, The R534H mutation seems to have a negative effect across
5" UTRs. This is in line with DDX3X helicase mutations acting as dominant negative in
translation assays as well as in human disease (Calviello et al., 2021; Epling et al., 2015;
Gadek et al., 2023; Lennox et al., 2020). In contrast, the 38-44 mutant seems to have a
dominant negative effect on ODC1 but a neutral effect on the RAC1 reporter.
Interestingly, in both cases the dual mutant R634H/38-44ala followed the pattern of 38-
44ala, suggesting that loss of association with the ribosome or associated factors is
dominant over helicase mutations in the context of translation. This can be explained in
the cis model of DDX3X activity, where interaction with the ribosome is necessary for its
role in translation. The helicase defective DDX3X R534H mutants has a dominant
negative effect on transcripts but the 38-44ala mutation rescues the effect. These results
suggest that interaction with the ribosome or associated factors plays a role in the
translational activity of DDX3X, although different 5' UTRs are regulated differently.
Lentiviral transduction can lead to differential expression of the exogenous
construct across cells. We used the BFP signal, which is a proxy for the expression of

DDX3X-FLAG, to investigate the effect of DDX3X expression level on the HART ratio.
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Notably, higher BFP levels in DDX3X-FLAG-BFP expressing cells correlated with a
reduction in the difference of the HART ratio between auxin and DMSO treated cells,
indicating dosage sensitivity (Figure 3.9 C). In contrast, increasing levels of DDX3X
mutants either had no effect (38-44ala) or diminished the HART ratio (R534H and
R534H/38-44ala) (Figure 3.9 C). These results indicate dosage sensitivity of DDX3X and
suggest dominant repression of DDX3X-dependent translation by inactive, pathogenic
DDX3X mutants.

We also investigated the effect of DDX3X mutants on cellular growth. We first
tested whether the N and C-termini of DDX3X were important for cell growth through
rescue experiments. While exogenous full length DDX3X rescued cell-growth defects due
to the loss of endogenous DDX3X, neither helicase defective mutant DDX3X R534H nor
the functional core DDX3X 132-607 did (Figure 3.9 D and Figure 3.10 A). DDX3X 38-
44ala and R534H containing cells did not rescue the cell growth defect caused by the
loss of endogenous DDX3X, unlike cells infected with WT DDX3X (Figure 3.9 D). DDX3X
38-44ala exhibited a similar growth phenotype to DDX3X 132-602, a truncation which
preserves the functional core but removes the N and C-termini (Figure 3.10 A). These
data suggest that both helicase function and the association with the ribosome are crucial
to DDX3X function in proliferation.

Our data shows that the 38-44 residues of DDX3X contribute to its interaction with
the translational machinery. This interaction, whether direct with the ribosome or
mediated by other factors, is important for DDX3X’s role in unwinding secondary
structures in the 5" UTR of a subset of human mRNAs and regulate translation (Figure

3.9 E).

62



METHODS

Molecular cloning

DNA amplification was obtained by PCR with either KAPA HiFi HotStart ReadyMix
(Roche) or Q5 High-Fidelity 2X Master Mix (New England Biosystems #M0492) following
manufacturer protocol unless otherwise noted. PCR products were digested with 1 uL
Dpnl (NEB #R0176L) for 1 hour and purified by agarose gel extraction (MinElute Gel
Extraction Kit, Qiagen #28606). Plasmid constructs were created by Gibson cloning with
NEBuilder HiFi DNA Assembly Master Mix (NEB #E2621L) or Gibson Assembly Master
Mix (NEB E2611L). Assembled plasmids were transformed into Mach1 competent cells
(Invitrogen #C862003) or STBL3 (from Q3 Macrolab at University of California, Berkeley)

for amplification and were purified with QlAprep miniprep (Qiagen #27104).

DNA sequences

The bidirectional promoter lentiviral plasmid backbone for HART was a gift of the
Goodarzi lab and published in Amendola et. al, 2005. The 5" UTRs of RAC1, HMBS,
ODC1, and RPLP1, and control were taken from plasmids from previous work (Calviello
et al., 2021). Deletions in RAC1 and ODC1 were achieved by Gibson cloning. The
mutated d4 ornithine decarboxylase (ODC) degron fused to mCherry was inserted via
primers with Gibson cloning based on the published sequence:
(AGCCATGGCTTCCCGCCGGAGGTGGAGGAGCAGGATGATGGCGCGCTGCCCAT

GTCTTGTGCCCAGGAGAGCGGGATGGACCGTCACCCTGCAGCCTGTGCTTCTGCT
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AGGATCAATGTG) (Yen et al., 2008). Gibson cloning was used to insert all the HART
elements into the lentivirus UCOE-SFFV backbone. The final HART construct is:
PuroR-T24-eGFP-[control5’ UTR]-miniCMV-hPGK-[DDX3X-sensitive5’ UTR]-mCherry-
d40DCdegron.

Plasmids were deposited on Addgene. Plasmid IDs:

KW54_HART_ODC1 #207398

KW57_HART_RAC1 #207399

KW63_HART_RAC1_PuroR #207400

KW78_HART_ODC1_PuroR #207401.

Lentiviral DDX3X constructs were created by inserting the DDX3X sequence from
previous work into the UCOE-SFFV backbone (gift from the James K Nunez lab) via
Gibson cloning. Lentivirus packaging plasmids included gag/pol, REV, TAT, and VSVG
(gift from the Weissman lab). Gibson cloning was also employed to generate the various
mutations via primers containing said mutations. BFP and Puromycin resistance
sequences were taken from pHR-SFFV-dCas9-BFP-KRAB (Addgene # 46911) and Twist
respectively. The final DDX3X lentiviral construct sequence is: UCOE-SSFV-DDX3X-

3xFLAG-2xP2A-TagBFP-PuromycinR

Cell culture

HCT116 cells were cultured in McCoy's 5A media (Gibco #16600082) and 10%

FBS (Avantor #97068-085) and 1X Penicillin-Streptomycin Solution (Corning #30002Cl).
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HEK 293T cells were cultured in DMEM with 4.5 g / L glucose, L-glutamine & sodium
pyruvate (Corning #10-0130CV) and 10% FBS (Avantor #97068-085) and 1X Penicillin-
Streptomycin Solution (Corning #30002Cl). Cells were cultured at 37 °C in 5% COz2. Cell
passage was done with trypsin (Corning #25-053-Cl). Cells were washed with 1X PBS

pH 7.4 (Gibco #70011044) before media change and passaging.

