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RESUME EN FRANCAIS ET MOTS CLES FRANCAIS

La métastase et la chimiorésistance sont les principales causes de mortalité¢ chez les patients
atteints d’un cancer. La compréhension des mécanismes moléculaires régissant ces deux
processus devient donc un domaine de recherche important pour la conception de nouvelles
stratégies thérapeutiques. Dans ma these, je me concentre sur la compréhension du rdle du
facteur d’initiation de la traduction chez les eucaryotes 4E (eIF4E) dans I’invasion du cancer, et
je décris un nouveau mécanisme de résistance que nous avons découvert en étudiant le

développement de la résistance a un inhibiteur connu d’elF4E, la ribavirine.

elF4E est un puissant oncogene qui est connu pour étre élevé dans une multitude de cancers
comprenant entre autres les sous-types M4 / M5 de la leucémie myéloide aigué¢ (AML). 11
fonctionne dans la traduction et l'exportation nucléocytoplasmique d'’ARNm en se liant a la
coiffe m’G des ARNm possédant des codes USER spécifiques dans leur région UTR 5' et/ou 3'.
En reconnaissant ces codes USER, le complexe dans lequel se trouve elF4E régule de maniere
coordonnée l'expression de génes essentiels a la croissance, a la prolifération et a la survie, et
ainsi, elF4E a été placée en tant que nceud central d'un régulon d'ARN régissant la prolifération.
En analysant les voies dans lesquelles 1’export est régulé de fagon coordonnée par eIF4E et les
effets physiologiques qui en découlent, j'ai trouvé un enrichissement de la voie biosynthétique
de I'acide hyaluronique (HA) et de son principal récepteur CD44 qui sont des médiateurs clés
connus des métastases cancéreuses. J’ai également démontré que I'élévation d’elF4E modifie la
surface des cellules cancéreuses en les recouvrant de protrusions riches en HA de type
microvillus et enrichies d'armes de destruction métastatique. Heureusement, en dégradant le
manteau HA ou en utilisant des inhibiteurs de CD44 en combinaison avec la ribavirine, nous

pouvons alors nous défendre.

Compte tenu de l'avantage prolifératif que confere la surexpression d’elF4E, il est devenu un
talon d'Achille attrayant pour le traitement de cancers ayant un niveau ¢levé d'eIF4E. En effet,
lors d'un essai clinique de phase II parmi des patients atteints de leucémie myéloide aigué¢ M4 /
M5 réfractaire et récidivante, la ribavirine a conduit au ciblage d'eIF4E et a donné lieu a des
réponses cliniques significatives, incluant des réponses complétes ou partielles. Cependant, tel
qu’attendu lors d’un traitement monothérapique, les patients ayant répondu finissent par

développer une résistance au médicament. Mon analyse a révélé que cette résistance est due a



un mécanisme nouveau caractérisé par 1'élévation du facteur de transcription Sonic Hedgehog
GLI1 qui conduit a la glucuronidation du médicament et donc a la perte de I'interaction entre la
drogue et sa cible. Heureusement, ce mécanisme peut étre inversé en utilisant des inhibiteurs de

la voie Hedgehog.

En conclusion, ces découvertes fournissent de nouvelles cibles thérapeutiques pour le traitement

des cellules cancéreuses agressives et résistantes.

Mots clés : eIF4E, Cancer, Résistance multi-drogue, Invasion, GLI1, UGTI1A, Acide
Hyaluronique, CD44
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RESUME EN ANGLAIS ET MOTS CLES ANGLAIS

Metastasis and chemoresistance are the leading cause of mortality among cancer patients. The
discovery of molecular mechanisms governing these two processes is becoming an important
area of research for the design of novel therapeutic strategies. In my thesis, I focus on
understanding the role of the eukaryotic translation initiation factor 4E (eIF4E) in cancer
invasion and describe a novel mechanism of resistance that we discovered while studying the

development of resistance to a known eIF4E inhibitor, ribavirin.

elF4E is a potent oncogene that is known to be elevated in a multitude of cancers including
M4/M5 subtypes of acute myeloid leukemia (AML). It functions in mRNA translation and
nucleocytoplasmic export by binding to the m’G cap of mRNAs possessing specific USER
codes in their 5° and/or 3° UTRs. By recognizing these USER codes, elF4E complex
coordinately regulates the expression of genes essential for growth, proliferation and survival
and as such has been placed as a central node of an RNA regulon governing proliferation. When
analyzing which pathways have their export coordinately regulated by elF4E and what
physiological effects arise from it, I found an enrichment in the hyaluronic acid (HA)
biosynthetic pathway as well as its major receptor CD44 which are known key mediators of
cancer metastasis. | demonstrate that e[F4E elevation changes the surface of cancer cells sugar-
coating them with HA-rich microvillus-like protrusions that are enriched with weapons of
metastatic destruction. Luckily, through degrading the HA-coat or using inhibitors of CD44 in

combination with ribavirin we can strike back.

Given the proliferative advantage that eIF4E overexpression conveys, this rendered it as an
attractive Achilles heel for the treatment of cancers where eIF4E levels are high. Indeed, in a
phase II clinical trial in refractory and relapsed poor prognosis M4/M5 AML patients, ribavirin
led to elF4E targeting and resulted in significant clinical responses including complete and
partial remissions. However, as it is expected for monotherapy treatment, all responding patients
eventually developed resistance to the drug. My analysis revealed that resistance is due to a
novel mechanism characterized by elevation of the Sonic Hedgehog transcription factor GLI1
which leads to drug glucuronidation and the subsequent loss of drug-to-target interaction.

Fortunately, this mechanism can be reversed using Hedgehog pathway inhibitors.
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Taken together, these findings provide novel therapeutic venues for the treatment of aggressive

and resistant cancer cells.

Keywords: elF4E, Cancer, Multidrug Resistance, Invasion, GLI1, UGT1A, Hyaluronic acid,
CD44
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CHAPTER 1
INTRODUCTION



It was probably 2,500 years BC when the first evidence of cancer had been documented in The
Papyrus of Edwin Smith, “a bulging tumour in the breast... like touching a ball of wrappings”.
Discussing treatment, the ancient scribe noted: “There is none” (V. From the fire drill and natural
remedies recommended by ancient Egyptian medicine to our era’s most recent concepts of
“magic bullet” and “molecular-targeted therapies” ), the cancer matrix remains unlocked. Even
though targeted therapy has achieved encouraging results in the treatment of specific types of
neoplasms, primary or acquired resistance to chemotherapeutics as well as metastasis of cancer
cells remain as two of the main causes of failure in the treatment of patients. It might be that our
failure to eradicate most tumours is as fundamental as our lack of understanding to their origin.
Had it been the consequence of multicellularity and longer lifespans, then how come not all
whales have cancer- given that the more cells we have and the longer we live the higher the risk
of developing tumours- a question raised by Peto R. and his colleagues back in 1975 @), Peto’s
Paradox depicts that no correlation exists between body size and age with increased cancer risk;
rather it is the mere fact that age equals duration of exposure to carcinogenic stimuli. Since then,
resolving Peto’s Paradox has become the focus for many researchers, as it might hold the key
to curing or even preventing cancer. Perhaps evolution of these large organisms had selected for
intrinsic cancer suppression mechanisms, such as decreased rates of somatic mutations,
redundancy of tumour suppressor genes, shorter telomeres, the presence of hypertumours that
grow on and destroy their parent tumour, more efficient immune system and suppression of
inflammation, higher resistance to oncogenic viruses, ...etc. 4-6) Which of these mechanisms,
if any, is/are likely to contribute to the observed suppression remains elusive ). What is clear
is that resolving this paradox might direct towards a better understanding of the molecular

mechanisms governing cancer drug resistance and metastasis.

The new era of targeted therapy has proven that the complexity of human cancers can be broken
down by targeting a single hijacked oncogene, a phenomenon referred to as “oncogene
addiction”. This phenomenon allowed initial steps towards a breakthrough in the treatment of
tumour cells without affecting their normal counterparts. In my thesis, I aim at understanding
the oncogenic dependency of cancer cells on the roles of a protein known as the eukaryotic
translation initiation factor 4E (elF4E) for their survival and metastasis. I demonstrate how

elF4E changes the surface of tumour cells arming them with microvillus-like protrusions that



are enriched with molecules required for invasion, including Hyaluronic acid (HA), CD44, and
matrix metalloproteinases, among others. Results from this study provide first evidence of an
oncogene that post-transcriptionally regulates the biosynthesis of HA to harness its oncogenic
potential. It also suggests that direct targeting of HA-positive tumour cells with available FDA-
approved Hyaluronidases could be a valuable addition to treatment regimens for high-eIF4E,
and potentially other cancers. In another chapter, I discuss the serendipitous discovery of a novel
multidrug resistance mechanism while investigating the molecular underpinnings of the
development of resistance to a given elF4E inhibitor, Ribavirin. I show that elevation of the
Sonic Hedgehog transcription factor GLI1 correlates with increased drug glucuronidation which
in turn disrupts drug-to-target interaction. Fortunately, I further demonstrate that this mechanism

can be reversed using FDA approved Sonic Hedgehog signalling pathway inhibitors.



1.1 The eukaryotic translation initiation factor 4E: a multifaceted protein

In response to environmental signals, cells regulate gene expression and protein synthesis in a
coordinated fashion. Compared to corn and fruit fly, the human genome encodes approximately
the same or nearly twice the number of genes, respectively. In addition, it has become
increasingly clear that the majority of eukaryotic proteins function in different cellular
processes. This multitasking phenomenon suggests that, as the number of genes does not
proportionally increase with size and complexity of organisms, the eukaryotic regulatory
mechanisms therefore act to diversify the proteome by shuffling the limited number of genes to
use them in multiple combinations. Indeed, many eukaryotic proteins have been shown to
multitask as components of different cellular complexes, the roles of which might differ with
subcellular localization. This multitasking phenomenon holds true for the eukaryotic translation
initiation factor 4E (eIF4E), which is traditionally known for its function in translation initiation
of 5°-capped mRNA in the cytoplasm 9. Recent studies have highlighted a novel role of eIF4E
in the nucleus where it regulates mRNA export (Figure 1). Accordingly, eIF4E provides an

example of a factor that differentially regulates coordinated gene expression patterns.
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elF4E mediates the export of mRNA molecules containing a unique ~ 50 nucleotides sequence

element known as elF4E-senstivity element (4E-SE), including Cyclin D1, ODC and c-Myc.



1.1.1 Cytoplasmic el F4E: Initiates mRNA translation

In 1976, Witold Filipowicz discovered elF4E as a cap binding protein involved in cytoplasmic
mRNA translation %'V, Here, eIF4E binds the 7-methyl guanosine dinucleotide cap structure
m’GpppN (where N is any nucleotide) located on the 5’ end of mRNA (%1219 Consequently,
protein synthesis commences. Sensitivity of given mRNAs to e[F4E’s translational activity does
not only rely on the binding of eIF4E to the m’G cap ® 11315 Overexpression studies have
shown that eIF4E does not lead to global increase in protein expression % !9 Analyses
indicated that only a given subset of mMRNAs possessing highly structured GC rich 5’UTRs have
their translation regulated by eIF4E ® 10-13.19 These mRNAs usually encode for growth and
survival factors. Thus when overexpressed, eIF4E disproportionally and dramatically induces

the translation of mRNAs encoding for cancer-related proteins that control cell proliferation ¢
13)

1.1.2 Cap-Dependent Eukaryotic Translation Initiation

mRNA translation is the process in which mRNA molecules are decoded to produce specific
sequences of amino acids, or proteins 1719 It proceeds in three stages: initiation, elongation
and termination; with initiation being the rate-limiting step and as such is subject to tight control
(20-23) Translation initiation consists of the recruitment of ribosomes to target mRNA. At least
two different mechanisms of ribosome binding have been identified in eukaryotic cells: the cap-
dependent and the cap-independent scanning ! 2% 29, In this thesis, I focus on the eukaryotic
translation initiation factor 4E which is an inherent component of the cap-dependent translation
initiation. e[F4E mediates binding of the 40S ribosomal subunit to the 5’end of capped mRNAs
in the cytoplasm (1%:20:21:23) Together with eIF4A (an RNA-dependent ATPase/ATP-dependent
RNA helicase) and elF4G (a high molecular weight scaffold protein that binds eIF4E and
elF4A) it forms the eukaryotic translation initiation factor 4F (eIF4F) (3 20: 21239 Through
interaction of elF4G with the 40S ribosomal binding factor elF3 and the poly(A)-binding

protein, the elF4F complex forms a critical link between mRNAs and ribosomes (!8-20:21.23),

Given that expression of the various elF4F factors in most cells is readily different, with eIF4E
being the least abundant, formation of the aforementioned link therefore relies on the availability

of latter (1 26:27 A family of small translation repressor molecules known as eIF4E-binding



proteins (4E-BPs) have been shown to interact with e[F4E and modulate the assembly of e[F4F
(28-30) Binding of 4E-BPs to eIF4E is modulated by phosphorylation 7-3!:32)_In the presence of
hormonal or nutritional stimuli, 4E-BPs are hyperphosphorylated and do not interact with eI[F4E
allowing for protein synthesis to occur. On the contrary, environmental or nutritional stress elicit
hypophosphorylation of 4E-BPs which can now bind strongly to elF4E thus rendering it
unavailable for initiation of mRNA translation. In addition to regulation by signalling pathways
via 4E-BPs, eIF4E expression and activity is controlled by transcriptional and

posttranscriptional mechanisms, which will be discussed in this chapter.

1.1.3 Nuclear el F4E: mediates mRNA export

Discovery of the role of elF4E in catalyzing nucleocytoplasmic export of mRNA has been a
major advance. Up to 68% of elF4E is found in the nucleus of most eukaryotic cell types either
in distinct mulitprotein structures known as eIF4E nuclear bodies (NBs) or distributed
throughout the nucleoplasm @ 3%, Electron microscopy studies in Saccharomyces cerevisiae,
and later on in Drosophila melanogaster S2 cells and Xenopus laevis embryos, also showed

nuclear eIF4E localization ®3-7); suggesting that nuclear eIF4E is conserved across eukaryotes.

elF4E-dependent mRNA export was first reported by Rousseau et al. where elF4E
overexpression increased nucleocytoplasmic export but not translation of cyclin D1 %, Later
studies showed that treatment of eIF4E nuclear bodies with cap but not RNases results in
complete release of elF4E and dispersal of these bodies ®). As such, similar to its cytoplasmic
counterpart, nuclear eIF4E also binds the m’G cap and that the cap, but not the mRNA per se,
is essential for nuclear localization and function of eIF4E ©%. However, cap binding is not the
sole determinant of mRNA export mediated through eIF4E; as indicated by the increased export
of cyclin D1 but not the housekeeping mRNAs (such as GAPDH) following eIF4E
overexpression ®% 4% 4D Mapping of the 3’ and 5’-UTRs identified that the basis for this
discriminatory interaction is an approximately 50-nucleotide sequence in the 3’-UTR, which is
referred to as elF4E sensitivity element (4E-SE) 9. Further, differential display analysis of
nuclear elF4E-associated mRNAs following immunoprecipitation of endogenous elF4E from
nuclear lysates, revealed that among the hundreds of mRNAs many of the identified genes are

involved in cell cycle progression and survival, including c-Myc, cyclin E1, Mdm2 and NBSI



@D Accordingly, in addition to its role in regulating translation initiation, eIlF4E-mediated

nuclear export of a specific subset of mRNA also contributes to oncogenesiss.

The functions of eI[F4E in mRNA export and translation appear to be decoupled as they rely on
different USER codes, i.e. mRNAs require both the 3’ 4E-SE and the 5 USER code to be
modulated by eIF4E at both levels !>*D, For instance, some mRNAs are said to be export targets
only (such as cyclinD1), others are translational targets (such as VEGF), and in some cases,
mRNAs could possess both USER codes and thus have their export and translation regulated by
elF4E (such as ODC, c-Myc and Pim-1) (% 4D According to the RNA regulon model, gene
expression is combinatorial, i.e. related to the different USER codes found in a given mRNA %
43 Therefore, through promotion of mMRNA export and translation, the eIF4E regulon provides
a coordinated and combinatorial way for the cell to more finely tune gene expression. It is one
of the earliest examples of an RNA regulon which through coordinately modulating
proliferation and survival signal gene expression networks is positioned to directly impact
human diseases, including oncogenic transformation; necessitating tight control over its

expression and activity.

1.1.4 elIF4E dependent mRNA export goes through a pathway distinct from bulk mRNA
export

The molecular basis for the mRNA nuclear export function of eIF4E is less well understood
than its role in translation. eIF4E only associates with its target mRNAs post-splicing and the
elF4E-4E-SE RNA complexes are found in the soluble export competent fraction within the
nucleus. While the majority of messenger ribonucleoproteins (mRNPs) exit the nucleus using
bulk mRNA export pathway, catalyzed by TAP/NXF1 factors, elF4E mRNPs do not “!: 49,
Treatment of cells with leptomycin B, a specific inhibitor of the nuclear pore receptor
chromosome region maintenance 1 (CRM1), inhibited the export of these mRNAs; indicating,
that eIF4E-dependent mRNA export is CRM1 dependent (Figure 2) “!: 49, Recently, our lab
identified the leucine-rich pentatricopeptide repeat protein C (LRPPPC) as platform for the
assembly of eIF4E, 4E-SE mRNA, and CRM1 *¥. Following release of mRNA cargo in the
cytoplasm, cap-free eIF4E and 4E-SE-free LRPPRC are recycled back in to the nucleus via

Importin 8, a member of the karyopherin family of transporters (unpulished data). Interestingly,



the fact that both LRPPRC and eIF4E use Importin 8§ to re-enter the nucleus suggests that their
import could be coordinated in a way to increase the efficiency of future export cycles. The
molecular mechanisms underlying eIF4E-mediated mRNA export and the specific composition
of the eIF4E mRNA export complex are becoming increasingly clear. As such, LRPPRC could
be one of several assembly platform proteins involved in the selective export of mRNA
subgroups whose expression could be context/cell type specific. Further, a better understanding
of the physiological role of the eI[F4E-4E-SE RNA complexes is an important area of future

work.
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Figure 2: Model for the eIF4E-dependent mRNA export and re-entry of the machinery via
importin 8. LRPPRC binds to both elF4E and 4ESE RNA using distinct N- and C-terminal
motifs, and binds CRM1 supporting transit though the nuclear pore complex (NPC). Once the
complex arrives at the cytoplasmic side and after the dissociation of 4ESE RNA cargoes, eIF4E

and LRPPRC return to the nucleus via Importin 8. Here, Importin 8 only binds cap-free



elF4Eand RNA-free LRPPRC thereby reducing futile export cycles. (Taken from Volpon L. et
al. RNA 2016)

1.1.5 eIF4E mRNP traversing the nuclear pore complex

In addition to LRPPRC, eIF4E export mRNPs contain some factors shared with the bulk export
pathway, including UAP56, hnRNPA1, and DDX3 “#+49_ Also, in the nucleus CRM1 binds its
cargo in the presence of the GTP-bound form of Ran. Accordingly, as the CRM1-Ran GTP-
elF4E mRNP complexes are formed, these are targeted to traverse the nuclear pore complex
(NPC) by virtue of the transport receptor interaction with specific NPC-proteins lining the
central transport channel, namely Nucleoporins (Nups) 447, Reaching the cytoplasmic face of
NPCs, loading and release of the CRMI-cargo complexes occurs by either one of two
mechanisms; (1) docking of the CRM1-cargo complex on cytoplasmic fibrils mainly composed
of Nup358 proteins anchored to the NPC via two nucleoproteins Nup88 and Nup214; thus
sequestering the CRM1-cargo complex; or (2) binding of CRM1-cargo complexes to a soluble
form of nucleoporins known as RanBP1 which provides a fast release mechanism (>4, Either
way, association is then followed by the recruitment of Ran GTPase-activating protein
(RanGAP) enabling GTP hydrolysis by Ran 3 *, Once this step is completed, CRM1-cargo
complexes dissociate, permitting the RNA to enter the cytoplasm and the export factors to be
recycled back to the nucleus '*#>47, Note that, in nuclear import, RanGTP acts as a dissociation
factor since import factors cannot bind both cargo and RanGTP simultaneously (34347 Hence,
RanGTP gradient across the nuclear envelope results in the activation several proteins including
the cytoplasmic GTPase-activating protein RanGAP, and is considered the major driving force
for nuclear transport in both directions “’-*®)_ Importantly, endogenous 4E-SE mRNAs could be
targets of both bulk and elF4E-dependent processes, where 3’-UTRs can be 1000s of
nucleotides in length and contain many USER codes “". Thus, eIF4E competes with bulk

mRNA export pathway to enhance preferentially the export of specific subset of transcripts ('*:

45, 46)



1.1.6 el F4E remodels the nuclear pore

The loading and release options that CRM1 has at the cytoplasmic face of the NPC question
whether the link between elF4E’s transforming ability and its mRNA export activity is due to
the favoring of RanBP1-mediated fast release over the rate limiting RanBP2-mediated process;
and whether eIF4E could be driving this preference. Consequently, would elF4E upregulation

alter the expression and/or localization of NPC components.

Indeed, work presented by Culjkovic B. et al. revealed that e[F4E overexpression correlates with
changes in the composition of the cytoplasmic face of the NPC (347 The authors identified
RanBP1 but not RanBP2 as a direct export target of eI[F4E. As such, the expression of these two
proteins is inversely correlated following elF4E overexpression. While RanBP1 levels are
upregulated, eIF4E overexpression indirectly decreases RanBP2 proteins; with the remaining
RanBP2 being more dispersed throughout the nucleoplasm. Further, the RanBP2 partner,
Nup214, is not a direct eIF4E target but its localization is also altered from rim-concentrated to
a more dispersed form throughout the nucleoplasm. Accordingly, these results indicate that
elF4E overexpression does favor a RanBP1 release pathway which enables enhanced mRNA
export by promoting release and/or recycling of export complexes. This is consistent with data
showing that RanBP2 hypomorph mice, which have genetically lower RanBP2 levels, do not
have bulk mRNA export defects but have increased export of specific mRNAs.

Interestingly, eIF4E overexpression may not only change the CRM1-mediated export of 4E-SE
mRNAs, but it can also alter the export of a subset of mRNAs using bulk export pathway
(mediated by TAP/NXF1) 347, This occurs via upregulating the expression of DDX19 and its
cofactor Glel which catalyze the loading and release step of the TAP/NXF1 pathway. These
data indicate the presence of a cross talk between RNA export pathways or that the helicase
activity of DDX19 is required for remodeling 4E-SE export RNPs. On the other hand, both
DDX19 and Glel have been shown to play independent roles in the initiation and termination
steps of translation of certain mRNAs, indicating that eI[F4E can impact on translation in an
indirect way, in addition to its direct effects 13 *7. Thus, eIF4E not only is exported by CRM1
via its interactions with LPRPRC, but also modulates proteins acting in the CRM1 pathway to

likely maximize its mRNA export potential.
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In conclusion, these observations indicate that elF4E has the capacity to alter the composition

of NPC in favor of increasing its mRNA export and oncogenic activities.

1.2 eIF4E is regulated at multiple levels

Clearly, eukaryotic cells evolved means to regulate different nodes in RNA regulons in order to
alter gene expression and prevent deleterious outcomes. Studies aiming to identify regulators of
elF4E expression and activity are still ongoing and regulation can be divided into four levels:
transcriptional regulation and regulation through mRNA stability, protein interactions and post-

translational modifications (Figure 3).

1.2.1 Regulation of el F4E transcription (Myc, NF-kB)

Dysregulation of elF4E in cancer is correlated with increased RNA and protein levels (~ 3-to
10-fold in M4/M5 AML specimens relative to normal samples). While c-Myc has long been
thought as the sole transcriptional regulator of eIF4E %51, recent studies are unveiling novel
mediators. Analysis of eI[F4E promoter demonstrates enrichment with binding sites for various
transcription factors including NF-xB, PU.1, NFAT, GATA, STAT, PAX and SP1 ©®%3%_ For
instance, NF-xB has four putative binding sites (termed kB 1 to 4) in eIF4E promoter 2. These
sites are occupied by a heterodimer comprising two members of the NF- kB family, namely
cRel and p65. Binding results in the recruitment of p300 and phosphorylated RNA polymerase
II to the kB sites and the coding region, respectively, thus marking transcription activation ¢,
This is consistent with the presence of more NF-kB complexes on eIF4E promoter in primary
M4/M5 myeloid samples as compared to normal primary hematopoietic cells and other myeloid
subtypes ©?. As such, genetic and pharmacological inhibition of NF-kB in this population
abrogates eIF4E transcription resulting in downregulation of eIF4E targets °%. Interestingly,
there is a significant overlap between elF4E target genes and those of NF-kB (such as ¢c-Myc
and cyclin D1) which suggests that these two pathways cooperate forming a nexus between
transcriptional and posttranscriptional gene expression networks to drive proliferation (Hariri,
F unpublished data). Consequently, targeting both nodes, i.e. eIF4E and NF-xB, could have

significant clinical utility in cancer patients where both proteins are elevated.
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1.2.2 Regulation of el F4E mRNA stability

Independent of the transcript levels, eI[F4E expression is also regulated post-transcriptionally.
The 3’UTR of e[F4E mRNA contains three AU rich elements (AREs) that dictate binding of
competing proteins, HuR and p42 AUFI1, to enhance or reduce eIF4E transcript stability,
respectively Y. As such, HuR is found to be elevated in cancers with high eIF4E levels and its

knockdown is associated with downregulation of eIF4E 9,

1.2.3 Regulation of el F4E activity by protein interactions

elF4E is subject to additional level of regulation where its activity is tightly controlled via
inhibitory or activating binding partners. So far, four classes of direct binding partners have

been identified:

i. Proteins containing conserved elF4E binding site, such as 4E-BPs, elF4G, HOXAY
and PRH/Hex '* 3. These proteins share a short conserved amino acid motif
YXXXXLd, where X is any residue and ¢ is a hydrophobic amino acid. As a result,
their binding to eIF4E is said to be competitive to inhibit or enhance its mRNA export
and/or translation activity. More than 200 homeodomain proteins containing this
consensus binding motif have been identified; suggesting a redundancy in eIF4E
regulators as 4E-BP knockout mice, for instance, were not more prone to developing
cancers than their normal counterparts.

ii. RING domain containing proteins including PML, Z-protein, and HHARI . This
class of binding partners lacks the eIF4E binding motif but possess a RING domain
instead. Direct binding of these proteins via the RING domain to eIF4E reduces its
affinity to the m’G cap (~ 100 fold by PML and Z-protein).

iii. Amphipathic helix strategy used by VpG proteins %37, Binding of VpG to eIF4E also
reduces its affinity to the m’G cap but the mechanism by which it does that is still not
known.

iv. Importin 8 binding to eIF4E at its cap-binding site *®. This binding selects only RNA-

free eIF4E for nuclear entry and represents a new class of interacting partners.

In addition to the aforementioned regulatory modes, novel structural and biochemical functions

of an eIF4E family member, eI[F4E3, implicating it as a repressor of eIF4E activity via an mRNA

12



competition mechanism has been identified 39, Here, eIF4E3 competes for the same mRNA
pools through a novel cap binding activity which inhibits expression of both mRNA export and
translation targets of eIF4E.

1.2.4 Regulation of el F4E activity by post-translational modifications

Lastly, regulation of eIF4E activity also occurs via post-translational modifications, including

phosphorylation, sumolyation and ubiquitination (©1-6%),

While phosphorylation has been
implicated in enhanced elF4E-mediated mRNA export and increased cell transformation

capacity, the role of ubiquitination and sumolyation on eIF4E activity is still ambiguous.
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Figure 3: elF4E is regulated at multiple levels. (A) Regulation of mRNA stability via HuR
and AUF proteins which bind to AU rich elements (AREs) in the 3’UTR of the eIF4E transcript
(B) Regulation of eIF4E activity through protein-protein interactions. For instance, HOXA9
promotes the export and translation functions of eIF4E, while PML and PRH negatively regulate
elF4E-mediated mRNA export (C) Regulation by post-translational modifications including

phosphorylation, sumolyation and ubiquitination.
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1.3 Dysregulation of eIF4E levels in Cancer

Aberrant regulation of eIF4E expression and/or activity has been linked to malignancies as well
as cell transformation. The pro-survival properties of eI[F4E have been underscored by various
evidence. For instance, its overexpression blocks apoptosis upon serum starvation, inhibits c-
Myc-driven apoptosis, promotes DNA synthesis, decreases cell cycle transit time and represses
differentiation “!>%6-%®) Of which, downregulation of eIF4E reverts these phenotypes. Further,
moderate overexpression of eIF4E results in increased production of growth factors that are
essential for malignant transformation !> And high eIF4E levels have been correlated with
oncogenic transformation in cell lines, cancers in animal models and poor prognosis in several
human cancers 1%, Approximately 30% of human cancers including: breast, prostate, lung,
colon, squamous head and neck carcinoma, Hodgkin and non-Hodgkin lymphomas, as well as

M4 and M5 subtypes of acute myeloid leukaemia (AML), have high eIF4E expression (%679,

1.3.1 Acute Myeloid Leukemia (AML)

Acute myeloid leukemia is a hematologic malignancy characterized by aberrant proliferation of
immature cells (myeloblasts) of the myeloid lineage. It is a particularly challenging malignancy
since the majority of patients diagnosed are older than 60 years of age and often cannot receive
intensive chemotherapy "% 7. The overall survival of such patients has been estimated to be
around 4 months, with a five-year survival rate of less than 10%, highlighting the need for new

treatments and increasing the interest in developing them 7173,

1.3.2 The French-American-British classification of AML

According the French-American-British (FAB) system, AML is subdivided into 9 distinct types
based on the cell of origin and its level of maturity *7>_ It includes: MO (undifferentiated acute
myeloblastic leukemia), M1 (Acute myeloblastic leukemia with minimal maturation), M2
(Acute myeloblastic leukemia with maturation), M3 (Acute promyelocytic leukemia (APL)),
M4 (Acute myelomonocytic leukemia), M4eos (Acute myelomonocytic leukemia with
eosinophilia) M5a (Acute monoblastic leukemia), M5b (Acute monocytic leukemia), M6 (Acute
erythroid leukemia) and M7 (Acute megakaryoblastic leukemia).
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1.3.3 The World Health Organization (WHO) classification of AML

A new classification for hematopoietic and lymphoid malignancies has been published recently
by the World Health Organization (WHO) % 7). This new system classifies AML into three
clinical prognosis groups based on not only morphologic findings but also on available clinical
features, and genetic, biologic and immunophenotypic data. These subgroups include: (1) AML
with recurrent genetic abnormalities, (2) AML with multilineage dysplasia, and (3) AML and
MDS (myelodysplastic syndrome), therapy related.

1.3.4 AML: Aberrant el F4E expression and activity

elF4E levels are upregulated in various genetically distinct leukemias (%), Strikingly, eIF4E
overexpression is observed in M4/M5 poor prognosis AML but not in most M1/M2 specimens
examined "®. Inline with this observation, inhibition of eIF4E using low concentrations (10
times less than physiological levels) of the m’G cap physical mimic, Ribavirin, leads to growth
inhibition in M4/M5 but not normal or M1/M2 AML specimens which are inhibited at much
higher levels "® 7). Interestingly, not only the levels of eIF4E are upregulated in M4/M5 AML
cells but also its nuclear localization is predominantly augmented “7-*%71-73)_This correlates
with increased elF4E-dependent mRNA export % %7 Accordingly, both the mRNA export
and translation initiation activities are required for eI[F4E-mediated malignant transformation.
And these findings suggest that AML cells have developed an oncogenic dependency to eIF4E

for their proliferation and survival.

1.4 Targeting eIF4E with Ribavirin in Cancer

Collectively, targeting elF4E should have a major impact on tumorigenesis and cancer
progression and as such has derived interest in identifying therapeutic agents that could directly
or indirectly target its aberrant activation. Indeed, several preclinical and clinical methods have
been defined including (i) anti-sense oligos targeting elF4E in xenograft models ®%%2), (ii)
synthetic peptides inhibiting the interaction of elF4E with proteins involved in translation, such
as elF4G using 4EGI-1 to block formation of the elF4F complex in T-cell leukemia and non-
small-cell lung cancer cells ¥, (iii) suicide gene therapy characterized by fusing a complex

5’UTR upstream of the toxic thymidine kinase (TK) gene as a way to promote its expression in
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elF4E overexpressing cells in mouse xenograft models ®¥, and (iv) using a cap mimetic, known

as Ribavirin ("> 73. 79, 85, 86),

1.4.1 Ribavirin suppresses el F4E mediated transformation by physical mimicry of m7G cap

Ribavirin (RBV) is an FDA approved antiviral drug used for the treatment of patients with
hepatitis C virus "7 7 It belongs to a family of nucleoside drugs and has a structure that is
closely related to guanosine. RBV is imported into cells using the equilibrative nucleoside
transporter 1 (ENT1) which mediates facilitated bidirectional diffusion of nucleosides across
cell membranes. In order to stay in the cell, ribavirin is phosphorylated in a three-steps reaction
to its major intracellular metabolite, ribavirin- 5’-triphosphate (RTP); where the rate-limiting
enzyme is adenosine kinase (ADK) catalyzing step one ®7. In vitro biophysical assays identified

RTP as a physical mimic of m’G cap and ultimately as a direct inhibitor of eIF4E (7% 86),

Direct binding of RTP to elF4E has been shown by fluorescence, circular dichroism, mass
spectrometry, nuclear magnetic resonance (NMR) and cap chromatography with affinities for
elF4E similar to that of cap 7* %), 1H-15N chemical shift mapping studies at low eIF4E and
RTP concentrations are consistent with the high affinity binding previously reported. Chemical
shift perturbations indicate that binding is located around the m’G cap binding site, which is
consistent with the model that RTP competes for m’G cap binding. Further evidence for this is
supported by the W56A cap-binding mutant which reduces RTP affinity for eIF4E by ~ 15-fold
similar to the effects for cap; additionally, amide chemical shifts for W56A elF4E mutant are
not perturbed upon addition of RTP, indicating loss of interaction. Similar to m’G cap, RTP
binding perturbs peaks at the dorsal surface: although different residues are perturbed. Whether
RTP binding can affect proteins binding at the dorsal surface different to m’G cap has to be
determined but these data suggest this is possible. Finally, although NMR data indicate binding
is close to the m’G cap binding site: it is likely not identical. Other binding sites in the eIF4E
cap binding site have recently been exploited by structure based drug design efforts. These
indicate that there are sites deeper in the cap binding pocket available for binding. Unfortunately,
efforts to solve the eIF4E-RTP structure are hindered by the concentration dependence in this
interaction. Both X-ray and NMR techniques require high eIF4E/RTP concentrations, yet NMR

data indicate that only at lower concentrations the high affinity complex can be observed.
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In living cells, immunoprecipitation studies show that *H-ribaivirin directly binds eIF4E in
treated cells versus IgG controls % ®7. Note that low micromolar levels of RTP are readily
achievable intracellularly which is within the range for its dissociation constant for eIF4E and
achievable clinically. Further, treatment is associated with reduced association of endogenous
elF4E with its mRNA export targets in nuclear lysates 7. These experiments strongly suggest
that ribavirin directly binds eIF4E, in or near the cap-binding site, successfully competing for
cap binding in vitro and in living cells. Effects of ribavirin treatment are similar to those
observed by genetic knockdown of elF4E. Phenotypically, it impedes growth of elF4E
dependent xenografts, impairs growth of e[F4E mediated foci formation and eIF4E mediated
apoptotic rescue of serum-deprived fibroblasts and leads to cell cycle arrest, rather than
apoptosis, at least in the contexts examined thus far 71 73 7 85 8% = At the molecular level,
inhibition of e[F4E with ribavirin correlates with reduced expression of eIF4E target genes, re-
localization of nuclear eIF4E to the cytoplasm and inhibition of the nuclear functions of eIF4E
(5. 71. 1) Biochemically, ribavirin reduces the translation efficiency of transcripts that are
enhanced by eIF4E such as VEGF and ODC and inhibits elF4E dependent nuclear mRNA

export (71,79, 87, 88)

Treatment of M4/M5 AML specimens with 1-10 uM ribavirin leads to significant impairment
of colony growth in methylcellulose * 3%, Importantly, ribavirin, at this concentration range,
does not substantially affect the growth of normal CD34+ cells or blasts isolated from M1/M2
AML patients which had normal eIF4E levels as verified by western and/or RNA analysis.
Ribavirin affects growth of these latter groups only in the 100+ micromolar range 7®. These
studies strongly suggest that M4/M5 AML specimens have developed an oncogene addiction
to, or dependency on, elF4E. This is consistent with findings that prostate cancer cells with

elevated eIF4E were more sensitive to knockdown of eIF4E than normal cells @V,

1.4.2 Ribavirin treatment targets el F4E and leads to clinical benefit in poor prognosis AML
patients

Ribavirin treatment beneficially impacted M4/M5 AML patients in clinical trials. A phase II
clinical trial was carried out to monitor the response to ribavirin monotherapy in refractory and

relapsed patients as well as patients unable to undergo traditional chemotherapy regimens V.
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In this trial, ribavirin achieved significant clinical responses including one complete remission,
two partial remissions, two blast responses and four stable diseases out of 11 evaluable patients.
No therapy related toxicities were observed for any patients in the trial, even after 9 months of
treatment 7Y, Molecularly, beside dramatic re-localization of eIF4E to the cytoplasm in
specimens from patients that responded, striking reduction in e[F4E mRNA and protein levels
after 28 days are observed. Both reduction of eIF4E and its re-localization led to a phenotype
nearly indistinguishable from normal cells (in terms of eIF4E) Y. Continuous culturing of FaDu
or THP-1 cell lines in ribavirin for over 200 days does not lead to any reduction in eIF4E levels
®7) nor was this observed in shorter treatment times in cell lines tested. Thus, the reduction of
elF4E is surprising but likely yields unexpected clinical benefit. Further, substantial reduction
in cyclin D1 and NBSI1 proteins levels, reduced phospho-Akt levels, as well as inhibition of
NBS1 and cyclin D1 mRNA export in specimens from responding patients is observed, which
is consistent with inhibition of eIF4E activity and reduction in its levels. In summary, ribavirin

targets e[F4E within the first 28 days of treatment and this correlates with clinical response.

1.4.3 Ribavirin combination therapy for AML treatment

Although substantial clinical benefit to ribavirin monotherapy is observed in patients; it is
important to increase the frequency and duration of clinical responses. Accordingly,
combination of ribavirin with known chemotherapy regimens is examined. Results of this trial
are presented in chapter four of this thesis. /n vitro studies of combination therapies suggest
that ribavirin will cooperate with a wide variety of commonly used agents ®. Thus, ribavirin

may become a commonly added adjuvant to many treatment regimens.

1.5 Ribavirin resistance and non-responding patients

Unfortunately, despite the significant clinical responses that ribavirin has achieved in poor
prognosis M4/M5 AML patients, loss of clinical response around 4 months of treatment was
observed for most of the patients (with the exception of one patient which continued to respond
for 9 months). As such, one of the aims of my thesis was to investigate the molecular
mechanism(s) underlying ribavirin resistance. This work is presented in details in chapter
three. Briefly, we have identified a novel mechanism of resistance whereby upregulation of the

Sonic Hedgehog transcription factor GLII results in increased glucuronidation of ribavirin
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which consequently can no longer bind elF4E. We provide evidence that this mechanism of
resistance can be reversed using the FDA approved inhibitor of the Sonic Hedgehog pathway,
GDC-0449 (also know as Vismodegib). Ribavirin and GDC-0449 combination is currently
being tested in a phase I clinical trial in M4/M5 AML patients.

More insights about the mechanisms of cancer drug resistance are provided in chapter two.

