DYSREGULATION OF CELL GROWTH AND APOPTOSIS NETWORKS
THROUGH ALTERED MRNA DECAY IN MALIGNANT AND VIRUS-INFECTED

CELLS

A DISSERTATION
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL OF THE
UNIVERSITY OF MINNESOTA

BY

LIANG GUO

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

PAUL R. BOHJANEN MD, PhD &

IRINA VLASOVA-ST. LOUIS MD, PhD

August 2018



© Liang Guo, 2018



Acknowledgements

| would like to thank many people in helping me to complete this thesis.
First of all, | would like to acknowledge my thesis committee for their insightful
comments and encouragement: Dr. Clifford Steer, MD, Dr. James Lokensgard,
PhD, Dr. Jose Debes, MD, Dr. Irina St. Louis, MD PhD, and Dr. Paul Bohjanen
MD PhD. Especially, | would like to express my sincere gratitude to my advisors,
Drs. Irina St. Louis and Paul Bohjanen, for their guidance and support throughout
my PhD study. It has been a privilege to work with and learn from them. They are
and will always be my mentors and friends.

| also would like to thank all the past and present lab members,
particularly, Dr. Daniel Beisang, for his feedback and cooperation. | also thank
Dr. Cavan Reilly, who provided help in analyzing the data for many of my
projects.

In addition, my sincerest thanks go to the Comparative and Molecular
Biosciences Graduate Program in the College of Veterinary Medicine for their
support. | am also grateful to the Institute for Molecular Virology Training
Program for their financial support.

Last but not least, | would like to thank my friends and family, for their

unfailing support and encouragement along the way.



Dedications
This dissertation is dedicated to my husband, Eric Espland, and our cats, Mimi

and Olly.



Abstract

Gene expression in eukaryotic cells is tightly regulated at various levels,
including transcription, post-transcriptional RNA modification, RNA localization,
RNA stability, translation, and post-translational modification. Alterations in
MRNA stability are particularly unique; regulation of mMRNA stability enables the
rapid and precise change in the expression of genes en masse in a coordinated
fashion in response to different cellular conditions. An important feature of both
chronic viral infections and the development of cancers is dysregulated cell
growth and prevention of the death of damaged cells. Dysregulation of signaling
transduction networks that control cellular division and apoptosis occurs in both
viral infection and development of malignancy, and this dysregulation involves a
variety of gene regulatory mechanisms, including transcription, post-
transcriptional regulation, translation and post-translation modification. Post-
transcriptional regulatory mechanisms that control gene expression in viral
infection and malignancy, especially mRNA decay, are not well understood. The
work presented in this thesis focuses on investigating the dysregulation of gene
expression networks that control cell growth and apoptosis at the level of MRNA
decay in two disease states: viral infection and malignancy. In particular, this
work describes how dysregulation of cell growth and apoptosis networks
contributes to the pathogenesis of viral infection and malignant transformation.

The first project presented in Chapter 2 was to elucidate the network of
transcripts that are regulated by the RNA binding protein CUGBP1 and Etr3 Like

Factor 1 (CELF1) in malignant T cells. CELF1 is an important RNA decay



regulator which binds to the GU-rich element (GRE) within its target transcripts
and mediates rapid degradation of the transcripts. We performed
immunoprecipitation using an anti- CELF1 antibody, followed by identification of
co-purified transcripts using microarrays. We found that CELF1 is bound to a
distinct set of target transcripts in the H9 and Jurkat malignant T-cell lines,
compared with primary human T cells. CELF1 was not phosphorylated in resting
normal T cells, but in malignant T cells, phosphorylation of CELF1 correlated with
its inability to bind to GRE-containing mRNAs that served as CELF1 targets in
normal T cells. Lack of binding by CELF1 to these mRNAs in malignant T cells
correlated with stabilization and increased expression of transcripts. Several of
these GRE-containing transcripts that encode regulators of cell growth were also
stabilized and up-regulated in primary tumor cells from patients with T-cell acute
lymphoblastic leukemia. Interestingly, transcripts encoding numerous
suppressors of cell proliferation that served as targets of CELF1 in malignant T
cells, but not normal T cells, exhibited accelerated degradation and reduced
expression in malignant compared with normal T cells, consistent with the known
function of CELF1 to mediate degradation of bound transcripts. Overall, CELF1
dysfunction in malignant T cells led to the up-regulation of a subset of GRE-
containing transcripts that promote cell growth and down-regulation of another
subset that suppress cell growth, producing a net effect that would drive a
malignant phenotype.

The next two projects presented in Chapter 3 and 4 were to explore the

network of cellular transcripts with altered stability following infection of



mammalian cells with hepatitis C virus (HCV) and reovirus, respectively. We
utilized RNA-immunoprecipitation followed by RNA sequencing on cell lysates
from human hepatoma cells expressing a HCV subgenomic replicon, and found
that the viral nonstructural protein 5A (NS5A), a protein known to bind to viral
RNA, also bound specifically to human cellular transcripts that encode regulators
of cell growth and apoptosis, and this binding correlated with transcript
stabilization. An important subset of human NS5A-target transcripts contained
GRE, sequences known to destabilize mRNA. We found that NS5A bound to
GU-rich elements in vitro and in cells. Mutation of the NS5A zinc finger abrogated
its GU-rich element-binding and mRNA stabilizing activities. Through this project,
we identified a molecular mechanism whereby HCV manipulates host gene
expression by stabilizing host transcripts in a manner that would promote growth
and prevent death of virus-infected cells, allowing the virus to establish chronic
infection and lead to the development of hepatocellular carcinoma.

In the reovirus project, we utilized oligonucleotide microarrays to measure
cellular mRNA decay rates in mock- or reovirus-infected murine L929 cells. Our
analysis detected a subset of cellular transcripts that were coordinately induced
and stabilized following infection with the reovirus isolates c87 and c8, isolates
that also induced inhibition of cellular translation in infected cells. The induced
and stabilized transcripts encoded multiple regulators of TGF-f signaling,
including components of the Smad signaling network and apoptosis/survival
pathways. The coordinate induction through mRNA stabilization of multiple genes

that encode components of TGF-f3 signaling pathways represents a novel



mechanism by which the host cell responds to viral infection.

In summary, the work presented in this dissertation demonstrates that
posttranscriptional gene expression networks that control cell growth and
apoptosis are dysregulated in malignant cells (Chapter 2) as well as in cells
infected with viruses such as HCV (Chapter 3) or reovirus (Chapter 4).
Manipulation of cellular gene expression networks by HCV allows establishment
of chronic infection and prevents apoptosis, eventually leading to development of
liver cancer. In contrast, reovirus, which kills infected cells and does not induce
chronic infection, also leads to perturbation in cell survival/apoptosis networks,

perhaps as a cellular response to viral infection.
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Chapter 1:

Introduction



Mammalian cells have developed mechanisms to detect cellular damage
that trigger death of damaged cells. Cellular damage that triggers cell death can
be due to viral infection or other genetic damage that leads to the development of
malignancy. In order for malignancy to develop or for viruses to establish chronic
infection, cellular pathways that induce cell death must be disrupted to allow
continued growth of damaged cells. This dissertation focuses on understanding
mechanisms by which cell death and cell growth pathways are dysregulated in
malignancy or viral infection.

Viruses are small infectious pathogens that must replicate inside host
cells. After entering the cell, viruses release their genetic materials and take
control of the cellular gene expression factory to produce viral proteins for viral
replication. Most infected cells eventually die because of host organism’s
immune response, or cell lysis due to excessive viral burden, or apoptosis
triggered by damage caused by infection as an innate antiviral defense
mechanism. However, viruses such as hepatitis C virus (HCV) and human
papilloma virus (HPV) develop methods to alter the cell functions in order to keep
the infected cell alive and establish chronic infection. The mechanisms that some
viruses used to promote cell growth and limit apoptosis are similar to those seen
in malignancies, and in fact, some chronic viral infections eventually transform
infected cells to malignant cells (1, 2). Enormous amounts research studies have
investigated the mechanisms that cancer or viruses exploit to regulate cell
functions at transcriptional or post-translational levels, yet this research has

yielded only a scant number of clinical treatments. On the other hand, not many



studies have looked at the post-transcriptional aspect of regulation in the
pathogenesis of viral infection or cancer. In particular, the role of MRNA decay is
not well understood. This dissertation aims to filling this knowledge gap by
focusing on understanding the dysregulation of cellular growth and apoptosis
networks through altered mRNA decay in malignant and virus-infected cells.