Lentivirus packaging and infection

For packaging lentivirus, HEK 293T cells were kept at confluency below 90% for
several passages. On day 1, HEK 293T cells were plated at 1.2X10°¢ cells/well in 6 well
plates. On day 2 cells were transfected with lentiviral DNA following the Mirus-LT1 (Mirus
MIR 2300) transfection protocol. Briefly, 6 pL transfection reagent Mirus-LT1 were mixed
with 250 uL Opti-MEM (Thermo Fischer #31985062) and incubated at room temperature
for 15 minutes. 1.5 ug of the desired lentiviral DNA with 0.1 pug gag/pol, REV, and TAT
packaging plasmids and 0.2 ug VSVG packaging plasmid (for a total of 2 ug of DNA)
were added to the Opti-MEM mix. The mix was incubated at room temperature for 15
minutes, and then gently added to the HEK 293T cells dropwise. On day 4, the virus-
containing supernatant was harvested by gentle pipetting and filtered with a low protein
binding syringe filter (0.22 um, EDM Millipore # SLGVO33RB). The virus was frozen at -
80 °C for long-term storage or transduced directly into the desired cells.

Cells to be transduced were plated in 24 well plates at 0.168x10° cells/well on day
1. On day 2, the lentivirus supernatant collected previously was added to the cells.

Different amounts of virus, ranging from 5 to 500 yL was added to each well together with
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8ug/mL polybrene (EMD Millipore TR-1003-G). The plates were spun down for 2 hours
at 1000 RPM at 37 °C. On day 4, cells were sorted as described below. The appropriate
amount of virus was determined by sorting cells from wells with infection rates below 30%.

Cells in Figures 1 and 3 were transduced with HART constructs containing the
indicated DDX3X-sensitive 5" UTR. Cells in Figure 3.7 were transduced with DDX3X
constructs. Cells in Figure 3.9 were transduced both with the indicated HART and DDX3X

constructs.

Flow cytometry

For cells transduced with the HART constructs in Figures 1 and 3, FACS was used
to sort cells positive for both eGFP and mCherry. For cells transduced with the DDX3X
constructs in Figure 3.7 , cells positive for BFP were sorted. For cells transduced with
both HART and DDX3X constructs in Figure 3.9 , cells positive for eGFP, mCherry, and
BFP were sorted.

FACS was performed using Fortessa SORP to measure the florescent signal of
eGFP (488nm 50mW laser, Blue B or Blue C), mCherry (561nm. 50mW laser, YG C
detector) and BFP (405nm 100mW laser, Violet F detector). Untransduced cells were
used as negative controls for gating after filtering for single cells.

Sorted cells were used for the HART experiments in Figures 1, 3, and 5. Cells were
plated in 24-well plates at 0.168x108 cells/well with 2 mL of media. 500 mM Auxin (Indole-
3-acetic acid, RPI # 154000-25) in DMSO (Corning #25950CQC) or DMSO alone were

added at a 1:1000 dilution to the media. After 48 hours, cells were trypsinized with 200
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ML trypsin and resuspended with 200 pL media. Cells were then flowed with a Fortessa
X20 Dual SORP. Untransduced cells were used as negative controls for gating after
filtering for single cells. Cells were gated as single cells and double positive for eGFP
(488nm 60mW laser, Blue C detector) and mCherry (561nm 50mW laser, YG C detector)
for Figures 1 and 3, and in as triple negative for eGFP, mCherry, and BFP 405nm 100mW
laser, Violet F detector) in Figure 3.9 . The raw value of the three channels was exported.

The ratio of mCherry/eGFP was calculated as the HART redout.

Cell growth curves

Cells were plated in opaque 96-well plates at 5000 cells per well. Cell number was
measured at the indicated time intervals with CellTiter-Glo® Luminescent Cell Viability

Assay (Promega #G7571) and following manufacturer’s instructions.

RNA folding prediction

RNA folding predictions were computed using the ViennaRNA Package (Version

2.5.1) (Lorenz et al., 2011; Zuker & Stiegler, 1981).

SHAPE-MaP

SHAPE-MaP was conducted as described (Smola et al., 2015; Smola & Weeks,
2018). First, we in vitro transcribed RNA as described (Wilkins et al., 2022). RAC1 and
ODC1 5" UTRs were placed under control of a T7 promoter and in front of luciferase ORF

and transcribed using T7 polymerase (Calviello et al., 2021; Wilkins et al., 2022). For
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Shape-MaP, 1000 ng of the transcribed RNA in 12 pL water was denatured at 95 °C for
2 min and then snap cooled on ice for 2 min. 6 uL of the 3.3x folding buffer (333 mM
HEPES pH 8.0, 333 mM NaCl, 33 mM MgCl:) were added to each sample and the RNA
was folded at 37 °C for 20 min. For the unfolded control, 1000 ng RNA was placed in 10
ML formamide, 2 uL 10x DC buffer (500 mM HEPES (pH 8.0), 40 mM EDTA), 6 uL water
and denatured at 95 °C for 2 min.

For RNA modification, 1 pL of either 2M NAI (Sigma-Aldrich #03-310) in DMSO or
DMSO alone was added to the RNA and mixed. The folded RNA was incubated 15 min
at 37 °C, while the unfolded RNA was incubated 15 min at 60 °C. Added 2 pL 100 mM
DTT to all tubes to quench the reaction. Added water to volume of 50 uL and cleaned up
the RNA (Zymo RNA clean and concentrator -5 # R1013) and eluted in 15 pL water.

For reverse transcription, added 1.5 pL 200 ng/pL random reverse transcription
primers to the 15 pL RNA tubes. Incubated at 65 °C for 10 min, then 4 °C 2 min. Prepared
fresh MaP buffer by mixing equal volumes 5x MaP prebuffer (250 mM Tris (pH 8.0), 375
mM KCI, 50 mM DTT, 2.5 mM dNTP each) and 30 mM MnClz. Added 12 pL 2.5x MaP
buffer to the RNA tubes and mixed and incubated at 25 °C for 2 min. Added 1 pL
Superscript Il reverse transcriptase (Thermo Fischer Scientific # 18064014) and
incubated at 25 °C for 10 min, then at 42 °C for 90 min, then 10 cycles of 50 °C 2 min and
42 °C 2 min, and then 70 °C for 10 min to deactivate the reverse transcriptase. Placed on
ice and then purified using Zymo DNA clean and concentrator kit -5 (Zymo #D4004)
following cDNA protocol. The cDNA was then amplified by PCR and sequenced using

Amplicon-EZ (Azenta Lifesciences). ShapeMapper and SuperFold packaged were used

68



to analyze the data, convert it into mutational profiles, create SHAPE reactivity plots, and
model RNA secondary structures. VARNA software was used for the automated drawing,
visualization and annotation of the secondary structures (Darty et al., 2009).