1.5.1 The Hedgehog Signalling Pathway in Cancer Treatment Resistance

The Hedgehog (HH) signalling pathway is evolutionary conserved from insects to vertebrates
)1t is considered as a key regulator of embryonic development and is required for cell
proliferation, differentiation, tissue patterning, maintenance of stem cells, and tissue repair and
regeneration ®% . However, it has a second-much darker side. It promotes growth and
proliferation of tumour cells. Aberrant HH activity is reported in various types of human cancers

including, brain, breast, lung, colon, prostate, pancreas, skin, melanoma, lymphoma and

leukemia ©% %),

1.5.1.1 Molecular Mechanism:

Canonical HH signalling is a complex pathway involving a multitude of factors. However, the
key core players are few, including Hedgehog secretory glycoproteins (HH), PATCHED
(PTCH) a 12-transmembrane receptor protein, SMOOTHENED (SMO) a serpentine
transmembrane signal transducer, and the glioma-associated GLI family of transcription factors
(90.91.93-95) Vertebrates express three HH homologues, Desert Hh (Dhh), Sonic Hh (Shh) and
Indian Hh (Ihh) ®- %9 All three of which activate the same signalling pathway yet their
expression is tissue-specific, with Shh being more broadly expressed than Ihh and Dhh ®% 9,
In the absence of secreted Hh glycoproteins, PTCH binds to and inhibit the activity of SMO
thus repressing signal transduction. Upon binding of Hh ligand to its PTCH receptor, SMO
repression is alleviated triggering the release of cytoplasmic GLI transcription factors from the
repressive grip of the negative regulator Suppressor of Fused (SUFU) and their activation
through sequential phosphorylation by various kinases. As a result, activated GLI proteins
translocate into the nucleus where they induce or repress transcription of target genes. At least

three GLI proteins exist in vertebrates ©*°3, While GLI-1 and GLI-2 act primarily as activators
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(with GLI-1 being a stronger activator than GLI-2 which in turn enhances the transcriptional
activity of GLI-1), GLI-3 can undergo proteolysis to function as a transcriptional repressor. As
such, the ratio of GLI activator to repressor is critical for the final transcription process !> 9294
%9 Further, Hh signalling undergoes both positive and negative autoregulatory feedback loops
through controlling the expression of its core components, GLI and PTCH, respectively.
Termination of HH signalling follows the proteasome-mediated degradation of activated GLI-
proteins. Several studies showed that degradation could be achieved by three independent
ubiquitin pathways: cullin 1 (CUL1) mediated p—TrCP E3 ubiquitin ligase, CUL3/SPOP and
Numb/Itch mediated ubiquitination ©”). Canonical GLI target genes include, cyclin D1 (involved
in cell cycle), vascular endothelial growth factor (VEGF) (involved in angiogenesis), SNAIL
(involved in epithelial-mesenchymal transition (EMT) in cancer invasion) and Bcl2 (anti-

apoptosis pathway) (90,93, 96)

Further, non-canonical or oncogene-driven HH signalling pathway have been described. These
pathways bypass the requirement of HH proteins and rely on major human oncogenes (e.g. EGF,
AKT, and RAS), tumour suppressors (e.g. p5S3 and PTEN) or chromosomal translocation gene
fusion products (e.g. EWS-FLI1) to regulate GLI activity ¥,

1.5.1.2 HH signalling in cancer

HH signalling is central to various types of human cancers. In addition, increasing evidence
indicates the importance of HH signalling in regulating cancer treatment resistance % 1°0. For
instance, GLI-1 overexpression is correlated with glioma recurrence after chemotherapy with
Vincristine, VP16, ACNU and CDDP % In addition, GLI-1 overexpression disrupts the
activation of genotoxin-driven ATR-Chkl checkpoint signal transduction pathway which
regulate apoptosis, cell cycle progression and DNA repair 1°. Further, constitutive activation
of the HH pathway in AML, and other cancers, stimulates the expression of multidrug resistant
transporter system (MDR) which results in enhanced drug efflux from cancer cells ©% 190102,
The reason underlying the importance of HH signalling in cancer is not trivial but could
explained by the basic role of this pathway in controlling stemness and multipotency or as a
consequence of the GLI code integrating HH and non-HH signals % 19199 Foyr basic models

have been proposed for the activation of HH signalling pathway in cancer ©% 103104,
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-Type I-Ligand independent constitutive activation of HH signalling: includes

(1) Loss-of-function mutation of negative regulators of HH signalling, such as loss f
function and/or loss of heterozygosity of PTCH, loss of function mutation of SUFU and

mis-sense mutation of GLI3.

(i) Gain-of-mutation or amplification of activators, such as amplification of GLI-1 and

GLI-2, and activating mutation of SMO.

-Type II-Ligand dependent autocrine activation of HH signalling: characterized by increased

expression of HH proteins triggering auto-activation of HH pathway.

-Type I11-Ligand dependent paracrine activation of HH signalling: characterized by increased
secretion of HH proteins by tumour cells to induce signalling in neighboring stromal cells which
in turn secrete factors essential for tumour growth including VEGF, Insulin-growth factor 2
(IGF2) and Wnt. Type III can also be reversed paracrine whereby stromal cells Hh ligands to

activate tumours cells.

-Type IV-Cancer stem model: characterized by elevated HH signalling in a subpopulation of

tumour cells known as cancer stem cells possessing a self-renewal ability.

Recent clinical studies indicate that targeting HH signalling pathway with small molecule
inhibitors can have far-reaching implications in HH-dependent tumours. To date, inhibitors of
HH (e.g. Robotnikinin), SMO (e.g. GDC-0449) and GLI proteins (e.g. GANT-61) have been
the major focus of chemotherapies that target HH pathway-dependent cancers. For instance,
phase I clinical studies of GDC-0449 in patients with basal cell carcinoma and medulloblastoma
have highlighted significant response. And given its specificity for the HH pathway and its low
toxicity, GDC-0449 is currently being evaluated in a phase II clinical trial for the treatment of
solid tumours and may also be used in combination treatment with conventional chemotherapy

or with inhibitors of activated oncogenes driving GLI activity.
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1.5.2 Glucuronidation mediated by UGT enzymes

Glucuronidation is a major phase II detoxification reaction responsible for the inactivation of
endogenous molecules and xenobiotics including therapeutic drugs (%1% It was originally
discovered in hepatic cells but evidence demonstrate that most human tissues express the
enzymes catalyzing this process, known as UDP-glucuronosyltransferases (UGTs) (107 109,
Namely, UGTs mediate transfer of glucuronic acid (GA) from the cofactor uridine 5’-
diphosphoglucuronic acid (UDPGA) to the nucleophilic part of the drug (including amine,
carbonyl, carboxyl, sulfuryl and hydroxyl groups) thus rendering it more hydrophilic. The most
common glucuronidation reactions consist of N- and O-linked glucuronidation through
conjugation of phenols, carboxylic acid, aliphatic alcohols, thiols and amines. Consequently,
the resulting metabolites are excreted via anion transporters (1% 1% However, efflux is not the

only fate of glucuronides. For instance, glucuronidation has been shown to alter targeting (!%>

109)

Eukaryotes have evolved to express four subfamilies of UGT enzymes, UGT1A, UGT2, UGT3
and UGT8. While UGT2 subfamily primarily conjugates endogenous compounds, UGTI1A
mainly metabolizes exogenous ones. Glucuronidation by UGT3 and UGTS does not appear to
contribute to drug inactivation 1% ' Accordingly, the major focus of this thesis is the UGT1A
subfamily. We have identified that GLI-1-mediated glucuronidation of Ribavirin, among others,

is namely catalyzed by UGT1A enzymes.

UGT1A subfamily includes nine functional isoforms (UGT1A1 and UGT1A3-10) encoded by
a single gene locus comprising 5 exons; with exon 1 encoding the variable N-terminal substrate
binding domain and exons 2-5 coding for the common C-terminal UDPGA binding domain (%%
110, 11 " Recently, a novel UGT1A isoform known as UGT1A i2 has been identified as an
alternative splice product of exon 5 1'% 113 The resulting protein is truncated and inactive but
is demonstrated to interact with and inhibit the activity of UGTs. Given the highly divergent N-
terminal domain, substrate specificity varies among the different isoforms; with some accepting
a wide variety of structurally unrelated substrates, while others having strict specificity (% '3,

Predominantly, UGTs are localized to the ER membrane, with few reports demonstrating its

localization to the nuclear envelope (!'¥. Synthesized as pre-proteins possessing endoplasmic
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reticulum (ER) signal peptide sequence, UGT enzymes are embedded in the ER membrane via
a single transmembrane spanning domain located near the C-terminus which in turn protrudes
into the cytosol while the N-terminal domain extends in the lumen of the ER. It has been
postulated that UGTs function as homo/hetero- dimers/tetramers in the ER (516 Byt in the
absence of pure full length active proteins, and the lack of structural information regarding the
amino-terminal domain and the binding of UDPGA to the C-terminus, validation of the
oligomerization phenomenon is hindered. Expression of UGTs is controlled by several
transcription factors (e.g. hepatic nuclear factors, HNFla and HNF4a) and ligand-activated
nuclear receptors in response to endo- and xenobiotics (e.g. aryl hydrocarbon receptor, AhR, the
constitutive androstane receptor, CAR, and the peroxisome proliferation-activated receptor,

PPAR’Y) (106, 110, 111).

1.5.2.1 UGTs in Carcinogenesis

The role of UGT enzymes in cancer is discussed in details in chapter five.

1.6 eIF4E in cancer invasion and metastasis

elF4E overexpression and activity promotes metastasis and increased tumour invasion 117
8 For instance, high eIF4E levels are observed in vascularized malignant ductules of invasive
breast carcinomas and are predictive of increased recurrence in head and neck squamous cell
tumours ®> 117120 Further, eIF4E levels are correlated with increased number of tumours,
invasion and metastases in xenograft mouse models. Consequently, knockdown of eIF4E or its
pharmacological inhibition with ribavirin is shown to reduce breast cancer cell migration and

metastasis (1%,

The role of elF4E in tumour metastasis has so far been linked with increased expression and
activity of the extracellular matrix (ECM) degrading enzymes, matrix metalloproteinases
(MMP)-3 and MMP-9, and the angiogenesis promoting factor, vascular endothelial growth
factor (VEGF) (% 19 However, reduction in MMPs and VEGF expression and activity
following treatment with ribavirin is only partly responsible for the observed decrease in the

invasiveness of high elF4E cancer cells; suggesting that modulation of additional factors is
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required. In an attempt to identify proteins associated with the metastatic phenotype of such
tumours, I (or we) identified that elF4E coordinately modulates the expression of several
enzymes involved in the synthesis of Hyaluronic Acid (HA) and its major receptor CD44.
Increased HA and CD44 levels are associated with malignant phenotype and poor prognosis in
several types of cancers. Results of this part of my thesis are discussed in details in Chapter

eight.
1.6.1 The metastatic cascade:

Escape of malignant cells from primary tumour sites and lodgement at distant secondary organs
is a complex multistep process involving: (i) angiogenesis of the tumour (ii) detachment of
neoplastic cells from primary tumour (iii) local invasion of the ECM (iv) intravasation into
lymphatic or blood vessels (v) survival of cells in circulation (vi) extravasation from vasculature
into secondary organ tissue (vii) invasion of ECM and finally (viii) colonization and growth of
secondary tumour 2122 During this process only a few cells have the potential to become
motile and of those that do only a small number (less than 0.1%) can give rise to secondary
tumours. These cells often show resistance to adverse conditions (surveillance by the immune
system, nutrient shortage, tumour hypoxia as well as chemo- and radio-therapies) and must have

the ability to self-renew and differentiate in order to produce secondary tumours (12! 122,

Successful metastasis relies on the formation of a series of interactions between the cancer cell
and its surroundings necessary for motility. Accordingly, cancer cells must undergo a process
known as epithelial-to-mesenchymal transition (EMT) whereby the activation of multiple
interconnected transcription factor networks (including Wnt, Notch, Sonic Hedgehog and NF-
kB) leads to altered expression of proteins that are part of the ECM, secreted in the ECM or cell

surface receptors required for invasion (121122,

1.6.2 Hyaluronic Acid is required for EMT of cancer cells

The glycosaminoglycan (GAG) hyaluronic acid, also known as hyaluronan, is a major
constituent of the pericellular and extracellular matrix in most mammalian tissues (23129 It
regulates various cellular processes including embryonic development, tissue homeostasis,

wound healing and inflammation and promotes tumour growth, invasion and EMT (123124 [n
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cancer, increased HA levels are correlated with formation of less dense matrices to facilitate
invasion and promote angiogenesis and it has been predicted to mediate the assembly of
protective coating for cancer cells to help evade chemotherapeutic and cytotoxic agents. Further,

HA levels are elevated in highly metastatic and poor prognosis tumours (124129,

1.6.2.1 HA structure and synthesis

HA is a large unbranched negatively charged polysaccharide composed of repeating
disaccharide units (2,000-25,000), glucuronic acid and N-acetylglucosmaine [-B(1,4)-GIcUA-
B(1,3)-GIcNAc-]n. Unlike other GAGs which are synthesized as proteoglycans in the
endoplasmic reticulum and Golgi apparatus, HA synthesis is catalyzed by one of three multipass
transmembrane proteins, hyaluronan synthases (HAS1, HAS2 and HAS3) located in the plasma
membrane 1%, As a result, HA is extruded on the cell surface or into the ECM while its being
synthesized. HA chain length is associated with differential functions where shorter chains are
primarily synthesized by HAS3, which we show is an eIF4E target whereas HAS1 and HAS2
are not. These shorter forms of HA are associated with malignant phenotypes. Experimental
overexpression of HAS enzymes causes increased tumour growth in mouse xenograft of
prostate, breast and colon carcinomas and its knockdown with antisense mRNAs reverses this
phenotype (1?7128 Further, HA is cleaved by hyaluronidases (six isoforms exist in humans)
which have been suggested to act as tumour suppressors; whereby increased expression inhibits
tumour growth in colon and breast xenografts (1?30 These data strongly support the

requirement of elevated levels of short-chain HA for tumour progression.

1.6.2.2 HA-induced signal transduction

HA exerts its effects through binding to specific cell surface receptors, namely CD44, thus
triggering downstream signal transduction cascades essential for EMT (24, Together high levels

of HA and its receptors are linked to cancers of circulating cells and those of solid tumours 2%,

CD44 is a multistructural and multifunctional cell surface glycoprotein involved in mediating
cell-to-cell or cell-to-ECM communication @% 132 133 1t is encoded by a single gene locus
comprising 20 exons and contains an ectodomain (encoded by exons 1-17), a transmembrane

domain (encoded by exon 18) and a cytoplasmic domain (encoded by exons 19 & 20). As a
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result of alternative splicing and N- or O-linked glycosylation, a large array of CD44 isoforms
(more than 20) exists ranging in size from 80 to 200 KDa. The smallest isoform, known as
standard CD44 (CD44s), 80 KDa in size, is the most widely spread isoform where its expressed
on the surface of most vertebrate cells, including hematopoietic stem and progenitor cells.
Expression of CD44 variant isoforms is controlled by tissue- and environmental-specific factors

as well as oncogenic pathways which can regulate alternative splicing of CD44 G8 132.133),

Binding of HA to the amino-terminal HA binding site located in the ectodomain of CD44
triggers three major molecular events that regulate migration and invasion of cancer cells. First,
it is reported that in response to HA binding, CD44’s cytoplasmic tail interacts with several
regulatory and adaptor molecules in a cell context-dependent manner, including SRC, RHO
GTPases, GABI, and the cytoskeletal ERM proteins (ankyrin and ezrin, radixin and moesin);
thus activating downstream singling cascades favoring motility 13*!3%)_ For instance, interaction
of CD44 with ERM proteins, which are known to regulate cell shape and migration, links the
plasma membrane to the actin cytoskeleton which is an essential step for migration. Second,
following HA binding, the ‘spliced-in’ regions of CD44 are shown to form specialized platforms
for the recruitment of ligands essential for various signalling events, such as matrix
metalloproteinases (MM9 and MMP?7), osteopontin and fibroblast growth factors (33-13%_ While
recruitment of MMP9 is required for degrading the ECM, MMP7 binding suppresses apoptosis
through activating ERBB4 (also known as HER4) receptor tyrosine kinase pathway that signals
for cell survival 13®. In addition, interaction of CD44 with osteopontin is shown to promote
survival (132 139 Third, binding of HA to CD44 is linked to CD44 oligomerization and
association with lipid rafts known as glycolipid-enriched microdomains (GEMs) 39,
Oligomerization is thought to occur via a short motif composed of 23 hydrophobic residues and
1 cysteine amino acid located within the transmembrane domain of CD44 (32, The GEM
association of CD44 oligomers is required for activation of the aforementioned CD44-mediated
downstream signalling and has been also linked to the function of CD44 as a coreceptor. Here,
CD44 binds and activates several growth factor receptors essential for invasion, including the
epidermal growth factor receptor, EGFR, Grb2, and p185Her2, c-Met, ErbB, TGFp receptors 1
and 2, and VEGF-2 @8 132,133),
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1.6.2.3 HA mediates that formation of cell surface protrusions

Consistent with the observed oligomerization of CD44 receptors and the enrichment of proteins
and co-receptors essential for the invasion process at the plasma membrane following activation
by HA binding, studies have shown that increased expression of endogenous and exogenous
HAS3 induces the growth of microvillus-like cell surface protrusions 27129 These protrusions
do not require attachment to a given substratum but rather utilize HA coat as an extracellular
scaffold mediating cell growth, invasion and metastasis. Evidence show that despite the
presence of CD44 in HAS3-induced protrusions, inhibition of CD44 activity with blocking
antibodies or siRNA-mediated knockdown of CD44 does not affect the formation of these
protrusions; suggesting that this particular activity is CD44 independent. It is noteworthy that
neither CD44 nor HA alone can induce cell migration; rather an interaction between the two is
necessary to activate this process 14?0, Also, loss of CD44 activity or expression has been shown
to reduce cancer cell invasion in in vitro matrigel assays and animal models 1#!"'*¥). These data
indicate that CD44-HA dependent and/or independent functions are essential for downstream
signalling post-protrusion formation (described in the previous section 1.6.2.2). Thus,
identifying factors regulating HA synthesis and CD44 expression could provide a therapeutic

means to prevent cancer cell metastasis.
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Hypotheses and Aims

» Project I (Chapter 2-7):
-Title: The Sonic Hedgehog Factor GLII Imparts Drug Resistance through Inducible

Glucuronidation

-Hypothesis: The sonic hedgehog transcription factor GLII drives laboratory and clinical
resistance to ribavirin by altering gene expression leading to chemical modification of ribavirin

thereby blocking its interaction with elF4E
-Aim 1: Assess the role of Gli-1 in conferring resistance to ribavirin

-Aim 2: Assess the role of UGT1A family depletion in conferring resistance to ribavirin

-Aim 3: Determine the fate of ribavirin in resistant cells

> Project II (Chapter 8):

-Title: The eukaryotic translation initiation factor elF4E drives production of hyaluronan

-Hypothesis: e/F4E impacts invasion and metastasis by reshaping the surface of migrating cells

through regulating the synthesis of hyaluronic acid and the expression of its receptor CD44

-Aim 1: Investigate the role of elF4E in the synthesis of hyaluronic acid and its receptor

CD44 and assess its effects on protrusion formation and tumour invasion

-Aim 2: Examine the effects of elF4E dependent alterations of HA and CD44 synthesis on AML
cell lines with dysregulated elF4E (THP-1 and MonoMac-6)

-Aim 3: Examine the effects of elF4E dependent alterations of HA and CD44 synthesis on

metastasis of breast cancer cell lines in mouse models
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CANCER TALE: ITS TREATMENT AND RELAPSE

In 1961, Frei and Freireich initiated the high-dose four-drug com-
bination clinical trial for the treatment of pediatric leukemia
(Frei etal,, 1965). Despite the threat imposed by administering
four drugs at once, few weeks following treatment onset, chil-
dren began to respond, “the bone marrow biopsies came back
one after another—all without leukemia cells. Red blood cells and
white blood cells and platelets sprouted up in an otherwise scorched
field of bone marrow. But the leukemia did not return” (Mukher-
jee, 2010). Out of the 16 enrolled patients, 11 showed complete
remission. This outstanding success, however, was short-lived.
With the exception of a handful of children, all patients even-
tually relapsed, developing a more vigorous form of cancer that
was no longer responsive to the treatment: leukemic cells had
invaded the blood-brain barrier and colonized the brain “the
only place unreachable by chemotherapy....the children died one
after the other-felled by virtue of the adaptation designed to protect
them...it was a consequence of the body’s defense system subvert-
ing cancer treatment” (Mukherjee, 2010). To date, this story still
reflects the same tale of cancer treatment where its resistance
and relapse remains a major challenge (Wilson etal., 2009). In
this review we provide an overview of advances made in our
understanding of the mechanisms that enable cancerous cells to
adapt to and eventually overcome therapy, and how identifying
these mechanisms can help circumvent resistance and improve
treatment.

Despite its complex biological nature, many recent successes
have been made in the treatment of cancer, including most strik-
ingly chronic myeloid leukemia (CML) and acute promyelocytic
leukemia (APL) which have met with great success as well as many
cases of pediatric leukemias, Hodgkin’s lymphomas, and testicular
cancers (Siegel etal., 2012). These success stories mainly relied on
an increased understanding of the diverse molecular mechanisms
governing tumor development. Owing to this, various anti-cancer
therapies were designed to target disease-specific mechanisms that

Cancer drug resistance continues to be a major impediment in medical oncology. Clinically,
resistance can arise prior to or as a result of cancer therapy. In this review, we discuss
different mechanisms adapted by cancerous cells to resist treatment, including alteration
in drug transport and metabolism, mutation and amplification of drug targets, as well
as genetic rewiring which can lead to impaired apoptosis. Tumor heterogeneity may also
contribute to resistance, where small subpopulations of cells may acquire or stochastically
already possess some of the features enabling them to emerge under selective drug
pressure. Making the problem even more challenging, some of these resistance pathways
lead to multidrug resistance, generating an even more difficult clinical problem to overcome.
We provide examples of these mechanisms and some insights into how understanding
these processes can influence the next generation of cancer therapies.

Keywords: origin of cancer, multidrug resistance, drug metabolism, drug transporters, oncogene addiction,
microenvironment, collateral sensitivity, synthetic lethality

are absent in normal cells. Such strategies include (i) inhibi-
tion of a specific oncoprotein, such as targeting the oncogenic
fusion proteins Ber—Abl and PML-RARA with Gleevec and all
trans retinoic acid (ATRA) with arsenic trioxide respectively or (ii)
activation of a specific immune response against cancerous cells
demonstrated by the use of interferon alpha alone or in combi-
nation with other anti-cancer drugs including 5-fluorouracil and
cytarabine (Raderer and Scheithauer, 1995; Guilhot etal., 1997;
Druker etal., 2001; Kreitman etal., 2001; Tallman etal., 2002;
Goldman and Melo, 2003; O’Brien etal., 2003; Sawyers, 2004;
Kreitman, 2006; Ferrantini et al., 2007; Chin and Gray, 2008; Sell-
ers, 2011). Many of these drugs are currently being used in the
clinic and have established positive impact on patient survival.
However, a major impediment to their success is the development
of therapeutic resistance which in some cases predates clinical
intervention (Wilson etal., 2009). Based on tumor response to
the initial therapy, cancer resistance can be broadly classified into
two categories, primary and acquired (Meads etal,, 2009; Lip-
pert etal,, 2011). While primary drug resistance exists prior to
any given treatment, acquired resistance occurs after initial ther-
apy. Unfortunately, the majority of patients will likely develop
resistance at a certain point of treatment. For example, 50-70%
of patients with adenocarcinoma relapse following surgery with
a chemoresistant phenotype (Castells etal., 2012), and approxi-
mately 20% of adults with acute lymphoblastic leukemia suffer
from primary resistance to treatment (Testi etal.,, 1992; Giona
etal., 1994; Thomas etal., 1999; O’Connor etal., 2011). In addi-
tion, primary resistance has been recognized in nearly 50% of
all cancer patients in the 1990s (Pinedo and Giaccone, 1998).
Therefore, the design of anti-cancer drugs that are fully effective
necessitates a better understanding of the mechanisms by which
cancer cells elude treatment. Here we will discuss several features
of drug resistant cells including modification of drug transport,
mutation of extracellular receptors, amplification and mutation of
drug targets as well as related topics. Additionally, we will briefly
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address the important question of how resistant cell populations
emerge.

MECHANISMS OF DRUG RESISTANCE

Both primary and acquired resistance can be caused by alterations
to drug metabolism (sequestrations or enhanced detoxification)
or modifications to the drug targets (Gottesman, 2002; Gatti and
Zunino, 2005; Teicher, 2006; Wilson et al., 2006; Ullah, 2008). A
brief overview of these mechanisms supported with examples of
clinical relevance are presented below (Figure 1).

Perhaps the most studied mode of resistance involves drug
metabolism, including its uptake, efflux, and detoxification. The
means by which drugs enter cells depend on their chemical nature,
and it mainly necessitates the use of receptors, which they bind
to and transmit their effects without cellular entry, or trans-
porters, which allow their cellular entry (Gottesman, 2002). At
this level, resistance can result from mutations that modify activ-
ity or reduce the expression of surface receptors and transporters.
For instance, mutations or reduced expression of the extracellu-
lar receptor smoothened (Yauch etal., 2009; Atwood etal., 2012;
Kasper and Toftgard, 2013), nucleoside transporters (Galmarini
etal., 2001; Damaraju etal.,, 2003) or one or both folate trans-
porters (Longo-Sorbello and Bertino, 2001) result in defective
uptake of cyclopamine, nucleoside drugs, such as cytarabine,
and toxic folate analogs, such as methotrexate, respectively. On
the other hand, enhanced drug efflux is frequently caused by
increased expression of ATP binding cassette (ABC) membrane
transporters (Gottesman etal., 2002). Among the 48 known ABC
transporters in humans, elevation of three members, P-gp (MDR1
gene product), Multidrug resistance-associated protein 1 (MRP1)
and mitoxantrone resistance protein [MXR; also known as breast
cancer resistance protein (BCRP) or placenta ABC protein (ABC-
P)], have been correlated with cancer chemoresistance to various
drugs (Gottesman, 2002; Gottesman et al., 2002). For instance, P-
gp transports a wide variety of hydrophobic anti-cancer drugs such
as vinblastine, doxorubicin, vincristine, and taxol, and therefore its
increased expression has been correlated with resistance to these
(Gottesman etal., 2002). MRP1 on the other hand, transports neg-
atively charged natural-product drugs in addition to drugs that
have been modified by the conjugation of glutathione (GSH), glu-
curonic acid or sulfate (Jedlitschky etal., 1996; Hipfner etal., 1999;
Konig etal., 1999; Borst etal., 2000); while, MXR overexpression
has been correlated with resistance to topoisomerase [ inhibitors,
anthracyclines, and mitoxantrone (Gottesman, 2002). As can be
seen, these factors comprise a major site for the development of
drug resistance.

To exert their cytotoxic effects, many anti-cancer drugs must
undergo metabolic activation. For instance, cytarabine (also
known as AraC), a nucleoside drug widely used for the treatment
of acute myelogenous leukemia (Sampath et al., 2006), necessitates
initial phosphorylation by deoxycytidine kinase to cytarabine-
monophosphate which is subsequently phosphorylated to the
active form cytarabine triphosphate. To circumvent the effects of
these drugs, cancer cells develop resistance through decreased drug
activation (Kufe and Spriggs, 1985; Bardenheuer et al., 2005). This
occurs via the downregulation or mutation of enzymes involved
in this metabolic pathway, such as deoxycytidine kinase in the

case of cytarabine (Sampath etal., 2006). Drug inactivation can
also play a major role in the development of resistance. These
mechanisms include, for example, conjugation of the drug to
GSH, a powerful anti-oxidant that protects the cells against the
damaging effects of reactive oxygen species (Wilson etal., 2006).
GSH conjugation to platinum drugs, such as oxaliplatin and
cisplatin used in the treatment of various types of cancers, ren-
ders them substrates for ABC transporters which enhances drug
efflux (Meijer etal,, 1992; Ishikawa and Ali-Osman, 1993). Fur-
thermore, the topoisomerase I inhibitor, irinotecan, used for
treating colon cancer, have been shown to become inactivated via
phase I drug metabolizing enzymes, CYP450 (Xu and Villalona-
Calero, 2002). Finally, binding of platinum drugs, particularly
cisplatin, to metallothionein (MT), a small cysteine-rich protein, is
another means of drug inactivation (Kelley etal., 1988; Kasahara
etal., 1991).

Many cancer cells develop an overreliance or dependency on
an oncogene. This is referred to as oncogene addiction (Arber
etal., 1997; Weinstein, 2002; Weinstein and Joe, 2006; Sharma and
Settleman, 2007). Targeting such oncogenes, provided a basis for
the development of targeted therapies. Examples of such targeted
therapies include: (i) imatinib targeting BCR/ABL tyrosine kinase
in CML (Hughes etal., 2003), (ii) gefitinib and erlotinib target-
ing the epidermal growth factor receptor (EGFR) tyrosine kinase
domain in non-small cell lung carcinoma (Lynch et al., 2004; Shep-
herd et al., 2005; Taron et al,, 2005), and (iii) trastuzumab targeting
human epidermal growth factor receptor-2 (HER-2) receptor in
breast carcinomas (Slamon etal., 2001; Piccart-Gebhart etal.,
2005). Unfortunately, the long term effectiveness of these drugs
is hindered by the development of drug resistance due to muta-
tion of the targeted protein (Gioeli, 2011; Wong and Lee, 2012).
In the case of BCR/ABL and EGER inhibitors, resistance emerges
as a result of mutations occurring at the gatekeeper residues of
the kinase domain which disables drug binding (Gorre et al,, 2001;
Blencke et al., 2003; Kobayashi et al., 2005; Pao et al., 2005; Soverini
etal., 2005; Balak etal., 2006; Jabbour etal., 2006, 2008; Nicol-
ini etal.,, 2006; Apperley, 2007; Costa etal,, 2007; Bean etal,,
2008; Gioeli, 2011). Furthermore, it has been demonstrated that
resistance mutations can be detected prior to treatment in small
subpopulations of tumor cells suggesting that these mutant forms
were selected via the targeted therapy used (Hofmann etal., 2003;
Toyooka etal., 2005; Inukai etal., 2006). In essence, understand-
ing how mutations in the target proteins confer resistance enables
the development of new therapeutic approaches to surmount
resistance. For instance, second generation CML inhibitors have
been developed based on mutational studies of patients who have
become Gleevec resistant.

Other mechanisms by which cancerous cells circumvent the
effects of targeted inhibitors have also been described, including
amplification of alternative oncogenes or inactivation of alter-
native survival pathways (le Coutre etal., 2000; Engelman etal.,
2007). In some cases, targeting of one protein alone (that cells are
showing dependency on) can become ineffective because another
parallel pathway supports tumor survival. In this case, the two
pathways develop a synthetic lethal relationship (Hartman etal.,
2001; Tucker and Fields, 2003). This way, the loss/inactivation of
one of these genes would be supported by the other pathway and
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FIGURE 1 | A major impediment in the treatment of cancer is the
develop t of resi: While most tumors initially respand to the given
therapy, the majority will relapse following treatment, and in some cases
resistance even predates clinical intervention. Therefore cancer resistance
can be classified in to two broad classes: primary or acquired. In both cases,
the emergence of resistant cells could be due to, at least, two mechanisms:
(A) presence of multiple initial clones some of which emerge as dominant
after treatment. These subpopulations could possess stem-like characteristics
andfor use their interactions with the surrounding microenvironment to enter

Survival and Relapse through:

“Alterations of Drug Metabolism
(increased efflux, decreased uptake,
enhanced detoxification, sequestration)
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<*Enhanced DNA Repair
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into a dormant state, thus surviving the insult of therapy. (B) Acquisition of
stochastic alterations within the cancer cells per se. In all cases, the surviving
population is less likely to respond to any further therapy and will be
responsible for the minimal residual disease and cancer relapse. The
biochemical underpinnings of resistance include: alterations to drug
metabolism, increased drug efflux, decreased drug uptake, modification of
the drug targets, amplification of targeted protein, genetic rewiring, enhanced
DNA repair, inactivation of apoptotic proteins, or activation of anti-apoptotic
ones, among others.

for the most effective treatment, one would need to target both
pathways (Luo etal., 2009; Nijman, 2011).

An example of new pathways emerging once another path-
way is targeted comes from the work of Isoyama etal. (2012),
showed that acquired resistance to phosphatidylinositol 3-kinase
(PI3K) inhibitors (such as ZSTK474) was due to the upregula-
tion of insulin-like growth factor 1 receptor (IGFIR) pathway and

that inhibition of this pathway with selective IGF1R inhibitors
reverses the acquired PI3Ki resistance phenotype (Isoyama etal.,
2012). Additionally, resistance could result from evasion of apop-
totic pathways triggered by the acquisition of either inactivating
mutations in genes coding for apoptotic proteins, such as p53, or
activating mutations in genes coding for anti-apoptotic proteins,
such as B cell lymphoma 2 (Bcl-2; Teicher, 2006). Indeed p53
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mutations have been correlated with de novo resistance to doxoru-
bicin treatment in patients with advanced breast cancer, as well
as resistance to anthracyclines in a mouse sarcoma tumor model
(Aas etal., 1996; Levine, 1997).

Another excellent example of this phenomenon (i.e., synthetic
lethality) is seen in breast and ovarian cancers carrying muta-
tions in the BRCAI and BRCA2 genes, important mediators of
DNA double-strand break (DSB) repair. When the poly (ADP-
ribose) polymerase (PARP) protein, which is involved in different
cellular processes including DNA repair, was targeted in these
tumors, selective cancer cell toxicity was achieved (Bryant etal.,
2005; Farmer etal., 2005). Several PARP inhibitors (PARPi) are
currently being tested in clinical trials, such as iniparib (phase III
ongoing; Guha, 2011) and veliparib cancer (Trudeau etal., 2006;
Palma etal., 2008, 2009; Kummar etal., 2011), among others.
However, despite the promising results these inhibitors showed,
whether used as a mono- or combinatorial therapy (Juvekar etal.,
2012; Kummar etal., 2012; Riffell etal., 2012), cancer cells once
again were capable of evolving resistance to PARPi in preclinical
and clinical settings (Chiarugi, 2012; Montoni etal., 2013). The
mechanisms of resistance to these inhibitors have been grouped in
to at least four categories, as summarized recently (Montoni etal.,
2013). But perhaps the most distinct of these, was the ability of
cancer cells to revert sensitivity to PARPi by acquiring deletion of
the mutation in BRCA gene, thus restoring its function and the
subsequent repair of DSBs.

DEVELOPMENT OF CROSS RESISTANCE

An important feature of drug resistance, is that development of
resistance to one drug can lead to resistance to other drugs (Ullah,
2008). For instance, loss of a drug transporter can lead to resis-
tance to structurally diverse compounds that utilize it or elevation
of ABC transporters resulting from one therapy will influence the
efficacy of many other compounds. Since this multidrug resis-
tance phenotype correlates with poor chemotherapy response,
drug development strategies to overcome this problem are being
designed. These include drugs that are not recognized by trans-
porters and therefore evade efflux, efflux inhibitors, drugs that
are selectively lethal to P-gp expressing cells, etc. (Hall etal., 2009;
Kelly etal., 2011; Nobili etal.,, 2012). But, perhaps resistance is
not useless after all, as Hall etal. (2009) proposed. The alterna-
tive strategy to treat the progeny of the drug imposed Darwinian
selection process is to identify their new “Achilles’ heel,” where
resistance to the first given drug conferred a hypersensitivity to an
alternate cytotoxic agent to which parental cells were not sensi-
tive to. A phenomenon referred to as “collateral sensitivity”, which
could be considered as a type of synthetic lethality as well since
the same genetic alteration that rendered the cells resistant to one
drug now sensitizes them to another (Hall etal., 2009; Pluchino
etal,, 2012).

WHERE DO RESISTANT CELLS COME FROM?

The development of human cancers is a complex multistage
process involving accumulation of both genetic and epigenetic
alterations over time (Caulin and Maley, 2011). As a consequence,
a single tumor is comprised of heterogeneous populations of cells
with distinct genetic fingerprints (Heppner etal., 1978; Marusyk

and Polyak, 2010; Michor and Polyak, 2010). As the tumor pro-
gresses, some cells undergo genetic alterations, with selection of
those having a superior growth advantage in a given context. An
excellent example of tumor heterogeneity is provided by breast
cancer studies (Schvimer et al., 1995; Shen etal., 2000; Wild et al.,
2000). Wild etal. (2000) demonstrated that about 97% of epithelial
breast carcinomas possess high levels of intra-tumor diverseness.
The relevance of this innate heterogeneity is seen in cancer resis-
tance. Since cancer cell selection obeys the Darwinian law of
evolution, hence, under therapeutic pressure, those populations
that are most adaptive or resistant to treatment will be selected
for. These clones will then dominate and populate the tumor ren-
dering it highly resistant to the given therapy (Williams and Nesse,
1991; Nesse, 2001; Breivik, 2005; Crespi and Summers, 2005; Licht-
enstein, 2005; Monceviciute-Eringiene, 2005; Greaves, 2007). The
selection process can be rationalized by, at least, two mechanisms.
First, the emergence of a dominant cellular population after drug
selection since it possesses some favorable characteristics such as
a mutated drug binding site (Zhang etal., 2006; O’Brien etal,,
2007; Ricci-Vitiani et al., 2007). The second mechanism involves
the acquisition of stochastic alterations within the cancer cells
which provide a survival advantage (Campbell et al., 2008; Stratton
etal., 2009; Negrini et al., 2010; The International Cancer Genome
Consortium, 2010; Shen, 2011). The advantage itself, e.g., a muta-
tion in a drug binding site or alteration in drug transporters (as
just two examples) could be the same for either of these mecha-
nisms. What is different is the underlying process to generate these
biochemical differences.

Two known models, the cancer stem cell (CSC) model, and the
environment-mediated drug resistance (EMDR) model, which are
not mutually exclusive, could explain the origin of resistant cells.
In the CSC model, rare populations of cancer stem cells possess
tumor-initiating properties (Teicher, 2006; Nguyen etal., 2012).
It is thought that CSCs diverge from normal tissue stem cells or
from more-differentiated progenitor cells through dysregulation
of self-renewal pathways. Beside modulation of molecular mech-
anisms, such as increased efficiency of DNA repair (Potten etal.,
2002; Cai et al., 2004; Park and Gerson, 2005), changes in cell cycle
parameters (Venezia etal., 2004), overexpression of anti-apoptotic
proteins (Wang et al., 2003) or drug transporters (Gottesman et al.,
2002; Krishnamurthy etal., 2004), etc., resistance of CSCs could
be due to their quiescent nature (Teicher, 2006). Thus, in this case,
the cell population is present and is difficult to target using tradi-
tional chemotherapy strategies many of which depend on active
cell cycling.

In the EMDR model, resistance emerges as the cancer cells
use their interactions with the surrounding microenvironment
to enter into a quiescent or dormant state as a means of cir-
cumventing the effects of the given therapy. Under the drug
imposed selection pressure, these cells remain in their protective
shelter, undergoing genetic changes until they ultimately reach
a more permanent acquired resistance phenotype and in turn,
alter their surrounding microenvironment (Braun etal., 2000;
Meads etal., 2009). These surviving populations, which may
or may not be CSCs, can contribute to minimal residual dis-
ease (MRD) and cancer relapse (Matsunaga etal., 2003; Bidard
etal., 2008; Meads etal., 2009). The EMDR model is relevant
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to both hematopoietic and metastatic epithelial malignancies.
EMDR could be mediated by either soluble or cell adhesion-related
microenvironmental factors. Soluble factor-mediated drug resis-
tance occurs through induction of gene transcription within the
tumor cells by cytokines, chemokines, or growth factors secreted
by neighboring stroma-like fibroblasts (Meads et al., 2009). One of
the known mediators of this resistance mechanism is interleukin-6
(IL-6), whose increased secretion has been correlated with resis-
tance to various cytotoxins both in in vifro and in vivo models.
This includes, for instance, resistance to bortezomib in multiple
myeloma and to etoposide and cisplatin in hormone-independent
prostate carcinomas (Borsellino et al., 1995, 1999; Frassanito etal.,
2001; Voorhees et al., 2007). Further, cell adhesion-mediated drug
resistance is triggered by the adhesion of integrins from tumor
cells to stromal fibroblasts or to components of the surround-
ing extracellular matrix. Molecularly, this process could be due to
many scenarios including (i) degradation of apoptotic proteins or
(ii) enhanced stability or altered subcellular distribution of anti-
apoptotic proteins and cell cycle regulators (Hazlehurst etal., 2001,
2007; Shain etal., 2002, 2009; Lwin etal., 2007). One example is
provided by studies into melphalan resistance. In this case, the
cancerous cells tend to use their adhesion to fibronectin in the sur-
rounding microenvironment to reduce the endogenous levels of
the proapoptotic BH3-only Bel-2 family member, Bim1, thus con-
ferring resistance by disabling apoptosis (Hazlehurst etal., 2003;
Hanahan and Weinberg, 2011). From a clinical point of view, it
is thought that combining current therapies with inhibitors of
EMDR pathways could enhance the effectiveness of the treat-
ment {Croix etal., 1996; Weaver etal., 1997; Hazlehurst etal.,

REFERENCES Bardenheuer, W., Lehmberg, K.,

2000; White etal., 2004; Lwin etal., 2007). A proof-of-principle
example was demonstrated by the combination of melphalan, a
DNA alkylating agent used in the treatment of multiple myeloma
and ovarian carcinomas, with an anti-integrin «-4 antibody
(natalizumab) which significantly inhibited myeloma growth and
reduced tumor burden in patients (Mori etal., 2004; Engelhardt
and Kappos, 2008).

CONCLUSION

Resistance to drugs continues to be a major problem in oncology
affecting the majority of cancer patients. Here we provide many
examples of how cells become resistant to various drugs includ-
ing alteration in drug metabolism, modification of drug targets,
and genetic rewiring of cells to bypass targeted pathways. A better
understanding of oncogene networks and oncogene cooperativity
will likely improve therapeutic strategies by identifying optimal
combinations based on the genetic lesions in the tumors. Impor-
tantly, tumors are highly heterogenous and this heterogeneity may
well substantially contribute to primary or acquired resistance.
Armed with a greater understanding of the mechanisms of drug
resistance will undoubtedly lead to more long term remissions and
hopefully cures.
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CHAPTER 3

The Sonic Hedgehog Factor GLI1 Imparts drug resistance
through inducible glucuronidation
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Synopsis: Despite many recent successes in the treatment of cancer, development of
chemoresistance in many of the initially responding patients, and primary resistance in others,
remains a major impediment in therapy development. In this chapter, I present data supporting
the discovery of a novel multidrug resistance mechanism: Glil dependent drug glucuronidation;

and a means of overcoming this impediment using inhibitors of the Sonic Hedgehog pathway.
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The sonic hedgehog factor GLI1 imparts drug
resistance through inducible glucuronidation

Hiba Ahmad Zahreddine', Biljana Culjkovic-Kraljacic', Sarit Assouline?, Patrick Gendron', Andrea A. Romeo®, Stephen J. Morris®,
Gregory Cormack’, James B. Jaquith™t, Leandro Cerchietti*, Eftihia Cocolakis?, Abdellatif Amri', Julie Bergeron®, Brian Leber®

Michael W. Becker’, Shanshan Pei®,

Drug resistance is a major hurdle in oncology. Responses of acute
myeloid leukaemia (AML) patients to cytarabine (Ara-C)-based ther-
apies are often short lived with a median overall survival of months'~,
Therapies are under development to improve outcomes and include
targeting the eukaryotic translation initiation factor (eIF4E) with its
inhibitor ribavirin®~’. In a Phase II clinical trial in poor prognosis
AML?, ribavirin monotherapy yielded promising responses includ-
ing remissions; however, all patients relapsed. Here we identify a novel
form of drug resistance to ribavirin and Ara-C. We observe that the
sonic hedgehog transcription factor glioma-associated protein 1 (GLI1)
and the UDP glucuronosyltransferase (UGT1A) family of enzymes
are elevated in resistant cells. UGT1As add glucuronic acid to many
drugs, modifying their activity in diverse tissues®. GLI1 alone is suf-
ficient to drive UGT1A-dependent glucuronidation of ribavirin and
Ara-C, and thus drug resistance. Resistance is overcome by genetic
or pharmacological inhibition of GLI1, revealing a potential strat-
egy to overcome drug resistance in some patients.