Apoptosis, a process of intentional, programmed cell death, plays a role in
many different physiological processes, including normal human development, as
well as serving as a critical mechanism of protection against certain diseased
states, such as infection and malignancy. When a cell is virally infected, the cell
can undergo apoptosis through one of two ways: intrinsic or extrinsic. The
extrinsic pathway involves cytosolic viral proteins fragments being loaded onto
MHC Class | molecules and sent to the cell membrane, where circulating
cytotoxic CD 8* T cells identify the protein fragments as foreign, and undergo a
complex series of events that result in apoptosis of the infected cell. Intrinsic
apoptosis is when the infected host cell detects the damage caused by the
invading virus, and triggers a cascade of event that ultimately lead to death of the
cell from within (1).

Similar to virally infected cells, malignant cells are subject to much of the
same apoptosis mechanisms, albeit with some differences. Tumor cells do not
produce true “foreign” proteins, but as seen in virally infected cells, DNA damage
and subsequent expression of aberrant proteins trigger apoptosis. The main
difference, however, is that DNA damage is much more prominent in tumor cells

than virally infected cells (1).



Apoptosis, therefore, represents a monumental obstacle that must be
overcome in order to establish chronic viral infection and in the development of
malignancy. Both viral infected cells and cancer cells have shown to have altered
genes or expression of genes that are major regulators of cell growth and
apoptosis. These genes that are often associated with cancer, including proto-
oncogenes and tumor suppressors. Proto-oncogenes, such as c-Myc and Ras,
encode proteins that promote cell division or prevent cell death under normal
conditions; Tumor suppressors, such as Rb and p53, produce proteins that
normally inhibit cell division and induce cell death. Thus, controlled cell growth
and cell death in normal cells are maintained by proto-oncogenes and tumor
suppressors. Mutations of either group of genes or abnormal expression of these
genes would result in uncontrolled cell growth. For instance, proto-oncogenes
encoded proteins are usually key players in the signaling cascades or pathways
that stimulate cell growth, and when they are mutated, they become oncogenes.
The oncogenes constitutively activate the signaling pathways, resulting in
continuous cell growth.

The fundamental processes that drive the pathogenesis of chronic viral
infection and malignancy, although seemingly unrelated, share some of the same
basic features. In both chronic viral infection and tumorigenesis, each must
accomplish some changes: 1) promotion of growth; 2) suppression of apoptosis;
and 3) evasion of extrinsic immune system attacks. The similarities do not end
there, as the actual mechanisms of achieving each of these ends can be quite

similar as well.



The promotion of growth is a keystone in the establishment of both
malignancies and viral infections. In fact, both of these diseases involve some of
the exact same key mediators of growth. For example, the proto-oncogene c-Myc
has been implicated in both B-Lymphomas (3) as well as HTLV-1 infection (4).
Besides, the inactivation of retinoblastoma (Rb) is a key component in the
pathogenesis of both HPV infection (5) and many cancers, including its name
sake retinoblastoma (6).

Similarly, the suppression of apoptosis is absolutely paramount in the
pathogenesis of both viral infection and malignancy. Much like cellular growth,
viruses and cancers act on some of the regulatory mechanisms to accomplish
the suppression of apoptosis. For example, induction of the expression of Bcl-2,
a well-known inhibitor of apoptosis, has been implicated in the establishment of
latent EBV infection (7), as well as the development of chronic myelogenous
leukemia (8).

In the attempt to evade extrinsic immune system attacks, certain viruses
decrease the expression of MHC Class | molecules; however, NK cells detect
cells with low levels of MHC expression and induce their apoptosis (9). Likewise,
NK cells detect decreased amounts of MHC on tumor cells and induce their
apoptosis (10).

The similarities between chronic viral infection and oncogenesis are so
extensive that, in some case, infection with certain viruses has been directly
associated with the development of certain human cancers. Some examples

include, both Hepatitis B virus (HBV) and HCV can increase the patient’s chance



of liver cancer, human papillomavirus (HPV) has been identified as an important
cause of cervical cancer, and T-cell leukemia virus (HTLV-I) are found to cause
T-cell lymphomal/leukemia. In fact, it is estimated that 15-20% of human cancers
are associated with viral infection (11-13).

Our laboratory has been focusing on the mRNA decay aspect of the post-
transcriptional regulation in many other systems, such as T cell activation, and
we are interested in investigating its role in the dysregulation of cell growth and

apoptosis networks in malignant and virus-infected cells.

Biochemistry of mMRNA decay

In eukaryotic cells, gene expression is tightly regulated both
transcriptionally and post-transcriptionally to assure correct protein production
and normal cell function. One important aspect of post-transcriptional regulation
is MRNA turnover, in which the cellular mRNA decay machinery works to
coordinate the expression of genes by controlling the stability and lifespan of
mRNAs through highly regulated mechanisms. The overall importance of mRNA
stability in determining gene expression is highlighted by the studies investigating
the impact of mMRNA decay on gene expression, which estimate that 20-50% of
the changes in gene expression in both yeast and mammalian cells upon
stimulation are due to altered mRNA decay (14, 15).

Deadenylation-dependent RNA decay is the major cellular pathway for
cytoplasmic mRNA turnover. Deadenylation is a process of 3’ polyA tail

shortening by cellular deadenylase enzyme complexes such as CCR4-NOT,



PAN2-PAN3, and PolyA ribonuclease (PARN). The removal of the polyA tail is
usually the first and rate limiting step of mMRNA decay (16). The deadenylated
transcript is then subject to rapid exonucleolytic degradation, with decay
occurring in either the 3’-to-5’ direction by the cytoplasmic exosome and the
scavenger decapping enzyme (DcpS), or in the 5’-t0-3’ direction by the cellular
decapping enzyme DCP2 and exonuclease XRN1 (17-21). Specific mRNAs are
deadenylated at different rates. This differential MRNA deadenylation is not a
stochastic process but rather, a precisely controlled process for determining the
life span of each mMRNA. The mechanisms by which the cell selects mMRNAs for
deadenylation are not fully known (18, 22).

During recent decades, advanced techniques such as RNA
immunoprecipitation, gene expression microarrays, next generation sequencing,
and mass spectrometry have enabled researchers to identify cis-elements and
trans-acting factors which determine mRNA stability. Cis-elements are
sequences within mMRNA molecules, often in the untranslated regions, that are
bound by frans-acting factors, such as RNA binding proteins (RBPs) or
microRNAs. Their interaction determines the transcription, location, translation,
and stability of the mRNAs that harbor the cis-elements (23). The study of how
these cis-elements and frans-acting factors mediate mMRNA decay has unraveled
a broader understanding of the mechanism of coordinately regulated
deadenylation-dependent mMRNA decay; mRNA decay rates are determined by
the ability of frans-acting factors to recruit or repel components of the mRNA

decay machinery. For example, upon binding to cis-elements, decay-promoting



RBPs can recruit deadenylases such as PARN to shorten the polyA tail of a

mature mRNA, which then initiates the degradation cascade (24, 25).

MRNA decay networks

The interactions between cis-elements and frans-acting factors define
different post-transcriptional regulatory networks. Different trans-acting factors
collectively act on the cis-elements within a group of mMRNAs that involve the
same functional network, thus coordinating the gene expression post-
transcriptionally (23, 26). Countless studies have been focusing on two important
MRNA decay regulating cis-elements. These include AU-rich elements (ARES)
and GU-rich elements (GRESs), their associated trans-acting factors, and the
post-transcriptional regulation of ARE- or GRE-containing transcripts in

malignancy and viral infection.

ARE-mediated mRNA decay

The best-studied mMRNA decay cis-element is the ARE, a sequence found
in the 3’ UTR of certain transcripts that promotes rapid mRNA decay. The ARE
was first identified in 1986 by Caput and colleagues using bioinformatic
approaches. They found an evolutionarily-conserved adenine- and uridine-rich
consensus sequence that is present in the 3' UTR of both human and mouse
tumor necrosis factor (TNF) mRNAs (27). Later studies identified more AREs that
functioned to mediate mMRNA decay, and AREs were organized into three

classifications that differ by their sequence composition and decay kinetics (28).