For the in cell Shape-map, HART-ODC1 and HART-RAC1 cells were grown to
~80% confluency in 24-well plates. Cells were washed with PBS. Added 150uL 300 mM
NAlin DMSO in PBS to each well and added the same volume of DMSO in PBS to control
cells. Incubated at 37 °C for 30 min. Added 200 yL quench solution (700 mM 2-
mercaptoethanol in 1x PBS, made immediately before use) for 2 min. Washed cells with
PBS and collected into a tube. Spun down and pelleted cells and washed once with PBS.
Extracted RNA using Direct-zol RNA Miniprep Kits (Zymo #R2050) following
manufacturer’s instructions (including DNA degradation) and resuspended in 88 uL water.
Reverse transcription, library amplification, sequencing, and data analysis were achieved

as described above for the in vitro protocol.

NMR spectroscopy

Isotope labeled His-MBP tagged S. cerevisiae elF4E was expressed in BL21-star
E. coli grown in M9 minimal media with 15N ammonium sulfate as the sole nitrogen
source. Induction was performed by addition of 1 mM IPTG when the cultures reached
an OD of 0.5 and overnight incubation at 16 °C. Bacteria were lysed by sonication in lysis
buffer containing 500 mM NaCl, 0.5% NP-40 (Igepal), 10 mM Imidazole, 20 mM HEPES
pH 7.5, 10 mM 2-mercaptoethanol, clarified by centrifugation at 40,000 g, and the clarified

lysate was applied to nickel resin (Qiagen) pre-equilibrated in wash buffer (500 mM NaCl,
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20 mM Imidazole, 10 mM 2-mercaptoethanol, and 20 mM HEPES pH 7.5). After three
washes in wash buffer, purified protein was eluted in elution buffer containing 500 mM
NaCl, 250 mM Imidazole, 100 mM Na2S04, 50 mM sodium phosphate buffer at pH 7.5,
and 10 mM 2-mercaptoethanol. Protein was then dialyzed into two liters of buffer
containing 20 mM HEPES pH 7.5, 125 mM KCI, and 0.5 mM TCEP overnight at 4 °C
while simultaneously the affinity tags were cleaved through addition of 1:40 w/w tev
protease. Dialyzed protein was applied to m7G cap resin (GE Healthcare) equilibrated in
dialysis buffer and eluted using dialysis buffer supplemented with 0.1 mM m7GDP (Edery
et al., 1988). Purified elF4E protein was exchanged into 50 mM phosphate pH 6.5 and 50
mM KCI using a desalting column (Gross et al., 2003), concentrated to 200 uM, and
m7GTP was added to 250 uM. DDX3 33-51 peptide (ASKGRYIPPHLRNREATKGAA)
was synthesized by the HHMI Mass Spectrometry Facility at UC Berkeley and dissolved
at 50 mM in water, while 4E-BP1 peptide (RIIYDRKFLMECRNSPV; amino acids 51-67)
was synthesized by Elim Bio and dissolved at 50 mM in DMSO. Peptides were added to
a final concentration of 1 mM. 15N HSQCs were acquired at 298 K using the 900 MHz
spectrometer at the Central California 900 MHz NMR facility at UC Berkeley using 10%

D20 as a lock signal. Spectra were overlaid using UCSF Sparky.

Immunoprecipitations

For Figure 3.7 , HEK293T cells transduced with DDX3X WT and mutants were
washed with cold PBS (Gibco #10010049) and lysed in 500 pL of ice-cold

immunoprecipitation buffer (40 mM HEPES—KOH (pH 7.5), 100 mM KCI, 1 mM EDTA, 10
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mM B-glycerophosphate, 10 mM NaF, 2 mM Na3VO4, 0.4% NP-40 and 1 mM PMSF).
The lysates were passaged 5 times through a 25 gauge needle and centrifuged to remove
the nuclei. RNAse A (5 pg/ml, Quiagen # 19101) was added to the whole cell extracts
(WCE) and incubated on ice for 15 min. WCEs were pre-cleared with Mouse IgG-Agarose
resin (Sigma-Aldrich #A0919) for 2 hours at 4 °C and then incubated with anti-Flag M2
affinity gel (Millipore Sigma # A2220) for 1.5 hours at 4 °C under continuous rotation. The
beads were collected and washed five times with the same immunoprecipitation buffer,
and the bead-bound proteins were resolved by SDS-PAGE and analyzed by Western

blotting.

For Figure 3.8 , HEK293T cells transduced with DDX3X WT and mutants were
washed with cold PBS, collected, and lysed in NP-40 buffer (150 mM NaCL, 1% IGEPAL,
50 mM Tris-Cl p.H. 7.5) with protease inhibitor (04693132001, Roche, cOmplete™,
EDTA-free Protease Inhibitor Cocktail). Pipetted up and down, don't vortex. Samplez
were placed 45 min on rotor in cold room and then spun down in centrifuge at 4700rpm
for 2 min. The supernatant was transferred to new tubes and treated with 1uL MNAse/200
pL lysate for 30 min on the rotor at RT. RNAsin, 4x the amount of MNAse, was used to
stop the reaction for 15 min at RT. Anti-FLAG® M2 Magnetic Beads were added and used
to precipitate FLAG according to protocol (M8823, Millipore). Elution was achieved with
3X FLAG® peptide (F4799, Sigma-Aldrich,). Briefly, 30 pL of 150 ng/puL FLAG peptide (in
TBS with protease inhibitor) was added to the tube and placed on rotor for 30 min. The

supernatant was collected and resolved by SDS-PAGE and analyzed by Western blotting.
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Western blotting

Primary antibodies used in this study include rabbit polyclonal anti-DDX3X(custom
made by Genemed Synthesis using peptide ENALGLDQQFAGLDLNSSDNQS; Figure
3.7 ), anti-actin HRP (Santa Cruz Biotechnology, sc-47778), anti-FLAG HRP (Sigma,
A8592), anti-elF4A1 antibody (ab31217), anti-elF4E antibody (Cell signaling technologies

#9742), anti-ribosomal protein S11/RPS11 (ab175213).