To better understand the molecular basis for relapse in our clinical
trial (Fig. 1a and Extended Data Fig. 1), we generated resistant cells using
head and neck carcinoma FaDuand AML-MS5 THP-1 cells, both of which
have highly elevated elF4E and concomitant ribavirin sensitivity™’. Two
forms of drug resistance emerged, characterized by unimpaired growth
in clinically achievable ribavirin concentrations and a loss of eIF4E tar-
geting (Fig. 1b, cand Extended Data Fig. 2a—c). Type I resistant cells (FRI,
THPA, THPB) had severely impaired drug uptake, whereas type Il re-
sistant cells (FRII) did not (Fig. 1d and Extended Data Fig. 2d). Type I
resistance was characterized by substantial reduction of adenosine kinase
(ADK) (Extended Data Fig. 3a,b). ADK acts in cellular retention of riba-
virin, as unphosphorylated ribavirin is readily exported by the nucleos-
ide transporter ENT1 (also known as SLC29A1; refs 9, 10). Indeed, ADK
reduction alone imparts ribavirin resistance (Extended Data Fig. 3¢, d).
Analysis of our patient pool indicated that only two patients had fea-
tures consistent with type I resistance (Extended Data Fig. 3e, f).

Therefore, we investigated type Il resistance. Given that elF4E was not
mutated and was functional in FRII cells (Extended Data Fig. 2e-g), we
examined whether the ribavirin-eIF4E interaction was disrupted, by asses-
sing the ability of eIF4E to immunoprecipitate *H-ribavirin (Fig. le). Al-
though *H-ribavirin is enriched ~sixfold in the elF4E-immunoprecipitated
fraction in parental cells, this interaction islost in FRII cells, despite nor-
mal uptake and functional eIF4E.

RN A sequencing (RNA-seq) analysis revealed that 30 transcripts were
differentially expressed in FRII cells, including GLII messenger RNA, by
21-fold (Extended Data Table 1). Consistently, GLI1 protein levels were
highly elevated, as was GLI1’s target SNAIL (Fig. 1f). We investigated the
clinical relevance of this elevation in our patients treated with ribavirin
monotherapy. At relapse, leukaemic blasts had elevated GLII mRNA

Craig T. Jordan®, Wilson H. Miller Jr* & Katherine L. B. Borden'

levels for 9 out of 9 patients examined (up to tenfold baseline) (Fig. 2a).
For instance, GLII mRNA and protein levels were elevated at relapse
(for example, patients 8 (complete remission (CR)), 11 (partial remission
(PR)) and 17 (blast response (BR); Fig. 2a and Extended Data Fig. 4;
confocal microscopy was used owing to limited material at response).
Interestingly, GLI1 levels in patient 17 decreased during response and
re-emerged at relapse. Patients 9, 13 and 19, who did not respond clin-
ically or molecularly, had highly elevated GLII levels before treatment,
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Figure 1 | Ribavirin resistance in patients and cell lines. a, Bone marrow
biopsies for patient 11 (Wright-Giemsa staining, X 50 magnification). EOT,
end of treatment. b, Cell growth in untreated (UN) or treated with 20 uM
ribavirin (Rib), which is clinically achievable”. ¢, Western blots of elF4E targets
Mcl-1 and ¢-Myc (also known as MCL1 and MYC, respectively). d, *H-
ribavirin uptake. e, e[F4E co-immunoprecipitation (IP) with *H-ribavirin
relative to IgG. Loading is in Extended Data Fig. 6. f, Western blots of GLI1 and
UGT1A. For b, d and e, error bars are means * standard deviations (s.d.).
##4p <2 0,001 (Student’s f-test). For all panels experiments were completed in
triplicate, at least three independent times. Hsp90 and tubulin provide loading
controls.
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Figure 2 | GLII status underpins resistance. a, GLI! mRNA levels before
treatment (BT), at best response (Resp) and EOT for ribavirin-treated patients/
healthy volunteers. Pt, patient. b, GLII mRNA (right) and UGT1A protein
(left) for patients treated with Ara-C therapies at relapse (R)/diagnosis (D).
Roman numerals denote patients treated with standard chemotherapy as
opposed to ribavirin monotherapy (numbers) or ribavirin plus Ara-C (letters).
¢, d, Effects of GLI1 overexpression on drug sensitivity: ribavirin (20 uM),

relative to healthy individuals or responding patients. Moreover, in our
ribavirin and low-dose Ara-C Phase I combination trial, patients A (CR,
relapsed at 2 years) and B (CR, relapsed at 9 months) had increased
GLI1 levels at relapse (Fig. 2a and Extended Data Fig. 4; these patients
are denoted by letters so as not to be confused with ribavirin monother-
apy patients, denoted by numbers). For patient C (PR, off treatment
owing to a dose-limiting toxicity), GLII mRNA levels were unchanged
at end of treatment (EOT), consistent with continued remission at that
time, Thus, elevated GLI1 is associated with primary and acquired res-
istance in both ribavirin clinical trials. We observed that type I and type
Il resistance coexisted in two patients (Fig. 2 and Extended Data Fig, 3e, f).
Whether this occurs in the same cells or whether multiple resistant pop-
ulations emerge is unknown.

We extended these studies to investigate whether GLI1 levels were
elevated in patients who failed more commonly used Ara-C therapies
(Fig. 2b). GLII mRNA levels were substantially elevated at relapse rela-
tive to diagnosis in 7 out of 9 patients examined. Consistently, analysis
of The Cancer Genome Atlas AML data set'' showed that GLI1 eleva-
tion was associated with poor prognosis (Extended Data Fig. 5). These
data suggest that GLI1 overexpression contributed to drug resistance
and clinical relapse in some AML patients.

Next, we investigated whether GLI1 alone imparted drug resistance
by generating FaDu and THP1 cells stably overexpressing GLI1 (FaDu-
GLI, THP1-GLI; Fig. 2¢, d). Growth of GLI1-overexpressing cells was
not substantially affected by levels of ribavirin or Ara-C that impaired
growth of controls. Further, GLI1 knockdown re-sensitized FRII cells
toribavirin and Ara-C without affecting growth in the absence of either
drug (Fig. 2e).

To identify strategies to restore drug sensitivity, we used a clinically
approved inhibitor of sonic hedgehog signalling upstream of GLI1, GDC-
0449 (ref. 12) (Figs 2d and 3a). FRII cells were pre-treated with 200 nM
GDC-0449 (which is clinically achievable'*) and subsequently, 20 uM
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Ara-C (200 nM, clinically achievable”). e, siRNA to GLII restores drug
sensitivity. siLuc, nonspecific control RNA. a, b, RNA results were normalized
to ubiquitin. In all panels, error bars denote mean * s.d. Experiments were
completed in triplicate at least three independent times. **P < 0,01,

#*%£P < 0,001 (Student’s t-test). Figure 4a-c shows corresponding western
blots. Actin, tubulin and GADPH provide loading controls.

ribavirin. Notably, GDC-0449 treatment followed by ribavirin led to
~60% reduction in growth relative to untreated FRII cells. GDC-0449
treatment alone did not substantially affect growth in either cell line. Im-
portantly, GDC-0449 treatment also restored sensitivity to clinically
relevant Ara-Clevels (200 nM). Furthermore, GDC-0449 treatment of
FaDu-GLI and THP-GLI cells re-sensitized these to ribavirin and Ara-C
(Figs 2d and 3a). Finally, a direct inhibitor of GLI1, GANT61 (ref. 14),
paralleled the effects of GDC-0449 (Extended Data Fig. 6a). Thus, type
I resistance is reversed by pharmacological inhibition of the sonic hedge-
hog pathway.

To better understand the molecular basis for resistance, we monitored
the ability of eIFAE to immunoprecipitate *H-ribavirin as a function of
GLII status (Fig. 3b and Extended Data Fig. 6b-d). Although eIF4E-
ribavirin complexes were readily detected in controls, they were absent
in GLI1-overexpressing cells (Fig. 3b). Conversely, GDC-0449 treatment
or GLII knockdown in FRII cells restored ribavirin-eIlF4E complexes to
control levels (Fig. 3b). Thus, there is a clear correlation between GLI1
elevation, reduction in elF4E-ribavirin complexes, and resistance.

Given that resistant cells did not form ribavirin-elF4E complexes but
retained active elF4E (Figs le, 3b and Extended Data Fig. 2e-g), we
proposed that ribavirin, and possibly Ara-C, underwent some form of
GLI1-dependent modification. The drug-metabolizing UGT1A enzymes
had elevated protein levels in FRII cells, thereby suggesting a resistance
mechanism (Figs 1fand 4a—c). This was also the case for FaDu-GLI and
THP-GLI cells, relative to vector controls (Figs 2d and 4b). Significantly,
GLI1 knockdown or GDC-0449 treatment reduced UGT 1A protein levels
(Fig. 4a, c), confirming the correlation between GLI1 and UGT1A pro-
tein expression. Note that GLI1 does not increase mRNA levels but rather
the protein stability of UGT1As (Extended Data Fig. 6e-h).

To determine the clinical relevance of these observations, we exam-
ined UGT1A protein levels during response and relapse using confocal
microscopy (Extended Data Fig, 4). We observed UGT1A elevation upon
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Figure 3 | Targeting GLI1 activity. a, FRII cell growth * GDC-0449 (GDC)
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Ribavirin-elF4E complexes are detected using *H-ribavirin and elF4E
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GDC-0449 treatment, See Extended Data Fig. 6 for immunoprecipitation

relapse; that is, patients 11 (CR), 8 (PR) and 17 (BR) in the ribavirin mon-
otherapy trial and in patients A (CR) and B (CR) in the combination
trial. Patient C (PR) had no change in UGT1A levels at EOT, con-
sistent with still being in remission. In patients treated with standard
Ara-Ctherapies, UGT1A protein levels were elevated in 6 out of 7 spec-
imens at relapse relative to diagnosis, and this occurred in the patients
with concomitant elevated GLI1 (Fig. 2b). There was insufficient mate-
rial for protein analysis of the remaining two specimens.

Next, we used mass spectrometry (MS) to determine whether riba-
virin and Ara-C were glucuronidated in resistant cells (Fig. 4d-i and
Extended Data Fig. 7). Metabolites were isolated, subjected to hydro-
philic chromatography and detected by electrospray ionization-MS. In
parental cells, ribavirin diphosphate (RDP) is the major peak (Fig. 4¢,1).

controls. ¢, Methylcellulose colony growth assays in specimens from M4/M5
AML patients or healthy volunteers (bone marrow). For all panels error bars
are mean * s.d. Results are representative of at least three independent
experiments in triplicate (a, b) or at least two (c) in replicates of 5.

**P < 0.01, ¥**P < 0.001 (Student’s f-test).

In FRII cells, a new peak emerged with a mass consistent with the
ribavirin-glucuronide (Fig. 4d). Using collision-induced ion fragmentation,
we observed the triazole moiety of ribavirin as a major fragment sup-
porting this as a site of glucuronidation (Fig. 4j red arrow, and Ex-
tended Data Fig. 7a). Relative peak intensities suggest that there is more
ribavirin-glucuronide than RDP (Fig. 4d). Notably, GDC-0449 treat-
ments eliminated ribavirin glucuronidation in FRII cells (Fig. 4f). GLI1
overexpression in parental cells led to formation of ribavirin-glucuronides
(Fig, 4h). In vitro glucuronidation studies indicated that specific UGT1As
are likely to be important to this process, as is ribavirin phosphorylation
(Extended Data Fig. 7). Moreover, we observe AraC-glucuronides in
FRII but not parental cells, and this modification was lost upon GDC-
0449 treatment (Extended Data Fig. 7e, f). Thus, Ara-C and ribavirin
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Figure 4 | Link between GLI1, UGT1A and drug glucuronidation.

a-c, Western blots as a function of GLI1. Hsp90 provides a loading control. 2F,
2FLAG. d-i, MS/MS extracted ion chromatographs are shown. Rib-Glu,
ribavirin glucuronide; RDP*, ribavirin diphosphate minus H,O.
Fragmentation of Rib-Glu peak confirms its identity (Extended Data Fig. 7a).
j» Ribavirin, the best-supported glucuronidation site indicated by red
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arrow. k, Glucuronic acid. I, RDP. m, *H-ribavirin—elF4E-GST complexes

competed by equimolar amounts of compounds. *H-ribavirin did not bind
beads alone. See Extended Data Fig. 7d for loading. Error bars are averages
+ s.d. Experiments were carried out in triplicate, at least three independent
times.
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glucuronidation were GLI1-dependent, and elimination of the glucur-
onides by GLI1 inhibition correlated with restored drug sensitivity.

We examined the capacity of ribavirin-glucuronides to bind eIF4E.
Ribavirin-glucuronide was isolated by hydrophilic chromatography and
confirmed by MS/MS (Extended Data Fig, 7c). Using elF4E-glutathione
S-transferase (GST) immobilized on glutathione agarose, we observed
that non-radioactive ribavirin or ribavirin triphosphate (RTP) compete
for *H-ribavirin—eIFAE coniplexes, whereas neither the negative control
GTP nor the ribavirin-glucuronide did so (Fig. 4m). Thus, ribavirin glu-
curonidation impairs its interaction with elF4E, underpinning resistance.

To further explore the effects of GLI1 inhibition on drug sensitivity,
we monitored colony growth of primary AML specimens as a function
of GDC-0449 treatment (Fig. 3¢). Specimens were selected from patients
that had previously failed induction chemotherapy. We observed that
although GDC-0449 has little effect on colony growth alone, it strongly
potentiated the effects of Ara-C and ribavirin, presumably by elimina-
tion of the respective glucuronides. By contrast, we observed little effect
in specimens from healthy volunteers, consistent with our results in con-
trol cells.

Several factors probably contribute to GLI1 elevation in FRII cells,
including reduced patched 1 levels, but not altered promoter methylation
or modified hedgehog ligand levels (Extended Data Fig. 8). Glucuronidation
is typically perceived as a detoxification pathway but does not always
enhance drug excretion'. Similar to our findings with ribavirin and
elF4E, testosterone glucuronidation modifies its targets rather than its
efflux'®. Our findings reveal a role for GLI1 in drug metabolism and
resistance. Here, GLI1 inhibition could restore drug sensitivity and
thereby provide therapeutic benefit.

METHODS SUMMARY

Ribavirin-resistant cell lines were selected on the basis of prolonged ribavirin expo-
sure, routinely tested for resistance, which was retained even after 6 months in the
absence of ribavirin. In the absence of ribavirin, cells grew with indistinguishable
doubling times (Extended Data Fig. 2). Drug treatments and cell viability assays were
carried out as described'® using Trypan Blue or in parallel, Cell Counting Kit-8. For
*H-ribavirin immunoprecipitation, cells were incubated with 0.66 uM *H-ribavirin
for 8 h at 37 °C, dounce homogenized, lysates pre-cleared and immunoprecipitated
with 8 g mouse IgG or monoclonal mouse anti-elF4E antibodies coupled to Pro-
tein A/G PLUS-Agarose overnight at 4 °C. Beads were washed, subjected to scin-
tillation counting or western analysis,

Quantitative PCR analysis used the relative standard curve method’. Western
analysis was described” with a modified lysis buffer (40 mM HEPES, pH 7.5, 120 mM
NaCl, 1 mM EDTA, 10 mM p-glycerophosphate, 50 mM NaF, 0.5 uM NaVO3, and
1% (v/v) Triton X-100 with protease inhibitors). For mass spectroscopy, cells were
treated with ribavirin or Ara-C, mixed with an equal volume of methanal, flash
frozen in liquid nitrogen, stored at —80 “C overnight, thawed, centrifuged at 10,000
r.p.m. for 10min and subjected to hydrophilic chromatography (Inertsil HILIC)
using an Agilent 1100 HPLC coupled to an Agilent MSD Trap SL, with an ESI
source in positive ion mode. Chromatography used 2 mM ammonium formate,
pH 3.2 (solvent A) and 100% acetonitrile (solvent B). For *H-ribavirin pulldown,
¢IF4E-GST immabilized on glutathione beads was incubated with 250 nM *H-
ribavirin and the same concentration of purified Rib-Glu, 'H-ribavirin, RTP, GTP
or buffer for 30 min in 100 mM sodium phosphate, pH 7.5, 300 mM NaCl, 0.015%
NP40, 10 pM BSA with protease inhibitors, Samples were eluted in Laemmli; radio-
activity measured by scintillation counting, Colony formation assays in AML speci-
mens were as described’.

Clinical Trials were approved by each institution ethics board and by Health
Canada. Written informed consent was obtained according to the Helsinki pro-
tocol. Clinical trials were registered with ClinicalTrials.gov NCT00559091 and
NCT01056523.
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METHODS

Reagents and constructs. Full-length human GLII was obtained from Addgene
(K12 Plasmid 16419), subcloned into 2-FLAG-pcDNA3.1 or pMSCV-GFP (bicistro-
nicvector) and the subsequent clones validated by sequencing. Ribavirin was obtained
from Kemprotec (CAS 36791-04-5), cytosine 3-D-arabinofuranoside (C17680) and
GANT61 (G9048) from Sigma Aldrich, vismodegib (GDC-0449, §1082) from
Selleckchem, ribavirin-'*C2 (**C on the triazole ring and carboxy amide, TLC-ID
# R-041, CAS number 36791-04-5) from TLC PharmaChem, ribavirin [triazole-
5-*H] (MT540) from Moravek Biochemicals and Radiochemicals, ribavirin 5'-
triphosphate trisodium salt (R414505) from Toronto Research Chemicals.
Antibodies for immunoblotting were as follows: monoclonal antibody (mAb)
mouse anti-elF4E (BD PharMingen, 610270), polyclonal antibody (pAb) rabbit
anti-elF4E (Sigma Aldrich, E5906), mAb mouse anti-B-actin (Sigma Aldrich, A5441),
mAb mouse anti-o-tubulin (Sigma Aldrich, T5168), pAb goat anti-ADK (D-21)
(Santa Cruz, sc-23360), pAb goat anti-ENT1 (N-12) (Santa Cruz, sc-45489), pAb
rabbit anti-Mcl-1(5-19) (Santa Cruz, sc-819), mAb mouse anti-c-Myc(9E10) (Santa
Cruz, sc-40), mAb mouse anti-HSP90a/f (F-8) (Santa Cruz, sc-13119), mAb mouse
anti-eIF4G (A-10) (Santa Cruz, sc-133155), mAb rabbit anti-GLI1 (C68H3) (Cell
Signaling, 3538), pAb rabbit anti-UGT1A (Cell Signaling, 43715), mAb rabbitanti-
SNAIL (C15D3) (Cell Signaling, 252285), mAb rabbit anti-4E-BP1 (53H11) (Cell
Signaling, 9644), mAbrabbit anti- THH (Indian hedgehog; EP1192Y) (Abcam, ab52919),
mADb rabbit anti-SHH (sonic hedgehog; C9C5) (Cell Signaling, 22078), pAb anti-
PTCH1 (H-267) (Santa Cruz, sc-9016), mAb mouse anti-SMO (Smoothened; E-5)
(Santa Cruz, sc-166685), UGT2B pan antibody (Santa Cruz, sc-50386). Antibody
specificity for UGT1A and GLII is shown in Extended Data Fig. 8. Results with
UGTIA pan antibody above were confirmed with another pan-UGTI1A antibody
from Santa Cruz sc-25847. The pan-UGT1A antibodies recognize the common car-
boxy terminus of UGT1As; with UGT1As having approximately the same molecular
weight”. Importantly, the effects were specific to UGT1A as UGT2B levels were not
changed (Extended Data Fig, 6i).

Cell culture and transfection. FaDu cells (ATCC HTB-43) were maintained in
MEM supplemented with 1% MEM non-essential amino acids, 10% heat-inactivated
FBS and 1% penicillin-streptomycin (Invitrogen). 2FLAG-GLI1 or 2FLAG vector
control FaDu cell lines were generated using TransIT-LT1 transfection reagent
(Mirus), according to manufacturer guidelines and were selected using geneticin
selective antibiotic (G418 Sulphate) (MultiCell). THP1 cells (ATCC TIB202) were
maintained in RPMI 1640 (Invitrogen) supplemented with 10% heat-inactivated
FBSand 1% penicillin-streptomycin, THP1-GLI cells were generated using pMSCV-
GFP as described in ref. 17. HepG2 cells (ATCC HB-8065) were maintained in
DMEM supplemented with 10% heat-inactivated FBS and 1% pencillin-streptomycin
(Invitrogen). For RNAi experiments, FaDu and HepG2 cells were transfected with
Lipofectamine 2000 (Invitrogen) and 40 nM siRNA duplexes, and were analysed
96 h post-transfection. The following siRN A duplexes were used: siGLI1 (designed
by Integrated DNA technology, catalogue number: HSC.RNALN005269.12.3_10NM),
si_elF4E sense (CCCAAAUCUCGAUUGCUUGACGCAGUC), si_elF4F antisense
(CUGCGUCAAGCAAUCGAGAUUUGGG), siADK (designed by Integrated DNA
technologies, catalogue number HSC RNALN001123.12.5); siUGT1A three sequences
were used such that the total amount of the siRNA mix is equal to 40 nM (designed by
Integrated DNA technologies, catalogue number HSCRNALNO001072.12,2_10NM;
HSC.RNALN001072.12.10_NM; HSCRNALN007120.12.9_NM), Control duplex:
siLuc sense (CACGUACGCGGAAUACUUCGA), siLuc antisense (CAUUUCGAA
GUAUUCCGCGUACGUGUU).

Generation of ribavirin-resistant cell lines. FaDu or THP-1 cells were exposed to
either a single concentration of ribavirin for a prolonged period (for example, 10 pM
for FRIT cells) or increased concentrations starting at 1 uM and doubling the con-
centration every 2 weeks until cells became resistant to 100 pM ribavirin (FRI) or
starting with 10 and 20 pM ribavirin and doubling the concentration after 2 months
(THP-based cells: TR-A and TR-B). Cells were routinely tested for ribavirin resist-
ance, All cell lines (resistant and parental) were routinely checked to ensure there
was no mycoplasma contamination using MycoAlert Mycoplasma Detection kit
(Lonza, LT07-418).

Drug treatments and cell viability assay. These assays were carried out as described
previously'. In brief, 25 X 10* cells per ml were seeded in triplicates/condition in
12-well cell culture plates (BD Biosciences 353043) (except for experiments involv-
ing pre-treatments with GDC-0449, where 15 X 10 cells per ml were used). To mea-
sure the effect of ribavirin on cell growth, cells were treated on the next day with 0, 10,
20,50 0r 100 puM ribavirin. Treatments were repeated every 48 h and cell viability was
assessed by Trypan Blue dye exclusion test at each concentration every 24 or 48 h
for up to 5days. The percentage growth inhibition of treated cultures relative to
untreated cultures was determined. Further, the ability of GDC-0449 or GANT61
to restore sensitivity to ribavirin or Ara-C was determined by pre-treating cells with
200 nM GDC-0449 or 20-40 M GANTS1 for 6 and 3 days, respectively, followed
by treatments with 20 pM ribavirin or 200 nM Ara-C for 4 days. Cell viability was

measured as mentioned above. Note that the ICs, for each of the above mentioned
drugs was determined a priori and that all of our cell viability experiments were
validated by colorimetric assays using the Cell Counting Kit-8 (Dojindo Molecular
Technologies, CK04-11) according to the manufacturer’s guidelines.

Drug uptake. Cells were plated in triplicates at a density of 0.5 X 10° cells per mlin
12-well plates. 24 h later, cells were incubated with 0.66 pM FH-ribavirin for 2, 4, 6,
8,12 and 16 h. After treatment, cells were washed twice with ice-cold PBS and lysed
with 2 volumes of NaOH (I1N) and then neutralized with equal volume of HCl
(IN). Samples were mixed with 5 ml Optiphase ‘Hisafe 2’ Scintillation cocktail
(Perkin Elmer, 1200-436) and radioactivity was measured using a liquid scintil-
lation counter (Tri-Carb 2800 TR, PerkinElmer).

el F4E-"H-ribavirin immunoprecipitation. Cells were seeded at a density of 1.2
% 10° cells per 900 pl of a 6-well plate (BD Biosciences, 353046) (three wells were
used per each cell line tested) and incubated with 0.66 uM *H-ribavirin for 8h at
37 “C, 5% CO,. Following incubation, cells were washed three times with PBS and
scraped in TP buffer (50 mM Tris, pH 5.5, 5mM EDTA, 150 mM NaCl, 0.5% NP40
and 1% Triton X-100). Cells were then homogenized using a glass Dounce homo-
genizer and left to rotate at 4 °C for 30 min. After centrifugation at 10,000 r.p.m. for
10 min at 4 °C, supernatants were split into two tubes and pre-cleared with normal
mouse-IgG beads (Santa Cruz, sc-2343) for 30 min at 4 "C. After spinning at 500g
for 5 min, protein concentrations were quantified using Pierce BCA Protein assay
(Thermo Scientific, 23223), 100-200 pg of protein lysates were used for immuno-
precipitation with 8 pg of normal mouse IgG (Millipore, 12-371) or mAb mouse
anti-elF4E (P-2) (Santa Cruz, sc-9976) antibodies coupled to Protein A/G PLUS-
Agarose (Santa Cruz, sc-2003). Immunoprecipitations were carried out overnight at
4 °C. Beads were washed six times with [P buffer and eluted with 80 1 2X Laemmli sam-
plebuffer (BioRad) for 15 min at 99 “C. After spinning bead supernatants were used
for scintillation counting and western analysis (probed with rabbit anti-eIF4E antibody).
Deep sequencing. Total RNAs were isolated from different cell lines using Trizol
(Invitrogen). Samples were prepared into 50-bp fragment libraries and sequenced
on the ABISOLID v.3 to obtain an average of 3.2 Gbp of transcript sequences. Data
were mapped to the reference genome using the RNaseq pipeline found in the Bioscope
software (https://products.appliedbiosystems.com/ab/en/US/adirect/ab?emd=
catNavigate2&catID=60680, #2). Keeping only uniquely matching reads, we used
fragment count per transcript as an estimate of gene expression. We then used the
statistical method based on a negative binomial distribution and implemented in
the DESeq package' for R to compare samples and obtain a robust measure of
differential expression between samples. The resulting P values were adjusted for
multiple testing with the Benjamin-Hochberg procedure to yield P,y values.
Reverse transcription and quantitative PCR. DNase-treated RNA samples (Turbo
DNase, Ambion) were reverse transcribed using MMLV reverse transcriptase
(Invitrogen) or Supervilo kit (Invitrogen) for primary specimens. qPCR analyses
were performed using EXPRESS SYBR GreenER QPCR SuperMix (Invitrogen) in
AB StepOne thermal cycler using the relative standard curve method (Applied
Biosystems User Bulletin #2). All conditions were described previously™”. Primers
list: GLI1 forward (GGCTGCAGTAAAGCCTTCAGCAAT), GLII reverse (TGC
AGCCAGGGAGCTTACATACAT), UGT1A forward (ACTGGAACCCGACCA
TCGAATCTT), UGT1A reverse (CACCAAACAAGGGCATCATCACCA), UGT1AL
forward (AACAAGGAGCTCATGGCCTCC), UGT1A4 forward (GAAGGAAT
TTGATCGCGTTAC), UGT1A6 forward (TCCTGGCTGAGTATTTGGGCC),
UGT1A9 forward (GGAGGAACATTTATTATGCCACCG), common UGT1A
reverse2 (CCAATGAAGACCATGTTGGGC), UBC forward (ATTTGGGTCG
CGGTTCTTG), UBC reverse (TGCCTTGACATTCTCGATGGT), RPIla forward
(TGACTGCCAACACAGCCATCTACT), RPIIa reverse (GGGCCACATCAAA
GTCAGGCATTT), G6PDH forward (TGGCAAAGTCGGTTTCTCTCTGGA),
G6PDH reverse (TTGGGAACATGTCTCAGACTGGCA), ADK forward (AGA
GGCAGCGAATCGTGATCTTCA), ADK reverse (ACCTCCAACAAATGCAT
CTCCAGC), ENT1 forward (CTCTCAGTGCCATCTTCAAC), ENTI reverse
(CAGAAACACCAGCAGGATGG).

Western blot analysis. Western analysis was performed as described previously
with a modified lysis buffer (phospholysis buffer: 40 mM HEPES, pH 7.5, 120 mM
NaCl, | mM EDTA, 10 mM -glycerophosphate, 50 mM NaF, 0.5 uM NaVO;, and
1% (v/v) Triton X-100 supplemented with complete protease inhibitors (all from
Sigma-Aldrich)). In addition, blots were blocked in BSA blocking solution (3% (wt/v)
BSA (Sigma- Aldrich) or 5% milk in TBS-Tween 20), and primary antibodies were
diluted in BSA blocking solution or 5% milk.

Immunofluorescence and laser-scanning confocal microscopy. Immunostaining
was carried out as described”. In brief, upon methanol fixation (10 min at —20 "C),
cells were blocked for 1 h, and incubated with 1" antibodies (1:500 dilution) overnight
at4 "C, followed by three washes in blocking solution. Cells were then incubated with
27 donkey anti-rabbit IgG-Texas Red antibody (Jackson Immunolaboratories,
diluted 1:100 in blocking solution), washed four times with 1< PBS (pH7.4)
and mounted in Vectashield with DAPI (Vector Laboratories). Analysis was
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carried out using a laser-scanning confocal microscope (LSM510 META; Carl
Zeiss), exciting 405 and 543 nm or 488 nm with a X 100 objective, X 2 digital zoom
(where indicated), and numerical aperture of 1.4. Channels were detected sepa-
rately, with no crosstalk observed. Confocal micrographs represent single sections
through the plane of the cell. Images were obtained from LSM510 software version
3.2 (Carl Zeiss) and displayed using Adobe Photoshop CS2 (Adobe).

Mass spectroscopy. FaDu, FRII, 2FLAG, 2FLAG-GLII or GDC-0449-treated cells
grown in culture were trypsinized and put in to suspension at a density of 10 X 10°
cells per ml media®. Concentrations of 1 mM ribavirin mix (*2C-ribavirin + *C2-
ribavirin in a 50:50 ratio) were added in duplicate per condition and samples were
incubated ina 37 “C shaker. A 100-pl aliquot was taken at different time points (0,
10, 30, 60, 120, 180, 240, 300 and 360 min) mixed with equal volume of 100%
methanol (Fisher Scientific, HPLC grade, A412P-4) and flash frozen in liquid
nitrogen. Samples were stored overnight at —80"C. At the time of analysis, sam-
ples were thawed, centrifuged at 10,000 r.p.m. for 10 min and subjected to hydro-
philic chromatography in line with mass spectrometer. The system used was an
Agilent 1100 HPLC coupled to an Agilent MSD Trap SL, with an ESI source. The
autosampler system was kept at 4 “C. The HPLC column was an Inertsil HILIC,
150 X 4.6 mm, 5 pmand the chromatography was obtained using solvent A (2 mM
ammonium formate in water, pH 3.2) and solvent B (100% acetonitrile). The injec-
tion volume was 50 pl and the flow rate 1 ml per min. The column compartment
was heated at 30 “C. The initial gradient was 95% B and 5% A, which changed dur-
ing a 30-min course to 5% B and 95% A followed by 6 min equilibration at 95% B
and 5% A. The total run time of the gradient was 36 min. The ESI source of the
coupled MS ion-trap was set in positive ion mode, the nitrogen drying gas flow at
12 ml per min, the nebulizer pressure at 55 PSI and the temperature of the capillary
at 350 °C with a voltage of 4,500 V. The mass analyser was set to scan from 50 to
1,500 m/z. For Ara-C glucuronidation assay, the same protocol was applied; how-
ever, the initial gradient was ran over a 20 min time course rather than 30 min.
Glucuronidation assay. Glucuronidation of ribavirin by human liver microsomes
expressing UGT1A1, UGT1A4, UGT 1A6 and UGT1A9 was performed as described
previously®'. In brief, 50 pg of pooled human liver microsomes (BD Biosciences,
452116) were incubated with 25 pg alamethicin (Sigma- Aldrich, A4665) and 50 mM
Tris-HC, pH 7.4, containing 10 mM MgCl,, for 15 min on ice to allow formation of
channels in the microsome membrane thus enabling access to the UGT active sites'”.
Following incubation, 8.5 mM saccharic acid 1,4-lactone (f-glucuronidase inhib-
itor, Sigma-Aldrich, S0375) and 1 mM ribavirin 5'-triphosphate were added and
the mixture was incubated at 37 “C for 5 min. Finally, to activate the reaction, 100 uM
uridine 5'-diphosphoglucuronic acid (UDPGA, Sigma Aldrich, U6751) was com-
bined and incubations were performed at 37 “C for 6 h. Note that no glucuronides
were observed in the absence of UDPGA addition (data not shown). All reactions
were made in 100 pl final volume and were terminated by the addition of 100 pl
cold methanol (100%). The mixtures were kept at —80 “C for at least 3 h, then thawed
and centrifuged for 10 minat 10,000 r.p.m. and the resulting supernatants were ana-
lysed by hydrophilic chromatography in line with the mass spectrometer, as described
above. We note that RTP was clearly glucuronidated in these microsomes whereas
ribavirin was not, suggesting that ribavirin needs to be phosphorylated in order to
be efficiently or stably glucuronidated. However, this step would be before glucur-
onidation as we never observed RTP-glucuronide or other phosphorylated form of
the ribavirin-glucuronide. Furthermore, we did not observe glucuronidation of RTP
in supersomes that express only UGT1A1, suggesting that other UGT1As must be
present. Finally, although we observed glucuronidation of Ara-C efficiently in FRIT
and FaDu-GLI cells, we did not observe it in the microsomes, suggesting that some
other UGT1A (than UGT1AL UGT1A4, UGT1A6 and UGT1A9) needs to be pres-
ent for efficient glucuronidation. Clearly this family member is well expressed in the
FRII and FaDu-GLI cells.

Purification of ribavirin-glucuronides. Ribavirin-glucuronide was isolated from
our microsomal preparation using the same liquid chromatography method described
above with the time course for initial gradient being expanded to 40 min in order to
obtain a better separation of the different metabolites. In brief, given that the Rib-
Glu peak elutes around 8.9 min, three 500-pl fractions were collected bracketing
this time and lyophilized by centrifugation using Sarvant Speed Vacce High Capacity
Concentrator (Thermo Scientific, SC210A-115). The materials obtained from lyophi-
lisation were re-suspended in a small volume of water: methanol (50:50 v/v) and an ali-
quot was reanalysed by HPLC-MS to verify the isolation and purity of the metabolite.
To estimate the concentration of the purified Rib-Glu, a standard curve with the metab-
olite versus ribavirin-">C2 (used as an internal standard) was generated. The concen-
tration range for the standard curve was from 10 nM to 1 mM. The curves were constructed
by plotting the concentration of the internal standard against the area of the analyte.
*H-ribavirin pulldown. To determine whether Rib-Glu binds e[F4E, we performed
an in vitro binding assay. In brief, 10 nM purified recombinant eIF4E-GST pro-
tein was coupled to 40 pl glutathione sepharose beads (GE Healthcare Life Sciences,
17-5132-01) for 30 min at room temperature in buffer containing 50 mM Tris-HCI,
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pH 7.4,300 mM NaCl, 2.5 mM MgCl2, 0.5 mM DTT, 0.015% NP40, 0.5% protease-
free BSA, and protease inhibitors. Washed beads were then incubated with 250 nM
*H-ribavirin and an equivalent concentration of either purified Rib-Glu, "H-ribavirin,
RTP, GTP or blank for 30 min at room temperature in a buffer containing 100 mM
sodium phosphate, pH 7.5, 300 mM NaCl, 0.015% NP40, 10 uM BSA and protease
inhibitors. Washed beads were then eluted in 1>X Laemmli sample buffer (con-
taining [-mercaptoethanol) and radioactivity in supernatants was measured by
scintillation counting (note that for washing the beads, 100 pM of GTP was added).
m’G-sepharose affinity chromatography. Cells were harvested from 10-cm plate
per condition at 80% confluency and lysed in 2 volumes of buffer B (50 mM MOPS/
KOH, pH 7.4, 100 mM NaCl, 50 mM NaF, 2mM EDTA, 2mM EGTA, 1% NP40,
1% Na-DOC, 7 mM P-mercaptoethanol, protease inhibitors and 1 mM NayVOy)
on ice for 15 min with occasional vortexing. Lysates were spun at 16,000g for 10 min
at4” C. m7GDP-agamse beads (GE Healthcare UK, 275025) were washed in buffer
C (50 mM MOPS/KOH, pH 7.4, 100 mM NaCl, 50 mM NaF, 0.5 mM EDTA, 0.5 mM
EGTA, 7mM BME, 2 mM benzamidine or 0.5 mM PMSF, 1 mM Na;VO, and
0.1mM GTP). Lysates (~500 pg) were diluted to 1 ml with buffer C and added to
washed beads (~50 pl of 50% slurry). After incubation of the reactions for 20 min
at 4 "C on the rotating wheel, beads were washed at least three times with buffer C
and eluted with 2 Laemmli buffer (BioRad). Note that all centrifugation steps are
500g for 1 min at4"C.

Protein stability. To determine whether GLI1 regulates UGTIA protein’s half-
life, we investigated the effect of MG132 proteasome inhibitor (Sigma Aldrich) on
UGT1A’s half-life. Both FRII and wild-type cells were seeded at 70% confluency in
10-cm plates 24 h before treatment. Cells were then treated with 10 uM MG132 or
an equivalent volume of methanol as a control. Ten hours post-treatment, cells
were harvested and lysed in phospholysis buffer and UGT 1A protein stability was
assessed by western analysis using a pan-UGTIA antibody.

Primary AML specimens and healthy volunteers. A total of 19 patients were
enrolled in the study in three participating centres; Jewish General Hospital, Hamilton
Health Sciences, and Hopital Maisonneuve Rosemont. In total, 15 patients were eligible
for evaluation. Written informed consent was obtained as per the Helsinki Protocol.
This study received IRB (all sites) and Health Canada approval. Clinical Trials.gov
registry is NCT00559091. Clinical response was assessed using the Cheson criteria™.
Patients had to receive a diagnosis of primary or secondary AML, French-American—
British (FAB) subtypes M4 or M5 only, relapsed or refractory after at least one
cycle of conventional chemotherapy; or newly diagnosed but not be candidates for
induction chemotherapy. Patients must also have been at least 18 years of age and
must have had an Eastern Cooperative Oncology Group (ECOG) performance
status lower than 3 and a life expectancy of at least 12 weeks. Other requirements
wereas outlined in ref. 5. The ribavirin Ara-C combination Phase I trial (Clinicaltrials.gov
NCT01056523) is recently completed, and patients with remissions were analysed
for GLI1 and UGT1A levels. Criteria were the same as for the monotherapy trial
described above. Written informed consent according to the Declaration of Helsinki
was obtained from all patients as for the monotherapy trial. For analysis of primary
specimens in colony growth assays, specimens were obtained from the Leukaemia
Cell Bank of Quebec (BCLQ), with no identifying information. Leukaemic blasts
were isolated by flow cytometry as described in ref. 5, For tissue-matched controls
at diagnosis and relapse, patient specimens were collected with written informed
consent from either University of Rochester Medical Center RSRB approval and
ClinicalTrials.gov NCT01311258 or from the BCLQ. For controls, normal bone
marrow, peripheral blood mononuclear cells or normal CD34 " cells were used as
indicated, and were obtained from StemCell Technologies. Protein and RNA were
isolated as described (see below).

Bone marrow staining. Squash preparations of bone marrow aspirates and touch
prints of bone marrow biopsies were air-dried and stained with Wright-Giemsa.
To examine the specimens Leica DMLS microscope with the %50 objective oil im-
mersion lens was used. The Infinity 1-2C- 184976 camera was used to capture images
and images were analysed on the Infinity Analyze image acquisition software (release
5.0.2,2002-2009 Infinity corporation). Lysozyme staining was as described previously™.
Images for lysozyme staining were captured Leica DM LB2 microscope, and Leica
DEFC 350X camera and displayed with Adobe Photoshop 7.0 software.
Single-locus DNA methylation assays. Total genomic DNA was extracted from
2 X 10° FaDu and FRII cells using the Gentra Puregene cell kit (Qiagen) and eluted
in RNase-free water. EpiTYPER assays (Sequenom) were performed on bisulphite-
converted DNA. Bisulphite conversion was performed using EZ DNA Methylation
kit from Zymo Research. EpiTYPER primers were designed to cover 29 GLII CpGs
(25 of them in CpG islands) using Sequenom EpiDesigner beta software (http://
www.epidesigner.com/). Primer sequences are below.