A subset of AREs, characterized by overlapping AUUUA pentamers, are
enriched in secreted proteins, such as cytokines and chemokines. Notably, ARE-
containing transcripts account for 5-8% of the human transcriptome (29), but they
make up approximately 80% of transcripts within cytokine networks (30). The
importance of AREs in regulating cytokine expression was first demonstrated by
the mutation of AREs in cytokine mRNAs, such as TNF-a or IFN-y, resulting in
autoimmune-like inflammatory syndrome due to increased expression of these
cytokines (31, 32). Many proto-oncogene transcripts, such as v-myc, c-fos, and
c-jun, also contain AREs (33).

AREs regulate mRNA stability by interacting with a variety of ARE-binding
proteins (AREBPs). Some AREBPs, such as tristetraprolin (TTP, also known as
ZFP36) and ARE/poly(U) binding/degradation factor 1 (AUF1), promote transcript
decay by recruiting cellular enzymes for deadenylation and degradation (20, 34),
while other AREBPs, such as human antigen R (HuR, also known as ELAV-like
protein 1) and ELAV-like protein 4 or human antigen D (HuD), stabilize
transcripts when they bind to the AREs (35), possibly by preventing the binding
of decay-promoting AREBPs (36). Some ARE-containing transcripts are targeted
for degradation by cellular ribonucleases directly. For example, ZC3H12A
initiates rapid degradation of several cytokine transcripts, such as TNFa, IL1D,
IL2, IL6 and IL12b, by cleaving the stem loop mRNA structure that is proximal to
the AREs (37). On the other hand, HuR also binds to AREs in these transcripts
and many other pro-inflammatory cytokine transcripts, including IL13, IL17,

VEGF, COX2, and several chemokines. Binding by HuR to the AREs in the



3'UTR of these transcripts leads to stabilization of the transcripts and
consequently, increasing mRNA levels and often protein levels (38-42). In
addition, microRNAs can directly bind to AREs and regulate the stability of the
ARE-containing transcripts (43). These AREBPs and microRNAs work in concert
to determine the biological outcome of the ARE-harboring transcripts (36). There
are over 20 AREBPs from various families and that are spread widely throughout
the cell, from nucleus to cytoplasm to subcellular structures such as stress
granules and processing bodies. They are also active contributors or effectors in

a variety of signaling transduction pathways.

GRE-mediated mRNA decay

GREs are recently discovered mRNA decay elements that are enriched in
the 3’UTR of numerous short-lived transcripts. Inserting a GRE into the 3’'UTR of
a beta-globin reporter causes the otherwise stable reporter to become highly
unstable, indicating that GRE is a functional mediator of mMRNA decay (44). The
RNA-binding protein CUGBP and Etr3-Like Factor 1 (CELF1) has been found to
specifically bind to GREs and mediate the subsequent rapid degradation of the
GRE-harboring transcripts (45). Later experiments found that CELF1 also binds
to GU-repeat sequences and mediates the decay of their mMRNA as well (46).
Thus, the GRE has been defined as of the form UGUU(/G)UGUU(/G)UGU.
Transcripts that contain GRE encode important regulators involved in cell growth,
proliferation, apoptosis, and oncogenesis (47). The exact mechanism of GRE

and CELF1 mediated mRNA decay is not completely understood. It is postulated

10



that in the cytoplasm, the GRE-containing transcript is recognized and bound by
CELF1, which recruits deadenylases to initiate the rapid degradation of the
transcript (25).

The GRE/CELF1 regulatory networks control a variety of important
biological processes, such as cellular growth, differentiation, and activation. For
example, upon T cell activation, CELF1 becomes phosphorylated and loses its
ability to bind to GREs, the consequence of which is increased stability and
expression of GRE-containing mRNAs that are involved in cell activation and
proliferation (48). GRE-containing CELF1 target transcripts also preferentially
undergo alternative polyadenylation in activated T cells, resulting in the
permanent removal of the 3'UTR regions that harboring GREs and thus, the

increased stability of these transcripts (49).

ARE- and GRE-mediated decay in cancer

Aberrant stabilization of ARE-containing cytokine transcripts in cancer

In malignant cells, some ARE-containing cytokine transcripts that are
normally unstable in primary cells become constitutively stable, leading to
overexpression of cytokines (50, 51). The aberrant stabilization of these ARE-
containing transcripts may be due to abnormal expression, post-translational
modification, or altered localization of AREBPs or irregular microRNA interactions
in malignant cells (52, 53). Two AREBPs in particular, HuR and TTP, have been
extensively studied regarding their role in ARE-mediated mRNA decay in

malignant compared to normal cells. These two proteins potentially compete for

11



thousands of overlapping ARE-binding sites, but they have antagonistic effects
(54, 55). HuUR facilitates transcript stabilization and up-regulation upon binding to
AREs (56), while TTP promotes degradation and down-regulation of ARE-
containing transcripts (54). The dynamic competition between HuR and TTP for
binding to AREs influences the outcome during biological processes and
diseases. For example, early in T lymphocyte activation, the amount of
cytoplasmic HuR is transiently increased to stabilize and up-regulate ARE-
containing transcripts that encode activators of immune responses. In the later
phase of activation, with the reduction of HuR and induction of TTP in the
cytoplasm, TTP replaces HuR in binding to ARE-containing transcripts and
mediates rapid transcript degradation, allowing the resolution of adaptive immune
responses (36).

Remarkably, the balance between these two AREBPs is disturbed in
many types of cancer. In some cancer cells, the function and expression of HUR
is elevated but the function of TTP is nearly abolished, leading to increased
production of cytokines that promote malignant phenotypes (57-61). In fact, high
HUR/TTP ratio is associated with high levels of mitosis-related ARE-containing
transcripts in many solid cancers (52), and single nucleotide polymorphisms in
these two proteins often correlate with poor prognosis (62, 63). In cancer cells,
increased cytoplasmic HuR levels due to overexpression or cytoplasmic
localization and HuR phosphorylation are strongly associated with aberrant cell
growth, proliferation, and chemo-resistance (64-67). For example, HuR is

reported to regulate the stability and expression of pro-angiogenic and pro-
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inflammatory cytokine expression through the AREs within their 3’'UTRs (60, 61).

In contrast, the decay-promoting protein, TTP, is reported to be down-
regulated or even absent in various cancers, which makes the cancerous cell
unable to degrade ARE-containing mRNAs that are normally targeted by TTP
(68). For example, TTP down-regulation or deficiency in many tumors accounts
for the overexpression of pro-inflammatory and tumorigenic cytokines and growth
factors, including IL1, 2, 6, 8, 10, 16, 17, and 23, IFNy, TNFa/B, and VEGF (69-
72). When TTP is exogenously overexpressed, the progression of tumor growth
and metastasis is decreased in several cancer cell lines (73). In fact, the cancer
drug Sorafenib, an inducer for TTP re-expression in melanoma cells, can reduce
the expression of pro-angiogenic cytokines that contain AREs in their mMRNA
3'UTRs (74).

Overall, abnormal expression of HUR and TTP seems to contribute to the
malignant phenotypes in cancer cells. Future studies may focus on developing
mechanisms or agents that can correct the imbalance of these two proteins to
achieve favorable post-transcriptional regulation of ARE networks in cancer cells,

which may potentially serve as therapies for various cancers.