Microscopy

For microscopy in Figure 3.1 , HCT116 degron cells transduced with HART-ODCH1
or HART-RAC1 were plated in a 384 well plate (Perkin EImer #6057302) and were treated
with AUX or DMSO for 96 hours. Media was removed and 50 pL of the 4% PFA in PBS
was added to each well for 15 min and incubated at RT. PFA solution was removed and
the cells were washed with 100 pL PBS three times using a BioTek EL406. Cells were
incubated with 50 uL 1X DAPI (Biotium #40043) in PBS for 5 min at RT. Cells were
washed with 100 pL PBS three times using a BioTek EL406 and imaged using a InCell
Analyzer 2000 (GE), taking three pictures for well. HART ratio was calculated as the ratio

between the mCherry and GFP channels.

For microscopy in Figure 3.7 , HEK293T cells were grown in 96 well plates. When

they reached 70% confluency media was removed and cells were washed once with PBS.

50 pL of 4% paraformaldehyde in PBS was added to the well for 10 min at room
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temperature. Cells were washed three times with ice-cold PBS and then incubated for 10
min in PBS containing 0.1% Triton X-100 at 4 °C by rocking. Cells were washed in PBS
three times for 5 min at 4 °C by rocking and then incubated with 1% BSA PBST solution
for 30 min at 4 °C by rocking. Cells were incubated in diluted antibody (ANTI-FLAG,
1:1000, Sigma Aldrich #F1804) in 1% BSA PBST overnight at 4C by rocking. Cells were
washed in PBS three times for 5 min at 4 °C by rocking and then incubated by rocking
with secondary antibody (Goat-anti-Mouse 488, 1:2000, Invitrogen #A-11008) in 1% BSA
PBST for 1 hour at room temperature in the dark. Cells were washed in PBS three times
for 5 min at 4 °C by rocking in the dark. 1X DRAQ7 (Thermo Fisher Scientific #D15106).
in PBS was added to the for 15 min by rocking, followed by one wash with PBS. Images

were taken with a confocal microscope at a 20X-40X magnification.

DISCUSSION

In this chapter we develop and use translational reporters to investigate the activity
of DDX3X. DDX3X-sensitive 5' UTRs were selected among transcripts whose ribosome
density went down upon loss of DDX3X and whose 5' UTR was shown to be sensitive to
DDX3X in validation assays (Calviello et al., 2021). We chose the ODC1 and RAC1 &'
UTRs as they were among the most DDX3X-sensitive in both in vitro and in cell assays.
They also provide diversity in length, at 511 bp vs 197 bp respectively. Notably, HART
data replicated the previous assays, with translation of ODC1 and RAC1 5" UTRs shown
to be sensitive to the loss of DDX3X unlike the RPLP1 &' UTR (Calviello et al., 2021).

Being embedded into the cell as DNA via lentiviral transduction, reporters undergo
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several steps of the RNA metabolism that are known to be regulated by DDX3X, including
MmRNA preprocessing and export, before it undergoes translation initiation. This
potentially limits HART’s ability to isolate translation initiation as source of the 5' UTRs’
DDX3X'’s dependency. On the other hand, the alignment between HART and in in vitro
and in cell assays, which are performed with in vitro transcribed and capped mRNA,
suggest that the DDX3X-sensitive step is translation initiation.

To promote translation of eGFP in HART and act as an internal control, we
selected a short 8bp 5" UTR whose size makes it unlikely to form complex secondary
structures that might depend on DDX3X for unwinding before proper translation.
Additionally, the lack of change of eGFP signal between auxin and DMSO conditions in
HART (Figure 3.2 C) suggests that the loss of DDX3X does not affect its translation. In
addition to its likely lack of complex secondary structures, there could be other reasons
that make it insensitive to permutations in DDX3X. Very short 5' UTRs have been
identified as promoting translation both in a cap dependent and independent manners
(Trainor & Shcherbik, 2021). Additionally, even in the context of cap dependent
translation, they have been observed to direct translation in a ribosome scanning free
manner (Elfakess et al., 2011; Haimov et al., 2015). For example, the Translation Initiator
of Short 5 UTR (TISU) is a regulatory that has a median length of 12 nucleotides and is
required for a cap-dependent, scanning-free mechanism of translation initiation on 5'
UTRs with fewer than 30 nucleotides (Elfakess et al., 2011). Notably, TISU function does
not require elF4A, suggesting that some short 5" UTRs lack the need for DEAD-box
helicases (Sinvani et al., 2015). Similarly, cap-assisted translation without scanning was

reported for the histone H4 mRNA, which is notable for directing translation in a wide
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variety of eukaryotic cells (Dasmahapatra et al., 1987; Martin et al., 2011; Trainor &
Shcherbik, 2021). It is possible that this extremely short 5 UTR avoids DDX3X
dependency by initiating translation without ribosome scanning or by cap independent
mechanisms altogether, hence without the need for unwinding of complex structures.
Further work into the mechanism of translation on very short 5' UTRs is still needed to
understand this phenomenon. Taken together, and in with conjunction with HART's
reproducibility in microscopy (Figure 3.1 E), the data suggests that HART is a reliable and
versatile reporter for the activity of DDX3X in translation initiation.

One crucial aspect of DDX3X regulation is what structures and features make a &'
UTR dependent on DDX3X for translation. We used HART to dissect DDX3X-sensitive 5’
UTRs. Both the RAC1 and ODC1 5' UTRs have high GC content and are predicted by
SHAPE-MaP to possess complex secondary structures. This is in line with previous data
suggesting high GC content as a marker of DDX3X sensitivity (Calviello et al., 2021; Oh
et al., 2016) as well data in yeast, where repression of Ded1p activity leads to
accumulation of organized RNA structures in 5’ UTRs (Guenther et al., 2018). Elaborate
RNA secondary and tertiary structures can sterically block scanning the scanning
ribosome, which possesses no intrinsic unwinding activity and relies on helicases such
as DDX3X (Leppek et al., 2018).

Our work suggests that the RAC1 5’ UTR contains a large stem loop which relies
on DDX3X for unwinding. Disruption of this structure with deletions of nucleotides 1-39
and 40-78 decreases sensitivity to DDX3X (Figure 3.5 B) and produces 5' UTRs with
lower predicted free energy and structural complexity. In particular, the HART ratio in the

40-78 deletion construct is unaffected by DDX3X loss. Another possibility is that this stem
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loop regulates UORF usage. Secondary structures in the 5 UTRs can also increase
ribosome dwelling time and promote translation on sub-optimal upstream start codons
(Hinnebusch et al., 2016; Kozak, 1991). The RAC1 5" UTRs features a CTG near cognate
start codon in position 28, right upstream of the stem loop (Figure 3.5 B). In the absence
of DDX3X, the stem loop might direct translation towards the uCTG, which might
negatively affect translation of the main ORF. This dependence on DDX3X would be
diminished in the 1-39 and 40-78 deletion constructs. Overall, the data suggests that
sensitivity to DDX3X in RAC1 and ODC1 5' UTRs is conferred by complex secondary
structures.