EpiTYPER primers. GLI1 forward 1 GGGTTTTGGGGGTGTAATAAGT, GLI1
reverse | CCCTAAAAAACTAAACATCCCCTC, GLII forward 2 TTTGGGAT
GAGTTTTTAAGAAGTTG, GLII reverse 2 CCTAAAAATCCTAAAAATACA
ATAAACCC.
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Extended Data Figure 1| Ribavirin resistance in some ribavirin abundance of blasts before treatment and at EOT and reduction in blasts and
monotherapy clinical trial patients. Bone marrow biopsies for responding  restoration of haematopoiesis during response. For Wright-Giemsa-stained
(patient 8 achieved a PR; patient 11, a CR, is shown in Fig. 1a) and samples magnification was X 50 with oil (patients 8 and 13), and for lysozyme
non-responding patients (patient 9 was a PD and patient 13 a SD). Note staining X20 (patient 9).
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Extended Data Figure 2 | Characterization of FaDu- and THP-1-derived
resistant cell lines. a, Detailed growth curves for FRI and FRII resistant cells.
All cell lines have indistinguishable doubling times in the absence of ribavirin
(far right panel). b, THP-1 resistant (TR) cell lines are not sensitive to treatment
with ribavirin at the doses and times used. Ribavirin no longer targets eIF4E
activity (thatis, Mcl-1) in resistant cells (far right panel). There were no changes
in eIF4E levels between resistant and parental cell lines (and Fig. 1c). Actin
provides a loading control. ¢, Resistance is retained after 6 months of growth in
the absence of ribavirin. d, Incubation of live cells with *H-ribavirin indicates
that THP-1 resistant cells have impaired uptake of ribavirin similar to FRI cells.
e, elF4E cap binding and eIF4G binding activity are retained in FRII cells.

f, FRII cells are sensitive to elF4E knockdown measured by cell growth.

8, Effects of RNAi-mediated knockdown of GLII or eIF4E on UGT1A levels.
Western blots were probed as indicated. RNAi-mediated knockdown of GLI1
led to reduced levels of UGT1A whereas knockdown of eIF4E did not. For
UGT1A, a pan-UGT1A antibody was used. Antibody controls for UGT1A and
GLI1 are shown in Extended Data Fig. 8c. Results are representative of at least
three independent experiments. Average values are reported and error bars
indicate *standard deviations. Experiments were carried out in triplicate, three
independent times. Western blots are representative of at least three
independent experiments.
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Extended Data Figure 3 | Pro-drug metabolism is impaired in type I
resistance. a, b, Western analysis reveals that ADK levels were reduced in
FRI cells (a) and THP1 resistant cells (b). Treatments were 48 h at 20 pM
ribavirin. ¢, d, Knockdown of ADK leads to ribavirin resistance as shown by cell
growth. Western blot confirms knockdown of ADK. Hsp90 provides a loading
control. e, f, ENT1 and ADK mRNA levels for patients’ specimens. Patient

11 (CR) was responding clinically at (and before) 84 and 112 days and relapsed
around day 252, when both ADK and ENTI mRNA levels decreased. Analysis

W Patientt11 112days
¥ Patientt11 196days
Patient11 252days

Adk/GEPDH ~ ENT1/GBPDH

of RNA samples isolated before and at the end of the first 28-day cycle for

patient 9 (who did not respond to ribavirin) compared to a healthy volunteer.

Averaged values for ADK and ENT1 RNAs were normalized to glucose

6-phosphate dehydrogenase (G6PDH). Error bars indicate * s.d.; centre values

are averages. All experiments were performed in triplicate at least three
independent times. **P < 0.01, *¥*P < (0.001 (two-tailed Student’s t-test).
Results are representative of at least three independent experiments.
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Extended Data Figure 4 | Confocal micrographs of leukaemic blasts isolated
from bone marrows of responding and non-responding patients before
treatment, at response or at EOT. Immunostaining for GLI1 and UGT1A are
shown. DAPI is in blue. Note nuclear accumulation of GLI1 in non-responding
patients, indicating elevated GLI1 activity. High levels of GLI1 and UGT1A
suggest primary resistance. All confocal settings were identical between
specimens and thus lower signal is indicative of less protein. A X100 objective

UGT +DAP|

Patient A (CR)

Patient B (CR)
Response

EOT

Patient C (PR)

with no digital zoom was used for patients 9, 11, 13, 17 and 19. The same
objective but a digital zoom of X2 was used for patients 8, A, B and C. Note
patient C was still in remission at EOT (see main text). For each patient,
staining was carried out three independent experiments. Controls for
specificity of GLI1 and UGTIA antibodies are provided in Extended Data
Fig. 8c.
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Extended Data Figure 5 | Higher GLII expression is found in poor
cytogenetic risk group and predicts a trend of worse survival outcome in
AML. To study the prognostic value of GLIT gene expression in AML, we
mined the publicly available AML data set published by The Cancer Genome
Atlas Research Network''. a, GLI1 gene expression in 176 de novo AML patients
grouped by cytogenetic risks. The expression level is represented by RPKM
value (reads per kilobase of transcript per million mapped reads in RNA-seq).
Each patient is represented by a symbol. Error bars represent median + IQR
(interquartile range) of each group. Nonparametric Mann-Whitney U-test was
used to analyse the differences between groups. A total of 176 de novo AML
patients with complete mRNA-seq and cytogenetic risk classification data are

included in this analysis. b, ¢, Kaplan-Meier plots of events-free survival (EFS)
and overall survival (OS) of 168 de novo AML patients segregated by median
GLII expression (RPKM = 0.8596) (b) or high GLI1 expression (RPKM greater
than or equal to 2) (¢). Each tick on the survival curve represents a censored
event because the patient is still alive at the end of the TCGA study. A total
of 168 de novo AML patients with complete mRNA-seq, and reliable EFS and
OS data are included in this analysis (patient information details are described
in the Supplementary Table 1 of the NEJM study''. Mantel-Cox test was
performed to calculate log-rank P values. We also observed that abnormally low
levels of GLI1 were also correlated with poor outcome (data not shown),
suggesting that GLI1 levels must be in a ‘Goldilocks’ zone.
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Extended Data Figure 6 | Effects of modulation of GLI1 levels on UGTIA.
a, Effects of the direct GLI1 inhibitor GANT61 on restoring ribavirin sensitivity
(20 uM) in FRII cells. Effects are dependent on GANT6]1 dose. b-d, Controls
for elF4E-ribavirin immunoprecipitations (IP) shown in Figs le and 3b.
Inputs, supernatants (Sn) and IP controls for *H ribavirin anti-eIF4E IPs

are shown for GDC-0449-treated cells (b), FRII and FRI cells (c), and
RNAi-mediated knockdown of GLI! (d). e-g, qPCR analysis of GLII (e) and
UGT1A (f) using a pan-UGT1A primer or primers for specific UGT1As

(g). mRNA levels were normalized to RNA polymerase IIa. These findings are
consistent with Extended Data Table 1, which indicates lower levels of UGT1A
mRNA levels. Further, UGTIA3 and UGT1A8 decreased similarly (data not
shown). Experiments were carried out in triplicate, at least three independent
times. Average values are reported and error bars indicate standard deviations.
These findings, that GLI1 elevation leads to reduced mRNA levels but increased

l

protein levels, are counterintuitive, We propose that GLI1 elevation increases
protein stability of UGT1As (see below) and this leads to some sort of feedback
mechanism leading to reduced UGT1As. Other scenarios are possible but

the main point that GLI1 elevation leads to increased UGT1A protein
production is clear. h, GLII increases UGT1A protein stability as shown by
studies with the proteasomal inhibitor MG132 (MG) and a pan-UGTI1A
antibody. Here, MG132 addition stabilizes levels of UGT1A in parental cells,
but in FRII cells where levels are already increased, there is no further increase
with MG132. This indicates that UGT1A proteins are already stabilized in the
FRII cells. All results are representative of three independent experiments.

i, Western blot analysis with a pan-UGT2B antibody indicates that UGT2B
levels are unchanged in FRII relative to FaDu cells,suggesting the
glucuronidation effects are mediated mostly through the UGT1TA family. 293T
cells are shown for comparison. Tubulin provides a loading control.
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Extended Data Figure 7 | MS analysis of ribavirin and Ara-C
glucuronidation. a, MS/MS collision-induced fragmentation analysis
indicates that a breakdown product of the ribavirin glucuronide missing the
ribose ring (exact mass 288.07) was further fragmented into a fragment of this
glucuronide (exact mass 244.08, red asterisk) and to the triazole ring, the

key moiety of ribavirin (exact mass 112.04). No ribose-glucuronide or ribose
fragment was detected in our experiments, suggesting that this is not a major
glucuronidation site in these cells. However, we cannot rule out that this exists
and could not be detected. b, Microsomes expressing UGT1A1, UGT1A4,
UGT1A6 and UGT1A9 were treated with RTP, underwent hydrophilic
interaction liquid chromatography (HILIC) and the resulting extracted ion
chromatogram (EIC) is shown. The Rib-Glu peak is clearly present and
fragmentation analysis as in a confirms that this is glucuronidated ribavirin.
We note that microsomes only expressing UGT1A1 do not glucuronidate RTP;
and that RTP, but not ribavirin, is glucuronidated in microsomes. These studies
suggest that UGT1A4, UGT1A6 and/or UGT1A9 are required for
glucuronidation, as is some phosphorylation event before glucuronidation.

¢, Using HILIC chromatography, we isolated the fraction containing the
Rib-Glu peak in b. A portion of this was re-assessed by MS/MS to be sure that

the correct peak was isolated. This material was used in the *H-ribavirin
competition assay in Fig. 4m. Material was quantified using a standard curve
of ribavirin (see Methods). d, Western blot demonstrating equal loading of
elF4E-GST in the *H-ribavirin pulldown assay shown in Fig. 4m. All results are
representative of at least three independent experiments. e, AraC is
glucuronidated (AraC-Glu) in FRII cells but not parental FaDu cells where
AraC-TP (triphosphate) is observed. AraC-TP is also observed in FRII cells,
but at much lower levels than AraC-Glu. Treatment of FRII cells with
GDC-0449 results in the loss of the AraC-Glu peak and causes no alteration to
the parental FaDu cells. Fragmentation strongly suggests that the cytosine is the
major site of glucuronidation (data not shown). We did not observe masses
consistent with an arabinose breakdown product or an arabinose-glucuronide
but cannot rule out that they are present at low levels or that our isolation
procedure precluded their detection. f, Structures of AraC and AraC-TP are
shown. The red arrow indicating the most likely glucuronidation site, as per our
mass spectrometry data. Note that no glucuronides were observed when
reactions were incubated in the absence of UDP-glucuronic acid (data

not shown).
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Extended Data Figure 8 | Investigations into why GLI1 levels are elevated in
FRII cells. a, Analysis of expression of a subset of hedgehog signalling pathway
proteins. Western blots are probed as indicated and are representative of
three independent experiments. Tubulin and Hsp90 provided loading controls.
Patched 1 (PTCH1) was the most significant change. PTCH1 is 210 kDa, with
an often observed degradation product at 170 kDa. IHH, Indian hedgehog;
SHH, sonic hedgehog, Smo, smoothened. b, GLII DNA methylation. CpG
methylation was interrogated on bisulphite-converted DNA from GLII

promoter region and first exon. The amplicon covered 29 CpGs, 25 of them
located within a CpG island. DNA CpG methylation is shown as per cent
methylation for FaDu (top) and FRII (bottom) cells. There was no difference
observed between the cell lines. ¢, Antibody controls. Analysis of GLI1 and
pan-UGT1A antibodies as a function of RNAi-mediated knockdown of these
proteins as indicated. Note that UGT1A family members have approximately
the same molecular weight. Results are representative of at least three
independent experiments.
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Extended Data Table 1 | RNA-seq results of genes with different expressions in FRII versus parental and FRI cells

1D F old Change log2FoldChange padj
NM_005269 GLI1 21.05351195 4.395989005 4.53763E-19
NM_019076 UGT1A8 0.071885361 -3.798158182 5.14486E-10
NM_021027 UGT1A9 0.071885361 -3.798158182 5.14486E-10
NM_019075 UGT1A10 0.071885361 -3.798158182 5.14486E-10
NM_019077 UGT1A7 0.071885361 -3.798158182 5.14486E-10
NM_019093 UGT1A3 0.075269208 -3.731796399 1.09556E-09
NM_205862 UGT1A6 0.071407143 -3.80778779 1.09556E-09
NM_019078 UGT1AS5 0.076934805 -3.700219774 1.09556E-09
NM_000463 UGT1A1 0.081523375 -3.616642411 1.75756E-09
NM_001072 UGT1A8 0.079970619 -3.644386132 1.98554E-09
NM_007120 UGT1A4 0.082083144 -3.606770194 1.98554E-09
NM_031479 INHBE 5.823391175 2541859532 1.36431E-07
NM_003256 TIMP4 12.35630007 3.627174907 2.27095E-07
NM_000728 CALCB 10.86606199 3.441757277 9.14258E-07
NM_006096 NDRG1 4.095561837 2.0340861377 1.21428E-05
NM_144717 IL20RB 5.043343881 2.334380599 1.5497E-05
NR_026572 PDE2A 12.80113496 3.678199821 1.794864E-05
NM_005980 S100P 4.549241234 2.185625939 1.94272E-05
NM_002462 MX1 4.548672811 2.185445664 1.99955€E-05
NM_016818 ABCG1 7.006493344 2.808692575 2.18839E-05
NM_001144925 MX1 4.484277528 2.158426717 2.78929E-05
NM_001005340 GPNMB 4.317327762 2.110138623 2.78929E-05
NM_138420 AHNAK2 4.477547206 2.162708642 3.45273E-05
NM_002272 KRT4 0.141121624 -2.824989024 3.48607E-05
NM_001795 CDHS 0.13455534 -2.893728445 3.48607E-05
NM_001901 CTGF 0.116697976 -3.099148557 0.000227563
NM_001561 TNFRSF9 10.39142803 3.377322023 0.000410767
NM_019850 NGEF 6.893341444 2.785203477 0.000500665
NM_020318 PAPPA2 6.0439344 2.595488002 0.000763335
NM_018406 MUC4 0.080064648 -3.642690811 0.000783474
NM_006408 AGR2 0.030727143 -5.024342563 0.004759868

The cutoff was set at a P,q, value of <0.005.

©2014 Macmillan Publishers Limited. All rights reserved
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3.6 Patent: Canadian informal patent application no. CA 2,752,008 filed September 13th, 2011
(Inventors: Borden K., Culjkovic B., Zahreddine H.; Applicant: Université de Montréal). This
application entitled Combination Therapy using Ribavirin as elF4E inhibitor relates to the use
of a combination therapy for treating patients having a neoplasm or a proliferative disorder.
The combination which comprises an inhibitor of the elF4E gene product, such as ribavirin,
and a chemotherapeutic agent, aims at overcoming resistance developed in patients during anti-
neoplastic treatment. The invention also relates to the use of a combination therapy for treating
patients with cancer or pre-cancerous lesions. This combination comprises an inhibitor of
elF4E gene product, a chemotherapeutic agent, and a therapeutically effective amount of a

hedgehog pathway inhibitor, such as GDC-0449.
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CHAPTER 4
A Phase I trial of Ribavirin and Low-Dose
Cytarabine for the Treatment of Relapsed and
Refractory Acute Myeloid Leukemia
with Elevated elF4E
(LETTER TO THE EDITOR)
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A phase | trial of ribavirin and low-dose cytarabine
for the treatment of relapsed and refractory acute
myeloid leukemia with elevated elF4E

Table 1. Patients’ characteristics.

The molecular heterogeneity of acute myeloid leukemia
(AML) underlies the wide variation in responses to standard
therapy. This heterogeneity occurs at multiple regulatory
steps affecting cell survival and proliferation. We identified
overexpression of the eukaryotic translation initiation factor
4E (eIF4E) as a targetable aberrancy in all examined cases of
M4 and M5 FAB (French, American and British classifica-
tion) AML subtypes, as well as in some M0, M1, and M2
subtypes.’ elF4E is both over-expressed and highly enriched
in the nucleus of these specimens. elF4E acts in nuclear
mRNA export and translation of specific transcripts neces-
sary for the promotion of proliferation, survival and metas-
tases.” These elF4E functions depend on its binding the
m’G cap on the 5’ end of mRNAs.™ Use of ribavirin, a com-
petitive inhibitor of the m’G cap, impairs the biochemical
and oncogenic functions of elF4E.** The first clinical trial to
directly target elF4E activity used ribavirin in AML patients
with elevated elF4E who were unfit for induction
chemotherapy or who had relapsed disease.” Complete and
partial responses were observed, and responding patients
demonstrated a reduction in overall levels of elF4E, loss of
its nuclear localization, and impaired production of eIF4E
targets.’

In vitro combination studies with ribavirin and cytarabine
showed an added impairment in cell growth in primary
AML patient samples.” Given these findings, we combined
ribavirin po BID continuous dosing with low-dose cytara-
bine (LDAC) sc BID for ten days every 28 days in a phase |
trial following a “3+3” design. The primary objective was to
determine the recommended phase II dose (RP2D) of the
combination based on pharmacokinetics and safety. The
secondary objectives revealed predicted cellular changes in
elF4E but also a novel mechanism of resistance to ribavirin
and cytarabine.” Twenty-nine patients with elevated eIF4E
and who were unsuitable for induction chemotherapy or
with relapsed/refractory disease were enrolled. Nine of
these had not received induction with “7+3” for their AML
(median age 70 years) and 3 had received prior therapy for
myelodysplastic syndrome (MDS) (Table 1). The combina-
tion was generally well tolerated with no unexpected
adverse events. Hemolytic anemia, a known ribavirin toxic-
ity, was seen in 4 patients (14%), and was uncontrolled by
dose reduction but resolved after ribavirin was discontin-
ued.

In the first dose escalation, four dose levels of ribavirin
(1000, 1400, 1800 and 2200 mg BID) were combined with
LDAC 20 mg BID. At a ribavirin dose of 2200 mg BID, there
were 2 dose-limiting toxicities (DLTs) and no further dose
escalation was performed. Importantly, the mean maximum
ribavirin plasma levels were below 20 uM for all dose levels
(Online Supplementary Figure S1). This was in contrast to lev-
els above 20 uM seen with monotherapy, where patients
were treated with ribavirin 1000 mg BID. Interestingly,
Patient 1 had a doubling of ribavirin serum levels once
LDAC was reduced to 10 mg BID for toxicity during cycle 2
(Figure 1). Thereafter, this patient achieved a complete
remission (CR) (with incomplete red cell recovery), and
molecular targeting of elF4E, as seen by re-localization to
the cytoplasm. This patient remained on ribavirin therapy
for two years with LDAC discontinued on day 179.

Given our observations of Patient 1, and the failure to
achieve higher plasma levels of ribavirin in the higher dose
cohorts, we carried out a second ribavirin dose escalation in

Total n. of 29 (100)
patients
Median age, years (range) 65 (22-83)
Sex

Female 14 (48)

Male 15 (52)
FAB AML subtype

M4/M5 22 (76)

Other 7(24)
WHO classification

AML not otherwise specified 10 (34)

AML with recurrent genetic abnormality 3 (10)

Therapy-related AML (1)

AML with myelodysplasia-related features 11 (38)
Cytogenetics

Favorable 1(3)

Intermediate 16 (55)

Adverse 12 (41)
FLT3 and NPM1 status

FLT3 ITD (n=22) 5(23)

FLT3 TKD (n=22) 1(5)

NPMI mutation (n=17) 4(24)
ECOG

0 6(21)

1 19 (66)

2 310

3 1(3)
N. of prior therapies

0 5(14)*

1 12 (45)**

2 8 (28)

=3 4(14)
Blasts — bone marrow

Median 4%

Range (4-100)***

*2 of 5 received therapy for MDS. **4 of 12 did not receive induction with “7+3",
1 of 12 received therapy for MDS. ***Fatient 28 with extramedullary disease only.
ITD: internal tandern duplication; TKD: tyrosine kinase domain point mutation.

the presence of LDAC 10 mg BID. This led to increased rib-
avirin plasma levels overall (Onfine Supplementary Figure S1).
The median maximum level of ribavirin when given with
LDAC 10 mg BID was 23 uM (range 6-37 uM, n=9), more
than double that observed at LDAC 20 mg BID, which was
11.5 uM (range 2-33 UM, n=10). Increasing doses of rib-
avirin beyond 1400 mg BID did not result in increased
serum steady state levels (Online Supplementary Figure S1).
No DLTs were observed in this dose escalation. Thus, the
recommended phase II dose (RP2D) was determined to be
ribavirin 1400 mg BID and LDAC 10 mg BID.

Twenty-one patients treated for 28 or more days were
evaluable for response. There were 2 CRs, one partial remis-
sion (PR), and 2 blast responses (BR) (Table 2). Responding
patients had a median ribavirin plasma level of 33 uM at
best response whereas non-responders had a median maxi-
mum ribavirin plasma level of 19 uM. In total, 14 patients
had a maximum plasma level of ribavirin more than 20 pM,
and all 5 responding patients were in this group. The addi-
tion of LDAC to ribavirin tended to increase the median
time to treatment failure from 104 days for the monothera-
py trial (range 93-263 days, n=3) to 225 days (range 96-743
days, n=3), although the number of patients included in
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both trials is small. Patients with adverse cytogenetics were
less likely to respond. No difference in FLT3 ITD/mutation
or NPM1 mutation among responders and non-responders
was observed.

Clinical response correlated with molecular targeting of
elF4E. Targeting was determined by changes in eIF4E
mRNA levels and eIF4E protein re-localization to the cyto-
plasm. Protein levels of eIF4E and its downstream targets
were assessed when sufficient material was available. No
targeting of elF4E was observed among patients with pro-
gressive disease (PD). Six patients had a full molecular
response with both lower eIF4E levels and eIF4E re-localiza-
tion (Online Supplementary Table S1) including the patients
who achieved CR, PR, BR (Table 2). All had 20+ uM maxi-
mum plasma levels of ribavirin. Patients 3 and 10 had a par-
tial molecular response, whereby they did not have full re-
localization of eIF4E. For Patient 3, determination of rib-
avirin plasma levels was inaccurate because of frequent dose
interruptions due to hemolytic anemia. Of the 3 patients
(Patients 3, 10 and 22) with partial or full molecular
response who did not achieve PR, CR or BR, all showed a
decrease in blast count and/or hematologic improvement.
Levels above 20 uM ribavirin were also observed in some
non-responders, indicating that ribavirin level alone did not
predict response. At relapse, all 6 patients with complete

Table 2. Response and ribavirin plasma levels.
LDAC dose Time to

elF4E targeting showed eIF4E re-localization back to the
nucleus and elevated eIF4E levels consistent with the loss of
clinical activity (Ouline Supplementary Table S1). Similarly,
the partial molecular response was lost by Patients 3 and 10
at progression.

In our previous monotherapy trial, we noted upon clinical
relapse an increase in the levels of the sonic hedgehog tran-
scription factor Glil, which led to glucuronidation of rib-
avirin, loss of the elF4E-ribavirin interaction, and ultimately
drug resistance.” Additionally, primary refractory and a few
relapsed patients had markers of impaired drug uptake with
low levels of the ribavirin transporter (ENT1) and/or an
enzyme required for the pro-drug metabolism of ribavirin,
adenosine kinase (ADK).” We examined these resistance
markers here (Online Supplementary Table S1). For 5 of 27
patients, we observed lowered ADK and/or ENT1 mRNA
and/or protein levels at baseline relative to healthy volun-
teers, suggesting that ribavirin pro-drug metabolism and
drug uptake were impaired. None of these 5 patients
responded to treatment. An additional 3 of 18 and 6 of 18
patients had reduced ADK or ENT1 levels at relapse/EOT
relative to before treatment, respectively. For 14 of 18
patients, we observed an elevation in Glil and/or UDP-glu-
cunosyltransferase 1A (UGT1A) at the end of treatment, rel-
ative to before treatment. In our resistance studies, elevated

(mg bid) (mg bid)  treatment
failure

1 1000 20 43 CR* 161 29 47
2 1000 20 19 PD 8
3 1000 20 T SD 12
4 1000 20 29 PD 18
5 1400 20 48 SD 19
6 1400 20 8 BR 30 33 33
7 1400 20 31 PD 21
8 1800 20 ! SD 12
9 1800 20 21 PD 14
10 1800 20 86 SD 13
11 1800 20 11 n/a 12
12 1800 20 146 SD 11
13 2200 20 2 na na
14 2200 20 21 PD 7
15 2200 20 14 n/a
16 2200 20 93 PR 50 n/a 21
17 2200 20 17 /a
18 2200 20 28 PD 45
19 1000 10 224 CR 17 37 37
20 1000 10 69 SD 17
21 1000 10 54 PD 23
22 1400 10 169 SD 69
23 1400 10 113 BR 30 33 76
24 1400 10 62 SD 33
25 1800 10 57 SD 43
26 1800 10 18 PD 22
21 1800 10 7 /a 7
28 1800 10 41 SD 28
29 1800 10 55 SD 20

*At time of best response Fatient 1 was on LDAC 10 mg QD. **At time of max PK Fatient 1 was on 1400 mg bid ribavirin only. CR: complete remission; PR: partial remis-
sion; BR: blast response; SD: stable disease; PD: progressive disease; n/a: not assessable.
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Glil correlated with increased UGT1A protein levels, rib-
avirin and cytarabine glucuronidation and drug resistance.”
Finally, as in our monotherapy trial, many non-responding
patients had elevated Glil or low ADK/ENT1 levels under-
lying their primary resistance. Thus, these patients likely did
not respond due to inactive drug. Some patients had mark-
ers of both Glil/UGT1A and ADK/ENT1 mediated resist-
ance.

In summary, we identified the RP2D of ribavirin and
LDAC, 1400 mg po BID continuous dosing and 10 mg sc
BID for ten days of a 28-day cycle, respectively. This com-
bination is well tolerated, with some patients achieving
marked clinical responses. Our results indicate that ribavirin
plasma levels are reduced in the presence of LDAC, which
impairs the absorption of ribavirin, as was shown with
other drugs." In addition, LDAC may interfere with rib-
avirin activity, as patients in the prior monotherapy trial
responded molecularly and clinically to ribavirin at lower
serum levels.” Nonetheless, once higher levels of ribavirin
were achieved the combination with LDAC may have
yielded longer time on study compared with ribavirin alone
for patients who achieved remission. A phase II study is
needed to determine the rate and duration of response for
this combination. Importantly, cellular changes in elF4E
required plasma levels of ribavirin above 20 uM in the pres-
ence of LDAC, supporting our clinical observation that this
level is associated with response.

Tracking elF4E targeting, ENT1, ADK, Glil, UGT1A as
well as ribavirin and cytarabine uptake likely predict
response and relapse, respectively. We will test the efficacy
of overcoming Glil inducible drug glucuronidation in an
AML trial combining a Glil inhibitor with ribavirin (c/inical-
trials.gov identifier:02073838). The development of additional
drug combinations is also important. Our previous ex vivo
AML studies suggest that combinations of eIF4E with aza-
cytidine could be useful.® Furthermore, augmenting the
inhibitory effects of ribavirin on eIF4E using Mnk kinase
inhibitors or rapalogs could be effective. In summary, our
second clinical trial targeting eIF4E with ribavirin led to clin-
ical responses and highlighted the importance of monitoring
resistance markers in AML.
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Figure 1. (Top) Patient 1 percentage bone marrow blast counts
versus days of treatment. (Middle) Confocal micrographs indicating
alterations in elF4E (green) subcellular distribution as a function of
ribavirin treatment indicating molecular response. DAPI, a nuclear
marker, is shown in blue. Magnification was 100X with a further 2X
zoom for days 140 and 308. Blasts were sorted using flow cytom-
etry gating on CD45 dim and side scatter, as described in the
Methods. Note that cells sorted from specimens obtained during
CR are likely not leukemic blasts but rather normal primitive pro-
genitors. Note that at lower ribavirin concentrations, 11 uM at 28
days, there was no targeting of elF4E, but at higher levels of rib-
avirin, elF4E re-localization is observed. (Lower) Ribavirin plasma
levels (micromolar) were determined by mass spectrometry and
total daily dose of LDAC is given below. Patient 1 discontinued
LDAC at day 179, as per protocol.
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Glucuronidation in Resistant Cancer Cells
Hiba Ahmad Zahreddine and Katherine L.B. Borden

Abstract

Drug resistance remains a major impediment in the develop-
ment of durable cancer therapies. Studies in acute myelogenous
leukemia (AML) patients revealed a new form of multidrug
resistance. Here, increased glioma-associated protein GLI1 leads
to elevation of the UDP-glucuronosyl transferase (UGT) enzymes.
UGTs add glucuronic acid to xenobiotics and metabolites. Tra-
ditionally, the loss of these enzymes is thought to contribute to
cancer as a result of impaired clearance of environmental carcino-
gens. However, we demonstrate that overexpression of UGTs can
contribute to oncogenesis by promoting drug resistance. Indeed,
UGT levels in AML patients treated with ribavirin and/or cytar-
abine were elevated at relapse relative to diagnosis. This was

Background

The development of durable cancer therapeutics continues to
be impaired by the development of drug resistance. Resistance
arises to both traditional chemotherapies and newly developed
targeted treatments. Drug resistance can arise for many different
reasons, including modulation of drug transporters and/or
metabolism, mutation of protein targets of drugs, and rewiring
of targeted pathways, to name a few (1, 2). Further complicating
matters, the development of resistance to one drug can lead to
resistance to drugs that the patient has never received. This is
referred to as cross-resistance (1). For instance, increased drug
efflux through the MDR transporters affects many drugs. Genetic
rewiring can lead to oncogenic bypass, where the drug still hits its
cellular target, but no longer has a physiologic effect (2). Below, a
new form of multidrug resistance is described, inducible drug
glucuronidation (Fig. 1), which was discovered while targeting the
eukaryotic translation initiation factor 4E (elF4E) with a small-
molecule inhibitor ribavirin in acute myelogenous leukemia
(AML) patients (3). Initially, these results were quite promising,
with some refractory and relapsed patients achieving complete
and partial remissions with ribavirin monotherapy and also
ribavirin in combination with low-dose Ara-C (4, 5). However,
all patients eventually relapsed, and investigations into the molec-
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reversed by GLI1 inhibition, suggesting a clinically relevant strat-
egy to overcome drug resistance. Further, overexpression of UGTs
can also lead to drug resistance in other cancers, such as certain
Hsp90 inhibitors and vorinostat in colorectal and chronic lym-
phoblastic leukemia, respectively. Not all drugs are targets of
glucuronidation, suggesting that UGT status could be relevant to
treatment choice. Here, we describe several facets of UGT biology
and how these could be exploited clinically. These studies dem-
onstrate how drugs in cancer cells can be metabolized differen-
tially than their normal counterparts. In summary, we describe a
new form of drug resistance relevant to a variety of cancer contexts.
Clin Cancer Res; 21(10); 2207-10. ©2015 AACR.

ular reasons for this led to the discovery that ribavirin and Ara-C
became glucuronidated specifically in resistant cells.

Glucuronidation is an important step in phase Il drug
metabolism (6). There are several glucuronidation enzymes,
UDP-glucuronosyl transferases, which are divided into two
major families: UGT1As with nine members and UGT2B
with seven members (7). UGT1As catalyze the addition of
glucuronic acid to the nucleophilic part of the drug, render-
ing it more hydrophilic and either enhancing its efflux or
modulating its affinity for a given cellular target. Family
members differ in their preference to target specific chemical
moieties, such as nitrogens, sulphurs, and oxygen (8). This
activity, once thought limited to the liver, can occur through-
out the body (8). Although glucuronidation is usually con-
sidered a steady-state process, it can have somewhat unpre-
dictable effects. For instance, glucuronidation of morphine
increases its potency (6), while glucuronidation of testoster-
one modulates its repertoire of protein partners without
altering efflux (6).

Analysis of model systems and material from AML patients
who had received either ribavirin or standard-of-care therapies
revealed that levels of the sonic hedgehog transcription factor
GLI1 became substantially elevated upon drug resistance, and
this correlated with an increase in levels of the UGT1As
enzymes (3, 5). Here, it was shown that this family of enzymes
mediated glucuronidation of ribavirin, resulting in the loss of
the ribavirin-elF4E interaction and ultimately the loss of
response to the drug. It was noted that, in this case, glucuron-
idation did not modulate the efflux of ribavirin. Furthermore,
inducible glucuronidation was also observed for cytarabine, the
cornerstone in the treatment for AML. Preliminary studies
suggest other drugs will also be targets for this mode of
inactivation (H.A. Zahreddine and K.L.B. Borden; unpublished
results). Excitingly, this mechanism is reversed by the genetic or
pharmacologic inhibition of GLI1, including with vismodegib,
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a drug approved for metastatic basal cell carcinoma. Thus, our
studies reveal a potential strategy to overcome drug resistance,
which will be tested in AML patients in the coming months
(NCT02073838).

Clinical-Translational Advances

Relevance of UGTs to drug resistance

Most studies on glucuronidation in malignancy have focused
on the effects of loss of UGTs. Such losses can lead to reduced
clearance of xenobiotics, such as the carcinogens in cigarette
smoke (9). In the absence of clearance of these metabolites,
increased DNA damage can occur leading to cancer (9). In support
of this idea, individuals that lack activity of UGT1A7 have a higher
risk of lung cancer (9).

Recent studies demonstrate that glucuronidation can become
elevated in malignancy (3, 5, 10, 11). This result suggests that
there is some sort of "Goldilocks zone" for UGT expression,
where levels should not be too high or too low, but rather "just
right." Our studies show that inducible drug glucuronidation
can be part of an adaptive response of cancer cells to evade the
effects of certain drugs. Furthermore, these new findings dem-
onstrate that cancer cells metabolize drugs differently than
normal counterparts. For instance, ribavirin- and cytarabine-
glucuronides are not observed in normal tissues. Indeed, this
metabolism even differs amongst cancer cell populations (resis-
tant versus responsive). Two other recent studies support this
hypothesis and suggest that these findings go beyond AML.
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First, in chronic lymphocytic leukemia (CLL), elevation of
UGT2B17 may also underpin drug resistance (10). In these
studies, elevated UGT2B17 mRNA expression, in conjunction
with other prognostic markers for CLL, predicted significantly
shorter survival. Indeed, glucuronides are observed for the
HDAC inhibitor vorinostat upon UGT2B17 overexpression;
suggesting that UGT2B17 may have an impact on drug response
at least in some patients. In a separate study, resistance to some
Hsp90 inhibitors in a subset of colorectal cancer cell lines
directly correlated with increased expression and enzymatic
activity of UGT1As (11). Glucuronidation abrogated the Hsp90
interaction of a subset of chemically related inhibitors (11).
Chemically unrelated Hsp90 inhibitors were not modified and
still targeted Hsp90 in these cells, demonstrating the specificity
of targeting in these cells. For the glucuronidation target drugs,
knockdown of UGT led to renewed drug sensitivity. Given that
not all Hsp90 inhibitors were targets for glucuronidation,
specific UGTs likely play a role with these, favoring specific
chemical moieties for glucuronidation. In summary, evidence
for inducible drug glucuronidation is observed in several con-
texts, including AML, CLL, and colorectal cancers.

Regulation and targeting of UGTs

In order to develop means to target UGTs, it is critical to
understand how these enzymes are regulated (Fig. 1). UGT
levels can be regulated both posttranscriptionally and tran-
scriptionally. For the AML case, there is a clear correlation
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between elevated GLIT and UCGT protein levels. Further, reduc-
tion of GLI1 by knockdown or pharmacologic targeting with
vismodegib or GANT61 leads to reduced UGT levels and reverts
drug resistance. However, UGT is not a transcriptional target of
GLI1, as UGTIA mRNA levels are not elevated. However, GLI1
appears to increase UGT1A protein stability. We postulate that
GLIT decreases UGT1A protein turnover through downregula-
tion of specific protein ligases or it induces some posttransla-
tional modifications of these enzymes, rendering them less
susceptible to degradation. These possibilities will be examined
in the future. Hence, in addition to using GLI1 inhibitors as a
means to revert resistance, identifying key factors mediating the
link between GLI1 and UGTI1A could also serve as potential
therapeutic modalities.

It seems likely that there will be many pathways leading to
UGT dysregulation upon cancer resistance, in addition to GLI1
dysregulation. Numerous recent studies revealed a variety
of molecular mechanisms governing expression and activity
of UGT enzymes (11-15). Due Lo space restraints, only a few of
these are described here. Aside from effects on protein stability
described above, these include transcriptional regulation,
phosphorylation, DNA methylation, histone modification,
microRNA regulation, as well as alternative splicing (11-
15). For instance, DNA hypermethylation of the UGT1Al
promoter correlated with reduced transcription and increased
sensitivity of colorectal cancer cells to SN-38 (the active
metabolite of irinotecan; ref. 12). Also, a recent study identi-
fied miRNAs that negatively regulate the expression of
UGT2B17 in human liver samples, but the identity of these
miRNAs remains to be experimentally validated (14). Another
interesting discovery revealed the presence of a novel class of
human UGT proteins named UGT isoforms 2 (or i2s; ref. 16).
Like isoforms 1, i2s are encoded by the same genetic locus, but
instead of incorporating the usual common C-terminus exon
5a, these utilize a shorter exon 5b that causes a premature
arrest of translation and subsequent loss of the transmembrane
domain. Consequently, UGT i2s are located in the lumen and
cytoplasm rather than in the membrane of the endoplasmic
reticulum. Functionally, the i2 enzymes lack glucuronidation
activity but act in a dominant-negative capacity, possibly by
forming inactive heteromeric complexes with il enzymes, thus
reducing enzymatic activity. Recent reports showed differential
i1:i2 expression ratio in normal versus cancer tissues, with
increased i2 in liver tumors and decreased levels of i1 and i2 in
colon cancer samples, compared with normal specimens (17).
Given the close tie between protein levels and activity, it seems
likely that these tumors will have different glucuronidation
activity relative to normal controls. As such, understanding
the mechanisms of regulation of i2s might provide a means
for increasing their expression in resistance context, allowing
for inhibition of UGT ils, as one of many possible targeting
strategies.

Inducible modifications beyond glucuronidation?

Phase 1l drug metabolism involves conjugation of drugs via
multiple pathways, including sulfation, glutathione addition,
acetylation, methylation as well as glucuronidation. Accordingly,
similar to glucuronidation, one can speculate that these modifica-
tions may also be induced in some forms of drug resistance. As
such, a better understanding of the mechanisms that control these
enzymes in both normal and cancer contexts could help improve
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the efficacy of cancer therapy. In addition, our findings suggest
that when developing drugs, mechanisms that could drive drug
modifications should be considered in patients particularly at
relapse and not only in the initial stages of drug development in
normal cells.

Conclusions and Future Directions

UGTs could not only serve as a biomarker for drug resistance
but also guide choice of treatment. For instance, knowledge of
which Hsp90 inhibitors become glucuronidated in cell lines
would be important for guiding which inhibitors to administer
when UGT levels become elevated in patients. In this way, the
most effective Hsp90 inhibitors could be selected based on a
patient's UGT status. Once there is a more global understanding of
the drugs that become glucuronidated in different cancer contexts,
UGT status could be used more globally for guiding the best
options for other treatments. In AML, we will examine the efficacy
of targeting glucuronidation by combining the GLI1 inhibitor
vismodegib to target glucuronidation with ribavirin to target
elevated elF4E (NCT02073838). In this way, we will examine
the efficacy of targeting UGT as a means to overcome drug
resistance in patients.

One of the great challenges in studying drug metabolism is
developing appropriate model systems. Human cell lines
have been used for such experiments but are limited in terms
of monitoring in vivo disease and further recapitulating
drug compartmentalization and associated features. However,
the substantial differences in drug modifications and even
drug transporter distribution, between humans and rodents
(18-20), means that this is a difficult solution as well. For
instance, rodents have no N-linked glucuronidation, which is a
major pathway in humans. Mice with human UGTIAs
expressed in their liver have more similar, but still not identical,
glucuronidation activity as humans (19). Further issues arise as
there are glucuronidation enzymes that are mainly in the
gastrointestinal track and thus would not be accounted for by
the humanized liver model (19). Other species-specific aspects
of drug metabolism need to be accounted for as well, such as
differences in drug transporter distribution (20). Thus, only
with great effort and care can a model system be developed to
truly parallel the human system.

In summary, inducible drug glucuronidation as a novel form of
multidrug resistance is described. A better understanding of the
modalities that cause UGT dysregulation will likely provide
therapeutic strategies beyond the GLI1 example used here. Such
studies should include monitoring UGTs at the protein level in
various types and stages of cancer to assess the scope of this
dysregulation. Also, determining which of the UGTs is upregu-
lated in a given type of cancer first will help predict which class(es)
of drugs will be subject to glucuronidation and potentially guide
treatment choice. Finally, our studies strongly suggest that drug
metabolism can differ between cancer and normal cells. These
differences need to be better defined and could be a launching
point for novel therapeutic strategies.
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Resistance to chemotherapy is a major
problem facing cancer treatment. Under-
standing the molecular basis for drug
resistance has lagged behind our under-
standing and identification of new path-
ways to target. Even early on in treatment,
patients can become resistant to therapy.
For instance, substantial numbers of acute
myeloid leukemia (AML) patients will not
respond to the first round of standard
therapy. While it is important to assess the
different molecular events that drive can-
cer, and target these as part of personalized
medicine, it is equally important to fur-
ther understand why patients do not
respond. Ultimately, we must understand
these treatment failures in order to make
future successes.