Aberrant GRE-mediated decay of cytokine signaling transcripts in cancer
Numerous transcripts encoding the protein components of cytokine

signaling cascades contain GREs, suggesting that the down-stream effects of

cytokines are regulated through GREs. Presumably, the presence of GREs in

transcripts encoding multiple cytokine signaling components is responsible for
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rapid decay of these transcripts, limiting their expression, and allowing them to
be regulated during immune responses. For example, post-translational
modification of CELF1 through phosphorylation has been reported in activated T
lymphocytes and some cancer cells (48, 75). Phosphorylation leads to decreased
binding affinity of CELF1 to GRE sequences and consequently, increased
stability and expression of GRE-containing transcripts (48), including numerous
transcripts encoding components of cytokine signaling pathways [68]. In
malignant T cells, CELF1 loses its binding ability to a subset of transcripts that
are targeted in normal T cells. The loss of binding is probably due to hyper-
phosphorylation of CELF1 since the target transcripts are present in both normal
and malignant cells and the CELF1 expression level are similar in both cells. The
consequence is the stabilization and up-regulation of GRE-containing target
transcripts in these malignant cells, including transcripts encoding transcription
factors (such as JUN, STATS5) and transcripts encoding cytokines or cytokine
signaling molecules that control cell growth (such as IFNy, IL15, IL1RB, CCR5
and 7) (75). Notably, while hyperphosphorylation of CELF1 in malignant cells
blocked its ability to bind to a subset of GRE-containing transcripts, this hyper-
phosphorylation caused CELF1 to gain the ability to bind to and mediate decay of
another subset of GRE-containing transcripts. These transcripts encode proteins
involved in suppressing proliferation such as SOCS5, TNFRSF4, and PIAS1
(75). The detailed description of this study is included as Chapter 4. The
mechanism by which CELF1 hyperphosphorylation leads to switching binding

preferences to target transcripts is not clear, and more experiments are needed
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to investigate the impact of post-translational modification of CELF1 on

GRE/CELF1 mediated mRNA decay in cancer.

Coordinated regulation of cytokine expression and signaling transduction by
AREs and GREs

While AREs regulate the stability of cytokine transcripts, GREs controls
the stability of transcripts encoding numerous components of cytokine signaling
pathways, indicating that cytokine function is coordinately regulated by both
AREs and GREs. The ARE binding protein HUR and GRE binding protein CELF1
shares many target transcripts, because HuR can also bind to GU-rich or poly U
sequences. Therefore, HUR and CELF1 may compete for the GU- or U- rich
binding sites and exert opposite effects on the stability of target transcripts (76,
77). The cytoplasmic abundance and binding affinity of these two proteins varies
in different cell types or environmental cues, thus the stability of a given target
transcript varies depends on whichever protein is predominant in the cell.
Particularly, in cancer cells, cytoplasmic HuR overexpression and
phosphorylation plus CELF1 hyper-phosphorylation push GU- or U- rich mRNAs
to undergo the regulation by HuR, i.e. transcript stabilization (30, 75, 78, 79).
Therefore, a plausible model is that in normal cells, CELF1 targets at numerous
cytokine signaling transcripts for degradation through GRE-mediated decay.
Whereas in malignant cells, CELF1 is hyper-phosphorylated and loses its binding
ability to certain GRE-containing transcripts, in the meantime, HuR is

overexpressed and phosphorylated that its binding affinity increases to both
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AREs and GREs, resulting in increased stability and expression of some ARE-
and GRE- containing transcripts as we seen in malignancy (80, 81). More
evidence is required to confirm this model.

The crosstalk between ARE and GRE networks are evident in many
cytokine signaling pathways. For instance, both HUR and CELF1 target
transcripts involved in TNF signaling pathways that regulate apoptosis, such as
the BCL2 superfamily (82, 83). HUR and CELF1 also co-regulate the IL1 receptor
signaling transduction through targeting at different or the same transcripts in this
pathway (40) (Figure 1). Another example, members of interferon type I, Il and Il
family contain AREs and are controlled by the ARE/AREBP mediated decay,
whereas the interferon receptors harbor GREs in their mMRNAs and undergo
GRE/CELF1 mediated decay. Moreover, many components of the interferon
signaling pathway contain ARE, GRE or both and are subject to their regulation
(84). Therefore, coordination of ARE and GRE networks are required for effective
interferon responses.

Both ARE and GRE networks are participated in the post-transcriptional
regulation of cytokine expression and signaling transduction in health and
disease (85). AREs modulate the expression of many cytokines as well as
components of the cytokine signaling pathways, and GREs are overrepresented
in the mRNAs of cytokine receptors and signaling transducers, modulating their
transcript stability. Table 1 shows some examples of ARE- and GRE-containing
cytokine signaling transcripts. Malfunctions in ARE and GRE binding proteins,

such as HuR, TTP, and CELF1, are highly correlated with dysregulated cytokine

16



production and signaling, and have strong implications on the initiation and
progression of diseases like inflammation, autoimmune diseases, and cancer.
Understanding the mechanism of ARE, GRE and their binding proteins mediated
MRNA degradation and the interactions between ARE and GRE networks may

shed light on the development of therapeutic strategies for these diseases.

ARE- and GRE-mediated decay in viral infection

Viral manipulation of host ARE-containing transcripts’ stability

Viruses take advantage of AREs to differentially manipulate the
expression of ARE-containing subsets of host transcripts. Viruses produce
proteins or noncoding RNAs to inhibit or promote host mMRNA degradation, either
by affecting the activity of ARE associated trans-acting factors, or by directly
binding to the ARE within host mMRNAs. For example, herpes simplex virus (HSV)
protein UL14, or virion host shutoff (vhs) protein, a viral encoded endonuclease
that will be described in detail later, triggers global degradation of host mRNAs
(86). Vhs preferentially cuts mRNAs in the translation initiation region towards the
5’ end, but can also differentially target host ARE-containing transcripts and
cleaves them in the 3'UTR (87). Experiments show that in HSV-infected cells, the
ARE-binding protein TTP binds to vhs and guides it to cleave the 3'UTR of ARE-
containing stress response mRNAs (88). In contrast to vhs, which promotes the
decay of ARE-containing transcripts, adenovirus oncogene product E4orf6é
stabilizes ARE-containing mRNASs via an a-helix structure that is also required for

the oncogenic activity and ubiquitin E3 ligase assembly of E4orf6. In return, the
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stabilized ARE-containing mRNAs contribute to the E4orf6é oncogenic activity.
E4orf6 lacked oncogenic activity in HuR-knockdown cells that failed to stabilize
ARE-containing mRNAs (89), suggesting that the oncogenic activity of E4orf6
depends on stabilization of ARE-containing transcripts by HuR.

Other examples of virus interacting with AREBPs are alphaviruses,
including Sindbis virus, Ross River virus, and Chikungunya virus (90, 91). The
3'UTRs of Sindbis virus RNAs bind to HuR with high affinity, which causes the
relocation of HUR from the nucleus to the cytoplasm and the sequestration of
HuR in the cytoplasm. These changes are associated with the destabilization of
cellular mRNAs that are normally targeted by HuR (90).

Interestingly, the coxsackievirus B3 (CVB3) genomic RNA contains AREs
and is susceptible to ARE-mediated decay by host factors. To counteract this,
CVB3 causes the infected cell to increase expression of the stress-inducible
chaperon protein heat shock 70-kDa protein-1 (HSP70-1), a host protein involved
in the stabilization of ARE-containing mRNAs (92, 93). In turn, the upregulation of
HSP70-1 facilitates viral replication by promoting the stabilization of CVB3
genome via the ARE within the 3’'UTR of the viral genomic RNA (92). Additional
studies found that the decay promoting AREBP, AUF1, undergoes cytoplasmic
redistribution and cleavage upon CVB3 infection (93, 94) which may further
promote the stabilization of ARE-containing transcripts.

In addition to the AREBPs, viral factors can also compete with AREs to
bind to AREBPs, abolishing their mMRNA decay regulating capability. For

example, cells infected with Epstein-Barr virus (EBV) produce large amounts of
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two noncoding RNAs, EBV-encoded RNA 1 (EBER1) and EBER2. Experiments
shown that EBER1 competes with ARE to bind to the p40 isoform of the decay-
promoting AREBP, AUF1. Binding by EBER1 to AUF1 prevents AUF1 from
binding to its ARE-containing target mRNAs, thus influencing the stability of
these ARE-containing transcripts (95).