We envision two models of DDX3X unwinding 5’ UTRs structures during ribosome
scanning. In the trans model, DDX3X unwinds structures ahead of and untethered from
the scanning ribosome and associated translational machinery. In the cis mode, DDX3X
unwinds the RNA while tethered or bound, similarly to how elF4A which associates with
the ribosome during scanning (Brito Querido et al., 2020). To differentiate between these
two models, we investigated the potential binding of DDX3X to the translational
machinery. We showed that full length DDX3X, but not its helicase core alone, can
immunoprecipitate the translation machinery (Figure 3.8 A), suggesting an interaction
between the terminal domains of DDX3X and the ribosome. Notably, these termini are
highly conserved from yeast to human across the Ded1/DDX3X subfamily, but are not
withing the wider DEAD box family (Floor, Condon, et al., 2016; Sharma & Jankowsky,
2014). Both DDX3X and Ded1 have been suggested to bind to helix 16 of the 18S of the

smaller subunit of the ribosome (Calviello et al., 2021; Guenther et al., 2018). We
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reasoned that if this interaction with the ribosome or associated factors is specific to the
subfamily, the residues mediating it are likely to be found in the termini.

To determine which residues mediate an interaction between DDX3X and the
translation machinery, we made targeted alanine substitutions to several conserved
regions in DDX3X termini. Immunoprecipitation showed the 38-44ala mutation lost
interaction with ribosomal protein RPS11 and several translation initiation factors, which
were instead pulled down by DDX3X WT in an RNA-independent way. While it was
previously identified as an elF4E binding region, NMR data showed that the 38-44
residues of DDX3X did not bind directly to elF4E (Figure 3.7 E-F). This can be explained
by the fact that 38-44 region of DDX3X is similar to the canonical elF4E binding region
found in 4EBP and elF4G but differs in its last residue, which is a hydrophobic amino acid
in the canonical sequence but an arginine in DDX3X (Richter & Sonenberg, 2005; Sachs
& Varani, 2000; von der Haar et al., 2004). 38-44 could residues mediate binding to the
translational machinery via other factors. Previous work has also suggested that DDX3X
interacts with elF4G (Ayalew et al., 2016; Gong et al., 2021; Soto-Rifo et al., 2012; Soto-
Rifo & Ohlmann, 2013), with direct binding observed between positions 682-1086 of
elF4G (Soto-Rifo et al., 2012). Direct binding to yeast elF4G, 4A and 4E was also seen
in Ded1 (Guenther et al., 2018; Gulay et al., 2020; Hilliker et al., 2011), suggesting
interaction between DDX3X and the elF4F complex (Ryan & Schroder, 2022). We
suggest that the 38-44 residues of DDX3X contribute, at least partially, to the interaction
with the ribosome, although whether this interaction is direct or mediate by other factors

in the translational machinery needs further study (Figure 3.9 E).
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We next investigated the importance of the interaction with translational machinery
on DDX3X’s functional role. Using HART to measure translational activity on both RAC1
and ODC1 %' UTRs, we determined that exogenous DDX3X WT can rescue the loss of
endogenous DDX3X (Figure 3.9 A), in a dose dependent manner (Figure 3.9 C).
Conversely DDX3X R534H, a mutant deficient in its RNA unwinding ability, is unable to
rescue translation activity and acts as a dominant negative, in line with previous studies
(Calviello et al., 2021; Floor, Condon, et al., 2016; Oh et al., 2016). DDX3X 38-44ala acts
as a dominant negative in HART-ODC1 but not in HART-RAC1, where it fails simply to
rescue loss of endogenous DDX3X. The difference in behavior might be due to ODC1’s
length, more complex structure and higher free energy, or specific structural features.
Further studies are necessary to understand how DDX3X behaves with different
structures. Notably, the double mutant 38-44ala/R534H follows the 38-44ala pattern. This
suggests that detaching DDX3X from the translational machinery is upstream of helicase
deficient mutations, underscoring the importance of this interaction for DDX3X
translational role.

DDX3X’s role in translation has also been linked to promoting cell growth, possibly
through the translation regulation of G1/S-specific cyclin E1 (Lai et al., 2010). Our data
showed that helicase defective DDX3X is deficient in promoting cell growth (Figure 3.9 ),
in line with what observed in a previous study (Lai et al., 2010), as are also DDX3X 38-
44ala and DDX3X 132-607 (Figure 3.9 A, Figure 3.10 A), further suggesting the
importance of the translational machinery interaction. Our data shows how HART can be
used to investigate translational dynamics of DDX3X in translation, in particular

suggesting that DDX3X acts in cis with respect to the ribosome and associated factors
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during translation initiation. Additionally, HART can measure the effect of mutations on
DDX3X'’s ability to promote translation on sensitive 5' UTRs.

DDX3X'’s behaves like a specialized helicase. Unlike elF4A, that is necessary for
the translation of the majority of human transcripts, both DDX3X and Ded1 regulate only
a subset of translation of atypically long and structured 5' UTRs (Calviello et al., 2021; Oh
et al., 2016; Sen et al., 2016). Ded1 has a higher unwinding activity than elF4A, which
may position Ded1/DDX3X as a specialist helicase required to unwind particularly
complex structures (Gao et al., 2016). Additionally, the interaction between DDX3X and
the ribosome outlined here could also play a role in Ded1/DDX3X'’s specialization. Taken
together with previous data, we have shown that DDX3X, whether directly or indirectly,
binds the helix 16 of the small subunit of the ribosome (Calviello et al., 2021). This location
could be a hub of mMRNA regulation, as other helicases such as DHX29 have also been
shown to bind here. Understanding the dynamics of of this hub, including the timing and
competition among helicases for ribosome binding and mRNA unwinding, will yield fruitful
insight on mRNA regulation.

