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ABSTRACT

DHX9 is an NTP-dependent DExH-box helicase protein capable of unwinding both RNA
and DNA duplexes. It is a multi-domain, multifunctional protein, with regulatory roles in DNA
replication, transcription, translation, RNA processing and transport, microRNA processing, and
maintenance of genomic stability. Our lab initially uncovered DHXO9 as a synthetic lethal hit
from an shRNA screen for modifiers of sensitivity to ABT-737 (an inhibitor of BCL-2 family
anti-apoptotic factors). Using Arf " Eu-Myc/Bcl-2 mouse lymphoma cells, which overexpress
MYC and BCL-2 and are resistant to ABT-737, it was demonstrated that DHX9 suppression
overcame ABT-737 resistance by triggering a p5S3-dependent apoptotic response. The aim of my
research was to further characterize the relationship between DHX9 and p53, as well as to
investigate the therapeutic potential of targeting DHXO9.

To gain further insight into the mechanism by which suppression of DHX9 activates a
p53 response, we knocked down DHX9 via shRNAs in primary human diploid fibroblasts
whereupon a premature senescence response was observed, characterized by morphological
defects, elevated senescence-associated f-galactosidase levels, and cell cycle arrest. This effect
was p53-dependent and was accompanied by a gene expression signature closely resembling that
of replicative (telomere-dependent) senescent cells. The DHX9-mediated senescence response
was attributed to inhibition of DNA replication, which activated a p53 stress response. Our
results demonstrated an important role for DHX9 in DNA replication and normal cell cycle
progression.

Further studies were carried out to assess the consequences of DHX9 suppression in
tumor cells. We extended previous results in the Arf Ep-Myc/Bel-2 lymphomas by suppressing
DHXO9 on its own in various human cancer cell lines, whereupon we documented increased cell
death in the majority of cancer cells examined. This was recapitulated in murine Tsc2™ Ep-Myc
lymphomas, both ex vivo and in vivo. We next assessed the effect of systemic DHX9 suppression
at the organismal level by generating a doxycycline-inducible shDHX9 transgenic mouse model.
Despite having detrimental effects on the cellular fitness of tumor cells, sustained and prolonged

suppression of DHX9 did not result in any deleterious effects in adult mice. This indicates a
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robust tolerance for systemic DHX9 suppression in vivo and supports the targeting of DHX9 as
an effective and specific chemotherapeutic approach.

Having shown that the senescence phenotype induced by loss of DHX9 is dependent on a
functional p53 pathway, it was also observed that some human cancer cell lines which were
susceptible to DHX9 suppression were deficient in p53. In the final chapter of our work, we
investigated the consequences of DHX9 inhibition in cells lacking functional p53. Loss of DHX9
resulted in either increased cell death or cell cycle arrest in p53-deficient mouse lymphomas,
HCT116 human colon cancer cells, and mouse embryonic fibroblasts. A subset of classic p53
targets in the p53-deficient cells was activated upon DHX9 knockdown. This implies an
alternative, pS3-independent mechanism of DHX9-mediated activation of cell death and cell
cycle arrest in p53-deficient cells and supports the feasibility of targeting DHX9 in p53-deficient

tumors.
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RESUME

La DHXO9 est une protéine hélicase a boite DExH qui utilise le NTP pour dérouler a la fois les
duplex d’ARN et d’ADN, ainsi que les structures de polynucléotides aberrantes. C’est une
protéine multifonctionnelle et multidomaine jouant un role de régulateur dans la réplication de
I’ADN, la transcription, la traduction, le traitement et le transport de I’ARN, le traitement des
micro-ARN et le maintien de la stabilité¢ génomique. Notre laboratoire a initialement découvert la
DHX9 comme une cible létale synthétique a partir d'un criblage d’une librairie de ShRNA sur les
modificateurs de la sensibilité a 'ABT-737 (un inhibiteur de la famille BCL-2 des facteurs anti-
apoptotiques). Chez les cellules de lymphome de souris Arf 7 "Ep-Myc/Bcl-2, surexprimant MYC
et BCL-2 et résistantes a I'ABT-737, il a été démontré que la suppression de DHX9 renverse la
résistance a I’ABT-737 en déclenchant une réponse apoptotique dépendante de p53.

L’objectif de mes recherches était de mieux caractériser la relation entre DHX9 et p53 ainsi
qu’étudier le potentiel thérapeutique du ciblage de DHX9.

A cette fin, nous avons réduit I’expression de DHX9 avec des shRNAs dans des
fibroblastes diploides humains primaires, aprés quoi une réponse de sénescence prématurée a été
observée, caractérisée par des changements morphologiques, une coloration positive pour la
sénescence-associée a la B-galactosidase, et l'arrét du cycle cellulaire. Cet effet était dépendant
de la p53 et s’accompagnait d’une signature de 1’expression génique ressemblant a celle de
cellules sénescentes réplicatives (télomere-dépendantes). La sénescence induite par DHXO était
attribuée a I’inhibition de la réplication de ' ADN, ce qui a activé une réaction de stress de p53.
Nos résultats ont démontré un role important de DHX9 dans la réplication de I’ADN et la
progression du cycle cellulaire normal.

D’autres études ont été réalisées afin d’évaluer les conséquences de la suppression de
DHX9 dans les cellules tumorales. Nous avons étendu les résultats antérieurs dans les
lymphomes Arf ""Ep-Myc/Bcl-2 en supprimant DHX9 seulement dans diverses lignées de
cellules cancéreuses humaines et avons observé un accroissement de la mortalité cellulaire dans
la majorité des cellules cancéreuses examinées. Ce résultat a été récapitulé dans les lymphomes

. +/- \ . . . . . r 4
murins Tsc2 " Ep-Mye, 4 la fois ex vivo et in vivo. Nous avons ensuite évalué I’effet de la
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suppression systémique de DHX9 au niveau de 1’organisme en générant un modele de souris
transgénique ou la suppression de DHX9 (avec un shRNA) est induite grace a la doxycycline.
Malgré les effets néfastes observés sur la survie des cellules tumorales, une suppression de
DHX9 soutenue et prolongée n’a pas d’effet déléteére chez les souris adultes. Ceci indique une
tolérance robuste a la suppression systémique de cette protéine in vivo et appuie le ciblage de la
DHX9 comme pouvant étre une approche chimiothérapique efficace et spécifique.

Nous avons observeé que certaines lignées humaines de cellules cancéreuses qui étaient
sensibles a la suppression de DHX9 étaient déficientes en termes d’expression de p53. Dans le
dernier chapitre de notre travail, nous avons étudié les conséquences de I'inhibition de DHX9
dans des cellules dépourvues de p53 fonctionnelle. La perte de DHX9 a entrainé une
augmentation de la mortalité cellulaire ou de I’arrét du cycle cellulaire dans trois lignées
cellulaires déficientes en p53: les lymphomes de souris, les cellules de cancer du c6lon humain
HCT116, et les fibroblastes embryonnaires de souris. Un sous-ensemble de cibles classiques de
pS3 dans les cellules déficientes en p53 était activé a cause de la suppression de DHX9, malgré
I’absence de p53 fonctionnelle. Ceci implique que la suppression de DHX9 peut induire un
mécanisme alternatif indépendant de p53 pour causer la mort cellulaire et 1’arrét du cycle
cellulaire dans des cellules déficientes en p53, et appuie la faisabilité de cibler DHX9 dans les

cellules tumorales déficientes en p53.
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PREFACE

This is a manuscript-based thesis which consists of two published research articles (presented in
Chapters 2 and 3) and one research article under review (presented in Chapter 4), for which I am
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Larsson O, and Pelletier J. (2014). Suppression of the DHX9 Helicase Induces Premature
Senescence in Human Diploid Fibroblasts in a p53-Dependent Manner. J Biol Chem
289(33):22798-22814.

Chapter 3:

Lee T, Paquet M, Larsson O, and Pelletier J. (2016). Tumor Cell Survival Dependence on the
DHX9 DExH-Box Helicase. Oncogene 35(39):5093-5105.

Chapter 4:
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the following exceptions: Domenic Di Paola and Amina Kreps performed the genomic and
nascent DNA isolation and quantitation and ChIP assays under the guidance of Dr. Maria
Zannis-Hadjopoulos. Drs. Frank Grosse and Hengli Tang contributed the wildtype and mutant
DHX9 cDNA constructs to the study. Abba Malina and John Mills contributed to the conception
and design of some of the experiments. Microarrays were performed at Genome Quebec and Dr.

Ola Larsson analyzed the gene expression data.

Chapter 3:

I performed all experiments and data analyses under the supervision of Dr. Jerry Pelletier, with
the following exceptions: Francis Robert performed the tail-vein injections of lymphoma cells
into mice. The DHX9 shRNA mice were generated by Mirimus (Cold Spring Harbor, NY, USA).
Dr. Mariléne Paquet provided the histopathological analysis of tissue sections. Microarrays were

performed at Genome Quebec and Dr. Ola Larsson analyzed the gene expression data.

Chapter 4:

I performed all experiments and data analyses under the supervision of Dr. Jerry Pelletier.
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ORIGINAL CONTRIBUTION TO KNOWLEDGE

Chapter 2: Suppression of the DHX9 Helicase Induces Premature Senescence in Human
Diploid Fibroblasts in a pS3-Dependent Manner

e Discovered that DHX9 suppression in primary human diploid fibroblasts results in
premature senescence, as evidenced by morphological defects, increased senescence-
associated -galactosidase staining, cell cycle arrest, and a gene expression signature
resembling that of replicative (telomere-based) senescence.

e Showed that premature senescence resulting from DHX9 knockdown activates p53
signaling and that functional p53 is essential for this process.

e DHXO is associated with origins of replication and DNA replication is inhibited upon
DHX9 knockdown.

e Proposed a model where under normal cellular conditions, DHX9 facilitates DNA
replication at origins of replication and loss of DHX9 leads to inhibition of DNA
replication. This activates a p53 stress response, leading to cell cycle arrest and
senescence.

e Demonstrated an important role for DHX9 in DNA replication and normal cell cycle
progression using an ex vivo biological system, supporting previous in vitro studies

implicating DHXO9 in replication.

Chapter 3: Tumor Cell Survival Dependence on the DHX9 DExH-Box Helicase

e DHXO9 suppression reduces the fitness of several human cancer cell lines derived from
multiple myeloma, osteosarcoma, breast, lung and cervical cancers.

e DHX suppression is lethal in murine Ts¢2* Ep-Myc lymphomas both ex vivo and in
vivo and extends the survival of mice harboring these tumors.

e Generated a doxycycline-inducible shDHX9 transgenic mouse model and used it to show
that systemic long-term (6 months) DHX9 suppression does not result in any deleterious
effects in adult mice.

e These results provide support for the targeting of DHX9 as an effective chemotherapeutic
15



approach.

Chapter 4: Dependence of pS3-deficient cells on the DHX9 DExH-box helicase

e DHXO9 suppression results in increased cell death in p53-null mouse lymphomas and
HCT116 cells, and cell cycle arrest in p53-null mouse embryonic fibroblasts.

e A subset of known p53 targets are activated upon DHX9 suppression in the p53-null
mouse lymphomas and HCT116 cells despite the absence of functional p53.

¢ The study indicates the existence of a p53-independent pathway of DHX9-mediated cell
death and cell cycle arrest in p53-deficient cells, and opens up the possibility of targeting
DHX9 as a therapeutic approach in p53-deficient settings.
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CHAPTER 1: GENERAL INTRODUCTION

Portions adapted from:

Lee T and Pelletier J. (2016). The Biology of DHX9 and its Potential as a Therapeutic Target.
Oncotarget 7(27):42716-42739.

With copyright permission from Impact Journals.
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1.1 Introduction to DHX9 and DExD/H-box helicases

DHXO9 (also known as Nuclear DNA Helicase II (NDH II) and RNA Helicase A (RHA))
is an NTP-dependent helicase protein capable of unwinding both RNA and DNA[1], as well as
aberrant polynucleotide structures[2]. It is a member of the DExH-box family of helicases, so-
named for the conserved Asp-Glu-Ile-His (DEIH) sequence in its helicase core domain, and is
part of the larger superfamily (SF) 2 category of helicases, which comprise both DExH and
DExD helicases. DHXO9 is a multi-domain, multi-functional protein, with regulatory roles in
DNA replication, transcription, translation, RNA processing and transport, microRNA
processing, and maintenance of genomic stability. Homologues have been characterized in
human, bovine, mouse, Drosophila, C. elegans, and Arabidopsis, although the majority of the
research has focused on human DHX9. Many of the biological processes in which DHX9
participates are deregulated during oncogenesis, or are hijacked by viruses to promote their own
replication. A wealth of recent studies have implicated DHX9 in human diseases such as various
cancers and viral infections, and there is evidence supporting the targeting of DHX9 in disease
intervention. This chapter will provide an overview of the structural, biochemical and biological
properties of DHX9 as well as its implications in disease.

Helicases are enzymes which catalyze the energy-dependent remodeling of nucleic acids.
They utilize the free energy of binding and hydrolysis of nucleotide triphosphates to unwind
nucleic acid duplexes or dissociate ribonucleoprotein complexes[3, 4]. Helicases are categorized
into six superfamilies (SF1 - SF6) according to their amino acid sequence and structure[3, 5].
SF1 and SF2 helicases are structurally similar, consisting of two globular RecA-like domains in
their core helicase region, each comprised of 5 B-strands surrounded by 5 a-helices, and act as
monomers or dimers. SF3—SF6 family members contain only one RecA-like domain and form
hexameric rings[3, 5]. Members of the largest superfamily, SF2, contain a signature helicase
domain consisting of 7-9 evolutionarily conserved motifs, and are further subdivided into 2 main
subfamilies based on the consensus sequence in motif II, the major site of NTP-binding and
hydrolysis: the DExD-box (DDX) family, which contains the conserved sequence Asp-Glu-x-
Asp (where x is any amino acid), and the DExH-box (DHX) family, which is defined by the
sequence Asp-Glu-x-His[6]. The DExD/H box interacts with the 3 and y phosphates of the NTP
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via Mg®" (Figure 1.1A). Structural and biochemical evidence suggests that in addition to motif II,
motifs I, VI, and the Q-motif also participate in NTP-binding and hydrolysis. Motif III is
responsible for coupling NTP hydrolysis to nucleic acid unwinding, and motifs Ia, Ib, IV, and V
are involved in nucleic acid binding (Figure 1.1A)[7]. Despite their overall structural similarities,
DDX and DHX family members exhibit significant differences in key residues within the
conserved motifs. DHX helicases are also distinct from DDX members in that the former can
hydrolyze different NTPs whereas the latter is generally specific for ATP. This is attributed to
the Q-motif, which is present in DDX but not DHX helicases, and makes contact with the
adenine base[6-8]. The helicase motifs are organized into two RecA-like domains and NTP-
binding occurs at the cleft between the two domains[3].

Helicases play a role in a wide variety of cellular processes. Different family members
possess the ability to unwind duplexes of DNA or RNA, as well as heteroduplexes and more
complex polynucleotide structures (e.g. triple-stranded DNA). Other helicases may act as RNA
clamps or chaperones to aid in RNA folding. These functions have made them important players
in nucleic acid unwinding and remodeling during replication, transcription, translation, DNA
repair, RNA splicing and editing, ribosome biogenesis, RNA transport, and RNA decay[7, 8].
They have been implicated in normal development and the cellular antiviral response, and

helicase defects have been associated with genetic disorders and cancers[9-15].

1.2 Biochemical and structural characterization of DHX9

1.2.1 Discovery of DHX9

Mammalian DHX9 was first purified from the nuclear fraction of calf thymus and designated
Nuclear DNA Helicase II (NDHII)[16]. The human homolog, known as RNA helicase A (RHA),
was isolated shortly afterwards from nuclear extracts of HeLa cells[17]. Initial helicase assays
demonstrated double-stranded DNA unwinding activity in bovine DHX9 and RNA unwinding
activity with the human orthologue; however, subsequent studies showed that DHX9 from both
species could unwind both DNA and RNA in an NTP-dependent manner[1]. cDNA clones for
bovine and human DHX9 were obtained by immunoscreening cDNA libraries, and molecular
cloning revealed that they were homologous to the Drosophila melanogaster protein Maleless

(MLE)[18, 19]. MLE was first discovered in Drosophila as a gene which when mutated caused
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lethality in male zygotes, and was found to play a role in X-chromosome dosage compensation in
males[20, 21]. Subsequent work characterized DHX9 homologs in mouse[22], C. elegans[23],
and Arabidopsis[24].

1.2.2 DHXY functional domains and structure

The human DHX9 gene maps to the prostate cancer susceptibility locus on chromosome 1q25,
with a pseudogene, DHX9P, mapping to chromosome 13q22[25]. The active gene is comprised
of 29 exons and encodes a 1270 amino acid, 140-kDa protein[26]. In the mouse, DHX9 maps to
chromosome 1[22]. In common with other DHX family members, sequence analysis revealed
that DHX9 contains a helicase core domain consisting of 8 motifs (Figure 1.1B). As with other
SF2 helicases, the core region is subdivided into two RecA-like domains, with motifs I-I11
residing in domain 1 and motifs IV-VI in domain 2. In addition to the helicase core domain
(which spans amino acid (aa) residues 380 to 830 in humans), DHX9 contains 2 double stranded
RNA-binding domains (dsRBDs) at its N-terminus[26]. The minimal transactivation domain
(MTAD), the site of RNA polymerase II (Polll) interaction (see 1.4.2 Transcriptional
regulation), is situated between dsRBDII and motif I of the helicase core domain. A helicase-
associated domain 2 (HA2) is present adjacent to the C-terminal end of the helicase core
domain[27]. At the C-terminus of DHXO lies an oligonucleotide/oligosaccharide-binding fold
(OB-fold)[28], overlapping nuclear localization/export signals[29], and a glycine-rich RGG-box
capable of binding single-stranded nucleic acids[26] (Figures 1.1B and 1.2).

Sequence alignment showed a high degree of homology amongst DHX9 from various
species. Human DHX9 exhibits 93% identity to the bovine homolog, 90% identity to the murine
homolog, and 50%, 42%, and 27% identity to the D. melanogaster, C. elegans, and Arabidopsis
homologs respectively (Figure 1.2). The helicase core region is highly conserved amongst all
species, whereas the N- and C-terminal regions exhibit more variation. Notably, the RGG-box at
the C-terminus of murine DHXO9 is significantly more extended than that of DHX9 in other
species[30] (Figure 1.2).
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Figure 1.1 Helicase domain of DExD/H-box helicases and functional domains in DHX9.

(A) Conserved sequence motifs in the helicase core domain of DDX and DHX helicases.
Consensus sequences are shown below some of the motifs. “x” represents any amino acid. The
Q-motif is present in DDX but not DHX box helicases (including DHX9) and confers specificity
for ATP binding. (B) Schematic representation of DHX9 functional domains. Numbers indicate
amino acid positions in human DHX9. dsRBD, double-stranded RNA binding domain; MTAD,
minimal transactivation domain; HA2, helicase-associated domain 2; OB-fold,
oligonucleotide/oligosaccharide-binding fold; NLS, nuclear localization signal; NES, nuclear

export signal.
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Figure 1.2 Conservation of DHX9 across various species

Multiple sequence alignment of DHX9 homologs from human (H. sapiens) (NCBI accession #
NP _001348), bovine (B. taurus) (NP_776461), mouse (M. musculus) (NP_031868), Drosophila
(D. melanogaster) (NP_476641), C. elegans (NP_495890), and Arabidopsis (A. thaliana)
(NP_850154). Red text indicates residues that are identical in all species. Blue text indicates
residues with high similarity amongst species. The sequence alignment was generated using T-
Coffee and visualized with BoxShade.
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The structure of DHX9 has been partially solved. X-ray crystallography was used to
determine the structure of domain 1 of human DHX9’s helicase core in the presence of ADP and
Mn**. This region spans residues 325 to 563 and includes motifs I to III as well as the 90 amino-
acid region immediately upstream of motif I, the first 30 residues of which form part of the
MTADI31]. Motifs I-III form a RecA-like a/p core consisting of 5 parallel B-strands
alternating with 5 a-helices, a structure which is conserved amongst DExD/H helicases
(Figure 1.3A). The conserved motifs are in close proximity to each other, allowing them to
cooperatively form nucleotide and nucleic acid binding sites. Binding to the NTP is
accomplished via stacking interactions between the base of the nucleotide and an arginine
residue (R456 in human DHX9) in motif [a, and interactions between the phosphates and
motif I. The aspartic and glutamic acid residues (D511 and E512) of the DEIH-box bind to the
divalent cation, which serves to further coordinate the NTP (Figure 1.3B). The conserved
residues S543-A544-T545 in motif III connects motifs I and II. The structural data shows that the
Q-motif, which confers nucleotide specificity (to ATP) in DExD helicases, is not present in
DHX9 and that DHX9 lacks base-selective contacts, thereby enabling it to utilize all four NTPS
(ATP, GTP, CTP, and UTP) for its energy requirements. The region immediately preceding
motifs I-III consists of 3 a-helices arranged perpendicular to each other on the surface of the o/
core, while the MTAD region consists of 2 short 3-strands which lie in a hydrophobic groove on
the surface of the helicase core (Figure 1.3A)[31].

The structure of the two dsRBD domains has also been elucidated. Both dsSRBDI and
dsRBDII are arranged into a core a—B—p—P—a fold, with the two a-helices lying on one surface
of the three-stranded antiparallel B-sheets, and both domains were able to co-crystallize with
dsRNA (Figure 1.3C and 1.3D). Interaction with dsRNA is mediated primarily by surface-
exposed residues which tend to be highly conserved amongst dsRBDs of various proteins[32].
Despite the structural similarities, dsSRBDI and dsRBDII only share 21% sequence similarity, a
fact that may confer selectivity in terms of unique RNA or protein interactions. The structures of
dsRBDI and dsRBDII in murine DHX9 have been determined by NMR spectroscopy and shown

to be very similar to their human counterparts[33, 34].
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Figure 1.3 Structure of DHXO9.

(A) Structure of motifs I-III of the helicase core domain of human DHX9, in complex with ADP
and Mn®". a-helices are shown in red, B-strands in yellow, loops in green and the ADP in blue.
Individual motifs are labeled. Structure is derived from Ref. [31]. (B) Key residues from (A) that
are involved in NTP binding and hydrolysis. Residues D511 and E512 (motif II; green)
coordinate binding to the Mn?". The ADP (blue) is bound by residues R456 (motif Ia; red) and
G414 - T419 (motif I; purple). (C) and (D) Structure of (C) dsRBDI and (D) dsRBDII from
human DHX9. Amino acid residues involved in dSRNA binding are labeled. a-helices are shown
in red, B-strands in yellow, loops in green and the dsSRNA in blue. Structures of dsRBDI and
dsRBDII are derived from Ref. [32]. All structures were generated using PyMOL.
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1.2.3 Invitro characterization of DHX9

In vitro studies using human, bovine, and Drosophila DHX9 demonstrated that all three
homologs are able to bind both DNA and RNA[1, 17, 35]. DHX9 unwinds double-stranded (ds)
DNA and RNA, as well as DNA/RNA hybrids, with RNA-containing duplexes being unwound
more efficiently than dsDNA[36]. It exhibits a preference for substrates with a short single-
stranded non-complementary 3’ tail — a feature which is commonly found at replication forks
(Figure 1.4). DHX9 translocates in the 3’ to 5° direction and is able to utilize all ANTPs and
rNTPs for its unwinding activity, with similar Ky, values, in concordance with the lack of NTP
selectivity (due to the absent Q-motif) demonstrated by structural data[1, 17, 31, 35, 37]. In vitro
experiments have shown that human DHX9 also unwinds DNA or RNA forks composed of
either partially complementary DNA duplexes or DNA/RNA hybrids respectively[38] (Figure
1.4). Related to fork assembly are DNA displacement loops (D-loops), which are formed when
single-stranded DNA “invades” a complementary duplex, displacing one strand while forming
Watson-Crick base pairs with the complementary strand, and which are found during initiation of
homologous recombination[39-41]. Similarly, RNA displacement loops (R-loops) are created
when single-stranded RNA invades a DNA duplex, an event that can impede both replication and
transcription[42-45]. DHX9 unwinds D- and R-loops approximately 5-7-fold more efficiently
than corresponding DNA and RNA forks[38]. DNA and RNA-based G-quadruplexes containing
3’ single-stranded tails are also substrates for DHX9 activity (Figure 1.4). Under similar
conditions, DHX9 unwinds RNA G-quadruplexes most efficiently, followed by R-loops, DNA
G-quadruplexes, D-loops, RNA forks, and DNA forks, in descending order of helicase
activity[38]. Another non-canonical structure is triplex DNA, which is composed of three DNA
strands with the third strand bound to the duplex via Hoogsteen base pairing[46-48] (Figure 1.4).
DHXO9 is able to resolve triplex DNA structures, displacing the third strand in a 3’ to 5° polarity,
and displaying preference for triplexes having a 3’ single-stranded overhang on the third
strand[2]. DHX9 has far greater helicase activity when presented with this substrate compared to
blunt triplexes, triplexes with 5’-overhangs, duplexes (either with blunt ends or overhangs), and
forked duplexes[2]. In sum, these data demonstrate that irrespective of the substrate, efficient
DHX9 helicase activity requires a 3’ single-stranded tail, which may serve as an anchor for

enzyme binding. In terms of substrate, it appears that DHX9 is a structure-specific helicase, with
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a higher propensity for unwinding RNA-containing substrates, and with a preference for more
complex, multi-stranded nucleic acid structures.

The biochemical properties of DHX9 are similar to those of SV40 large T-antigen, a viral
DNA/RNA helicase with a 3’ to 5° polarity and low selectivity for ANTPs/rNTPs[49]. DHX9
shares many similarities with the RecQ helicases WRN and BLM, which play important roles in
the maintenance of genomic stability. WRN and BLM are structure-specific helicases that
unwind triplex DNA structures[50], D-loops, and R-loops, with the same 3’ to 5’ polarity as
DHX9[38, 51-54]. DHX9 and WRN both preferentially unwind DNA:RNA heteroduplexes with
greater efficiency compared to DNA:DNA homoduplexes[36]. However, there are notable
differences amongst these enzymes as well: whereas WRN and BLM can resolve Holliday
junctions (another intermediate in homologous recombination), DHX9 cannot[38, 55, 56]. DHX9
can use both DNA- and RNA-based G-quadruplexes as substrates, while WRN and BLM can
only resolve DNA G-quadruplexes[38, 57, 58]. DHX9 and the DHX36 helicase are the only
enzymes thus far reported to unwind both DNA and RNA G-quadruplexes[59, 60].

Molecular cloning of the various domains and mutational analysis revealed that the two
dsRBD domains at the N-terminus and the OB-fold and RGG-box at the C-terminus are
dispensable for the NTPase and helicase activities of DHX9, and suggests that a minimal
functional helicase likely consists of residues 313-1160 (Figure 1.1B)[26, 27]. The helicase-
associated domain 2 (HA2) was found to be necessary for DHX9’s unwinding activity[27]. A
point mutation in Motif I (GCGKT to GCGRT) effectively abrogated ATP binding and ATPase
activity, supporting sequence and structure data indicating this to be the site of NTP binding[61].
The two dsRBDs show specificity for binding to dsSRNA, with optimal binding occurring when
both dsRBDs are present. Although not required for unwinding, they enhance the catalytic
activity by promoting binding of DHX9 to substrate RNA[27]. The RGG-box, on the other hand,
binds specifically to ssDNA, with a lower affinity for ssSRNA[26]. While the structure of full-
length DHX9 has not been elucidated, it is thought that the N-terminal, helicase core, and C-
terminal domains may be in close spatial proximity to each other and that the dsSRBDs and RGG

domains may help regulate or modulate the helicase activity[26]. For example, the dsSRBDs and
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Figure 1.4 Nucleic acid substrates unwound by DHXO9.

Schematic representation of nucleic acid substrates that can be remodeled by DHX9. DNA
strands are colored in red and RNA strands in blue. The biological processes in which the
substrates occur are indicated. Substrates are arranged from top to bottom in approximate order
of increasing complexity. See text for a detailed description.
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RGG domains may initiate binding to nucleic acids, and may cooperatively recognize single-
stranded/double-stranded junctions. This binding may effect an allosteric change to activate the
NTPase/helicase activity of DHX9, a situation which is observed in other dsSRBD-containing
proteins such as the double-stranded RNA-activated protein kinase DAI and the double-stranded
RNA adenosine deaminase DRADA[62, 63].

1.3 Biological characterization of DHX9
1.3.1 Cellular localization of DHX9

Although DHXO9 is predominantly a nuclear protein, it is able to shuttle to the cytoplasm to carry
out some of its functions in translational regulation and miRNA processing[19]. It also migrates
into the cytoplasm as a consequence of transcriptional inhibition and during mitosis[64]. During
mitosis, release into the cytoplasm starts in prophase, which is marked by chromosomal
condensation and breakdown of the nuclear envelope. Exclusion from the nucleus reaches a
maximum during metaphase, where the condensed chromosomes align at the center of the cell,
and DHX9 reenters the nucleus during telophase, where the nuclear envelope reforms[64, 65].
Shuttling is dependent on a nuclear localization signal (NLS) and a nuclear export signal (NES),
both located at the C-terminal region (Figure 1.1B), and nuclear import is mediated by the
classical importin-a/p dependent pathway[29, 66]. Nuclear translocation also requires
methylation of arginine residues in the NLS by the protein arginine methyltransferase
PRMTI1[67]. In addition, there is evidence that nuclear localization is mediated by the neuronal
kinesin KIF1B and its binding partner exportin-2 (XPO-2)[68]. The nuclear export pathway
utilized by DHX9 remains to be elucidated, but it has been determined to be insensitive to
leptomycin B, a drug that specifically blocks the CRM-1-dependent nuclear export pathway[66,
69, 70]. Aside from the NLS and NES region, subcellular localization may also depend on other
functional domains. For example, a fragment of DHX9 containing dsSRBDI and dsRBDII was
found to localize to the cytoplasm, and mutation of the RNA Polll-binding MTAD resulted in
nuclear localization defects[71].

Localization within the nucleus is dynamic and dependent on species, cell type, and

context. In human cells, DHX9 is normally localized to the nucleoplasm and excluded from the
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nucleolus[30, 72]. However, under conditions of RNA Polll-mediated transcriptional inhibition,
growth arrest, or stress induced by viral replication or low temperature treatment, DHXO is
translocated into the nucleolus[30, 72, 73]. Specifically, it localizes to the dense fibrillar
components (DCFs) within the nucleoli, where ribosomal RNA biogenesis takes place[72].
Transport into the nucleolus is dependent on functional NTPase and helicase activity and is
mediated by the dsRBDII and C-terminal nuclear transport domains[73]. In certain tumor cells,
such as the breast cancer carcinoma line MCF-7, DHXO is situated at the nucleolar periphery,
bound to a F-actin network, and depolymerization of F-actin promotes entry into the
nucleolus[74]. In murine cells, the opposite situation is observed: DHXO9 is enriched in the DFCs
of nucleoli but shuttles out into the nucleoplasm upon RNA polymerase [-mediated
transcriptional inhibition, thermal stress, or cell cycle arrest[30]. The reasons underlying the
different nuclear localizations of human and murine DHX9 are not entirely clear, but likely have
to do with the fact that the latter has a much larger RGG-box at the C-terminus. It is possible that
mouse cells may have higher rRNA transcriptional requirements, and the nucleolar localization

of DHX9 may be an adaptation to accommodate this.

1.3.2 DHXY expression, half-life, and role in development

DHXO is an abundant protein and is ubiquitously expressed. In humans, expression is high in the
skin, small and large intestines, stomach, pancreas, kidney, breast, skeletal muscle, bone marrow,
and reproductive organs. The liver, spleen, lung, heart, smooth muscle, adipose tissues, and
lymph nodes show a moderate level of expression[75-77]. DHX9 appears to be relatively stable,
and its protein and mRNA half-lives have been measured in several cell lines. In murine NIH3T3
fibroblasts, its half-life was determined to be 81.1 hours at the protein level and 13.9 hours at the
mRNA level[78]. In murine renal mpkCCD epithelial cells, its protein half-life is ~48 hours[79,
80]. DHX9’s mRNA half-life is shorter in mouse embryonic stem cells, at 5.3 hours[81]. DHX9
participates in a variety of important biological processes and in many cell lines depletion is
lethal[73, 82, 83]. DHXO is essential during embryonic development. Homozygous DHX9
knockout mice are embryonic lethal, with marked apoptosis in embryonic ectodermal cells,
suggesting a function for the helicase in the differentiation of the embryonic ectoderm[84]. The

DHX9 homolog in C. elegans, RHA-1, is essential for germline transcriptional control and
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proliferation. Deletion of RHA-1 results in loss of lysine 9 methylation on histone H3, leading to
defects in germline transcriptional silencing and consequently defective chromatin organization,
reduced germ cell mitosis, and abberant meiosis[23]. In Drosophila, Maleless (MLE) is
responsible for X-chromosome dosage compensation, a process initiated in early embryogenesis
which is critical to male development[21]. Homozygous mutations in MLE was found to be
lethal for male zygotes[20]. In humans, DHX9 interacts with the LIM homeodomain
transcription factor LMX1B, which is essential in mesodiencephalic dopaminergic neuron
development[85]. DHX9 also interacts with the stem cell-specific RNA-binding protein L1TDI,
which forms a complex with Lin28 to regulate translation of the stem cell factor Oct4, thus
suggesting a role for DHX9 in human embryonic stem cell renewal[86]. Hence, the current

evidence indicates that DHXO is essential to development in a number of organisms.

1.4 Biological functions of DHX9

DHX9 has a large number of interacting partners, a reflection of the many biological processes it
participates in. Table 1.1 summarizes the known proteins, nucleic acids, or sequence elements
with which DHXO9 interacts. This diversity in partners and targets is likely a consequence of
DHX9’s numerous functional domains and its promiscuity in terms of substrates. It participates
at multiple levels of gene regulation and is a major player in many aspects of RNA biology. The
following is an overview of its roles in DNA replication, transcriptional and translational
regulation, RNA processing and transport, microRNA biogenesis, and maintenance of genomic
stability. This discussion will focus on human DHX9, for which the largest body of research

exists; however, where appropriate, other species will be discussed as well.

1.4.1 DNA replication and maintenance of genomic stability

The in vitro experiments illustrating DHX9’s ability to unwind complex nucleic acid structures
suggest a role in DNA replication and maintenance of genomic stability, since these are transient
intermediates that form during replication, transcription, or recombination and need to be
resolved. This is supported by several lines of evidence. First, DHX9 associates with numerous

proteins involved in DNA replication and/or the DNA damage response. These include the breast
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cancer specific tumor suppressor protein BRCA1, which remodels chromatin, facilitates orderly
homologous recombination, and ensures DNA replication fidelity[87]. The replication proteins
PCNA (proliferating cell nuclear antigen) and topoisomerase Ila also bind DHX9[88-90]. DHX9
interacts with Ku86, an essential player in NHEJ-mediated DNA repair which has also been
implicated in promoting nascent DNA synthesis at origins of replication[91, 92].

Mechanistic insight into DHX9’s role in DNA replication is provided by studies
investigating its relationship with WRN, a RecQ ATP-dependent helicase containing both 3’to 5’
helicase and 3’to 5° exonuclease activity. WRN is involved in DNA replication, recombination,
and repair, and defects in this helicase are a cause of Werner’s syndrome, a rare autosomal
recessive genetic disorder characterized by premature aging, increased genomic instability, and
increased cancer susceptibility. In terms of substrate specificities, DHX9 shares many
similarities with WRN (see 1.2.3. In vitro characterization of DHXY). These two helicases were
found to interact, with the interaction sites mapping to the dsRBDII and RGG domains of DHX9
and the N-terminal exonuclease domain of WRN[93]. DHX9 enhances the exonuclease activity
of WRN and stimulates the WRN-catalyzed unwinding of Okazaki fragment-like DNA:RNA
hybrids and Holliday junction-like structures. Because DHXO itself does not catalyze unwinding
of either of these substrates, it is thought that it may aid in resolving RNA secondary structures at
the 5’end of the Okazaki-like fragments[36, 93]. Okazaki fragments are formed on the lagging
strand during DNA replication[94]. The in vitro results suggest that DHX9 may be loaded onto
these sites, aiding WRN to remove the primer RNA-containing Okazaki fragments and
promoting lagging strand maturation. Holliday junction-like intermediates are formed during
replication fork stalling[95]. By resolving these structures and converting them to functional
replication forks, DHX9 and WRN may act to ensure efficient DNA replication. Because both
DHX9 and WRN interact with common replication-associated proteins such as PCNA and Ku86,
it is possible that they may function as part of a larger replication complex[88, 89, 91, 96, 97].

DHX9’s involvement in maintenance of genomic stability has been demonstrated both in
vitro and ex vivo. In vitro, DHX9 binds to H-DNA, a naturally occurring intra-molecular DNA
triplex[98]. H-DNA is an aberrant structure which induces genomic instabilities, such as gross
rearrangements, point mutations and double-stranded breaks. Suppression of DHX9 in U20S

cells overexpressing an H-DNA-forming sequence derived from the human c-MYC gene
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promoter resulted in a significant increase in mutagenic events. Thus, DHX9 is purported to limit
genomic instability by resolving H-DNA[98]. The ability of DHX9 to unwind G-quadruplexes is
also suggestive of a role in genome maintenance. DNA G-quadruplexes are formed at G-rich
telomeric sequences and may protect chromosomal ends against nucleases. However, these
structures need to be resolved to permit telomere synthesis by the telomerase enzyme[99]. DHX9
may play a role in telomere maintenance by resolving telomeric G-quadruplexes, and this is
supported by research showing that its interacting partner WRN plays a role in telomere
processing[100]. Although DNA G-quadruplexes are most abundant at telomeres, they are also
found at GC-rich regions at 90% of human DNA replication origins[101-103]. They can lead to
replication fork stalling and represent an impediment to the replication process[104, 105]. The
documented ability of DHX9 to cooperate with WRN in resolving stalled replication fork-like
structures suggests that it may aid in promoting efficient replication by resolving G-
quadruplexes.

Further evidence supporting a role in DNA repair and maintenance of genomic stability is
demonstrated by evidence that DHX9 is phosphorylated by DNA-PK, a major player in NHEJ-
mediated DNA repair. This is further corroborated by the observation that DHX9 interacts with
Ku, the DNA binding subunit of DNA-PK[91]. DHX9 was found to interact with YH2AX via its
helicase core domain, and this association is significantly increased upon actinomycin D
treatment, where DHX9 accumulates in RNA-containing nuclear bodies adjacent to YH2AX
foci[106]. Upon DNA damage, DHXO9 also localizes to promyelocytic leukemia (PML) nuclear
bodies, which are involved in the DNA damage response[107, 108]. Association of DHX9 with
sites of DNA damage is consistent with its interaction with the polycomb group protein PHF1,

which is recruited to double-stranded breaks upon exposure to DNA damage[109].