We took this approach to better under-
stand why targeting the eukaryotic transla-
tion initiation factor elF4E in AML
patients with ribavirin worked dramati-
cally well in many patients, but did not in
others, and why all responding patients
eventually relapsed. These studies led us
to identify a novel form of drug resistance
and excitingly, a means to overcome it.!

Our study focused on the eukaryotic
translation initiation factor elF4E which
is a potent oncogene that is elevated in
approximately 30% of human cancers
including M4 and M5 subtypes of
AML."? eIF4E regulates the translation
and nucleo-cytoplasmic export of a subset
of transcripts that are essential for prolifer-
ation, survival and malignant transforma-
tion. Since association with the 7-methyl
guanosine (m’G) cap structure at the 5’
end of mRNAs is essential for its func-
tions,” targeting elF4E with competitive
inhibitors of the m’G, such as ribavirin,
was undertaken.” Previous studies by us

and others showed that ribavirin potently
inhibited eIF4E activity in model sys-
tems.”? Our Phase II ribavirin monother-
apy clinical trial in poor prognosis AML
patients showed that ribavirin led to a sig-
nificant clinical improvement with a 45%
objective response rate (remissions and
blast responses).” Although striking for
this poor prognosis population, all
responding patients eventually became
resistant to ribavirin and some never
responded despite having elevated elF4E
levels.”

In order to understand the molecular
mechanisms underlying primary and
acquired resistance, we generated cell line
models and found 2 mechanims of resis-
tance. First, we observed defective ribavi-
rin uptake due to impaired drug influx
and metabolism. Specifically, we identi-
fied down regulation of the key enzyme
involved in ribavirin pro-drug metabolism
and/or ribaivirn nucleoside transporter
ENT1.* Drug metabolism modulation is
commonly observed in drug resistance,
where drug uptake is abrogated, drug
efflux is enhanced (e.g., MDR), or pro-
drug metabolism is impaired. Although
there have been attempts to targer MDR
transporters, this has not led to significant
clinical benefit as of yet, mainly due to the
substantial side effects observed with these
therapies.

Since only 2 of our patients (over 15
studied), showed any defects in the trans-
porter or pro-drug metabolism factors, we
further explored mechanisms that could
allow us to understand what were the fac-
tors driving drug resistance in our
patients. Strikingly, we identified models
where ribavirin uptake was normal, but its
interaction  with  elF4E  was lost.

*Correspondence to: Katherine LB Borden; E-mail: katherine.borden@umontreal.ca

Submitted: 07/07/2014; Accepted: 07/16/2014
http//dx.doi.org/104161/15384101.2014.946372

www.landesbioscience.com

Cell Cycle

85

Subsequent analysis indicated that the
Glioma associated transcription factor
Glil was highly elevated in these models
and unexpectedly, this correlated with
increased protein production of the
UGTI1A enzymes (Fig. 1). UGTIA
enzymes are central to phase II drug
metabolism where they add glucuronic
acid (from the co-factor uridine disphosh-
ate glucuronic acid, UDP-GA) to the
drug leading to the loss of target-drug
interactions and in some cases increased
drug efflux.® Here, we observed that riba-
virin glucuronidation led to the loss of its
interaction with eIF4E thereby underpin-
ning subsequent resistance. Further, Glil
elevation alone was sufficient to drive
UGTIA protein production and drug
resistance. Interestingly, Glil-mediated
glucuronidation also drove resistance to
another unrelated drug, cytarabine, con-
sistent with previous observations that
UGTI1As can modify many classes of
drugs. Strikingly, addition of the FDA
approved pharmacological inhibitors of
Glil Visomdegib (GDC-0449)" or Glil
knockdown in resistant cells led to a loss
of glucuronidation, and drug resensitiza-
tion. Thus, Glil, via UGTI1A, drives a
novel form of multi-drug resistance
which is targetable. In our patients, eleva-
tion of Glil and UGTI1A levels were
observed in patients who were primarily
resistant and in patients at clinical
relapse. Indeed, we observed that these
factors were elevated in relapsed patients
treated with standard AML therapies
indicating that it could be a common
form of drug resistance in these patients,
and perhaps in other cancers as well. This
form of drug resistance would be
expected to affect a wide variety of drugs.
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Figure 1. Well established molecular mechanisms underlying drug resistance include altered drug metabolism (increased drug efflux, decreased uptake),
modification of drug targets, enhanced DNA repair, and genetic rewiring. In our novel mechanism, upregulation of Gli1 expression indirectly increases
UGT1As, which catalyze the addition of glucuronic acid to the drug leading to the loss of drug-to-target interaction. This resistance could be reverted by
either indirect or direct Gli1 inhibitors (GDC-0449 and Gant61, respectively). This mechanism might also apply to drugs other than Ribavirin and AraC.

Generally, there are 3 means of drug
resistance  proposed: impaired drug net
uptake (due to either increased efflux or
decreased influx), mutation of the drug tar-
get or compensatory genetic re-wiring of
the relevant pathways (Fig. 1).” Here we
present a fourth model, inducible drug
modification. In this case, elevation of
UGT1As would explain failure to treat
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Chemoresistance remains a major impediment in cancer therapy. Although major progress has been made in
understanding the mechanisms underlying resistance in cancer, there is still more to learn. Our studies provide
evidence that Gli1 drives a novel form of drug resistance involving Phase Il drug metabolism enzymes, specifically the

UGT1A family.

If you heard the many stories featuring
the struggle between cancer treatment,
resistance, and relapse throughout the his-
tory of cancer research, you might assume
that we are very familiar with the topic.
Our new data suggest that this is not the
case.

While studying the efficacy of ribavi-
rin, a drug that targets elF4E activity, in
acute myeloid leukemia (AML) patients
with poor prognosis, we found ourselves
dealing with what appears to be the inevi-
table outcome of targeted monotherapy
treatments: clinical relapse and molecular
resistance.’ During our attempt to under-
stand the molecular events underlying
drug resistance in our patients, we seren-
dipitously identified a novel form of drug
resistance with implications well beyond
ribavirin.” This new form of resistance
involves the well-known Sonic Hedgehog
transcription factor Glil and the drug
modifying enzymes UDP-glucuronysl-
transferase 1A (UGT1A), and represents a
new method by which cancer cells com-
bine the effects of genetic rewiring and
metabolic inactivation to evade therapy
and allow relapse (Fig. 1). Our story
depicts Glil alone as a sufficient driver of
the glucuronidation of several drugs used
for the teatment of AML, including
cytarabine, the cornerstone of treatment,
and ribavirin. Glucuronidation is a pro-
cess by which drugs are chemically modi-
fied by the addition of glucuronic acid,

which typically enhances their hydrophi-
licity and increases efflux.® However, in
some cases, such as with androgens, glu-
curonidation alters targeting, rather than
drug efflux.® In this case, glucuronidation
of ribavirin correlates with loss of its inter-
action with eIF4E and ultimately leads to
the loss of growth inhibition with no
effect on drug uprake.

Fortunately, this new mechanism is
clinically promising for patients with
AML, for whom the overall survival is on
average 7 months. Using vismodegib, a
FDA-approved inhibitor of the Sonic
Hcdgcl’log pﬂr_hway, we ShOWCd thﬂ{ tar-
geting Glil eliminated ribavirin or cytara-
bine glucuronidation, allowed the re-
emergence of elF4E-ribavirin complexes,
and led to renewed drug sensitivity.
Importantly, Gli1 inhibition alone had lit-
tle effect on cell growth whereas Glil inhi-
bition in combination with either
ribavirin or cytarabine reverted the drug
resistance and restored sensitivity. To
date, Glil inhibitors have been used for
basal cell carcinomas in which the Glil
pathway is inappropriately activated.”
Here, we propose a new rationale for tar-
geting the Glil pathway to overcome
Glil-inducible drug glucuronidation. A
clinical trial combining vismodegib with
ribavirin for the treatment of AML is
SCthulEd to Dan il_l [hE near futurﬁ
(Clinical Trials.gov NCT02073838). Our
findings thus far leave us wondering
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whether this mechanism could also medi-
ate therapeutic resistance in other types of
cancer and which drug families might be
targets of Glil-mediated glucuronidation.

Very little is known about the factors
regulating the production of UGTIA
enzymes.” Our studies to date suggest that
Glil controls the protein stability of
UGTTA rather than its transcription. It is
also likely that UGTIA expression and
activity are regulated by mechanisms other
than Glil-mediated control, a possibility
that must be assessed. Furthermore, our
studies suggest that ribavirin and cytara-
bine are glucuronidated by different mem-
bers of the UGTI1A family. Thus,
determining the specific member(s) driv-
ing resistance is essential to guide the
development of selective and specific
UGT1A inhibitors in future avenues of
research.

To date, the major focus in drug
resistance has been on (1) impaired
uptake or increased drug efflux as char-
acterized by the multidrug resistant
(MDR)  drug transporters,7'8 (2)
impaired pro-drug metabolism,®  (3)
mutation of target proteins e.g., BCR-
Abl and Gleevec or PML-RARA and ret-
inoic acid,” and (4) altered cellular path-
ways, such as downregulation of target
proteins, enhanced DNA repair, activa-
tion of alternative survival pathways,
inactivation of apoprtotic pathways, or
activation of antiapoptotic pathways.'’
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Figure 1. Novel mechanism of multidrug resistance driven by Gli1. Elevated Gli1 levels increase the levels of UGT1As, which in turn catalyze the addition
of glucuronic acid to the drug thus leading to the loss of drug-target interaction. This mechanism of resistance applies to ribavirin, cytarabine, and possi-
bly some other drugs and can be reverted by direct or upstream inhibitors of Gli1 such as vismodegib. Note that both ribavirin and cytarabine require an
activation step in order to remain in the cell. Our in vitro studies suggest that, at least for ribavirin, glucuronidation occurs on the active form. Further
studies are required to assess whether the activation step a priori is essential for glucuronidation to occur or whether this is specific to the drug and/or

This new mechanism of Glil-mediated
resistance and relapse proves that we are
still at the very beginning of understand-
ing and overcoming cancer resistance.

In summary, drug resistance is the
underlying reason for treatment failure in
the majority of cancer patients. Moreover,
development of resistance to one therapy
often suggests that patients will be
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Synopsis: The role of eIF4E in cancer invasion and metastasis has been so far correlated with
its ability to increase expression and activity of matrix degrading enzymes and factors essential
for angiogenesis. In this chapter, I present data supporting the role of eIF4E in cancer cell
motility by reshaping the surface of cancer cells, producing microvillus-like protrusions,
through coordinately regulating the biosynthesis of Hyaluronic acid and its major receptor
CD44. These findings offer a rationale for potentially inhibiting tumour cell metastasis through

the combinatorial inhibition of e[F4E and the use of HA degrading enzymes, Hyaluronidases.
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Abstract

Aggressive cancers invade neighbouring tissues eventually leading to colonization in remote
sites of the body. Tumour cells often undergo alterations to facilitate invasion and metastases.
Here, we show that the eukaryotic translation initiation factor eIF4E initiates a post-
transcriptional programme that fundamentally alters the cell surface architecture. Specifically,
elF4E drives biosynthesis of the glycosaminoglycan hyaluronan (HA) leading to the acquisition
of both an HA surface coat and cell surface protrusions. Although HA is a major component of
the extracellular matrix, we show that HA on the surface of tumour cells is required for eIF4E-
mediated invasion. eIF4E also drives production of HA associated factors e.g. CD44 which arms
the HA coat and protrusions subsequently promoting invasion. Targeting eIF4E in mouse
models correlates with reduced HA levels, and reduced tumour and metastatic burden. In
summary, we demonstrate for the first time that HA biosynthesis can be harnessed by an

oncoprotein to drive its malignant phenotype.
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Introduction

The tumour microenvironment plays important roles in cancer, providing a niche for the
preferential survival and proliferation of tumour cells. A major component of this structure is
the glycosaminoglycan hyaluronan (HA). HA is composed of repeating disaccharides units of
UDP-Glucuronic Acid and UDP-N-Acetyl Glucosamine. HA is synthesized by hyaluronic acid
synthases (HAS), which are single transmembrane proteins localized to the inner-face of the
plasma membrane (2. HA chain length can be associated with differential functions including
regulation of various cellular processes such as embryonic development, tissue homeostasis,
wound healing and inflammation and when dysregulated can promote EMT, tumour growth,
and invasion ¥, Shorter chains are primarily synthesized by HAS3 9. These shorter forms
of HA are often associated with malignant phenotypes . Experimental overexpression of
HAS enzymes causes increased tumour growth in mouse xenograft models of prostate, breast
and colon carcinomas while its knockdown reverses this phenotype (- 19, Further, HA is cleaved
by hyaluronidases (six isoforms exist in humans) which have been suggested to act as tumour
suppressors; whereby increased expression inhibits tumour growth in colon and breast
xenografts (1119 Increased HA levels are correlated with formation of less dense matrices to
facilitate invasion and promote angiogenesis. Elevated levels of HA in the stroma around
tumours is associated with poor outcome '+ '3 In addition to surrounding tumours in some
cases HA can coat the surface of tumour cells with HA-based protrusions radiating from the cell
surface 1% 17 Indeed, overexpression of HAS3 alone is sufficient to induce the formation of an
HA coat with microvillus-like protrusions on the cell surface. The major HA receptor CD44 is
found to co-localize with these surface HA coats, but is not required for their formation. The
number of cancer cell types with cell-surface HA is not yet known, and the extent to which cell-

associated HA also plays physiological roles in cancer is an important open question in the field.

Despite the wealth of knowledge relating HA to malignancy, there is virtually no information
regarding how HA levels become elevated in cancer and further, there is no understanding of
what conditions drive production of cell-surface associated HA. Indeed, the levels of mRNAs

encoding the enzymes in the biosynthetic pathways can be poor predictors of HA production
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(8 For instance in endometrial and ovarian carcinomas, RNA levels of HAS enzymes do not
predict elevated HA levels in these specimens (%19, These data suggest that this pathway is not
always under direct transcriptional control and begs the question how else is HA production
regulated. In this study, we demonstrate that the production of HA and its related downstream
effectors are coordinately controlled post-transcriptionally by the eukaryotic translation
initiation factor eIF4E. eIF4E is highly expressed in many cancers and this correlates with
increased invasion, metastases and poor prognosis ?°?¥. In early-stage clinical trials, eIF4E
targeting with ribavirin led to objective responses including remissions in some acute myeloid
leukemia (AML) patients ®32°). In mouse models, eIF4E overexpression is sufficient to drive

tumour formation %32,

At the biochemical level, eI[F4E modulates expression of selected
transcripts through its roles in nuclear mRNA export and translation. Both of these functions
contribute to its oncogenic potential @' 33 3% e]F4E-target transcripts are the downstream
effectors of its physiological effects. Here we identified the enzymes encoding the HA
biosynthetic pathway, HAS3, CD44 and associated factors as elF4E target transcripts. We

demonstrated that this pathway was required for eIF4E to mediate its oncogenic activities.

Results and Discussion

We set out to identify mRNA target transcripts which could encode proteins that were
downstream effectors of the oncogenic activities of eIF4E. To identify these mRNAs, we took
advantage of a fundamental difference in the RNA-binding properties of e[F4E between cellular
compartments. In the cytoplasm eIF4E binds all capped-RNAs regardless of whether it increases
their translation efficiency % 273539 However, in the nucleus, eIF4E binds transcripts that are
functional export targets ?® 2", Given these considerations, we reasoned that identification of
elF4E-bound transcripts in the nucleus would provide a straightforward strategy for the
discovery of downstream factors that execute its biological effects. These included enzymes

involved in HA biosynthesis (see below).

We identified eI[F4E-bound RNAs using an RNA immunoprecipitation (RIP) strategy. Nuclear

lysates from osteosarcoma U20s cells were immunoprecipitated with anti-elF4E antibodies,
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and results were compared to IgG controls (Fig. 1b and Supp. Fig. 1a, b). To ensure these
interactions were functional, we also monitored the mRNA export of candidate transcripts as a
function of elF4E overexpression by monitoring RNA content in nuclear and cytoplasmic
compartments. In both experiments, RNAs were detected by quantitative reverse transcription
PCR methods (RT-qPCR). Fractionation quality was assessed using U6snRNA and tRNAD® for
nuclear and cytoplasmic fractions respectively. Preliminary studies using genome-wide screens
of our nuclear e[F4E RIPs provided evidence that factors involved in HA biosynthesis were
targets (Fig. 1a). Using RT-qPCR, we determined that the transcripts encoding most of these
enzymes bound elF4E in nuclear RIPs with enrichments ranging from 2.5-15 fold (Fig. 1b).
These targets include hyaluronan synthase 3 (HAS3; 2.6 fold), as well as many of the enzymes
involved in generating the UDP-Glucuronic acid and UDP-N-Acetyl Glucosamine precursors
including hexokinase 1 (HK, ~15 fold), and phosphoglucomutase (PGMS5, ~11 fold), amongst
others (Fig. 1a). Nuclear mRNA export assays indicated that these mRNA-eIF4E interactions
were functional since we observed increased mRNA export 2 to 8-fold upon elF4E
overexpression relative to vector controls depending on the transcript monitored (Fig. 1c). The
only transcript which was bound to eIF4E in the nucleus but was not an export target in these
cells encoded glucose phosphoisomerase (GPI). In addition to the HA biosynthetic machinery,
other elF4E targets identified in our RIP and fractionation studies included downstream
effectors of HA e.g. CD44 as well as its signalling partners e.g. Ezrin and MMP9 (Fig. 1b and
c) @7, Total levels for target RNAs were not affected by eIF4E overexpression confirming that
these effects were post-transcriptional (Supp. Fig. 1c). Negative controls RNAs such as
GADPH, Hsp90 and B-Tubulin were not in the immunoprecipitations and were not modulated
at the export level (Fig. 1b, c¢). For comparison, we used the S53A eIF4E mutant which is
deficient in mRNA export and transformation but active in translation ¢+ 3% As expected, the

S53A elF4E mutant did not promote export of any of these mRNAs (Fig. 1c).

Consistent with our above findings, eIF4E overexpression led to increased protein levels of the
relevant enzymes, including HAS3, HK, GFPT1, GNPNATI, UAP1, UGDH, as well as
downstream effectors of HA function such as CD44 and Ezrin, relative to vector controls (Fig.

1d and Supp. Fig. 1d). Available antibodies for PGMS5, UGP2 and GPI were not of sufficient
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quality to assess the respective protein levels. The positive controls Mcll and c-Myc were
elevated in eIF4E overexpressing cells relative to vector controls, as expected (Fig. 1d and Supp.
Fig. 1d). Although the S53A eIF4E mutant did not export the corresponding transcripts, a
modest increase relative to vector controls was observed at the protein level for a few of the
members of the HA pathway e.g. HAS3, CD44, HK, UAP1 suggesting that these enzymes were
also translation targets of eIF4E (Fig. 1d and Supp. Fig. 1d). c-Myc is elevated in S53A elF4E
cells relative to vector controls, consistent with the fact that it is both an mRNA export and
translation target @”-*). Notably, the changes induced by S53A eIF4E were substantially less
than those observed for wildtype eIF4E for all cases, consistent with the role of RNA export in
their expression. Thus, eIF4E increases levels of the enzymes in the HA biosynthetic pathway
and downstream effectors of HA signalling (e.g. CD44 and Ezrin) through increased mRNA

export and for some of these targets, also via elevated translation.

Next, we determined whether eIF4E overexpression drove production of HA. To address this,
we monitored HA levels in eIF4E, eIF4E S53 A and vector control U20S cells using biotinylated
HA binding protein (HABP) with streptavidin-FITC and confocal microscopy. HA levels were
substantially elevated in eIF4E overexpressing cells relative to vector controls or S53A elF4E
cells (Fig. 2a). Strikingly, HA was not extruded into the media, but rather coated the cell surface
and formed short, filamentous protrusions radiating from the surface coat in the elF4E
overexpressing cells (Fig. 2a, b). Enzymatic depletion of HA with Streptomyces hyaluronidase
(HAse) virtually eliminated the HA signal indicating that the staining was specific and
suggesting that the structures were HA-dependent (Fig. 2a). Our findings are consistent with
studies which used HAS3 overexpression to artificially induce HA production (1) where the
protrusions were too narrow (120-130 nm) to be seen by light microscopy but were readily
detectable using fluorescent HABP conjugates. We used fluorescence assisted carbohydrate
electrophoresis (FACE) to independently validate elevated HA production (Fig. 2c and Supp.
Fig. 1e). We observe a ~3-fold increase in HA levels in el[F4E-overexpressing cells relative to
vector controls. HA levels in S53A-elF4E cells were much lower than elF4E overexpressing
cells, and only modestly elevated relative to vector controls consistent with the mutant’s modest

effects on the HA biosynthetic enzymes. Further, removal of extracellular glucose led to
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reduction of HA signalling consistent with the use of glucose as the major metabolic precursor
in this pathway (Supp. Fig 1g-h). Thus, eIF4E overexpression induced HA production, and was
found associated with cells, coating the surface and forming protrusions. eIF4E required its
mRNA export activity for HA production and this was likely augmented by its translation

activity.

We hypothesized that HA levels would be repressed by inhibition of eIF4E. elF4E-
overexpressing cells were treated with either RNAi to elF4E or with a pharmacological
inhibitor, ribavirin (Fig. 2c, d). Ribavirin directly binds eIF4E and inhibits its mRNA export and
translation functions ?* 2327, We observed a reduction in HA to background levels via confocal
microscopy using either ribavirin treatment or RNA1 knockdown of eIF4E. Using FACE, we
similarly observed a ~9-fold reduction in HA levels for both eIF4E knockdown relative to
control RNAIi and ~2.5-fold for ribavirin treated versus untreated cells (Fig. 2¢ and Supp. Fig.
1f). Thus, elF4E is necessary for HA production in these cells.

We extended our studies to assess whether eIF4E drives HA production in cellular contexts
characterized by naturally-occurring elevation of eIF4E e.g. acute myeloid leukemia (AML) and
breast cancer % 2%4%-4D_First, we examined the MM6 AML cell line which is characterized by
elevated nuclear eIF4E levels, and thus with increased mRNA export activity for e[F4E targets
(Figure 3a-e and Supp. Fig. 2a-c). Using nuclear RIPs and mRNA export assays, we found that
all mRNAs for the HA biosynthesis machinery including HAS3 and CD44 are elF4E export
targets in this cell type (Figure 3a-c). These targets included transcripts encoding GPI, which
was not an export target in U20Os cells. This suggests that the ability to promote HA production
in these cells might be even more potent. We also note diversity in terms of the enzyme family
members associated with el[F4E in MM6 cells versus elF4E-overexpressing U20s cells. For
instance, transcripts encoding PGMS5 which were eIF4E targets in U20s cells, were not well
expressed in MM6 cells. Instead, eIF4E bound to and exported PGM1 mRNAs. Importantly,
these conservative substitutions in enzyme content still led to increased HA biosynthesis as

observed by FACE and HABP staining (Fig. 3d). Similar to U20Os cells, the surface of MM6
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cells was characterized by HA coats. We also found in MM6 cells that elF4E targeting with
ribavirin reduced the mRNA export of the corresponding HA enzymes and CD44 from 2-9 fold
depending on the mRNA monitored (Fig 3b). Ribavirin did not alter total mRNA levels
consistent with this being a post-transcriptional effect (Supp. Fig. 2b). Consistently, ribavirin
treatment dramatically lowered protein levels for the representative members of the HA
biosynthetic machinery examined: HAS3, HK, UGDH as well as CD44 (Fig. 3c). HA staining
was reduced to background levels by ribavirin or HAse treatment as observed by HABP staining
and confocal microscopy (Fig.3d). We paralleled these studies in primary high-e[F4AE AML
specimens and also in CD34+ bone marrow specimens isolated from healthy volunteers (Fig 3e-
f). Consistent with the MM6 cells, 9/9 high-eI[F4E AML specimens had HA coats and
protrusions with HA staining 4-10 fold higher than the 5 normal human CD34+ specimens
which all showed only background HA staining, similar to intensities observed in vector
controls U20s cells (Fig. 2a). These findings suggest that the HA coat is specific to the
malignant state and not a general feature of blood cells (Fig 3e-f). These findings point to new
functionalities for HA in leukemia cells, where it was previously thought HA only played a role
in the bone marrow stroma and not on the leukemia cells themselves. Next we examined another
high-eIF4E context, the breast cancer cell line 66cl4. These cells had highly elevated nuclear
elF4E, and also had readily visible HA-surface coats and protrusions as observed by confocal
microscopy (Fig. 3g). Ribavirin treatment reduced HAS3 and CD44 levels relative to untreated
controls as well as dramatically reduced HA levels (Fig. 3g). Furthermore, we observed by in
situ translation studies using fluorescence non-canonical amino-acid tagging (FUNCAT), that
there could be active translation down the length of the protrusions in eI[F4E-overexpressing and
66cl4 cells (Supp. Fig. 3a-b). These translation foci are cyclohexamide dependent validating
them as sites of ongoing translation (Supp. Fig 3a-b). We postulate that eIF4E could be involved
in localized protein synthesis to spatially couple translation of relevant HA enzymes with HA
biosynthesis. In all, our studies demonstrate that e[F4E controls HA biosynthesis at both the

mRNA export and translation level thereby coordinately driving HA production.

elF4E plays well-established roles in invasion, migration and metastasis. We hypothesized that

elF4E co-opted HA synthesis to execute these activities. Starting with invasion, we observed
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that eI[F4E-overexpressing cells invaded matrigel 4-fold better than vector controls (Fig. 4a, b
and Supp. Fig. 4a-b and e-f). By contrast, the S53A eIF4E mutant increased invasion by only
50% relative to vector controls consistent with its more modest effects on HA production by
FACE (Supp. Fig. 4e-f and Supp. Fig 1e). In both elF4E overexpressing and vector control cells,
RNAI1 to eIF4E or ribavirin treatment reduced invasion by ~2.5-fold consistent with the
significant reduction in HA levels (Fig. 2¢ and Supp. Fig. 4e-f). To determine the relevance of
HA production specifically to eIF4E mediated invasion, we used RNAi to knockdown HAS3 in
elF4E overexpressing and vector cells (Fig. 4a and Supp. Fig. 4a-b). We focused on HAS3 since
this is the last step in the biosynthetic pathway of HA and its inhibition specifically impairs HA
synthesis whereas other enzymes in this pathway also participate in unrelated processes. We
observed that RNAi to HAS3 reduced the invasion activity of elF4E by ~5-fold in elF4E
overexpressing cells (to levels of RNAi controls) and 2.5-fold in vector controls where the
effects of endogenous eIF4E are likely being targeted. HAS3 knockdown did not affect eIF4E
levels as observed by Western blot (Fig. 4d). Furthermore, confocal microscopy experiments
revealed that RNAi to HAS3 decreased HA levels to background consistent with its baseline
invasion activity (Fig. 4c). FACE studies also revealed that HAS3 knockdown lowered HA
levels by ~9-fold relative to RNAi controls (Fig. 2c and Supp. Fig. 1f). Strikingly, elF4E
knockdown and HAS3 knockdown similarly reduced HA to background levels.

We explored the efficacy of HAse treatment for the invasion activity of eIF4E (Fig. 4 e & f).
Given the length of time between HAse treatment and re-emergence of HA in elF4E-
overexpressing cells was 12 hours (Supp. Fig. 4h), we treated cells with HAse every 8 hours to
ensure HA was depleted during the course of the experiments. We observed that HAse treatment
reduced invasion by 40% relative to untreated controls. For comparison, ribavirin decreased
invasion by 60% consistent with its reduction of HA to background levels. Strikingly, the
combination of ribavirin and HAse reduced invasion by 80% (Fig. 4e-f and Supp. Fig. 4c-d).
Importantly, ribavirin affects multiple eIF4E target pathways, not only HA biosynthesis, and
thus its effects are expected to be greater than HAse alone. We extended these studies to monitor
the role HA production played in the migration activity of e[F4E in wound healing assays. As

expected, we observed increased migration in elF4E-overoxpressing cells relative to vector
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control (Fig. 4g, h). Knockdown of HAS3 reduced elF4E-dependent migration by ~ 4-fold while
treatment with HAse reduced it by almost 2-fold indicating this was also an HA dependent

phenomenon.

We extended the above studies to examine the role of HA in eI[F4E-mediated metastasis in vivo.
Previously, we demonstrated that ribavirin treatment reduced metastasis by 3-fold in an eIF4E-
dependent pulmonary metastatic mouse model using 66¢l4 cells ®¥. Above, we demonstrated
that e[F4E drives HA production in these cells and that ribavirin repressed HAS3 and HA
production (Fig. 3). Here, we investigated whether inhibition of eIF4E activity correlated not
only with reduced lung metastases but also with lower HA levels (Fig. 5). Serial formalin-fixed
sections of tumor bearing lungs, from control and ribavirin treated animals, were stained for
HA, and hematoxylin (Fig. 5a). Staining intensity and area were quantified using Visiomorph.
Tumours from 10 animals for treated and 9 in the untreated groups were analyzed. Strikingly,
we observed a 50% decrease in HA levels in the lungs of ribavirin-treated mice relative to
controls (Fig. 5a-b). HA surrounded tumour cells indicating that HA was adjacent to and/or on
the surface of these cells. As expected, HA was also found in normal tissues, consistent with its
major structural role in the microenvironment. HAse treatment of serial sections indicated that
the HA staining observed is specific (Fig. 5a). Thus, we demonstrate that eIF4E targeting leads

to reduced HA levels and decreased metastasis in vivo.

Next, we examined whether CD44, as a representative downstream effector of the HA-network,
was also required for e[F4E-mediated invasion (Fig. 1 b-d). eIF4E overexpression led to highly
elevated CD44 protein levels (Fig. 1d) and CD44 coated the surface (Supp. Fig. 5a). Indeed,
CD44 and HA co-localized on the cell surface (Supp. Fig. 5). These studies are similar to those
showing that CD44 bound HA on the surface of HAS3 overexpressing cells V. Inhibition of
CD44 with RNAI or independently with CD44 blocking antibodies (mAb A3DS8) reduced
elF4E-mediated invasion by ~4-fold for RNAi and ~3-fold for mAb A3DS treatment (Supp.
Fig. 5 b-c & f-g). The similarity for the reduction induced by CD44 inhibition, knockdown of

HAS3 or ribavirin treatment suggests that CD44 plays an important role in this process.
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Significantly, modulation of CD44 did not alter HA status, as seen by HABP-staining confocal
microscopy (Supp. Fig. 5¢). Thus, although HA is essential for e[F4E-mediated invasion, its co-
factors CD44 and perhaps others, are likely also required for this activity. This suggests that the
HA coat and/or protrusions need to be armed with CD44 to support the invasion potential of
elF4E overexpressing cells. Further in high-eIF4E cells, HA is likely directly binding CD44 to
activate this signalling pathways in neighbouring cells and/or in its own cells leading to
autocrine stimulation. In either case, these would stimulate cellular signalling cascades that

drive the oncogenic phenotype.

Conclusions

Our studies demonstrate that the entire HA-network is subjected to coordinated post-
transcriptional control by eIF4E. These findings have several mechanistic and clinical
implications. For instance, factors that modulate the levels, localization, or phosphorylation of
elF4E are positioned to profoundly affect HA production and the global activity of the HA
network. Indeed, targeting elF4E with RNAi knockdown or ribavirin treatment reduced HA
levels as effectively as direct targeting with HAse. We note that eIF4E drove the production of
cell-associated HA which in turn, fundamentally modified the cell-surface architecture
facilitating invasion and metastases. Thus eIF4E may specifically drive an oncogenic HA-
programme, in contrast to typical situations where this large glycosaminoglycan is extruded into
the matrix. It is not yet known if the ability to modulate HA is a property unique to eIF4E, or if

other oncoproteins initiate a similar programme.
Materials and Methods

Reagents and Constructs: pcDNA-2Flag-eIF4E wild-type and S53A mutant constructs were
previously described (>, Ribavirin was purchased from Kemprotec (CAS 36791-04-5).
AMAC (2-aminoacridone) from Molecular probes (A-6289). Sodium Cyanoborohydride from
Sigma Aldrich (15,615-9). Chondroitinase ABC from Proteus Vulgaris from Sigma Aldrich
(CAT# C3667-10UN). 40% Acrylamide/Bis Solution, 37.5:1 from BioRad technologies (Cat#
1610148).
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Antibodies for immunoblotting: Mouse monoclonal anti-eIF4E (BD PharMingen, 610270) or
Rabbit monoclonal anti-eIF4E (Millipore, 04-347) for Western Blot analysis. Rabbit anti-e[F4E
for RNA immunoprecipitation (MBL international, RNOO1P). Mouse monoclonal anti-CD44
blocking antibody A3D8 (Novus Biologicals, NB600-1457). Mouse monoclonal anti-CD44
antibody (156-3C11) for Western Blot and Confocal Analysis (Cell Signalling, 3570). Rabbit
polyclonal anti-HAS3 antibody (Abcam, ab154104). Rabbit polyclonal anti-
phosphoglucomutase 5 (Abgent, AI14638). Rabbit polyclonal anti-Glucose 6 phosphate
isomerase antibody [EPR11663(B)] (Abgent, AW5240-U400). Rabbit polyclonal anti-UDP
glucose dehydrogenase antibody (Abgent, AP12613b). Mouse monoclonal anti-GFPT1
antibody [EPR4854] (Abgent, AO2212a). Rabbit polyclonal anti-GNPNATI1 antibody
(GeneTex, GTX122246). Rabbit monoclonal anti-UAP1 antibody [EPR10259] (Abcam,
ab155287). Mouse monoclonal anti-B-actin (Sigma Aldrich, A5441). Mouse monoclonal anti-
a-tubulin (Sigma Aldrich, T5168). Rabbit polyclonal anti-Mcl-I (S-19) (Santa Cruz, sc-819).
Mouse monoclonal anti-c-Myc (9E10) (Santa Cruz, sc-40). Mouse monoclonal anti-HSP90a/f3
(F-8) (Santa Cruz, sc-13119). Rabbit polyclonal anti-Lamin A (C-terminal) (Sigma Aldrich,
L1293). Rabbit polyclonal anti-Pol II N-20 (Santa Cruz, sc-889). Rabbit polyclonal anti-
GAPDH (FL-335) (Santa Cruz, sc-25778).

Cell Culture and Transfection: U20s cells (ATCC) were maintained in 5% CO2 at 37°C in
Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin (Invitrogen). MM6 cells (ATCC TIB202)
and 66¢l4 (obtained from Dr. Wilson H. Miller, Lady Davis Institute, Montreal, QC, Canada)
were maintained in RPMI 1640 (Invitrogen) supplemented with 10% heat-inactivated FBS and
1% penicillin-streptomycin. All cell lines (resistant and parental) were routinely checked to
ensure there was no mycoplasma contamination using MycoAlert Mycoplasma Detection kit
(Lonza, LT07-418). Transfections for stable cell lines were performed using Trans IT-LT1
Transfection Reagent (Mirus) as specified by the manufacturer, and selected in G418-containing
medium (1 mg/mL) for elF4E stable overexpressing cell lines. For elF4E, HAS3 or CD44
knockdowns, U20s cells were transfected with Lipofectamine 2000 and 20-40 nM siRNA

duplex according to the manufacturer's instructions. For siHAS3 two sequences were used such
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that the total amount of the siRNA mix is equal to 40 nM. Cells were analyzed 96 h after
transfection. List of siRNA purchased:

siRNA Catalog #

siRNA duplex_eIF4E (Mouse) IDT Technologies
MMU.RNAILNO0007917.1.1
MMU.RNAILNO007917.1.2
siRNA duplex eIF4E (Human) IDT Technologies
sense (CUGCGUCAAGCAAUCGAGAUUUGGG)
antisense (CCCAAAUCUCGAUUGCUUGACGCAGUC)
siRNA duplex HAS3 IDT Technologies
HSC.RNAILNI138612.12.5
HSC.RNAILN005329.12.3

siRNA duplex CD44 Qiagen
FlexiTube siRNA Hs CD44 Cat# S100299705
siRNA duplex Luciferase IDT Technologies

sense (CACGUACGCGGAAUACUUCGAAATG)
antisense (CAUUUCGAAGUAUUCCGCGUACGUGUU)

Cellular Fractionation and Export Assay: Fractionation protocol was followed as previously
described. About 3 x 107 cells were collected and washed twice in ice cold PBS (1,200 rpm/3-
5 min) and then re-suspended with slow pipetting in 1 ml of lysis buffer B (10 mM Tris pH 8.4,
140 mM NaCl, 1.5 mM MgCl,, 0.5% (v/v) NP-40, 1 mM DTT and 100 U/ml RNase Inhibitors).
The lysate was centrifuged at 1000 g for 3 min at 4°C and supernatant (cytoplasmic fraction)
was transferred into a fresh microtube. The pellet (nuclear fraction) was resuspended in 1 ml of
lysis buffer B, transferred to round bottom, polypropylene tube and 1/10 volume (100 pL) of
detergent stock (3.3% (w/v) Sodium Deoxycholate, 6.6% (v/v) Tween 40 in DEPC H20) was
added with slow vortexing (to prevent the nuclei from clumping) and incubated on ice for 5 min.
The suspension was transferred to a microtube and centrifuged at 1,000 g for 3 min at 4°C.

Supernatant (post-nuclear fraction) was transferred to a fresh tube and the pellet-nuclear fraction
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was rinsed in 1 ml of lysis buffer B and centrifuged at 1,000 g for 3 min at 4°C. The nuclei,
present in the pellet, were re-suspended in 100 pL of lysis buffer B and sonicated. The
postnuclear and cytoplasmic fractions were combined. The RNA was extracted from the
different fractions by adding TRIzol reagent (Invitrogen) and processed according to the

manufacturer’s instructions.

RNA Immunoprecipitation (RIP): RIP from nuclear fractions of cells was performed as
previously described 9. Briefly, 1 mg of nuclear lysate was used for RIP with 7 ug anti-eIF4E
antibody (MBL RNOO1P) or control immunoglobulin G (rabbit, Millipore). After incubation,
complexes were eluted by boiling in tris(thydroxymethyl)aminomethane (Tris) EDTA
containing 1% (w/v) sodium dodecyl sulfate and 12% (v/v) B-mercaptoethanol. RNA were
isolated using TRIzol reagent and isolated using Direct-zol RNA Miniprep Kit (Zymo
Research). RNA samples (TurboDNase, Ambion) were reversed transcribed using SuperScript

VILO cDNA synthesis kit (for RIP experiments) or M-MLV reverse transcription (Invitrogen).

Reverse transcription and Quantitative PCR: DNAse treated RNA samples (TurboDNase,
Ambion) were reverse transcribed using M-MLV reverse transcriptase (Invitrogen). QPCR
analyses were performed using SensiFast Sybr Lo-Rox Mix (Bioline) in AB Viia7 thermal
cycler using the relative standard curve method (Applied Biosystems User Bulletin #2). All

conditions were described previously. Primers list includes:

Name Sequence

CDh44 Sense CGGCTCCTGTTAAATGGTATCT
Antisense TCTGCTTTGTGGTCTGAGAAG

HAS3 Sense CAGGAGGACCCTGACTACTT
Antisense GTGGAAGATGTCCAGCATGTA

Hexokinase 1 Sense GAAGATGGTCAGTGGCATGTA
Antisense GGTGATCCGCCCTTCAAATA

GPI Sense TCTATGCTCCCTCTGTGTTAGA
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Antisense CTCCTCCGTGGCATCTTTATT
UGDH Sense GTGCCCATGCTGTTGTTATTT

Antisense CGCCGTCCATCGAAGATAAA
UAPI Sense GCAGTGCTACAAGGGATCAA

Antisense CCACCAGCTAGAAGAAGAACTG
PGM5 Sense TGATCTCCGAATCGACCTATCT

Antisense ATATCCACTGGGTCCACTATCT
GNPNAT1  Sense CCCAACACATCCTGGAGAAG

Antisense CTCTGTTAGCTGACCCAATACC
GNPTI1/GFAT Sense ACTTTGATGGGTCTTCGTTACT

Antisense ACAATCTGTCTCCCGTGATATG

Actin B Sense GCATGGAGTCCTGTGGCATCCACG

Antisense GGTGTAACGCAACTAAGTCATAG
GAPDH Sense GAAGGTGAAGGTCGGAGTC

Antisense GAAGATGGTGATGGGATTTC

MCL1 Sense TTTCAGCGACGGCGTAACAAACTG
Antisense TGGTTCGATGCAGCTTTCTTGGT
ué Sense CGCTTCGGCAGCACATATAC
Antisense AAAATATGGAACGCTTCACGA
tRNALys Sense GCCCGGATAGCTCAGT

Antisense CGCCCAACGTGGGGC T
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Western Blot Analysis: Western analysis was performed as described previously '® with a
modified lysis buffer (40 mM Hepes, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pB-
glycerophosphate, 50 mM NaF, 0.5 uM NaVO3, and 1% (v/v) Triton X-100 supplemented with
complete protease inhibitors [all were purchased from Sigma-Aldrich]). In addition, blots were

blocked in 5% (w/v) milk in TBS—Tween 20. Primary antibodies were diluted in 5% milk.

Glucose levels: U20s cells overexpressing 2Flag-eIF4E or 2Flag-vector control were plated at
1 million cells per well of a 6-well plate. On the next day, cells were starved in DMEM + 0.5%
(v/v) FBS + 1% (v/v) Pen/Strep for 16 hours at 37 °C, 5% CO2. Following starvation, media
was replaced with low glucose DMEM (Life technologies, Cat# 11885-084) + 1 g/L D-(+)-
Glucose (Sigma Aldrich, Cat# G8644) + 10% (v/v) FBS +1% (v/v) Pen/Strep. Glucose levels
were measured at indicated time points using Clarity Plus Blood Glucose Monitoring Kit (Cat#

DTG-GL-15PROMO).