Numerous signaling pathways, particularly the p38/MK2 mitogen-activated
protein kinase (MAPK) pathway, regulate the decay of ARE-containing
transcripts by influencing the localization, abundance, and modification of
AREBPs (26). Viral infection is a stimulus for activating the stress-inducible
p38/MK2 signaling pathway in the infected cell, and the consequence is usually
the stabilization of ARE-containing transcripts that normally decay rapidly. For
example, Kaposi’s sarcoma-associated herpesvirus (KSHV) G-protein-coupled
receptor (VGPCR) is found to prevent the turnover of host ARE-containing
transcripts through activating the p38/MK2 pathway, probably by interacting with
MK2. vGPCR also disturbs processing body formation during lytic KSHV
infection, the net effect of which is the promotion of the secretion of angiogenic
factors from the infected cells (96). Another KSHV protein, kaposin B, binds to
MK2 and activates the p38/MK2 pathway, leading to the stabilization of ARE-
containing mMRNAs that encodes cytokines such as interleukin (IL)-6, tumor
necrosis factor a (TNF a), and interferon y (IFN y) (97, 98). The activation of
p38/MK2 pathway by Kaposin B also induces accumulation of HUR, an ARE-
stabilizing AREBP, leading to the overexpression of ARE-containing transcripts

(99). Another example of viral manipulation of host signaling is the HSV-1
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immediate early protein ICP27 which is responsible for stabilizing the ARE-
containing transcripts through activation of the p38/MK2 pathway (100). In the
case of hepatitis C virus (HCV) infection, interleukin-8 (CXCL-8) and other
related ARE-containing mRNAs are stabilized via AREs within their 3’'UTRs
(101). A later study revealed that the stabilization of CXCL-8 transcript is
triggered by HCV activated double-stranded RNA (dsRNA) signaling pathways,
but the factors responsible for this mechanism are still unknown (102).

The AREBP, AUF1 is also a target of West Nile virus. Arginine methylation
of AUF1 during West Nile virus infection facilitates viral replication and affects the
ability of AUF1 to bind to RNA (103). Cleavage and cellular relocation of AUF1
plays a role in the infectious cycle of poliovirus or human rhinovirus (104).
However, these studies did not further investigate the impact on host mRNA
stability by the viruses, yet we can still speculate that the changes of these
AREBPs upon infection would at least affect the decay of some, if not all, of their

ARE-containing target transcripts.

Viral manipulation of host GRE-containing transcripts at the level of mRNA decay
Our laboratory, recently discovered that HCV non-structural protein 5A
(NS5A) binds to GREs and regulates host mRNA decay (105). NS5A is a multi-
functional protein that plays pivotal roles in both viral and cellular processes
(106). Interestingly, NS5A is also an RNA-binding protein that can bind
specifically to G- and U-rich sequences within the HCV genomic RNA (107).

Cytoplasmic extracts from human hepatoma cells expressing an HCV
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subgenomic replicon were immunoprecipitated using an anti-NS5A antibody, and
copurified transcripts were identified using RNA-SEQ to identify host transcripts
that were bound to NS5A. NS5A target transcripts identified in this manner were
found to be enriched for GREs and GRE-like sequences within their 3’UTRs.
Pathway analyses of these NS5A target transcripts shows that they participate in
many important cellular processes and functions such as regulation of cell growth
and apoptosis. Expression of NS5A led to stabilization of GRE-containing
reporter transcripts that were otherwise unstable, suggesting that NS5A binding
causes stabilization of GRE-containing transcripts. The stabilization and
upregulation of host transcripts likely represents an example whereby HCV
manipulates host gene expression to bypass antiviral responses, promote cell
growth, and prevent cell death in order to establish chronic infection. This could
eventually lead to the development of hepatocellular carcinoma since apoptosis
is inhibited in chronically infected cells, and additional genetic damage could
accumulate in these cells over time. Although the exact mechanism of the NS5A-
mediated mMRNA stabilization is not known, NS5A may compete with cellular
CELF1 to bind to GREs, thus preventing CELF1-mediated rapid decay. The

detailed description of this study is included as Chapter 2.

In the following chapters, we addressed some of the knowledge gaps
regarding to the post-transcriptional regulation of gene expression at the level of
MRNA decay and its impact on the cell growth and cell death signaling pathways

in malignancy and viral infection. In chapter two, we performed RNA-
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Immunoprecipitation followed by microarray in primary human T cells and the H9
and Jurkat malignant T-cell lines. We found that CELF1 dysfunction in malignant
T cells led to the up-regulation of a subset of GRE-containing transcripts that
promote cell growth and down-regulation of another subset that suppress cell
proliferation, producing a net effect that would drive a malignant phenotype. In
chapter three, we performed high-throughput RNA sequencing technique to
generate expression and decay profiles of cellular transcripts and to identify
NS5A target transcripts in Huh and Huh-HCV cells. By data analysis and a series
of biochemical experiments, we propose that HCV NS5A stabilizes host growth-
regulatory transcripts, possibly through interacting with GRE-mediated decay
network and other unidentified mechanisms, to promote cell growth and prevent
cell death. In chapter four, we utilized oligonucleotide microarrays to compare
cellular mRNA decay rates in mock- or reovirus-infected murine L929 cells and
discovered a subset of cellular transcripts that were induced and stabilized
following infection with the reovirus isolates c87 and c8. These transcripts
encoded multiple regulators of TGF- 3 signaling, including components of the
Smad signaling network and apoptosis/survival pathways. Overall, the work
presented in this thesis has furthered our understanding of the mechanisms and
consequences of mMRNA decay regulation in malignancy and viral infection, and
added more evidence to enhance the biological importance of the GRE-mediated

decay.
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Chapter 2:

Altered CELF1 binding to target transcripts in malignant T cells

Paul R. Bohjanen, Mai Lee Moua, Liang Guo, Ammanuel Taye, and

Irina A. Vlasova-St. Louis
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Introduction

Precise regulation of mRNA turnover is critical for normal gene expression
during cell growth, activation, and differentiation (108, 109), and abnormal
stabilization of growth-promoting transcripts can lead to malignant proliferation
(110). Specific target sequences in mMRNA can interact with RNA-binding proteins
to coordinately regulate networks of transcripts involved in cell growth and
development (45) or other biological processes (23, 111) . A well-characterized
example is the AU-rich element, which interacts with RNA-binding proteins to
coordinate gene expression over the course of immune responses (40, 55, 112-
114). A more recently identified regulatory motif, known as the GU-rich element
(GRE), is found in the 3’ untranslated regions (UTRs) of transcripts that encode
regulators of cell growth, activation, differentiation, and apoptosis (44, 115). The
GRE serves as the binding target of the protein, CUGBP and ELAV-like family
member 1 (CELF 1), which functions to mediate the rapid degradation of GRE-
containing transcripts (116). During T-cell activation, GREs coordinate the
degradation of transcripts involved in cell growth and apoptosis (48). The
presence of GREs in the 3'UTRs of numerous transcripts have also been
associated with rapid mRNA degradation during muscle cell differentiation (117)
or Xenopus oocyte development (118). CELF1 has also been shown to
coordinately regulate other post-transcriptional processes including alternative
splicing and translation (for review, see (116, 119)).

We have shown that CELF1 binds to a network of GRE-containing

transcripts in primary human T cells (48). As early as 6 h following T-cell
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activation, the CELF1 protein becomes phosphorylated, which decreases its
ability to bind to GRE-containing transcripts (48). CELF1 phosphorylation leads
to stabilization and increased expression of GRE-containing mRNAs, consistent
with a model whereby transient phosphorylation of CELF1 following T-cell
activation leads to the coordinate stabilization and increased expression of a
network of transcripts that function to accommodate cellular proliferation and
activation during an immune response.

We hypothesize that dysregulation of the GRE/CELF1 network promotes
uncontrolled cellular proliferation. In a genetic screen in mice, disruption of
CELF1 was found to be a driver of colorectal cancer tumorigenesis (120), and
CELF1 has been associated with proliferation and abnormal apoptotic responses
in malignant cells (46, 121-123). Abnormal function or expression of CELF1 has
been observed in liver cancer (124), breast cancer (125), and leukemia (126).
Thus, dysregulation of CELF1 is a potential driver of cancer.