1.4.2  Transcriptional regulation

The in vitro experiments showcasing DHX9’s ability to unwind RNA forks, R-loops, and RNA-
based tetraplexes strongly suggested a role in transcription, since these are aberrant structures
formed during stalled transcription. By resolving them, it was postulated that DHX9 may act to

speed up transcriptional events. The earliest evidence of its role in transcription in vivo was
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studies in Drosophila that showed that MLE associates with the X chromosome and regulates
dosage compensation. In Drosophila, sex is determined by the ratio of X chromosomes to
autosome haploid sets (X:A ratio). A X:A ratio of 1 (e.g. two X chromosomes in a diploid cell)
results in development of a female, whereas a X:A ratio of 0.5 (e.g. 1 X chromosome) gives rise
to males[110, 111]. More complex ratios can also occur (e.g. >1 or <0.5) resulting in
metafemales or metamales. Contrary to its mammalian counterpart, the Y chromosome is not
involved in sex determination but instead contains genes important for sperm formation in adults.
Dosage compensation is required to equalize the levels of X chromosome-linked gene products
between the sexes: the level of transcription of the single X chromosome in males is doubled in
order to match that of the double X chromosome in females. Although expressed in both males
and females, MLE is bound to hundreds of sites along the X chromosome of males but not
females[21]. The male X-chromosome shows a diffuse morphology, and male MLE homozygous
null mutants show reduced transcription rates along the entire X chromosome and die during the
larval stage[112]. MLE is a subunit of the dosage compensation complex (DCC), also known as
the male specific lethal (MSL) complex, which includes the ubiquitin ligase MSL2, structural
proteins MSL1 and MSL3, and male absent on the first (MOF), a histone acetyl transferase. In
addition, two long non-coding RNAs, RNA on the X1 (roX1) and RNA on the X2 (roX2), are
also components of the DCC[113]. Binding of MLE to the X-chromosome requires functional
MSLI1, MLS2, and MSL3[114]. Activity of the DCC proteins is regulated by the sex-lethal (SxI)
gene, a feminizing master switch in the sex determination process. A X:A ratio of 1 leads to
transcriptional activation of Sxl by X-chromosome-encoded proteins Sisterless-a and Sisterless-b
during early embryogenesis. SxI activates transformer, leading to a series of events resulting in
female sexual differentiation. SxI also represses translation of MSL2 and prevents binding of
MLE to the X-chromosomes. On the other hand, when the X:A ratio is 0.5, SxI is inactivated by
high expression of autosomally encoded proteins Deadpan and Extramacrohaetae, MLS2 is
translated, and the DCC is able to associate with the X-chromosome[113]. Binding of MLE to
the X-chromosome is RNA dependent, as it can be disrupted by RNase treatment[115], and it has
been shown to interact directly with roX2[116, 117]. The NTPase and helicase activities of MLE
are essential to its role in dosage compensation[35].

In mammals, dosage compensation occurs through an entirely different mechanism. Here,
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transcription of genes on one of the two X-chromosomes in females is suppressed by the non-
coding RNA XIST, achieving the same level of transcription as the single male X-
chromosome[118]. There has so far been no evidence that DHX9 plays a sex-specific role in
mammalian development, although it is essential for normal gastrulation in mice in both
sexes[84]. Nevertheless, it has been implicated in transcription activation. DHX9 was discovered
to be a bridging factor between the transcriptional co-activator CREB-binding protein
(CBP)/p300 and RNA Polll. During CBP/p300-mediated transcriptional activation,
phosphorylation of the cAMP response element-binding protein (CREB) results in complex
formation with co-activator CBP/p300 and binding to a cAMP responsive element (CRE) in the
promoter of specific genes[119]. DHX9 binds directly to both CBP/p300 and RNA polymerase
II, recruiting the latter to the CREB/CBP/p300 complexes at the promoter[120]. Interaction with
RNA PollI is mediated through the 50 amino-acid MTAD region which contains six
hydrophobic residues conserved amongst DHX9 homologs[61, 121]. Mutational analyses
indicate that three tryptophan residues within the MTAD are essential for Polll binding and
transcriptional activation[61, 121]. Interaction with CBP occurs in a region between amino acids
1-250 in DHX9, where the two dsRBDs lie[120]. Aside from recruitment of Polll, the
NTPase/helicase activity of DHXO9 is also important for CREB-dependent transcription,
suggesting a dual mechanism of transcriptional regulation[61]. The function of the MTAD is
conserved in Drosophila and C. elegans. DHX9 from both species are able to recruit Polll and
activate transcription via the MTAD[122].

Other instances of human DHX9 serving as a bridging factor between Polll and
transcriptional co-factors have been uncovered. DHX9 links Polll to BRCA1, which in addition
to its roles in DNA replication and DNA repair, also functions in transcriptional regulation[123].
Binding to BRCA1 occurs between a region in the N-terminus of DHX9 (residues 230-325) and
the C-terminus of BRCA1, and resulted in transcriptional activation in reporter assays[124].
Although both located at the N-terminus, it is notable that the binding region for BRCA1 is
distinct from that for CBP/p300 (residues 1-250). Nuclear B-actin is another component of the
transcription pre-initiation complex[125], and DHX9 serves as an adaptor to link it with PolIl.
This interaction was reported to enhance transcription from the actin-dependent CSF-1 promoter.

Contrary to what was observed in the case of CBP/p300, DHX9 interacts with B-actin via its C-
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terminal RGG region, and its catalytic activity is not required[126].

DHXO participates in nuclear factor-kB (NF-kB)-mediated transcriptional activation,
where members of the NF-kB family including p65, RelB and c-Rel upregulate transcription in
response to exposure to a variety of inducers, such as interleukin-1 and tumor necrosis factor.
DHX9 directly binds p65 and enhances NF-kB-dependent transcriptional activation, an event
dependent on functional NTPase/helicase activity[127]. Since p65 is known to utilize CBP/p300
as a co-activator[128], it is possible that DHX9, p65, CBP/p300 and Polll may all be part of the
same transactivation complex. Activation of CREB/CBP/p300-mediated transcription by the
mineralocorticoid receptor[129], the methyl-CpG binding domain protein 2 (MBD2a)[130], and
the E2-like enzyme UBCO9[131] are also dependent on interaction with DHX9. Other known
DHX9-binding transcription activators include the osteoblast-specific transcriptional factor
osterix[132], nuclear factor 110 (NF110)[133], the Zic2 zinc finger protein[134], topoisomerase
Ma[90] and LMX1B[85].

DHX9 also binds directly to promoters in a sequence specific manner. It enhances
transcription of the tumor suppressor pl6INK4A by binding specifically to the sequence
CGGACCGCGTGCGC® within its promoter[135]. Another example of selective
transcriptional regulation is that of the multidrug resistance gene 1 (MDR1). DHX9 is a
component of the MDR1 promoter-enhancing factor (MEF1) complex and binds to the CAAT-
like cis-acting element in the MDR1 promoter[136]. As well, DHX9 participates in EGF receptor
(EGFR)-mediated transcriptional activation. Here, EGFR translocates from the cell surface to the
nucleus in response to EGF signaling and activates transcription via an AT-rich sequence
(ATRS) in the promoter of target genes[137]. EGFR-responsive genes include cyclin D1 and
iNOS. EGFR lacks a DNA-binding domain; DHX9 mediates this interaction by simultaneously
binding both EGFR and the promoter ATRS[138].

DHX9 can interact with RNA to regulate transcription. It has been found to bind both the
insulin-like growth factor 2 (IGF2) mRNA and miR-483-5p, a microRNA that enhances IGF2
transcription, promoting the miR-483-5p-mediated induction of IGF2 mRNA[139]. In an
example of regulation of viral nucleic acids, it interacts with the viral transactivation response

element (TAR) RNA via its dsRBDII to stimulate HIV-1 transcription, a process that is
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dependent on DHX9’s ATPase and Polll-binding activities[ 140, 141].

In addition to activating transcription, it appears that in some situations DHX9 can also
repress it. Association with the transcriptional activator TonE (tonicity-responsive enhancer)-
binding protein (TonEBP) inhibits TonEBP activity[142]. Although the mechanism is not clear,
it is possible that DHX9 may recruit other proteins that directly inhibit TonEBP. The C. elegans
homolog, RHA-1, enables normal germline proliferation and development by silencing
transcription. A temperature-sensitive mutant, RHA-1(tm329), caused loss of lysine 9 histone H3
methylation (normally associated with silenced chromatin) and resulted in transcriptional
desilencing. This resulted in defects in germ cell mitosis, meiosis, and gametogenesis, leading to
a sterile phenotype[23]. Again, the mechanism of how RHA-1 silences transcription is unclear,
but it may be direct (e.g. by promoting formation of heterochromatin) and/or indirect (e.g. by

recruiting transcriptional repressors).

1.4.3 Translational regulation

Beyond its role in transcription, DHX9 also participates in regulation of gene expression at the
translational level. Many mRNAs contain highly structured 5’UTRs, a feature that represents an
impediment to translational initiation, the rate-limiting step of cap-dependent translation. The
elF4A (DDX2) subunit of the e[F4F complex is responsible for unwinding structures to facilitate
ribosome recruitment to the mRNA template[ 143-145]. However, a subset of mRNAs contains
complex structural elements in their 5’UTRs that require resolution by additional specific
helicases. One such element is the 5’post-transcription control element (PCE). Originally
identified in the 5’ long terminal repeats of avian spleen necrosis virus[146] and subsequently in
the 5S’UTR of other retroviral RNAs, such as those found in HIV-1 and HTLV-1 (e.g. gag RNA),
the PCE forms a complex secondary structure containing two stem-loop structures[147]. A PCE
is also present in the 5’UTR of the cellular transcription factor JUND. DHXO is necessary for the
efficient translation of viral and JUND mRNA containing the PCE. It associates with structural
features of the PCE via conserved lysine residues in the distal a-helices of the two dsRBDs and
facilitates translation of said mRNAs by stimulating polyribosome incorporation[148, 149]. The
NTPase/helicase activity of DHX9 is required for this function[150]. Association with PCE is

sequence-specific and occurs both in the nucleus and in the cytoplasm, indicating it to be an
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early event in the post-transcriptional expression of PCE-containing mRNA, and may satisfy a
RNA-surveillance checkpoint that ensures efficient translation in the cytoplasm[148]. It has been
proposed that DHX9 induces RNA-protein and RNA-RNA rearrangements to enable efficient
association of ribosomes and thus increase the rate of protein synthesis. It is also possible that
DHX9 stimulates ribosome recycling by securing circularization of the mRNA template via
interaction with the poly(A)-binding protein (PABP), although this has not been verified[148].
Since JUND regulates cell growth in response to stress, its selective and tightly controlled
translational regulation by DHX9 provides a means to rapidly link these two responses.

DHX9 also facilitates translation of type I collagen, another mRNA with a unique 5’UTR
structural element. Type I collagen is a heterotrimer composed of two a1(I) polypeptides and
one a2(I) polypeptide. The mRNAs encoding both polypeptides contain a unique 5’ stem-loop
structure (5°SL) in their 5’UTR. La ribonucleoprotein domain family member 6 (LARP6) is
known to bind with high affinity to the 5’SL[151]. DHX9 does not interact directly with the type
I collagen 5’UTRs, but instead forms a complex with LARP6, which tethers it to the 5’SL. This
enables polysome loading and efficient translation initiation. As is the case with PCE-mediated
regulation, binding of DHX9/LARP6 to the 5’SL occurs in the nucleus as well as the cytoplasm,
indicating that regulation begins prior to the onset of translation initiation[152]. In another
example of regulation of a specific set of mRNAs by DHX9, the helicase interacts with Lin28 to
enhance translation of Lin28 target mRNAs. Lin28 is a RNA-binding protein which plays a role
in development, cell growth, pluripotency, and differentiation. It was first characterized as a key
player in the biogenesis of let-7 family miRNAs[153]. More recently, it has been shown to
regulate the translation of select mRNAs including IGF-2, the key pluripotency factor Oct4,
histone H2a, cyclins A and B, and CDK4[154-157]. DHX9 interacts with Lin28 via both its N-
and C- terminal regions. This interaction promotes DHX9 association with polysomes and
stimulates translation of Oct4 mRNA[155, 158]. It is thought that once recruited to Lin28 target
mRNAs, DHX9 may aid in resolving inhibitory secondary structures. Further support for a role
in Lin28-mediated translation regulation is provided by evidence that DHX9 also interacts with
L1TD1, which forms a complex with Lin28 to regulate Oct4 translation in human embryonic
stem cells[86].

Recent studies indicate that DHX9 also helps regulate IRES-mediated translation.
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Exposure to DNA damaging agents causes stabilization of the p5S3 tumor suppressor protein.
However, recent evidence has shown that p53 translation is also increased upon DNA
damage[159-161]. It was discovered that p5S3 mRNA contains an IRES in its 5’UTR[162, 163].
DHX9 was found to bind simultaneously to the p5S3 IRES and to translation control protein 80
(TCP80). DHX9 and TCP80 cooperatively stimulate p5S3 IRES-mediated translation. This
stimulation is significantly enhanced upon exposure to DNA damage as a result of increased
binding of TCP80 to the p53 IRES and improved interaction between DHX9 and TCP8O0. It is
predicted that DHX9 likely helps unwind the p53 5’IRES, thereby promoting efficient
translation[164, 165].

1.4.4 MicroRNA biogenesis and processing

Involvement in microRNA (miRNA) biogenesis and processing is another means by which
DHX9 regulates post-transcriptional gene expression. miRNAs are first transcribed as long
double-stranded RNAs, called primary miRNAs (pri-miRNAs) by RNA polymerase II. The pri-
miRNAs are then cleaved into ~60 nt long stem-looped structured double-stranded precursor
miRNAs (pre-miRNAs) by the ribonuclease III enzyme, Drosha, and exported into the
cytoplasm. There, the pre-miRNAs are processed into mature miRNAs (18-25 bps) by another
ribonuclease I1I enzyme, Dicer. Mature miRNAs are incorporated into the RNA-induced
silencing complex (RISC), a large ribonucleoprotein complex whose core components include
Dicer, transactivating response RNA-binding protein (TRBP) which contains three dsRBDs, and
the RNase Argonaut-2 (Ago-2). siRNAs introduced exogenously are incorporated into RISC in
the same manner as the endogenous miRNAs. The conventional model is that Dicer and TRBP
loads the miRNA/siRNA onto Ago-2, whereby the passenger strand is degraded and the guide
strand directs the RISC to complementary target mRNAs which are subsequently cleaved by
Ago-2[166-169]. Aside from the core catalytic components of the RISC, many other factors are
involved in the miRNA processing process. DHX9 has been implicated at multiple stages of
miRNA biogenesis. It associates with pri-miRNA, and along with its binding partner, BRCAI,
forms part of the Drosha microprocessor complex, which also contains DGCRS8, DDXS5, and
DDX17. The concerted action of DHX9 and BRCA1 enhances processing of the pri-miRNA into

their mature forms[170]. Further downstream in the miRNA processing cascade, DHX9 was also
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identified as a component of the active RISC. It binds directly to Dicer, TRBP, Ago-2, and
siRNA duplexes, and association with all these components is mediated by key residues in
dsRBDI and dsRBDII[171]. Isothermal titration calorimetric assays revealed that dSRBDI has a
higher binding affinity than dsRBDII for the siRNA, but both dsSRBDI and dsRBDII act
cooperatively to bind the duplex[32]. The DHX9 ATPase/helicase activity is important but not
absolutely essential for its association with Dicer, TRBP, and Ago-2, as an ATPase mutant only
partially impaired these interactions. DHX9 depletion inhibits siRNA- and shRNA-mediated
gene silencing in vivo and reduces siRNA association with the RISC, thus demonstrating that
DHXO9 is an essential component of the RISC and defining a role for it as a sSiRNA/miRNA
loading factor[171].

1.4.5 RNA processing and transport

As described above, human DHX9, while normally excluded from the nucleolus, can shuttle into
said compartment under conditions of transcriptional inhibition or cellular stress[30, 72, 73].
DHX9 has also been identified in human prespliceosomes[172], binds to both mRNA and pre-
mRNA[64], and interacts with the splice regulator muscleblind 1 (MBNL1)[173] as well as the
survival motor neuron (SMN) protein, a component of small nuclear ribonucleoproteins
(snRNPs) involved in pre-mRNA splicing[174-176]. This suggests a role in mRNA splicing and
is supported by evidence that DHX9, in concert with ADAR?2 (an adenosine deanimase that acts
on RNA) coordinates the editing and splicing of glutamate receptor subunit B pre-mRNA.
mRNA editing and splicing are competing events — ADAR?2 editing requires a stable stem-loop,
which may sequester the 5’ splice site. It is thought that DHX9 helps overcome this splicing
inhibition by resolving the stem-loop[177]. An example of coordinated editing and splicing can
also be found in Drosophila. In a process distinct from its role in dosage compensation, MLE
links editing and splicing of the para sodium channel pre-mRNA. A mutation near the NTP-
binding site of MLE results in aberrant splicing and exon skipping, again suggesting that the
Drosophila DHX9 homolog may act to resolve secondary structures concealing splice sites[178,
179].

A role in RNA transport is suggested by the observation that DHX9 binds directly to both

filamentous actin (F-actin) and hnRNP C1 in the nucleus, mediating their association[180]. F-
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actin is a major component of the nucleoskeleton, a network of interacting structural proteins that
provides a scaffold for transcription, chromatin remodeling, and RNA processing and
transport[ 181]. By facilitating the association of hnRNP C1, which plays a role in pre-mRNA
processing, to F-actin, DHX9 enables efficient processing and transport of mRNAs. DHX9 also
plays a role in the transport and splicing of viral RNAs. Nuclear export of simian type D
retroviruses is dependent on host cellular proteins and mediated by a cis-acting constitutive
transport element (CTE) on the viral RNA. DHX9 binds specifically to the CTE and interacts
with two other shuttle proteins, Tip-associated protein (Tap) and HAP9S5, to allow export of
CTE-containing viral RNAs[182-185]. DHXO9 also facilitates transport of more complex viral
RNAs such as HIV-1. Here, it cooperates with the viral protein Rev and cellular protein Sam68
to mediate nuclear export of viral RNAs containing the Rev response element (RRE)[186-189].
In addition, DHX9 modulates HIV-1 RNA splicing, a function that is mediated by its OB-
fold[28].
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Table 1.1 Protein and nucleic acid interacting partners of DHX9

Interacting partner Biological DHX9 DHX9 Reference(s)
process homolog(s) domains/amino
characterized | acid residues
involved (if
Kknown)
Protein partners
Importin-a. Nuclear Human NLS (1155-1173) | [29]
import of
DHX9
PRMT1 Nuclear Human NLS (1155-1173) | [67]
import of
DHX9
WRN Replication Human dsRBDII and | [93]
RGG-box
PCNA Replication Human [88, 89]
Topoisomerase Ilo Replication/ | Human [90]
transcription
Ku86 Replication/ | Human [91]
DNA repair
Myxoma virus protein M029 | Viral Human [190]
replication
Influenza A virus protein | Viral Human [191]
NS1 replication/
transcription
YyH2AX DNA damage | Human Helicase core | [106]
response domain (313-952)
PML DNA damage | Human [107, 108]
response
PHF1 DNA damage | Human [109]
response
RNA polymerase II Transcription | Human, MTAD (331-380) | [61, 120-
Drosophila, 122]
C. elegans
CBP/p300 Transcription | Human dsRBDI+dsRBDII | [61, 120,
(1-250) 121]
BRCA1 Transcription/ | Human dsRBDII (230- | [124, 170]
miRNA 325)
biogenesis
EGFR Transcription | Human 623-1270 [138]
p65 Transcription | Human 1-649 [127]
B-actin Transcription | Human RGG-box (1150- | [126]

1270)
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osterix Transcription | Human [132]
MEF1 Transcription | Human [136]
Mineralocorticoid receptor Transcription | Human 1-331 [129]
MBD2a Transcription | Human [130]
TonEBP Transcription | Human N-terminus (1- | [139]
250) and C-
terminus  (1062—
1270)
Zic2 Transcription | Human [134]
NF110 Transcription | Human [133]
LMX1B Transcription | Human [85]
UBC9 Transcription | Human 1-137 [131]
EWS-FLI1 Transcription | Human 630-1020 [192]
DDXS5 (p68) Transcription/ | Human [170, 193]
miRNA
biogenesis
DDX17 (p72) Transcription/ | Human [170, 193]
miRNA
biogenesis
LARP6 Translation Human [152]
Lin28 Translation Human N-terminus (1- | [158]
300) and RGG-
box (1161-1270)
L1TD1 Translation Human [86]
TCP80 Translation Human [164, 165]
Dicer miRNA Human dsRBDI+dsRBDII | [32, 171]
biogenesis
TRBP miRNA Human dsRBDI+dsRBDII | [32, 171]
biogenesis
Ago-2 miRNA Human dsRBDI+dsRBDII | [32, 171]
biogenesis
MBNLI1 RNA Human [173]
processing
SMN RNA Human RGG-box [174]
processing
hnRNP C RNA Human [180]
processing
F-actin RNA Human C-terminus [180]
transport
HAP95 Viral RNA | Human C-terminus [182-185]
transport
Tip-associated protein (Tap) | Viral RNA | Human [182-185]
transport
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Sam68 Viral RNA | Human [189]
transport

Rev viral protein Viral RNA | Human [186, 189]
transport

KIF1Bp Apoptosis Human [68]

IPS-1 Host antiviral | Human Helicase core | [194]
response domain and C-

terminus

Nucleic acid

partners/sequence

elements

pINK4A promoter | Transcription | Human dsRBDI+dsRBDII | [135]

(CGGACCGCGTGCGCTEG) (1-250)

MDR1 promoter (CAAT- | Transcription | Human [136]

like sequence)

miR-483-5p Transcription | Human [139]

Viral TAR RNA Viral Human dsRBDII  (235— | [188]
transcription 249)

roX2 RNA Transcription | Drosophila [116]

5'UTR PCE of mRNAs Translation Human N-terminus (1- | [148-150]

300)

Collagen 5'UTR stem-loop Translation Human [152]

p53 S'UTR IRES Translation Human [164, 165]

Viral CTE Viral RNA | Human [182-185]
transport
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1.5 Implications of DHXY9 in human diseases

The role played by DHX9 in a multitude of cellular processes, including multiple levels of gene
regulation, and its association with a large number of key regulatory binding partners, makes it
an important protein in maintaining normal cellular homeostasis. However, this also means that
defects in DHX9 may have serious effects on cell growth or viability, and usurpation of its

functions may lead to a variety of human diseases.

1.5.1 Implication of DHXY in cancer

The human DHX9 gene maps to the major susceptibility locus for prostate cancer at
chromosome band 1g25[25], and DHX9 expression is under control of the transcription factor
SOX4, which is overexpressed in prostate cancer[195]. Interaction of SOX4 with inhibitory
protein plakoglobin inhibits binding of SOX4 to the DHX9 promoter and results in reduced
DHX9 expression[196]. SOX4 also regulates transcription of RISC components Dicer and Ago-
1, both of which interact with DHX9[171, 195], and in fact, Dicer itself is overexpressed in
prostate cancer[197]. These studies suggest that DHX9 may play a role in prostate cancer
development, although further work is needed to validate a direct mechanistic link. DHXO9 is
overexpressed in several cancer types. Two separate studies analyzing DHX9 levels in panels of
lung cancer samples showed that DHX9 is overexpressed in tumor samples compared to normal
lung tissues[198, 199], and that DHX9 overexpression was correlated with poorer patient
survival[199].

As discussed previously, DHX9 interacts with EGFR to activate transcription of EGFR-
responsive genes. EGFR is an oncogene overexpressed in several human cancers and drugs
targeting EGFR are in clinical use (e.g. gefitinib, erlotinib, and cetuximab)[200-203]. An
analysis of a panel of human breast tumor samples showed a strong positive correlation between
the nuclear expression of DHX9, EGFR, and the EGFR target cyclin D1[138]. Mutations in
BRCA1, a DHX9-interacting tumor suppressor, increases risk of breast and ovarian cancers.
Expression of a truncated form of DHX9 spanning the BRCA1 binding site (residues 89-344) but
lacking other functional domains in normal mammary epithelial cells inhibited recruitment of

BRCALI to sites of DNA repair and resulted in pleomorphic nuclei, tetraploidy, and aberrant
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mitoses with extra chromosomes — a phenotype similar to that observed in BRCA1-deficient
cells[204]. Furthermore, sequence analysis of DHX9 in a cohort of 96 breast cancer individuals
from high-risk French Canadian families who do not harbor BRCA1/BRCA?2 mutations
identified two missense mutations (P89A and S625C) that lie in the dSRBDI (within the
CBP/p300 binding site) and the helicase core domain, respectively[205]. The importance of these
variations awaits further assessment.

DHXO is also implicated in osteosarcoma and Wilms’ tumor. Gene expression profiling
of osteosarcoma cell lines showed overexpression of DHX9 in cells with high metastatic ability
compared to those with low metastatic ability. Several other genes in the NF-xB pathway were
upregulated as well; since DHX9 is a NF-kB binding partner, this supports a role for NF-xB
signaling in osteosarcoma metastasis[206]. DHX9 cooperates with the miRNA miR-483-5p to
induce IGF2 expression. Both miR-483-5p and IGF are overexpressed in Wilms’ tumors and
sarcomas, and ectopic expression of miR-483-5p in sarcoma cells and mouse xenographs
enhances tumorigenesis[139].

Although much research implicates DHX9 as a promoter of tumorigenesis, there are also
indications that it has tumor-suppressive properties. Its ability to unwind aberrant polynucleotide
structures and to aid WRN in ensuring the fidelity and efficiency of DNA replication shows that
it plays a role in maintaining genomic stability. It also activates transcription of p16INK4A, a
tumor suppressor| 135]. Its cooperation with the tumor suppressor BRCA1 in activating its target
genes is also suggestive of an anti-tumor function[124]. It is a downstream mediator of KIF1Bf3
tumor-suppressor function in neuroblastoma. KIF1Bp-mediated activation of the pro-apoptotic
XIAP-associated factor 1 (XAF1) and subsequent induction of apoptosis requires nuclear
localization of DHX9[68]. Perhaps the most compelling evidence is the IRES-mediated
upregulation of p53 translation by DHX9 and TCP80 (see 1.4.3 Translational regulation). It
was found that cellular levels of DHX9 and TCP80 positively correlated with the efficiency of
p53 IRES-mediated translation and effective induction of p53 signaling in response to DNA
damage. Specifically, the breast cancer cell lines, ZR75-1 and MDA-MB-175, which express
wild-type p53 but do not exhibit p53 induction following DNA damage, contain extremely low
levels of both DHX9 and TCP80 compared to MCF-7 cells (which show a normal p53 response),

and exhibit low p53-IRES activity when exposed to DNA damaging agents. IRES-mediated p53
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translation was rescued by overexpression of DHX9 and TCP80[165]. This shows that DHX9
levels can have a direct effect on the ability of p53 to suppress tumorigenesis. It appears that the
relationship between DHX9 and oncogenesis is a complex one that may be dependent on cellular

context and/or levels or activity of its interacting partners.

1.5.2 Role of DHXY in viral infection

Viruses can hijack various aspects of the host cell machinery for their own purposes. This
includes using host proteins to facilitate the replication, transcription, translation, or transport of
their own nucleic acids or proteins. DHX9 interacts with the viral TAR RNA to stimulate HIV-1
transcription[ 140, 141]. As indicated above, it facilitates translation of viral RNAs containing a
PCE in the 5’UTR[ 148, 149] and mediates nuclear export of both CTE-containing (e.g. simian
type D retrovirus) and RRE-containing (e.g. HIV-1) RNA[182-189]. DHX9’s involvement in
aiding many aspects of viral function serves to enhance infection efficiency, and indeed it has
been implicated in promoting infectivity of a whole range of viruses including HIV-1[28, 140,
141, 150, 186, 188, 207, 208], HCV[209], cytomegalovirus[210], adenovirus[211], and Hepatitis
E[212], influenza A[191], myxoma[190], classical swine fever[213], and foot and mouth disease
viruses[214].

Surprisingly, DHX9 has also been implicated in antiviral immune responses. For
example, it is recruited to PML bodies in response to IFN-a stimulation and is phosphorylated
by the dsRNA-binding kinase PKR[108, 140]. It also interacts with IFN-f promoter stimulator
(IPS)-1 and acts as a sensor for double-stranded RNA to promote IFN and inflammatory
responses[194]. The importance of DHX9 in innate immunity is highlighted by the observation
that the DHX9 homolog is missing from chickens and ducks, thus rendering these species more
susceptible to many viruses than mammals (e.g. the avian influenza H5N1)[215]. Avian
influenza is particularly pathogenic in chickens because they are also deficient in another viral
sensor, RIG-1 (DDX58), which is present in ducks and can partially compensate for the loss of
DHXO9[215, 216]. The opposing roles of DHX9 in both pro-viral and anti-viral response suggests
that there may be a tug-of-war between the host cell’s attempts to combat viral infection and the
viruses’ attempts to hijack cellular machinery — a battle in which DHX9 appears to play a crucial

part.
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1.5.3 Role of DHXY in autoimmune disease

Systemic lupus erythematosus (SLE) is an autoimmune disease in which the body launches an
immune response against healthy tissues. It is characterized by the generation of antibodies
against the body’s own proteins, termed autoantigens, most of which are nuclear proteins. This
leads to inflammation and complications such as skin rashes, photosensitivity, and
atherosclerosis[217]. DHX9 was detected as an autoantigen in the sera of SLE patients[218].
Autoantibodies against DHX9 were found in ~6% of patients with SLE and this percentage was
increased to 23% in SLE patients of Mexican descent, consistent with population differences in
the manifestation of SLE. It is also more common in the early stages of disease[219, 220]. DHX9
is a substrate of caspase-3 cleavage during apoptosis and it is thought that the cleaved fragments
produced may trigger an autoimmune response[218]. Hence, DHX9 may be clinically useful as a
marker in aiding the diagnosis of SLE. Further work is needed to determine why DHX9
autoantibodies are generated in some SLE patients but not others, and whether there are

additional subsets of SLE patients with particularly high instances of DHX9 as an autoantigen.

1.6 pS5S3-dependent pathways regulating apoptosis and cell cycle progression

As discussed above, DHX9 has been implicated in tumorigenesis. As a prelude to discussing
recent advances in targeting DHX9 as a chemotherapeutic approach, I will give a brief overview
of p53 and the pathways regulating apoptosis and cell cycle progression, as well as a discussion

of the role of p53 in chemotherapy.

1.6.1 The p53 tumor suppressor protein

p53 is a tumor suppressor which lies at the nexus of a network of signaling pathways regulating
cell cycle progression, apoptosis, and DNA repair. Named the “guardian of the genome™[221], it
is the most frequently mutated gene in tumors, with over 50% of cancers harboring a defect in
p53[222, 223]. It is a transcription factor which activates a broad range of genes in response to
cellular stresses such as DNA damage, oncogene activation, and replication stress. These target

genes allow the cell to arrest or undergo apoptosis, thereby preventing aberrant replication and
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genomic instability[221]. The p53 gene is located on chromosome 17 in humans and is encoded
by 11 exons[224]. Highly conserved amongst vertebrates, it consists of five domains, each with
distinct functions: the N-terminal region containing two transactivation domains, a proline rich
region, a central DNA-binding domain, a tetramerization domain which also harbors a nuclear
export signal (NES), and a lysine-rich basic C-terminal region containing three nuclear
localization signals (NLS) and a non-specific DNA-binding region that binds to damaged DNA
(Figure 1.5)[225-227]. Over 95% of p53 mutations occur in the central DNA-binding domain,
highlighting its main role as a sequence-specific DNA-binding protein[226].
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Figure 1.5 Domain structure of pS3.

Schematic representation of p53 functional domains. Numbers indicate amino acid positions in
human p53. TAD, transcriptional activation domain; TET, tetramerization domain; CTD, C-
terminal domain; NES, nuclear export signal; NLS, nuclear localization signal.

1.6.2 Regulation and activation of p53

p53 protein levels and activity are tightly regulated. Under normal cellular conditions, p53 is
maintained at low levels by virtue of negative regulators. The most well characterized negative
regulator is MDM2, an E3 ubiquitin ligase which binds to p53, suppresses its transcriptional
activity, and marks it for proteosomal degradation via ubiquitination as well as mediating its
nuclear export[228-231]. Because MDM2 is a transcriptional target of p53, they form part of an
autoregulatory loop also involving ARF, which inhibits MDM2 and is negatively regulated by
p53 (Figure 1.6)[232-234]. Thus, MDM2 levels are upregulated and ARF is inhibited upon p53
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activation, and this allows p53 levels to be brought back down after cessation of activating stress
signals.

p53 is activated in response to a variety of stresses, both extrinsic and intrinsic to the cell.
These include DNA damage (e.g. from ionizing or UV radiation or chemical agents), spindle
damage, oncogene activation, hypoxia, oxidative stress, replication stress, loss of cell-cell or
cell-matrix contacts, ribosomal stress (e.g. INTP depletion), and heat or cold shock (Figure 1.6)
[222, 235]. The stress signals are detected by upstream mediators and communicated to p53
primarily through post-translational modifications which stabilize p53 and/or modulate its
transcriptional activity (Figure 1.6). The precise mediators and post-translational modifications
involved largely depend on the nature of the stress signal. For example, p53 is phosphorylated by
the kinases ATM and CHK?2 following double-stranded DNA breaks resulting from ionizing
radiation or DNA damaging agents such etoposide or doxorubicin[236-238]. UV-induced DNA
lesions and replication stress activate ATR and the downstream kinase CHK 1, which
phosphorylates p53[236, 239]. Members of the MAP kinase (MAPK) family phosphorylate p53
in response to oxidative stress and heat shock[240, 241]. Phosphorylation disrupts the interaction
between p53 and MDM?2, leading to p53 stabilization[242, 243]. It also enhances the interaction
between p53 and transcriptional co-activators[244, 245]. Acetylation by CBP and p300 on lysine
residues in p53’s C-terminal region is another modification that occurs in response to a variety of
stresses, including UV radiation, oxidative stress, hypoxia, and actinomycin D[246]. Acetylation
stabilizes p53, possibly by protecting lysine residues from being ubiquitylated, as well as
increasing its DNA-binding activity[246, 247]. Hypoxia activates p53 through a mechanism
involving ATR, von Hippel-Lindau (VHL), and the hypoxia inducible factor (HIF) 1o, which
binds to p53 to promote its stabilization[248, 249]. ARF is upregulated by certain oncogenes
(e.g. E1A and ¢c-MYC) and activates p53 by inhibiting MDM2 activity[250-252]. p53 may also
be modified by methylation, SUMOylation, or NEDDylation[253-263]. The diversity of
mediators and post-translational modifications allow for a myriad of pathways and mechanisms

of p53 activation in response to different types of stress.

1.6.3 p53-mediated transcriptional regulation

p53 activates its downstream signaling pathways primarily through transcriptional upregulation
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of target genes. Once activated, p53 forms a tetramer via its tetramerization domain and binds to
specific DNA sequences called p53 response elements (RE) located in the promoter and introns
of target genes[264, 265]. The p53-RE is defined as two repeats of the sequence
RRRCWWGYYY (where R is a purine, Y is a pyrimidine and W is A or T) linked by a variable
spacer[266, 267]. p53 interacts with transcriptional co-activators via its N-terminal
transactivation domain to facilitate efficient transcription of target genes[268]. To date, over 100
p53 target genes have been identified; these have a broad range of functions and participate in a
multitude of cellular pathways. As a result, p53 activation can lead to a number of possible
biological outcomes, including cell cycle arrest, senescence, apoptosis, differentiation,
angiogenesis inhibition, autophagy, metabolism control, and DNA repair (Figure 1.6)[227]. The
specific cell fate is determined by the nature and strength of the stress signal, the cellular
microenvironment, and the levels of various p53 target genes, regulators, and interacting proteins
in the cell[269].

In addition to its role as a transcriptional activator, pS3 can also repress transcription of
certain genes. This may be accomplished by competitively binding promoters regulated by other
transcription factors, or by interacting with other DNA-binding transcriptional activators or
components of the basal transcriptional machinery, thereby inhibiting their ability to activate
their target genes. pS3 may also recruit co-repressors and histone deacetylases, the latter which
modify chromatin structure and reduce promoter accessibility[270]. The transcriptional repressor
SIN3A has been found to interact with p53 and elicit repression of several genes[271]. Examples
of genes negatively regulated by p53 include ARF[234], survivin - an inhibitor of
apoptosis[272], the microtubule-associated protein MAP4[273], and the transcription factor
NANOG]I274].

1.6.4 p53-dependent cell cycle arrest and senescence

The cell cycle is an ordered sequence of events which allow DNA replication and cell division to
take place. It is comprised of four distinct phases: GO/G1, S, G2, and M[275, 276]. During the

G1 phase, the cell undergoes growth and engages in the biosynthesis of proteins and organelles.
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Figure 1.6 The p53 signaling pathway.

p53 signaling is initiated by a variety of stress signals. These signals activate upstream mediators
and modulators, which activate p53 via post-translational modifications. p53 then
transcriptionally activates a variety of targets, leading to numerous cellular outcomes. Regulation
of p53 occurs in the form of a negative feedback loop involving MDM?2 and ARF.
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DNA replication takes place during the S phase, followed by the G2 phase where further cell
growth and biosynthesis occurs. The mitotic (M) phase consists of nuclear division followed by
cytokinesis[275, 276]. Non-dividing cells (e.g. differentiated cells) are maintained in the
quiescent (GO) phase, which is an extended G1 phase. Cell cycle progression is controlled by a
series of checkpoints and involves regulatory proteins known as cyclins and cyclin-dependent
kinases (CDKs). CDKs contain a serine/threonine-specific catalytic core and act as a complex
with cyclins to phosphorylate substrates required for a particular cell cycle phase. During the G1
phase, CDK2/cyclin E and CDK4/cyclin D complexes phosphorylate the retinoblastoma protein
RB1, which disrupts its binding to the E2F family of transcription factors and enables the latter
to activate E2F responsive genes. This includes proteins required for the G1/S transition (e.g.
cyclin E, cyclin A, and CDK1), nucleotide biosynthesis enzymes, and DNA replication
factors[277-279]. During the S and G2 phases, CDK2/cyclin A and CDK1/cyclin B
phosphorylate FoxM1 which results in the upregulation of proteins involved in chromosome
segregation and mitosis[280-282]. The activity of CDKs is inhibited by CDK inhibitors (CKlIs),
which comprise two families: the Cip/Kip (CDK interacting protein/Kinase inhibitory protein)
family and the INK4A (Inhibitor of Kinase 4) family[283]. The Cip/Kip family, which is
comprised of p21 (Cipl), p27 (Cip2) and p57 (Kip2), binds to G1-phase CDK/cyclin complexes
and to a lesser extent CDK 1/cyclin B[284]. The INK4 family includes p15 (INK4B), p16
(INK4A), p18 (INK4C), p19 (INK4D), and specifically inactivate G1 CDKs (CDK4 and CDK6)
and prevent association with cyclins[285].