HA synthesis growing conditions per cell line: (A) For U20s or 66cl4 cell lines: Cells were
seeded at a density of 80,000 cell per well of 4-well glass Millicell EZ-Slide (Millipore,
PEZGS0416) overnight in complete growth media, DMEM or RPMI 1640 respectively. 24 hrs
post-seeding, cells were starved in media containing 0.5% (v/v) FBS + 1% (v/v) Pen/Strep. 16
hrs later, media was replaced with either DMEM/RPMI 1640 containing a total of 2 g/L glucose
as follows: for U20s cells low glucose DMEM + 1 g/L. D-(+)-Glucose + 10% (v/v) FBS + 1%
(v/v) Pen/Strep was used; and for 66¢cl4 RPMI 1640 + 1 g/L D-(+)-Glucose + 10% (v/v) FBS +
(v/v) 1% Pen/Strep. Cells were incubated for 12 hrs at 37 °C 5% CO2 and then prepared for
immunofluorescence staining. (B) For MM®6, cells were grown overnight at 1 million cells/ml
in RPMI 1640 containing 10% (v/v) FBS and 1% (v/v) Pen/Strep. On the next day, cells were
washed two times with 1x PBS (Wisent Biologicals, Cat# 311-010-CL) and resuspended in
RPMI 1640 containing a total of 2 g/L glucose + 10% FBS +1% Pen/Strep and incubated at
37°C 5% CO2 for 4 hours after which prepared for fluorescence staining. CD34+ cells were
purchased from ATCC and primary high-eIF4E AML samples were obtained from our phase I

clinical trial of ribavirin and low-dose cytarabine !9,

Hyaluronidase treatment: One hour prior to the end of the 12 or 4 hrs incubation of U20s,

66c¢cl4 or MM6 cells, respectively, in media containing 2 g/L glucose, cells where treated with
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Hyaluronidase from Streptomyces Hyalurolyticus (Sigma Aldrich, Cat# H1136) at 12 units/ml/1
million cell and incubated at 37°C 5% CO2 for 1 hour. Hyaluronidase preparation: 1 Ampule
(equivalent to 300 units) was resuspended at 1 unit/ul in the following buffer (20 mM sodium
phosphate buffer, pH 7.0, with 77 mM sodium chloride and 0.1 mg/ml BSA at 1 mg/ml),

incubated at room temperature for 10 minutes and then aliquoted and stored at -80 °C. After

Immunofluorescence, fluorescence and laser-scanning confocal microscopy: For HA
staining biotinylated Hyaluronic acid binding protein (from Bovine Nasal Cartilage, Millipore,
Cat# 385911) resuspended in 100 pl water: glycerol (50:50) (v/v) was used. Fluorescence
staining was carried out as described (PEG Protocol Cleveland Clinic). Briefly, following
incubation with media containing 2 g/L glucose and treatment with Hyaluronidase, cells were
washed 3 times with complete growth media followed by 3 washes with 1 x PBS. Slides were
then air-dried for 15 minutes and fixed with 4% Paraformaldehyde (32% solution from Electron
Microscopy Sciences, Cat# 15714) prepared in 1x PBS for 10 minutes at room temperature.
After fixation, slides were air-dried and stained right away. Note that slides can be stored at 4°C
for few days, however longer term storing at 4°C or -20°C is not recommended as HA staining
is lost due oxidative or mechanical breakdown of HA chains. For staining, slides were blocked
for 1 hour at room temperature in blocking solution (10% (v/v) FBS + 0.2% (v/v) Triton-X-100
in 1x PBS) and incubated with HABP (1:100 dilution in blocking solution) overnight at 4°C;
followed by 3 washes in blocking solution (5 minutes each). Slides were then incubated with
FITC or Texas Red conjugated Streptavidin (Vector Laboratories, Cat# SA-1200) (1:500
dilution in blocking solution) for 1 hour at room temperature; washed 4 times with 1x PBS (pH
7.4) and mounted in Vectashield with DAPI (Vector laboratories, Cat# H-1200). For CD44
staining: mouse anti-CD44 (A3D8 or 156-3C11) was used at 1:500 dilution in blocking buffer,
respectively. Secondary anti-mouse FITC antibody (Jackson Laboratories) was used at 1:500
dilution. Incubations with primary antibodies were carried out overnight at 4°C and incubations

with secondary antibodies were done for 1 hour at room temperature.

Analysis was carried out using a laser-scanning confocal microscope (LSM700 META; Carl
Zeiss, Inc.), exciting 405 and 543nm or 488nm with a 63x objective, 2x digital zoom (where
indicated), and numerical aperture of 1.4. Channels were detected separately, with no cross talk

observed. Confocal micrographs represent single sections through the plane of the cell. Images
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were obtained from ZEN software (Carl Zeiss, Inc) and displayed using Adobe Photoshop CS6
(Adobe).

Ribavirin treatment: Treatment of U20s, MM6 and 66c¢l4 cells with ribavirin was carried out
as follows. For U20s and 66c¢l4 cell lines: cells were seeded at 0.7 million (Untreated) or 1.4
million cells (Ribavirin treated) per 10 cm plate. 20 uM ribavirin was used to treat cells for 48
or 96 hrs (for 96 hrs treatments, ribavirin is replenished every 24 or 48 hrs). For MM6 cells were
treated with SuM ribavirin at 0.5 million/ml (Untreated) or 1 million/ml (Ribavirin treated) cell

density, and ribavirin was replenished every 24 hrs for 48 or 96 hrs.

In vitro fluoroblok Matrigel invasion assay: Fluoroblok Invasion assays were performed
according to manufacturer instructions (Refl: Automated, Kinetic Imaging of Cell Migration
and Invasion Assays using Corning FluoroBlok™ Permeable Supports. Brad Larson et al.
BioTek 2014. Ref2: An in vitro FluoroBlok Tumour Invasion Assay. Jeff Partridge et al. BD
Biosciences. JOVE 2009 DOI: doi:10.3791/1475). Briefly, fluoroblok 24-well inserts with 8-
micron pore size PET membrane (Corning Ct # 351152) were precoated with 1 pg/ul Matrigel
matrix basement membrane (BD Biosciences Cat # 356237) diluted in serum free DMEM media
for 24 hr at 37 °C. Cells were harvested, centrifuged, rinsed three times with serum free media
and suspended at a density of 1 x 10° cells/ 300 pl in culture media containing 0.5% (v/v) FBS.
Cells were then plated on Matrigel coated and uncoated inserts and 750 ul of culture media
containing 10% (v/v) FBS was added to the lower compartment of the chamber. Chambers were
incubated at 37°C for 48 hrs. After invasion period, cells were labeled with DilCi2(3)
perchlorate, ultra-pure (Enzo Life Sciences, Cat # ENZ-52206) diluted at 1:2000 in culture
media for 10 minutes at 37°C followed by 15-minute incubation at 4°C. After washing,
fluorescence of invaded and migrated cells was measured at wavelengths of 549/565 nm
(Ex/Em) on a bottom-reading fluorescent plate reader and images were taken using an inverted

fluoresce microscope to verify results. Data is expressed according to the following equation:

% invasion= Mean RFU of cells invaded through matrigel coated inserts towards chemoattractant

Mean RFU of cells migrated though uncoated inserts towards chemoattractant

111



In vitro Scratch Assay: U20s cells overexpressing 2Flag-eIF4E or vector control subjected to
HAS3 knockdown for 72 hrs were seeded in Millicell EZ slide (4-well glass) at 80,000 cell per
well diluted in DMEM containing 10 % (v/v) FBS+1% (v/v) Pen/Step. On the next day, cells
were starved in DMEM containing 0.5% (v/v) FBS +1% (v/v) Pen/Strep for 16 hrs. Following
incubation, a scratch was made in the cell layer using a 1 ml tip. Cells were then washed with
PBS to remove floating cells and fresh DMEM-low glucose media containing 10% (v/v) FBS +
1% (v/v) Pen/Strep + 1 g/1 glucose was added (total glucose concentration is 2 g/l). For the HAse
treatment conditions, 12 units/ml of Streptomyces Hyaluronidase was added per well following
media change. Pictures of the scratches were taken at the time of the scratching and after 16 hrs.
The area not filled with cells was quantified using TScratch software (available from

Computational Science and Engineering lab at ETH University, Zurich, Switzerland).

Fluorophore-Assisted Carbohydrate Electrophoresis (FACE): U20Os cells were seeded at 1
million cells/well of a 6-well plate and incubated at 37°C 5% CO2 overnight. 24 hrs after, cells
were starved in DMEM containing 0.5% (v/v) FBS + 1% (v/v) Pen/Strep for 16 hrs. Media was
then replaced with low glucose DMEM + 1 g/L glucose + 10% (v/v) FBS + 1% (v/v) Pen/Strep
and incubated for 12 hrs at 37°C, 5% CO2. Following incubation, samples were prepared for
FACE analysis as previously described (PEG protocol Cleveland Clinic). Briefly, media was
collected and cells were washed 3 times with 1x PBS. Media and cells were treated with 1x
Proteinase K (from Tritirachium album, Sigma Aldrich, Cat# P2308) for 2 hours at 60°C
followed by precipitation and treatment with Hylauronidase and Chondroitinase ABC. Samples
were finally lyophilized, resuspended in AMAC solution and separated on acrylamide gels as
described. Fluorescence detection of AMAC derivatives was achieved with GelDoc system.

DNA was quantified using Quant-iT PicoGreen dsDNA assay kit (ThermoFisher, P11496).

Histochemistry staining: Tumour blocks of mouse mammary tumours and lung metastases of
published data © were analyzed for HA staining as a function of ribavirin treatment from 10
ribavirin and 10 control animals. A total of 3 x 4 um serial step sections were prepared and
stained for each mouse for HABP and H&E. Batch analysis of 10 selected areas of 5.8 x 102
mm2 (2.4 x 105 pixels) were run. Percent positive nuclei per section were determined by

addition of areas until the average percent positive nuclei for one section did not change. One
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tumour section per animal was analyzed, and at least three areas of healthy tissue were taken

into consideration for the percent positive nuclei result.

In situ Protein Synthesis Assay: We used Click-iT HPG Alexa Four 488 (Thermo Fisher
Scientific, Catalog number C10428) according to the manufacturer’s instructions. Briefly, cells
pretreated with 20 uM Ribavirin for 48 hours were seeded in Millicell EZ slide (4-well glass) at
80,000 cell per well diluted in DMEM containing 10 % (v/v) FBS+1% (v/v) Pen/Step. On the
next day, cells were starved in DMEM containing 0.5% (v/v) FBS +1% (v/v) Pen/Strep for 16
hrs. Following starvation, media was replaced with fresh DMEM-low glucose containing 10%
(v/v) FBS + 1% (v/v) Pen/Strep + 1 g/l glucose was added (total glucose concentration is 2 g/I)
and cells were incubated for 12 hours to allow synthesis of HA. After incubation, cells were
incubated with HPG for 1 hour in methionine free RPMI 1640 + 10% (v/v) FBS +1% (v/v) P/S
+1 g/l glucose. Cells were then washed with PBS and fixed with 3.7% formaldehyde for 15 min
at room temperature and permeabilized with 0.5% (v/v) Triton X-100. Incorporation of HPG
was detected using Click-iT Cell Reaction Buffer Kit according to the manufacturer's

instructions. Confocal analysis was used to assess in sifu protein synthesis.
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Figure 1: elF4E regulates the expression of HA synthesizing enzymes and HA receptor
CD44. (A) HA biosynthesis pathway. (B) RT-qPCR of HA synthesizing enzymes and its
receptor CD44 following RNA immunoprecipitation (RIP) of nuclear eIlF4E in U20s 2Flag-
elF4E cells using rabbit anti-eIF4E antibody. Data are normalized to IgG control and presented
as fold change. c-Myc and Mcl-1 are eIF4Es and thus serve as positive controls while GAPDH
and 18S rRNA served as negative controls. (C) RT-qPCR of HA synthesizing enzymes in
cytoplasmic versus nuclear fractions of U20s cells overexpressing 2Flag-eIF4E (2F4E), SS3A
mutant (2FS53A) or vector control (2Fvect). Data are normalized to vector control. c-Myc and
Mcl-1 served as known elF4E targets while GAPDH, Hsp90 and B-Tubulin served as negative
controls. (D) Western blot of HAS3 and CD44 as a function of eIF4E or S53A mutant
overexpression. Mcl-1 served as positive elF4E target control. Actin was used as a loading
control. HK: Hexokinase; HAS3: Hyaluronan Synthase 3; PGMS5: Phosphoglucomutase 5;
UGP2: UDP glucose pyrophosphorylase; UGDH: UDP glucose dehydrogenase; GFPTI1:
Glutamine fructose 6 phospho transaminase; GNPNATI: Glucosamine phosphate N-
acetyltransferase; UAP1: UDP N-acetyl pyrophosphorylase; GPI: Glucose-6-phosphate
isomerase; CD44: HA receptor; MMP9: Matrix Metalloproteinase 9. For bar graphs, the average
+/- standard deviation are shown. Experiments were carried out in triplicate, at least three

independent times.
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Figure 2: eIF4E overexpression correlates with increased HA synthesis. (A) Fluorescence
staining of HA (in green) using biotinylated HA binding protein with streptavidin-FITC in U20s
cells overexpressing elF4E, S53A mutant or vector control in the presence or absence of
Streptomyces Hyaluronidase treatment. DAPI is in blue. Note cell surface expression of HA in
response to elF4E overexpression. All confocal settings are identical between specimens and
thus lower signal is indicative of less HA. A x40 objective with no digital zoom was used. (B)
2x digital zoom in confocal images of HA from part (A). (C) Quantification of fluorophore-
assisted carbohydrate electrophoresis (FACE) gels (Sup Fig 1 e&f) for HA levels in U20s cells
expressing elF4E, S53A mutant or vector control, and U20Os cells overexpressing elF4E

following HAS3/elF4E knockdown or pharmacological inhibition with ribavirin. (D)
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Fluorescence staining of HA (in green) following siRNA to eIlF4E or ribavirin treatment in
U20s cells overexpressing eI[F4E. DAPI is in blue. A x63 objective with no digital zoom used.
For bar graphs, the mean +/- SD are shown. Experiments were carried out in triplicate, at least

three independent times. **P <0.01, ***P <0.001 (Student’s t-test).
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Figure 3: eIF4E elevates HA in cancer cell lines and primary specimens. (A) RT-qPCR of
HA synthesizing enzymes and its receptor CD44 following RNA immunoprecipitation of
nuclear elF4E in MM-6 cells using rabbit e[F4E antibody. Data are presented as fold change
relative to IgG controls. c-Myc and Mcl-1 served as endogenous elF4E targets while GAPDH,
B-Tubulin and 18SrRNA served as a negative control. (B) RT-qPCR of HA synthesizing
enzymes in cytoplasmic versus nuclear fractions of MM-6 cells treated with Ribavirin. Data are
normalized to untreated control. Error bars are averages +S.D. c-Myc and Mcl-1 served as

known elF4E targets while GAPDH, -Tubulin, RPIla and Survivin served as negative control.
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(C) Western blot of HA synthesizing enzymes and CD44 as a function of Ribavirin treatment
in MM-6 cell line. Mcl-1 served as endogenous eIF4E target while Hsp90 served as a loading
control. (D) Fluorescence staining of HA (in red) in MM-6 cell lines treated with Ribavirin (Rib)
versus untreated (UN) in the presence or absence of Hyaluronidase treatment. DAPI is in blue.
A x63 objective with no digital zoom is used. (E) Fluorescence staining of HA (in red) in
Normal human CD34+ specimen compared with leukemic cells from M5 AML Patient. (F)
Quantification of HA fluorescence staining in M4/M5 AML patients using ZEN software. HA
signal intensity is presented as the geometric means of the HA signal in 100 cell normalized to
that of Normal human CD34+ specimen. (G) Fluorescence staining of HA (in green) in 66¢cl4
cells in the presence or absence of Hyaluronidase or Ribavirin treatment. DAPI is in blue. A
x63 objective with no digital zoom used. (H) Western blot control of HAS3 and CD44 as a
function of ribaivirin treatment in 66¢cl4 cell line. Mcl-1 served as endogenous eIF4E target
while ActinB served as loading control. Experiments were carried out in triplicate, at least three
independent times. For bar graphs, the mean +/- standard deviation are shown. *P <0.05

(Student’s t-test).
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Figure 4: Surface HA is required for elF4E-mediated invasion and migration of cancer
cells. (A-B) Cell invasion through matrigel assessed following siRNA-mediated knockdown of
HAS3 or scrambled control (Luciferase (siLuc)) in U20s cells overexpressing eIF4E or vector.
Invasion is measured as the percentage of fluorescence staining intensity in matrigel coated
inserts versus that of the control inserts. (C) Fluorescence staining of HA (in green) following
siRNA to HAS3. DAPI is in blue. A x40 objective with no digital zoom used. (D) Western blot
to demonstrate knockdown efficiency of HAS3. Tubulin served as loading control. (E-F) Cell
invasion through matrigel assessed in U20s cells overexpressing eIF4E following treatment
with Ribavirin and/or Hyaluronidase. Invasion is measured as in 0. (G-H) Cell migration across
a scratch assessed in U20s cells overexpression elF4E or vector control following knockdown
of HAS3 or treatment with Streptomyces Hyaluronidase. Migration is measured as the
percentage of the area not filled with cells at t=16hrs normalized to that of the t=0hr time point.
For bar graphs, the mean +/- standard deviation are shown. Experiments were carried out in

triplicate, at least three independent times. **P <0.01, ***P <0.001 (Student’s t-test).
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Figure 5: HA biosynthesis is required for el[F4E-mediated lung metastasis in mice. (A)
Histochemical staining of HA using biotinylated HABP in metastatic mouse tumours. (B)
Quantification from Visiomorph. For bar graphs, the mean +/- standard deviation are shown.

*P <0.05 (Student’s t-test).
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Supplemental Figure 1

Supplementary Figure 1: eIF4E regulates HA synthesis. (A) Control Western blot for cellular
fractionation corresponding to eI[F4E RIP shown in Figure 1B. Lamin and Pol II are used as
nuclear markers while GAPDH, B-Tubulin and MEK are used as cytoplasmic markers. (B)
Semi-qPCR for tRNAlys and U6 snRNA as control for the cytoplasmic and nuclear fractions,
respectively, corresponding to the export assay shown in Figure 1C. (C) RT-qPCR of total
mRNA levels corresponding to mRNA export assay shown in Figure 1C. (D) Western blot of
HA synthesizing enzymes as a function of e[F4E or S53A mutant overexpression. cMyc served
as positive elF4E target control. Actin was used a loading control. (E-F) Fluorophore-assisted
carbohydrate electrophoresis gels corresponding to bar graph presented in Figure 2 c. (G)

Glucose levels were measured in mg/dl using Clarity Plus Blood Glucose Monitoring Kit in
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Vector or eIF4E U20s cells as a function of time (in hours). Experiments were carried out in
triplicate, at least three independent times. (H) Fluorescence staining of HA (in green) of U20s
cells overexpressing eIF4E collected at different time points following media change (to DMEM
containing 2 g/l glucose). DAPI is in blue. A x40 objective with no digital zoom used.
Experiments were carried out in triplicate, at least three independent times. For bar graphs, the

mean +/- standard deviation are shown.
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Supplemental Figure 2

Supplemental Figure 2: eIF4E elevates HA in cancer cell lines and primary specimens. (A)
Control Western blot for cellular fractionation corresponding to eI[F4E RIP. Lamin and Pol II
are used as nuclear markers while Rafl is used as cytoplasmic marker. (B) RT-qPCR of total
mRNA levels corresponding to mRNA export assay (C) Semi-qPCR for tRNAlys and U6

snRNA served as controls for the cytoplasmic and nuclear fractions, respectively.
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Supplementary Figure 3: eIF4E concentrates in HA rich protrusions and correlates with
sites of active translation. (A-B) Fluorescence staining of Click iT HPG Alexa Flour 488 in
66c¢l4 or U20s cells overexpressing elF4E cells, respectively, following treatment with 20 uM
Ribavirin versus untreated control. Cyclohexamide treatment is used as a negative control. A
x40 or 63 objectives is used. Experiments were carried out in triplicate, at least three

independent times.
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Supplemental Figure 4
Supplementary Figure 4: Surface HA is required for eIF4E-mediated invasiveness of
cancer cells. (A-D) Control inserts for Matrigel invasion assays shown in Figures 3a and e. (E-
F) In vitro Matrigel invasion assay following siRNA mediated knockdown of eIF4E in U20s
cells overexpressing elF4E, S53A mutant or vector control. (G) Control inserts for invasion
assays shown in parts E and F. (H) Fluorescence staining of HA (in green) in U20s cells
overexpressing elF4E collected at different time points following HAse treatment. DAPI is in
blue. A x40 objective with no digital zoom used. Experiments were carried out in triplicate, at
least three independent times. For bar graphs, the mean +/- standard deviation are shown.

**P <0.01, ***P <0.001 (Student’s t-test).
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Supplemental Figure 5: CD44 is required for the invasion of elF4E cells. (A)
Immunofluorescence staining of CD44 (in green) following siRNA-mediated knockdown of
CD44 in U20s cells overexpressing elF4E or vector control. DAPI is in blue. A x40 objective
with no digital zoom used. (B-C) Cell invasion through matrigel assessed following siRNA-
mediated knockdown of CD44 in U20s cells overexpressing eIF4E or vector control. siRNA
against Luciferase was used as a control. Invasion was measured as a percentage of fluorescence

staining intensity of matrigel coated inserts normalized to control inserts. (D) Western blot
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control to assess knockdown efficiency of CD44. (E) Fluorescence staining of HA (in green)
following siRNA to CD44 versus scrambled control in U2Os cells overexpressing e[F4E. DAPI
is in blue. A X63 objective with no digital zoom used. (F-G) Control inserts for Matrigel invasion
assays shown in part (B). (H-I) Cell invasion through matrigel assessed following treatment with
anti-CD44 blocking antibody (A3D8) known to bind the HA-binding domain of CD44. Invasion
is measured as percentage of fluorescence staining intensity of matrigel coated inserts
normalized to control inserts. (J-K) Control inserts for Matrigel invasion assays shown in part
(H-I). For bar graphs, the mean +/- standard deviation are shown. Experiments were carried out

in triplicate, at least three independent times. **P <0.01, ***P <0.001 (Student’s t-test).
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CHAPTER 9

Combinatorial Targeting of Nuclear Export and
Translation of RNA Inhibits Aggressive B-cell Lymphomas

(RESEARCH ARTICLE)
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Synopsis:

elF4E is overexpressed in Diffuse Large B Cell Lymphoma (DLBCL), including the most
aggressive subtypes. Its activity in driving the mRNA export and translation of known driver
oncogenes (BCL6, BCL2, MYC) is maintained through binding to Hsp90. Accordingly, co-
inhibition of these two binding partners with known pharmacological inhibitors induces tumor
regression in cell line and patient-derived tumorgrafts and sets the stage for a new antilymphoma

therapeutic strategy.
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Combinatorial targeting of nuclear export and translation of RNA
inhibits aggressive B-cell lymphomas
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* elF4E, a protein highly
elevated in poor-prognostic
lymphomas, simultaneously
sustains expression of known
driver oncogenes BCLS6,
BCL2, MYC.

* The tumorigenic form of
Hsp90 is a novel partner
protein in the process
underlying a new therapeutic
strategy for these aggressive
lymphomas.

Aggressive double- and triple-hit (DH/TH) diffuse large B-cell ymphomas (DLBCLs) feature
activation of Hsp90 stress pathways. Herein, we show that Hsp90 controls posttranscriptional
dynamics of key messenger RNA (mRNA) species including those encoding BCL6, MYC, and
BCL2. Using a proteomics approach, we found that Hsp90 binds to and maintains activity of
elF4E. elF4E drives nuclear export and translation of BCL6, MYC, and BCL2 mRNA. elF4E
RNA-immunoprecipitation sequencing in DLBCL suggests that nuclear elF4E controls
an extended program that includes B-cell receptor signaling, cellular metabolism, and
epigenetic regulation. Accordingly, elF4E was required for survival of DLBCL including
the most aggressive subtypes, DH/TH lymphomas. Indeed, elF4E inhibition induces
tumor regression in cell line and patient-derived tumorgrafts of TH-DLBCL, even in the
presence of elevated Hsp90 activity. Targeting Hsp90 is typically limited by counter-
regulatory elevation of Hsp70B, which induces resistance to Hsp90 inhibitors. Surprisingly,
we identify Hsp70 mRNA as an elF4E target. In this way, elF4E inhibition can overcome drug
resistance to Hsp90 inhibitors. Accordingly, rational combinatorial inhibition of elF4E and
Hsp90 inhibitors resulted in cooperative antilymphoma activity in DH/TH DLBCL in vitro and

Introduction

in vivo. (Blood. 2016;127(7):858-868)

Approximately one-third of patients with diffuse large B-cell lym-
phoma (DLBCL) have disease that is either refractory or relapses after
combinatorial ciflemo-immunotherapy."1 Mutation and constitutive
expression of sets of key oncoproteins define DLBCL patients with
particularly poor outcome. Among these patients, those with high
expression or amplification of MYC (V-Myc avian myelocytomatosis
viral oncogene homolog) show the worst outcome with an overall
survival below 30% at 2 ycm‘s.3'5 Frequently, MYC abnormalities are
associated with either BCL2 (B-cell CLL/lymphoma 2) and/or BCL6
(B-cell CLL/lymphoma 6) mutations leading to elevated levels of these
proteins.” Almost 60% of patients with BCL2 and MYC translocations
die within 6 months of diagnosis because of chemorefractory disease,
a prognosis that cannot be overcome with intensified chemotherapy.”
A further hindrance to the development of new treatment regimens
is the fact that these double- and triple-hit (DH/TH) lymphomas are

frequently found in the elderly” who have limited tolerability to chemo-
therapeutic regimens. However, novel targeted therapies disrupting key
DH/TH DLBCL driver mechanisms offer for the first time opportunities
to change the devastating natural history of this disease.

Previous reports indicated that the fraction of a stress active form of
Hsp90 that is enriched in tumor cells (herein, tumor-enriched Hsp90
[TEHsp90]) plays an important role in lymphomagenesis.® TEHsp90
interacts with many proteins and mediates a diverse set of mechanisms
beyond its chaperone function.”'® For example, TEHsp90 maintains
the stability of BCL6 messenger RNA (mRNA) and protein, thus
enabling sustained expression of BCL6 in DLBCL.® A recently devel-
oped small molecule called PU-H71 preferentially inhibits TEHsp90
with relatively less activity against the housekeeping pool of bulk
Hsp90 protein.®'""'? Hence, PU-H71 is selectively toxic to tumor cells
that are TEHsp9(0 dependent while sparing normal tissue.>! 112
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TEHsp90 tends to selectively bind to those proteins that are most
critical for maintaining the survival of tumor cells. The small molecule
PU-H71 binds tightly to TEHsp90 and locks it into its partner protein-
bound cunﬁguratiun.” Hence the PU-H71 molecule can serve as the
basis for an affinity-capture proteomics strategy to identify TEHsp90
partner proteins that play crucial roles in cancer biology.'*'* Using this
strategy, we recently mapped the TEHsp90 interactome in DLBCLs
and found that several proteins regulating RNA metabolism, including
elF4E (eukaryotic translation initiation factor 4E), are part of this
TEHsp90-orchestrated network of proteins required to sustain the
lymphoma phenotype.'? eIF4E is a key oncogenic factor in B-cell
lymphOn'mlgenesis.'5 The oncogenic potential of elF4E arises from
its critical roles in the cytoplasm in the mRNA translation and in the
nucleus in the mRNA export of a specific subset of transcripts.'” '
These transcripts can be regulated at the cytoplasmic (ie, translation),
nuclear (ie, export), or at both levels.'® Nuclear targets are exported in
the presence of elF4E, LRPPRC (leucine-rich pentatricopeptide repeat
containing), and XPOI1 (exportin 1).1° eIF4E competitive inhibitors,
such as ribavirin, abrogate its prosurvival function and cause antitumoral
effect in solid tumors and acute myeloid leukemia (AML)."*

Here, we show that TEHsp90 controls posttranscriptional dynamics
of key mRNA species including those encoding BCL6, MYC, and
BCL2 in DH/TH DLBCLs. We identify that eIF4E simultaneously
modulates the mRNA export and translation of these genes and that
TEHsp90 modulates elF4E activity. We observe that eIF4E inhibi-
tion potently suppresses tumor growth through its effects on these
transcripts. We also identify Hsp70 mRNA as an eIF4E target, and,
in this way, elF4E inhibition can overcome resistance to Hsp90
inhibitors. Accordingly, rational combination of eIF4E and TEHsp90
inhibitors resulted in cooperative antilymphoma activity in DH/TH
DLBCL in vitro and in vivo, offering a potential new strategy for
treating poor-outcome lymphomas.

Methods

Cell lines and reagents

DLBCL cell lines OCI-Ly1 and OCI-Ly 18 were grown in 90% Iscove’s and
10% fetal calf serum medium (supplemented with penicillin G/streptomycin),
and DLBCL cell lines SU-DHL6. DoHH2, Toledo, and Karpas422 were
grown in 90% RPMI and 10% fetal calf serum medium (supplemented with
penicillin G/streptomycin, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid, and L-glutamine). The cell line U208 was grown in Dulbecco’s modified
Eagle medium with 10% fetal bovine serum and 1% penicillin/streptomycin.
Cell lines were obtained from American Type Culture Collection. German
Collection of Microorganism and Cell Cultures DSMZ, or the Ontario Cancer
Institute. We conducted monthly testing for Mycoplasma sp. and other con-
taminants and quarterly cell identification by single-nucleotide polymorphism.
Ribavirin was obtained from Kemprotec. PU-H71, PU-H71-beads, and control
beads were synthesized and prepared at Memorial Sloan Kettering Cancer
Center (T.T. and G.C.). For analysis of mRNA export, protein levels and
polysomal profiling cells were treated with PU-H71 0.5 pM for 12 hours (all
DLBCL cell lines), ribavirin 10 wM (OCI-Ly1 and DoHH2), or ribavirin 30 p.M
(SU-DHL6) for 48 hours (or 96 hours for polysomal profiling). elF4E small-
interfering RNA (siRNA) and control sequences are from Culjkovic-Kraljacic
et al.'® U208 cells were transfected with Lipofectamine (ThermoFisher) and
analyzed at 72 hours. DoHH2 cells were transfected by 2 rounds of elec-
troporation 72 hours apart (Amaxa, Lonza AG) and analyzed at 48 hours.

RIP

RNA-immunoprecipitation (RIP) from nuclear fractions of cells was performed
as previously described.'® Briefly, | mg of nuclear lysate was used for RIP with
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6 pg anti-eIF4E antibody (MBL RNOOIP) or control immunoglobulin
G (rabbit, Millipore). After incubation, complexes were eluted by boiling in tris
(hydroxymethyl)aminomethane (Tris) EDTA containing 1% sodium dodecyl
sulfate and 12% B-mercaptoethanol. RNA was isolated using Trizol reagent
and precipitated in isopropanol with addition of linear acrylamide. DNase-
treated RNA samples (TurboDNase, Ambion) were reversed transcribed
using SuperScript VILO cDNA synthesis kit (Invitrogen).

Polysomal profiling

Polysomal profiling was done as described.?' Briefly, cells were treated with
cycloheximide (100 mg/mL) 10 minutes before harvesting, and lysates were
prepared using polysomelysis buffer (15 mM Tris pH 7.4, 250 mM NaCl, 15 mM
MgCls. 1% Triton X-100, 100 pg/mL cycloheximide, | mM dithiothreitol,
400 U/mL RNaseOUT [Invitrogen], and protease inhibitors [Roche]). Equal
amounts (4 mg) of protein lysates were layered on a 20% to 50% linear
sucrose gradient (20% and 50% sucrose solutions in 15 mM Tris pH 7.4,
15 mM MgCl,, 150 mM NaCl, | mM dithiothreitol, 100 mg/ju] cycloheximide,
and 20 U/mL RNAseOut), mixed on Gradient Station IP Biocomp and
centrifuged in a Beckman SW41Ti rotor at 92 000 G for 3 hours at 4°C. Fol-
lowing centrifugation, polysomal fractions were collected by continuously
monitoring and recording the A254 on a Gradient Station IP (Biocomp)
attached to a UV-MII (GE Healthcare) spectrophotometer. RNAs were isolated
from polysomal fractions using Trizol reagent (Invitrogen).

Animal experiments

All animal procedures followed National Institutes of Health protocols and
were approved by the Animal Institute Committee of the Weill Comell Medical
College.

Cell line xenografts. SCID mice were subcutaneously injected on the
right flank with DLBCL cell lines OCI-Ly | and SU-DHL6. Tumor volumes
were monitored every day using electronic calipers (Fischer Scientific). When
tumor reached a palpable size (~75 to 100 mm®), animals were randomized
into 4 groups of 10 mice and treated intraperitoneally with vehicle, ribavirin,
PU-H71, or the combination of ribavirin and PU-H71. We used the area-
under-the-curve (AUC) as the quantitative metric to represent the evolution
of tumor volume over the time frame (10 days) of the experiment. The compar-
isons between treated and control mice were done using multivariate analysis
of variance followed by pairwise comparison using the 2-tailed Student ¢ test
(Statistix; Analytical Software, Tallahassee, FL).

Patient-derived tumorgrafts. NSG mice were subcutaneously injected
in the flank with primary human DLBCL cells. When tumor reached palpable
size (as described previously), animals were randomized into 2 groups of mice
and received vehicle or ribavirin 80 mg/kg intraperitoneally for 10 days. The
measurement of tumor volume and comparisons between treated and control
mice were performed as described previously.

Growth inhibition determination, immunohistochemistry and fluorescence
in situ hybridization (FISH), RNA nuclear export, immunoblotting, metabolic
labeling and capture of newly synthesized protein, RNA-sequencing (RNA-seq)
and analysis, and TEHsp90 proteomics and validations are described in the
supplemental Data (available on the Blood Web site). The Gene Expression
Omnibus accession number for the mRNA-seq data sets reported is GSE63265.

Results

TEHsp90 proteomics points to elF4E as a key driver of
DH/TH DLBCL

We first identified DH/TH DLBCL cell lines by FISH for MYC,
BCL6, and BCL2. In a panel of 35 DLBCL cell lines, we found 6 with
DH or TH mutations (OCI-Ly1, SU-DHL6, DoHH2, Karpas422, OCI-
Ly18, and Toledo) (Figure 1A). Hsp90 is universally overexpressed in
DLBCL specimens and to a similar extent in DH/TH and non-DH/TH
cells.® Accordingly, the activity of PU-H71 in DH/TH DLBCL is
similar to non-DH/TH DLBCL cell lines (Figure 1B). This suggests
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Figure 1. elF4E is expressed in DH/TH DLBCL. (A)
Representative image of BCL2, BCL6, and MYC FISH
assay carried out in OCl-Ly1, SU-DHL6, and DoHH2
cell lines. Summary of FISH findings for MYC, BCL2,
and/or BCL6 in 6 DLBCL cell lines harboring >1 of such
chromosomal abnormalities. (B) Scatter plot for PU-H71
Glso (growth inhibitory concentration 50%) in DH/TH cell
lines (n = 6) vs non-DH/TH DLBCL cell lines (n = 29). (C)
elF4E expression by immunohistochemistry from 111
DLBCL cases. Number of positive cells (over total
cells) is represented by color scale. All the DH/TH
cases in the cohort (n = 6) presented the highest levels
of elF4E staining (n = 10). (D) Affinity purification of
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that TEHsp90 may carry out diverse functions required to maintain
survival also in these highly aggressive lymphoma cells. To elucidate
these functions, we used PU-H71 as a chemical capture reagent to
isolate TEHsp90 complexes from cell lysates of the TH lymphoma
cell line OCI-Ly 1 (MYC amplification, t14,18, and 3q27) by affinity
purification followed by mass spectrometry. Proteomic analysis
revealed that TEHsp90 was strongly bound to eIF4E (supplemental
Figure 1), a critical factor in B-cell lymphomagenesis. '3 Other ribo-
somal proteins and components of the translational machinery such
as elF4A 1 were also enriched (supplemental Figure 1).

The dual nuclear and cytoplasmic localization of elF4E suggested
it might be active in both cellular compartments.'®'® This is of interest
because elF4E is known to mediate nuclear export of mRNAs in
addition to its role in facilitating translation in the cytoplasm.'®>
Therefore, we next assessed elF4E expression and cellular localization
patterns in primary human DH/TH DLBCL patients. We analyzed
elF4E expression in 111 cases of DLBCLs by immunohistochem-
istry and found that in 75% of cases (n = 83) the protein was detectable
under the conditions used (positive cases) (Figure 1C and supplemental
Figure 2). In 72% of positive cases (n = 60 specimens), eIF4E was
localized in both nuclei and cytoplasm, whereas in 10% (n = 8) and
18% (n = 15) eIF4E was exclusively detected in either the cytosolic
or nuclear compartment, respectively. We then ranked nuclear and
cytosolic positive cases according to the number of lymphoma cells
expressing eIF4E into high expression (>60% positive lymphoma
cells), midexpression (<60 and >30% positive lymphoma cells),
and low expression (<<30% positive lymphoma cells) (Figure 1C and
supplemental Figure 2). We found that from the cohort of patients
expressing high levels of eIF4E (n = 11), 6 patients also had DH/TH
lymphomas defined as translocations or amplifications in MYC and
BCL2 and/or BCL6 by FISH analysis (Figure 1C). There were no

DH/TH lymphomas (by FISH) in patients expressing a low level or
midlevel of elF4E (P > .001 vs high elF4E-expressing cases,
Fisher’s exact test; Figure 1C). These findings suggest potential
functional relevance of eIF4E in DH/TH DLBCL. Because the role
of nuclear eIF4E has not yet been characterized in DH/TH DLBCL
cells,'® we analyzed the association of TEHsp90 and eIF4E in this
compartment. We therefore performed affinity purification of the
nuclear TEHSP90 complex using PU-H71 beads and found the
presence of eIF4E in the nuclear lysates of OCI-Ly1 (56% of total
input), DoHH2 (66% of total input), and SU-DHL6 (54% of total
input) DH/TH cell lines (Figure 1D and supplemental Figure 3),
suggesting that TEHSp90 and eIF4E form a functional complex in
the nuclei of DH/TH cells.

elF4E activity regulates the nuclear export of BCL6, MYC,
and BCL2

The association of high eIF4E expression and its nuclear localization
in DH/TH lymphomas led us to wonder whether it could simulta-
neously regulate the nuclear export of BCL6, MYC, and BCL2 mRNA.
MYC and BCL2 were previously described as eIF4E targets.'***> To
mechanistically address whether BCL6 is a nuclear export target, we
took advantage of a validated cell-based assay in which U20S cells
are transfected with an eIF4E-expressing plasmid.>* The overexpres-
sion of eIF4E significantly increased the cytoplasmic to nuclear ratios of
MYC and BCL2, as expected (P = .001 and P = .007, respectively;
Figure 2A), and also of BCL6 (P = .0008; Figure 2A), with no effects
on GAPDH. This translates into increased protein expression of MYC,
BCL2, and BCL6 (Figure 2B). The effect of e[F4E on MYC, BCL2,
and BCL6 nuclear RNA export was validated in reciprocal experiments
using siRNA-mediated knockdown of eIF4E in U20S cells (Figure 2C).
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Figure 2. MYC, BCL2, and BCL6 are elF4E targets. (A) Cytosolic/nuclear ratio (left) and total mRNA (right) of BCL6, BCL2, MYC, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; as control) transcripts in U20S cells transfected with elF4E plasmid (elF4E-WT) or flag-vector as control. (B) Protein levels of BCL6, BCL2, MYC,
actin (as control), and elF4E in U20S cells transfected with elF4E plasmid (4E) or flag-vector (V). Endogenous elF4E is marked with closed arrowhead and flagged elF4E is
marked with an open arrowhead. (C) Cytosolic/nuclear ratio of BCL6, BCL2, MYC, and GAPDH (as control) transcripts in U20S cells transfected with siRNA for luciferase (as
control) or siRNA for elF4E. Protein levels of BCL8, BCL2, MYC, and elF4E from the experiments are shown on the right. (D) Cartoon depicting loss of function caused by
each mutant elF4E construct used in subsequent experiment. (E) Cytosolic/nuclear ratio of BCL6, MYC, and BCL2 transcripts (GAPDH transcripts are shown as a control)
and total transcript expression (right) of UOS2 cells transfected with green fluorescent protein (GFP) (as a vector control), wild-type elF4E, and mutant elF4E constructs
elF4EV73A and elF4ES5. (F) BCL6, MYC, BCL2, and elF4E protein expression for cells shown in panel E. (G) elF4E RIP fold enrichment of MYC, BCL2, BCL6, and GAPDH
(negative control) mMRNAs over input in U20S cells. (H) Cytosolic/nuclear ratio of luciferase and GAPDH (as negative control) in U20S cells transfected with luciferase gene
with or without BCL6 3'UTR sequence. Total mRNA for the same conditions is shown on the right. ****P < .0001.