In addition to its role in dissecting specific 5" UTRs sensitivities and DDX3X mutant
effect, we anticipate HART to be useful in several other settings. Its reliability as a ' UTR-
based reporter of function in translation initiation can be employed in conjunction with
large naturally occurring or artificial 5 UTR libraries to gain a granular and large-scale
characterization of DDX3X regulation. Alternatively, HART’s readout in both flow
cytometry and microscopy setting can be employed to screen for drugs that alter DDX3X
behavior or rescue DDX3X or mutation. The lentiviral transduction delivery of HART

enables measurement of DDX3X-dependent translation in vivo. Finally, by choosing the
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proper control and experimental 5’ UTRs, it can be adapted to measure the activity of any
other helicase or translation factor in addition to DDX3X. HART’s reliability and flexibility
can prove a useful tool to study translation in diverse settings, and advance both the

understanding of human diseases and fundamental biology.
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Figure 3.1 The helicase activity reporter for translation (HART) employs DDX3X-
sensitive 5' UTRs to measure the translational activity of DDX3X. (A) Selection of
DDX3X-sensitive 5' UTRs for HART. Validated DDX3X-sensitive untranslated regions
from prior ribosome profiling and in vitro translation, as well as negative controls, were
cloned into the HART reporter. (B) Diagram of HART. HART is constructed around a
bidirectional promoter, with one arm directing the transcription of a control 5' UTR and
EGFP, and the other arm featuring a DDX3X-sensitive 5’ UTR followed by mCherry. An
ornithine decarboxylase (ODC) degron (d4) shortens the mCherry half-life. The HART
ratio (mCherry/EGFP) can be used to measure the translational activity of DDX3X. (C)
HART ratio in HCT-116 degron cells analyzed with flow cytometry. HCT-116 degron cells
were lentivirally transduced with HART constructs with indicated 5" UTRs upstream of
mCherry. After 48 hours from the addition of either DMSO or auxin, which induces
degradation of endogenous DDX3X, the fluorescent signal of cells was measured by
fluorescent cytometry. The ratio of mCherry/EGFP was calculated for each cell and
averaged across replicate wells. Statistical significance was determined by unpaired t-
test: ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001. (D) Table
of features for the 5’ UTRs from C. Features catalogued include length, GC content, RNA
minimum free energy (MFE) prediction using the ViennaRNA Package (Lorenz et al.,
2011), and the number of upstream AUGs and near cognate codons. (E) Western blot for
cellsin A. HCT-116 degron cells were treated with either auxin or DMSO, and then lysates
were collected and resolved by SDS-page and used for western blotting with antibodies
against actin and DDX3X. (F) HART ratio in HCT-116 degron cells analyzed by
microscopy. HCT-116 degron cells were transduced with HART construct for ODC1 or
RAC1. After 48 hours from the addition of either DMSO or auxin the cells were fixed and
imaged using an InCell Analyzer 2000. The ratio of mCherry/EGFP was calculated for
each cell and averaged across replicate wells. Statistical significance was determined by
unpaired t-test: ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, **: p <= 0.001, ****: p <= 0.0001.
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Figure 3.2 HART signal is driven by DDX3X-sensitivity (A) Violin plot for HART ratio
in HCT-116 degron cells analyzed with flow cytometry for the experiment in Figure 3.1 B.
HCT-116 degron cells were lentivirally transduced with HART constructs with various &'
UTRs in front of mCherry. After 48 hours from the addition of either DMSO or auxin, which
induces degradation of endogenous DDX3X, the fluorescent signal cells was measured
by fluorescent cytometry. The ratio of mCherry/EGFP was calculated for each cell and
plotted as a violin plot. (B) Flow cytometry data for the mCherry channel for experiment
in Figure 3.1 B. The raw data for the 561nm 50mW laser, YG C detector (corresponding
to mCherry) for each cell was plotted and the mean for each replicate well was calculated
and plotted as a vertical line. (C) Flow cytometry data for the EGFP channel for cells in
Figure 3.1 B. The raw data for the 488nm 60mW laser, Blue C detector (corresponding
to EGFP) for each cell was plotted and the mean for each replicate well was calculated
and plotted as a vertical line.
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Figure 3.3 DDX3X sensitive 5°' UTRs are highly structured. (A) SHAPE-map reactivity
and mutation rate for the 5' UTR of RAC1 in vitro. In vitro transcribed mRNA containing
the 5' UTR of RAC1 and the open reading frame of luciferase was probed with 200 mM
NAI or DMSO control for SHAPE-map. The RNA was reverse transcribed, sequenced,
and analyzed to obtain mutation profiles and SHAPE reactivity with the ShapeMapper
tool. (B) Diagram of the structure of the RAC1 5" UTR in vitro, based on data from Figure
3.3 A and computed with ShapeMapper 2.1.3. (Busan & Weeks, 2018) (C) SHAPE-map
reactivity and mutation rate for the 5' UTR of RAC1 in vitro. In vitro transcribed mRNA
containing the 5' UTR of ODC1 and the open reading frame of luciferase was probed with
200 mM NAI or DMSO control for SHAPE-map. The RNA was reverse transcribed and
sequenced. The mutation rate was calculated at each position for both treated and control
samples. The shape reactivity was calculated based on the difference in mutation rate.
(D) Diagram of the structure of the ODC1 5" UTR in vitro, based on data from Figure 3.3
C and computed with ShapeMapper 2.1.3. (Busan & Weeks, 2018).

85



Shape Reactivity

Mutation rate (%)