One of the most well characterized p53 targets is the CKI p21 (also known as Cip1 or
CDKNI1A). p21 primarily inhibits the kinase activity of CDK2/cyclin E, arresting the cell cycle
in the G1 phase, but also to a lesser extent inhibits CDK2/cyclin A, which is required for
progression through S phase, and CDK1/cyclin A and CDK1/cyclin B, which mediate transition
through the G2 and M phases[286, 287]. CDK2/cyclin E inhibition prevents RB1
phosphorylation, which result in the E2F transcription factors remaining bound to RB1 and
unable to transcribe genes required for G1-S progression (Figure 1.7). p21 may also inhibit
proliferation independently of CDK2 or RB1. For example, it has been shown to associate
directly with E2F1 to suppress its transcriptional activity[288]. It also binds to and inhibits the

replication factor PCNA, thereby impeding DNA replication[289, 290]. p21 has been shown to
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inhibit apoptosis[291]; hence high levels of p21 tend to favor a cell cycle arrest response rather
than an apoptotic one following p53 activation. Another p53 target, 14-3-30, is responsible for
mediating G2 arrest. 14-3-3c inhibits the phosphatase CDC25, which dephosphorylates cyclin B-
bound CDK1 and is essential for the G2/M progression. 14-3-3c inhibits CDC25’s activity by
sequestering it in the cytoplasm, thereby causing the cell to arrest in the G2 phase[292].
Similarly, GADDA45 also regulates the subcellular localization of CDK 1/cyclin B, contributing to
G2 arrest (Figure 1.7)[293].

Cell cycle arrest resulting from p53 activation may be transient, allowing the cell the
opportunity to undergo DNA repair, or it may be permanent, resulting in senescence or
differentiation. Senescence, essentially defined as an irreversible growth arrest, may be caused
by the attrition of telomeres (termed "replicative senescence"), which occurs in primary cells
after a limited number of cell divisions, or may be induced by various stimuli long before the cell
reaches the end of its replicative lifespan - this is known as "premature senescence". Premature
senescence may be caused by DNA damaging agents[294, 295], oxidative stress[296],
replication stress[297], overexpression of oncogenes[298-301] and inactivation of tumor
suppressors[302, 303]. Although many proteins and pathways are common to both transient cell
cycle arrest and senescence - for instance, p21 is essential in both, the latter features some
additional factors, pathways, and markers. Of note, senescence often involves activation of the
pl6-RB1 pathway in addition to p53 signaling[304]. p16 is an INK4 family CKI which
specifically inhibits CDK4 and CDK6, preventing phosphorylation of RB1 and blocking E2F-
dependent transcription as described above. The p53 transcriptional targets plasminogen
activator inhibitor-1 (PAI-1) and PML play roles in mediating the senescence response[305-308].
PAI-1, an extra-cellular matrix (ECM)-associated protein, inhibits the activity of the secreted
protease uPA which participates in the G1-S transition[308]. PML mediates p53 acetylation in
response to oncogenic signals[305-307]. Senescent cells exhibit distinct phenotypical changes,
adopting a flattened, enlarged, and irregular morphology[301, 309, 310], and acquire distinct and
widespread alterations in gene expression, with massive downregulation of genes required for
cell cycle progression and DNA replication, and upregulation of cell cycle inhibitors and proteins
that remodel the extracellular matrix or mediate local inflammation[311-316]. They express

various biomarkers, the most distinctive one being elevated senescence-associated 3-
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Figure 1.7 The role of p53 in cell cycle control.

Under normal cellular conditions, CDK2/cyclin E phosphorylates RB1, causing the release of
E2F, which then transcribes genes required for G1-S progression. Activation of CDK1/cyclin B
by CDC2S5 is required for the G2-M transition. Upon transcriptional upregulation by p53, p21
inhibits the CDK2/cyclin E complex, leading to accumulation of hypophosphorylated RB1 which
remains bound to E2F, arresting the cell in the G1 phase. p21 also inhibits PCNA, which is
required for DNA replication. The p53 targets 14-3-36 and GADDA45 inhibit CDC25 activity,
leading to cell cycle arrest in the G2 phase.
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galactosidase (SA-B-gal) activity[317]. SA-B-gal reflects the increased lysosomal biogenesis
which accompanies cellular senescence, and is exclusive to senescent cells and not observed in
arrested or terminally differentiated cells[318]. Senescent cells may also harbor senescence-
associated DNA damage foci (SDFs) and senescence-associated heterochromatin foci
(SAHFs)[319, 320] but these are neither universal nor exclusive to the senescent state.

Differentiation is another outcome associated with cell cycle arrest, and requires
activation of RB1 in addition to p21, as well as p53-mediated repression of NANOG[274, 321].
Arrested cells may re-enter the cell cycle after DNA repair, a process which requires p53-
mediated activation of several genes including GADDA45, p53R2, p48, PCNA, DDB2, and
XPC[322-326].

1.6.5 p53-dependent apoptosis

The other major cell fate following p53 activation is apoptosis. In metazoan cells, apoptosis
proceeds through one of two signaling cascades, termed the cell-extrinsic (ligand-dependent) and
the cell-intrinsic (mitochondrial-dependent) pathways, both converging on caspase activation.
Most of the stimuli which activate p53 signaling (e.g. DNA damage, cell stress) lead to cell
intrinsic apoptosis. This pathway is largely mediated by the BCL-2 family of proteins which
regulate mitochondrial outer membrane permeabilization (MOMP), leading to caspase activation
and cell death. BCL-2 family members contain one to four a-helical BCL-2 homology (BH)
domains (named BH1, BH2, BH3 and BH4) through which they can interact, and are categorized
into three subfamilies - one anti-apoptotic (or pro-survival) and two pro-apoptotic[327, 328]. The
anti-apoptotic group, also known as “BCL-2 like”, includes BCL-2, BCL-XL, MCL-1, Al and
BCL-W. These proteins maintain the outer-mitochondrial membrane integrity by binding to and
inhibiting members of the “BAX-like” pro-apoptotic family, which is comprised of BAX and
BAK (Figure 1.8). Oligomerization of BAX and BAK enables formation of pore structures
which penetrate the outer mitochondrial membrane and effect MOMP[329, 330]. This releases
cytochrome C and other mitochondrial intermembrane space proteins into the cytoplasm.
Cytochrome C binds the apoptotic peptidase activating factor 1 (APAF-1), leading to the
assembly of a heptameric protein ring called the apoptosome, which recruits procaspase-9.

Procaspase-9 is the inactive precursor to the caspase-9, an initiator caspase. Once bound to the
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apoptosome, it becomes activated through dimerization. Caspase-9 then activates downstream
effector caspases through proteolytic cleavage (e.g. caspase-3 and caspase-7), which then carry
out degradation of cellular components (Figure 1.8)[329, 330]. The other pro-apoptotic BCL-2
subfamily is called the “BH3-only” family, so named because the members contain only one BH
domain (BH3), and includes NOXA, PUMA, BIM, BAD, BID, BMF and HRK. BH3-only
proteins initiate MOMP either by direct activation of BAX/BAK oligomerization, or indirectly
by binding to and sequestering the BCL-2-like pro-survival proteins (Figure 1.8)[329, 330].

Many of the BCL-2 family proteins, in particular BAX, NOXA, PUMA, BIM, and BID,
are transcriptional targets of p53, and hence their upregulation upon stress-induced p53
activation initiates apoptosis[331-336]. NOXA, PUMA, and BIM all promote apoptosis by
inhibiting BCL-2-like pro-survival factors, but differ in their specificity: PUMA and BIM bind
strongly to all BCL-2-like members, whereas NOXA can only bind MCL-1 and Al
efficiently[337]. BID and BIM can bind to and activate BAX directly by inducing its
oligomerization with BAK and its insertion into the mitochondrial outer membrane[338-341]. In
addition, p53 transcriptionally activates components of the apoptotic effector machinery, namely
APAF-1 and caspase-6[342-345]. p53-mediated transcriptional repression also contributes to the
apoptotic pathway. Survivin is a member of the inhibitor of apoptosis (IAP) family which binds
to caspase-3 and caspase-7 and prevents processing of these caspases into their active
forms[346]. p53 represses survivin expression by recruiting histone deacetylases to its promoter
region[347]. Although p53 regulates its target genes primarily at the transcriptional level, it has
been shown to elicit apoptosis via transcription-independent mechanisms as well. A study by
Chipuk and colleagues demonstrated that cytosol-localized p53 was able to directly activate
BAX, inducing its oligomerization with BAK and enabling MOMP. p53 also released BAX and
BAK from binding to BCL-XL, demonstrating that it functioned as a BH3-only type
protein[348]. This illustrates the multifaceted nature of p53 and the complexity of its role in the
intrinsic apoptotic pathway.

p53 also regulates the extrinsic apoptotic pathway. Here, cell surface transmembrane
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Figure 1.8 Schematic representation of the intrinsic apoptotic pathway regulated by BCL-
2 family members.

The intrinsic apoptotic pathway is regulated by the BCL-2 family of proteins which comprise
three subfamilies: the anti-apoptotic BCL-2-like proteins (BCL-2, BCL-XL, BCL-W, MCL-1
and Al), the pro-apoptotic BAX and BAK subgroup, and the pro-apoptotic BH3-only proteins
(shown in yellow). BAX/BAK oligomerization induces mitochondrial outer membrane
permeabilization (MOMP), which initiates the caspase cascade. Many BCL-2 family members
are transactivated by p53. ABT-737, a BH3 mimetic, has a similar binding profile as BAD.
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receptors called “death receptors” are activated by extracellular ligands. This typically occurs as
part of immune responses. Three well characterized death receptors are Fas, TNF-R1, and DRS,
which bind the FasL, TNF, and TRAIL ligands respectively. Ligand binding induces a
conformational change in the receptor, leading to recruitment of adaptor molecules and binding
of an initiator caspase, caspase-8[349-352]. This leads to the dimerization and activation of
caspase-8 through self-cleavage, which then cleaves and activates the effector caspases (caspase-
3 and caspase-7), leading to apoptosis[353]. Crosstalk between the extrinsic and intrinsic
pathways occurs through caspase-8-mediated cleavage and activation of BID, which allows it to
translocate into the mitochondria and effect cell intrinsic apoptosis[354]. The death receptors
FAS, DRS5, DR4, DCR1, and DCR2, the FAS ligand, and the adaptor protein PIDD are all direct
p53 targets[355-362].

1.6.6 p53 and chemotherapy

The fact that various stimuli are able to activate p53 signaling and induce cell cycle
arrest/senescence or apoptosis has been exploited in anti-cancer drug development. Traditional
chemotherapy makes use chemical agents that create DNA lesions via a variety of different
mechanisms. Some agents, such as bleomycin, induce DNA double-stranded breaks directly,
which are then detected by p53’s upstream mediators[363]. Other chemicals create DNA breaks
via more indirect mechanisms. Alkylating agents are the oldest class of antineoplastic drugs and
act by covalently transferring alkyl groups to DNA, resulting in either intrastrand or interstrand
DNA crosslinks. Attempts to replicate crosslinked DNA leads to breakage[364, 365]. This class
of drugs include nitrogen mustards (e.g. cyclophosphamide, bendamustine, and melphalan)[366-
368], nitrosoureas (e.g. carmustine and lomustine)[369, 370], and platinum-containing agents
(cisplatin, carboplatin, and oxaliplatin)[371]. Another class of chemotherapeutics is
topoisomerase inhibitors, which inhibit either topoisomerase I or topoisomerase II.
Topoisomerases are responsible for releasing the torsional strain of DNA during DNA double-
helix unwinding (e.g. during DNA replication or transcription) and do so by creating transient
single-stranded (in the case of topoisomerase I) or double-stranded (in the case of topoisomerase
IT) breaks which are then religated[372, 373]. Topoisomerase inhibitors trap the DNA-enzyme

intermediate as a complex, preventing religation of the break which is then detected by upstream
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mediators of p53 signaling[374]. Camptothecin is an inhibitor of topoisomerase I whereas
etoposide and doxorubicin are examples of topoisomerase II inhibitors[375-379]. Doxorubicin
also belongs to a class of compounds called anthracyclines, which in addition to topoisomerase
inhibition, have other mechanisms of action including basepair intercalation and generation of
free oxygen radicals[380, 381]. Chemotherapeutics may also induce p53 activation through
replication stress. Anti-metabolites mimic the structure of normal cellular molecules and
interfere with DNA or RNA synthesis. Examples include pyrimidine analogs such as 5-
fluorouracil (5-FU) and cytosine arabinoside which mimic thymidine and cytosine
respectively[382, 383], and purine analogs including 6-mercaptopurine and thioguanine which
mimic adenine and guanine respectively[384, 385]. The analogs may be incorporated into DNA,
but addition of subsequent nucleosides is blocked, preventing chain elongation and leading to
stalled replication. DNA replication may also be impeded by compounds which interfere with the
synthesis of nucleosides; these include methotrexate and pemetrexed which inhibit dihydrofolate
reductase[386-388] and hydroxyurea which inhibits ribonucleotide reductase[389-391].
Microtubule poisons (e.g. paclitaxel) which prevent microtubule polymerization or
depolymerisation represent yet another class of chemotherapeutics[392].

Traditional strategies act by killing rapidly dividing cells and take advantage of the fact
that cancer cells typically have higher rates of proliferation compared to normal cells. However,
these chemotherapeutics often have significant toxic side effects, owing to the fact that they also
damage normal cells, especially in highly proliferative tissues. More recently, targeted molecular
therapeutics, which are a class of drugs that inhibit specific gene products involved in tumor
maintenance, offer greater selectivity in eliminating cancer cells. Many of these drugs inhibit the
activity of growth factors and oncogenes, while others inhibit normal proteins on which tumor
cells have a higher dependency. Targeted therapeutics include tyrosine kinase inhibitors such as
imatinib (which inhibits Abl, c-kit and PDGF-R and is used to treat chronic myelogenous
leukemia harboring the Ber-Abl translocation)[393]; the EGFR inhibitors gefitinib, erlotinib and
cetuximab[200-203, 394]; and crizotinib, bevacizumab, and trastuzumab which target the ALK,
VEGF, and ERBB2 receptors respectively[395-397]. Another means of curtailing tumorigenesis
involves targeting components of the RAF/MEK/ERK and PI3K/AKT/mTOR pathways

involved in cell proliferation and the downstream translational machinery, which are often
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deregulated in cancers. These include the MEK inhibitor trametinib, the BRAF inhibitor
dabrafenib[398], and mTOR inhibitors rapamycin, temsirolimus and everolimus[399, 400],
which are currently used in the clinic, as well as small molecule inhibitors currently in clinical
trials or which show promise as chemotherapeutic agents in cell culture or preclinical models.
Several compounds which target components of the e[F4F complex show promising anti-tumor
activity. These include cap analogs (e.g. 4Ei-1)[401], e[F4A inhibitors (e.g. hippuristanol,
pateamine A, silvestrol and other rocaglamides)[402-404], and compounds targeting the

eIF4E/elF4G interaction (e.g. 4EGI-1, 4E1RCat, 4E2RCat)[405-407].

1.6.7 Targeting the apoptotic machinery in chemotherapy

The clinical efficacy of most of the chemotherapeutic drugs described above is dependent
upon their ability to induce apoptosis in tumor cells. Hence, resistance may arise due to defects
in p53 itself or in components of the downstream apoptotic pathway, which uncouples apoptosis
from the upstream stress signals. Overexpression of anti-apoptotic proteins or defects in BH3-
only proteins often results in poor clinical outcomes[408-410]. In particular, MCL-1 and BCL-2
are frequently overexpressed in many cancers, and lead to resistance to conventional
chemotherapy[411]. There has therefore been much interest in the development of drugs which
act directly on the apoptotic machinery. One class of drugs which target apoptotic factors are the
BH3 mimetics - small molecules that mimic the interactions between native BH3-only proteins
and the anti-apoptotic BCL-2-like proteins[412]. BH3 mimetics bind to the a-helical groove in
the BH3 domains of the anti-apoptotic proteins, interfering with their inhibitory binding to BAX
and BAK and thereby allowing MOMP to proceed[412]. ABT-737 (and its orally available
analog ABT-263 (Navitoclax)) is the best characterized amongst these. A mimic of BAD, it
binds to BCL-2, BCL-XL, and BCL-W with high affinity but can only bind weakly to MCL-1
and A1[413, 414]. It has been shown to be effective in treating tumors harboring high BCL-2
levels and low MCL-1 levels, including many B lymphoid tumors and chronic lymphocytic
leukemia (CLL) cells, as well as small cell lung cancer carcinomas[413]. However, many
cancers acquire resistance through upregulation of MCL-1[414-416].

The field of chemotherapeutic development is a fast-growing one and faces many

challenges. Both traditional chemotherapy and targeted therapeutics can have deleterious effects
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on normal cells, and finding a good therapeutic index is often difficult. The problem of
chemotherapeutic resistance, whether to targets within the apoptotic pathway or upstream of it, is
a recurrent one. Attempts to overcome these limitations include the use of combination therapy,
the simultaneous administration of two or more drugs. Another problem is that many targets are
not directly druggable, due to their structure or the mechanism by which their function is
regulated. For example, the oncogene Ras is mutated in approximately 30% of all cancers, but no
effective Ras inhibitors have yet been developed, although there have been promising recent
studies[417, 418]. MYC is another oncogene which is frequently mutated in cancers, but finding
potent and selective inhibitors has been difficult due to lack of well-defined druggable sites[419,
420]. One solution to this is to find other proteins in the same pathway that may be more easily
targeted. Indeed, much effort is currently being made to identify novel chemotherapeutic targets

for use either as a single agent or in combination with existing therapeutics.

1.7 DHXJ9 as a potential chemotherapeutic target

Recent research has supported the notion of targeting DHX9 as a chemotherapeutic approach.
Ewing’s sarcoma family tumors (ESFTs) is a pediatric cancer driven by a t(11;22) chromosomal
translocation which fuses the 5’ transactivation domain of EWS with the 3° ETS domain of the
transcription factor FLI1. The resulting fusion protein, EWS-FLI1, is oncogenic and acts as a
potent aberrant transcription factor[421]. DHX9 interacts with EWS-FLI1 and is required as a
transcription co-activator of EWS-FLI1-responsive genes[192]. A small molecule (YK-4-279)
blocking the interaction between DHX9 and EWS-FLI1 was found to induce apoptosis in ESFT
cells and inhibit tumor growth in xenograph models[82]. YK-4-279 activity has been optimized
through pharmacokinetic studies and an orally available formulation has been developed, thus
making it a promising candidate for clinical development[422, 423].

The Pelletier lab had previously uncovered DHXO as a hit in an shRNA screen for
sensitizers to ABT-737. ABT-737 has been shown to be an effective chemotherapeutic in many
tumor settings[413, 424-427]; however, many cancers are resistant to ABT-737 treatment
alone[428-430]. One of the factors mediating sensitivity to ABT-737 is the relative levels of
various apoptotic proteins in the cell. Given that ABT-737 potently inhibits BCL-2, BCL-XL,
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and BCL-W but not MCL-1 and A1[414, 431], many cancers acquire resistance through
upregulation of MCL-1 and inhibition of MCL-1 dramatically improves the effectiveness of
ABT-737 intervention[414-416]. To widen the therapeutic window of ABT-737, an shRNA
screen was conducted to search for other genes which were not lethal themselves, but when
knocked down, would increase sensitivity to ABT-737 in resistant cells. Using a focused shRNA
library which included RNA helicase family members, the screen was performed in Arf”
Ep—Myc/Bcl-2 mouse lymphoma cells, which overexpress MYC and exogenous BCL-2 and are
resistant to ABT-737. From this screen, it was found that several shRNAs targeting DHX9
synergized with ABT-737 in killing the lymphoma cells[432]. Further investigation
demonstrated that this synergy was p53-dependent, with p5S3 and many of its downstream
transcriptional targets being activated upon DHX9 knockdown. The p53 target NOXA was
required for the DHX9-ABT-737 synergy. The synergy was also MY C-dependent, and loss of
DHX9 activated a replicative stress pathway characterized by increased levels of phospho-ATR
(S428), phosph-CHK1 (S345), and defective S-phase progression. Taken together, a model was
constructed whereby DHXO suppression induces replicative stress, which, together with MYC
overexpression, leads to p53 activation and upregulation of NOXA. NOXA in turn inhibits
MCL-1, resulting in ABT-737 sensitization and ultimately apoptosis[432]. Structure-function
analysis using DHX9 mutants determined that the DHX9-ABT-737 synthetic lethal relationship
was dependent on functional NTPase/helicase activity, as well as intact dSRBDI, dsRBDII, and
C-terminal regions[432]. The 4rf" Ep-Myc/Bcl-2 model recapitulates several clinically relevant
features of non-Hodgkin’s lymphomas; DHX9 may therefore show promise as a candidate target

to suppress in combination with ABT-737 or its derivatives.

1.8 Overview and rationale for thesis

DHXZ9’s interaction with an extensive and varied array of nuclear and cytoplasmic protein and
nucleic acid partners, in the context of many different biological processes, indicates that it is an
important regulator of gene expression. Although much has been uncovered about DHX9 in the

past three decades, there is still a lot of information to be gained with respect to its structure,
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substrates, binding partners, and functions. There remain many unanswered questions concerning
the mechanistic properties of DHX9 — for example, the processivity of its helicase activity, why
it prefers certain substrates to others, and how it is able to recognize and bind to specific
sequences or structures on DNA or RNA. In addition, the precise role of DHX9 in many of the
biological processes in which it participates is currently unclear. While recent studies have
implicated DHXO9 in a variety of human diseases, research on the potential of using DHX9 as an
anti-neoplastic or anti-viral target is still very much in its infancy.

As discussed above, our lab had identified DHX9 as a potential chemotherapeutic target
for use in combination therapy with ABT-737, using Arf Ep-Myc/Bcl-2 mouse lymphomas. In
this thesis, I followed up on previous studies in our research group by further characterizing the
relationship between DHX9 and p53. In Chapter 2, we established a role for DHX9 in DNA
replication and cell cycle progression and showed that suppression of DHX9 in primary human
diploid fibroblasts activates a p53-dependent senescence response. In Chapter 3, we explored in
greater depth the therapeutic potential of targeting DHX9 by first examining the consequences of
DHX9 suppression in various tumor models, and next assessing the effect of systemic DHX9
suppression at the organismal level using a doxycycline-inducible shDHX9 transgenic mouse
model. We observed that loss of DHXO9 is deleterious in most tumor settings but is well tolerated
in adult mice, which supports the targeting of DHX9 as a chemotherapeutic approach. Finally, in
Chapter 4, we demonstrated that although DHX9-mediated apoptosis or senescence is p53-
dependent in certain settings, there is also a p53-independent aspect. We investigated the
outcome of suppressing DHX9 in p53-deficient cells and examined the mechanisms underlying

this p53-independent effect.

70



CHAPTER 2: SUPPRESSION OF THE DHX9 HELICASE INDUCES
PREMATURE SENESCENCE IN HUMAN DIPLOID FIBROBLASTS
IN A P53-DEPENDENT MANNER
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2.1 Preface to Chapter 2

Our lab had initially uncovered DHX9 as a hit in an shRNA screen for sensitizers to the BH3-
mimetic ABT-737. ABT-737 is effective against many, but not all cancers, and upregulation of
the anti-apoptotic protein MCL-1 is a major cause of resistance. DHX9 suppression sensitized
Arf ! "Eu-Myc/Bcl-2 mouse lymphomas to ABT-737. This was accomplished via aggravation of
replicative stress, which acted in concert with MYC elevation to activate a pro-apoptotic p53
signaling pathway. The p53 target NOXA was essential for this process, and the results led to a
model whereby aggravation of replicative stress resulting from loss of DHX9 activated p53,
which transcriptionally upregulated NOXA. NOXA can then inhibit MCL-1, enabling the cells to
undergo apoptosis[432]. While this study established a relationship between p53 and the DHX9-
ABT-737 synergy, the mechanism of how loss of DHX9 activated p53 was not entirely clear.
During the course of this study, it was noted that suppression of DHX9 in NIH3T3 cells resulted
in a dramatic reduction in growth rates. We wished to determine whether this phenomenon
extended to non-transformed cells, and whether suppressing DHX9 in primary cells could
provide us with greater insight on the DHX9-p53 relationship. In this chapter, we assessed the
consequences of suppressing DHX9 in primary human diploid fibroblasts which harbored
functional p53 signaling. We observed a premature senescence phenotype upon DHX9
suppression in the fibroblasts, and we investigated the role of p53 signaling in triggering the
senescence response. In addition, we analyzed changes in gene expression following DHX9

suppression, as well as the effect on DNA replication.

2.2 Abstract

DHX9 is an NTP-dependent DExH-box helicase with a multitude of cellular functions. Its ability
to unwind both DNA and RNA, as well as aberrant, non-canonical polynucleotide structures, has
implicated it in transcriptional and translational regulation, DNA replication and repair, and
maintenance of genome stability. We report that loss of DHX9 in primary human fibroblasts
results in premature senescence, a state of irreversible growth arrest. This is accompanied by
morphological defects, elevation of senescence-associated -galactosidase levels, and changes in
gene expression closely resembling those encountered during replicative (telomere-dependent)

senescence. Activation of the p53 signaling pathway was found to be essential to this process.
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ChIP analysis and investigation of nascent DNA levels revealed that DHX9 is associated with
origins of replication and that its suppression leads to a reduction of DNA replication. Our results

demonstrate an essential role of DHX9 in DNA replication and normal cell cycle progression.

2.3 Introduction

One of the earliest observations made with respect to the culturing of normal somatic cells
derived from human tissue is the fact that they do not propagate indefinitely, but invariably enter
a state of irreversible growth arrest after a limited number of cell divisions[433]. Hayflick and
Moorhead reported that primary human fibroblasts undergo a period of relatively rapid
proliferation following establishment in culture, but that cell division slowed with increasing
time and eventually ceased altogether after an average of ~50 cumulative population doublings
[433]. This phenomenon, termed “cellular senescence”, was subsequently attributed to the
attrition of telomeres. With each round of DNA replication and cell division, the telomeres
capping the ends of chromosomes become shortened due to the inability of DNA polymerase to
fully synthesize the 3’ ends of DNA[434, 435]. When the telomeres reach a critical length, a
DNA damage response is triggered, leading to cell cycle arrest and inhibition of further
replication[436].

In addition to telomere-dependent senescence, termed “replicative senescence”, various
stimuli have been shown to cause primary cells to senesce long before they reach the end of their
replicative lifespan. This “premature senescence” can be induced by DNA damaging agents
[294, 295], oxidative stress[296], persistent replication stress[297], overexpression of oncogenes
[298-301] and inactivation of certain tumor suppressors[302, 303]. Loss or mutation of genes
involved in the maintenance of genomic stability, such as the WRN and BLM helicases, can also
lead to early senescence[437-440]. Premature senescence is of particular interest both in studies
of the aging process and aging-related disorders, and in cancer research as a potential
chemotherapeutic strategy. Indeed, induction of senescence has been shown to be an important
mechanism in eliciting an anti-tumor response[311, 441-443].

Senescent cells exhibit several characteristics which can be used as identifiers of this

biological phenomenon. The most prominent is a permanent, irreversible cell cycle arrest in the
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G1 phase[444]. Senescent cells adopt a flattened, expanded, and irregular morphology, are often
multinucleated, and may contain increased vacuolar structures[301, 309, 310]. A distinctive
biomarker, one which can be used to distinguish senescent cells from quiescent or terminally
differentiated cells, is the expression of senescence-associated B-galactosidase (SA-B-gal)
activity[317]. In addition, senescence is accompanied by changes in the gene expression profile
[316]; in particular, activation of the p53 and p16-RBI1 signaling pathways and changes in
expression of cell cycle proteins have been observed[301, 445].

DHX9 (also known as Nuclear DNA Helicase II (NDH II) and RNA helicase A (RHA)) is a
DExH-box helicase that exhibits both RNA and DNA helicase activity[1], as well as triple
helical DNA unwinding activity[2]. It was originally isolated from bovine tissue[16] and consists
of two RNA-binding domains at the N-terminus, a core helicase region consisting of seven
conserved helicase motifs, and a DNA-binding domain and nuclear localization signal at the C-
terminus[26]. DHXO9 is a multifunctional protein that has been implicated in several biological
processes, including regulation of transcription[ 120, 124, 138], translation[ 148, 152], RNA
transport[ 182], miRNA processing[171], and genome maintenance processes[2, 38, 98]. Its
interacting partners include the transcriptional coactivator CREB-binding protein, EGFR, the
tumor suppressor BRCA1, and RNA polymerase I1[120, 124, 138]. It has also been found to be
associated with the Ku protein complex, a component of DNA-PK which plays a role in non-
homologous end-joining-mediated DNA repair[91].

We previously conducted an shRNA screen in search of modifiers of sensitivity to ABT-
737 (an inhibitor of BCL-2 family pro-survival factors) in Arf”Eu-Myc/Bel-2 lymphoma cells,
and found that DHX9 suppression was synthetic lethal with ABT-737[432]. Subsequent
experiments showed that ABT-737 sensitization caused by DHX9 suppression was due to the
activation of a pS3-dependent apoptotic program[432]. To further characterize DHX9, we
investigated its role in primary human diploid fibroblast cell lines and find that its suppression
leads to pronounced p53-dependent growth arrest and premature senescence. Chromatin
Immunoprecipitation (ChIP) assays and analysis of nascent DNA production revealed that
DHXO9 is located at origins of replication and that DNA replication is inhibited upon DHX9
knockdown. Our results are consistent with a role of DHX9 in DNA replication and suggest that

its suppression leads to senescence in primary human diploid fibroblast cells brought on by an
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inhibition of replication.

2.4 Results

2.4.1 Loss of DHX9 vresults in morphological changes, senescence-associated [-
galactosidase activity, and growth arrest in primary human cells

We have previously shown that suppression of DHX9 acts in concert with elevated MYC
expression to enhance ABT-737 sensitivity[432]. During the course of these experiments, we
noted that suppression of DHX9 in NIH3T3 cells resulted in a dramatic reduction in growth rates
(Figure 5A in Ref. [432]). In order to assess if this phenomenon extended to non-transformed
cells, we sought to investigate the consequences of DHX9 suppression in MRC-5 cells, a primary
human diploid lung fibroblast line. Reduction in DHX9 levels via lentiviral transduction using
two independent shRNAs resulted in striking morphological changes in MRC-5 cells (Figure
2.1A, day 14 P.1.). Whereas control cells are small, spindle-shaped, and refractile, suppression of
DHXO leads to cells that are more flattened, enlarged, and irregularly shaped. Morphologically,
they resemble cells overexpressing the mutant hRAS V12 oncogene (resulting in oncogene-
induced senescence) and late passage MRC-5 cells which had been in culture for over 5 months.
In addition, DHX9-suppressed cells stained positive for SA-B-gal, a distinguishing marker of
senescent cells (Figure 2.1B, day 14 P.I.). DHX9 shRNA-expressing cells show a significantly
higher percentage of SA-B-gal-positive cells compared to MRC-5 controls (50-57% for DHX9
knockdown cells compared to 3% for shFLuc.1309-expressing cells) (Figure 2.1D, day 14 P.L.).
The morphological changes and SA-B-gal expression required time to manifest, as the
differences were only apparent at day 14 post-infection but not at day 6 post-infection (Figure
2.1A, B, and D). These results were not restricted to MRC-5 cells and extended to IMR-90,
another primary human diploid fibroblast cell line (Figure 2.1E). Measurements of the growth
rates of DHX9-depleted MRC-5 cells indicated these to be at least two-fold lower than control
cells, and similar to hRAS V12-expressing cells (Figure 2.2A). Cell cycle analyses showed an

increase in the percentage of cells in the GO/G1 phase and a decrease in the percentage of cells in
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Figure 2.1 DHX9 knockdown results in morphological changes and increased senescence-
associated B-galactosidase staining in primary human cells. Figure legend on following page.
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Figure 2.1 DHX9 knockdown results in morphological changes and increased senescence-
associated B-galactosidase staining in primary human cells.

(A) Phase and (B) -galactosidase staining of MRC-5 cells transduced with lentivirus expressing
the indicated shRNAs or hRAS V12 ¢cDNA, harvested 6 and 14 days post-infection (P.I). Late
passage MRC-5 cells and senescent cells induced by hRAS V12 transduction are shown for
comparison. Bars represent 100 um for the phase images and 200 um for the 3-galactosidase-
stained images. (C) Western blot showing knockdown efficiencies of DHX9 shRNAs in MRC-5
cells following transduction with lentiviral vectors. Extracts were prepared from cells 8 days
following infection, fractionated by SDS-PAGE, transferred to PVDF membrane and probed
with antibodies to the indicated proteins. (D) Quantitation of B-galactosidase staining from (B).
Cells from at least 5 independent fields/experiment were quantitated. Error bars represent SEM,
N=3. *p<0.01, **p<0.001. (E) Quantitation of B-galactosidase staining from IMR-90 cells
transduced with the indicated shRNAs. Cells from at least 5 independent fields/experiment were
quantitated. Error bars represent SEM, N=3. *p<0.01.
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Figure 2.2 DHX9 knockdown results in a pronounced growth arrest in MRC-5 cells.

(A) Growth curves for MRC-5 cells transduced with hRAS V12 ¢cDNA, shFLuc.1309 or DHX9
shRNAs. Cells were counted between days 5 and 11 post-infection (P.1.). Error bars represent
SEM, N=3. (B) Cell cycle analysis of MRC-5 cells transduced with control or DHX9 shRNAs, at
6 and 14 days post-infection (P.I.). Error bars represent SEM, N=3. *p<0.01, **p<0.001.
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the S and G2 phases 14 days after infection of DHX9 shRNAs (Figure 2.2B). Taken together
these results demonstrate that suppression of DHX9 causes premature senescence in MRC-5

cells.

2.4.2 DHXY suppression leads to changes in some cell cycle regulatory and DNA damage
response proteins

To gain insight into the possible mechanisms through which loss of DHX9 induces premature
senescence, we examined the expression of various cell cycle and DNA damage response
proteins (Figure 2.3). Hyperphosphorylated RB1 levels were markedly decreased, indicating
RBI1 activation (Figure 2.3A, C). Hypophosphorylated RB1 levels were slightly increased,
although the increase did not appear to compensate for the levels of the decreased
hyperphosphorylated form; this may be due to increased RB1 degradation or due to the fact that
the RB1 antibody may not bind to phosphorylated and non-phosphorylated RB1 with equal
efficiency. Elevated levels of p53 and p21 is a common feature of cellular senescence, and we
observed a moderate increase in pS3 levels and a substantial increase in p21 in shDHX9-
transduced cells compared to control cells, both at 4 and 8 days post-infection (Figure 2.3B, C).
Activation of p53, p21, and RBI is consistent with previous data showing that these proteins are
upregulated during senescence induced by Ras expression or etoposide treatment[301, 446].
However, contrary to what is observed with etoposide and Ras-induced senescence, p16 levels
are not elevated upon DHX9 knockdown[301, 447]. In addition, we examined markers of DNA
damage and replicative stress, phospho-H2AX (S139), 53BP1, and phospho-CHK1 (S345)
respectively. Whereas these markers show an increase in the case of etoposide-induced
senescence, no change was detected in their levels upon loss of DHX9 (Figure 2.3 and data not
shown). ATR, another marker of DNA damage and replicative stress, is activated in many forms
of senescence[448], but no activation was observed under our tested conditions. Our results
indicate that the p53 and RB1 pathways are involved in DHX9-induced senescence; however, the
precise mechanism of action differs from that of etoposide and Ras-induced senescence, and

appears not to involve an increase in DNA damage.
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Figure 2.3 Effect of DHX9 suppression on cell cycle regulatory and DNA damage response

proteins.

Western blot analysis of extracts from MRC-5 cells transduced with control (shFLuc.1309) or
DHX9 shRNAs, 4 and 8 days post-infection (PI). pBabe-hRAS-infected and etoposide-treated
cells were used as controls. Extracts were fractionated on 6% (A) or 15% (B) polyacrylamide
gels. Blots were probed with antibodies to the proteins indicated to the right. eEF2 and actin are
used as loading controls. (C) Quantitation of the relative optical densities of Western blot bands
from extracts prepared 4 and 8 days post-infection. Shown are extracts from MRC-5 cells
transduced with shRNA against FLuc.1309, DHX9.860, or DHX9.267, probed with various
antibodies. Error bars represent SEM, N=3-6. The optical densities of the shDHX9.860 and
shDHX9.267 bands are normalized to that of the shFLuc.1309 bands. *, p<0.05; **, p<0.01; ***,

p<0.005; and §, p<0.001.
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2.4.3 p353is essential for DHX9-induced senescence

Based on our observation that the p53 and RB1 pathways are activated upon DHX9-induced
senescence, we sought to determine whether induction of p53 and/or RB1 was essential to this
process. To accomplish this, we first transduced MRC-5 cells with shRNAs targeting p53 or RB1
and then examined the effect of DHX9 suppression in these cells. Loss of RB1 had no effect on
the increase in SA-B-gal staining or growth inhibition exhibited upon DHX9 suppression,
compared to the vector control (Figure 2.4A, B). In contrast, loss of p53 completely abolished
the SA--gal staining and rescued the growth defect in DHX9 knockdown cells (Figure 2.4A, B).
In addition, loss of p53 eradicates the p21 and RB1 responses in the DHX9 knockdown cells,
compared to the vector control (Figure 2.4C). This demonstrates that p53 is essential for DHX9-
induced senescence, and that RB1, while not essential for the senescence, acts downstream of the

p53 signaling pathway, along with p21.

2.4.4 DHXJY suppression is associated with a senescence signature

To further characterize the cellular response to reduced DHX9 expression, we quantified
genome-wide steady state mRNA levels. To this end, DHX9 was suppressed using shDHX9.860
and shDHX9.267 and triplicate samples were analyzed for global gene expression changes. A
comparison of the data between cells transduced with virus expressing either of the DHX9
shRNAs identified 1535 genes as differentially expressed (compared to shFLuc.1309 control
cells) under at least one condition (fold-change>1.5 and false discovery rate [FDR]<0.05; Table
A.1). The two DHX9 shRNAs affected expression of an overlapping set of genes (Figure 2.5A)
and only one differentially expressed gene showed dis-concordant regulation (as judged by fold-
change) between shDHX9.860 and shDHX9.267 transduced cells (LOC100996637 [mucin-19-
like]) (Figure 2.5B). This is consistent with the vast majority of observed changes in gene
expression being related to DHX9 suppression and not off-target effects (Figure 2.5A). To
examine if reduced DHX9 expression resulted in activation of a p53 transcriptional program at a
genome-wide level, we collected a set of p53 target genes and studied their expression following
reduced DHX9 expression. Consistent with activation of a p53 transcriptional program, p53

targets were induced as compared to all genes in the cell (Figure 2.5C). This response was broad
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Figure 2.4 DHX9-induced senescence is pS3 dependent.

(A) B-galactosidase staining of MRC-5 cells transduced with virus expressing the indicated
shRNAs, 14 days post-transduction. Bars represent 200 um. (B) Growth curves of MRC-5 cells
transduced with virus expressing the indicated shRNAs. Cells were counted between days 5 and
11 post-transduction. (C) Western blot analysis of p53, p21, RB1, and DHX9 from MRC-5 cells
transduced with virus expressing the indicated shRNAs.
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and included most selected genes with the exception of PLK1 whose expression was reduced
(Figure 2.5D). To further characterize the genes that are affected by DHX9 expression we
searched for enrichment of genes annotated to shared biological processes among genes that
were up- or down-regulated following transduction with DHX9 shRNAs. The analysis identified
46 non-redundant biological processes (FDR<0.001), the majority enriched among genes that
were down-regulated (Figure 2.5E). Such processes included several related to DNA replication
and cell cycle progression (Table A.1) consistent with the observed senescent phenotype.