This procedure resulted in a significantly reduced cytoplasmic to nuclear  these transcripts (Figure 2C and supplemental Figure 4A). The negative
ratio of BCL6, MYC, and BCL2 mRNAs (P < .0001, P = .004,and  control transcript (GAPDH) was unaffected (Figure 2C). Accordingly,
P = .02, respectively), without changes in total cell abundance of  siRNA-mediated knockdown of eIF4E in U20S resulted in lower
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levels of BCL6, MYC, and BCL2 proteins (Figure 2C). Overall, these
results suggest that BCL6, BCL2, and MYC are nuclear export targets
of elF4E.

In order to more rigorously distinguish whether effects of eIF4E
on BCL6 are due solely to nuclear export or might also be linked
to more efficient translation, we performed similar experiments, but
this time using an elF4E mutant (eIF4E5***) that disrupts its export
function leaving translation intact, and an eIF4E mutant (elF4E™ >4)
that disrupts its effect on translation but not mRNA transport, using
U20S cells as a tractable model for these transfection experiments
(Figure 2D).'®*"* Similar to wild-type eIF4E overexpression, the
nuclear export of BCL6 mRNA was elevated to more than threefold
in elF4E"7** mutant cells relative to vector, whereas GAPDH was
unaffected (Figure 2E). This corresponded to increased BCL6 protein
levels (Figure 2F). On the contrary, eIF4ES*** did not increase BCL6
(or GAPDH) nuclear mRNA export or protein levels (Figure 2E-F). We
observed a similar effect at the transcript and protein levels for BCL2
and MYC expression (Figure 2F). Total levels of BCL6, MYC, BCL2,
and GAPDH mRNA were not changed in cells transduced with eIF4E
mutants (supplemental Figure 4B).

To directly determine the binding of BCL6 mRNA to nuclear
elF4AE, we carried out elF4E immunoprecipitation from nuclear
fractions followed by quantitative polymerase chain reaction
(RIP-gPCR). We found that BCL6 transcripts, like BCL2 and
MYC, were highly enriched in eIF4E RIPs relative to nuclear input
(P << .0001 for all genes; Figure 2G), suggesting a direct binding
of eIF4E to BCL6 mRNA. RNAs exported by elF4E contain a
50-nucleotide element in the 3’ untranslated region (UTR) known as
a 4E-SE element.'® We found one of these elements present in the
3'UTR of BCL6. To determine the role of the 3'UTR in the mRNA
export of BCL6, we transfected U208 cells overexpressing wild-
type elF4E with a construct expressing luciferase fused to the 3'UTR
of BCL6 (luc-BCL6) or luciferase only control and monitored the
export of luciferase transcripts. Consistently, eIF4E overexpression
leads to a significantly increased export of luc-BCL6 but not luciferase
alone (P << .0001; Figure 2H), whereas total mRNA levels of luc-BCL6
were not affected (Figure 2H). Importantly, there was no effect on
endogenous GAPDH mRNAs (negative control), which are not
elF4E targets (Figure 2H). BCL6 is thus a direct mRNA export
target of elF4E. Our data suggest elF4E regulates BCL6 expression
through increased mRNA export but not through more efficient
translation. To further investigate this, we carried out polysomal
fractionation in U20S cells overexpressing elF4E or control GFP
and analyzed BCL6 mRNA in each fraction by gPCR. Here, BCL6
exhibited only a modest shift to higher-molecular-weight polysomes
in the presence of eIF4E. In contrast, vascular endothelial growth
factor A, an established translational target of eIF4E,*® manifested a
substantial polysomal shift (supplemental Figure SA-C). These results
further underline that eIF4E facilitates BCL6 protein expression mainly
through nuclear export of its mRNA, at least in this cell type.

Nuclear elF4E controls an extended oncogenic program in
lymphoma cells

The nuclear targets of e[F4E are cell-type specific. We therefore deter-
mined whether elF4E regulates BCL6, MYC, and BCL?2 transcripts in
the context of DH/TH DLBCL cells. Similar to U20S cells, siRNA-
mediated knockdown of elF4E in the TH DoHH2 cell line resulted
in lower levels of BCL6, MYC, and BCL2 proteins (Figure 3A and
supplemental Figure 6). We then performed RIP-gPCR in nuclear
extracts of DoHH2, OCI-Ly1, and SU-DHL6 DH/TH cell lines. We
found that BCL6, BCL2, and MYC transcripts were significantly
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enriched compared with control mRNA in eIlF4E RIPs relative to
input in OCI-Ly1 (P << .0001 for all genes; Figure 3B), SU-DHL6
cells (P << .0001, P = .005, and P < .0001, respectively; Figure 3B),
and DoHH2 cells (P < .0001 for all genes; Figure 3B) indicating that
nuclear elF4E binds to these transcripts in this specific cellular
context. There were no significant changes in GAPDH transcripts
used as negative control (Figure 3B).

To determine the extent of nuclear elF4E activity in DH/TH
DLBCLSs and how these programs can support the oncogenic activity
of BCL6, MYC, and/or BCL2 transcripts, we conducted eIF4E RIP
of nuclear RNA followed by RNA-seq in OCI-Ly | cells in biological
triplicates. Compared with the nuclear input, elF4E binding was
significantly enriched in 3958 transcripts (Figure 3C and supple-
mental Table 1). BCL6, MYC, and BCL2 were enriched 5.4-, 1.2-,
and 2.7-fold, respectively, by this method. Pathways analysis sug-
gested a role of eIF4E preferential nuclear cargos in processes like
B-cell receptor signaling (eg, AKT, BTK, BCL6, CD19,CD22, CSK,
NFAT, RELA, SHC1), DNA methylation and epigenetic regulation
(eg, DNMT1, DNMT3A, HDAC1, MBD2, MBD3), and transfer RNA
charging/metabolism (eg, AARS, CARS. HARS, LARS) (Figure 3C
and supplemental Figure 7), overall indicating that eIF4E regulates
a vast network of lymphoma-sustaining pathways. elF4E target
transcripts include components of BCL6 corepressor complexes like
SMRT. NCOR, BCOR, HDACI, HDAC3, HDAC?7, PPARD, and
SIN3A (Figure 3D); MYC transcriptional complexes like MAX, EP300,
RELA, YY1AP1, E2F1, NCL, TERT, and TRRAP (Figure 3D); and
BCL2 interacting proteins like BCL-W (BCL2L.2), APAFI, and BNIPL
(Figure 3D).

We next examined whether disruption of elF4E binding to
BCL6, MYC, and BCL2 transcripts could impair their export and
preferential translation in the DH/TH cell lines OCI-Lyl, SU-DHLS6,
and DoHH2. For these studies, we used the small molecule ribavirin,
which competes for the methyl-cap binding site and so prevents
eIF4E from binding to its mRNA targets.”> We found that ribavirin
significantly decreased cytosolic to nuclear ratios of BCL6, MYC,
and BCL2 mRNA, but not of GAPDH, in all the cell lines tested
(Figure 3E).

TH lymphomagenic transcripts are simultaneously targeted by
ribavirin in vitro and in vivo

The data discussed above indicate that ribavirin decreases the
nuclear export of BCL6, MYC, and BCL2 in DH/TH lymphoma
cells overexpressing these transcripts. To determine the effect of
elF4E inhibition on the cytosolic translation of these genes, we exposed
OCI-Lyl, DoHH2, and SU-DHL6 cells to ribavirin followed by
polysomal fractionation and gPCR. We found that ribavirin depleted
these mRNAs (but not GAPDH) from the higher-molecular-weight
polysomal fractions (Figure 4A and supplemental Figure 8A). Impor-
tantly, ribavirin did not affect ribosomal assembly (Figure 4B) or
change total mRNA levels in these DLBCL cell lines (supplemental
Figure 8B). Ribavirin did not impact global protein production as
shown in the TH cell line OCI-Ly| (Figure 4C). Overall, these data
suggest that in the context of DH/TH lymphoma cells, eIF4E influences
both nuclear export and translation of oncogenic transcripts. Accord-
ingly, ribavirin treatment of 48 hours resulted in reduced protein levels
of BCL6, MYC, and BCL2 in the DH/TH DLBCL cell lines SU-DHL6
(Figure 4D, blot), OCI-Lyl, and DoHH2 (Figure 4D, blots shown in
Figure 5A and supplemental Figure 10). Is noteworthy that, unlike
U208 cells, we also observed translational control of these transcripts
in lymphoma cells highlighting the relevance of context to this type of
regulation.
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Figure 3. Nuclear elF4E regulates the export of lymphomagenic transcripts. (A) Protein levels of BCL6, BCL2, MYC, and elF4E in the DH/TH DoHH2 cells transfected
with siRNA for luciferase (as control) or siRNA for elF4E. Protein quantification is shown on the right for triplicate experiments as mean + standard error of the mean (SEM).
(B) el4FE mRNA immunoprecipitation for BCL6, MYC, BCL2, and GAPDH (as control) in DoHH2, SU-DHL6, and OCI-Ly1 nuclear fractions. Results expressed as fold
enrichment over nuclear input. ***P < .001 and **P < .05 (Student t test for triplicates). (C) el4FE RIP sequencing (RIP-seq) in OCI-Ly1 cells (vs nuclear input). Selected
transcripts and pathways differentially enriched in elF4E RIPs are shown on the right. (D) elF4E nuclear targets that sustain BCL6, MYC, and BCL2 activity in lymphoma cells
depicted as “networks” from Search Tool for the Retrieval of Interacting Genes/Proteins analysis. Transcripts identified in this elF4E RIP-seq are shown in red circles. (E)
Effect of ribavirin (RBV) on the mRNA nuclear export (determined by mRNA cytosolic/nuclear ratio) of BCL6, MYC, BCL2, and GAPDH (as control) in SU-DHLS, OCI-Ly1, and

DoHH2 cells.
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Figure 4. Ribavirin is active a TH DLBCL patient-derived xenograft (PDX) model. (A) Polysomal profiling of BCL6, BCL2, MYC, and GAPDH (as control) transcripts in
OCl-Ly1, DoHH2, and SU-DHLS cells treated with vehicle (black dotted line) vs ribavirin (RBV). Each profiling is normalized to the respective vehicle represented with a dotted
central line. Points localized above and below the line represent polysome fractions enriched and depleted in RBV-treated cells. (B) Total polysomal profiling of DoHH2, OCI-
Ly1, and SU-DHLS6 cells treated with vehicle (black line) vs ribavirin (red line). (C) Total protein levels in OCI-Ly1 cells treated with vehicle (V) and ribavirin (R). Previously
synthesized protein is marked as old and newly synthesized protein is marked as new. Actin was used as control. (D) Protein levels of BCL6, BCL2, MYC, elF4E, and actin (as
control) in SU-DHLS cells treated with vehicle (V) vs ribavirin (R) for 48 hours. Densitometry analysis is shown on the right for replicates experiments as mean = SEM
conducted in SU-DHL6, OCI-Ly1, and DoHH2 cell lines. (E) In vivo effect of ribavirin (blue dots) vs vehicle (green dots) in the PDX-4 mice. (F-G) Gene Set Enrichment
Analysis of decreased transcripts upon ribavirin treatment in PDX-4 mice and elF4E nuclear targets from RIP-seq experiments. (H) Cytosolic vs nuclear distribution of BCL8,
BCL2, MYC, and GAPDH (as control) mRNAs from the PDX-4 after ribavirin treatment of 3 hours or 6 hours. FDR, false discovery rate; NES, normalized enrichment score.
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865

of vehicle, ribavirin (RBV), PU-H71, and their combination (combo) in SU-DHL6 (SU6), DoHH2 (Do2), and OCI-Ly1 (Ly1) cells. Densitometry analysis is shown on the right for
triplicate experiments as mean + SEM. C, combination; P, PU-H71; R, ribavirin; V, vehicle. (B) BCL6, MYC, BCL2, and GAPDH polysomal profiling of OCI-Ly1, DoHH2, and
SU-DHLS cells treated with vehicle (black dotted line) or the TEHsp90 inhibitor PU-H71. Each profiling is normalized to its respective vehicle represented with a dotted central

fractions d

line. Points localized below the line rep 1t poly

d in PU-H71-treated cells. (C-D) Tumor growth (in AUC from day 1 to day 10) of OCI-Ly1 and

SU-DHL6 xenografted mice. P values are shown on top for each group for the comparison with vehicle-treated mice. (E) Tumor growth (in AUC from day 1 to day 20) of
TH DLBCL PDX xenografted mice. P values are shown on top for each group for the comparison with vehicle-treated mice. (F) Body weight at day 21 of mice from panel E.
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To assess the antilymphoma effect of elF4E inhibition, we
established a PDX in NSG mice. The specimen was isolated from
a newly diagnosed patient harboring a TH DLBCL. The patient
presented a stage IVb, International Prognostic Index 4 disease with
bone marrow infiltration and was refractory to multiple therapeutic
regimens (supplemental Figure 9A). Once engrafted in NSG mice,
the specimen was followed by FISH and immunoblotting for MYC,
BCL2, and BCL6 to ensure it remained a TH disease with similar
expression levels of these proteins (supplemental Figure 9A). The
fourth generation of PDX (PDX-4) was tested ex vivo for doxorubicin
and ribavirin response. Once we proved PDX-4 was chemoresistant
to doxorubicin and responsive to ribavirin ex vivo (supplemental
Figure 9B), we expanded into NSG mice for preclinical therapeutic
assessment. To determine whether primary human DLBCL is elF4E
dependent in vivo, we implanted PDX-4 tumors into the flanks of
10 NSG mice, and when tumors were palpable (75-100 mm?),
mice were randomized to receive vehicle or ribavirin 80 mg/kg
twice daily intraperitoneally for 10 days. We found a significant
reduction in tumor growth in PDX-4 after ribavirin treatment
(P << .001, Student ¢ test; Figure 4E) with no signs of toxicity by
weight or by macroscopic and microscopic examination of organs
including liver, kidney, lungs, bone marrow, and heart. We then
analyzed the transcriptome in vehicle vs ribavirin-treated PDX-4 (at
day 10) by RNA-seq followed by Gene Set Enrichment Analysis.
We found that significantly decreased transcripts in PDX-4 after
ribavirin were significantly enriched in eIF4E RIP-seq targets
obtained from the TH cell line OCI-Ly1 (NES, 1.60: FDR 4 value,
0.009; Figure 4F). Conversely, elF4E RIP-seq transcripts were
characterized by decreased enrichment of these transcripts upon
ribavirin treatment (NES, —1.3; FDR g value, 0.0002; Figure 4G).

To further confirm the pharmacodynamic action of ribavirin on
mRNA transport in the primary human PDX setting, we examined
the abundance of BCL6, BCL2, and MYC transcripts in the cyto-
plasm of implanted PDX-4 cells. The patient lymphoma cells were
implanted into the flanks of 8 NSG recipients followed by exposure
to ribavirin 80 mg/kg intraperitoneally (n = 4) for 3 and 6 hours
(n = 2 mice, respectively), a clinically achievable dose in patients.
An additional 4 PDX-4-implanted mice were treated in similar fashion
with vehicle. We observed a decrease in the cytosolic/nuclear ratio of
BCL6, BCL2, and MYC as early as 3 hours after the administration
(Figure 4H).

Ribavirin and PU-H71 show cooperative antilymphoma activity
in DH/TH DLBCL

Given our initial findings showing eIF4E is a partner of TEHsp90 in the
nuclei of DH/TH cells, we reasoned that combining TEHsp90- and
elF4E-targeted therapies would achieve greater larget inhibition and
hence antilymphoma activity. We therefore compared and contrasted
the effect of ribavirin, PU-H71, or the combination on the expression of
BCL6, MYC, and BCL2 by immunoblotting in the DH/TH DLBCL
cell lines OCI-Ly I, SU-DHL6, and DoHH2. Compared with either
drug alone, the combination more potently suppressed the expression
of BCL6 and MYC in all 3 cell lines (Figure SA and supplemental
Figure 10) and BCL2 in OCI-Ly]1 cells (Figure SA and supplemental
Figure 10). At this time point, PU-H71 stabilizes or increases BCL2
protein expression, a known effect of Hsp90 inhibitors before
inducing protein degradation.'? Next, we explored the effects of
PU-H71 on mRNA translation because other components of the
translational machinery complex like elF4Al, eIF2, elF3, and
PABP were also associated with TEHsp90 in the TH DLBCL cell
line OCI-Ly1 (supplemental Figure 1).'* We found that TEHsp90
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inhibition rapidly promotes ribosomal disassembly (ie, decreases
polysomes) while increasing 408, 608, and monosome fractions in
OCI-Lyl, DoHH2, and SU-DHLS6 cells (supplemental Figure 11).
This effect was more pronounced for actively translated mRNAs
like BCL6, MYC, and BCL2 in DH/TH cell lines (Figure 5B and
supplemental Figure 12) and likely contributes to the decreased
MYC and BCL6 protein levels observed with PU-H71 (Figure 5A).
The effects on polysomal assembly are unique to TEHsp90 inhi-
bition because ribavirin treatment does not affect polysome '!ntn;agrity22
(see also Figure 4B). Hence, suppression of TEHsp90 has addi-
tional effects on translation than those conferred by its interaction
with eIF4E. This is also evident in the disassembling of poly-
somes on GAPDH in OCI-Ly]1 cells (Figure 5B and supplemental
Figure 12).

To examine the antilymphoma effect of this combination, we
xenografted TH OCI-Ly]1 cells (n = 21) and DH SU-DHL6 cells
(n = 31) in SCID mice, and TH PDX-4 (n = 32) in NSG mice. Once
tumors developed to a palpable size (75-100 mm”*), we treated them
with vehicle control (n = 6, 8, and 8 in OCI-Lyl, SU-DHL6, and
PDX-4, respectively), ribavirin 40 mg/kg per day (n = 5,7, and 8 in
OCI-Lyl, SU-DHL6, and PDX-4, respectively), PU-H71 25 mg/kg
per day (n = 5, 7, and 8 in OCI-Lyl, SU-DHL6, and PDX-4,
respectively), or the combination (n = 5,9, and 8 in OCI-Ly |, SU-DHL6,
and PDX-4, respectively) for 10 days. Compared with vehicle-treated
mice, ribavirin and PU-H71 significantly decreased lymphoma growth
in OCI-Ly1 mice (P = .0043 and P = .0015, respectively; Figure 5C),
SU-DHL6 mice (P = .004 and P = .0006, respectively; Figure 5D),
and PDX-4 mice (P = .001 and P = .02, respectively; Figure 5E).
Compared with vehicle-treated mice, the combination of ribavirin
with PU-H71 suppressed lymphoma growth more profoundly in the
3 models (P = .0008 in OCI-Lyl, P < .0001 in SU-DHL6, and
P <0001 in PDX-4; Figure 5C-E). There was no macroscopic or
microscopic evidence of toxicity in any mice. There were no changes in
body weight by the end of the treatment (Figure 5F) or in blood bio-
chemistry values (supplemental Figure 2).

In the previous studies, we monitored Hsp70 as a control for
TEHsp90 inhibition. It is well-known that Hsp70 becomes activated
under these conditions.”'” This elevation of Hsp70 induces anti-
apoptotic mechanisms®” leading to resistance to Hsp90 inhibitors
and limiting the activity of these drugs in the clinic. Surprisingly, we
noted that eIF4E inhibition reduced the increase in Hsp70 (40%-60%)
(Figure 5A). Given these findings, we examined whether Hsp70 was
a direct elF4E target. Indeed, we found that ribavirin decreased the
nuclear export of Hsp70 without affecting its total RNA levels in
OCI-Ly1, SU-DHL6, and DoHH2 cells (Figure 6A). Accordingly,
Hsp70 transcripts specifically bound elF4E in the nuclear fraction in
all these DH/TH cell lines, supporting that Hsp70 (HSPA6) mRNA is
a direct elF4E target (Figure 6B). Further, ribavirin decreased the
amount of Hsp70 on heavy polysomes as demonstrated in OCI-Ly 1
cells (Figure 6C). Overall, this led to a ribavirin-induced decrease
in Hsp70 abundance in SU-DHL6, OCI-Lyl, and DoHH2 cells
(Figure 6D). This suggests that an additional reason for the potentiation
between the 2 drugs is because ribavirin treatment enhances PU-H71
activity by reducing Hsp70. Hence, the combination of ribavirin and
PU-H71 enhances each other’s activity at multiple levels.

Discussion

Our findings provide a molecular basis for previous data showing
that TEHsp90 had effects on mRNA metabolism on BCL6 and other
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oncogenic transcripts in DLBCL.® We demonstrate that TEHsp90
sustains elF4E activity in the nucleus and cytoplasm of DH/TH
lymphoma cells and that, through this interaction, the oncogenic
activities of Hsp90 and eIF4E are mutually reinforced. Further, we
demonstrate that eIF4E elevation, through its effects on Hsp70
mRNA export and translation, likely drives Hsp90 drug resistance.
Thus, eIF4E inhibition increases the potency of Hsp90 inhibitors,
as we observe in our xenograft models. These findings suggest a
role for eIF4E in the regulation of the cellular stress response,
particularly in the oncogenic milieu. In this context, we described
for the first time that nuclear eIF4E controls an extensive network
of transcripts with roles in B-cell receptor signaling (BTK, CD19,
CD22); folate, glucose and amino acid metabolism (MTHFDI,
MTOR, PI3Ks, MAPKSs, YARS, CARS); DNA repair and cellular
stress (PARPs, XRCC1, RAD50, RADS2, Hsp70, Hsp40); and
transcriptional regulation including chromatin remodeling and
epigenetic enzymes (DNMTs, HDACs, MBDs, CHDs, EP300).
These findings explain the dependence of lymphoma cells on the
activity of eIF4E to fully express the transformation capabilities of
classic lymphoma oncogenes such as BCL6, BCL2, and MYC that
are also elF4E targets. Therefore, by targeting elF4E both the
oncogenes and their supporting network of genes are simulta-
neously dismantled.

Our findings provide a strong rationale for translating elF4E
inhibitors and TEHsp90 inhibitors in the treatment of aggressive
diseases such as DH/TH lymphomas. Importantly, ribavirin is well
tolerated and leads to responses in patients with AML.'? In this trial,

HSP70/actin
(mean + SEM) 051 £ 009 052 + 012 0.35 + 0.08

ribavirin showed single-agent activity in patients with poor-prognosis
AML, including 6 patients (out of 11 evaluable for response) with
remissions or blast responses.'” Micromolar plasma concentrations
used here are achievable in humans with minimal loxicity.'o‘zg‘29
Similar to ribavirin, early stage trials (www.clinicaltrials.gov,
#NCT01581541) indicate that the TEHsp90 inhibitor PU-H71 is
safe, and thus the combination of these 2 drugs seems feasible, as our
studies in mice indicate. Remarkably, by decreasing Hsp70 export
and translation, ribavirin could diminish one of the most important
mechanisms in the acquired resistance to this class of Hsp90 in-
hibitors. In summary, our data provide a novel and potentially nontoxic
mechanistic-based approach to target aggressive B-cell lymphomas
harboring multiple oncogene activation.
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Supplementary Methods:

Growth inhibition determination. DLBCL cells (OCI-Ly1, OCI-LY3, OCI-LY4, OCI-LY7,
OCI-Ly8, OCI-LY10, OCI-LY18, OCI-LY19, SUDHL-4, SUDHL-5, SUDHL-6, SUDHL-7, SUDHL-8,
SUDHL-10, Pfeiffer, Farage, Toledo, Karpas-422, Karpas-231, WSU-NHL, VAL, DoHH2, DB, SC-
1, RC-K8, HT, WSU-DLCL2, NU-DHL-1, NU-DUL-1, RL, OZ, RI-1 or RIVA, Granta-452, HBL-1
and TMD8) were grown on U-bottom 96-well plates at respective concentrations sufficient
to keep untreated cells under exponential growth by the time of read-out 48h after
treatment. Cell viability was determined using a fluorometric assay based on the
resazurin reduction activity of the cells (Cell Titer Blue, Promega) and trypan blue dye-
exclusion (Sigma). Fluorescence was determined for controls and three replicates per
treatment condition using the Synergy4 microplate reader (BioTek). Standard curves
were obtained for each individual cell line with the cell count and luminescence values.
The number of viable cells was obtained using the least-squares regression method of
the standard curve and by doing a ratio metric quantification of viable cells normalized to
the respective controls. Experiments were conducted in triplicates. A cell killing effect
was calculated as the 1 — normalized viability value. Dose necessary for 50% of growth

inhibition (Glso) was determined using the CompuSyn software (Biosoft).

Immunohistochemistry and FISH. Immunohistochemistry: Tissues were fixed in 4%

formaldehyde and embedded in paraffin. Sections were prepared, cleared in xylene, and
hydrated through a descending alcohol series. Slides were boiled with antigen retrieval
buffer (10 mM sodium citrate buffer pH 6.4 or 1 mM EDTA buffer pH 8.0) and cooled.
Endogenous peroxidase activity was quenched by treatment with 3% hydrogen peroxide
in methanol and permeabilized. After blocking, slides were incubated with biotin-
conjugated antibodies. Avidin-horseradish peroxidase (HRP) was applied, and
peroxidase activity was detected with DAB color substrates (Vector Laboratories) and
counterstained with hematoxylin. Images were obtained using an Axioskop imaging
microscope (Zeiss Inc). FISH: primary lymphoma tissues were tested for MYC mutations
and positive cases were further analyzed for BCL6 and BCL2 mutations with commercial
available probes. DLBCL cell lines were tested for all three mutations simultaneously
using probes (BAC clones with genomic DNA of interest and labeled green for MYC,
aqua for BCL2 and red for BCL6) generated and analyzed at the Molecular Cytogenetic
Core of the Albert Einstein College of Medicine.
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RNA nuclear export: Cellular fractionation: Briefly, around 3x10"cells were collected

and washed twice in ice cold PBS and then resuspended in 1ml of lysis buffer B (10
mMTris pH: 8.4, 140 mM NaCl, 1. 5 mM MgCI2, 0.5% NP40, 1 mM DTT and 100U/ml
RNaseOUT). Pellet-nuclear fraction was resuspended in 1ml of lysis buffer B and 1/10
volume of detergent stock (3.3% sodium deoxycholate, 6.6% Tween-40 in DEPC water)
was added. This suspension was transferred back to 1.5 ml Eppendorf and spun.
Pelleted nuclear fraction was rinsed in 1 ml of lysis buffer B and spun. Final pellet were
resuspended in 100ml of lysis buffer B and sonicated. For RNA extraction, fractions
were added to Trizol reagent (Invitrogen) and processed according to the manufacturer’s
instructions. RNA samples were DNAse treated (Turbo DNAse, Ambion) and reverse
transcribed using MMLYV reverse transcriptase (Invitrogen). RT-PCR: qRT-PCR analyses
were performed using EXPRESS SYBR® GreenER™ gPCRSuperMix (Invitrogen) in AB
StepOne thermal cycler using the relative standard curve method. Actin or GAPDH

mRNA were used to normalize total and fractionated mRNA samples.

Immunoblotting. Cell pellets containing 5 x 10° were washed with ice-cold phosphate
buffer saline and lysed with RIPA buffer (Tris-HCI 50 mM, NaCl, 150 mM, NP-40 1%,
sodium deoxylcholate 0.25%, SDS 0.1%) containing fresh protease inhibitor cocktail
(Roche). Lysate protein concentration was determined by BCA assay (Pierce) and 15 ug
(50 pg for Hsp70) of protein sample were loaded on polyacrylamide electrophoresis pre-
cast gels (BioRad). Experiments were conducted at least in independent triplicates. We
used the following primary antibodies: mouse anti-BCL6 (SC-7388, Santa Cruz), rabbit
anti-BCL2 (SC-7382, Santa Cruz), mouse anti-MYC (Santa Cruz SC-40), mouse anti-
elF4A1 (Santa Cruz), mouse anti-actin (SIGMA AC-15), mouse anti elF4E (BD
Biosciences), rabbit anti elF4E (CT 040347 Millipore) and mouse monoclonal anti-HSP
70/HSC 70 (W27, SC-24, Santa Cruz).

Metabolic labeling and capture of newly synthesized protein. Newly synthesized
proteins were labeled using the Click-iT Protein Labeling Kit (Invitrogen). For this, 15x10°
OCI-LY1 cells were pre-treated with or without freshly prepared 100 uM ribavirin (Ox-

chem) for 14 h. After one wash, cells were resuspended in methionine-free RPMI| 1640
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medium (Gibco) supplemented with 10% dialyzed FBS (Gibco) and 100 uM ribavirin for
30 min, at which point the methionine analog L-azidohomoalanine (AHA) was added to
the cell cultures (50 uM, 6 h) to allow incorporation of AHA into nascent proteins. Cells
were harvested and lysed in 50 mM Tris-HCI, pH 8.0, 1% SDS, with protease and
phosphatase inhibitor mixes (cOmplete and PhosSTOP, Roche). 155 ug of total protein
(up to 50 pL of lysate) were used in the crosslinking of AHA-labeled nascent proteins to
an alkyne-derivatized biotin in the Click-iT Protein Reaction Buffer (Invitrogen) according
to manufacturer’s instructions. The resulting precipitated total protein pellet was
resolubilized in 100 uL of 1% SDS DPBS with protease inhibitors, followed by quenching
of the SDS with 100 pL of 6% NP-40 in DPBS with inhibitors. Biotin-crosslinked nascent
proteins were then captured overnight with streptavidin-coated Dynabeads M-280
(Invitrogen) and then eluted from the beads by boiling the samples for 5 min in 2% SDS
loading buffer for Western Blot. The whole volume of AHA-labeled, biotin-crosslinked,
streptavidin-pulled down protein was separated by SDS-PAGE together with lysate
depleted of nascent protein after streptavidin incubation (10 pg theoretical total protein).

TEHsp90 proteomics. As previously described(1-6), OCI-Ly1 cells were lysed in Felts
buffer (20 mM HEPES, 50 mM KCI, 5 mM MgCl,, 0.01% (w/v) NP-40, freshly prepared
20 mM Na;MoQ,) with added protease inhibitors (Roche) on ice. PU-H71 or control
(HSP90 inactive chemical 2-methoxyethlamine) beads were washed three times in Felts
buffer. Lysates were pre-cleared with washed control beads for one hour at 4°C.
Following pre-clearing, half of each sample was incubated with either control or PU-H71
beads at 4°C overnight, saving 10% as input. Following incubation, bead conjugates
were washed 3 times with Felts buffer, boiled in SDS loading buffer and resolved by
PAGE followed by standard immunoblotting procedure(7). For proteomic validation
experiments nuclei were fractionated from 107cells OCI-Ly1, SU-DHL6 and DoHH2 cells
according to manufacturer's protocol (Sigma NUC-201) and then lysed in 1 mL Felts
buffer. Protein concentration was assayed and 400 pg of either cytoplasmic or nuclear
protein was incubated with 50 uL of control or PU-H71 beads overnight at 4C. The next
day, beads were washed three times with fresh Felts buffer and complexes were
resolved by SDS-PAGE followed by western blot for elF4E and Hsp90. Twenty ug of
each fraction was loaded as input and in a separate gel to determine the purity of the

fractionation by blotting with MEK (cytoplasmic) and Histone H3 (nuclear).
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RNA-sequencing. RIP-sequencing library preparation and analysis: Total nuclear input

RNA and RIP samples in ftriplicates were treated with DNase and concentration and
purity was determined by the Nanodrop (Thermo Scientific). RNA integrity was verified
using the Agilent 2100 Bioanalyzer (Agilent Technologies). RIP-seq libraries were
prepared using the TruSeq Stranded total RNA library prep kit (lllumina). Briefly 200 ng
total nuclear RNA was RiboZero-depleted and chemically fragmented. RIP samples
were already depleted of rRNAs and taken directly to chemical fragmentation. The
remaining steps of the library preparation were followed according to the manufacturers
instructions. Libraries were cluster amplified and sequenced for 50 cycles using the
lllumina HiSeq2500. Reads were aligned to human hg19 using the STAR aligner. Genes
present in the RIP and input samples were evaluated by counting how many reads map
uniquely to the union of all gene exons using HTseg-count(8). Pairwise LIMMA analysis
was performed on voom normalized counts using the LIMMA package(9). mRNA-

sequencing library preparation and analysis: Sequencing libraries were generated with

polyA+ RNA using the TruSeq RNA sample prep kit (lllumina) according to the
manufacturer’s instructions. Libraries were cluster amplified and sequenced for 50
cycles using the Illumina HiSeq2500. Reads were aligned to human hg19 using the
STAR aligner. Gene expression values were calculated using HTseqg-count, and
differentially expressed genes were identified with the EdgeR package. Genes with a
FDR value < 0.05 were considered differentially expressed. The Gene Expression
Omnibus (GEO) accession number for the RNA-seq data sets reported are GEO:
GSE63265
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Supplementary Figures:
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Figure S1: TEHsp90 proteomics pathway visualization. A: Ingenuity Pathway
Analysis representation of the “elF4E and p70S6K signaling” pathway from the Hsp90-
chaperoned proteomics conducted in OCI-Ly1 cells. Hsp90 chaperoned proteins are
shown in yellow. B: Affinity purification (TEHsp90 beads vs. control beads) of elF4A1
and EIF4E in nuclear and cytosolic lysates of the TH OCI-Ly1 and DH SU-DHL6 cell

lines.
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Figure S2: Nuclear and cytosolic fractionation of SU-DHL6, DoHH2 and OCI-Ly1 cells.

MEK is a marker for cytosolic fraction and Histone H3 is enriched in nuclear fractions.
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Figure S3: EIF4E is expressed in DLBCL. Representative microphotographs of elF4E
staining from 0 (negative) to 3 (positive) according to the number of elF4E positive cells

compared to total number of cells. Bar represents 50 um.
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Figure S4. Total mRNA levels in U20S overexpressing elF4E plasmids or siRNA.
A: Total mRNA levels of BCL6, BCL2, MYC and GAPDH in in U20S cells transfected
with siRNA for luciferase (as control) or siRNA for elF4E. B: Total mRNA levels of BCLE,
BCL2, MYC and GAPDH in U20S cells engineered to express GFP (as control), elF4E-
WT, elF4E-W73A and elF4E-S53A.
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Figure S5. Control mRNA levels in U20S cells. A: Total mRNA levels of luciferase in
U20S cells transfected with luciferase gene containing either a BCL6 3'UTR sequence
or control 3’'UTR sequence. B: Total polysomal profiling of UOS2 cells expressing elF4E
(black line) or GFP (green line). C: Input levels of VEGFA and BCL6 in UOS2 cells
expressing elF4E or GFP. D: polysomal profiling of BCL6 and VEGFA (polysomal
fractions are indicated in the x-axis) in UOS2 cells expressing elF4E (black line) or GFP

(green line). Data is expressed as fold of mMRNA to monosomes.
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Figure S6. elF4E regulates protein levels of lymphomagenic transcripts.
Immunoblots for BCL6, BCL2, MYC and elF4E (and actin as control) in DoHH2 cells

transfected with siRNA for luciferase (as control) or siRNA for elF4E in duplicate
experiments.
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Figure S7. STRING visualization of elF4E-RIP sequencing top 1000 most significant
transcripts with 0.70 confidence.
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Figure S8. Polysomal profiling and input levels in DLBCL cell lines treated with
ribavirin. A: Polysomal profiling of BCL6, BCL2 and MYC transcripts in OCI-Ly1 (top),
DoHH2 (middle) and SU-DHL6 (bottom) cells treated with vehicle (black line) vs. ribavirin
(red line). B: Input levels of BCL6, BCL2, MYC and GAPDH (SU-DHLS) in OCI-Ly1 (left)
and SU-DHLE6 (right) cells treated with vehicle vs. ribavirin (RBV).
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Figure S9. Establishment of a triple-hit DLBCL patient-derived xenograft. A: Time
line of patient evolution (treatments are indicated in blue and disease events in red). Glsg
of ribavirin and doxorubicin in ex vivo treatment of PDX-4 are shown on the right. Insert
shows immunoblots for BCL6, BCL2, MYC, elF4E and actin (as control) for the original
sample and the PDX-4. B: Effect of doxorubicin and ribavirin in ex vivo treatment of

PDX-4 as percent of apoptotic cells to vehicle.
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Figure $10. Effect of combined inhibition of elF4E and TEHp90 in oncoproteins
expression. Effect on BCL6, BCL2, MYC, Hsp70, Hsp90 and actin (as control) protein
abundance of vehicle, ribavirin (RBV), PU-H71 and their combination (combo) in SU-

DHL6, DoHH2 and OCI-Ly1 cells.
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Figure S11. Polysomal profiling of DLBCL cell lines treated with PU-H71. Total
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Supplementary Tables:

Table S1: elF4E-RIP seq transcripts

Table S2: Blood biochemistry from PDX-4 mice
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Control PU-H71 Ribavirin Combination
Mean | SEM Mean | SEM Mean SEM Mean | SEM
BUN (mg/dL) 222 1.3 22.6 0.8 21.4 0.9 20.6 0.9
CREA (mg/dL) 0.2 0.0 0.2 0.0 0.2 0.0 0.2 0.0
BUN/CREA ratio 91.4 8.0 105.8 3.9 79.4 115 113.0 0.7
ALP (U/L) 29.4 3.9 63.2 30.2 444 9.9 29.6 4.1
ALT (U/L) 1315.4 606.2 681.4 497.6 614.8 4985 1717.2 895.6
AST (U/L) 1634.4 737.4 1524.6 12823 7134 531.4 1797.4 893.6
GGT (U/L) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TBIL (mg/dL) 0.6 0.3 0.4 0.1 0.3 0.1 0.4 0.1
DBIL (mg/dL) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IBIL (mg/dL) 0.4 0.1 0.3 0.0 0.2 0.0 0.3 0.1
TP (g/dL) 5.1 0.2 53 0.3 5.3 0.3 5.6 0.1
ALB (g/dL) 257 0.1 2.8 0.2 2.9 0.2 3.0 0.1
GLOB (g/dL) 2.4 0.1 2.5 0.1 2.4 0.1 2.6 0.1
A/G ratio 1.1 0.0 kA 0.0 1.2 0.0 1.1 0.0
P (mg/dL) 11.4 1.0 8.4 05 8.7 0.7 12.5 1.5
Ca (mg/dL) 11.0 0.5 11.3 0.4 10.6 0.2 10.6 0.3
GLU (mg/dL) 183.5 14.7 161.2 22.9 159.6 23.4 2342 41.0
CHOL (mg/dL) 99.5 6.1 115.6 17.3 90.8 8.3 106.0 43
TRIG (mg/dL) 134.8 9.3 147.8 49 118.6 9.4 149.0 11.0
CK (U/L) 1484.8 787.8 2065.4 1706.4  968.6 649.5 1949.8 910.5
TCO2 (mEq/L) 12.5 2.9 17.5 157 17.3 0.4 13.2 1.4
Na (mEq/L) 150.5 1.7 154.5 12 155.8 0.8 151.0 2.9
K (mEq/L) 12.4 0.9 10.4 1.4 8.3 0.2 13.3 21
Cl (mEq/L) 111.0 1.0 113.8 0.6 112.5 0.4 111.2 1.6
Na/K ratio 12.3 1.1 15.8 2.2 19.0 0.5 12.8 212
Anion Gap 39.5 32 36.5 2.4 345 0.6 43.0 3.0
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CHAPTER 10

Conformational Changes Induced in the Eukaryotic
Translation Initiation Factor eIF4E by a Clinically
Relevant Inhibitor, Ribavirin Triphosphate
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Synopsis:

To date, ribavirin is the only direct inhibitor of eIF4E to reach clinical trials. However, the
structural changes induced in eIF4E by binding of RTP (the active metabolite of ribavirin,
ribavirin triphosphate) are unknown. Our NMR studies indicate RTP binds eIF4E in the m7G
cap binding pocket and revealed an unexpected concentration dependence on RTP affinity for

elF4E.
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The eukaryotic translation initiation factor elF4E is highly elevated in human cancers including acute
myeloid leukemia (AML). A potential anticancer agent, ribavirin, targets elF4E activity in AML patients
corresponding to clinical responses. To date, ribavirin is the only direct inhibitor of elF4E to reach clinical
trials. We showed that ribavirin acts as a competitive inhibitor of the methyl 7-guanosine (m’G) cap, the

Keywords: natural ligand of elF4E. Here we examine the conformational changes eccurring in human elFAE upon
:7“];"“ - binding the active metabolite of ribavirin, ribavirin triphosphate (RTP). Our NMR data revealed an unex-
1Davirin

pected concentration dependence on RTP affinity for elFAE. We observed NMR spectra characteristic of
tight binding at low micromolar concentrations (2-5 pM elF4E) but much weaker affinity at more typical
NMR concentrations (50-200 pM). Comparison of chemical shift perturbation and line broadening sug-
gest that the two elF4E-RTP complexes differ in the precise positioning of RTP within the cap binding
pocket, with the high affinity complex showing more extensive changes to the central p-sheet and dorsal
surface of elF4E, similar to m’G cap. The differences between high and low affinity complexes arise due to
concentration dependent aggregation of elF4E and RTP. Given the intracellular concentrations of elF4E
and RTP and the differential binding toward the W56A elF4E mutant the high affinity complex is the most
physiologically relevant. In summary, these findings demonstrate that RTP binds in the cap-binding site
but also suggests new features of this pocket that should be considered in drug design efforts and reveal
new insights into ligand elF4E recognition.

Methyl 7-guanosine (m’G) cap
Drug design

© 2013 Elsevier Inc. All rights reserved.