To determine whether dysregulation of the GRE/CELF1 network is found
in T-cell malignancies, we compared target transcripts of CELF1 in normal
human T cells and malignant T-cell lines. We found that similar sets of GRE-
containing transcripts were expressed in normal T cells and malignant T-cell
lines, but the subset of GRE-containing transcripts bound by CELF1 was altered
in malignant T cells compared with normal T cells. In particular, many transcripts
that encode regulators of cell proliferation were CELF1 targets in normal T cells,
but were not CELF1 targets in malignant T cells. The decreased binding by

CELF1 to these transcripts in malignant T cells correlated with the
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phosphorylation of CELF1, as well as increased stability and overexpression of
these transcripts. We also analyzed the expression and stability of several of
these GRE-containing transcripts that encode growth regulators in cells from
patients with primary T-cell leukemia (T-ALL), and found that these transcripts
were stabilized and overexpressed in primary T-cell tumors compared with
normal T cells. The increased expression of these regulators of cell growth may
facilitate cellular proliferation in malignant T cells.

Surprisingly, we identified a subset of GRE-containing transcripts that
were CELF1 targets in malignant T cells, but not in resting or activated normal T
cells. These transcripts were expressed at lower levels and exhibited more rapid
degradation in malignant T-cell lines compared with normal T cells. These
CELF1 targets included numerous transcripts encoding cell cycle suppressors,
and down-regulation of their expression in malignant T cells may further elevate
cell proliferation. Overall, our data suggest that in malignant T cells, CELF1
undergoes a change in its RNA-binding behavior such that it loses the ability to
bind to a subset of GRE-containing transcripts and gains the ability to bind to
another subset. The net effect of this altered CELF1 binding in malignant T cells
is predicted to up-regulate the expression of drivers of cell proliferation, down-

regulate suppressors of proliferation, and promote a malignant phenotype.

Materials and Methods

Cell culture, stimulation, and preparation of cytoplasmic extracts
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Culture of normal and malignant T-cell lines, stimulation of normal T cells
with anti-CD3 and anti-CD28 antibodies, and preparation of cytoplasmic extracts

were performed as described previously (55).

RNA-IP followed by microarray analysis or RT-PCR

RNA-IP, microarray analyses, and RT-PCR were performed as described
previously (44, 46, 50). Three separate IP experiments were performed for
microarray analyses for H9 and Jurkat cell lines, and IP experiments were
performed from normal primary human T cells isolated from three different
donors. The following antibodies were used for IP: anti-CELF1/CUGBP1 (3B1),
anti-HA (F7, Santa Cruz Biotechnology), or anti-PABP (10E10, ImmuQuest).
Microarray data were analyzed as described previously (48) using Partek
Genomics Suite (Partek). Briefly, the output signals were normalized using the
Partek Robust Multi-Chip Average analysis adjusted for the GC content of probe
sequence (GCRMA). The genes that were differentially expressed among
different cell types were identified using the analysis of variance (ANOVA) as
implemented in the Partek Gene Expression tool, with the P-value adjusted using
step-up (127) multiple test correction. mMRNA transcripts were considered to be
significantly differentially expressed if they obtained ANOVA P-value < 0.005 and
FDR < 0.15. Transcripts were determined to be CELF1 targets if the difference
between the log2 normalized signal from the microarrays hybridized with the
cRNA from the anti-CELF1 RNA-IP and the anti-PABP RNA-IP was greater than

the same value derived from the difference between the anti-HA RNA-IP and
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anti-PABP RNA-IP, with P < 0.005, as determined by Fisher exact test of two
factor variables, in either cell IP types.

A pathway analysis of CELF1 target transcripts in malignant T-cell lines
was performed with the Ingenuity Pathway Analysis software (IPA, Ingenuity
Systems, http://www.ingenuity.com). For conventional RT-PCR reaction, mMRNA
in the immunoprecipitated complexes and 50 ng of input fraction from >3
separate IP experiments were used in Superscript Ill reverse transcriptase
(Invitrogen) reaction. cDNA were amplified using transcript-specific primers and
PCR products were visualized on agarose gels. Forward and Reverse primers
were designed to each mRNA of interest, using Primer-Blast software from
National Center for Biotechnology Information, and posted in Supplemental Table

2 (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Sequence analyses of CELF1 target transcripts

An algorithm, based on the Gibbs motif sampler, was used within the
Partek Genomic Suite to detect de novo motifs in the 3' UTRs of CELF1 target
transcripts in the H9 and Jurkat malignant T-cell lines (128, 129). Logo sequence

was used to represent the output motifs.

Two-dimensional gel electrophoresis and Western blotting
Two-dimensional gel electrophoresis followed by Western blotting to
characterize CELF1 phosphorylation was performed as described previously

(46). Briefly, for two-dimensional gel electrophoresis, 80 ug of cytoplasmic
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lysates were diluted 1:1 with Rehydration buffer from BioRad and dialyzed
against 2D gel buffer (7 M urea, 2 M thiourea, 2% CHAPS, 10 mM Tris) overnight
at room temperature. The samples were then loaded onto 11-cm pH3-10 IPG
strips (BioRad). Samples were focused using a BioRad Protean IEF cell device.
Subsequently, IPG strips were loaded onto Bis—Tris 4%—12% pre-cast gels and
run at 175 V using MOPS-SDS buffer. Gels were then blotted onto charged
PVDF membranes. Western blots were performed probing with anti-CELF1
antibody and an anti-GAPDH antibody (Santa Cruz Biotechnology), or an anti-

phospho-28S CELF1 antibody (Antagene).

In vitro binding by immunopurified CELF1 to a GRE-riboprobe

Binding by immunopurified CELF1 was performed as described in the
Thermo Scientific IP protocol with slight modifications as described in Beisang et
al (48). In brief, CELF1 was immunoprecipitated out of 100 ug of cytoplasmic
lysate and samples were treated with A-protein phosphatase (LPP) or were
mock-treated. CELF1 was eluted from the beads by the addition of 0.5% SDS
and heating at 65°C for 15 min. The immunoprecipitated material was then
incubated for 30 min with 50 fmol of either the biotinylated GRE or mutant GRE-
riboprobe, was treated with UV light (999 J) and was eluted from the beads,
separated on a 4% acrylamide gel. The biotinylated RNA probe signal was
visualized with the Chemiluminescent Nucleic Acid Detection Module from

Thermo Scientific, following the manufacturer's instructions. The blots were then
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stripped, and probed by Western blot with an anti-CELF1 antibody. Images were

then quantified with ImageJ to determine the RNA:CELF1 ratio.

mRNA degradation assays

Primary tumor cells isolated from peripheral blood of four T-ALL patients
via leukapheresis were stored frozen in liquid nitrogen. Cells were thawed in
warm RPMI-1640 (Invitrogen), by centrifugation on a 25% of human serum
albumin cushion and were cultured for 2—-3 d in RPMI-1640, supplemented with
human serum albumin (1.25 mg/mL), recombinant human IL2 and IL7 (10 ng/mL
for both; R&D systems). To measure mRNA decay, Actinomycin D (10 pg/mL)
was added to cultured cells and total cellular RNA was isolated at 0-, 1.5-, and 3-
h time points. RT-QPCR using transcript-specific primers (see Supplemental
Table 2) was used to quantitate the levels of individual mMRNAs, which were
normalized to the level of the expression of the HPRT transcript. For each
transcript, normalized levels were used to calculate and compare transcript half-
lives using GraphPad Prism 4 software, based on a linear first order exponential

decay model (P < 0.05).

Results
CELF1 targets in malignant T cells were distinct from CELF1 targets in normal T
cells

CELF1 binds to a network of transcripts that encode important regulators

of cell growth and apoptosis, and we hypothesized that the regulation of this
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network might be altered in malignant T cells. Previously, we performed
immunoprecipitation (IP) of CELF1 from T-cell cytoplasmic extracts followed by
analysis of coimmunoprecipitated mRNA using Affymetrix microarrays and
identified 1309 CELF1 target transcripts in resting normal human T cells (48).
The same approach was now used to identify target transcripts of CELF1 in the
malignant T-cell lines, H9 (T-cell ymphoma), and Jurkat (T-cell leukemia). We
found CELF1 associated with 260 probe IDs in H9 T cells and 360 probe IDs in
Jurkat T cells, corresponding to 229 and 340 unique mRNA transcripts,
respectively. A complete listing of transcripts associated with CELF1 in HO T
cells, Jurkat T cells, or primary human T cells is included in Supplemental Table
1. Among these transcripts, 149 were bound by CELF1 in both H9 and Jurkat
malignant T-cell lines. A subset of transcripts that were CELF1 targets in both H9
and Jurkat malignant T-cell lines along with their stability, expression rates, and
annotated biological functions is shown in Table 2.1.