To directly test whether the observed expression pattern overlaps with that of senescent
cells we compared the DHX9 expression signature to those obtained previously from fibroblasts
undergoing replicative senescence[316]. Indeed there was a strong overlap between the
signatures as judged by the number of genes showing concordant regulation across the
comparisons compared to what would be expected by chance (Figure 2.5F; all Fisher-test p-
values<e-20). Thus expression profiling supports the notion that reduced DHX9 expression
induces a premature cellular senescence program which closely resembles replicative
senescence.

In contrast to the observed activation of a p53 gene expression program (Figure 2.5C and
D), the microarray data indicated that p53 transcript levels were not elevated, despite the fact that
we observed a moderate increase in p53 protein levels in DHX9 knockdown cells (Figure 2.3A,
C and Figure 2.6A). Indeed, qRT-PCR analysis indicated no significant difference in p53 levels
while p21 levels were induced 3-5 fold upon DHX9 suppression (Figure 2.6B). These results
suggest that the increase in p53 protein observed upon DHX9 suppression in MRC cells is a

post-transcriptional response which in turn activates the senescence program (see Discussion).

2.4.5 Structure/function analysis of DHXY in the senescence response

As DHXO9 is a multi-domain, multifunctional protein, we wished to elucidate which
function of DHX9 might be involved in its role in senescence. To this end, we used a series of
DHX9 mutants in which various activities were targeted. Three of these, K417N, DS11A/E512A,
and S543L, are point mutants in the core helicase region targeting domains I, IT and III

respectively (Figure 2.7A). We also used mutants with deletions in the RNA-binding domain I
83



C

M Phase of Mitotic Cell Cycle

1.4 RNA Splicing, via transesterification reactions
® All genes Protein-DNA complex subunit organization
127 (mean) ncRNA metabolic process
5.1.0 {mp53 targets Translation Initiation
= (shDHX9.860) rRNA Processing
é 0.8 = p33 targets M/G1 transition of mitotic cell cycle
Ros (shDHX.267) RNA localization
DNA strand elongation involved in DNA replication
0.4 DNA strand elongation
162 168 0.2 \ Peptide metabolic process
\_ Golgi vesicle transport
shDHX9.860 shDHX9.267 0.0 . Phospholipid metabolic process
-3 2 -1 0 1 2 3 MacrcI)mo ecular complex disassembly
_ Translation Termination
Fold change (IOgZ) Mitotic cell cycle spindle assembly checkpoint
B D Non-recombinational repair
PIk1 Regulation of mitotic metaphase/anaphase transition
Plk2 Negative regulation of mitotic meta-/anaphase transition
Scn3b Spindle assembly checkpoint
Bbc3 Mitotic cell cycle spindle checkpoint
Lrdd Chromosome” condensation
Cengl Spliceosomal snRNP assembly
Ei24 Nucleotide excision repair
Rc hy1 Metaphase plate congression )
Cts Nucleotide excision repair, DNA gap filling
Tap1 Centromere complex assembly
Pmaip1 DNA-dependent transcription, termination
Pml Neg. Reg. of Ubig. protein ligase activity (mitotic cell cycle)
Tgfa Neg. Reg. of Ubiq. protein ligase activity
Rps27| Neg. Reg. of ligase activity
Tnfrsf10b Viral genome expression
Perp Nonsense-mediated decay
Zmat3 DNA replication initiation
Sesn2 Histone exchange
= Ptpda3 Chromatin remodeling at centromere
- o Mdm2 Termination of RNA polymerase I transcription
2 v © Eas 1 Mitotic metaphase/anaphase transition o
o % eskn DNA rexllcathn-_mdependent nucleosome organization
— Q gé Cdknla CENP-A containing nucleosome assembly at centromere
= = T Eg’{ DNA replication-independent nucleosome assembly
— =) [ " Establishment of chromosome localization
=9 Trp53inp1 p p e
= <= < Bta2 Telomere maintenance via recombination
7 ] 7] g . . .
_ Chromosome localization
=N = =2 Telomere maintenance via semi-conservative replication
S § = o o~
-1 0 1 — . . oo ;
: T o 9 % Down Up
Expression (logy) g é E Q %
Z 8 g sis -10-5 0 5 10
z F F _Q= % Enrichment
—— e (-log;o[FDR])
-1 0 1
Expression (log,)
F BJ o WI3S o
20 =
S T g - g
3 36 v 163 “ &
w i o o
& — . — )
f= )] ' - L v an
>, bl ) — Mo o o o
el == < <
= ! o I [P ]
< = ! L= 9
LS w D v
sl St---- - 1o - g O
=2 - i
- = == =] tg
== 52 o
2 OITJ“-I\l [} Dﬁfl\' L5 (‘\l
=) £ 5 ==
5 = L= Q
R £ N N t) I S S ST 1 N SRS A S
s} F—4 —2 0 2 4 = -4 -2 0 2 4 = —4 =2 0 2 4

shDHX9 (mean) vs. shFLuc.1309
log, fold-change

shDHX9 (mean) vs. shFLuc.1309
log, fold-change

shDHX9 (mean) vs. shFLuc.1309
log, fold-change

Figure 2.5 The gene expression signature induced by DHX9 suppression resembles that of
replicative senescence. Figure legend on following page.
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Figure 2.5 The gene expression signature induced by DHX9 suppression resembles that of
replicative senescence.

(A-B) Gene expression signatures in cells transduced with shDHX9.267 or shDHX9.860 overlap.
Shown is a Venn diagram highlighting the number of common and distinct differentially
expressed genes from cells transduced with either of the two DHX9 shRNAs (A) and a heatmap
showing a reproducible and concordant expression pattern (B). (C) Reduced expression of
DHX9 induces a p53 gene expression program. Densities of fold-changes (DHX9 shRNAs vs
FLuc shRNA) for all genes and a subset of p53 target genes are shown. (D) Heatmap of the p53
target genes identified in (C). (E) Highly significant enrichment of biological processes among
genes that are differentially expressed upon reduced DHX9 expression. A heatmap indicating the
significances of enrichments (FDRs for cells transduced with each DHX9 shRNA separately) for
non-redundant biological processes defined by the Gene Ontology Consortium is presented. (F)
A comparison between genes differentially expressed by reduced expression of DHX9 compared
to previously described signatures of replicative senescence in fibroblasts. Shown is a scatter plot
of fold-changes for specific genes. The number of genes in each quadrant is indicated. The p-
values for the comparison between the number of genes showing concordant regulation (i.e.
elevated or repressed in both comparisons) to what is expected by chance (i.e. equal distribution
of the genes in all quadrants) are: BJ, p-value = 2.46e-29; WI38, p-value = 8.14e-25; WSI, p-
value = 5.24e-22.
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Figure 2.6 Western blot and quantitative RT-PCR analysis of microarray samples.

(A)Western blot analysis of MRC-5 cells transduced with a control (shFLuc.1309) or DHX9
shRNAs, corresponding to the samples used for microarray analysis presented in Figure 2.5. (B)

Quantitative RT-PCR analysis of selected genes regulated by DHX9 suppression. Error bars
indicate SEM, N=3.
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(ARBDI) or in both RBD domains (ARBDI+II) (Figure 2.7A). To ensure that the cDNA
constructs were not targeted by the DHX9 shRNAs, the wobble amino acid positions in the
region targeted by the DHX9.267 shRNA were altered (see Materials and Methods). The DHX9
cDNAs were expressed in MRC-5 cells to similar levels, with the exception of the ARBDI
mutant, which consistently showed significantly high expression levels (Figure 2.7B). Whereas
63% of cells transduced with the empty vector control, MSCV, in combination with the
DHX9.267 shRNA exhibited 3-galactosidase staining, cells transduced with the WT DHX9
cDNA effectively rescued the senescent phenotype, reducing the staining to 20% (Figure 2.7C,
D). On the other hand, none of the mutants were able to rescue the senescent phenotype,
suggesting that helicase and the two RNA-binding domains are essential to DHX9’s role in

premature senescence (Figure 2.7C, D).

2.4.6 Loss of DHXY induces senescence through inhibition of DNA replication

Our expression profile analysis uncovered that many genes involved in DNA replication are
downregulated upon loss of DHX9. We wished to further investigate whether DHX9 might play
a role in DNA replication. We examined whether DHX9 suppression affected the synthesis of
new (“nascent”) DNA at specific origins of replication. Nascent DNA abundance was
quantitated at three known origins in MRC-5 cells: LB2P (located at the Lamin B2 locus),
MYCI11 (c-MYC locus) and hORS8P (hORSS locus). Within the vicinity of these loci, there are
also negative control regions which do not contain an origin (e.g. LB2C1, MYC1, and hORS8C)
[92]. Since we were interested in newly synthesized DNA levels, we first verified that total
genomic DNA levels were unchanged upon DHX9 knockdown at the origins of replication
(Figure 2.8A). Loss of DHXO resulted in a 3 — 6 fold decrease in the abundance of nascent DNA
at all three origins, compared to the shFLuc.1309 controls (Figure 2.8B). The regions containing
no origins (LB2C1, MYC1, and hORS8C) showed background levels of nascent DNA. To
determine whether DHX9 was present at the aforementioned origins of replication, chromatin IP

(ChIP) was performed in MRC-5 cells using a DHX9 antibody and the associated DNA
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Figure 2.7 Functional analysis of DHX9 using various mutant cDNA constructs.

(A) Schematic diagram of DHX9 cDNA and mutants used in this study. (B) Western blot
analysis of WT DHX9 and mutants expressed in MRC-5 cells. The empty vector, MSCV, is used
as a control. *, denotes position of migration of recombinant protein. (C) -galactosidase
staining of MRC-5 cells transduced with lentivirus expressing the indicated shRNAs in
combination with various DHX9 ¢cDNAs. (D) Quantitation of B-galactosidase staining from (C).
Cells from at least 5 independent fields/experiment were quantitated. Error bars represent SEM,
N=3. *p<0.01.
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abundance determined by quantitative PCR using primers directed against each origin region. As
controls, the ChIP was performed using antibodies against ORC2 and Ku86 (known to associate
with origins)[92], and NF«B (previously shown to not associate with origins)[449] (Figure 2.8C-
D). Our results show that the positive controls, ORC2 and Ku86, pulled down significant levels
of LB2P, MYC11, and hORS8P DNA, whereas the same regions were not significantly enriched
from NGS treated samples. DNA from non-origin-containing sites (LB2C1, MYCI, and
hORSS8C) was also not enriched in DHX9 IPs. The DHX9 ChIP showed a DNA abundance that
was intermediate between that of the positive and negative controls for all three origins of
replication (Figure 2.8D), indicating that DHXO is associated with the origins of replication, but
possibly that the association may not be as stable as it is for ORC2 or Ku86. Taken together, our
results illustrate that loss of DHX9 is accompanied by a pronounced reduction in DNA
replication, suggesting that DHXO plays a role in this process.

Although the above results implicate a role for DHX9 in DNA replication, it is important
to note that senescent cells may exhibit reduced levels of nascent DNA synthesis irrespective of
the agent causing the senescence. In order to establish that DHXO plays a direct role in DNA
replication, we chose to assess levels of nascent DNA synthesis in MRC-5 cells transduced with
a p53 shRNA in combination with a control (FLuc.1309) or DHX9 shRNAs. In these cells, the
senescent phenotype is completely rescued by knockdown of p53 (Figure 2.4); therefore, any
effect on DNA replication would be independent of the senescence phenotype. We observed that
loss of DHXO results in a 2-4 fold decrease in the abundance of nascent DNA at the LB2P,
MYCI11, and hORSS8P origins (Figure 2.9B). This demonstrates that the inhibition of DNA
replication occurs even in the absence of senescence, and must therefore occur before the growth
arrest and senescence phenotype.

Given that the helicase and RNA-binding domains of DHX9 appeared to be essential for
its role in inducing senescence, we examined whether these mutations had any effect on the
ability of DHXO9 to bind to origins. ChIP was performed in MRC-5 cells expressing the WT
DHX9 cDNA or the K417N, D511A/E512A, and ARBDI+II mutants. PCR analysis of the
abundance of LB2P, MYC11, and hORS8P DNA showed that none of the mutants affected the
binding of DHX9 to any of these origins (Figure 2.10 B-D), suggesting that these domains are

not involved in binding to origins of replication.
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Figure 2.8 Loss of DHX9 inhibits DNA replication. Figure legend on following page.
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Figure 2.8 Loss of DHX9 inhibits DNA replication.

(A) Copy number per haploid genome at the indicated chromosomal loci in MRC-5 cells
transduced with a control (shFLuc.1309) or DHX9 shRNAs and harvested 6 days post-infection.
Results are normalized to the shFLuc.1309 sample. Error bars represent SD; N=3. (B)
Quantification by qPCR of nascent DNA abundance (ng) at the indicated loci in MRC-5 cells
transduced with a control (shFLuc.1309) or DHX9 shRNAs, 6 days post-transduction. The
location and sequence information of the primers used for the amplification of the origin-
containing regions (LB2P, MYC11, and hORS8P; orange bars) and the non-origin-containing
control regions (LB2C1, MYC1, and hORS8C; green bars) are as described in Table 2.1. Error
bars represent SD; N=3. (C) Western blot analysis of the ChIP performed with the indicated
proteins. Following ChIP, an aliquot of the IP was fractionated by SDS-PAGE, transferred to
Immobilon-P and probed with antibodies to the indicated proteins. (D) Quantification by qPCR
of immunoprecipitated DNA abundance (ng) at the indicated chromosomal loci in MRC-5 cells
transduced with a control (shFLuc.1309) or DHX9 shRNAs. Chromatin IP was performed with
antibodies directed against ORC2 (red bars), Ku86 (light green bars), DHX9 (dark green bars)
and NF«B (blue bars); normal goat serum (NGS) (purple bars) was used as a negative control.
Error bars represent SD; N=3.
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Figure 2.9 Inhibition of DNA replication occurs before DHX9-induced senescence.

(A) Copy number per haploid genome at the indicated chromosomal loci in MRC-5 cells
transduced with a p53 shRNA in combination with a control (shFLuc.1309) or DHX9 shRNAs.
Results are normalized to the shFLuc.1309 sample. Error bars represent SD; N=3. (B)
Quantification by qPCR of nascent DNA abundance (ng) at the indicated loci in MRC-5 cells
transduced with a p53 shRNA and either a control (FLuc.1309) or DHX9 shRNAs, 6 days post-
transduction. The location and sequence information of the primers used for the amplification of
the origin-containing regions (LB2P, MYC11, and hORS8P; orange bars) and the non-origin-
containing control regions (LB2C1, MYC1, and hORS8C; green bars) are as described in Table
2.1. Error bars represent SD; N=3.
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Figure 2.10 Binding of DHX9 to origins is not dependent on its helicase or RBD domains.
Figure legend on following page.
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Figure 2.10 Binding of DHXY to origins is not dependent on its helicase or RBD domains.

(A) Western blot analysis of the ChIP performed with the indicated proteins. MRC-5 cells were
transduced with a MY C-tagged construct expressing either the WT DHX9 cDNA or the K417N,
D511A/E512A, or ARBDIHII mutants. Following ChIP, an aliquot of the IP was fractionated by
SDS-PAGE, transferred to Immobilon-P and probed with antibodies to the indicated proteins.
(B-D) Quantification by qPCR of immunoprecipitated DNA abundance (ng) at the Lamin B2
(B), c-MYC (C) or hORS8 (D) chromosomal loci in MRC-5 cells expressing either the WT
DHX9 ¢cDNA or the K417N, D511A/E512A, or ARBDI+II mutants. Chromatin IP was
performed with antibodies directed against ORC2 (red bars), MYC (green bars) and NFkB (grey

bars). Normal goat serum (NGS) (purple bars) was used as a negative control. Error bars
represent SD; N=3.
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2.5 Discussion

In this study, we show that loss of DHXO results in premature senescence in primary human
fibroblasts. This is characterized by distinctive morphological changes, elevated levels of SA-3-
gal, and a pronounced growth arrest, and supported by a gene expression signature comparable to
that of replicative senescence. Increased p53, p21, and RB1 activity was noted with p53 being
essential for DHX9-induced senescence. We found DHXO to be associated with origins of
replication and demonstrated that levels of newly replicated DNA were significantly lower at
various replication origins in DHX9-suppressed cells.

The stimuli for premature senescence are many and varied; however, a common feature is
activation of either the p53 and/or p16-RB1 signaling pathways. Both p53 and RB1 are tumor
suppressors which respond to various cellular signals such as DNA damage or oncogenic stimuli
[450]. Activation of p53 or RB1 leads to inhibition of downstream proliferative genes. Here we
showed that p53 and p21 protein levels increased upon DHX9 knockdown, and that RB1 was
activated. However, no increase in p16 levels was detected. Knocking down p53 rescued the
senescent phenotype caused by DHX9 suppression, whereas suppression of RB1 had no effect,
indicating that p53, but not RB1 is essential for this process. In the p16-RB1 pathway, p16
inhibits cyclin-dependent kinases (CDKSs) such as cyclin D1, CDK4, and CDK6, which in turn
maintains RB1 in its phosphorylated (inactive) form. Hence, an increase in p16 levels would
result in a shift from the hyper- to the hypo-phosphorylated (active) form of RB1. Due to
crosstalk between the pS3 and RB1 pathways, RB1 can also be activated by increased levels of
p21, which also inhibit CDKs independently of p16 (reviewed in Ref. [451]). Our data suggests
that the latter situation is occurring in DHX9-induced senescence: activated p53 transcriptionally
activates p21, which inhibits CDKs, leading to activation of RB1. This is supported by the fact
that knocking down p53 abolishes RB1 activation. Loss of RB1 does not prevent senescence
since p21 alone is sufficient to lead to cell arrest independently of RB1.

Our microarray analysis identified many genes involved in mitosis, cell cycle
progression, and DNA replication which were downregulated upon loss of DHX9, as well as
activation of a p53 transcriptional program. This is consistent with our data showing growth
arrest and p53/p21 activation (Figures 2.1-2.3). Previously, our lab had performed expression

profiling in Arf “E 1-Myc/Bcl-2 lymphoma cells, where activation of p53 transcriptional targets
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upon DHX9 suppression was likewise observed[432]. However, it should be noted that there is
otherwise very little overlap between the expression profiles obtained upon suppression of
DHXO9 in MRC-5 cells compared to the Arf "E 1-Myc/Bcl-2 lymphomas. For instance,
downregulation of genes involved in replication, mitosis, and cell cycle progression were not
observed in the lymphoma setting. This is not surprising, given that loss of DHX9 elicits an
apoptotic response in Arf "E 1-Myc/Bcl-2 lymphomas, which could be attributed to elevated
levels of MYC (a strong promoter of both apoptosis and DNA replication) in these cells[432].
Indeed, overexpression of MYC in NIH3T3 fibroblasts can overcome the growth arrest which
suppressing DHX9 would otherwise cause[432]. This indicates that induction of senescence is
highly dependent on the particular biological wiring of the cell type in question, a notion
supported by previous studies[452].

Based on our observation that many factors involved in DNA replication were found to
be downregulated in the microarray expression data, we explored this avenue as a potential
mechanism through which loss of DHX9 may be inducing senescence. We found DHX9 to be
present at origins of replication and that production of nascent DNA is inhibited at various well
characterized replication origins upon DHX9 knockdown (Figure 2.8). The ChIP results
demonstrate that DHX9 is not as strongly associated with the origins of replication as Ku86 or
Orc2, suggesting that DHX9 may not be directly associated with the origins or may be bound to
the origins only a fraction of the time. This is perhaps consistent with its function as a helicase
where DHX9 might be transiently present at a given location. Indeed, the structure-function
analysis of DHX9 shows that both its helicase activity and RNA-binding functions are essential
in this process (Figure 2.7).

While the above data suggests a role for DHX9 in DNA replication, the question
remained as to whether the observed replication inhibition is a direct or indirect consequence of
DHX9 suppression, since growth-arrested and senescent cells in general will exhibit reduced
rates of DNA replication. We believed that DHX9 suppression was directly responsible for the
inhibition of replication based on the fact that both the microarray and nascent DNA
quantification experiments were performed at a timepoint where the shDHX9-transduced cells
were pre-senescent (5-6 days post-transduction). Here, the DHX9 knockdown cells did not

exhibit significant differences in morphology and SA-§-gal staining compared to the control
96



cells (Figure 2.1A, B, and D, day 6 P.1.). Furthermore, the cell cycle distribution of DHX9-
suppressed cells at this timepoint is similar to that of the shFLuc.1309 control, indicating that the
cells are not yet growth-arrested (Figure 2.2B, day 6 P.1.). To confirm that DHX9 knockdown
directly affects DNA replication, we examined nascent DNA synthesis at various well
characterized origins in a cell line that is resistant to DHX9-induced senescence. MRC-5 cells
expressing the pS3 shRNA showed a significant decrease in nascent DNA production upon
DHXO9 knockdown, despite exhibiting no significant growth defects or markers of senescence
(Figure 2.9 and 2.4). This implies that the blockage in replication occurs upstream of the p53
pathway and is likely a cause of the growth arrest and senescent phenotype when p53 is present.
We have also previously observed inhibition of DNA replication in the absence of senescence in
NIH3T3 cells overexpressing MYC (Figure 5A and 6F in Ref. [432]). In both the p53-
knockdown and MY C-overexpression scenarios, cell cycle progression is allowed to occur in the
presence of replication stress either due to the absence of a checkpoint control (p53) or the
presence of a strong promoter of proliferation (MYC). Taken together, our results indicate that
the observed downregulation in genes associated with DNA replication and cell cycle
progression, and the reduction in nascent DNA synthesis, is an effect of DHX9 suppression
rather than an indirect consequence of the senescence itself.

To gain additional mechanistic insight into the role of DHX9 in DNA replication, we
assessed the ability of some DHX9 mutants to bind to origins of replication. Despite being
essential to the role of DHXO9 in senescence, the helicase and RNA-binding mutants had no effect
on the binding of DHXO to the three origins tested. This suggests that these domains are not
involved in the binding of DHX9 to the DNA, but may have other functions at the origins.
Further experiments would need to be performed to determine the specific role of DHX9 in DNA
replication. It may be required to aid in the opening of the origins, to resolve tertiary structures at
the origins, or to clear transcripts from the origins (since the ones studied herein occur near
promoter regions).

Since p53 signaling is activated by a myriad of signals, we also investigated other
possible mechanisms through which DHX9 may be inducing senescence. One possibility would
be through infliction of DNA damage. We examined markers of DNA damage, phospho-H2A.X

(S139) and 53BP1, and failed to detect an increase in levels of these proteins upon DHX9
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suppression (Figure 2.3B and data not shown). In addition, no increase was detected in markers
of replicative stress, such as ATR and phospho-Chk1 (S345) (Figure 2.3). Thus, it is likely that
DHX9-mediated senescence is caused by a blockage in replication rather than DNA damage.

The link between replication inhibition, p5S3 activation, and cell cycle arrest has been
previously documented. In a study by Taylor and colleagues, inhibition of DNA synthesis using
hydroxyurea or aphidicolin led to increased levels of p53 and p21, and resulted in inhibition of
entry into mitosis[453]. Machida et al.[454] demonstrated that low levels of replication initiator
proteins caused cells to arrest in the G1 phase. Furthermore, p21 has been found to associate with
PCNA, a DNA replication factor[455]. Based on our data, we propose the following model:
under normal cellular conditions, DHX9, in concert with other origin-interacting proteins such as
ORC:s and replication factors, facilitates proper assembly of the pre-replicative complex at
origins of replication, leading to DNA replication (Figure 2.11). In the absence of DHX9, DNA
replication is inhibited, possibly due to the inability of the pre-replicative complex to form. This
activates a pS3-dependent stress response, leading to transcriptional activation of p21, which
inhibits CDKs (Figure 2.11). Since CDKs normally inactivate RB1, the result is a shift from the
inactive to active form of RB1, which suppresses the E2F family of transcription factors and
prevents transcription of genes involved in cell proliferation. In addition, p21 may also lead to
cell cycle arrest and senescence independently of RB1. This may involve direct suppression of
DNA replication factors or inhibition of E2F-independent cell cycle progression or mitotic
proteins.

Inhibition of cell cycle progression upon low levels of replication is an important
mechanism in protecting cells from aberrant DNA replication and genomic instability. Our
findings support previous data implicating DHX9 in DNA replication and maintenance of
genomic stability. DHX9 has been found to be associated with components of the DNA
replication machinery (e.g. BRCA1, PCNA, and topoisomerase [1a)[88-90, 204]. It stimulates
the unwinding of Okazaki fragment-like DNA:RNA hybrids in vitro by WRN, a RecQ helicase
which when mutated, results in genomic instability[36] and may be implicated in a role
involving lagging strand synthesis. DHX9 is able to unwind non-canonical DNA structures such
as triple helices - aberrant structures which induce double-stranded breaks and promote genomic

rearrangements[2, 98]. By resolving these structures, DHX9 aids in maintaining genomic
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Figure 2.11 Model highlighting mechanism by which DHX9 suppression leads to
senescence.

Under normal cellular conditions, DHX9 facilitates DNA replication at origins of replication.
Loss of DHXO9 leads to inhibition of DNA replication at origins of replication. This results in a
defect in downstream recruitment of factors onto chromatin which activates a p53 stress response
leading to transcriptional activation of p21. Activation of p21 inhibits downstream CDKs and
prevents RB1 phosphorylation, which inhibits E2F and blocks transcription of genes required for
proliferation. Additionally, p21 may effect cell cycle arrest independent of RB1. Genes involved
in DNA replication, cell cycle progression, and mitosis are downregulated upon DHX9
knockdown, contributing to the growth arrest (see Discussion for details).
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stability. DHXO has been shown to interact with Ku86, an essential protein in NHEJ-mediated
DNA repair which has more recently been implicated in promoting nascent DNA synthesis at
origins of replication[92]. It is quite possible that DHX9 and Ku86 may act in concert at the
origins of replication. In addition, since DHX9 is a multi-functional protein, some of its other
functions may contribute to the senescence phenotype. In particular, transcription-related
activities of DHX9 could play a role in upregulating genes involved in cell cycle arrest, or
downregulating genes involved in growth and cell cycle progression. DHX9’s involvement in
miRNA and translational regulation may also contribute. For example, DHX9 has been found to
associate with both the insulin-like growth factor 2 (IGF2) mRNA and miR-483-5p, a miRNA
which enhances transcription of IGF2; DHX9 promotes the miR-483-5p-mediated induction of
IGF2 mRNA[139]. IGF2, which plays an essential role in growth and development, has been
shown to be involved in senescence, along with other proteins in the IGF signaling pathway
[456, 457].

Our results present DHX9 as a somewhat unique agent whose suppression leads to
premature senescence. In most cases where the p53 pathway is activated, senescence is
accompanied by the presence of DNA damage and involves activation of the DNA damage
response[458]. This is obviously the case for premature senescence caused by DNA damaging
agents such as etoposide or IR. It has also been shown that oncogene-induced senescence is a
consequence of a DNA damage response (DDR) triggered by DNA hyper-replication. Di Micco
and colleagues[459] demonstrated that Ras-induced senescence resulted in accumulation of DNA
breaks and activation of an ATR-dependent DDR. Replicative senescence occurs when erosion
of telomeres activates the DDR[320, 436, 448]. DHX9-induced senescence, however, appears to
occur in the absence of DNA damage. Instead, this particular type of premature senescence is
brought on by a defect in replication, which triggers a stress-response program. It has previously
been demonstrated that inhibition of replication upon suppression of the DHX9 interaction
partner Ku86 results in growth arrest in the absence of markers of DNA damage[92]. Hence, it is
conceivable that inhibition of DNA replication in general may represent a DNA damage-
independent mechanism of causing growth arrest and premature senescence. In conclusion, our

data has uncovered a novel role for DHXO9 in replication and senescence, and contributes to an
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increased understanding of the biological function of this multi-faceted helicase.

2.6 Materials and Methods
2.6.1 Cell lines, cell culture and plasmids

All cell lines used in this study were maintained in DMEM supplemented with 10% fetal bovine
serum (Multicell). HEK293T/17 cells were obtained from ATCC. MRC-5 fibroblast cells were
kindly provided by Dr. Nahum Sonenberg (McGill University, Canada). The MRC-5 cells were
used between 10 and 30 population doubling levels (PDLs) and routinely subcultured 1:4 every 3
days; each passage was considered 2 PDLs.

Two shRNAs targeting human DHX9 (DHX9.860 and DHX9.267) and a control shRNA
targeting firefly luciferase (FLuc.1309) were transduced into cells using pPrime-PGK-Puro
(Addgene), a 2" generation lentiviral vector. An shRNA targeting human p53, pLVUH-shp53,
was obtained from Addgene and has been previously described[460]. The shRNA to human
retinoblastoma (RB1), MLP-shRB1, was obtained from Dr. Scott Lowe (Memorial Sloan-
Kettering Cancer Center, NY)[461], and subcloned into pPrime-GFP. The retroviral vector
pBabepuro-hRas V12, used to express a constitutively active form of hRas, was obtained from
Addgene. Lentiviral transduction was performed following published procedures[462]. Briefly,
15 pg of pPrime-PGK-Puro-shRNA, 7.5 pg of packaging plasmid pSPAX2, and 3.75 pg of
envelope-encoding vector, CMV-VSVG, were mixed and transfected into HEK293T/17 cells in
a 10 cm dish by calcium phosphate-mediated delivery. The media was changed 12 hours later
and 48 hours post-transfection, lentiviral supernatant was collected every 8 hours up to 72 hours
and added to target cells. Forty-eight hours after the final transduction, stable integrants were
selected using 2 pg/ml puromycin for at least 3 days. For transduction of retroviral vectors (e.g.
pBabepuro-hRas V12) into human cells, the same procedure as lentiviral transduction was

followed, except that the packaging plasmid pUMVC was used instead of pSPAX2.

2.6.2 shRNA sequences

The FLuc.1309, DHX9.860 and DHX9.267 shRNAs were cloned into the miR30 backbone of

pPrime-PGK-Puro via unique Xhol and EcoRI restriction sites[463]. The guide strand sequences
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of the shRNAs used in this study are: FLuc.1309, > TTAATCAGAGACTTCAGGCGGT’ ;
DHX9.267, > CCAGGCAGAAATTCATGTGTG ; DHX9.860
“ACACGAGAACATGGATCAAAT?, RB1.698, > CGCAGTTCGATATCTACTGAA®; and
hp53.908, * AGTAGATTACCACTGGAGTCTT®

2.6.3 Growth curves

Five days following lentiviral transduction of shRNAs, cells were plated into 18 T25 flasks at an
initial concentration of 100,000 cells per flask. Each subsequent day, cells from 3 individual T25
were trypsinized, resuspended in Isoton, and counted using a Coulter Counter (Beckman). This
procedure was performed for 6 consecutive days at which point cells began to approach

confluency.

2.6.4 Cell cycle analysis

Cell cycle analysis was performed using ethanol fixation, acid denaturation, and propidium
iodide (PI) staining[464] at days 6 and 14 after transduction with the shRNAs. Cells were seeded
onto 6 cm plates and harvested at 75% confluency. The cells were trypsinized and washed twice
with PBS containing 1% BSA and 5 mM EDTA, resuspended in 300 pl PBS on ice, fixed with 1
ml 70% ethanol, and stored at -20°C until further processing. The fixed cells were then treated
with 0.5% Triton X-100/2N HCI for 30 minutes with end-over-end incubation at room
temperature to denature genomic DNA. Cells were neutralized with 0.1M sodium borate [pH
8.5], washed with PBS containing 1% BSA and 0.5% Triton X-100, and resuspended in 500 pL.
of PBS containing 5 pg/mL PI (Sigma). The cell cycle profile of the cells was then assessed
using a GUAVA EasyCyte HT flow cytometer (Millipore).

2.6.5 Senescence-associated [-galactosidase assay

Senescence-associated B-galactosidase (SA-B-gal) activity was detected as previously described
[317], with slight modifications. Following lentiviral transduction, cells were plated onto 6-well
plates and the assay was performed 6 and 14 days post-transduction. Cells were fixed with 0.5%

glutaraldehyde in PBS for 15 minutes at room temperature, washed with PBS, and then washed
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twice with PBS supplemented with 1 mM MgCl,. The cells were stained with X-Gal solution (1
mg/ml X-gal, 5 mM K;Fe(CN)g, 5 mM K4Fe(CN)g*3H,0 in PBS) for 8 hours at 37°C, washed
3x in PBS, and fixed with 100% methanol for 5 minutes at room temperature. Brightfield color
images were taken with a Zeiss Axio Imager Z2 microscope and an AxiocamMRc camera.
Experiments were performed three times, counting 1000 cells from at least 5 independent fields.

Phase images were taken with a Zeiss Observer A1 microscope and an AxiocamMRm camera.

2.6.6 Immunoblot analysis

Protein extracts were prepared in RIPA lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl,
0.1% SDS, 1% NP40, 0.5% sodium deoxycholate, 1 mM B-glycerophosphate, | mM PMSF, 1
pg/ml leupeptin, 10 pug/ml aprotinin, and 2.5 uM pepstatin A) at 4 and 8 days post-transduction.
PVDF membranes were probed with the indicated primary antibodies and HRP-conjugated
secondary antibodies (rabbit (711-035-152) or mouse (115-035-146) (Jackson
ImmunoResearch)), and visualized using enhanced chemiluminescence (ECL) (Perkin Elmer).
The following primary antibodies were used in this study: DHX9 (M99; SC Biotech), eEF2
(#2332; Cell Signaling), RB1 (554136; BD Pharmingen), human p53 (DO-1; SC Biotech), p21
(556430; BD Pharmingen), p16 (DCS-50; SC Biotech), a-actin (clone AC-15; Sigma), phospho-
ATR p-S428 (#2853; Cell Signaling), ATR (N-19; Santa Cruz), phospho-CHK1 pS345 (#2341;
Cell Signaling), CHK1 (DCS-310; SC Biotech), p53 pS15 (#9284; Cell Signaling), MYC-tag
(9E10, McGill Hybridoma Core Facility), YH2AX (clone JWB301; Millipore), ORC2 (3G6, SC
Biotech), Ku86 (H-300, SC Biotech), and NFkB (c-20, SC Biotech). Quantification of Western

blot band intensities was carried out using the NIH ImageJ software.

2.6.7 DHX9 ¢cDNA rescue

MSCV-based expression of the wild-type and mutant human DHX9 cDNAs[73] was performed
by subcloning the DHX9 ¢cDNA preceded by an N-terminal MY C-tag into the BgIII/EcoRI sites
of MSCV/Puro®, generating MSCV-MY C-hDHX9-Puro® [432]. To allow expression in human
cells without being targeted by the human DHX9 shRNAs, the wobble positions of 7 amino acid
codons within the shDHX.267 target site were mutated
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[ AACAGGCAGAAATTCATGTGTGAG" changed to
“AATAGACAAAAGTTTATGTGCGAA®]. To enable efficient transduction of the retroviral
constructs in human cells, MRC-5 cells were first infected with a lentiviral plasmid expressing
the ecotropic retroviral receptor, HAGE-EcoR (kindly provided by Dr. Scott Lowe (Memorial
Sloan-Kettering Cancer Center, NY), using the lentiviral transduction procedure described above
and selected using puromycin. The EcoR-expressing MRC-5 cells were then transduced with the
DHX9-expressing constructs using the Phoenix Ecotropic packaging cell line via calcium
phosphate mediated delivery and expression was determined by Western blot. To assay for the
ability of the DHX9 cDNAs to rescue the senescent phenotype caused by DHX9 knockdown, the
DHX9.267 shRNA was first subcloned into a neomycin-expressing variant of the pPrime vector
(pPrime-CMV-Neo, Addgene), infected into cDNA-expressing MRC-5 cells, and selected using
G418 (Bioshop, Ontario, CA). Cells were assayed for SA-B-gal expression 14 days after
infection of the DHX9.267 (or the control FLuc.1309) shRNAs, as described above.

2.6.8 Microarray analysis and validation

Total RNA from MRC-5 cells was extracted using TRIzol as per the manufacturer’s instructions
(Life Technologies) five days after infection with shRNAs targeting DHX9 (DHX9.860 and
DHX9.267) or FLuc.1309. Extracts from three biological replicates were submitted to the
McGill University and Génome Québec Innovation Center’s microarray facility. RNA quality
was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies) and the cDNA was
generated and hybridized onto the Affymetrix Human Gene 2.0 ST Array. Custom CDF
definitions were used for data extraction[465] because of their superior performance compared to
standard CDFs[466] and data were normalized using robust multichip averaging (RMA) in R
(www.r-project.org) using the “rma” function from the “affy” package with default settings (in
R<3.0). Identifiers which showed no variance were removed. We identified differentially
expressed genes using a two-tailed t-test that incorporates variance shrinkage[467] and adjusted
the resulting p-values using the Benjamini-Hochberg false discovery rate method[468]. Genes
were designated differentially expressed if they showed an FDR<0.05 and an absolute fold-

change>1.5. For heatmaps (generated by the heatmap.2 function in the “gplots” bioconductor
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package) of genes a per-gene normalization was performed. A set of p53 target genes were
collected as described previously[432] and their fold-changes (for each shRNA separately) were
compared to those of all genes (after excluding the p53 set) using the “density” function in R
with a fixed common “bw” parameter. Enrichment of biological processes (as defined by the
Gene Ontology Consortium) at the extreme ends of gene lists ordered by signed (up [+] or down
[-]) —logio(p-values) derived from the comparison of each DHX9 shRNA to control separately
was performed using GAGE[469]. The esset.grp function was used to remove redundant
biological processes (e.g. those that are enriched by a common set of genes) and those with a
FDR<0.001 were considered significant. For the comparison to data sets of replicative
senescence[316], normalized data were downloaded from the Stanford Microarray Database.
Only non-flagged genes were considered. For each cell-type (BJ, WI38 or WS1) the mean log,
fold-change (senescent vs early passage) was calculated. Mean fold-changes for genes that were
differentially expressed by either of the DHX9 shRNAs and were represented in the data for each
of the cell lines (separately) were collected and plotted. Fisher’s exact test (in R) was used to
assess if there were more genes showing concordant regulation than expected by chance.

The following qRT-PCR primers (all against human targets) were used for validation:
p53 FWD, > CAGCACATGACGGAGGTTGT’ ; p53 REV,
TCATCCAAATACTCCACACGC’; p21 FWD, > CGATGGAACTTCGACTTTGTCA®; p21
REV, > GCACAAGGGTACAAGACAGTG® ; DHX9 FWD,
*CAGGAGAGAGAGTTACTGCCT® ; DHX9 REV, > CTCTGCTGCTCGGTCATTCTG ;
GAPDH FWD, > GAAGGTGAAGGTCGGAGTC” ; and GAPDH REV,
>GAAGATGGTGATGGGATTC” .