1. Introduction moiety [4-6]. The cap-binding pocket also includes other residues

such as W166 which contacts the m’G as well as positively charged

The eukaryotic translation initiation factor elF4E is overexpres-
sed in about 30% of human cancers [1,2]. el[F4E modulates the
expression of transcripts involved in proliferation and survival by
modulating their mRNA export and translation [1,2]. In both cases,
elF4E must associate with the methyl-7 guanosine (m’G) cap
structure on the 5 end of mRNAs [1-3]. NMR and X-ray crystal
structures indicate that the m’G cap intercalates between two
tryptophan residues (W56 and W102) which recognize the m’G

Abbreviations: AML, acute myeloid leukemia; RTP, ribavirin triphosphate;
mTOR, mammalian target of rapamycin; CD, circular dichroism; m’G, 7-methyl-
guanosine; m’GTP, 7-methyl-guanosine-5'-triphosphate; HSQC, heteronuclear sin-
gle quantum coherence; RING, really interesting new gene; PML, promyelocytic
leukemia; ITC, isothermal calorimetry.
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Cancer (IRIC). Université de Montréal, Pavilion Marcelle-Coutu, 2950, Chemin
Polytechnique, Montreal, Qc, Canada H3T 1]J4. Fax: +1 (514) 343 7379,

E-mail address: katherine.borden@umontreal.ca (K.L.B. Borden).

! These authors contributed equally to this work.

0006-291X/$ - see front matter @ 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016(j.bbrc.2013.03.125

residues (R157 and K162) representing the phosphate binding site.
This cap-binding activity of elF4E is required for its ability to onco-
genically transform cells [7]. In cancers with elevated elF4E, the
cells develop an oncogene addiction or dependency on elF4E
[8,9]. This provides a therapeutic window for targeting elF4E in
patients.

The activity of elF4E has been targeted in poor prognosis acute
myeloid leukemia (AML) patients with ribavirin, a competitive
inhibitor of m’G cap [9-11]. Targeting of eIF4E activity in a Phase
II clinical trial correlated with clinical responses including 1 com-
plete remission, 2 partial remissions, 2 blast responses (50+%
reduction in leukemia blast count) and 6 patients with stable dis-
ease reported in the original 11 evaluable patients [10]. For com-
parison targeting the mTOR pathway via the 4E-BP1 inhibitor,
rapamycin led to O out of 22 responses in a similar patient popula-
tion [10].

In cells, ribavirin antagonized the ability of elF4E to export or
translate target transcripts with an indistinguishable profile from
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RNAi-mediated knockdown of elF4E [9,10,12]. As expected, ribavi-
rin inhibited elF4E-mediated oncogenic transformation in cell and
animal models as well as in AML patients [9,12]. The active metab-
olite in cells is ribavirin triphosphate (RTP) [13]. Multiple biophys-
ical studies showed that RTP and ribavirin directly bind to elF4E
with a similar affinity as cap [9,11]. Mutation of the cap-binding
site (W56A) reduced ribavirin binding by nearly 15-fold similar
to effects for the cap [9,10]. The elF4E-RTP complex was studied
in different solution conditions including at 0.2 pM elF4E protein
in 10 mM sodium phosphate, pH 7.5, 150 mM NaCl, or by mass
spectrometry at 20 pM elF4E in 5% aqueous acetonitrile, 20 mM
ammonium acetate (pH 6.5) [11]. Complexes were not detected
in 20 mM HEPES, 0.2 mM EDTA, 100 mM KCI, pH 8.0 [11] where
substantial aggregation is observed relative to phosphate buffers.

The structural changes induced in elF4E by RTP binding are un-
known. A better understanding of how RTP binds is necessary for
future drug design efforts. Here, we demonstrate that RTP and
m’GTP induce changes in elF4E upon binding while GTP does not
have these effects, as observed by circular dichroism (CD). Chemi-
cal shift mapping of "H-'"N HSQC NMR experiments were used to
monitor e[F4E-RTP complexes as a function of elF4E concentrations
ranging from 2 to 200 pM. These NMR data showed that increasing
elF4E concentrations led to weaker affinities for RTP. This affinity
dependence was concomitant with aggregation of elF4E and RTP.
Chemical shift mapping of the amide NMR resonances in the high
and low affinity elF4E-RTP complexes show similar but, impor-
tantly, different perturbations at or surrounding the cap-binding
site suggesting that the precise molecular contacts underlying
the high and low affinity elFAE-RTP complexes are distinct.

2. Materials and methods

Human elF4E was purified as described previously [6]. The ab-
sence of any cap was verified as described in the Supplementary
methods and Supplementary Fig. 1A. 'H-'N HSQC spectra were
collected in 10 mM sodium phosphate, 150 mM NacCl, pH 7.5 and
20°C on a 600 MHz Varian Inova spectrometer equipped with a
HCN coldprobe. Other materials and methods are given in the Sup-
plementary data.

3. Results

3.1. RTP, but not GTP, induces changes in the secondary structure of
elF4E

Far ultraviolet (UV) circular dichroism (CD) has shown that
elF4E undergoes a detectable change in its peptide backbone con-
formation upon m’GTP binding [7,14,15]. We therefore monitored
the changes in molar ellipticity by far UV CD of elF4E upon addition
of RTP, GTP and m’GTP. In contrast to RTP or m’GTP where changes
are observed upon addition of ~20:1 molar ratio, GTP induced no
changes in molar ellipticity (Fig. 1). The extent of conformational
change observed is consistent with previous observations [14,15].
Thus eIF4E binds both m’GTP and RTP, but not GTP. These data cor-
relate with our previous cap chromatography experiments show-
ing that GTP did not compete for elF4E bound to a cap column
while RTP and m’GTP did [11].

3.2. NMR studies of the el[F4E-RTP complex

To understand the molecular basis of RTP binding to elF4E we
used NMR chemical shift mapping studies. Spectral changes in-
duced by RTP addition as a function of concentration for human
elF4E (2-200 uM) were monitored using 'H-'>N HSQC experi-
ments. Experiments within 2-5 uM elF4E, where 2 uM was our
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Fig. 1. Analysis of RTP binding and protein samples. (A) The chemical structures of
GTP, m’GTP and RTP. « denotes proton that partially dissociate at pH 7.2 and #=
denotes where protonation would cause a positive charge on the free triazole. (B)
Circular dichroism spectra in the far ultraviolet upon addition of GTP, m’GTP or RTP
to human elF4E.

lowest limit of detection, were chosen based on our CD and previ-
ous biophysical studies. Given the 6-10 days required for acquisi-
tion of the HSQC at low elF4E concentration, the integrity of apo-
elF4E was checked before and after acquisition by SDS-PAGE with
no detectable degradation over this time period.

3.3. elF4E exhibits a concentration dependent affinity for RTP

Example "H-"°N HSQC spectra recorded for elF4E in the absence
and presence of RTP at low elF4E concentrations (2-5 pM) and
high elF4E concentrations (50-200 pM) are shown in Figs. 2A
and 3A, respectively. These data reveal two complexes in different
exchange regimes on the NMR timescale, signifying different affin-
ities for RTP. At high elF4E concentrations we observed peaks in
fast exchange consistent with a weak affinity for RTP. In contrast,
the low concentration elF4E sample (2 pM) exhibited loss of peaks
and in some cases, appearance of new peaks upon addition of RTP
at ~20-fold excess. These spectra indicate the low concentration
elFAE-RTP complex is in intermediate to slow exchange, consistent
with affinities detected for this complex from previous biophysical
studies (K4 of 0.13 pM [9]). For the low concentration complex
with 40 pM RTP, it is important to note this concentration is read-
ily achievable in patients with no toxicity [10,16]. Importantly,
many regions of the protein did not undergo detectable changes
in either complex indicating the effects of RTP are specific.

3.4. Chemical shift mapping reveals distinct complexes at high and low
elF4E concentrations

Mapping of the spectral changes onto the elF4E structure indi-
cates that a similar set of residues are perturbed in both complexes
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and the helical dorsal surface (right panel).

(Figs. 2B, 3B and Supplementary Fig. 2C and D). These residues (col-
ored cyan in Fig. 4A) are centered around the cap binding pocket,
including the B-strands at the bottom of the cap-binding pocket
(e.g. p-strands 1 and 4-6), the phosphate binding region (R157
and K162) as well as the surface loops important for m’G cap bind-
ing. A substantial number of resonances, however, are perturbed
differentially indicating the high and low affinity complexes have
distinct binding modes (dark blue and green in Fig. 4A). For in-
stance, while the N50 and T205 (Fig. 3) are among the most af-
fected residues in the low affinity complex, these are not altered
in the high affinity complex (Fig. 2). One of the most striking
changes in the high affinity complex involves F48 (adjacent to
W56 in the elF4E structure, Fig. 2B), which undergoes broadening
with a new peak found at almost the exact position of the F48 cross
peak corresponding to the m’GTP bound form of elF4E (see the ar-
row in Fig. 2A). In the low affinity complex the F48 peak is only

minimally perturbed relative to apo-elF4E. Similarly, many peaks
that disappear in the high affinity complex are not affected in the
low affinity complex, e.g. 1115, T167, K52 among others (compare
Figs. 2A and 3A).

Mutation of W56 to alanine substantially abrogates elF4E affin-
ity for both RTP and m’GTP [7,9]. The 'H-'>N HSQC of apo W56A
elF4E induces a large shift to F48, and only a minimal perturbation
to N50 compared to wild-type eIF4E. Thus these residues, which
may be considered as ‘reporters’ of high and low affinity complexes
respectively, although close in sequence, can be differentially af-
fected by both mutation and ligand binding.

Binding of RTP (at a 60-fold excess) to W56A elF4E at high
(50 M) and low (2-5 pM) concentrations by NMR revealed differ-
ent results. No significant changes compared to the wildtype spec-
tra were evident from the high concentration titration (see
Supplementary Fig. 2B, e.g. peaks N50 and T205 were similarly al-
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are shown.

tered in mutant and wildtype spectra). In contrast, at low elF4E
concentrations, RTP no longer bound elF4E (Supplementary
Fig. 2A). Thus W56 is only important for binding in the low concen-
tration complexes, strongly supporting the notion that there are
fundamental differences between the high and low concentration
complexes. Significantly, the low concentration NMR complex
has similar characteristics to the elF4E-RTP complexes studied
previously biophysically and in cells, such as high affinity and sen-
sitivity to W56A, strongly suggesting this is the complex important
for cellular function.

3.5. Comparison of conformational changes in the RTP- and m’GTP-
elF4E complexes

Several crystal and NMR studies indicate that the m’G cap
intercalates between W56 and W102 with additional contacts

made by E103, W166, and for the phosphates, K162 and R157
[4]. Consistent with binding at the cap site, all these residues are
perturbed upon addition of RTP to elF4E. Chemical shift perturba-
tions of elF4E upon binding of m’GTP and RTP (at 2 uM elF4E) are
highlighted in Fig. 4B. Clearly a number of residues are similarly
perturbed (colored in yellow), including F48 which undergoes
among the largest shifts in both m’GTP and RTP complexes. How-
ever, important differences are observed upon RTP binding. Nota-
bly, perturbations to the indole peaks of W56/102 were not as
extensive which likely reflects the substantial differences in both
size and charge between m’GTP and RTP. Indeed there is substan-
tial structural plasticity in the cap binding pocket as evidenced by
high affinity binding of significantly bulkier ligands [17,18] and
high B-factors for the W56/102 loops even when cap bound
[5,19,20]. Thus, the lack of significant movement of the W56 and
W102 indoles (note the W102 backbone amide is substantially af-
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®

Fig. 4. Comparison of the residues affected in the RTP and m’GTP elF4E complexes. (A) Comparison of high and low affinity RTP complexes (low and high micromolar elF4E
samples, respectively). Results of spectral perturbations were mapped onto elF4E cap bound structure. Color coding is as indicated: dark blue, change in high affinity complex
relative to apo exclusively; light blue, change in both complexes relative to apo; green, change only in the low affinity complex relative to apo upon RTP binding; white, no
change in either complex relative to apo; dark gray, unknown due to spectra overlap. [B) Comparison of high affinity RTP and m”GTP complex, color-coding as above except
for changes in both complexes relative to apo (yellow) and changes only in the m’GTP complex relative to apo (red).

fected) upon RTP binding might reflect one or many of these mech-
anisms. It is possible that RTP binds deeper in the eIF4E pocket (gi-
ven the effects on F48 and other nearby residues) and its smaller
size allows the motions that are present in the apo elF4E to persist,
and of course, RTP could adopt multiple conformations in this
pocket. Thus, for both cap binding and likely more so for RTP bind-
ing, there is likely substantial motion within the complexes.

Similar to m’GTP binding to elF4E, RTP induces substantial
changes at the dorsal surface of elF4E (Supplementary Fig. 3).
These changes (which are important for increasing affinity for reg-
ulatory proteins [6,21-23]) are not identical to m’GTP but are
likely mediated via a similar allosteric path previously identified
for eIF4E, e.g. via p-strands 5-6 to W130 on the internal face of he-
lix 2 and adjacent residues lying on the dorsal surface, and in par-
ticular for a cluster comprising the residues H37, E40, V69 and D71.
Notably we do not see any movement for W73 suggesting no
involvement of the dorsal surface.

3.6. elF4E concentration considerations

Our observations with RTP binding led us to examine whether
the affinity of eIF4E for m’GTP was similarly dependent on elF4E
concentration. Using ITC, we observe a steep concentration depen-
dence with an affinity reduction of 8-fold in the range of 1.6-
12.4 pM with stronger binding at low eIF4E concentrations (Sup-
plementary Fig. 4B).

We hypothesized that reduced binding of elF4E at higher con-
centration was due to aggregates. Consistently, we detected a con-
centration dependent aggregation of elF4E using a variety of
methods, including size exclusion chromatography (SEC), NMR
self-diffusion and AUC (see Supplementary materials and Supple-
mentary Fig. 4A and C). The results of the SEC showed only mono-
mer at 0.5 pM elF4E, with increasing amounts of aggregate (6%,
11% and 25%) at 2, 22 and 60 uM elF4E, respectively. The aggregate
eluted in the void volume, indicating a minimum molecular weight
of 200 kDa. AUC data for 20 pM elF4E estimated a molecular
weight centered around 700 kDa with a very broad distribution
indicating substantial heterogeneity (data not shown). Using SEC,
we also observed time-dependent effect aggregation for the more
concentrated elF4E samples (60 puM) increasing from 25% to 50%
aggregates after 3 days. In contrast, the low concentration samples
(2-5 uM) showed no additional aggregation during even longer
timeframes (data not shown). Thus, the concentration dependence
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on ligand affinity is not specific to RTP but appears related to the
propensity of elF4E to form very large aggregates.

Adding complexity to the system, guanosine analogs, which in-
clude ribavirin, are known to self-stack and in certain conditions
can even form gels [24]. Using hydrophilic chromatography and
mass spectrometry we detected an equimolar amount of dimer
and monomer at 100 uM RTP and predominantly dimer (>98%) at
5 and 9 mM RTP.

Taken together, this strongly suggests that the active concentra-
tions of both ligand and protein are lower than anticipated and ac-
count for some of the differences in affinity we observe as a
function of elF4E concentration. At very high concentrations of
RTP, which would be typically used in NMR, the majority of RTP
is dimer. We cannot rule out the presence of even higher aggre-
gates that likely have poorer ionization efficiency than monomers
and so the extent of aggregation for RTP reported here could well
be an underestimate.

3.7. Ribavirin binds elF4E in human cells

Ultimately, it is important to demonstrate that RTP interacts
with elF4E in human cells. RTP is not cell permeable and thus riba-
virin, which is converted into RTP intracellularly [1] is used for
these studies. From the clinical perspective, 20-40 pM ribavirin
levels were routinely observed in AML patient plasma in the riba-
virin monotherapy and ongoing ribavirin combination trials, and
thus this concentration was used here [10,16] (see Supplementary
methods). We observe a 6-fold enrichment of *H ribavirin in the
elF4E immunoprecipitations relative to controls indicating a strong
interaction between elF4E and RTP in cells consistent with the high
affinity complexes we observe (Supplementary Fig. 5).

4. Discussion

Our NMR studies demonstrate that there are at least two modes
for elF4E binding to RTP dependent on concentration and likely dri-
ven by concentration dependent aggregation. Physically, both
complexes utilize residues at or near to the cap-binding site, but
the molecular contacts, relative binding affinity and sensitivity to
the W56A mutation are distinct. The low concentration (2-5 uM)
elF4E-RTP complex exhibits similar high affinity binding and sensi-
tivity to the W56A mutant as seen in previous biophysical stud-
ies[6,9,11]. Similar to m’GTP binding, the low affinity RTP
complex induced changes in the NMR spectrum at the dorsal sur-
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face via an allosteric mechanism. However, we observe no changes
to W73 consistent with previous studies showing mutation of W73
to alanine had no effect on RTP affinity for elF4E [9]. The observa-
tion of a concentration dependent aggregation of elF4E and con-
centration dependent affinity of elF4E for RTP suggests these
phenomena may be linked. A possible model for the observed
binding is that aggregation at higher concentration obscures RTP
from entering the cap binding pocket, and RTP-elF4E association
occurs at the surface loops, consistent with the large changes ob-
served for N50, R167, T203 and T205; whereas at lower concentra-
tions elF4E is predominantly monomeric facilitating deeper access
within the binding pocket.

The molecular details driving binding of RTP likely differ from
m’GTP. The cap-binding site is adjustable allowing for binding of
cap-analogs with bulky substitutions, such as benzene in place of
the methyl group on the guanosine ring where this actually in-
creases affinity to elF4E [18,25,26]. Similarly, elF4E from nema-
todes binds both the mono- and trimethyl cap with similar
affinity but mutation of E103 only impairs binding to monomethy-
lated cap [26]. Taken together, these findings suggest that ligands
can use different features to interact in elF4E's cap-binding pocket.
This is likely the case for RTP and m’GTP. Further, given that RTP is
much smaller than the cap, its precise position in the cap binding
pocket may be more prone to “sliding” suggesting that there could
be exchange within bound forms that could also contribute to the
line broadening observed.

Our studies suggest that the high affinity/low concentration
complex is the most physiologically relevant. For instance elF4E
is estimated to be present in the submicromolar range in cell lines
[27], and ribavirin and thus RTP levels in patients are not typically
more than 40 pM or so and certainly do not reach the millimolar
level. The necessity of capturing the high affinity complex at low
protein concentrations coupled with intermediate exchange phe-
nomena, will make its structure determination particularly chal-
lenging. Given our biophysical studies at 0.2 uM elF4E yield Ky's
in the 0.17 uM range for RTP, it is likely that lowering concentra-
tions in the NMR would lead to even tighter binding, but the tech-
nical limitations of collecting data on such dilute samples preclude
such experiments. Notwithstanding, the clear differences in the
binding site albeit within the cap-binding pocket, strongly suggest
that these sorts of issues need to be considered for elF4E drug de-
sign initiatives and also more generally as these phenomena are
unlikely restricted to elF4E. Further, a deeper understanding of
multiple binding modes of elF4E will be important in future drug
design efforts.
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Materials and Methods
1. Materials
GTP and m’GTP were purchased from Sigma and RTP was synthesized from Ribavirin (Kemoprotec)
as described by Kimoto [1]. *'P NMR and mass spectrometry experiments indicated the RTP was intact
and in the triphosphate form.
2. elF4E purification and characterization
Human eIF4E was purified using the established procedure of elution with m’G (a cap analogue)
from a cap affinity column followed by extensive dialysis and ion exchange chromatography to remove
the remaining cap [2]. To ensure our samples were free of m’G, we compared the '"H-'"N HSQC spectra
obtained from this method with human apo elF4E produced using a His tag. Differences were observed
only at the N-terminus because of differences in the sequence due to cloning (Supplementary Fig. 1A).
This is also supported by our recent crystal structure of apo elF4E form purified using the cap affinity
chromatography protocol [3]. Next, we looked at the aggregation state of e[F4E over our experimental
concentration range and no obvious change in the apo-eIF4E "H-'"N HSQC spectra could be detected

(Supplementary Fig. 1B).

3. CD spectroscopy

CD studies were carried out on a JASCO 810 spectropolarimeter using a 0.1 cm cuvette at 20°C.
Buffer and nucleotide absorbance were subtracted out. Experiments were performed at pH 7.5, 150 mM
NaCl, 10 mM sodium phosphate and 20°C with ~2 uM elF4E conditions based on our previous
fluorescence and cap chromatography studies with ribavirin [4,5]. Protein concentration was estimated

by UV-Vis absorption spectroscopy (¢ = 52940 M-'em™) to be 2 uM and samples with approximately
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20-fold molar excess of the different nucleotide triphosphates were incubated for 30 minutes before data

acquisition.

4. NMR spectroscopy
'H-1SN HSQC spectra were collected in 10 mM sodium phosphate, 150 mM NaCl, pH 7.5 and 20°C
on a 600 MHz Varian Inova spectrometer. Experiments were processed with NMRPipe [6] and analyzed
using Sparky [7]. Chemical shift perturbations were weighted by calculating the average chemical shift
differences, A.(NH), using the equation Ay (NH) = [(AS#* + (A8x/5)%)/2]"2, where A8y and Ady are the
differences between free and bound chemical shifts [8]. Translation diffusion experiments were
performed using the stimulated echo with bipolar gradient pulses [9] and Watergate for solvent

suppression.

5. FPLC experiment
Samples were applied to a Superdex 75pg (Pharmacia) equilibrated with 50mM phosphate pH 7.5,
100mM NaCl, 50 uM TCEP, and were eluted in the same buffer at I ml.min"', under a pressure of 0.35
MPa at 4°C. The column was standardized by eluting a series of marker proteins of known molecular

mass and calculating the partition coefficient.

6. ITC
ITC was performed with a VP-ITC instrument from Microcal, Inc. at 20°C. The elF4E sample and
the m’GTP were in 10 mM sodium phosphate, 150 mM NaCl, pH 7.4.

7. AUC experiments

AUC experiments were performed at 20°C using a Beckman Coulter XL-I analytical
ultracentrifuge. All experiments were performed in dual-sector, charcoal-filled Epon centerpieces that
had been filled with 390 pl of sample in the sample sector and 400 pl of buffer (10 mM sodium
phosphate, 150 mM NaCl, pH 7.4, 100 uM TCEP) without proteins in the reference sector. Assembled
cells (one per sample) were loaded into a four-hole An60Ti rotor. AUC data were collected at 30,000
rpm in absorbance mode at 280 nm. Three different eIF4E concentrations (2, 10 and 20 uM) were
analyzed from the same stock eIlF4E sample. Data were analysed using SEDNTERP and SEDFIT
[10,11]. Sedimentation profiles were obtained by fitting the absorbance data to the continuous c(s) or

c(M) models, affording estimates of the sedimentation coefficient and molecular weight.

8. Mass spectroscopy
Hydrophilic chromatography was used in conjunction with mass spectrometry. The system used was

an Agilent 1100 HPLC coupled to an Agilent MSD Trap SL, with an ESI source. The autosampler system
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was kept at 4°C. The HPLC column was an Inertsil HILIC, 150 x 4.6 mm, 5 um and the chromatography
was obtained using solvent A (2 mM ammonium formate in water, pH 3.2) and solvent B (100%
acetonitrile). The injection volume was 50 pl and the flow rate 1 ml/min. The column compartment was
heated at 30°C. The initial gradient was 95% B and 5% A which changed during a 30 min course to 5%
B and 95% A followed by 6 min equilibration at 95 % B and 5 % A. The total run time of the gradient
was 36 min. The ESI source of the coupled MS ion-trap was set in positive mode, the nitrogen drying
gas flow at 12 ml/min, the nebulizer pressure at 55 PSI and the temperature of the capillary at 350°C
with a voltage of 4500 V. The mass analyzer was set to scan from 50 to 1500 m/z.

9. Detection of the RTP in human cells

The head and neck carcinoma cell FaDu (obtained from the ATCC) was treated with 0.7 uM *H
ribavirin for 8 hours, the maximal uptake of ribavirin. Cells were lysed and immediately
immunoprecipitated with an anti-eIF4E antibody (Sigma Aldrich) or immunoglobulin IgG as a negative

control as described [12]. *H ribavirin content was determined by scintillation counting.

Supplementary Figures
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Supplementary Figure 1. (A). 'H-'>N HSQC spectra of human eIF4E purified either by nickel agarose
chromatography (red) or by cap chromatography (green). (B) 'H-'>N HSQC spectra of the apo-eIF4E

corresponding to the low (red) and high (blue) concentrated samples.
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Supplementary Figure 2. NMR analysis of the low and high micromolar elF4E-RTP complex. (A)

Regions highlighting specific residues of '"H-'"N HSQC spectra of apo eIF4E W56A (red) with ~20-fold
molar excess of RTP (green). (B) 'H-'"N HSQC spectra of 50 uM eIF4E W56A (red) as a function of

increasing concentration of RTP (up to 1:60; green). (C) Per-residue line broadening upon binding of

RTP with elF4E (2-5 uM) at ratio 1:20. Positive (white) and negative (gold) bars are representative of
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residues that broaden, and/or shift relative to apo elF4E, respectively. Black is unknown due to spectral
overlap. (D) Per-residue chemical shift perturbations upon binding of RTP with eIlF4E (50 uM) at a ratio
of 1:50.
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Supplementary Figure 3. Comparison of the residues affected on the dorsal surface in the RTP
and m’GTP eIF4E complexes. (A). Selected regions of 'H-'>’N HSQC spectra centered on specific
residues located on the dorsal surface of eIF4E. The apo elF4E (red) is superposed with either ~20-fold
molar excess of RTP (green) or m’GTP (blue). (B) Position of the different residues shown in (A) are

represented on the elF4E structure.

175



(A)

0510007  — gF4Eat 0.5|6|M
g — elF4Eat 2;1
$E gog] — elF4Eat22um
B— — elF4Eat 60 UM
5%
Yo 600/
o
(48]
OB
c & 400/
© c
2
a_c 200 {
ow
<E

0O 10 20 30 40 50 60 70 80 90 100
Volume of elution (ml)

(B) 140

S 120
e
EE 100
o' 801
5<
&y 60
5T
se 40
as
20
0 N ———
0 2 4 6 8 10 12 14
elFAE (uM)
0.0
- = 503 uM elF4E
-0.2F = 104 uM elF4E
I == 20 uM elF4E
04} RiLe
=
E-O6L \\

-0.8F \\
-1.0r \\

0 56+05  1e+06  1.5e+06 2e+06

GV 5 (A-(5/3))

176



Supplementary Figure 4. The concentration dependence of elF4E and its cap ligand. (A) FPLC
elution profile of eIF4E at different concentrations. The peaks at 43 and 63 ml correspond to the void
volume and the monomeric form of elF4E (~25kDa), respectively. All four profiles were standardized
to the highest peak at 63ml (1000 mAU). (B) Plot of the dissociation constants for the eIF4E / m’GTP
complex obtained by ITC at indicated eIF4E concentrations. (C) Translation diffusion experiments
calculated at different apo eIF4E concentrations. The calculated diffusion coefficients Ds are 0.56.10° +
2.6.1010.65.10°+2.7.10"" and 0.72.10° = 6.1.10""" cm?/s for eIF4E samples at 503, 104 and 20 puM,

respectively.
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DISCUSSION

The tale of cancer treatment and its relapse remains a major challenge in medical oncology.
Since Richard Nixon, the former U.S. president, has declared the “War on Cancer” almost 40
years ago (), moderate progress has been made in improving the survival rates of patients. This
impediment is, in part, due to our constant search for novel Achilles heels and finding ways to
target them while undermining two important aspects that if were addressed in parallel will most
likely lead to the development of most efficacious therapies. Cancer invasion and treatment

evasion remain to date the major cause of cancer related mortality among patients.
Cancer Treatment Escape and Evasion

The development of longstanding anti-cancer therapeutics is constantly hindered by the
development of primary or acquired multidrug resistance. Mechanisms by which cancer cells
circumvent treatment can be generally divided into three categories: impaired drug net uptake
(due to either enhanced efflux or decreased uptake), mutation of drug targets or compensatory
genetic rewiring of relevant pathways . In my thesis, I present a fourth model “inducible drug
glucuronidation”. Here, cancer cells hijack UGT1A enzymes to chemically modify drugs and

block drug-target interactions.

While earlier studies investigating the role of UGTs in malignancy were focused on the effects
of'loss of UGTSs and the accompanying deficiency in xenobiotics clearance, this is the first report
to demonstrate that UGTs can be upregulated in an inducible-manner. Supporting our model,
two subsequent studies have been published, since, showing a direct correlation between UGT
expression and activity with the development of resistance to HDAC and Hsp90 inhibitors in
CLL and colorectal cancer cell lines, respectively ¢ ¥. As such, induced drug glucuronidation
could be extended to other types of cancers; an interesting future perspective that can be
addressed using tissue microarrays on large databank of patients to detect the commonality of

this resistance mechanism in different cancer types and stages.

Understanding the mechanism(s) regulating inducible glucuronidation is essential for
developing means to target UGTs and reverse the phenotype. In the AML case presented in my

thesis, increased expression of GLI1 leads to elevation of UGTs. The mechanism by which GLI1
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controls UGTIA expression does not appear to be at the transcriptional level, given the
disconnect between UGT 1A protein and mRNA levels. Treatment of resistant cell lines with the
proteasome inhibitor MG132, indicates the GLI1 increases UGTI1A protein stability. It is
therefore plausible that GLII proteins indirectly either (i) decrease UGT1A turnover through
downregulation of specific protein ligases, (ii) induce some posttranslational modifications or
(ii1)) increase UGTI1A ER-retention. Preliminary data from antibody arrays in GLI1
overexpressing cells predict GLI1-mediated increase of ER-retention as a possible mechanism.
Hence, identifying factors mediating the link between GLI1 and UGT1A could serve as an

alternative therapeutic modality to using GLII inhibitors as a means to revert resistance.

In addition to GLI1 dysregulation, it seems likely that other pathways can lead to UGT
dysregulation in cancer. These include, DNA methylation, transcriptional regulation,
phosphorylation, histone modification, microRNA regulation as well as alternative splicing. An
interesting recent discovery revealed the presence of a novel class of human UGTs encoded by
the same genetic loci but instead of possessing the common C-terminus exon Sa, utilize a shorter
exon 5b which leads to premature translation termination. The resulting truncated UGT proteins,
coined UGT i2s, lack glucuronidation activity but act in a dominant-negative capacity possibly
through forming inactive heteromeric complexes with full length UGT isoforms thus reducing
enzymatic activity 9. Accordingly, understanding the mechanisms of regulation of UGT and
UGT i2s might provide a means for many possible therapeutic strategies, beyond the GLI1
model, to decrease or increase the expression of these enzymes, respectively. Such studies
should include monitoring UGT protein levels and identifying which of the UGTs are

dysregulated in various types of cancers.

Another effective strategy for reversing GLI1-dependent glucuronidation resistance is perhaps
identifying inhibitors for UGT1A enzymes that are directly responsible for glucuronidation.
This can be achieved by screening UGT1A enzymes against fragment libraries using NMR
techniques. Screening of fragment libraries is a relatively new screening technique that has been
successful in generating clinical compounds, even for difficult drug targets. In this technique
small molecules (typically < 300 Da) are screened against a target protein, multiple hits are
typically identified and linked together to form a strong specific inhibitor. Critically fragments

are chosen with good drug-like properties, such as solubility, PK and toxicity profiles which are
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often exhibited in the final drug. Since initial hits are expected to be weak, NMR has been the
technique of choice for screening. After initial hits have been identified, their binding site on
the UGT1A protein is assessed via competition experiments with known substrate binders and
binders at the cofactor site. Alternatively, expressing the N- and C-terminal domains separately
or using well known mutants known to be important for substrate or cofactor binding can be
tested. Identified hits are collated based on affinity and/or tested in microsome assays for
glucuronidation of ribavirin. An offshoot of this analysis is discovery of unique mechanisms for
each glucuronidation target. In the absence of structure for the full-length UGT1A enzyme,
interligand NOE’s between bound molecules can be assessed to help guide linking strategies for
stronger binders. Additionally, the UGT1A enzyme of interest will be modeled based on
homologous plant and yeast structures to aid in drug design (there are examples of this in the

literature).

An important feature of drug resistance is that development of resistance to one drug can lead
to resistance to others. Given the broad range of substrates recognized by UGT enzymes,
inducible drug glucuronidation could potentially target a wide variety of chemically distinct
drugs. To determine which FDA approved drugs are potential clients for this resistance
mechanism, high-throughput screening of cells overexpressing GLI1 can be established. Our
preliminary results reveal a list of approximately 130 compounds whose inhibition of cell
growth was impaired following GLII upregulation. Amongst, were drugs that are used as
standards in the treatment of cancer, including Methotrexate, Floxuridine, and Idarubicin.
Validation of these hits, followed by mass spectrometry analysis to determine if the drugs get
glucuronidated or whether multiple forms of GLI1-dependent drug resistance occurs still needs
to be done. As a control, treatment with Vismodegib and other GLI1 inhibitors will be useful to
assess if resistance to these drugs can be reversed. Interestingly, preliminary analysis of the drug
screen also revealed a list of approximately 23 compounds reverting drug resistance. Most of
these drugs belong to a family of ATP synthesis inhibitors, including Gossypol, Aurovertin B,
and Quinidine sulfate. Even though validation of this list still needs to be established, and thus
could provide an alternative therapeutic venue to overcome GLI1 mediated drug resistance, a
study aimed at understanding the sensitivity of GLI1 overexpressing cells to ATP inhibition

would be of great value.
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Beside glucuronidation, phase II drug metabolism includes other biotransformation reactions
that serve to detoxify drugs. These conjugation reactions include, sulfation, acetylation,
methylation and glutathione addition, among others. A recent study revealed a correlation
between elevated glutathione levels and the inactivation and subsequent resistance to seven
platinum drugs; indicating that similar to glucuronidation, other drug modifications could also
be exploited by cancer cells to evade treatment. As such, phase II machinery needs to be
characterized in cancer patients, particularly at resistance, as this might aid in impeding cancer

and improving survival rates for patients.

My work demonstrates that resistance to a given therapeutic agent does not mean the end of our
war against cancer, but rather the beginning a new battle where collateral hypersensitivity to
alternative drugs can be exploited, only if we stand our grounds and strike back. It further
demonstrates a new form of drug resistance “inducible drug modification” that should be taken
into account not only during initial drug development but also upon resistance; turning around

the one favorited hallmark of cancer cells “survival of the fittest” into our own advantage.
Cancer Invasion and Metastasis: Spawning Pioneer Cells in the Strive for Survival

From the cancer principle “survival of the fittest” comes the 6™ hallmark defined by local
invasion and distant metastasis, “a growing tumour will eventually spawn pioneer cells; these

move out of the original clump of mutant cells to invade...” by Buddhini Samarasinghe.

Over the past two decades, the mechanism(s) regulating invasion and metastasis are becoming
increasingly evident. It is now believed that in favor of motility, cancer cells genetically rewire
to hijack and activate an important developmental program, the EMT, used in normal embryonic
development and in response to inflammation -®. During EMT, a set of pleiotropically acting
transcription factors orchestrates the expression of molecules used to alter the shape of cancer
cells, change cell polarity, loosen cell adhesion junctions, and degrade the ECM >®. One of the
known migratory events in EMT is characterized by the production of CD44 on the surface of
cancer cells to aid their movement on stromal or endothelial hyaluronic acid chains ©'V, The
findings I present in chapter 8, alter this long-held dogma of CD44-assisted cancer cell migration

on HA chains. Instead, I show that cancer cells per se express short chains of HA that form
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microvillus-like surface protrusions which recruit CD44, among other receptors. These
architectural changes are not observable by light microscopy because the HA filaments are too
narrow, and thus these alterations have gone undetected for decades. I show the surprising
finding that HA on the surface of tumour cells is required for elF4E-mediated invasion.
Specifically, eIF4E engages a post-transcriptional programme that drives the production of HA
leading to the acquisition of an HA surface coat and cell surface protrusions. These studies
demonstrate for the first time that HA biosynthesis and related structural changes can be
harnessed by an oncoprotein to drive its malignant phenotype. Further, these findings alter the
usual conception of glucose derivatives changing the metabolism of cancer cells to depict them
as building blocks used to construct extracellular structures armed with factors that increase the

metastatic phenotype.

Interestingly, the data presented in chapter 8 indicate that e[F4E might be a key regulator of
HA-rich microvilli, beyond regulation of HA enzymes and CD44. Our RIP and export assays
indicate that in addition to HA synthesizing enzymes and CD44, matrix metalloproteinases
(including MMP9 and MMP2), collagenases, as well as ERM proteins (namely Ezrin) are
potential targets of eI[F4E. These findings support a model whereby HAS3 overexpression on
the surface of cancer cells catalyzes the synthesis of HA which in turn coats the surface and
mediates the formation of microvillus-like protrusions. Concomitantly, the microvilli-recruited
CD44, on one hand, forms a scaffold for the binding of active MMPs that aid motility through
proteolysis of the ECM, and on the other hand, interacts with cytoplasmic ERM proteins linking
the plasma membrane with the actin cytoskeleton. It is noteworthy that neither CD44 nor HA
alone can induce cell migration; rather an interaction between the two is necessary to activate
this process. Also, despite the presence of CD44 in HAS3-induced protrusions, inhibition of
CD44 activity with blocking antibodies or siRNA-mediated knockdown of CD44 does not affect
the formation of these protrusions; suggesting that this particular activity is CD44 independent.
These data indicate that CD44-HA dependent and/or independent functions are essential for
downstream signalling post-protrusion formation. Subsequent studies focused on determining
the composition of elF4E-induced HA-rich protrusions would be of great interest as this will
provide more profound mechanistic insights into the process of invasion and metastasis and

ultimately aid the development of therapeutic means to prevent it.
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Data shown in chapter 8 demonstrate, for the first time, that leukemic cells can also be sugar-
coated (the presence of protrusions still needs to be assessed). If the expression of surface
protrusions represents a means by which carcinoma cells locally invade the ECM, then what are
the implications of having an HA-coat, and perhaps the associated microvillus-like protrusions,
on the surface of AML cells? Throughout their lifespan, leukemic cells can circulate and take
up residence in organs such as the liver and spleen, however, the vast majority are found in bone
marrow (BM) niches where interactions with various BM cells provide them with factors
favouring their survival. Bone homing of AML cells has been shown to rely on leukemic CD44-
endothelial HA interaction to mediate the rolling of these cells on the endothelial wall ¢ 1219 1
propose that the HA rich protrusions on the surface of leukemic cells are required for the homing
process post-extravasation. It is plausible that once inside the bone marrow, AML cells use their
HA coats/protrusions to invade through ECM towards the niche where they can hide and escape
treatment. This proposition can support the development of ribavirin resistant eIlF4E AML cells
discussed in chapter 3. Alternatively, the HA-CD44 interaction in AML can also play a role in
cell-cell communication between cancer cells or cancer cells with BM cells in favor of survival
or might mediate bone marrow exit of AML cells (a topic that, to date, is still largely uncovered).
Accordingly, assessing the role of the HA coat in AML biology needs to be assessed by using

mouse xenograft models.

Would HA-rich surface protrusions contribute to the release of microvesicles prior to the
spawning of pioneer cells from the primary tumour? Recent evidence has shown that cancer
cells can produce nano-sized vesicles termed “microvesicles” that carry cargo necessary for
multiple aspects of cancer development including invasion, metastasis and enhancing drug-
resistance potential !> 19, This cargo consists of DNA, mRNAs, microRNAs, proteins and lipids
that can be delivered to local as well as distant cells 1> !9, One of the interesting features of
these microvesicles is depicted during metastasis whereby their migration to pre-metastatic sites
creates an ideal milieu in which primary tumour cells can now grow 7!, As such, the shedding
of such microvesicles from the HA rich protrusions presented on the surface of elF4E
overexpressing cells to aid metastasis might be a logical choice for these cells during late stages
of their development. Indeed, preliminary data of HA immunofluorescence staining in elF4E

overexpressing cells shows the secretion of these microvesicles between cells. Further, it is
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shown that in various types of cancers, production of interleukin 10 (IL-10) by monocytes is
induced by low molecular weight HA located in tumour-derived microvesicles !®. As such,
characterizing the type of microvesicles produced following eIF4E overexpression as well as
identifying their composition and their role in determining subsequent organotropic metastasis

could be used to predict metastatic propensity as well as organ-specific metastasis.

In conclusion, HA-rich protrusions on the surface of AML and carcinoma cells could serve a
dual role mediating cancer invasion and treatment evasion. Accordingly, eI[F4E overexpression
provides AML cells with a proliferative as well as survival advantage placing eIF4E not only as
a central node of an RNA regulon that governs cellular proliferation but also as a central node
of a second RNA regulon, a “Sugar Regulon”, governing invasion; where eIF4E regulates the
expression of HA biosynthesis as well as microvilli-based factors essential for invasion. A better
understanding of the mechanisms underlying bone marrow homing of eIF4E high AML cells is
required to develop better treatment options. Here, I present the use of a clinically available HA
degrading enzyme, Hyaluronidase, to augment the cytotoxic effects of ribavirin on AML and
carcinoma models. Indeed, the design of future clinical trials combining ribavirin and

Hyaluronidases are currently in progress.
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Conclusion

Cancer invasion and treatment evasion remain to date the two leading cause of cancer related
mortalities among patients. Studies focused on understanding the molecular mechanisms
governing these two processes will aid in the development of targeted therapeutics. The case
presented in this thesis, demonstrates an example of how this can be accomplished. The data
presented herein, illustrate how cancer cells develop oncogenic dependency on the roles of
elF4E for their invasion and treatment escape and also presents ways to overcome these
phenotypes clinically. While cancer treatment escape can be established via inducible drug
glucuronidation, and its invasion through presentation of surface sugar coats containing
weapons of metastatic destruction, using combinations of clinically available inhibitors to
synthetically eradicate tumor cells provides rays of hope for improving the survival rates of

these patients.
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