In comparing the CELF1 target transcripts from normal T cells to CELF1
target transcripts from H9 or Jurkat malignant T-cell lines, we found relatively
little overlap, despite the fact that most of the CELF1 target transcripts expressed
in normal T cells were also expressed in these malignant T-cell lines. Of 1309
CELF1 target transcripts identified in normal T cells, 1044 were expressed in H9
T cells and 1112 were expressed in Jurkat T cells, but only 19 or 21 of these
transcripts were found to be CELF1 targets in H9 T cells or Jurkat T cells,
respectively, and only 12 were targets of CELF1 in both cell types (Figure 2.1A).

Thus, in malignant T cells, the lack of binding by CELF1 to most transcripts that
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were targets in normal T cells, was not due to absence of those transcripts, but
was due to a decreased ability of CELF1 to bind to these transcripts in malignant
T cells. A subset of transcripts that were CELF1 targets in normal T cells but not
in the HO or Jurkat T-cell lines is shown in Table 2.2.

To better analyze the relationship between transcript abundance and
CELF1 binding in malignant compared with normal T cells, we calculated a fold
change in enrichment (FCE) for each transcript on the microarrays defined as

FCE = (CELF1 - IP/Input) malignant/(CELF1 - IP/input) normal,

where the ratio of the microarray signal from the CELF1 IP to the microarray
signal from input RNA for malignant T cells was divided by the same ratio for
normal T cells. The FCE for all CELF1 target transcripts expressed in H9 or
Jurkat T cells is included in Supplemental Table 1. The average FCE for all
transcripts was 1.03 and 1.04 for H9 and Jurkat T cells, respectively, indicating
that the overall distribution of transcripts with respect to CELF1 binding did not
change when comparing malignant to normal T cells. In contrast, the average
FCE of transcripts that were CELF1 targets in normal T cells, were 0.65 and 0.71
for H9 and Jurkat T cells, respectively, indicating that CELF1 exhibited
decreased binding to target transcripts in both malignant cell lines (Figure
2.1B,C; Tc, hashed bars). Thus, correcting for transcript abundance in malignant
T-cell lines compared with normal T cells indicated that the lack of association of
CELF1 with these target transcripts in malignant T cells could not be explained
by the absence of these transcripts, but was more readily explained by an

inability of CELF1 to bind to those transcripts. Table 2.2 shows decreased FCE

32



values for a subset of transcripts that were CELF1 targets in normal T cells but
not H9 or Jurkat T cells, even though they were expressed in each cell type.
Interestingly, the average FCE for transcripts that were CELF1 binding
targets in malignant T-cell lines were 1.42 and 1.43 in H9 and Jurkat T-cell lines,
respectively (Figure 2.1B,C: H9 and JK, empty bars). Table 2.1 shows the
increased FCE values for a subset of the transcripts that were CELF1 targets in
malignant T-cell lines. These data suggest that CELF1 could not bind to these
transcripts in normal T cells, even though they were present in cytoplasm, but
gained an ability to bind to these transcripts in malignant T cells. These results in
malignant T cells are quite different from what we previously observed in normal
activated T cells (48), where T-cell activation led to a similar decrease in binding
by CELF1 to target transcripts from resting T cells, but CELF1 did not gain an
ability to bind to a new subset of transcripts. Overall, we observed that binding by
CELF1 to target transcripts was altered in malignant T cells compared with
normal T cells, and CELF1 in malignant T cells gained an ability to bind to a new

subset of target transcripts.

Normal and malignant T cells express similar amounts of CELF1, but with
different phosphorylation patterns

We performed Western blot assays to assess the level of expression of
the CELF1 protein in cytoplasmic extracts from resting normal T cells, normal T
cells that were stimulated for 6 h with anti-CD3 and anti-CD28 antibodies, and

Jurkat or H9 malignant T cells, and we found similar levels of expression in each
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cell type or condition (Figure 2.2A, CELF1 and Figure 2.2B, left). CELF1 is
known to be regulated through phosphorylation following T-cell activation
(Beisang et al. 2012b), but CELF1 has 22 potential phosphorylation sites
(PhosphoSitePlus database, Cell Signaling Technology), and the sites of
phosphorylation following T-cell activation are not known. To screen for
phosphorylation of CELF1 in malignant T cells, we blotted the same membranes
with a commercially available antibody directed at a serine 28 phosphopeptide
from CELF1 (Figure 2.2A, Phospho-S28 CELF1 and Figure 2.2B, right). We
found only low levels of phosphorylation at S28 in normal resting T cells (rTc,)
and normal stimulated T cells (sTc), but much higher levels in H9 and Jurkat (JK)
malignant T cells, indicating that phosphorylation of CELF1 at this site differed
between resting or activated normal T cells and these malignant T-cell lines.

To further characterize CELF1 phosphorylation in normal and malignant T
cells, we performed two-dimensional (2D) gel electrophoresis, followed by
Western blotting with an anti-CELF1 antibody (Figure 2.3). As seen previously,
CELF1 was not phosphorylated in normal resting T cells (rTc), with the main
position of the signal localized near pH 8.7, and stimulation of normal T cells with
anti-CD3 and anti-CD28 antibodies caused the CELF1 signal to shift toward the
right (pH 3.0), indicating phosphorylation of CELF1 (Figure 2.3, sTc). In H9 and
Jurkat T cells, however, CELF1 exhibited a much more complex phosphorylation
pattern with even further shift of the CELF1 signal to the right, demonstrating that
CELF1 was hyperphosphorylated in the malignant T-cell lines compared with

stimulated normal T cells.
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Treatment of cytoplasmic extracts from H9 or Jurkat T cells with A-
phosphatase (LPP+) led to a shift of the CELF1 signal toward the
unphosphorylated position, as was seen previously in cytoplasmic extracts from
normal stimulated T cells (48). Overall, these results demonstrate that CELF1 is
hyperphosphorylated in malignant T cells compared with normal stimulated T
cells, with complex phosphorylation patterns suggesting multiple sites of

phosphorylation.

Loss of binding by CELF1 to a subset of target transcripts in malignant T cells
correlated with CELF1 phosphorylation and transcript stabilization

To test more directly whether the phosphorylation of CELF1 in malignant
T-cell lines influenced RNA binding, we immunopurified CELF1 from cytoplasmic
lysates from normal and malignant T cells and assessed CELF1 binding to a
riboprobe containing a GRE or mutant GRE (Figure 2.4A with graphical
representation in Figure 2.4B). CELF1 immunopurified from both malignant T-cell
lines showed reduced binding to the GRE-riboprobe compared to CELF1 derived
from normal resting T cells (cf. lanes 5 and 9 to lane 1). Treatment with LPP
resulted in an increase in binding to the GRE-containing riboprobe by CELF1
immunopurified from malignant T-cell lines (cf. lane 5 to lane 7 and lane 9 to lane
11). In contrast, binding by CELF1 immunopurified from resting human T cells
was unaffected by LPP treatment (cf. lanes 1 and 3). These results suggest that
the binding by CELF1 to the GRE-riboprobe was inhibited in malignant T cells

due to phosphorylation, and binding was restored when CELF1 was de-
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phosphorylated in vitro.

We previously measured mRNA decay rates on a genome-wide basis in
normal T cells and the Jurkat and H9 malignant T-cell lines (50), and we now
compared transcript half-lives across these cell types (see Supplemental Table
1). We found that most transcripts that were CELF1 targets in normal T cells, but
were not CELF1 targets in HO or Jurkat T cells, were stabilized in the malignant
T-cell lines. For example, of the 113 short-lived CELF1 target transcripts with
median half-lives <90 min in normal T cells, 106 (93%) and 104 (92%) were
stabilized in H9 and Jurkat T-cell lines, respectively (P < 0.05). None of these
stabilized transcripts were CELF1 targets in malignant T-cell lines. The mRNA
decay rates of a subset of these transcripts that were CELF1 targets in normal T
cells but not in malignant T-cell lines are shown in Table 2.2: All of them were
stabilized (P < 0.05) in malignant T cells compared with normal T cells. Our
results suggest that CELF1 phosphorylation in malignant T cells leads to
decreased CELF1 binding to GU-rich containing RNA transcripts, that were

CELF1 targets in normal T cells, resulting in transcript stabilization in malignancy.