2.6.9 Genomic and nascent DNA isolation and quantitation

Genomic DNA was isolated using the GenElute Mammalian Genomic DNA Miniprep Kit
(Sigma), as per the manufacturer’s instructions. Nascent DNA was prepared 6 days after
transduction with the FLuc.1309 or DHX9 shRNAs, using the A-exonuclease method, as
previously described[470], with the following modifications. The A-exonuclease-digested
samples were heated at 100°C for 3 minutes, then immediately subjected to electrophoresis on a

2% agarose gel. DNA was visualized by staining with 0.02% (w/v) methylene blue (Sigma) and
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the origin-containing nascent DNA, ranging between 350bp to 1000bp in size was excised from
the gel, purified using the Sephaglas BandPrep Kit (GE Healthcare), as per the manufacturer’s
instructions, and resuspended in TE. Real-time PCR quantification analysis was performed using
the BioRad CFX96 instrument, as previously described[432]. The sequences and amplification
conditions for all primer sets are shown in Table 2.1. Genomic DNA from MRC-5 cells was used
to generate the standard curves needed for quantification of all the PCR products. A negative
control without template DNA was included with each set of reactions. PCR products were also
resolved on 2% agarose gels, visualized with ethidium bromide, and photographed with an Eagle

Eye apparatus (Speed Light/BT Sciencetech-LT1000).

2.6.10 Chromatin immunoprecipitation (ChIP) assays

Cells cultured in complete media were washed with pre-warmed PBS and treated with 1%
formaldehyde for 10 minutes to crosslink proteins and DNA in vivo[471]. They were then
washed and scraped into ice-cold PBS and resuspended in lysis buffer (SOmM HEPES-KOH [pH
7.5], 140mM NaCl, 1% Triton X-100, 2mM EDTA) supplemented with a complete protease
inhibitor tablet (Roche Molecular Biochemicals). Following passage through a 21G needle three
times, the nuclei were harvested, resuspended in one packed nuclear volume of lysis buffer, and
sonicated until DNA fragments of less than 1 kb were obtained. Chromatin size was monitored
by electrophoresis. For cell counting, one untreated plate was scraped into PBS and resuspended.
The cells were then counted with a hemocytometer, and this number was used to determine the
total number of treated cells. The protein concentration of the extracts was determined using the
Bradford protein assay (BioRad). IPs were carried out as previously described[471], with the
following modifications: sheared chromatin lysates (500 pg) were pre-cleared by incubation with
50 pl of Protein G-Agarose (Roche Molecular Biochemicals) followed by incubation for 6 hours
with either 20 pg of antibody against ORC2 (3G6, SC Biotech), Ku86 (H-300, SC Biotech),
DHXO9 (B-5, SC Biotech), NFkB (C-20, SC Biotech), or normal goat serum (NGS) at 4°C with
constant rotation. Protein G-Agarose (50ul) was added and incubated overnight at 4°C. The
pelleted beads were washed successively twice with 1 ml of lysis buffer for 15 minutes each at
4°C, followed by 1 ml of WB1 (50 mM Tris-HCI [pH 7.5], 500 mM NacCl, 0.1% NP40, 0.05%

sodium deoxycholate, complete protease inhibitor tablet), 1 ml of WB2 (50 mM Tris-HCI [pH
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7.51, 0.1% NP40, 0.05% sodium deoxycholate, complete protease inhibitor tablet) and 1 ml of
sterile TE. The beads were resuspended in 200 pl TE/1% SDS, incubated at room temperature
for 15 minutes and centrifuged at 3000 rpm for 1 minute at room temperature. Half of the
supernatant was then incubated overnight at 65°C to reverse the crosslinks, followed by digestion
with 100 pg of Proteinase K at 55°C for 2 hours. The DNA was purified using the QIAquick
PCR purification kit (Qiagen) and eluted in 100ul TE. The remaining half of the supernatant was
boiled for 10 minutes in SDS-PAGE loading buffer and subjected to SDS-PAGE for Western
blot analysis. For ChIP analysis of MYC-tagged DHX9 mutants, MRC-5 HAGE-EcoR cells were
first tranduced with a MSCVpuro-MYC construct expressing either the WT DHX9 cDNA or the
K417N, DS11A/E512A, or ARBDI+II mutants, and the same procedure as above was followed
except that the MYC antibody (9E10, SC-Biotech) was used in place of the DHX9 antibody.
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Table 2.1 Sequences and amplification conditions of primers used for real-time qPCR

Size of qPCR
. S 533 Amplicon Annealing
rlmera equence ( ) (bp) Temp (°C)
Name
LB2P-F GGCTGGCATGGACTTTCATTTCAG 232 66
LB2P-R | GTGGAGGGATCTTTCTTAGACATC
LB2C-F | GTTAACAGTCAGGCGCATGGGCC 240 66
LB2C-R | CCATCAGGGTCACCTCTGGTTCC
MYCI11-F | TATCTACACTAACATCCCACGCTCTG 221 66
MYCI11- | CATCCTTGTCCTGTGAGTATAAATCATCG
R
MYCI-F | TTCTCAACCTCAGCACTGGTGACA 249 66
MYCI-R | GACTTTGCTGTTTGCTGTCAGGCT
hORS8P- | TTGCACTTCACAGAGCAGTCAT 320 66
F
GACCCACAAAGGCAAAAGTACC
hORSS8P-
R
hORS8C- | CCCTGAGGCAGGAGTGTTTGCC 520 66
F
GTATGCTCAATCTGCCCAACGG
hORS8C-
R

* F: forward primers; R: reverse primers;

LB2P (peak region) and LB2C1 (control region ~4kb away) at the region of the lamin B2 locus;
MYCI11 (peak region) and MYC1 (control region ~6kb away) at the region of the c-MYC locus;
hORSS8P (peak region) and hORS8C (control region ~2kb away) at the region of the human
ORS8 locus

108



CHAPTER 3: Tumor Cell Survival Dependence on the DHX9 DExH-

Box Helicase

Published in:

Lee T, Paquet M, Larsson O, and Pelletier J. (2016). Tumor Cell Survival Dependence on the
DHX9 DExH-Box Helicase. Oncogene 35(39):5093-5105.

With copyright permission from the Nature Publishing Group.

109



3.1 Preface to Chapter 3

The Pelletier lab had previously characterized DHX9 as a modifier of ABT-737 sensitivity in
Arf"Ep-Myc/Bcl-2 mouse lymphomas which overexpressed both MYC and BCL-2. DHX9
suppression synergized with both ABT-737 and MYC to trigger an apoptotic response in these
cells[432]. Whereas DHX9 suppression was synthetic lethal with ABT-737 in the Arf ! ‘Ep-
Myc/Bcl-2 cells, interestingly, we also noted that loss of DHX9 on its own was lethal in tumors
where BCL-2 was not supra-elevated. In this chapter, we extended these results by assessing the
consequences of DHXO suppression on its own in a variety of human and mouse tumor cells. We
showed that reduction of cellular fitness following DHX9 suppression is a general phenomenon
that is applicable to many different types of cancers. We further explored the therapeutic
potential of targeting DHX9 by assessing whether DHX9 suppression would be tolerated at the
organismal level. Our lab had previously utilized a novel inducible RNAi platform to examine
the consequences of knocking down elF4E in vivo. Using the same technology, we generated a
doxycycline-inducible shDHX9 transgenic mouse model and examined the effect of systemic
DHX9 suppression on the health, physiology, and biochemistry of the mice, as well as the
pathology of various tissues. Our results allowed us to predict whether a suitable therapeutic

index for targeting DHX9 can be attained.

3.2 Abstract

The ATP-dependent DExH/D-box helicase DHX9 is a key participant in a number of gene
regulatory steps, including transcriptional, translational, microRNA-mediated control, DNA
replication, and maintenance of genomic stability. DHX9 has also been implicated in tumor cell
maintenance and drug response. Here, we report that inhibition of DHX9 expression is lethal to
human cancer cell lines and murine Ep—Myc lymphomas. Using a novel conditional shDHX9
mouse model, we demonstrate that sustained and prolonged (6 months) suppression of DHX9
does not result in any deleterious effects at the organismal level. Body weight, blood
biochemistry, and histology of various tissues were comparable to control mice. Global gene
expression profiling revealed that although reduction of DHX9 expression resulted in multiple

transcriptome changes, these were relatively benign and did not lead to any discernible
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phenotype. Our results demonstrate a robust tolerance for systemic DHX9 suppression in vivo

and support the targeting of DHX9 as an effective and specific chemotherapeutic approach.

3.3 Introduction
DHXO9 (also known as Nuclear DNA Helicase II (NDH II) and RNA helicase A (RHA)) is an
ATP-dependent DExH/D-box helicase capable of unwinding both RNA and DNA[1], as well as
aberrant polynucleotide structures[2]. Initially purified from bovine thymus[16], homologs have
been subsequently identified in human, mouse, Drosophila, and C. elegans[17, 18, 472]. DHX9
is comprised of two RNA-binding domains at the N-terminus, a core helicase region consisting
of seven conserved motifs, and a DNA-binding domain and nuclear localization signal at the C-
terminus[26]. The presence of numerous functional domains likely contributes to the
multifunctional nature of DHX9, which has been implicated in a variety of biological processes.
It participates at multiple levels of gene regulation, including transcriptional regulation via
interaction with a number of transcription factors and complexes (e.g. CREB-binding protein,
EGFR, BRCA1, NF-«kB, and RNA polymerase II)[120, 124, 127, 138], translational regulation
of specific mRNAs[148, 152], miRNA processing[171], and RNA transport[182]. DHXO9 is also
an important factor in DNA repair[91] and maintenance of genome stability[2, 38, 98].
We previously uncovered DHX9 as a synthetic lethal hit from an shRNA screen for modifiers of
sensitivity to ABT-737 (an inhibitor of BCL-2 family pro-survival factors)[432]. Suppression of
DHXO9 acted in concert with MYC to sensitize lymphoma cells overexpressing BCL-2 to ABT-
737. Subsequent examination of the effects of DHX9 suppression in primary human diploid,
non-transformed fibroblasts revealed a pronounced growth arrest and premature senescence
phenotype, but not cell death[473]. This was attributed to inhibition of DNA replication which
activated a p53-dependent stress response to protect cells from aberrant DNA replication and
genomic instability[473]. Hence, DHX9 appears to play an important role in DNA replication
and normal cell cycle progression.

Although we initially discovered that inhibiting DHX9 had therapeutic properties in
combination with ABT-737 in lymphomas overexpressing BCL-2, we also noted that long-term
suppression of DHX9 in tumors with reduced BCL-2 overexpression was lethal on its own (see

Suppl. Figs. 10 and 13 in Ref. [432]). In this study, we explore the possibility of DHX9 as a
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potential single-agent anti-neoplastic target and assess whether its suppression at the organismal
level would be tolerated through the use of an inducible RNAi platform enabling DHX9
suppression in vivo in the mouse[474, 475]. Despite having detrimental effects on cellular fitness
of tumor cells ex vivo and in vivo, we observed no adverse consequences resulting from reduced
DHX9 expression at the organismal level. Our results support the notion of inhibiting DHX9 as a

potential chemotherapeutic target with tolerable side effects.

3.4 Results

3.4.1 DHX?Y suppression reduces human cancer cell fitness

Whereas short-term suppression of DHXO9 is synthetic lethal in combination with ABT-737 in
Arf"Ep-Myc/Bcel-2 lymphomas, we previously noted that DHX9 suppression is not well tolerated
if BCL-2 is not supra-elevated[432]. To further document this latter effect on transformed cells,
we suppressed DHX9 in different human tumor cell lines as well as in the non-immortalized
MRC-5 line (Figure 3.1A). Initially, a representative panel of cell lines derived from different
types of cancer was tested, including multiple myeloma (KMS-11, JJN-3, and IM-9),
osteosarcoma (U20S), breast (MCF-7 and MDA-MB231), lung (A549), and cervical (Hela)
cancers. Infected cells (GFP") were co-cultured with non-infected cells (GFP") and the %GFP"
cells determined at t=0 and 10 days (Figure 3.1B). Suppression of DHXO9 in all cell lines except
MCF-7 led to a decrease in the GFP" population over time (Figure 3.1B). To understand the
molecular basis of this depletion, we quantified the extent of cell death that ensued following
DHX9 suppression and found elevated apoptosis in all tumor lines (Figure 3.1C; 1.4 to 3.7-fold
increase), except MCF-7 and U20S. As previously reported[473], MRC-5 cells did not show
evidence of cell death but rather senesced (Figure 3.1C and D). We carried out cell cycle analysis
on the tumor cell lines at day 10 after transduction with control or DHX9 shRNAs (Figure 3.2).
Upon DHXO9 suppression, U20S cells exhibited a pronounced (~15%) increase in the cells in the
GO0/G1 phase, and a 7-9% decrease in the number of cells in both the S and G2/M phases (Figure
3.2). This demonstrates that U20S cells were arresting in the GO/G1 phase, and that this
correlated with depletion of shDHX9-expressing cells shown in Figure 3.1B. The IM-9 cells also
showed a small GO/G1 arrest (~5% increase in GO/G1 cells). The remaining cell lines (KMS-11,

JIN-3, MDA-MB231, A549, and Hela) did not show any significant changes in cell cycle
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Figure 3.1 DHXY9 suppression leads to reduced fitness in human cancer cell lines

(A) Western blot probing for DHX9 levels in the indicated cell lines infected with lentivirus
expressing shRNAs targeting DHXO or a neutral control, FLuc. (B) Competition assays showing
the percentage of GFP" cells over time, following infection of cell lines with the indicated
shRNAs. T=Day 0 represents 48h following the final infection. N=3 biological replicates, each
with 2 technical replicates, Z=SEM. (C) Propidium Iodide (PI) staining of the indicated cell lines
expressing the indicated shRNAs 7 days post-transduction. N=3 biological replicates, each with
2 technical replicates, +SEM. (D) Senescence-associated -galactosidase staining of MRC-5
cells transduced with lentivirus expressing the indicated shRNAs, 14 days post-infection. Bars
represent 200 um. # p<0.05, § p<0.01, * p<0.005, ## p<0.001, §§ p<0.0005, ** p<0.0001, NS —
not significant.
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Figure 3.2 Effect of DHX9 suppression on cell cycle distribution in human cancer cell lines.
Cell cycle analysis was performed on the indicated cell lines transduced with shFLuc.1309 or

DHX9 shRNAs 10 days post-infection. N=3 biological replicates, each with 2 technical
replicates, +SEM.
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distribution upon DHX9 knockdown, suggesting that apoptosis was the main mechanism of the
depletion of shDHX9-expressing cells in these lines. The striking difference in phenotype
obtained upon DHX9 suppression in the majority of transformed cells versus non-transformed
cells prompted us to investigate DHX9 suppression as a potential anti-neoplastic approach.

To gain insight into the possible mechanisms contributing to the differences in response
to DHX9 suppression among tumor cells, we compared the expression level of various cell cycle
and apoptotic proteins (Figure 3.3). Of all the cell lines tested, only U20S and MRC-5
demonstrated a significant increase in p21 levels, which may explain why DHX9 suppression
elicited a growth arrest response rather than an apoptotic one. We observed a robust increase in
p53 expression in JJN-3 and KMS-11 and a moderate increase in U20S and MRC-5 cells. MDA-
MB231 exhibited high basal levels of p53 but no upregulation upon DHX9 suppression, whereas
Hela cells had almost non-existent p53 levels — these results are consistent with the former
harboring mutated p53 (Ref. [476, 477]) and the latter overexpressing the E6 protein from human
papillomavirus type 16, which induces the degradation of p53 (Ref. [478]). While p53 activation
may have contributed to the deleterious effect of DHX9 suppression in some of the cancer lines,
it is not the only determinant, since both MDA-MB231 and Hela cells were susceptible to DHX9
inhibition. c-MYC expression was relatively high in A549 and Hela cells. Expression of the anti-
apoptotic proteins MCL-1 and BCL-2 was highest in KMS-11, JIN-3 and MCF-7 cells. All cell
lines expressed similar levels of the pro-apoptotic protein BAX, except for MCF-7, which
expressed lower levels. Expression of BIM, another pro-apoptotic protein, was elevated in the
three multiple myeloma lines compared to the other cancer lines. High levels of MCL-1 and
BCL-2, combined with low levels of BAX and BIM, may have contributed to the resistance of
MCF-7 cells to DHX9 suppression. These results indicate that the response of this set of cell
lines to DHX9 suppression is not easily attributed to a single cell cycle or apoptotic modulator.

Given that all three multiple myeloma-derived lines showed robust depletion of GFP"
cells upon loss of DHX9 in the competition assay (Figure 3.1B), we were interested in extending
these results. To this end, we assessed the effect of DHX9 suppression in 5 additional multiple
myeloma lines: RPMI8226, U266B1, H929, OPM1.1, and OPM2. Of these, RPMI8226, H929,
and OPM1.1 showed GFP depletion upon DHX9 knockdown in a competition assay (Figure

3.4B). In total, 6 out of 8§ multiple myeloma cell lines exhibited sensitivity to DHX9 suppression
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Figure 3.3 Analysis of cell cycle regulatory and apoptotic proteins in various human
cancer cell lines.

Western blot analysis of human cell lines transduced with lentivirus expressing FLuc or DHX9
shRNAs. Extracts were probed with antibodies to the proteins indicated to the right of the blots.
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(Figure 3.1B and Figure 3.4B). We also examined whether DHX9 would synergize with
dexamethasone, a glucocorticoid (GC) used to treat multiple myeloma. Here we tested KMS-11
cells which are responsive to GC (ICso = 50 nM following a 48 h exposure)[479], JIN-3 cells
which are resistant to GC with the defect occurring downstream of the GC receptor (ICso >> 3
uM following a 48 h exposure)[479], and IM-9 cells — a GC-resistant lymphoblastoid cell line.
Loss of DHX9 was found to sensitize KMS-11 cells to dexamethasone by ~ 1.4-1.5 fold and
JIN-3 cells by ~1.7 fold, but had little effect on IM-9 cells (Figure 3.4C). These results indicate
that DHX9 suppression is not well tolerated by a number of tumor cells, with multiple myeloma

being a particularly susceptible cancer type.

3.4.2 Modeling DHXY suppression in Eu-Myc lymphomas

Given the above results, we sought to model the consequences of DHX9 knockdown in a more
tractable murine model. First, we recapitulated the results described above using Tsc2™ Ep-Myc
lymphomas, a MY C-driven tumor model[480]. Suppression of DHXO9 in these cells was not well
tolerated, with significant depletion of GFP" cells occurring within 2 days post-infection using
two independent DHX9 shRNAs (Figure 3.5A). This was comparable to what was observed with
cells expressing shrpL15.498, which suppresses expression of the essential ribosomal protein,
rpL15 (Ref. [481]) (Figure 3.5A). T: ch”‘Eu-Myc lymphomas infected with MLS/shRLuc.713, a
neutral shRNA targeting Renilla luciferase, were unaffected. A significant increase in apoptotic
events was observed in DHX9 shRNA-expressing cells, compared to shRLuc.713-expressing
cells, and was associated with elevated p53 and p21 levels (Figures 3.5B and C).

To determine whether the lethal effect of DHX9 could be recapitulated in vivo, ShRNA-
expressing 7 s¢2""Ep-Myc lymphomas were introduced into C57BL/6 mice via tail-vein
injection. Injected mice showed an increase in the percentage of splenic B-cells (~75-85%)
compared to non-injected controls (45%), consistent with onset of lymphomagenesis (Figure
3.5D). Ten days later, spleens were harvested from the mice and the %GFP" Tsc2 ™ Eu-Myc
tumor cells determined (Figure 3.5E). Tsc2™ Eu-Myc tumor cells expressing the neutral
shRLuc.713 control comprised the majority of the splenic cell population and showed a similar

GFP'/GFP ratio as the initial injected cell population (Figure 3.5E). In contrast, mice that had

118



A RPMIS226  U266B1 H929  OPMI.1 OPM2
228 285 2385 238 38338
o 00 ol [ | [ | en 00 tn 00 Ol
— o0 T oo T oo T oo —ooo
o8 E o0 Tob oo Do
[ — R — i — i — R — [ — R — e — L £ = L £ =
W Iz o w ] [z ] w ] Z] " ] [z o v
- S - IS . Do
——— e SN e N o2
B 90 =
80 <
70 ™ Day 0
= =
3 60 Day 10
+ 504
CLSO
540-
5230 -
20 4
10 4
0- (=2} [=] ~ o [=3 ~ (=)} (=] ~ S O r~ (=)} (=] ~
S O O O YO O O v v O Y v O Y o
[<e] o0 (o] (2] o0 ol [ag] =] (o] [2s] ] (] (e} o0 (o]
i e e - e
e R R T B B T B B B
g L L L I 2L I X I o9 & I
= 0O QOB Q200 R 0082400
= = = fL=} = = = = = = = = _ = =
7] w ] w w w w w W ] w) w W w w
RPMIS226  U266B1 H929  OPMI.1 OPM2
C 90
80 4
i)
3704 = Day 0
< 60 = Day 10
%50-
= 40-
30 4
20 -
10 <
0~ o &~ O > 6 O >~ @ O > o > & o >
[=] O O O O =} [= O e o O v O o = = ] el
(<21 o0 (] (22} o0 (o] (22 o0 [} o [} (] N o0 (o] (22l o0 [}
e i T T T T - T A A
{ERIBEfRR4ERIRR4RE
I OB LB BEOoocEBBE=ZBAaR A B
= = = = -= -= = <= <= = = = = -= - = = =
Wi o W vy w w w w w W w w w w w w wi w
KMS-11  JIN-3 IM-9 KMS-11  JIN-3 ™M-9
DMSO Dexamethasone

Figure 3.4 Extended panel of multiple myeloma cell lines and sensitivity to DHX9
suppression.

(A) Western blot probing for DHXO levels in the indicated cell lines infected with lentivirus
expressing shRNAs targeting DHXO or a neutral control, FLuc. (B) Competition assays showing
the percentage of GFP" cells over time, following infection of cell lines with the indicated
shRNAs. T=Day 0 represents 48h following the final infection. N=3 biological replicates £SEM.
(C) Competition assay demonstrating the effect of DHX9 suppression in combination with
dexamethasone treatment. Cells were infected with indicated shRNA and treated with
dexamethasone (10 nM for KMS-11 and 100 nM for JIN-3 and IM-9) or a DMSO control. N=3
biological replicates =SEM.
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received Tsc2™ "Eu-Myc tumor cells expressing shDHX9.1241, shDHX9.1271, or shL.15.498
showed a profound (12-18 fold) depletion of GFP" tumor cells 10 days following injection, with
the majority of tumor cells exhibiting a GFP” phenotype, likely representing an outgrowth of non-
infected tumor cells (~40-50%) arising from the initial population (Figure 3.5E). Taken together,
these results demonstrate that DHX9 suppression is lethal in T 5¢2" "Ep-Myc lymphomas ex vivo
and in vivo.

To determine whether DHX9 suppression had an effect on survival of mice harboring
Tsc2™ Ep-Myc lymphomas, we took advantage of an shRNA doxycycline-inducible expression
system utilizing the TRMPV vector[482] (Figure 3.6A). Here, constitutive expression of Venus
facilitates monitoring of infection efficiency whereas dsRed and miR30 expression are
dependent on doxycycline and co-expression of rtTA. Tsc2" Ep-Myc lymphomas expressing
rtTA were generated by crossing Tsc2 ™ Ep-Myc mice with Rosa26-M2rtTA mice and harvesting
the resulting tumors from triple-transgenic progeny[475]. Tsc2™ Ep-Myc/R26-M2rtTA tumors
were transduced with TRMPYV retroviruses expressing RLuc, DHX9 or L15 shRNAs. Ex vivo,
addition of DOX resulted in robust induction of shRNA expression, as assessed by the
percentage of Venus and dsRed double positive cells (Figure 3.6B and C). Conditional
suppression of DHXO9 resulted in a >6-fold increase in cell death (8 days post-induction) relative
to shRLuc.713-infected controls (Figure 3.6D). Tsc2 ™ Ep-Myc/R26-M2rtTA lymphomas
infected with TRMPV-shRNAs were then introduced into C57BL/6 mice via tail-vein injection
with 50% of each cohort receiving doxycycline (DOX) 6 days post-injection. Spleens harvested
at terminal disease stage were enlarged, showed an increased percentage of B-cells compared to
non-injected controls (Figure 3.6F), and the majority of splenic B-cells were both Venus and
dsRed positive in the DOX-treated mice (Figure 3.6G), demonstrating successful transplantation
of the tumor cells and induction by DOX. Untreated and DOX-treated mice harboring tumors
expressing shRLuc.713 reached terminal disease 9-10 days following tumor cell transplantation
(Figure 3.6H). In contrast, DOX-treated mice harboring tumors expressing shDHX9.1241 and
shDHX9.1271 reached terminal disease stage 12-14 days post-injection. Survival was extended
to 13-20 days for the shL15.498 +DOX mice (Figure 3.6H). These results are consistent with

suppression of DHXO9 in vivo delaying lymphomagenesis and conferring a survival advantage.
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Figure 3.5 DHX9 suppression is lethal in T s¢2™ "Ep-Myc lymphoma cells.

(A) Ex vivo competition assay documenting %GFP" cells over time following infection of Tisc2*”
Ep-Myc cells with shRNAs targeting DHX9, RLuc (neutral control), or rpL15 (lethal positive
control). The experiment was started 48 hours after the final infection (t=Day 0). N=5 biological
replicates £SEM. (B) PI staining of T: s¢2" "Eu-Myc cells expressing the indicated shRNAs 7 days
post-infection. N=5 biological replicates +SEM. (C) Western blot analysis of extracts from
Tsc2""Ep-Myc cells expressing the indicated shRNAs. (D) Quantitation of the %B220" cells in
spleens harvested from mice which had been injected with T: s¢2"E u-Myc cells expressing the
indicated shRNAs. Spleens were harvested 10 days after injection. N=5 biological replicates
+SEM. (E) In vivo competition assay with Tsc2""Ep-Myc cells. Tsc2""Ep-Myc cells expressing
the indicated shRNAs were introduced into mice via tail-vein injection 24h after the final
infection (t=Day 0). Spleens were harvested 10 days post-injection and the %GFP" tumor cells
assessed. N=5 biological replicates +SEM. ** p<0.0001.
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Figure 3.6 DHXY suppression enhances the survival of mice harboring Tsc2™” Ep-Myc
lymphomas.

(A) Schematic diagram of the doxycycline-inducible vector, TRMPV. (B) Representative flow
cytometry plots of Tsc2 ™ Ep-Myc/R26-M2rtTA cells transduced with TRMPV-shRLUC.713.
Following infection, cells were sorted for a pure Venus-expressing population and then exposed
to 1 pg/ml DOX. The %Venus  and %dsRed" cells were assessed 24h after DOX induction. (C)
Quantification of Venus” and dsRed” Tsc2™ Epn-Myc/R26-M21tTA cells transduced with DOX-
responsive retroviruses expressing the indicated shRNAs. Cells were sorted and treated with
DOX as in (b), and the %Venus' and %dsRed" cells were assessed 24h after DOX induction.
N=6 biological replicates +£SEM. (D) Assessment of cell death in Tsc2™ Ep-Myc/R26-M2rtTA
cells transduced with DOX-responsive retroviruses expressing the indicated shRNAs. Dead cells
were stained with the blue-fluorescent viability dye eFluor450 and the %dead cells was
determined at the indicated time points post-DOX induction. N=5 biological replicates +SEM, **
p<0.0001. (E) Western blot analysis of extracts from 7 s¢2" "Eu-Myc/R26-M2rtTA cells
expressing the indicated shRNAs. (F) Quantification of the %B220" cells from spleens harvested
from C57BL/6 mice injected with 7 5¢2" "Eu-Myc/R26-M2rtTA cells expressing the indicated
shRNAs (treated with vehicle or 1 mg/ml DOX) at terminal disease stage. N=5 mice =SEM. (G)
Quantification of the %Venus  dsRed” B220" spleen cells harvested from C57BL/6 mice
injected with Tsc2 ™ Ep-Myc/R26-M2rtTA cells expressing the indicated shRNAs (treated with
vehicle or 1 mg/ml DOX) at terminal disease stage. N=5 mice +SEM. (H) Kaplan-Meier survival
curve of C57BL/6 mice injected with T: se2" "Eu-Myc/R26-M2rtTA cells expressing the indicated
shRNAs. Mice were treated with vehicle or 1 mg/ml DOX at day 6 following injection of the
tumor cells. * p<0.005 for comparisons between shRLuc.713+DOX and each of the
shDHX9.1241+DOX, shDHX9.1271+DOX and shL.15.498 cohorts. N=5 mice per condition.
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3.4.3 Modeling conditional DHX9 suppression in the mouse

Whereas intriguing, the aforementioned results do not address whether DHX9 suppression would
be tolerated at the organismal level. To this end, we took advantage of a previously described
FLP/FRT-mediated site-specific recombination approach to introduce DHX9 shRNAs into the
mouse germline[475] (Figure 3.7A). As a prelude to these studies, we tested several DHX9
shRNAs for suppression potency (Table 3.1 and Figure 3.7B). Several shRNAs (DHX9.1241,
DHX9.1271 and DHX9.837) showed potent DHX9 suppression and two of these (DHX9.1271
and DHX9.837) were chosen for generating transgenic mice. Two mouse strains were generated,
DHX9.837/rtTA and DHX9.1271/rtTA, containing DHX9 shRNA expression under TRE
regulation at the Col1A1 locus and rtTA expression driven from the Rosa26 locus. Transgenic
mice expressing a neutral ShRNA targeting Firefly luciferase (FLuc.1309/rtTA) were used as
controls[475].

Examination of DHX9 expression in various tissues from F_Luc.1309/rtTA,
DHX9.837/rtTA, and DHX9.1271/rtTA mice treated with either vehicle or 1 mg/ml DOX for 14
days revealed suppression in all tissues examined, although the extent varied (Figure 3.8). The
small intestine, large intestine, and thymus exhibited potent knockdown of DHX9 in both
shDHXY strains. In the skin, liver and heart, knockdown was moderate and the spleen exhibited
weaker, mosaic suppression (Figure 3.8). Expression of DHX9 was predominantly nuclear
(Figure 3.9), consistent with previous studies[66]. TurboGFP, as expected, was DOX-inducible
(Figure 3.10). These results were confirmed by Western blot analysis of DHX9 knockdown and
turboGFP expression in the aforementioned tissues (Figure 3.11).

Previous studies have shown that DHX9 knockdown increases p53 protein levels and
activity in human fibroblasts, Arf” Ep-Myc/Bcl-2 lymphomas, and U20S cells[432, 473]. To
determine whether these changes were recapitulated in our murine models, we examined RB1,
p53, and p21 status following DHX9 suppression (Figure 3.11). We observed no consistent,
robust induction of p53 in tissues from the two shDHX9 mouse strains either by Western blotting
(Figure 3.11) or immunohistochemistry (Figure 3.12). There was also no consistent activation of
the p53 target, P21. RB1 was expressed at very low levels in the skin and liver, and was

unchanged upon DHX9 knockdown in all tissues analyzed (Figure 3.11). These results indicate
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Figure 3.7 Generation of shDHX9/rtTA transgenic mice.

(A) Design of the Coll Al-targeting vector. The shRNA, embedded in the miR30 backbone, was
targeted to the Coll1 A1 locus on chromosome 11 using FLP-mediated recombination, as
previously described[474, 483]. The M2rtTA transgene is present at the Rosa26 locus on
chromosome 6 in KH2 ES cells[475]. Note that whereas the DHX9.837 and DHX9.1271
shRNAs are linked to turboGFP, in shFLuc.1309 mice it is linked to GFP. TRE, tetracycline
response element; FRT, flippase recombinase target; SAdpA, splice acceptor-double polyA;
BcHS4, chicken B-globin control region hypersensitive site 4; RGBpA, rabbit 3-globin polyA.
(B) Knockdown efficiency of DHX9 shRNAs. NIH3T3 cells were infected with MLP vectors
expressing either shRLuc.713 or shRNAs targeting DHX9 and stable integrants were selected
using puromycin. Extracts prepared from infected cells were analyzed by Western blotting.
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Table 3.1 Sequences of sShRNASs used in this study

List of 22-bp guide strand sequences for shRNAs used, as well as the source of sequence design.

22mer guide (5'to 3" Source

RLuc.713 TAGATAAGCATTATAATTCCTA | BIOPREDsi prediction

FLuc.1309 TTAATCAGAGACTTCAGGCGGT | BIOPREDsi prediction

DHX9.1241 TAATTCATTCTTAAGGTCCATG | BIOPREDsi prediction

DHX9.1271 | TAAATTATGATCTTGTTCCATC | BIOPREDsi prediction

DHX9.837 TTTAGATCCATGTTCACGTGCG | Sensor assay

DHX9.637 TATCCACTTCTTCTGACTCTAG | Sensor assay

DHX9.3271 | TAAAAACAAAGAAAGGAGATGG | Sensor assay

DHX9.2021 | TCATTCAACTGAGACATGCTCA | Sensor assay

DHX9.3398 TTCCAGTCATCTATAAACACAA | Sensor assay

DHX9.3596 | TTTACACTTCCAATCATAAGGT | Sensor assay

DHX9.267 TCACACATGAATTTCTGCCTGT | BIOPREDsi prediction

DHX9.860 TATTTGATCCATGTTCTCGTGC | BIOPREDsi prediction
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Figure 3.8 DOX-mediated DHXY suppression in DHX9/rtTA mice.
Immunohistochemical analysis of representative tissues from FLuc.1309/rtTA, DHX9.837/rtTA,

and DHX9.1271/rtTA mice treated with vehicle or 1 mg/ml DOX for 14 days. Sections were
probed with anti-DHX9 antibody and counterstained with hematoxylin. Bars represent 100 pm.
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Figure 3.9 Expression of DHX9 is predominantly nuclear in transgenic mice.
Immunohistochemical analysis of large intestine from DOX-treated (14 days) FLuc.1309/rtTA,

DHX9.837/rtTA, and DHX9.1271/rtTA mice, stained with H/E or DHX9 antibody. Bars represent
50 um. Arrows indicate nuclei.
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Figure 3.10 Inducible expression of turboGFP in shDHXY9/rtTA mice.

Immunohistochemical analysis of representative tissues from untreated and DOX-treated (14
days) FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice. Sections were probed with
anti-GFP (for FLuc.1309/rtTA) or anti-turboGFP (for DHX9.837/rtTA and DHX9.1271/rtTA)

antibodies and counterstained with hematoxylin. Bars represent 100 pm.
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Figure 3.11 Cell cycle regulatory and DNA damage response pathways are not activated
upon DHXY9 suppression in mouse tissues.

Western blot analysis of indicated tissues from FLuc.1309/rtTA, DHX9.837/rtTA, and
DHX9.1271/rtTA mice treated with vehicle or DOX for 14 days. Extracts were fractionated on
6% (A) or 15% (B) polyacrylamide gels, processed for Western blotting, and probed with
antibodies to the proteins indicated to the right of the blots.
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Figure 3.12 DHXO9 suppression does not alter p53 levels in shDHX9/rtTA mice.

Immunohistochemical analysis of p53 levels in representative tissues from untreated and
doxycycline (DOX)-treated (14 days) FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA
mice. Tissues were probed with a p53 antibody and counterstained with hematoxylin. Bars

represent 100 pm.
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that under the conditions analyzed, we find no evidence for robust activation of p53, P21, or RB1

upon DHX9 suppression at the organismal level.

3.4.4 DHX9 knockdown in adult mice is well tolerated

We next examined the consequences of DHX9 suppression to the general health and physiology
of adult mice. Mice (4 week old) were treated with DOX for 6 months. Efficient long-term
knockdown of DHX9 and induction of GFP was verified in various tissues (Figure 3.13). In this
chronic DHX9-suppressed cohort, the weight, appearance, and behavior of DHX9.837/rtTA and
DHX9.1271/rtTA mice on DOX were similar to those of FLuc.1309/rtTA (+DOX) and untreated
mice (Figure 3.14A and B). We observed no evidence of weight loss, lowered activity levels,
lack of grooming, hunched appearance, dehydration, or infections. Blood biochemical and
hematological analyses of the treated cohorts revealed no significant differences from
FLuc.1309/rtTA (+DOX) or untreated controls (Tables 3.2 — 3.4), implying normal physiology
and bone marrow function. Histopathological analysis of tissues from mice treated with DOX
for 6 months did not reveal any pathological changes in the skin, small and large intestines,
spleen, thymus, and heart specific to the DHX9/rtTA cohort (Table 3.5 and Figure 3.14C) nor in
the % of splenic B and T cells (Figure 3.14D). In addition, Ki-67 and TUNEL staining was
performed on the more proliferative tissues - namely skin, spleen, and small and large intestines.
DHXO9 suppression had no deleterious effects on proliferation in the skin and spleen, as
determined by Ki-67 staining (Figure 3.15). A slight decrease in Ki-67-positive cells was
observed in the small and large intestines upon treatment with DOX, however this appeared to be
due to the DOX itself, as it was seen in the FLuc.1309/rtTA +DOX mice as well. There appeared
to be no significant difference between the FLuc.1309/rtTA and DHX9/rtTA DOX-treated
samples in these tissues (Figure 3.15). TUNEL staining revealed no increase in apoptotic cells

upon DHXO suppression in any of the tissues tested (Figure 3.16).

3.4.5 Assessing DHXY suppression on global gene expression

Having observed no apparent negative physiological effects of DHX9 suppression in mice, we

asked whether reduced DHX9 levels induced any changes in global gene expression in vivo. To
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Figure 3.13 Characterization of long-term DHX9 suppression. Figure legend on following
page.
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Figure 3.13 Characterization of long-term DHX9 suppression.

(A) HJ/E staining of representative tissues from vehicle and DOX-treated (6 months)
FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice. Bars represent 100 um. (B)
Immunohistochemical analysis of representative tissues from untreated and DOX-treated (6
months) FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice. Sections were probed
with anti-DHX9 antibody and counterstained with hematoxylin. Bars represent 100 um. (C)
Immunohistochemical analysis of representative tissues from untreated and DOX-treated (6
months) FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice. Sections were probed
with anti-GFP (for FLuc.1309/rtTA) or anti-turboGFP (for DHXY9.837/rtTA and
DHX9.1271/rtTA) antibodies and counterstained with hematoxylin. Bars represent 100 pum.
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Figure 3.14 Long-term suppression of DHX9 is well-tolerated in mice.