RAC1 5'UTR in cell SHAPE-map B

RAC1 5'UTR in cell SHAPE-map

150
Nucleotide

— Modified
— Untreated

150 ' 20‘0
Nucleotide

. Not probed by SHAPE

RAC1 5’UTR RNAfold D

ODC1 5’UTR RNAfold
structure prediction

structure prediction

Base-pair probabilities

=1 ] 1

Base-pair probabilities

86



Figure 3.4 In cell Shape-MaP data and RNA folding predictions for DDX3X sensitive
5' UTRs (A) SHAPE-map reactivity and mutation rate for the 5' UTR of RAC1 in cell. Cells
were treated with 300 mM NALl in PBS or control for 20 min before quenching the reaction
and extracting the RNA. The RNA was reverse transcribed, sequenced, and analyzed to
obtain mutation profiles and SHAPE reactivity with the ShapeMapper tool. (B) Diagram
of the structure of the RAC1 5" UTR in cell, based on data from Figure 3.4 A and computed
with ShapeMapper 2.1.3. (Busan & Weeks, 2018) (C-D) RNA folding minimum free
energy prediction of the structures of the 5' UTRs of RAC1 (C) and ODC1 (D) using the
ViennaRNA Package (Lorenz et al.,, 2011). The minimum free energy for the RAC1
structure is -97.20 kcal/mol and for the ODC1 is -251.70 kcal/mol.
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Figure 3.5 Dissection of RAC1 and ODC1 DDX3X-sensitivity. (A) Schematic of the
HART construct with deletions tiling the DDX3X-sensitive 5' UTR. (B) Diagram of the
structure of RAC1 with the deletions highlighted. (C) HART data for panel B. HART
constructs containing RAC1 5" UTR or five deletion mutants were inserted via lentivirus
into HCT116 degron cells. The cells were treated with auxin to induce loss of endogenous
DDX3X or DMSO control for 48 hours, and the HART ratio (mCherry/EGFP) was
measured by flow cytometry. (D) Diagram of the structure of ODC1 with the deletions
highlighted. (E) Same experiment as in C, but with ODC1 constructs from D.
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Figure 3.6 RNA folding minimum free energy prediction of the structures
containing tiled deletions of DDX3X sensitive 5 UTRs (A-E) RNA folding minimum
free energy prediction of the structures of the 5' UTR of RAC1 containing the deletions
used in Figure 3.5 B-C using the ViennaRNA Package (Lorenz et al., 2011). The predicted
minimum free energies for the RAC1 deletion constructs are: -77.20 kcal/mol for A1-39 -
77.20 kcal/mol, -69.60 kcal/mol for A40-78, -76.00 kcal/mol for A79-117, -82.40 kcal/mol
for A118-157, -74.00 kcal/mol for A158-197. (F-J) RNA folding minimum free energy
prediction of the structures of the 5’ UTR of ODC1 containing the deletions used in Figure
3.5 D-E using the ViennaRNA Package (Lorenz et al., 2011). The predicted minimum free
energies for the ODC1 deletion constructs are: -186.20 kcal/mol for A1-102, -197.80
kcal/mol for A103-204, -184.20 kcal/mol for A205-306, -200.30 kcal/mol for A307-408, -
225.30 kcal/mol for A409-511.
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Figure 3.7 DDX3X interacts with the translational machinery via the 38-44 residues.
(A) Diagram of the DDX3X protein structure. DDX3X contains a helicase core, highly
conserved across the DEAD-box helicase protein family, composed of two RecA-like
domains, denoted as Domain | and Domain Il (denoted in blue). In addition to the helicase
core, the functional core of the protein also includes the NTE and CTE, which have been
shown to be necessary for the RNA unwinding activity of DDX3X. Outside of the functional
core there are the N and C termini, which are less conserved across the protein family,
but contained regions conserved across the Ded1/DDX3X subfamily (denoted in gray).
(B) DDX3X co-immunoprecipitation with translation machinery proteins. HEK 293T cells
were transduced with FLAG tagged DDX3X WT, R534H, or 38-44ala.
Immunoprecipitation was conducted for FLAG and immunoblotted for ribosome-related
proteins and controls. (C) Comparison of elF4E-binding-like motifs. The consensus elF4E
interacting protein motif is compared to the motifs in 4EBP1 and in DDX3X (D) "°N HSQC
spectrum for m7G bound elF4E (in red) alone. (E) HSQC spectra of m7G bound elF4E
alone (in red) and with the addition of 1mM 4EBP1 peptide (blue) (F) HSQC spectra of
m7G bound elF4E alone (in red) and with the addition of 1 mM DDX3X peptide (green).
(G) Immunofluorescence for DDX3X WT and mutants. Images are representative of N >
10 cells. HEK 293T cells were transduced with DDX3X-FLAG construct, fixed, and
stained for anti-DDX3X and the nuclear marker DRAQ7 (Figure 3.7 G).
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Figure 3.8 Immunprecipitation of DDX3X truncations and mutants with translational
factors (A) DDX3X WT and 132-607 immunoprecipitation. HEK293t cells were lentivirally
transduced with FLAG tagged DDX3X WT or 132-607, which represents its functional
helicase core. Immunoprecipitation was conducted for FLAG and run on western blot,
staining for ribosome-related proteins and controls. (B) Immunoprecipitation of DDX3X
mutants. HEK293t cells were lentivirally transduced with FLAG tagged DDX3X WT or
several mutants, including the helicase defective mutant R534H and three mutations in
conserved sites in the N- and C-termini. Immunoprecipitation was conducted for FLAG
and run on western blot, staining for ribosome-related proteins and controls.
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Figure 3.9 DDX3X 38-44ala cannot rescue translational or cell growth defects
caused by the loss of DDX3X. (A-B) HART data for indicated DDX3X mutants. HCT116
degron cells were transduced with the HART-ODC1 (A) or HART-RAC1 (B) construct and
different variants of DDX3X-FLAG-BFP, either WT, helicase defective R534H, 38-44ala,
or the double mutant R534H/38-44ala. Cells were treated with auxin to induce loss of the
endogenous DDX3X via a degron tag. After 48 hours flow cytometry was used to measure
fluorescence levels, and the HART ratio (mCherry/EGFP) was calculated. Statistical
significance was determined by unpaired t-test: ns: p > 0.05, *: p <= 0.05, **: p <= 0.01,
*** p <= 0.001, ***: p <= 0.0001. (C) Relationship between DDX3X-FLAG-BFP levels
and HART ratio. Flow cytometry was used to measure EGFP and mCherry levels, which
constitute the HART ratio, and BFP, which is a proxy for the level of DDX3X-FLAG-BFP
expression. (D) Cell growth curve for DDX3X variants. HCT116 degron cells were
transduced with DDX3X WT, R534H, 38-44ala or BFP control. After auxin was added to
degrade endogenous DDX3X, CellTiter Glo was used to measure cell number and plot
cell growth. (E) Model of DDX3X functioning in translation and its relation to the ribosome.
The 38-44 residues of DDX3X (shown in red) contribute to its interaction with the
translational machinery. Helix 16 has been previously identified as mediating this
association, but it is unknown whether this interaction happens directly between DDX3X
and the ribosome (left) or via intermediary protein(s) such as the components of the elF4F
complex (shown in grey). Our data shows that association between DDX3X and the
translational machinery plays a crucial role in DDX3X’s role of unwinding 5’ UTRs to allow
ribosome scanning and promote translation of a subset of human mRNAs.
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Figure 3.10 DDX3X 38-44ala cannot rescue cell growth defects (A) Cell growth
curves for DDX3X variants. HCT116 degron cells where lentivirally transduced with
exogenous DDX3X WT and mutants. Auxin was added to induce loss of endogenous
DDX3X and cell number was measured over time with CellTiter Glo.
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CONCLUDING REMARKS

Summary

The process of translation initiation, a crucial and tightly regulated step in protein
synthesis, is influenced by helicases that interact with and modulate the §' untranslated
region (5' UTR) and its structural features. These helicases unwind complex secondary
structures like hairpins and g-quadruplexes, and influence uORF selection, ensuring
proper regulation of ribosome scanning. Investigating the impact of helicases on
translation provides deeper insights into their role as proteome regulators in both normal
and diseased states. The second chapter of this dissertation outlines methods for
studying helicase effects on mRNA translation initiation using in vitro transcribed
luciferase 5' UTR reporters. Two assays are described: an in vitro approach using cell-
free lysate and an in cell approach with living cells. While the in vitro method offers
precision, the in cell approach provides physiological relevance. For example, these
assays showed how medulloblastoma-associated mutation R534H in DDX3X lead to
decrease translation on DDX3X-sensitive reporters, suggesting a potential avenue
through which mutated DDX3X leads dysfunction in a cancer setting. In addition to its
application on DDX3X and similar helicases in relation to 5" UTRs, this protocol is
adaptable to explore other mRNA features and can be used to study the translational role
of various factors, including RNA binding proteins, as well as the perturbation and effects
caused by chemical compounds.