(A) Photographs of FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice after treatment
with vehicle or 1 mg/ml DOX for 6 months. (B) Weight of FLuc.1309/rtTA, DHX9.837/rtTA,
and DHXY.1271/rtTA mice treated with vehicle or DOX over a 6 month period. Mice were
weighed every 4 days starting at 4 weeks of age (t=Day 0). N=3 mice £SEM. (C) Weight of
spleens extracted from FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice treated with
vehicle or DOX for 6 months. Spleen weights were normalized to mouse weights. N=3 mice
+SEM. (D) Flow cytometry analysis of splenocytes extracted from FLuc.1309/rtTA,
DHX9.837/rtTA, and DHX9.1271/rtTA mice after treatment with vehicle or DOX for 6 months.
Single-cell suspensions were prepared from mouse spleen and stained with PE-conjugated
antibodies against B220 and CD4, and the percentage of stained cells determined by FACS
analysis. N=3 mice =SEM.
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Table 3.2 Effect of short-term DHX9 suppression on blood biochemistry

Biochemical analysis was performed on blood extracted from FLuc.1309/rtTA, DHX9.837/rtTA,

and DHX9.1271/rtTA mice treated with vehicle or 1 mg/ml DOX for 14 days. N=3 biological

replicates, +SEM.
FLuc.1309/ | DHX9.837/ | DHX9.1271/ | FLuc.1309/ | DHX9.837/ | DHX9.1271/
rtTA rtTA rtTA rtTA rtTA rtTA
DOX: - - - + + +
Units REF
values
Total protein | g/L 36-66 47.00£9.00 | 45.67+4.06 | 44.50+£2.50 | 39.33+491 | 43.00+2.39 | 48.00+ 1.00
Albumin g/L 25-48 25.00+£4.00 | 22.67+2.73 | 21.50+£0.50 | 20.00+2.31 | 22.75+1.73 | 25.00+1.00
Albumin/ 1.15+0.05 0.93 +£0.09 0.95 +0.05 1.10£0.10 1.15+£0.09 1.10 £0.00
Globulin
ratio
BUN urea mmol/L | 6.4- 5.25+0.75 5.50+1.13 6.10£2.50 15.83 £ 5.75+0.46 5.10£0.50
10.4 10.26
Creatinine mmol/L 18-71 8.50+3.50 5.00+0.58 10.50+0.50 | 33.33 + 6.50+1.29 9.00+2.00
25.44
Total mmol/L | 2-15 22.00 £ 1533+742 | 21.00£1.00 | 16.33+£546 | 16.00£4.05 | 20.50+6.50
bilirubin 19.00
ALT U/L 28-132 | 100.50 £ 142.00 + 89.50 + 64.33 + 197.75 + 116.00 +
53.50 56.32 16.50 13.86 102.13 46.00
Alkaline U/L 62-209 | 196.00 + 163.33 + 93.00 + 218.67 150.75 + 102.50 =
Phosphatase 7.00 19.85 12.00 25.76 15.57 16.50
Cholesterol mmol/L | 0.93- 2.12+0.07 2.49+0.10 2.32+0.27 2.25+0.29 2.04+0.25 221+0.17
2.48
Sodium mmol/L | 124- 142.00 + 146.67 + 145.00 + 144.00 + 145.00 + 148.00 +
174 2.00 3.18 3.00 2.00 2.25 3.00
Potassium mmol/L | 4.6-8 6.90 +2.60 5.63 £1.36 6.50 £0.30 7.23+1.02 5.70 £ 0.72 7.15+£0.55
Chloride mmol/L | 92-120 | 111.50+ 113.67 115.50 + 112.67 + 112.75 + 112.50 +
0.50 2.33 4.50 2.85 1.57 1.50
Calcium mmol/L | 1.47- 2.25+0.06 2.14 +0.05 2.16 +0.03 2.16+0.07 2.16+0.03 2.21+0.01
2.35
Phosphorus mmol/L | 1.97- 3.13+0.47 2.71+0.22 3.12+0.48 428 +1.35 3.53+0.30 3.03+0.02
3.26
Magnesium mmol/L. | 0.33- 1.25+0.11 1.12+0.09 1.10£0.14 1.84 £0.70 1.12+£0.02 1.00 + 0.04
1.6
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Table 3.3 Effect of long-term DHX9 suppression on blood biochemistry

Biochemical analysis was performed on blood extracted from FLuc.1309/rtTA, DHX9.837/rtTA,
and DHX9.1271/rtTA mice treated with vehicle or 1 mg/ml DOX for 6 months. N=3 biological

replicates, +SEM.
FLuc.1309/ | DHXY9.837/ | DHX9.1271/ | FLuc.1309/ | DHX9.837/ | DHX9.1271/
rtTA rtTA rtTA rtTA rtTA rtTA
DOX: - - - + + +
Units REF
values
Total g/LL 36-66 | 48.00 50.00 £ 50.33 +£0.67 | 50.00 £ 5133+ 50.67 £2.19
protein 3.51 1.15 0.58 1.76
Albumin g/L 25-48 | 22.33+ 24.00 + 26.33+£0.67 | 23.67 £ 25.00 £ 25.33+1.20
3.18 0.58 0.33 0.58
Albumin/ 090+0.10 | 0.90+0.06 | 1.07 £0.03 0.93+0.03 | 0.97+0.03 | 1.00+0.06
Globulin
ratio
BUN urea mmol/L | 6.4- 6.67+0.58 | 457+0.69 | 6.70+0.12 9.80+1.78 | 453 +0.32 | 6.20+0.53
10.4
Creatinine mmol/L | 18-71 | 9.00+1.73 | 533 +0.88 | 5.67 +0.88 13.00 £ 6.67+1.76 | 4.33+0.33
6.03
Total mmol/L | 2to 15 | 6.67+2.67 | 10.67 £ 7.67+4.67 11.00 £ 8.90+£6.56 | 10.67 +£8.17
bilirubin 3.84 1.15
ALT U/L 28-132 | 100.67 £ 40.00 + 61.33+7.06 | 65.67 £ 46.33 £ 78.67 £
60.17 7.55 20.08 3.48 15.68
Alkaline U/L 62-209 | 64.67 + 56.00 + 91.67 + 67.67 £ 120.67 + 8533+
Phosphatase 26.91 2.31 11.67 5.46 41.79 19.85
Cholesterol | mmol/L | 0.93- 3.61+0.52 | 277+032 | 3.26+0.24 3.04+0.13 | 1.58+0.24 | 2.96 +0.52
2.48
Sodium mmol/L | 124- 143.67 £ 143.00 + 144.67 + 143.33 + 147.67 + 144.00 =
174 0.88 0.58 1.86 0.88 2.60 1.53
Potassium mmol/L | 4.6-8 520+0.25 | 483+0.24 | 5.07+0.19 577+1.12 | 5.13+£0.19 | 5.20+0.44
Chloride mmol/L | 92-120 | 110.33 + 108.33 + 110.33 + 108.00 + 110.67 + 110.67 +
0.67 1.20 0.88 0.58 0.67 0.33
Calcium mmol/L | 1.47- 2.25+0.00 | 2.23+0.05 | 2.29+0.03 225+0.05 | 2.29+0.05 | 2.33+0.06
2.35
Phosphorus | mmol/L | 1.97- 2.53+0.24 |233+£0.26 | 2.64+0.22 2.82+0.52 | 2.61+0.01 | 2.82+0.12
3.26
Magnesium | mmol/L | 0.33- 1.15+0.05 | 1.14+£0.04 | 1.17+0.01 1.19+0.13 | 1.07+£0.01 | 1.06 +0.06
1.6
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Table 3.4 Effect of DHX9 suppression on mouse hematology

Hematological analysis was performed on blood extracted from FLuc.1309/rtTA,

DHXY9.837/rtTA, and DHX9.1271/rtTA mice treated with vehicle or 1 mg/ml DOX for 14 days.
N=5 biological replicates, +SEM. RBCs = red blood cells; WBCs = white blood cells; MCV =
mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular
hemoglobin concentration.

FLuc.1309/ FLuc.1309/ | DHX9.837/ | DHX9.1271/
rtTA rtTA rtTA rtTA
DOX: |- + + +
Units
Hematocrit | L/L 0.38 £0.01 0.37 £0.00 0.35+0.02 0.35+0.01
Hemoglobin | g/L 136.00 + 2.47 131.80+ 1.24 | 12420+ 6.84 | 129.00 + 4.94
RBCs x 10"%/L 8.35+0.16 8.07 +0.09 7.66 + 0.40 7.83 £0.34
MCV fL 46.00 + 0.00 46.00+0.00 | 45.60+0.24 | 46.00 = 0.00
MCH pg 16.32+£0.08 1634+0.09 | 16.18+0.13 | 16.48+0.19
MCHC g/L 35400+ 1.67 | 354.40+2.14 | 354.60+2.29 | 359.20+4.04
WBCs x 10°/L 2.94+0.19 3.26+0.31 2.70 +0.39 2.48 +0.28
Neutrophils | % 3320+£10.68 [ 29.60+9.36 |29.60+10.19 | 26.80+8.59
Lymphocytes | % 64.60 + 10.98 68.80+9.52 | 62.80+7.74 | 70.00+ 8.64
Monocytes % 0.60 + 0.40 0.20 + 0.20 0.20 + 0.20 1.40 + 0.24
Eosinophils | % 1.60 + 0.40 1.40 +0.24 1.40 + 0.60 1.40 +0.75
Neutrophils | x 10°/L 1.02+0.37 1.06 + 0.36 0.93+0.35 0.73 +0.26
Lymphocytes | x 10°/L 1.85+0.28 2.16+0.23 1.72+0.15 1.67+0.19
Monocytes x 10°/L 0.02£0.01 0.01£0.01 0.01£0.01 0.03+0.01
Eosinophils | x 10°/L 0.05+0.01 0.04 +0.01 0.14 + 0.09 0.04 + 0.02
Platelets x 10°/L 723.80 £ 88.61 | 783.00 + 838.00 + 774.00 + 101.35
127.22 136.96
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Table 3.5 Histopathological analysis following long-term DHX9 suppression in DHX9/rtTA

mice
FLuc.1309/ FLuc.1309/ DHX9.837/ DHX9.1271/
rtTA rtTA rtTA rtTA

DOX: - + + +
Skin N N N N
Small Intestine N N N N
Large Intestine N N N N
Liver A A A A
Microgranuloma, 1 1 1 1
multifocal,
random
Hepatic lipidosis, 3
microvacuolar,
centrolubular,
diffuse
Thymus N N N N
Spleen N N N N
Heart N N N N
Histopathological analysis was performed on representative tissues extracted from

FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice treated with 1 mg/ml DOX for 6
months. Multifocal, random microgranulomas (Grade 1) were present in the liver of all mice
analyzed and are likely a consequence of non-specific bacterial or viral infection. One
DHX9.837/rtTA (+DOX) liver sample displayed moderate hepatic lipidosis which was not

observed in the DHXY.1271/rtTA liver sample.

Key: N = no significant lesion, A = lesion

observed, 0 = no tissue; Grade 1 = modest, rare, Grade 2 = mild, infrequent, Grade 3 = moderate,
frequent, Grade 4 = severe, diffuse.
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Figure 3.15 Effect of systemic DHX9 suppression on proliferation in tissues.

(A) Immunohistochemical analysis of proliferation in skin, spleen, and small and large intestines
in tissues from FLuc.1309/rtTA, DHX9.837/rtTA, and DHX9.1271/rtTA mice treated with vehicle
or DOX for 14 days. Sections were probed with a Ki-67 antibody and counterstained with
hematoxylin. Bars represent 100 um. (B) Quantification of Ki-67-stained cells in (A). Values
represent the average of 5 random fields of view, and error bars represent SEM.
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Figure 3.16 Effect of systemic DHX9 suppression on apoptosis in tissues.

(A) TUNEL assay on skin, spleen, and small and large intestines in tissues from FLuc.1309/rtTA,
DHX9.837/rtTA, and DHXY.1271/rtTA mice treated with vehicle or DOX for 14 days. Sections
were counterstained with Dapl. Apoptotic cells are shown in red. Bars represent 50 um. (B)
Quantification of apoptotic cells in (A). Values represent the average of 6 random fields of view,
and error bars represent SEM.
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address this, we conducted gene expression analysis on the large intestine isolated from
FLuc.1309/rtTA, DHX9.837/rtTA and DHX9.1271/rtTA mice treated with DOX for 14 days. The
large intestine was chosen because it was one of the tissues showing potent suppression of
DHX9, which was validated in samples isolated for global gene expression studies (Figure
3.17A). A comparison of the expression patterns between DHXY/rtTA and FLuc.1309/rtTA
samples identified 451 transcripts as differentially expressed in at least one of the DHX9/rtTA
mice (fold-change>1.5 and false discovery rate (FDR)<0.05; Figure 3.17B and Table A.2).
Although only 77 transcripts were significantly altered in both shDHX9 transgenic samples, the
fold-changes observed for the combined set of genes were largely consistent for both DHX9
shRNAs (Figure 3.17C). Our previous transcriptome-wide analysis of DHX9 suppression in cell
lines showed activation of the p53 signaling pathway in ex vivo contexts[432, 473]. This
phenomenon was not observed in the large intestine of DOX-treated DHX9.837/rtTA and
DHX9.1271/rtTA mice (Figure 3.17D). Moreover, there were only minor changes in levels of
pS3 mRNA itself (1.2 or 1.4 fold for DHX9.837/rtTA and DHX9.1271/rtTA, respectively)
without concomitant changes in p21, consistent with Western blot results (Figure 3.11). Gene set
enrichment analysis was applied to identify functions that were enriched among genes showing
differential expression. The identified biological processes found to be most affected by DHX9
suppression were DNA replication, translation, RNA splicing, non-coding RNA processes, and
nuclear division (Figure 3.17E and Tables A.3 and A.4). Taken together, these results indicate
significant transcriptome changes as a consequence of DHX9 suppression in the large intestine,

but these do not lead to any overt pathological perturbations.
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Figure 3.17 Gene expression analysis on large intestine of DHX9/rtTA mice. Figure legend
on following page.
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Figure 3.17 Gene expression analysis on large intestine of DHXY9/rtTA mice.

(A) Quantitative RT-PCR analysis showing DHX9 knockdown in large intestines of
DHX9.837/rtTA and DHX9.1271/rtTA mice treated with DOX for 14 days. mRNA levels were
normalized to GAPDH. N=3 biological replicates +SEM. (B) Venn diagram highlighting the
number of common and distinct differentially expressed genes from DHX9.837/rtTA and
DHX9.1271/rtTA mice. (C) Heatmap showing genes from FLuc.1309/rtTA, DHX9.837/rtTA, and
DHX9.1271/rtTA mice up-or down-regulated at least 1.5 fold, FDR<0.05. (D) Densities of fold-
changes (DHXY9/rtTA vs FLuc.1309/rtTA) for all genes and a subset of p53 target genes. (E)
Heatmap showing highly significant enrichment of biological processes among genes
differentially expressed upon reduced DHX9 expression, FDR<0.01. Non-redundant biological
processes were defined by the Gene Ontology Consortium.

144



3.5 Discussion
One of the major challenges in chemotherapy is finding a therapeutic window in which drugs can
efficiently eliminate tumor cells with minimal damage to normal tissues. Traditional strategies
rely on the administration of cytotoxic agents (e.g. paclitaxel, etoposide, doxorubicin, etc.),
which act by killing rapidly dividing cells, a property shared by both cancer cells and highly
proliferative normal cells. With the advent of targeted molecular therapeutics, the development
of drugs that inhibit specific gene products involved in tumor maintenance offer greater
selectivity in eliminating cancer cells. However, the challenge of finding targets with suitable
therapeutic indices remains, as targeting these same gene products in normal tissues can have
deleterious effects. Hence, the search for novel molecular targets for chemotherapeutic use is a
critical ongoing endeavor.

In the present study, we examined the outcome of DHX9 suppression in several human
cancer cell lines, mouse engineered lymphomas, and at the organismal level in the mouse.
DHX9 suppression resulted in a reduction in proliferative fitness in most (10 out of 13) human
cancer cell lines representing five different types of cancers. This demonstrates that targeting
DHX9 can be potentially effective against many, but not all, cancers. What makes a cancer a
good candidate may be dependent on the relative expression levels of genes involved in
proliferation, cell cycle progression, or apoptotic pathways. What makes MCF-7 breast cancer
cells resistant to DHX9 suppression (Figure 3.1B) awaits further investigation but may be due to
the fact that these express high levels of the anti-apoptotic proteins BCL-2 and MCL-1, and low
levels of pro-apoptotic proteins c-MYC, BIM, and BAX (Figure 3.3 and Ref. [484]). Although
the multiple myeloma lines JJN-3 and KMS-11 express BCL-2, the fact that they also express the
pro-apoptotic proteins BIM, BAX, and BAK at relatively high levels (Figure 3.3 and Ref. [485])
may contribute to their inability to tolerate DHX9 suppression. All cell lines tested herein
(Figure 3.1) have been reported to contain wildtype p53, with the exception of MDA-MB231
(Ref. [476, 477]). Hela cells contain wildtype p53 but overexpress the E6 protein from human
papillomavirus type 16, which induces the degradation of p53 (Ref. [478]). KMS-11 and JIN-3
exhibited the highest fold-increase in p53 levels, which may be a contributing factor to the robust
depletion of DHX9 shRNA-expressing cells observed in the competition assay for these cell

lines. However, the level of p53 activation was not the only determinant of susceptibility to
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DHXO9. Both MDA-MB231 and Hela cells were sensitive to DHX9 suppression, despite
harboring mutated p53 or low p53 levels, while MCF-7 cells, which contain wild-type p53, were
resistant. Thus, it is likely that susceptibility of a cancer cell line to DHX9 inhibition is not
dependent on a single factor, a topic that will require further investigation. Of the cancer cell
lines which showed GFP depletion upon DHX9 suppression in the competition assay (Figure
3.1B), increased cell death was documented in all cell lines except the U20S osteosarcoma line,
which underwent a GO/G1 arrest instead (Figure 3.2). We note that only the U20S and MRC-5
cells demonstrated a significant increase in p21 levels, an inhibitor of proliferation. Activation of
p21 has been shown to lead to cell cycle arrest and senescence rather than apoptosis[451, 486].
In fact, studies have shown that in some cases it may actually inhibit apoptosis[291] and may
explain why loss of DHX9 does not result in increased cell death in U20S and MRC-5 cells but
causes growth arrest and/or senescence[432, 473, 487]. In all the other cell lines, which did not
show p21 induction, it appeared that apoptosis rather than cell cycle arrest was primarily
responsible for the decrease in proliferative fitness observed upon DHX9 knockdown (Figure
3.1C and Figure 3.2). These results illustrate that the precise effects of DHX9 suppression may
depend on biological context. The lethal effect observed in several human cancer lines with
DHX9 suppression was recapitulated in murine Ep-Myc lymphomas ex vivo and in vivo.

Having demonstrated that DHX9 suppression is not tolerated by most tumor cells, we
investigated the consequences on normal tissues in vivo. To this end, we generated inducible
RNAi-based transgenic mice to study the consequences of DHX9 loss at the organismal level.
This inducible model allowed us to achieve conditional and reversible suppression of DHX9,
which would not have been possible using a straight knockout model. Indeed, Lee and colleagues
previously generated a DHX9 knockout mouse and observed that homozygous loss leads to
embryonic lethality[84]. Their results suggest that DHXO is essential for the differentiation of the
embryonic ectoderm[84]. Consistent with this, the C. elegans homolog, rha-1, is necessary for
germline transcriptional control and proliferation[23]. In this report, we find that partial
suppression of DHXO9 is well tolerated at the organismal level in adult mice, a situation that
reflects the scenario one would expect with a small molecule inhibitor of DHX9. Indeed, chronic
suppression of DHX9 in the mouse for 6 months had no noticeable effect, indicating that the

organism appears well buffered to tolerate profound changes in DHXO9 levels.
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Although the mice appeared to suffer no ill effects resulting from DHX9 suppression,
analysis of global gene expression in the large intestine identified numerous genes whose
expression was affected upon DHXO9 loss (Figure 3.17). Our enrichment analysis revealed that
genes involved in metabolism, DNA replication, translational initiation, mitotic nuclear division,
RNA splicing, amongst others, were upregulated. It should be noted this analysis included genes
which negatively regulate the aforementioned processes. An example is the increased expression
of eIF4EBP1, a translational inhibitor. However, elF4G1, elF2A, and DHX?29, all known to
stimulate translation[488, 489], were also upregulated (Tables A.3 and A.4); thus the net result
on translation is difficult to predict. Similarly, genes involved in mitotic nuclear division found
to be upregulated included promoters of this process (e.g. SMC2, CDK1, CDC20, CDC25C, and
PLK1) as well as checkpoint proteins (e.g. Mad2/1, CHEK1, CDC27) (Tables A.3 and A.4).
Hence, there may be little net effect on cell cycle progression. Interestingly, there appeared to be
no activation of a p53 transcriptional program upon DHX9 suppression, in contrast to previous
genome-wide expression studies in Arf’Ep-Myc/Bcl-2 lymphomas and MRC-5 human
fibroblasts, where p53 pathway activation elicited an apoptotic or senescence response
respectively[432, 473]. On a more general level, comparison of our present data with previous
data generated in Arf g "Eu-Myc/Bcl-2 and MRC-5 cells revealed no significant overlap with the
previous studies (data not shown). In MRC-5 cells, DHX9 suppression resulted in
downregulation of many genes involved in promoting DNA replication, mitosis, and cell cycle
progression[473]. This was not recapitulated in vivo. The fact that we did not observe activation
of the p53 pathway or global downregulation of proliferative and replication genes at the
organismal level is consistent with the lack of detectable phenotype resulting from reduced
DHXO9 expression in mice. Conversely, the upregulation of many biological processes may
represent a compensatory response to the cellular perturbations caused by DHX9 suppression — a
mechanism that may occur in vivo but not ex vivo. In any event, the changes in global gene
expression were small compared to those sustained ex vivo, and appear to be relatively benign, as
they resulted in no drastic consequences in the mice.

While the two DHX9 shRNAs exhibited similar levels of knockdown ex vivo and in most
tissues in vivo (Figures 3.7B, 3.8, 3.10, 3.11, 3.13 and 3.17A), histopathological analysis

revealed that the DHX9.837/rtTA +DOX mice exhibited moderate hepatic lipidosis, which was
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not found in the DHX9.1271/rtTA +DOX mice (Table 3.5). Although we have not investigated
the potential reasons for this additional phenotype, we do not feel it can be explained by
differences in knockdown potency (which appear quite similar). We cannot rule out that it may
represent a possible off-target effect of shDHX9.837 at this time.

Why loss of DHX9 has such detrimental effects on tumor cells but no negative impact on
normal adult tissues is not entirely clear, but this finding has been documented in a number of
previous settings with key regulatory proteins. DDXS5 is a DEAD-box RNA helicase with many
similarities to DHX9. It is multifunctional, with important roles in transcriptional regulation,
microRNA processing, RNA splicing, and ribosome biogenesis[490-493]. Furthermore, loss of
DDXS5 is embryonic lethal[492]. In a study by Mazurek et al.[494], DDXS5 knockdown induced
apoptosis in acute myeloid leukemia (AML) cells but was well tolerated in adult mice. Mice
expressing DDX5 shRNAs were healthy, gained weight normally, suffered no physiological
defects, and had no deleterious effects on organ morphology[494]. Similarly, Soucek and
colleagues modeled the therapeutic impact of systemic MYC inhibition in a KRas-induced lung
cancer mouse model using a dominant-negative MYC allele[495]. Conditional expression of the
mutant (termed Omomyc) allele impeded initiation and maintenance of KRas-induced lung
adenomas by eliciting apoptosis in the tumors. On the other hand, adult mice expressing
Omomyc exhibited no significant differences compared to control mice in terms of body weight,
blood chemistry, and general health and activity[495]. Organs with low proliferative indices
were unaffected by MYC inhibition; however, highly proliferative tissues such as skin and
intestines did suffer from increased apoptosis, degeneration, and decreased proliferation, effects
that were reversible upon restoration of MYC function. Another example illustrating the
differential effects of suppressing a protein in tumor cells versus normal tissues involves
suppression of the translation initiation factor eIF4E, which catalyzes the ribosome recruitment
step of translation initiation. Suppression of elF4E in the Ey-Myc lymphoma model significantly
delayed MY C-dependent tumor initiation by augmenting apoptosis and impairing cell division in
premalignant B-cells[474]. eIF4E suppression in adult mice resulted in a reduction in body
weight and increased apoptosis and loss of differentiation in the intestines, but these effects were
reversible upon DOX withdrawal[474]. These mouse models, like the shDHX9 mice described

herein, demonstrate that although a gene product may be essential, its partial suppression (as
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would be expected from a small molecule inhibitor) may be well tolerated at the organismal
level.

Although our study does not identify a single major pathway affected by DHX9
suppression in tumor cells, its role in a multitude of cellular processes (see Introduction) may
indicate a higher dependency of tumor cells for this gene product. In the mouse, since the
majority of cells are not actively proliferating, but are instead quiescent[496], these cells may
have a lower requirement for DHX9. Interestingly, DHX9 knockdown had no deleterious
consequences in tissues with high proliferative indices, such as the intestines and skin. This may
be due to the fact that although suppression is significant in these tissues, levels of remaining
DHXO are sufficient to maintain normal cell function and prevent activation of a p53 response. It
should be noted that ex vivo, both tumor cells and normal diploid fibroblasts were susceptible to
DHX9 knockdown, although the specific effect elicited was different (apoptosis versus
senescence). The differential effects of DHX9 suppression observed in vivo versus ex vivo in
terms of cellular fitness and p53 pathway activation may be partly attributed to cell culture stress.
In a physiological environment, reduction in DHX9 levels may be well tolerated. However, the
added stress of being cultured ex vivo, at higher oxygen levels and separated from their native
extracellular matrix, may sensitize cells sufficiently to activate a p53 stress response. The
knockdown of DHXO9 in vivo may not be as potent as what can be achieved ex vivo, and may not
reach a high enough threshold to activate p53. Another possible explanation is that there may be
some form of compensation for the loss of DHX9 in vivo — for example, upregulation of other
replication factors. In sum, our study demonstrates that DHX9 suppression is tolerated in the
adult mouse and warrants exploration of DHX9 as an anti-neoplastic target. What makes DHX9
particularly attractive is that unlike other potential therapeutic targets that have been explored
using conditional shRNA mice[474, 481, 495], its suppression does not have negative effects on

tissues harboring highly proliferative cells.

3.6 Materials and methods
3.6.1 Celllines

NIH3T3, Hela, and HEK293T/17 cells (ATCC, Manassas, VA, USA), and MRC-5 cells (a kind

gift from Dr. Nahum Sonenberg, McGill University, Canada) were maintained in DMEM
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(Multicell, St-Bruno, QC, Canada). U20S cells (ATCC) were maintained in McCoy 5A
(Multicell). MCF-7 (ATCC), MDA-MB231 (ATCC), and JIN-3, KMS-11, IM-9, RPMI8226,
U266B1, H929, OPM1.1, and OPM2 cells (kindly provided by Dr. Michael Sebag, McGill
University, Canada) were maintained in RPMI-1640 media (Multicell). A549 cells (ATCC) were
maintained in F12K (Multicell). All media was supplemented with 10% fetal bovine serum
(Multicell). ATCC authenticates all their cell lines using Short Tandem Repeat profiling. Cells
were not tested for mycoplasma contamination. Tsc2 " Epu—Myc lymphoma cells were derived
from tumors in Tsc2"" mice crossed with Ep—Myc mice and inbred on the C57BL/6 (Charles
River Laboratories) background for over ten generations. Tsc2 ™ Ep-Myc/R26-M2rtTA
lymphomas were generated by crossing Tsc2""Ep—-Myc mice with mice expressing the M2rtTA
transgene at the Rosa26 locus and harvesting tumors from the resultant triple transgenic progeny.
Lymphomas were cultured in B-cell media (45% DMEM, 45% Iscove’s media, 55 mM -

mercaptoethanol, 10% fetal bovine serum) on irradiated Ink4A™~ MEF feeder layers.

3.6.2 Virus generation and transductions

For suppression of DHX9 in murine cell lines (NIH3T3 and Ep-Myc lymphomas), shRNAs
targeting mouse DHX9 (DHX9.1241 and DHX9.1271) and a control shRNA targeting renilla
luciferase (RLuc.713) were transduced into cells using the MSCV/LTR/miR30/PuroR-IRES-
GFP (MLP) or MSCV/LTR/miR30/SV40-GFP (MLS) retroviral vectors (Table 3.1). Retroviral
infections were performed using ecotropic Phoenix packaging cells following established
protocols (http://www.stanford.edu/group/nolan/retroviral systems/retsys.html). Briefly, 20 ug
of plasmid were transfected into Phoenix ecotropic cells in a 10 cm dish by calcium phosphate-
mediated delivery. The media was changed 12 hours later and 48 hours post-transfection,
retroviral supernatant was collected every 8 hours up to 72 hours and added to target cells. For
infections using MLP, forty-eight hours after the last transduction, stable integrants were selected
using 2 pg/ml puromycin for at least 3 days. For suppression of DHX9 in human cell lines, two
shRNAs targeting human DHX9 (DHX9.860 and DHX9.267) and a control shRNA targeting
firefly luciferase (FLuc.1309) were transduced into cells using pPrime-PGK-Puro (Addgene,
Cambridge, MA, USA) (Table 3.1). Lentiviral transduction was performed following published
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procedures[462]. Briefly, 15 pug of pPrime-PGK-Puro-shRNA, 7.5 ug of packaging plasmid
pSPAX2, and 3.75 ug of envelope-encoding vector, CMV-VSVG, were mixed and transfected
into HEK293T/17 cells in a 10 cm dish by calcium phosphate-mediated delivery.

3.6.3 Generation, genotyping, and induction of transgenic mice

Transgenic mice harboring a Rosa26 (R26)-m2rtTA allele and DHX9.837 or DHX9.1271
shRNAs under the control of a tetracycline-inducible promoter (TRE) were generated through
FLP/FRT-mediated site specific recombination at the Coll A1 locus on chromosome 11 by
Mirimus (Cold Spring Harbor, NY, USA). PCR was used for genotyping using shRNA-specific
forward primers [FLuc.1309: > AAGCCACAGATGTATTAATCAGAGA®, DHX9.837:

> AAGCCACAGATGTATTTAGATCCAT®, and DHX9.1271:
“AAGCCACAGATGTATAAATTATGAT" ], combined with a common reverse primer,
Coll1Al Rev43 [ GAAAGAACAATCAAGGGTCC?]. Genotyping for the R26-m2rtTA allele
was performed using Mutant For: > AAAGTCGCTCTGAGTTGTTAT®, Rev:
*GCGAAGAGTTTGTCCTCAACC®, and WT For: > GGAGCGGGAGAAATGGATATG®
primers.

All mice strains were maintained on a C57BL/6 background. Induction of shRNA
expression was performed in 4-week-old shRNA/rtTA mice by supplying doxycycline (DOX) at
1 mg/ml in the drinking water (plus 5% sucrose) for 14 days (for short-term experiments) or 6
months (for long-term experiments). The DOX-supplemented water was changed every 4 days.
All animal studies were approved by the McGill University Faculty of Medicine Animal Care

Committee.

3.6.4 Immunohistochemical analysis and TUNEL staining of mouse tissues

Tissues from shRNA/rtTA mice were harvested, fixed in 10% formalin for 48h, and embedded in
paraffin. Sections (4 um) were deparaffinized in xylene, and rehydrated through a series of
decreasing ethanol washes (100%, 95%, and 75%), followed by washing in water for 2 x 5
minutes. Antigen retrieval was performed by boiling the slides in 10 mM citric acid buffer [pH

6.0] for 15 minutes. Immunohistochemistry was performed using the HRP/DAB Detection Kit
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(ab64261; Abcam, Cambridge, MA, USA) according to the manufacturer’s instructions and as
previously described[474]. The following primary antibodies and dilutions were used: DHX9
(ab26271; Abcam, Cambridge, MA, USA) (1:100 dilution), GFP (#2555, Cell Signaling,
Danvers, MA, USA) (1:800 dilution), turboGFP (AB514; Evrogen, Moscow, Russia) (1:5000
dilution) and Ki-67 (Sp6; Neomarkers, Fremont, Ca, USA). After visualizing the signal using
DAB chromogen and substrate, sections were counterstained with hematoxylin, destained with
0.5% HCI in 70% ethanol, incubated with 0.2% lithium carbonate, and rinsed with tap water. The
sections were then dehydrated through an ethanol gradient (75%, 95%, and 100% ethanol),
followed by xylene washes (2 x 5 minutes), and mounted using Permount (Fisher, Ottawa, ON,
Canada). Sections were scanned using an Aperio ScanScope XT (Aperio Technologies, Vista,
CA, USA). TUNEL staining was performed using the In situ Cell Death Detection Kit, TMR-
Red (#12156792910; Roche, Mannheim, Germany) according to the manufacturer’s instructions.
Images were taken with a LSM 510 Meta Confocor2 Confocal Microscope (Zeiss) at 40X
magnification and the percentage of apoptotic cells quantitated using ImageJ (National Institutes

of Health, Bethesda, Maryland, USA).

3.6.5 Ex vivo competition assays

Ex vivo competition assays were performed by transducing cells with MLS-based (for mouse
cells) or pPrime-PGK-puro-based (for human cells) shRNAs. The percentage of GFP-positive
cells was measured 48h after the final infection (t=0) using a GUAVA EasyCyte HT flow
cytometer (Millipore, Billerica, MA, USA). Cell death was assessed by staining cells with 4
pg/ml propidium iodide (PI) and measuring the percentage of PI-positive cells. For competition
assays using the DOX-inducible vector TRMPV, Tsc2 ™ Ep-Myc/R26-M2rtTA cells were
transduced with TRMPV-shRNA and FAC-sorted to obtain a pure Venus' population. shBRNA
expression was induced by treatment with vehicle or 1 pg/ml DOX and cell death assessed by
staining with Fixable Viability Dye eFluor450 (eBioscience) and measuring the percentage of

stained cells using a LSRII cytometer (BD Biosciences).
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3.6.6 In vivo competition assays

Tsc2™ Eu-Myc cells were transduced with MLS-based SiRNAs and two days post-infection, 10°
cells were injected into the tail vein of C57BL/6 recipients (not randomized or blinded to the
investigator). Mice were monitored until they reached terminal disease stage (characterized by
the appearance of tumors, decreased activity, hunched posture, dehydration, paralysis, and
weight loss), at which point the spleen was harvested and analyzed for GFP-positive B-cells

using flow cytometry.

3.6.7 Survival analysis following tumor transplantation

Tsc2 ™ Ep-Myc/R26-M2rtTA lymphoma cells were transduced with TRMPV retroviruses
expressing ShARNAs to RLuc, DHX9 or L15, FAC-sorted to obtain a pure Venus' population, and
10° cells were introduced into 10 C57BL/6 mice for each shRNA via tail-vein injection. 6 days
post-injection, 5 mice for each shRNA was treated with 1 mg/ml DOX (in 5% sucrose) and the
other 5 mice were treated with 5% sucrose. The mice were sacrificed when they reached
terminal disease stage, at which point the spleen was harvested and the percentages of B220",
Venus', and dsRed" cells were analyzed by flow cytometry. The survival (number of days to
reach terminal stage) of each mouse was plotted on a Kaplan-Meier curve using GraphPad Prism
(v. 5.03, GraphPad Software Inc., La Jolla, CA, USA) and the p-values determined using the
Log-rank (Mantel-Cox) test.

3.6.8 Immunoblot analysis

Protein extracts were prepared by lysing cells in RIPA lysis buffer (20 mM Tris-HCI [pH 7.5],
150 mM NacCl, 0.1% SDS, 1% NP40, 0.5% sodium deoxycholate, 1 mM B-glycerophosphate, 1
mM PMSF, 1 pg/ml leupeptin, 10 pg/ml aprotinin, and 2.5 uM pepstatin A). PVDF membranes
were probed with the indicated primary antibodies and HRP-conjugated secondary antibodies
(rabbit (711-035-152) or mouse (115-035-146) (Jackson ImmunoResearch, West Grove, PA,
USA) and visualized using enhanced chemiluminescence (ECL) (Perkin Elmer, Waltham, MA,
USA). The primary antibodies used in this study were: DHX9 (M99; SC Biotech (Dallas, TX,
USA) for human and ab26271; Abcam (Cambridge, MA, USA) for mouse), eEF2 (#2332; Cell
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Signaling, Danvers, MA, USA), GFP (#2555; Cell Signaling, Danvers, MA, USA), turboGFP
(AB514; Evrogen, Moscow, Russia), RB1 (554136; BD Pharmingen, Franklin Lakes, NJ, USA),
human p53 (DO-1; SC Biotech, Dallas, TX, USA), mouse p53 (NL-p53-505; Novocastra,
Concord, ON, Canada), p21 (556430; BD Pharmingen, Franklin Lakes, NJ, USA), a-actin (clone
AC-15; Sigma, Oakville, ON, Canada), MYC-tag (9E10, McGill Hybridoma Core Facility,
Montreal, QC, Canada), and BIM (#202000, Millipore, Billerica, MA, USA). Antibodies for
MCL-1 (S-19), BCL-2 (C-2), and BAX (B-9) were purchased from SC Biotech (Dallas, TX,
USA).

3.6.9 Flow cytometry analysis of splenocytes

Fresh spleen cell suspensions were isolated in PBS + 2% FBS and erythrocytes were removed by
lysis in ACK buffer (150 mM NH4CI, 10 mM KHCOs, 0.1 mM EDTA). Remaining cells were
collected by centrifugation and resuspended in PBS + 2% FBS. Blocking was performed by
incubating samples with 1.5 pg/ml purified anti-CD16/CD32 antibody (clone: 2.4G2; BD
Biosciences, Franklin Lakes, NJ, USA) for 5 minutes on ice. The sample (100 pl) was stained
with a PE-conjugated CD45R/B220 antibody (clone RA3-6B2; BD Pharmingen, Franklin Lakes,
NJ, USA), a marker for B lymphocytes. Another 100 pl of sample was stained with PE-
conjugated CD4 antibody (clone H129.19, BD Pharmingen, Franklin Lakes, NJ, USA),a T
lymphocyte marker. Final antibody concentration was 0.6 pg/ml, and the staining was performed
in the dark on ice for 30 minutes. Samples were then washed twice with PBS, resuspended in
PBS + 2% FBS, and the percentage of PE-positive cells assessed using a GUAVA EasyCyte HT
flow cytometer (Millipore, Billerica, MA, USA). For experiments using the TRMPV vector,
spleens were processed as above except that a V500-conjugated CD45R/B220 antibody (clone
RA3-6B2; BD Biosciences) was used in place of the PE-conjugated B220 antibody and cells

were analyzed using a LSRII cytometer (BD Biosciences).

3.6.10 Microarray analysis and validation

Total RNA was isolated from the large intestine of DOX-treated (14 days) FLuc.1309/rtTA,
DHX9.837/rtTA, and DHX9.1271/rtTA mice using TRIzol as per the manufacturer’s instructions
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(Life Technologies). Verification of DHX9 knockdown was performed by qRT-PCR using the
following primers: DHX9 FWD: > CCGAGGAGCCAACCTTAAAGA®, DHX9 REV:
>TGTCCAATTTCCATGAAGCCC®, GAPDH FWD: > AGGTCGGTGTGAACGGATTTG?,
and GAPDH REV: > GGGGTCGTTGATGGCAACA?® . Extracts from three biological replicates
were submitted to the McGill University and Génome Québec Innovation Center’s microarray
facility. RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) and the cDNA generated and hybridized onto the Affymetrix Mouse
Gene 2.0 ST Array. The resulting data were summarized and normalized using the oligo package
version 1.30.0[497] by applying robust multiarray average (rma) in R version 3.1.1 (www.r-
project.org) and bioconductor version 3.0[498]. Updated probe set definitions[499] were used
because these provide improved precision and accuracy for micrarrays[466]. Reproducibility was
assessed via hierarchical clustering of Spearman correlations obtained for all genes in all sample
to sample comparisons. Samples clustered according to shRNA identity and the major difference
was observed between the FLuc.1309/rtTA samples and two DHXY/rtTA samples — indicating
good reproducibility. Differential expression was identified using the random variance model
(RVM)[467] and an ANOV A model with two treatment contrasts (e.g. DHX9.837/rtTA vs
FLuc.1309/rtTA and DHX9.1271/rtTA vs FLuc.1309/rtTA) as described for ANOTA[500]. The
resulting p-values were adjusted for multiple testing using the Benjamini-Hochberg False
Discovery Rate (FDR) method[468]. Genes that showed a FDR <0.05 and a fold-change >1.5
were considered significantly differentially expressed. Generally applicable gene set enrichment
for pathway analysis (GAGE[469]) version 2.16.0 in R version 3.1.1 was used for identification
of biological processes controlled by genes at the extreme ends of the ranked gene lists. For
GAGE analysis RVM p-values from the two treatment contrasts were used as input and default
settings were applied while setting rank.test=TRUE and only searching against biological
processes as defined by the Gene Ontology Consortium[501]. We used the esset.grp function
with the GAGE package to identify non-redundant biological processes and those that were
significantly enriched (FDR<0.01) were collected. The microarray data is available in the NCBI
GEO database, accession code GSE76765.
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3.6.11 Cell cycle analysis

Cell cycle analysis was performed using ethanol fixation, acid denaturation, and propidium
iodide (PI) staining[464] at day 10 after transduction with shRNAs. Cells were seeded onto 6 cm
plates and harvested at 75% confluency. The cells were trypsinized and washed twice with PBS
containing 1% BSA and 5 mM EDTA, resuspended in 50 pl PBS on ice, fixed with 1.25 ml 70%
ethanol, and stored at -20°C until further processing. The fixed cells were then treated with 0.5%
Triton X-100/ 2 M HCI for 30 minutes with end-over-end incubation at room temperature to
denature genomic DNA. Cells were neutralized with 0.1 M Sodium Borate [pH 8.5], washed
with PBS containing 1% BSA and 0.5% Triton X-100, and resuspended in 500 uL of PBS
containing 5 pg/mL PI (Sigma). The cell cycle profile of the cells was then assessed using a

GUAVA EasyCyte HT flow cytometer (Millipore, Billerica, MA, USA).

3.6.12 Statistical analysis

Statistical analysis was carried out using GraphPad Prism (v. 5.03, GraphPad Software Inc., La
Jolla, CA, USA) and data is shown as mean +SEM. For all analyses except the Kaplan-Meier
analysis (see above), statistically significant differences were determined using the unpaired two-

tailed t-test and represented as p-values.
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CHAPTER 4: DEPENDENCE OF P53-DEFICIENT CELLS ON THE
DHX9 DEXH-BOX HELICASE

Manuscript under revision:

Lee T and Pelletier J. (2016). Dependence of p53-deficient cells on the DHX9 DExH-box
helicase. Oncotarget. Under revision.
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4.1 Preface to Chapter 4

We have previously shown that loss of DHX9 induces senescence in human diploid fibroblasts in
a p53-dependent manner. The synergy between DHX9 suppression and ABT-737 treatment in
triggering an apoptotic response in Arf Ep-Myc/Bcl-2 cells is also dependent on functional p53
signaling. In Chapter 3, the consequences of suppressing DHX9 in a panel of human cancer cell
lines were examined. Although the majority of these cell lines had wildtype p53 status, it was
noted that two of them, MDA-MB231 and HeLa cells, harbored a mutation in p53 or contained
low p53 levels. In spite of this, DHX9 suppression was able to trigger cell death in these two
lines. We therefore hypothesized that there may be a p53-independent mechanism through which
DHX9 suppression can mediate cell death and/or cell cycle arrest. This is of interest because
many tumors have lost or mutated p53, and the ability to target DHX9 in these tumors would
increase its therapeutic potential. In Chapter 4, we sought to determine whether loss of DHX9
can be detrimental to p53-deficient systems in general. To this end, we assessed the
consequences of DHX9 suppression in three different p53-null cell lines. We also investigated
the underlying mechanisms by examining changes in transcript levels of known p53 targets in

the p53-deficient systems.

4.2 Abstract

DHX9 is a DExH-box helicase family member with key regulatory roles in a broad range of
cellular processes. It participates at multiple levels of gene regulation, including DNA
replication, transcription, translation, RNA transport, and microRNA processing. It has been
implicated in tumorigenesis and recent evidence suggests that it may be a promising
chemotherapeutic target. Previous studies have determined that DHX9 suppression elicits an
apoptotic or senescence response by activating p53 signaling. Here, we show that DHX9
inhibition can also have deleterious effects in cells lacking functional p53. Loss of DHX9 led to
increased cell death in p53-deficient mouse lymphomas and HCT116 human colon cancer cells,
and GO/G1 cell cycle arrest in p53-deficient mouse embryonic fibroblasts. Analysis of mRNA
levels for p53 transcriptional targets showed that a subset of p53 targets in the p53-null
lymphomas and HCT116 cells were activated despite the absence of functional p53. This implies

an alternative pathway of DHX9-mediated activation of cell death and cell cycle arrest in p53-
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deficient cells and supports the feasibility of targeting DHX9 in p53-deficient tumors.

4.3 Introduction
DHX9 (also known as Nuclear DNA Helicase II (NDH II) and RNA Helicase A (RHA)) is an
NTP-dependent helicase belonging to the DExH-box family of helicase proteins. DHXO is a
multi-domain protein, consisting of a core helicase domain harboring the conserved DEIH
sequence, two RNA-binding domains at the N-terminus, a nuclear transport domain and a DNA-
binding RGG-box at the C-terminus[26]. It is capable of unwinding a variety of substrates,
including DNA, RNA, and complex polynucleotide structures[1, 2], and has been implicated in
many diverse biological processes. Its functions include regulation of transcription[120, 124,
138], translation[ 148, 152], RNA transport[182], microRNA processing[171], and DNA
replication and genome maintenance[36, 38, 93, 98]. Over 30 interacting partners for DHX9
have been identified, in the context of its various cellular roles[502]. Due to the important
regulatory role played by DHXO9, there is growing evidence of its implications in human diseases
such as various cancers and viral infections[502].

We previously identified DHX9 as a modifier of sensitivity to ABT-737 (an inhibitor of
BCL-2 family pro-survival factors) in a mouse lymphoma model. Using Arf "Ep-Myc/Bel-2
mouse lymphoma cells, which overexpressed c-MYC and exogenous BCL-2 and were resistant
to ABT-737, we found that suppression of DHX9 synergized with ABT-737 to reverse
resistance. This was accomplished through aggravation of replicative stress and activation of p53
signaling, leading to apoptosis[432]. We subsequently investigated the effect of DHX9
suppression in non-transformed primary human diploid fibroblasts, where we demonstrated that
loss of DHXO resulted in a pronounced growth arrest and premature senescence. This resulted
from inhibition of DNA replication which activated a p53-dependent stress response[473]. In
both the Arf" Ep-Myc/Bel-2 mouse lymphoma and primary human fibroblast models, functional
p53 signaling was essential for the ABT-737 synergy or senescence response.

Further exploration of the chemotherapeutic potential of targeting DHX9 has been carried
out in other mouse and human cancer models. Whereas DHX9 was targeted in combination with
ABT-737 treatment in the aforementioned Arf Ep-Myc/Bcl-2 lymphomas, it was found that loss

of DHXO9 on its own had a lethal effect on tumor cells where BCL-2 was not supra-elevated. In
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MY C-driven Tsc2"E u-Myc lymphomas, DHX9 suppression had a straight lethal effect both ex
vivo and in vivo[503]. Knockdown of DHXO in a representative panel of human cancer cell lines,
including multiple myeloma, osteosarcoma, and breast, lung, and cervical cancer cells,
demonstrated that DHX9 suppression was detrimental in the majority of cancer cells[503]. In
assessing the levels of various apoptotic and cell cycle proteins in the different cell lines, we
noted that two of them, MDA-MB231 breast cancer cells and HeLa cervical cancer cells,
harbored a mutation in p53 or were p53-deficient. Despite the absence of functional p53,
however, loss of DHX9 had a deleterious effect on both cell lines[503]. This suggested that p53
was not the only factor mediating the apoptotic effect of DHX9 suppression, and that there may
be a p53-independent mechanism triggering cell death upon DHX9 suppression.

In this study, we investigate the phenomenon and underlying mechanisms of DHX9-
mediated cell death and growth arrest in p53-deficient systems. We compare the consequences of
DHX9 suppression in pS3-wildtype and p53-deficient settings in three different ex vivo models:
mouse lymphomas, mouse embryonic fibroblasts (MEFs), and human colon cancer cells. We
demonstrate that in all three cases, loss of DHX9 leads to a reduction in cellular fitness in both
p53-wildtype and p53-deficient cells. Analysis of the levels of pS3 transcriptional targets in each
system shows that in the absence of p53, some targets were nevertheless activated upon DHX9
suppression. Our results support the existence of a pS3-independent aspect to DHX9-mediated
cell death and cell cycle arrest, and highlight the value of targeting DHX9 in p53-defective

tumors.

4.4 Results
4.4.1 DHX?Y suppression reduces cellular fitness in both p53-wildtype and p53-null settings

Previous studies in both non-transformed cells and tumor models initially suggested that
functional p53 signaling is essential for the cell death or senescence response resulting from
DHXO9 inhibition[432, 473]. Further investigation, however, demonstrated that MDA-MB231
cells, which harbor a point mutation in p53, and HeLa cells, which are p53-deficient due to
overexpression of the E6 protein from human papillomavirus type 16, also showed increased cell

death upon DHX9 suppression[503]. To characterize this response, we knocked down DHX9 in
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p53-wildtype and p53-null settings in three different cell types. p5 3"E u-Myc lymphomas were
compared to Tsc2 ™ Ep-Myc lymphomas — the latter of which were previously characterized and
shown to contain functional p53 signaling as well as being highly responsive to DHX9
suppression[480, 503, 504]. A competition assay was carried out in which cells infected with
shRNAs targeting DHX9 or a neutral renilla luciferase control (shRLuc.713) were co-cultured
with non-infected cells (Figure 4.1A). Cells harboring DHX9 shRNAs were depleted
(represented by a decrease in %GFP+ cells) in both T: se2" "Eu-Myc and p53‘/ ‘Eu-Myc
lymphomas; however, the kinetics of the depletion was slower in the case of the p53’/ "Eu-Myc
lymphomas (Figure 4.1A). This result was recapitulated in INK4A™ (p53*") and p53” MEFs
(Figure 4.1B). Here, shDHX9-expressing cells were depleted in both p53™" and p53”~ MEFs, but
the kinetics were slower in the latter compared to the former. We also examined the outcome of
knocking down DHX9 in HCT116 p53™" and HCT116 p53™ cells. HCT116 p53™ cells were
derived from parental HCT116 p53+/ " cells through disruption of both alleles of the p53 gene by
homologous recombination and hence are isogenic cell lines[505]. As with the lymphomas and
MEFs, both the HCT116 p53™" and HCT116 p53™ cells exhibited depletion of GFP+ cells
following DHX9 suppression (Figure 4.1C). Here, the kinetics of depletion are relatively similar,
with the depletion in the HCT116 p53™" cells being only slightly slower than that of the HCT116
p533™" cells. The variation in kinetics is unlikely due to differences in DHX9 knockdown, which
were quite similar in all three pairs of cell lines examined (Figure 4.1D-F). The p53 status in all
three cell types was verified by Western blot analysis, and in the p53"" scenarios, DHX9
suppression led to elevation of p53 levels (Figure 4.1D-F), in agreement with prior studies[432,
473, 503]. Our results demonstrating that shDHX9-expressing cells were depleted in three
independent p53-null cell lines support previous observations that DHX9 suppression can be

detrimental to cells without functional p53.

4.4.2 Context-dependent effects of DHX9 suppression in p53-deficient cells

To gain insight into the underlying causes for the difference in kinetics observed between p53-
wildtype and p53-deficient systems, we quantitated the levels of cell death that ensued following
DHX9 knockdown. DHX9 suppression resulted in a ~1.5-fold increase in cell death in p53” Ep-
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Figure 4.1 DHX9 suppression reduces cellular fitness in both pS3-wildtype and pS3-null
systems.

Ex vivo competition assay with (A) Tsc2 " Ep-Myc (p53*") and p53”" Ep-Myc lymphomas, (B)
INK4A ™ (p53™*) and p53” MEFs, and (C) HCT116 p53™* and HCT116 p53™" cells. Cells were
infected with shRNAs targeting DHXO or a neutral control and the relative %GFP monitored
over time. The experiment was started 48 hours after the final infection (t=Day 0). N=3 =SEM.
(D-F) Western blot analysis of extracts from the indicated cell lines. Membranes are probed with
antibodies indicated to the left. Solid bar indicates a different set of Western blots were probed.
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Myc lymphomas, compared to a ~3-fold increase in Tsc2 ™ Ep-Myc lymphomas (Figure 4.2A);
this difference in the extent of cell death induced is consistent with the slower kinetics of
depletion exhibited by the p53”Ep-Myc lymphomas in the competition assay (Figure 4.1A). In
the MEFs, neither the INK4A™ nor the p53” MEFs showed an increase in cell death (Figure
4.2B). The HCT116 p53™ cells exhibited a 2.9-3.5-fold increase in cell death, compared to a 4.4-
4.9 fold increase in the p53+/ " cells (Figure 4.2C), which again, was consistent with the slight
difference in kinetics observed in the competition assay. Given that the MEFs showed no
induction of cell death upon DHX9 suppression, we carried out cell cycle analysis on the three
different cell types following transduction with control or DHX9 shRNAs. Indeed, the INK4A ™
MEFs exhibited a marked increase (~24%) in the percentage of cells in GO/G1 phase, and a
~12% decrease in the number of cells in both the S and G2/M phases upon DHX9 suppression,
indicating a GO/G1 growth arrest. In the case of the p53'/' MEFs, changes in cell cycle
distribution following DHX9 knockdown were smaller, with a ~15% increase in the number of
cells in GO/G1 phase, a 10% decrease in the cells in S phase, and a ~5% decrease in the number
of cells in the G2/M phase (Figure 4.2E). This correlated with the slower kinetics of depletion in
the competition assay for the p53'/' MEFs (Figure 4.1B). Neither the HCT116 p53+/+ nor the
HCT116 p53™" cells displayed any significant changes in cell cycle distribution, suggesting that
depletion of the shDHX9-expressing cells was likely solely due to induction of cell death rather
than growth arrest (Figure 4.2F). Both T: s¢2" "Eu-Myc and p53’/ " Ep-Myc lymphomas underwent
a slight S-phase arrest upon loss of DHX9, with a small (3.5-4.6%) increase in the percentage of
S-phase cells and a concomitant decrease in G2/M-phase cells (Figure 4.2D); however, cell death
appeared to be the primary mechanism by which DHX9 suppression reduced the proliferative
fitness of the lymphomas. These results indicate that irrespective of the p53 status, DHX9
suppression may elicit a cell death or cell cycle arrest response, or a combination of both,

depending on the cellular context.

4.4.3 DHXY suppression activates p53 targets in both p53-wildtype and p53-null systems

To better understand how loss of DHXO elicits a cell death or growth arrest response in p53-

wildtype and p53-null systems, we quantified the relative mRNA levels of a set of known,
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Figure 4.2 Context-dependent consequences of DHX9 suppression.

PI staining of (A) Tsc2" Eu-Myc (p53™") and p53” Ep-Myc lymphomas, (B) INK4A™ (p53™")
and p53” MEFs, and (C) HCT116 p53** and HCT116 p53”" cells expressing the indicated
shRNAs 7 days post-infection. N=3 £SEM. # p<0.05, § p<0.01, * p<0.005, ## p<0.001, §§
p<0.0005, ** p<0.0001, NS — not significant. Cell cycle analysis of (D) Tsc2™ Ep-Myc (p53™")
and p53” Eu-Myc lymphomas, (E) INK4A™ (p53*") and p53”" MEFs, and (F) HCT116 p53**
and HCT116 p53'/ " cells expressing the indicated shRNAs 10 days post-infection. N=3 £SEM.
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previously validated p53 transcriptional target genes[432, 506] using quantitative RT-PCR
analysis. Nine p53 target genes were analyzed in Ts¢2 ™ Eu-Myc and p53” Ep-Myc lymphomas,
INK4A ™" and p53” MEFs, and HCT116 p53™* and p53™ cells, six days after transduction with
control or DHX9 shRNAs. Amongst these were the cyclin dependent kinase inhibitor p21, BCL-
2 family proteins PUMA, BAX, NOXA, BIM, and MCL-1, the c-MYC oncogene, and other
targets MDM?2, PLK2, and SESN1. DHX9 knockdown and p53 levels were validated in the
RNA samples for each cell type (Figures 4.3-4.5). p53 mRNA levels were not elevated in
response to DHX9 knockdown, suggesting that the observed increase in p53 protein (Figure
4.1D-F) is likely due to a post-transcriptional response. DHX9 suppression in 7. se2" "Eu-Myc
cells resulted in elevated levels of p21, PUMA, BAX, NOXA, BIM, c-MYC, and PLK2. Of
these, NOXA and PLK2 were also elevated in p53” Eu-Myc lymphomas; however, the
magnitude of induction for both genes was approximately 1.5-2-fold less than that experienced in
the Tsc2" "Eu-Myc lymphomas (Figure 4.3B). p21, BIM, MDM2, and SESN1 levels were
significantly increased upon DHX9 knockdown in INK4A™ MEFs, but none of the p53 targets
tested appeared to be activated in p53'/ " MEFs (Figure 4.4B). p21, PUMA, BAX, NOXA, BIM,
MDM2, ¢c-MYC, and PLK2 transcript levels increased following DHX9 suppression in HCT116
p53+/ " cells, and the HCT116 p53'/ " cells exhibited significant increases in NOXA, c-MYC, and
PLK2 levels (Figure 4.5B). Similar to what was observed in the lymphomas, the magnitude of
the increases in NOXA and PLK2 was approximately 1.5-2-fold less in the HCT116 p53™ cells
compared to HCT116 p53™ cells. These results illustrate that in cells harboring functional p53,
DHX9 suppression activates a transcriptional program consisting of several targets known to
lead to cell death or cell cycle arrest. In the absence of p53, a small subset of classic p53 targets

is also activated and this may contribute to the cell death response elicited in these cells.
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Figure 4.3 Consequences of DHX9 knockdown on p53 targets in Tsc2" Ep-Myc (p53*')
and p53'/ “Ep-Myc lymphoma cells.

(A) Quantitative RT-PCR analysis documenting DHX9 knockdown and p53 levels in T: s¢2"E p-
Myc (p53™%) and p53” Ep-Myc lymphomas. The indicated cell lines were transduced with
control shRLuc.713 or DHX9 shRNAs and harvested 6 days post-infection. mRNA levels were
normalized to GAPDH and the mRNA levels of the shDHX9 samples were then normalized to
that of the shRLuc.713 sample for each cell line. N=3 +SEM. (B) Quantitative RT-PCR analysis
of p53 transcriptional targets in 7. se2" "Eu-Myc (p53+/ ") and p53’/ " Ep-Myc lymphomas. The
analysis was performed 6 days post-transduction with control shRLuc.713 or DHX9 shRNAs.
mRNA levels for each cell line and target were normalized as in (A). N=3 £SEM. Significant
differences between shDHX9 and shRLuc.713 samples (where p<0.05) are indicated as follows:
# p<0.05, § p<0.01, * p<0.005, ## p<0.001, §§ p<0.0005, ** p<0.0001.
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Figure 4.4 Consequences of DHX9 knockdown on p53 targets in INK4A™" (p53+/ ") and p53" i
MEFs.

(A) Quantitative RT-PCR analysis showing DHX9 knockdown and p53 levels in INK4A™
(p53+/ ") and p53'/ " MEFs. The indicated cell lines were transduced with control shRLuc.713 or
DHX9 shRNAs and harvested 6 days post-infection. mRNA levels were normalized to GAPDH
and the mRNA levels of the shDHX9 samples were then normalized to that of the shRLuc.713
sample for each cell line. N=3 £+SEM. (B) Quantitative RT-PCR analysis of p53 transcriptional
targets in INK4A™ (p53+/ ") and p53'/ “MEFs. The analysis was performed 6 days post-
transduction with control shRLuc.713 or DHX9 shRNAs. mRNA levels for each cell line and
target were normalized as in (A). N=3 £SEM. Significant differences between shDHX9 and
shRLuc.713 samples (where p<0.05) are indicated using the same key as in Figure 4.3.

167



b

[
L

Relative mRNA levels
o o
& o0

(=]
L

(=} (= - (=} f=3 - > (=1 ~- (=} [=1 [
(= o O [=1 el o f=3 o o (=4 =l el
5] o0 3] 2] =] 3 [a] oz 3 2] =] I
T E E 3 E E 2 £ £ 3% 5 E
d a a d [a] a d a a i (=] o
Z 5 5 & E F B9 £ H Bw B =
p53™ P53+~ p53" p53+-
DHX9 p53
#
- # 3
B 7 — § [
#
4 # #
611 — —
.G_WJS- *
> 4 #
= —i | — | # i #
<l:4- § § # 4 11 —
=z — i i rm = 4 # u
%3- § # (| [ | (o |
= M i
@
2 2 1
=
Q
m"i L1 ”" T T ”“ “”i i i i
0
= e e e =l e = e e e M=l e =T e M= S e e B e = T e M= e W B ol e = T e S = e Bl B oo\ o= =
CLLOoOVLOLOoOYVVLVOoOVLOoOUVLYOVYVOYOoOUVLOLOYOLOoOULVWYWOoOUYLOoOUVYLOoOULVWUYOUYLOoOULYUOOoOWYWLoowwowwowwo
IR o I I o B o - I o B - B o B - I o B e I - I o I - o I - I S IR - B o BT - I o B e T =To I o B - B o B BT I o e B == o B T - A o I S - R o T o |
e e e W o Sap o W« ) Sl e N - Shap i o i« Sl <\ o Shapil o i« Sl <\ o Mhspi = W= ol « ) o MAapi o W = Nl N < Sl o (N« San i« < Shap i o (i« Sl N o Ml = = Mgl = o
A R R E R EE R R R R
EEoEoCELOCEASELOCZO0LACEONEARELOCZAOELAREZCOCELARECCEZAREAREAD
R R R R R R - R e R R R R i R R R R R R R R R i i i R R R R i R R A
p53 p53 p53 ps3 ps3 p53 p53 p53°  p53° p53° ps3 p53 p33 p53 p53 ps3 ps3 p53
p21 PUMA BAX NOXA BIM MDM2 MCL-1 c-MYC PLK2

Figure 4.5 Consequences of DHX9 knockdown on p53 targets in HCT116 p53+/ " and p53'/'
cells.

(A) Quantitative RT-PCR analysis showing DHX9 knockdown and p53 levels in HCT116 p53™"*
and p53'/ " cells. The indicated cell lines were transduced with control shFLuc.1309 or DHX9
shRNAs and harvested 6 days post-infection. mRNA levels were normalized to GAPDH and the
mRNA levels of the sShDHX9 samples were then normalized to that of the shFLuc.1309 sample
for each cell line. N=3 +SEM. (B) Quantitative RT-PCR analysis of p53 transcriptional targets in
HCT116 p53** and p53™ cells. The analysis was performed 6 days post-transduction with
control shFLuc.1309 or DHX9 shRNAs. mRNA levels for each cell line and target were
normalized as in (A). N=3 £SEM. Significant differences between shDHX9 and shFLuc.1309
samples (where p<0.05) are indicated using the same key as in Figure 4.3.
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4.5 Discussion

The tumor suppressor p53 plays a central regulatory role in cell cycle progression, apoptosis, and
DNA repair. It transcriptionally activates genes with a wide range of functions in response to
cellular stresses such as DNA damage, reactive oxygen species, and replication stress, allowing
the cell to arrest or undergo apoptosis to prevent aberrant replication and genomic instability
[221]. p53 transcriptional targets include the cyclin-dependent kinase inhibitor p21[507, 508],
the tumor suppressor PTEN[509], members of the BCL-2 family of pro-apoptotic factors such as
PUMA, NOXA, and BAX][331-334], as well as components of the apoptotic effector machinery
(e.g. APAF-1 and caspase-6)[342-345]. Due to its importance, it is not surprisingly the most
frequently mutated gene in human cancer, with over 50% of cancers harboring a defect in
p53[222, 223]. Since many traditional genotoxic agents act through p53 to induce apoptosis or
cell cycle arrest, this poses a problem for chemotherapy because it restricts the use of these
agents to settings where p53 is functional. Investigating means of eliciting a cell cycle arrest or
cell death response in the absence of functional p53 is therefore of great therapeutic interest.

Previous studies from our research group have supported the notion of inhibiting of
DHX9 as a chemotherapeutic approach, primarily in p53-wildtype settings. In the present study,
we assessed the consequences of suppressing DHX9 in p53-deficient cells and compared the
outcome to that achieved in p53-wildtype scenarios. We demonstrated that p53-null mouse
lymphomas, MEFs, and HCT116 cells are susceptible to DHX9 suppression. When comparing
isogenic p53™" and p53” HCT116 cells, the response to DHX9 suppression was quite similar,
demonstrating that targeting DHX9 can be just as effective in p53-deficient settings.

We chose to examine whether common p53 targets were also being activated in p53-null
cells. In Tsc2""Ep-Myc lymphomas, DHX9 suppression resulted in elevated levels of p21,
PUMA, BAX, NOXA, BIM, ¢c-MYC, and PLK2. This is consistent with activation of an
apoptotic program previously observed in mouse lymphomas upon DHX9 suppression[432]. We
found that NOXA and PLK2 were also elevated in p53” Eu-Myc lymphomas. A similar situation
was observed with the p53+/ "and p53'/' HCT116 cells; induction of p21, PUMA, BAX, NOXA,
BIM, MDM2, ¢-MYC, and PLK2 mRNA in the p53™" cells and of NOXA, ¢-MYC, and PLK2
in the p53™ cells. The fact that we observed increased levels of NOXA and PLK2 in both p53-

null lymphomas and HCT116 cells suggests that these two proteins may be involved in common
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p53-independent pathways of activating programmed cell death. The smaller magnitude of
increase in NOXA and PLK2 levels in the p53-null cells, as well as the observation that fewer
p53 targets were activated in the p53-null cells compared to the p53-wildtype cells, may be
responsible for the slower kinetics of depletion and lower levels of cell death induced upon
DHXO loss in the p53-null cells. DHX9 suppression in INK4A™ MEFs resulted in increased
levels of p21, BIM, MDM?2, and SESN1, all of which are known mediators of cell cycle arrest
[507, 508, 510-513]. In contrast to what was observed in the p53-wildtype lymphomas and
HCT116 cells, no changes in pro-apoptotic factors PUMA, BAX, and NOXA were exhibited by
the INK4A™ MEFs. This is consistent with the different cell fates (cell cycle arrest in the MEFs
versus apoptosis in the lymphomas and HCT116 cells) resulting from DHX9 suppression (Figure
4.2).

While activation of p53 signaling is the canonical pathway by which apoptosis or cell
cycle arrest is triggered, these processes have also been documented to occur in a p53-
independent manner. Studies have shown that many bona fide p53 targets can be activated in
pS3-deficient settings. In some cases, p53-independent activation occurs through upregulation by
other transcription factors. For example, aside from p53, p21 transcription can also be activated
by E2F1, E2F3, SP1, SP3, members of the Kriippel-like transcription factor (KLF) family (e.g.
KLF4 and KLF6), CDX2, BETA2, MYODI, and a variety of nuclear receptors[514-518]. Much
attention has been given to the p53 family member, p73, and its role in cell cycle control and
apoptosis. p73 shares significant structural homology with p53, binds to canonical p53 promoter
elements, and can transactivate many p53-dependent promoters[519-521]. Although p73 is
known to function cooperatively with p5S3 and another p53 homolog, p63[522], it can also
activate p53 targets independently of p53. Notably, p73 can transcriptionally activate NOXA,
PUMA, and p21 in p53-deficient cells in response to a variety of genotoxic stimuli[523-525].
p21, NOXA, PUMA, and BIM are also transactivated by the transcription factors E2F1[526-529]
and FOXO3A[530-533] in a p53-independent manner. c-MYC is another activator of NOXA
[534]. Hence, cell cycle arrest or programmed cell death via the intrinsic apoptotic pathway can
take place in pS3-deficient settings by virtue of activation of cell cycle or apoptotic proteins by
these other transcription factors. In addition, cell cycle arrest may proceed via activation of the

p16-RB1 pathway independently of both p53 and p21[535], which may be a possibility for the
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p53” MEFs given that none of the p53 targets examined showed any upregulation upon DHX9
suppression (Figure 4.4B). Taken together, our results suggest that DHX9-mediated cell death in
the p53'/ " lymphomas and HCT116 cells may involve p53-independent upregulation of NOXA
and PLK2, which may be activated by transcription factors other than p53.

We have previously shown that DHX9 suppression resulted in senescence in primary
human diploid fibroblasts and synergized with ABT-737 to induce apoptosis in Arf /'E;,l-
Myc/Bcl-2 mouse lymphoma cells, in a pS3-dependent manner[432, 473]. Here, we show that
DHXO9 loss can also have deleterious effects in p53-deficient cells. Taken together, these results
indicate that the consequences of DHX9 suppression will be context-dependent. We have
observed that DHX9 knockdown results in a cell death response in the majority of tumor cell
lines but a growth arrest response in non-transformed cells. Loss of DHX9 also has a differential
effect in mouse tissues in vivo versus cell lines ex vivo, as previously revealed[503]. It is
therefore conceivable that p53 may be required for DHX9-mediated cell cycle arrest and
senescence in non-transformed primary cells but not for a cell cycle arrest or apoptotic response
in immortalized cell lines or tumor cells, which harbor significant differences in their biological
wiring. Indeed, there are previously documented instances where a particular agent may cause
p53-dependent apoptosis in one cellular context but pS3-independent apoptosis in another. In one
example, sepsis-induced apoptosis was found to be p53-dependent in thymocytes but p53-
independent in splenocytes[536]. In another case, paclitaxel-mediated apoptosis was p53-
dependent in EIA-transformed MEFs, but when the cells were simultaneously exposed to the
cytokine tumor necrosis factor a (TNF-a), the effect became p53-independent[537]. In
conclusion, our study supports the presence of a pS3-independent mechanism of cell death and
cell cycle arrest resulting from DHX9 inhibition. While further work is required to characterize
this effect in greater depth, our results support the feasibility of targeting DHX9 as a

chemotherapeutic approach in p53-deficient tumors.

4.6 Materials and methods
4.6.1 Cell lines and cell culture

HEK293T/17 cells (ATCC, Manassas, VA, USA), INK4A™ p53** MEFs, and TSC2"* p537

MEFs (a kind gift from Dr. David Kwiatkowski (Brigham and Women’s Hospital, USA)) were
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maintained in DMEM (Multicell, St-Bruno, QC, Canada). HCT116 p53+/+ and HCT116 p53'/'
cells were maintained in McCoy 5A (Multicell). Media was supplemented with 10% fetal bovine
serum (Multicell). Tsc2" Ep—-Myc lymphoma cells were derived from tumors in Ts¢2™ mice
crossed with Eu—Myc mice. Tsc2" Ep—-Myc lymphomas retained wildtype p53, as determined by
sequencing across all p53 coding exons and Western blot analysis following y-irradiation[504].
Similarly, p53” Ep-Myc lymphomas were derived from tumors in p53” mice crossed with
Ep—Myc mice. Lymphomas were cultured in B-cell media (45% DMEM, 45% Iscove’s media,
55 mM B-mercaptoethanol, 10% fetal bovine serum) on irradiated INK4A™ MEF feeder layers.

4.6.2 Plasmids, virus generation and transductions

For suppression of DHX9 in murine cell lines (MEFs and Ep-Myc lymphomas), two independent
shRNAs targeting mouse DHX9 (DHX9.1241 and DHX9.1271) and a control shRNA targeting
renilla luciferase (shRLuc.713) were transduced into cells using the MSCV/LTR/miR30/PuroR-
IRES-GFP (MLP) or MSCV/LTR/miR30/SV40-GFP (MLS-GFP) retroviral vectors. Retroviral
infections were generated using ecotropic Phoenix packaging cells following established
protocols (http://www.stanford.edu/group/nolan/retroviral systems/retsys.html). For infections
using MLP, stable integrants were selected using 2 pg/ml puromycin for at least 2 days after the
final infection. For suppression of DHX9 in HCT116 cells, two shRNAs targeting human DHX9
(DHX9.860 and DHX9.267) and a control shRNA targeting firefly luciferase (FLuc.1309) were
transduced into cells using pPrime-PGK-Puro (Addgene, Cambridge, MA, USA). Lentiviral
transduction was performed following published procedures[462]. All shRNAs in this study were
cloned into the miR30 backbone of their corresponding vectors via unique Xhol and EcoRI
restriction sites[463]. The guide strand sequences of the shRNAs have been previously

published[503].

4.6.3 Ex vivo competition assays
Ex vivo competition assays were performed by transducing cells with MLS-GFP-based (for

lymphomas and MEFs) or pPrime-PGK-puro-based (for HCT116 cells) shRNAs. The percentage
of GFP-positive cells was measured 48h after the final infection (t=0) using a GUAVA EasyCyte
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HT flow cytometer (Millipore, Billerica, MA, USA), and assessed every 2-3 days thereafter. Cell
death was assessed by staining cells with 4 pg/ml propidium iodide (PI) and measuring the

percentage of PI-positive cells.

4.6.4 Cell cycle analysis

Cell cycle analysis was performed using ethanol fixation, acid denaturation, and propidium
iodide (PI) staining as previously described[503]. Briefly, cells were harvested from a 6 cm
plate, washed twice with PBS containing 1% BSA and 5 mM EDTA, resuspended in 50 ul PBS
on ice, fixed with 1.25 ml 70% ethanol, and stored at -20°C until further processing. The fixed
cells were then treated with 0.5% Triton X-100/ 2 M HCI, neutralized with 0.1 M sodium borate
[pH 8.5], washed with PBS containing 1% BSA and 0.5% Triton X-100, and resuspended in 500
puL of PBS containing 5 pg/mL PI (Sigma). The cell cycle profile of the cells was assessed using
a GUAVA EasyCyte HT flow cytometer (Millipore, Billerica, MA, USA).

4.6.5 Immunoblot analysis

Protein extracts were prepared by lysing cells in RIPA lysis buffer (20 mM Tris-HCI [pH 7.5],
150 mM NacCl, 0.1% SDS, 1% NP40, 0.5% sodium deoxycholate, 1 mM B-glycerophosphate, 1
mM PMSF, 1 pg/ml leupeptin, 10 pg/ml aprotinin, and 2.5 uM pepstatin A). PVDF membranes
were probed with the indicated primary antibodies and HRP-conjugated secondary antibodies
(rabbit (711-035-152) or mouse (115-035-146) (Jackson ImmunoResearch, West Grove, PA,
USA) and visualized using enhanced chemiluminescence (ECL) (Perkin Elmer, Waltham, MA,
USA). The primary antibodies used in this study were: DHX9 (M99; SC Biotech (Dallas, TX,
USA) for human and ab26271; Abcam (Cambridge, MA, USA) for mouse), eEF2 (#2332; Cell
Signaling, Danvers, MA, USA), p53 (DO-1; SC Biotech for human and NL-p53-505; Novocastra
(Concord, ON, Canada) for mouse), and a-actin (clone AC-15; Sigma, Oakville, ON, Canada).

4.6.6 Quantitative RT-PCR analysis

Total RNA was extracted from cells using TRIzol as per the manufacturer’s instructions

(Invitrogen, Carlsbad, CA, United States) six days after infection with shRNAs targeting DHX9
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or the luciferase control. The RNA was treated with DNase I (Thermo Fisher Scientific,
Waltham, MA, USA) and cDNA was generated using Superscript III Reverse Transcriptase
(Invitrogen) as per the manufacturer’s instructions. Quantitative RT-PCR was performed using
the SsoFast EvaGreen Supermix reagent (Bio-Rad, Hercules, CA, USA) on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad). The following primers were used for PCR
amplification of mouse targets: DHX9 FWD-> CCGAGGAGCCAACCTTAAAGA”,
REV-> TGTCCAATTTCCATGAAGCCC®’; p53 FWD-> GCGTAAACGCTTCGAGATGTT”,
REV-"TTTTTATGGCGGGAAGTAGACTG’ ; p21 FWD-> CCTGGTGATGTCCGACCTG?,
REV-"CCATGAGCGCATCGCAATC®; PUMA FWD-> ATGCCTGCCTCACCTTCATCT?,
REV-> AGCACAGGATTCACAGTCTGGA”; BAX FWD-
*TGAAGACAGGGGCCTTTTTG® , REV-> AATTCGCCGGAGACACTCG® ; NOXA FWD-
“ACTGTGGTTCTGGCGCAGAT?, REV-> TTGAGCACACTCGTCCTTCAA®; BIM FWD-
“GAGTTGTGACAAGTCAACACAAACC?, REV-
"GAAGATAAAGCGTAACAGTTGTAAGATAACC® ; MDM2 FWD-
*TGTCTGTGTCTACCGAGGGTG® , REV-> TCCAACGGACTTTAACAACTTCA®; c-MYC
FWD-> CAAATCCTGTACCTCGTCCGATTC®, REV-
“CTTCTTGCTCTTCTTCAGAGTCGC®; PLK2 FWD-> GACTACTGCACCATAAGCATG?,
REV-> CTTCTGGCTCTGTCAACACCT?; SESN1 FWD-> GGCCAGGACGAGGAACTTG?,
REV->° AAGGAGTCTGCAAATAACGCAG® ; and GAPDH FWD-
“AGGTCGGTGTGAACGGATTTG® , REV-> GGGGTCGTTGATGGCAACA” .

The following primers were used for PCR amplification of human targets: DHX9 FWD
*CAGGAGAGAGAGTTACTGCCT®, REV-> CTCTGCTGCTCGGTCATTCTG’ ; p53 FWD
"CAGCACATGACGGAGGTTGT?, REV-> TCATCCAAATACTCCACACGC®; p21 FWD
“CGATGGAACTTCGACTTTGTCA®, REV-> GCACAAGGGTACAAGACAGTG’ ; PUMA
FWD > CAGACTGTGAATCCTGTGCT?, Rev-> ACAGTATCTTACAGGCTGGG’ ; BAX
FWD > AAGAAGCTGAGCGAGTGT?, REV-> GGAGGAAGTCCAATGTC® ; NOXA FWD
"GCTGGAAGTCGAGTGTGCTA®, REV-> CCTGAGCAGAAGAGTTTGGA® ; BIM FWD
"TGGCAAAGCAACCTTCTGATG’ , REV-> GCAGGCTGCAATTGTCTACCT?® ; MDM2
FWD > GCAGTGAATCTACAGGGACGC®, REV-> ATCCTGATCCAACCAATCACC?;

MCL-1 FWD > AAGCCAATGGGCAGGTCT?, REV-> TGTCCAGTTTCCGAAGCAT® ; ¢-
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MYC FWD > AATGAAAAGGCCCCCAAGGTAGTTATCC?, REV-
S“GTCGTTTCCGCAACAAGTCCTCTTC? ; PLK2 FWD-
*TCAGCAACCCAGCAAACACAGG®, REV-> TTTCCAGACATCCCCGAAGAACC’ ; and
GAPDH FWD-> GAAGGTGAAGGTCGGAGTC?, REV-> GAAGATGGTGATGGGATTC” .