This third chapter or this dissertation focuses on investigating DDX3X's mRNA

targets and what renders them sensitive to loss of DDX3X translation, as well as the
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interaction between DDX3X and the rest of the translational machinery. Complex
secondary structures were identified in the 5' UTRs sensitive to DDX3X, and the removal
of certain structures resulted in a reduction of DDX3X, suggesting that DDX3X is required
for the unwinding of certain transcripts ahead of ribosome scanning. The interaction
between the ribosome and DDX3X during scanning is itself incompletely. The data in this
dissertation shows that the 38-44 residues of DDX3X contribute, at least partially, to the
interaction with the ribosome, although whether this interaction could be either direct or
mediate by other factors in the translational machinery. Experiments with HART showed
that the DDX3X interaction with the translational machinery is necessary for its role in
promoting translation initiation. Overall, DDX3X acts to unwind complex mRNA structures
to allow for ribosome scanning across the 5' UTR while associating with the translational

machinery.

Future Directions

Gaining an understanding of interaction between DDX3X and the translational
machinery will provide an insight into the dynamics of the complex but crucial interplay of
different helicases and translation factors during ribosome scanning. Methods like FRET
can elucidate the timing of association and disassociation of DDX3X from the ribosomal
complex and might provide insight into the collaborative or competitive nature of binding
to the ribosome between DDX3X and other helicases such as elF4A and DHX29. Future
studies are required to understand if any other DDX3X residues also contribute to
association with the translational machinery. Further, understanding whether this

association is direct between DDX3X and the ribosomal helix 16, or whether it is mediated
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by elF4G. Tools such as cryo-EM or mass spectroscopy, in conjunction with the
purification of specific regions of DDX3X, can help detect direct binding with the ribosomal
proteins or rRNA or with specific translation factors.

Another avenue to gain a more granular view of DDX3X’s mechanism of action is
to gain a deeper understanding of how the 5" UTR structures identified in RAC1 and
ODC1 contribute to sensitivity to DDX3X. Additional and larger deletions of the ODC1
may reveal if the loss of large structures also causes the reporter to lose DDX3X-
sensitivity as in the case for RAC1, or whether it is due to other factors. Mutations of
uAUGs and uCTGs could also lead to changes in DDX3X-sensitivity that can illuminate
the role of DDX3X in regulating uORF usage and hence influence elongation initiation on
the main ORF. Finally, to determine whether the deletions in RAC1 that cause the loss in
sensitivity are indeed due to loss of structure and not specific sequences, insertions
containing similar structures but different sequences could be re-inserted to rescue loss
of DDX3X-sensitivity.

In addition to its role in dissecting specific 5' UTRs DDX3X-sensitivities, | anticipate
HART to be useful in several other settings, both for the study of DDX3X and of other
helicases or translational factors. The lentiviral transduction delivery of HART, as well as
its robust expression by in vivo tested bidirectional promoter construct, enables
measurement of DDX3X-dependent translation in vivo. HART may be hence applied to
several other models of biological function and pathogenesis, in diverse cellular lines and
model systems.

HART can be employed in conjunction with Fluorescence-activated Cell Sorting to

identify mutations, both in the 5" UTR and in DDX3X itself, that alter the HART ratio. For
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example, HART cells transfected with plasmids containing a deep mutational library of
DDX3X and sorter with FACS based on the HART ratio could identify mutations in DDX3X
that lead to high or low translation of DDX3X-sensitive transcripts. This can help obtain a
gradual understanding of which residues of DDX3X contribute to its translational activity,
as well as correlating mutations found in diseases with phenotypic defects at the
translational initiation levels.

Its reliability as a 5" UTR-based reporter of functional attributes in translation
initiation can be effectively harnessed in tandem with expansive libraries of both naturally
occurring and synthetically engineered 5' UTRs. This combined approach facilitates a
comprehensive and expansive profiling of DDX3X-mediated regulation. The synthetic 5'
UTR repertoire, comprising diverse structural variants, lengths, and sequence motifs, can
serve as a broad canvas for a large-scale screening aimed at discerning structural and
contextual determinants impacting DDX3X sensitivity. In a parallel vein, integration of a
library of naturally occurring genomic 5' UTRs into the HART can yield invaluable insights
into the landscape of transcripts reliant on DDX3X for proficient translation. This approach
offers the prospect of uncovering yet unrecognized DDX3X-sensitive transcripts, as well
as the possibility of implementing in different cellular lines and models to uncover DDX3X-
sensitive transcripts that manifest distinct sensitivities contingent upon diverse contexts,
encompassing divergent tissue types or physiological states.

Alternatively, the versatile readout capabilities of HART, spanning both flow
cytometric and microscopy, can be employed to screen for drugs and other bioactive
compounds capable of modulating the behavior of DDX3X or rescuing its loss or

malfunction. HART expressing cells could be grown in conjunction with loss or mutation
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of DDX3X and treated with drug libraries and followed by HART ratio readout in a high-
throughput format. Candidates that rescue the HART ratio might be restoring the
translation phenotype by compensation or direct targeting DDX3X, and could undergo
further validation and open the possibility of finding drugs treating DDX3X-related
diseases.

Finally, by choosing the proper control and experimental 5 UTRs or other
sequences, HART can be adapted to measure the activity of any other helicase or
translation factor in addition to DDX3X. The experiments described in this dissertation, as
well as those envisioned in the future direction section, could potentially be adapted to
study many other modulators of translation and their effects on regulating 5' UTR as well
as several other mRNA features such as 3' UTRs. In conclusion, HART possess the
potential to become a tool for the effective investigation of the underlying mechanisms of

human mRNA translation.
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