4.6.7 Statistical analysis

Statistical analysis was carried out using GraphPad Prism (v. 5.03, GraphPad Software Inc., La
Jolla, CA, USA) and data is shown as mean =SEM. Statistically significant differences were

determined using the unpaired two-tailed t-test and represented as p-values.
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CHAPTER 5: GENERAL DISCUSSION
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5.1 DHX9 and DNA replication
5.1.1 DNA replication in eukaryotes

Eukaryotic DNA replication is a conserved, multi-step process, with the participation of a large
number of proteins including DNA polymerases, DNA-binding proteins, ATPases, kinases,
helicases, and other enzymes[538, 539]. DNA replication is tightly coordinated with the cell
cycle, and is divided into three phases: initiation, elongation, and termination. Replication is
initiated during the G1 phase of the cell cycle, with the binding of the pre-replicative complex
(pre-RC) to distinct genomic regions called origins of replication[540]. Assembly of the pre-RC
occurs in a sequential manner. First, the origin recognition complex (ORC), which consists of
ORC subunit 1 (ORC1) to ORC6 and possesses ATPase activity, is recruited to the origins[539,
541]. Because the ORC harbors no sequence-specific DNA-binding activity, it is thought that its
recruitment is mediated by Ku, a heterodimer of Ku86 and Ku70[542, 543]. Ku is the DNA-
binding subunit of DNA-PK, and plays a role in NHEJ[544]. More recent evidence shows that it
also has functions in DNA replication and transcription[542, 543, 545, 546]. Ku has DNA end-
binding as well as sequence-specific activity, and has been found to be associated with
replication origins[542, 543, 547-549]. ORC assembly at the origin is followed by binding of the
ATPase CDC6 and the CDC10-dependent transcript 1 (CDT1)[550]. Lastly the mini-
chromosome maintenance (MCM) helicase complex, which contains the six subunits MCM2-7,
is loaded as a double hexamer, completing the pre-RC[550]. Activation of origins takes place at
the onset of S-phase and involves the dissolution of certain pre-RC components and recruitment
of other replication factors, transforming the pre-RC to the pre-initiation complex (pre-IC)[539,
551]. CDC6 and CDTT are released from the pre-RC. S-phase specific cyclin-dependent kinases
(CDKs) and the DBF4-dependent kinase (DDK) then phosphorylate several proteins, including
MCM10, CDCA45, the helicase RECQLA4, treslin, the GINS complex, DNA topoisomerase 2-
binding protein 1 (TOPBP1), and DNA polymerase ¢, resulting in their binding to the origins and
forming the pre-IC. The CDKs and DDK also phosphorylate MCM2-7, leading to helicase
activation and DNA unwinding)[539, 551]. The MCM double hexamers split into single
complexes, and recruitment of other factors (including the replication factor C (RFC), PCNA,

replication protein A (RPA), DNA polymerase o, and DNA polymerase d) converts the pre-I1C
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into two functional replisomes which move away from the origin in opposite directions, creating
replication forks[539, 551].

Replication elongation takes place throughout S-phase. Here, polymerase o synthesizes
the RNA primer at the start of the leading strand and at the start of each Okazaki fragment
(spanning 100-200 bps) on the lagging strand, and lays down the first ~20 nucleotides of new
DNA[552]. DNA synthesis is then taken over by polymerases ¢ (for the leading strand) and
(for the lagging strand), whose processivity is enhanced via association with PCNA which acts
as a DNA clamp[553-557]. The MCM complex continuously unwinds the parental DNA ahead
of synthesis, enabling the replication fork to progress. Topoisomerases I and II relieve the
torsional strain caused by the unwinding by creating transient single-stranded or double-stranded
DNA breaks respectively[372, 373]. Besides the aforementioned replication factors, several
other proteins also contribute to the efficiency and fidelity of DNA replication. For instance, the
RecQ helicase/exonuclease WRN utilizes its exonuclease activity to assist polymerase o in
removing 3 ’mismatches during Okazaki fragment synthesis[558]. Although DNA is unwound by
the MCM helicases during replication elongation, the replication fork may encounter barriers
during normal replication, such as G-quadruplexes or other unusual DNA structures, which
require resolution by additional specialized helicases. Furthermore, DNA lesions or alterations in
nucleotide pools may cause the replication fork to stall. WRN has been shown to unwind G-
quadruplexes, bubbles, and D-loops to facilitate replication over such template sequences and
prevent fork stalling[558, 559]. In the event of replication fork stalling, both WRN and another
RecQ helicase, BLM, have been shown to be essential in enabling replication fork recovery and
progression[560-563]. Replication termination occurs when replisomes moving in opposite

directions meet, at which point the replisomes dissociate from the DNA[564].

5.1.2 DHXZ9’s role in DNA replication

Previous studies have implicated a role for DHX9 in DNA replication. As described in the
Chapter 1, DHX9 was found to associate with several proteins with known roles in DNA
replication, although the significance of this association in the context of replication was not

characterized in all cases. This included BRCAT1 (whose association with DHX9 was actually

178



characterized in the context of transcription and miRNA processing)[124, 170], Ku86[91],
PCNAJ[8S, 89], topoisomerase [1a[90], and WRN[93]. In the case of WRN, DHX9 was found to
stimulate WRN-catalyzed unwinding of Okazaki fragment-like DNA:RNA hybrids and Holliday
junction-like structures which resemble intermediates formed during replication fork stalling[36,
93, 95]. However, these were in vitro experiments, performed on artificial substrates, and a role
for DHX9 in DNA replication in an actual biological system had not been investigated. Our
results in Chapter 2 support a role for DHX9 in replication. We provide ex vivo evidence that
DHXO is associated with origins of replication, and that loss of DHX9 inhibits nascent DNA
production. We also show that DHX9 is essential for normal cell cycle progression in primary
human fibroblasts, with DHX9-suppressed cells arresting in G1-phase.

Our study gives rise to several unanswered questions, however. Although we have
established a role for DHX9 in DNA replication, its precise function, and the point in this multi-
step process at which in acts, is unclear. Does DHX9 aid in the assembly of the pre-RC, or does
it assist in opening the origins after the pre-RC is assembled? Does it play a role in fork
progression during elongation? Does it participate in replication initiation, elongation, or both?
Our results in Chapter 2 seem to suggest a role in DNA replication initiation, likely in the early
stages. DHX9 binds to origins, and it interacts with Ku86 which helps recruit the ORC to the
origin (Figures 2.8 and A.1A, and Ref. [91]). DHX9-suppressed primary fibroblasts arrest in G1
phase (Figure 2.2B), where the pre-RC is assembled, but not yet activated. Hence, it is possible
that DHX9 aids in the assembly of the pre-RC. Perhaps it, in complex with Ku, helps recruit the
other replication factors. Indeed, knockdown of Ku86 in MRC-5 fibroblasts phenocopies the
senescent phenotype exhibited by DHX9-suppressed cells. Cells transfected with Ku86 siRNAs
showed increased levels of SA-B-gal staining, slower growth, and elevated levels of p53 and p21
(Figure A.1). It was also previously demonstrated that Ku is important for the G1-S
transition[92]. Previous studies showed that depletion of essential pre-RC components such as
ORC2, CDC6, or CDTT1 led to defective pre-RC assembly and resulted in cells arresting in the
G1 phase[454, 565]. We observed that mutation of DHX9’s helicase domain rescued the
senescent phenotype. Thus, DHX9 may facilitate replication factor binding to origins by
modifying the DNA environment. Because DHX9 has been demonstrated to unwind DNA G-

quadruplexes in vitro[38], and these structures are found near the majority of origins[101-103], it
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is also possible that DHX9 may facilitate DNA replication by resolving them. Another possible
role is the removal of transcripts from neighboring promoters prior to replication.

On the other hand, the in vitro experiments with DHX9 and WRN appear to suggest a
role in the elongation step of DNA replication, since the Okazaki-like fragments and Holliday
junction-like intermediates are structures found during elongation. WRN itself has been
demonstrated to function specifically in elongation in ex vivo experiments, with WRN-deficient
cells exhibiting slower replication fork progression and a prolonged S-phase[563]. DHX9’s
interaction with WRN, PCNA, and topoisomerase Il - all proteins involved in replication
elongation — adds support for a role in elongation. With our present data, it is difficult to
conclude DHX9’s exact function in replication. There is a distinct possibility that it may
participate at multiple steps in the replication process. Indeed, this would not be surprising, based
on what we can observe of DHX9’s behavior in other biological processes. For example, DHX9
takes part in both the pri-miRNA processing and RISC-loading steps of miRNA biogenesis[170,
171].

Several additional experiments could be performed to gain a better understanding of
DHXO9’s role in DNA replication. Immunoprecipitation and colocalization experiments could be
performed to determine if DHX9 associates with components of the pre-RC, the pre-IC, or the
mature replisome. ChIP analysis could be executed using antibodies against various pre-RC
proteins in the presence or absence of DHX9 knockdown, to determine whether loss of DHX9
affects binding of the other replication factors to the origins. This would help ascertain whether
DHXO plays a role in the assembly of the replication complexes. To gain insight into what step
in the replication process DHX9 participates, cell cycle transit assays could be performed
following treatment with replication inhibitors that arrest the cell at various stages of the cell
cycle. Replication track assays using fluorescently labeled nucleotide analogs could be
performed to monitor the progression of replication forks in cells, in the presence or absence of
DHX9 knockdown — this would inform as to whether DHX9 plays a role in replication
elongation. It would also be interesting to explore whether DHXO9 is required for replication
recovery following replication stalling or DNA damage — e.g. following exposure to hydroxyurea

or methyl-methane-sulfonate.
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5.1.3 Replication and p53

The link between replication stress and p53 activation has been previously documented.
Replication stress could arise either through hyper-replication or through replication stalling or
inhibition. Hyper-replication is most often triggered by oncogene activation. Overexpression of
many oncogenes leads to activation of proteins or pathways involved in proliferation and DNA
replication. The perturbation of normal replication leads to activation of a DNA damage response
and cell cycle checkpoints. In a study with Ras-induced senescence, overexpression of Ras
resulted in an initial proliferative burst. This was accompanied by over-firing of origins — origins
were being activated more than once per cell cycle — and an increase in the number of active
replicons[459]. The DNA hyper-replication led to fork instability, which eventually resulted in
DNA breaks and activation of ATR/p53 signaling[301, 459]. Similarly, overexpression of cyclin
E resulted in increased firing of replication origins, defective replication fork progression, and
DNA damage[566]. c-MYC overexpression also resulted in increased origin firing, with the
origins being highly asymmetric[567-570]. Hence, the general observation is that hyper-
replication following oncogene activation leads to aberrant origin activation and abnormal
replication fork dynamics, which results in fork stalling or collapse. This in turn leads to DNA
double-stranded breaks, thereby activating p53[571, 572].

Conversely, replication stress can be induced by low levels of DNA replication. DNA
replication may be blocked by the inability to form the pre-RC during initiation. Knockdown of
either CDC6 or CDT1, which are essential components of the pre-RC, in normal human
fibroblasts induces a G1 arrest in a p53-dependent manner. This was accompanied by inhibition
of CDK2/cyclin E activity and hypophosphorylation of RB1[565]. Similarly, ORC2 depletion
resulted in G1 arrest, with elevated levels of p21 and p27 and inhibition of CDK2/cyclin E
activity[454]. Hence, G1 arrest acts as a mechanism to prevent premature S-phase entry in the
absence of properly formed pre-RCs. Replication stalling during the later stages of initiation or
during elongation also activates p53 signaling, and is associated with cell cycle arrest in the S-
phase and/or apoptosis. Treatment of cells with hydroxyurea, which block nucleotide synthesis,
and aphidicolin, which inhibits DNA polymerase activity, results in ATR activation, elevated
levels of p53 and p21, and inhibition of entry into mitosis[389-391, 453, 573, 574]. Inhibition of

topoisomerases I or II, which as previously described, release the torsional strain of unwinding
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DNA during replication elongation, result in DNA breaks which activate p53[372-374]. Many
topoisomerase inhibitors (e.g. camptothecin, etoposide, and doxorubicin) have been used as
chemotherapeutics based on their ability to induce cell cycle arrest or apoptosis[375-379].
Interference with replication elongation by incorporation of nucleotide analogs (e.g. 5-FU or
cytosine arabinoside) is another mechanism leading to replication stalling and p53
activation[382, 383]. It can therefore be seen that DNA replication is a tightly regulated process,
and perturbations resulting in too much or too little replication may lead to p53 activation and

induction of growth arrest, senescence, or apoptosis.

5.1.4 Helicases in aging and genome stability disorders

The senescence phenotype observed in primary human fibroblasts upon DHX9 suppression
suggests that defects in DHX9 may lead to accelerated aging. Mutations or loss of other helicases
have been documented in human progeroid syndromes. Defects in the RecQ helicases WRN,
BLM, and RECQLA4 give rise to the rare autosomal recessive disorders Werner, Bloom, and
Rothmund-Thomson syndromes respectively[575-579]. Although the precise clinical features
vary, these disorders are generally characterized by premature aging, growth retardation,
increased genome instability, and increased cancer susceptibility[580-584]. Fibroblasts derived
from patients with these diseases achieve significantly fewer population doublings before
senescing, compared to wildtype cells[585, 586], a phenotype that was recapitulated via shRNA
knockdown in primary human fibroblasts[587]. WRN, BLM and RECQL4 function at the
interface of DNA replication and DNA repair, thereby maintaining genomic stability. They
exhibit similar substrate specificities to DHX9, with an ability to unwind complex nucleotide
structures such as D-loops and G-quadruplex DNA[57, 58, 588]. As described above, WRN
assists DNA polymerase & during DNA replication, resolves inhibitory tertiary structures during
normal fork progression, and facilitates replication resumption following arrest. BLM mediates
normal fork progression as well, and both WRN and BLM resolve Holliday-like junctions which
form as intermediates of stalled replication forks[560-562]. Bloom syndrome cells are
characterized by accumulation of abnormal replication intermediates, an increased frequency of
sister chromatid exchange, and quadriradial chromosomes which result from unresolved

recombination events between homologous chromosomes[589-591]. This indicates a defect in
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the repair of damaged replication forks. RECQL4 is phosphorylated by CDKs during replication
initiation and is a component of the pre-IC[592]. It also stimulated BLM helicase activity on
DNA fork substrates in vitro[593]. Given the cooperativity between DHX9 and WRN observed
in vitro, it would be interesting to see if there is any functional redundancy between DHX9 and

the RecQ helicases.

5.2 The DHX9 shRNA mouse model

In order to assess the consequences of systemic DHX9 suppression in vivo, we generated an
inducible mir30-based shRNA transgenic mouse model. DHX9 shRNAs were expressed under
the control of an inducible TRE promoter, and targeted to the Coll A1 locus using FLP-mediated
recombination, which was chosen because it supports high transgene expression in a variety of
tissues and cell types[594]. Induction of shRNA expression is achieved via addition of
doxycycline (DOX), which cooperates with the M2rtTA transactivator (expressed from the
Rosa26 locus) to activate the TRE promoter. Using this system, we showed in Chapter 3 that
both short-term (2 weeks) and long-term (6 months) suppression of DHX9 in the mouse was well
tolerated. Our lab had previously used this model to evaluate the outcome of eIF4E suppression
in vivo[474]. Much of the technology development for this model was done in collaboration with
Dr. Scott Lowe’s research group, who have used this and related systems to examine the
phenotypes associated with the suppression of a variety of genes, including oncogenes, tumor
suppressors, and essential genes. Examples include Oct4, the helicase DDXS5, essential gene
RPA3, and tumor suppressors p53, pl16, and ARF, and APC[475, 481, 482, 494, 595].

The conditional shRNA mouse model offers many advantages. Unique cloning sites
flanking the shRNA in the miR30 backbone of the expression cassette allow generation of
transgenic mice using any miR30-based shRNA. Induction of shRNA expression is rapid and
efficient, with kinetic studies showing maximum induction 5-7 days after exposure to
DOX{[481]. It is also easily reversible, by controlling DOX exposure. The inducible nature of this
system was particularly important in evaluating the effects of DHX9 suppression in the adult
mouse because DHX9 appears to be essential for development. Previous studies using a DHX9

knockout mouse demonstrated that homozygous knockout results in embryonic lethality[84]. The
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importance of DHX9 in embryogenesis is supported by studies in C. elegans and Drosophila[21,
23]. Using a conditional knockdown approach allows suppression of genes at any point in the
organism’s life cycle and for the desired amount of time. Also of significance is that in the
shRNA mouse model, partial suppression of genes is attained due to the fact that knockdown in
the tissues is not complete, as in a knockout model, and as a result, there is still a certain amount
of protein remaining. This becomes important when dealing with genes that have essential
functions in the cell. Whereas a straight knockout model may be lethal in such instances, a
conditional model allows us to ask, what happens when we partially inhibit an essential gene, for
a limited amount of time? Indeed, this may be the case for DHX9. DHX9 plays important roles
in many biological processes, and suppression in primary human fibroblasts in culture was not
tolerated (Chapter 2), suggesting that it is an essential gene. It is possible that complete
obliteration of DHX9 expression (e.g. as in a conditional knock-out model) may be detrimental
to the adult organism. Yet, DHX9 knockdown in our shRNA mouse model had no deleterious
effects in any of the tissues examined, opening the possibility of targeting DHX9 as a
chemotherapeutic approach. The ability to effect partial and transient suppression of gene
products renders this system a good approximation of the expected consequences of inhibition of
the targets using small molecule inhibitors. Hence the system offers insight with respect to the
level and duration of gene suppression that can be tolerated at the organismal level, and provides
a means of predicting whether a gene may be a feasible chemotherapeutic target.

While the conditional RNA1 platform is a highly effective one for the study of gene
function in the mouse, it has several limitations, and some of the aforementioned advantages may
also be disadvantageous in some instances. While partial suppression of gene expression is
desirable for studying essential genes and for approximating small molecule inhibitors, there is
an upper limit to the level of suppression that can be attained using this system, and the inability
to completely eradicate gene expression poses problems. The shRNA mouse model may not
offer a clear-cut assessment of the effects of suppressing a given gene. There are a number of
possible explanations as to why we observed no phenotype upon knocking down DHX9 in the
mouse (see Discussion from Chapter 3), and it is difficult to unequivocally conclude whether the
shRNA knockdown levels may be insufficient to give rise to a phenotype (e.g. perhaps the low

levels of remaining DHX9 are sufficient to carry out its functions), or whether it is due to another
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reason such as compensatory mechanisms or DHX9 not being essential in vivo. A conditional
knockout model may be “cleaner” in examining gene function and determining whether a gene is
essential in a given tissue. Another issue is the variation in the potency of knockdown across
different tissues. DHX9 knockdown was very robust in the thymus and small and large
intestines, moderate in the skin, liver and heart, and mosaic and considerably weaker in the
spleen (Figures 3.8 and 3.13). This is consistent with previous studies characterizing shRNA
expression in various tissues using this model[475, 483, 596]. The tissues examined were
amongst those previously reported to show moderate to high shRNA expression. shRNA
expression was found to be much less potent in tissues such as the kidney, lung, and adipocytes,
and not detectable in the brain, skeletal muscles, and testis[475, 483]. This variation is primarily
attributed to limitations of the Rosa26 promoter driving the M2rtTA, whose activity can vary
significantly in different tissues. In addition, expression in some tissues may be impeded by
inaccessibility of DOX — for example, the inability of DOX to cross the blood-brain and blood-
testis barriers[483]. Recent efforts have been made to address these shortcomings. A newer
variant of the rtTA transactivator, rtTA3, was developed which has enhanced transcriptional
activity and a 25-fold increase in DOX sensitivity compared to the native rtTA[597]. The rtTA3
was placed under control of the CAGs promoter, a strong synthetic promoter harboring the CMV
enhancer element which offers more robust and ubiquitous expression compared to the Rosa26
promoter[598]. shARNA mouse models generated using CAGs-rtTA3 exhibited more potent
knockdown in a greater ranger of tissues compared to the Rosa26-M2rtTA model[475, 596, 599].
We had attempted to take advantage of this new system by crossing the shDHX9 mice into mice
expressing CAGs-rtTA3. While this double transgenic model was fine for short-term
experiments, unfortunately it was not amenable to long-term DOX induction. Exposure to DOX
for approximately one month resulted in deleterious effects in both control shFLuc.1309 and
shDHX9 mice (data not shown). The shRNA/CAGs-rtTA3 mice became extremely sick,
displaying dramatic weight loss, lack of activity, hunched posture, lack of grooming, and
appearance of infections, and since this occurred in the control mice as well as the shDHX9
mice, it was attributed to the rtTA3 expression itself rather than the DHX9 suppression. It
appeared that long-term rtTA activity is toxic at high levels. Because we wished to assess the

long-term effects of DHX9 suppression, the Rosa26-M2rtTA system, which exhibited no short-
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term or long-term toxicity, was the best option.

Our study illustrated the effect of suppressing DHX9 in a normal mouse model. In T: se2t”
Ep-Myc lymphomas injected into wildtype mice, DHX9 suppression eliminated the tumor cells
and extended mouse survival, indicating that loss of DHX9 interferes with tumor maintenance. A
logical next step would be to investigate the consequences of DHX9 suppression on tumor
initiation in pre-clinical mouse models. The Pelletier lab has had experience with the Eu-Myc
mouse, a lymphoma model in which tumors develop at approximately 4 months of age[474]. The
shDHXY9/rtTA mice may be crossed to these mice and the effect on tumor-free survival

monitored.

5.3 Therapeutic potential of targeting DHX9
5.3.1 Targeting DHXY in tumor cells

Targeted molecular therapeutics exert their anti-neoplastic effects by inhibiting specific gene
products involved in tumor maintenance. They generally offer higher therapeutic indices
compared to traditional chemotherapy which utilize cytotoxic agents that are deleterious to all
rapidly dividing cells. Targeted therapeutics have found great success in the clinic, but the
problem of resistance remains, and many cancers cannot yet be effectively treated with existing
drugs. Hence, there is an ongoing need to uncover novel targets for use in chemotherapy.

In Chapter 3, we showed that DHX9 suppression was lethal in the majority of mouse and
human tumor cells tested. Ten out of 13 human tumor cells, derived from five different types of
cancers, were susceptible to DHX9 inhibition, as were mouse lymphomas overexpressing c-
MY C and harboring a deletion in TSC2. Six out of 8§ human multiple myeloma cell lines were
sensitive to DHXO loss, and DHX9 synergizes with the glucocorticoid dexamethasone in the
multiple myeloma cells. Loss of DHX9 extended the survival of mice harboring in Tsc2™ Ep-
Myc lymphomas. Previously, our lab has shown that DHX9 synergized with ABT-737 to induce
apoptosis in Arf "Ep-Myc/Bcel-2 cells, which serve as a model for non-Hodgkin’s lymphoma.
Most of the settings examined harbored wildtype p53. However, our results in Chapter 4
revealed that p53-deficient tumor cell lines were also susceptible to DHX9 knockdown.

Importantly, DHX9 suppression demonstrated no deleterious effects on normal tissues of adult
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mice. Taken together, the evidence indicates DHX9 to be a promising potential
chemotherapeutic target, both on its own and in combination with other therapeutics. The
differential effect observed upon DHX9 suppression in the cancer cells and in the shDHX9 mice
suggests that a good therapeutic index can be achieved. What is particularly attractive about
DHX9 as a potential target is the fact that its suppression appears to be well tolerated in highly
proliferative tissues (e.g. skin and intestines), suggesting that side effects may be minimal. Our
results showing that loss of DHXO9 is lethal in a wide range of settings suggest that targeting
DHX9 may have broad applicability. Further studies would be required to ascertain whether
there’s a cancer type that’s particularly suited to DHXO targeting, although our observation that
DHXO9 inhibition is effective in combating the majority of multiple myeloma cells tested and that
it synergizes with dexamethasone implies that multiple myeloma may be a promising cancer type

on which to follow up.

5.3.2 Targeting DHXY in p53-deficient cells

The results from Chapter 2, along with previous studies in our lab using Arf g "Epn-Myc/Bcel-2
lymphomas, indicate a p5S3-dependence to the response following DHX9 suppression. However,
our results from Chapter 4 illustrated that loss of DHX9 can also mediate cell death or cell cycle
arrest independently of p53 status. p53-null mouse lymphomas, MEFs, and HCT116 cells were
susceptible to DHX9 suppression. Analysis of p53 target transcript levels revealed that in both
the p53-deficient lymphomas and HCT116 cells, NOXA and PLK2 levels were elevated.
Although BCL-2 family-mediated apoptosis acts downstream of p53, it can also be triggered in a
p53-independent manner. Transcription of NOXA and other pro-apoptotic proteins have been
shown to be activated by other transcription factors such as the p53 family member p73[523-
525], E2F1[526-529], FOXO3A[530-533], and c-MYC[534]. It is likely that DHX9-mediated
cell death in p53-null lymphomas and HCT116 cells is induced through p53-independent
activation of NOXA. The mechanism of NOXA activation remains to be determined but may
involve one of the aforementioned transcription factors or perhaps a novel pathway involving a
yet-unidentified transcription factor. We also observed enhanced PLK2 levels in both the p53™
Ep-Myc lymphomas and p53”  HCT116 cells and increased c-MYC in p53”  HCT116. PLK2 has
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previously been shown to interact with both TSC1 and TSC2 and inhibit mTOR signaling,
thereby providing a link between the p53 and mTOR pathways[600]. Although p53-independent
mechanisms of PLK2-mediated apoptosis have not been well characterized, the mTOR inhibitor
rapamycin has been found to induce apoptosis in a p53-independent manner[601, 602]. It is
therefore possible that cell death resulting from DHXO suppression in p53-deficient cells may
proceed via parallel pathways involving NOXA and PLK2 which may or may not be
interdependent. The transcription factors activating NOXA and PLK?2 may be less efficient than
p53 — for example, they may bind to the p53 response elements in the promoter, but with less
efficiency compared to p53. This may partially explain why the magnitude of the increase in
NOXA and PLK levels exhibited by the p53-null cells were 1.5-2-fold less than that of the
corresponding p53-wildtype cells. It should also be noted that only a subset of the p53 targets
found to be elevated in p53-wildtype cells were upregulated in p53-null cells. For example,
PUMA, BAX, and BIM levels were unchanged in the p53-null settings. Taken together, this may
have contributed to the smaller extent of cell death and slower kinetics of depletion observed in
the p53-null cells compared to the pS3-wildtype cells.

There have been many studies documenting the p53-independent upregulation of p21 by
a variety of other transcription factors (see Discussion from Chapter 4). It was somewhat
surprising that p21 levels were not elevated in the p53”~ MEFs, which underwent cell cycle arrest
instead of apoptosis. The phenotype could not be explained by upregulation of any of the p53
targets examined. Although cell cycle arrest is most commonly mediated by p21, it can also
occur independently of both p53 and p21. p16 is a cyclin kinase inhibitor whose inhibition of
CDKs converges with the p21 pathway in preventing RB1 phosphorylation and E2F activation. It
would be interesting to investigate whether the cell cycle arrest in the p53'/ "MEFs may be
mediated by p16. It is also possible that the mechanism may involve activation of p53 targets
which were not included in the panel we examined.

The ability of DHX9 loss to provoke cell death or cell cycle arrest in pS3-deficient cells
widens the therapeutic potential of targeting DHX9, given that over 50% of all cancers harbor
p53 defects. Future experiments should be aimed at further deciphering this p53-independent
mechanism. Levels of transcriptional factors known to activate p53 targets should be assessed,

and ChIP experiments can be performed to ascertain binding to NOXA and PLK2 promoters. It
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would be interesting to examine whether suppression of NOXA or PLK?2 in the p53-deficient cell
lines could rescue the cell death phenotype — this would inform as to whether it is actually
mediated through these proteins. As well, since only a subset of p53 targets were surveyed in the
data presented, the analysis could be expanded to include transcript levels of many other p53
targets. Expression profiling can provide insight as to the genome-wide changes occurring in
pS3-deficient cells following DHX9 knockdown. Finally, the effect of DHX9 suppression in

panel of p53-deficient cell lines derived from various cancer types can be assessed.

5.3.3 Context dependence of DHX9 suppression

Over the course of our investigations, we have suppressed DHXO in a variety of settings,
with different responses being elicited. DXH9 knockdown in primary human fibroblasts, U20S
cells, and MEFs resulted in growth arrest and/or senescence, whereas in the majority of cancer
cells, an apoptotic response was induced. DHX9 knockdown had no effect on adult mice, or in
MCF-7 breast cancer cells. Arf "Ep-Myc/Bcl-2 lymphomas were susceptible only in the presence
of ABT-737. These results demonstrate that the response to DHX9 suppression is highly context-
dependent, and is largely influenced by the levels of various cell cycle and apoptotic proteins in
the cell. We have seen that cells that underwent growth arrest/senescence (primary human
fibroblasts, U20S, and MEFs) generally showed high induction of p21, an inhibitor of cell cycle
progression. Incidentally, it was not clear whether the MEFs and U20S cells were senescing or
simply arresting, due to difficulties in staining for SA-B-gal in these cells, however, it is likely
that the former scenario was occurring because the cells remained growth-arrested for many
weeks following infection with DHX9 shRNAs (data not shown). Cells that underwent apoptosis
upon DHX9 suppression generally expressed high levels of pro-apoptotic proteins such as BIM,
BAX, BAK, or c-MYC (Figure 3.3). The anti-apoptotic factor BCL-2 appears to be a mediator of
resistance to DHXY targeting, as seen in the MCF-7 breast cancer cells and Arf” Ep-Myc/Bcl-2
lymphomas, which express high levels of this protein.

The context-dependence of DHX9 suppression is reflected in the gene expression
changes in various cellular contexts. There was very little overlap between the gene expression

signatures of the MRC-5 fibroblasts (Figure 2.5), Arf 7 "Eu-Myc/Bcl-2 lymphomas[432], and
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mouse large intestine tissue (Figure 3.17) following DHX9 knockdown. DHX9-suppressed
MRC-5 fibroblasts, which senesced, exhibited massive downregulation of genes involved in
DNA replication, proliferation, and cell cycle progression (Figure 2.5 and Table A.1). This was
not observed in the Arf 7 "Ep-Myc/Bcl-2 lymphomas, which showed strong upregulation of p53
targets involved in apoptotic signaling, such as NOXA, PUMA, and BIM[432]. The expression
analysis of the large intestine from the shDHX9 mice (which exhibited no observable phenotype)
was vastly different, displaying no upregulation of p53 targets, and surprisingly, upregulation of
genes involved in many processes including metabolism, DNA replication, translational
initiation, cell division, and RNA splicing (Figure 3.17 and Tables A.2-A.4). These differences
in transcriptome changes in the different contexts no doubt contributed to the distinct cellular
outcomes (senescence, apoptosis, or no effect) observed in each situation.

Our results from Chapter 4 show that pS3 contributes to the strength of the DHX9
response in transformed cells, but is not always essential. Whether p53 is required or not is also
context-dependent. The DHX9-mediated senescence response in human diploid fibroblasts was
pS3-dependent, but cell cycle arrest or cell death was able to occur independently of p53 in
several transformed cell lines. A possible explanation for this may be that perhaps transformed
cells express high levels of alternative transcription factors that can transactivate p53 targets.
Studies of p73 levels in breast cancer showed that breast cancer tissues and cell lines overexpress
p73 compared to normal tissues[603, 604]. Many other cancer types also overexpress p73[605-
607]. E2F-1, another transcription factor shown to transactivate p53 targets, is also
overexpressed in some cancers[608]. Hence, the inherent biological wiring of the cells may be a
determinant of whether p53 is required for apoptotic or cell cycle arrest responses.

The differential response to DHX9 suppression in tumor cells versus normal tissues in the
adult mouse allows for a therapeutic window to exist. The mechanism underlying this differential
response has not been fully elucidated, but may be a consequence of increased requirements for
DHXO9 in the former. As described in Chapter 1, DHX9 is an active participant in a multitude of
cellular processes, with regulatory roles in DNA replication, transcription, translation, RNA
transport, miRNA processing, apoptosis, and genome maintenance. Many of these processes are
dysregulated during oncogenesis. Dysregulation of transcription, translation, DNA replication,

and microRNA in cancer are well-established phenomena, stemming from the heightened
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biosynthetic and metabolic needs of tumor cells to sustain elevated proliferative demands[609-
616]. Numerous essential processes are rewired in cancers. Thus, there is likely an increased
dependency on DHX9, a key regulator in all these processes, in tumor cells, and as a
consequence, reduction in DHX9 levels would have a significant impact on their ability to
survive. In other words, cancer cells may become “addicted” to DHX9. Conversely, suppression
of DHX9 had no effect on normal mouse tissues; this is likely due to the lower proliferative
demands of normal cells, where the processes of transcription, translation, DNA replication, etc.
are tightly regulated. Indeed, the majority of cells in an organism are not actively proliferating,
but are instead quiescent[496]. Hence, lower levels of DHX9 activity are required, and disruption
of the aforementioned cellular processes would have a much milder effect. Even in highly
proliferative tissues, the low levels of DHX9 remaining after knockdown may be sufficient to
allow normal function. Another distinct possibility — one that was suggested by the expression
profiling of large intestine tissue from the shDHX9 mice — is that there is some form of
compensatory mechanism following DHX9 suppression which occurs in vivo. Despite the lack of
phenotype, upregulation of a large number of genes was observed. This included both positive
and negative regulators of processes such as translation and mitotic nuclear division (see section
3.5). In particular, genes involved in DNA replication and cell cycle progression, such as
MCM10, (1.3-1.5-fold increase) and cyclins B1, B2, and D2 (1.5-1.6-fold increase) were
elevated in both shDHX9 mouse strains (Table A.2). This may have partially compensated for
the reduction in DHXO levels.

Interestingly, the ability to overexpress DHXO is also context dependent. We were able to
express DHX9 wildtype and mutant cDNAs in NIH3T3 and MRC-5 non-transformed cells
relatively easily (Figure 2.7 and Ref.[432]). However, despite repeated attempts, we were never
able to successfully overexpress DHX9 in Arf " Ep-Myc/Bel-2 lymphomas (data not shown).
This may indicate that DHX9 protein levels in lymphomas are tightly regulated, where either

overexpression or inhibition of DHX9 may have adverse consequences.

5.3.4 Feasibility of targeting DHXY in chemotherapy

In evaluating the feasibility of targeting DHX9 in as a neoplastic approach, two important

considerations must be taken into account: (a) An achievable therapeutic index, and (b) the
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availability of DHX9 inhibitors and the practicality of inhibiting DHX9. As discussed above, the
differential response to DHX9 suppression observed between tumor cells and normal tissues in
adult mice indicates that a good therapeutic index can be achieved. At the moment, a specific
inhibitor of DHX9 activity has not been identified - the approach our lab has used for curtailing
DHX9 expression utilized shRNAs. However, attempts have been made to remedy this. A
primary screening assay was recently developed to uncover inhibitors of DHX9 activity, where it
was found that aurintricarboxylic acid prevents DHX9-mediated ATP hydrolysis[37]. Although
this compound is promiscuous and therefore not an ideal DHX9 inhibitor, this screening
approach can be implemented on a large-scale basis to search for more selective inhibitors.
Inhibiting helicases in general has been shown to be a viable and promising chemotherapeutic
approach. The Pelletier lab has had extensive experience with small molecule inhibitors of the
DEAD-box helicase eI[F4A. Our lab and others have shown that e[F4A inhibition using
hippuristanol, pateamine A, silvestrol and other rocaglamides demonstrated anti-neoplastic
activity both in tumor cells ex vivo and in preclinical mouse models, both as single agents and in
combination with other chemotherapeutics such as doxorubicin and ABT-737[402-404, 617-
622]. A specific inhibitor of WRN, NSC 19630, induced apoptosis and sensitized cancer cells to
a poly(ADP ribose) polymerase (PARP) inhibitor and to the chemotherapy drug topotecan[623].
4-hydroxy-8-nitroquinoline-3-carboxylic acid (CS5), a selective inhibitor of the nuclease/helicase
DNA2, was cytotoxic to several human cancer cell lines and sensitized cancer cells to

camptothecin[624]. Hence, the current evidence indicates that helicases are druggable targets.

5.4 Concluding remarks

Ever since the purification of mammalian DHX9 in 1991, immense progress has been made in
understanding the biological functions of this helicase. DHX9 has been found to participate in
virtually every aspect of nucleic acid metabolism, from DNA replication to miRNA processing.
Part of this thesis was focused on investigating the role of DHX9 in DNA replication. Our results
provide ex vivo evidence of DHX9’s involvement in DNA replication and cell cycle progression,
complementing previous in vitro studies. Our work also highlights the relationship between
DHXO9 and p53, establishing a means of triggering cell cycle arrest, senescence, and apoptosis by

suppressing DHX9. The clinical relevance of DHX9 is a new but fast-growing area of research.
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Our studies support the notion of targeting DHX9 as a chemotherapeutic approach in a variety of
tumor settings. There remain many unanswered questions and areas for future exploration. This
includes further investigation of the details and mechanisms of DHX9’s role in DNA replication,
the mechanisms underlying the p53-independent aspect of DHX9-mediated cell death or cell
cycle arrest, and additional experiments to gain greater insight on the feasibility and therapeutic

potential of targeting DHXO.
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A.1 Supplementary figures and tables
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Figure A.1 Loss of Ku86 phenocopies the senescent phenotype observed upon DHX9
suppression.

(A) Western blot analysis of Ku86 following immunoprecipitation with the indicated antibodies
from MRC-5 cells. Antibodies used in immunoprecipitations are indicated above the panel, IgG;
rabbit immunoglobulin. (B) Western blot documenting knockdown of Ku86 using siRNAs and
harvested at 48, 72 and 96 hours post-transfection. A scrambled (Scr) siRNA is used as a
negative control. (C) Western blot showing the levels of p53 and p21 upon knockdown of Ku86
using siRNAs. Cells were harvested at 48, 72 and 96 hours post-transfection. A scrambled (Scr)
siRNA is used as a negative control. (D) B-galactosidase staining of MRC-5 cells transfected
with Scr or Ku86 siRNA. Staining was performed 8 days following transfection of siRNA. Bars
represent 200 um. (E) Quantitation of B-galactosidase staining from (D). Cells from at least 5
independent fields were quantitated. Error bars represent SEM, N=3. *p<0.01. (F) Growth
curves for cells transduced with Scr or Ku86 siRNAs. Error bars represent SEM, N=3.
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Table A.1 List of genes with at least 1.5 fold change in expression level upon DHX9
knockdown in MRC-5 cells

This table is too large to fit on a standard page. It is available at:
http://www.jbc.org/content/suppl/2014/07/02/M114.568535.DC1/jbc.M114.568535-1.xlsx

Table A.2 List of genes with at least 1.5 fold change in expression level upon DHX9
knockdown in mouse large intestine

Available at: http://www.nature.com/onc/journal/v35/n39/extref/onc201652x16.xls

Table A.3 GAGE analysis of biological processes upregulated in DHX9.837/rtTA (+DOX)
vs Fluc.1309/rtTA (+DOX) mice

Available at: http://www.nature.com/onc/journal/v35/n39/extref/onc201652x17.xls

Table A.4 GAGE analysis of biological processes upregulated in DHX9.1271/rtTA (+DOX)
vs Fluc.1309/rtTA (+DOX) mice

Available at: http://www.nature.com/onc/journal/v35/n39/extref/onc201652x18.xls
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