CELF1 targets in malignant T-cell lines exhibited accelerated mRNA degradation

Since binding by CELF1 is known to correlate with faster mMRNA turnover
(44), we evaluated the decay of transcripts that were CELF1 targets in malignant
T cells but were not CELF1 targets in normal T cells. Compared with normal T
cells, the decay rates of most CELF1 targets in malignant T cells were

significantly shorter. Table 2.1 shows half-life values for a subset of transcripts
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that were CELF1 targets in both H9 and Jurkat T cells, and all of these
transcripts decayed significantly faster in malignant compared with normal T
cells. Overall, our results suggested that CELF1 gained the ability to bind to a
distinct subset of transcripts in malignant T cells, and this binding correlated with
accelerated mRNA degradation.

To verify the relationship between CELF1 binding and mRNA decay that
we found in our microarray data, we selected transcripts that were differentially
bound to CELF1 in normal T cells and malignant T-cell lines to perform
confirmatory assays (Figure 2.5). Cytoplasmic lysates from normal T cells (Tc),
HO T cells (H9), and Jurkat T cells (JK) were immunoprecipitated with no
antibody (input, 1), an anti-CELF1 antibody (C), an anti-poly(A) binding protein
antibody (P) as a positive control, and an anti-HA antibody (H) as a negative
control, and copurified RNA was isolated. This RNA was evaluated by reverse
transcriptase PCR (RT-PCR) using transcript-specific primers (see Supplemental
Table 2) to measure the binding by CELF1 to select transcripts (Figure 2.5, left
panels). Normalized quantified results for the intensity of the CELF1 IP band for
each transcript are shown in Figure 2.5, middle panels. We also used
quantitative real-time PCR (QPCR) to measure mRNA decay rates of these
same transcripts after treatment of cells with Actinomycin D (Figure 2.5, right
panels) and determined if CELF1 binding correlated with mRNA decay.

The IP results confirmed that the AURKB, KBTBD7 and SIAH1 transcripts
were enriched in the anti-CELF1 immunoprecipitates from malignant T cells

compared with normal T cells (Figure 2.5, left and middle panels), and half-lives
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of these transcripts in H9 and Jurkat cells were significantly shorter, with P < 0.05
for each transcript (Figure 2.5, right panels).

In contrast, the CEBPB, EIFEBP2, TNFSF10 transcripts were enriched in
the anti-CELF1 immunoprecipitates from normal T cells compared with malignant
T cells, and these transcripts decayed more rapidly in normal T cells compared
with malignant T-cell lines (P < 0.05 for each transcript). These results confirm
that CELF1 target transcripts exhibited accelerated decay, and CELF1 binding
correlates with more rapid mRNA turnover, suggesting that altered CELF1

binding contributes to abnormal mRNA decay in malignant T cells.

GU-rich sequences were enriched in CELF1 target transcripts in malignant T-cell
lines

CELF1 binds to GU-rich RNA sequences (for review, see (119)). We
evaluated CELF1 target transcripts in malignant T cells to determine whether
they contained defined CELF1 binding sequences. As described in Materials and
Methods, a de novo motif search using Partek Genomic Suite software identified
enrichment of G/UU-containing sequences in the 3' UTR of CELF1 target
transcripts from malignant T-cell lines (see motif logo in Supplemental Figure 1).
The top two consensus sequences within this group of transcripts resembled the
GRE. These results suggest that CELF1 in malignant T cells interacts with target
transcripts through GRE sequences that are similar to known CELF1 target

sequences in normal T cells and other cell types (47).
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CELF1 targets in malignant T cells encode components of cell cycle networks
In normal T cells, CELF1 targets encode a variety of regulators of
apoptosis and post-transcriptional regulatory networks (48). Since the subset of
CELF1 target transcripts in malignant T cells is distinct from the subset of CELF1

targets in normal T cells, we analyzed the functions of the CELF1 target
transcripts identified in H9 and Jurkat T cells. The most highly enriched CELF1
target transcripts in H9 and Jurkat malignant T-cell lines are listed in Table 2.1,
and the proteins encoded by these transcripts function as cell cycle and
apoptosis regulators or regulators of metabolism.

We evaluated biological processes and molecular functions for CELF1
target transcripts in H9 or Jurkat T cells, and found enrichment of a cluster of
MRNAs encoding proteins with roles in cell cycle regulation. A simplified
regulatory network of cell cycle control proteins encoded by GRE-containing
CELF1 targets in malignant T cells is shown in Figure 2.6. This network shows
CELF1 target transcripts that regulate cell cycle progression throughout the G1,
S, G2, and M phases, including genes that are expressed at higher levels during
G1/S and G2/M cell cycle checkpoints (Ingenuity Knowledge Database) and
components of cyclin-driven pathways that play important roles in cell
development, differentiation, and tumorigenesis (Pathways Analysis, Ingenuity
Systems). Many of the transcripts shown are known to be abnormally expressed
in cancer. Among them are regulators of DNA transcription and replication:
NDRG3 (130), STAT5B (131), CENPF (132), G2E3 (133), ZNF436 (134),

ZNF678 (http://www.proteinatlas.org/search/), ZMAT3 (135), AP2A2 (136),
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MED24 (137); and proteins that control cellular senescence and mitotic arrest
(JUND (138), TERF2 (139), NGR3, CENPA (140), PAFAH1B1 (141), CDK11A/B
(142, 143)), negative regulators of G1 phase and G1/S transition (CDK1 (144),
ZNF346, CDC73 (145)) and cytokinesis (SIAH1 (146), AURKB (147)). A
functional analysis (Table 2.3) showed that CELF1 targets in malignant T cells
were linked to cancer, neurological diseases, and developmental abnormalities in
the category of diseases and disorders. In the category of molecular and cellular
function, CELF1 targets were linked to cell cycle, cellular organization, and cell
death and survival. In the category of physiological system development and
function, CELF1 targets were linked to abnormal tumor morphology. In summary,
our analysis suggested that the abnormal function of CELF1 in malignant T cells

leads to misexpression of a network of GRE-containing transcripts.

Coordinate stabilization and up-regulation of CELF1 target transcripts in primary
T-ALL

We found that numerous short-lived CELF1 target transcripts in normal T
cells were not CELF1 targets in malignant T-cell lines, and the lack of CELF1
binding correlated with transcript stabilization. To determine whether stabilization
of these same transcripts also occurred in primary T-cell tumors, we measured
transcript levels and decay rates of 17 mRNA transcripts in primary T acute
lymphoblastic leukemia (T-ALL) cells (Table 2.4). These mMRNAs were CELF1
targets in normal T cells but were not CELF1 targets in H9 or Jurkat T cells.

Actinomycin D was added to primary T-cell tumor cells isolated from peripheral

40



blood from four T-ALL patients, normal human T cells from four donors, and H9 T
cells or Jurkat T cells from three independent cell passages; mRNA decay rates
were measured using QRT-PCR. The QRT-PCR results confirmed our
microarray data: transcripts that were CELF1 targets in normal T cells but not in
H9 or Jurkat T cells, were stabilized and up-regulated in these T-cell lines.
Furthermore, we found that these same transcripts were also stabilized and up-
regulated in primary T-ALL cells (Table 2.4). These results support our
hypothesis that a subset of GRE-containing transcripts is stabilized and up-
regulated in primary human T-ALL tumors likely due to escape from CELF1-

mediated degradation.

Discussion

We found that the GRE/CELF1 network, which normally functions to
coordinate cellular proliferation during the course of normal T-cell activation, is
dysregulated in malignant T cells. Altered binding by CELF1 to target transcripts
in malignant T cells led to abnormal stabilization of a network of transcripts that
promote cell proliferation and abnormal destabilization of transcripts that encode
cell cycle checkpoint regulators or suppressors of proliferation.

CELF1 was phosphorylated in the H9 and Jurkat malignant T-cell lines
(Figures 2.2, 2.3), and this phosphorylation correlated with decreased binding by
CELF1 in malignant T-cell lines to its binding targets in normal T cells (Figure
2.1). In fact, most CELF1 target transcripts expressed in normal T cells were not

CELF1 targets in malignant T-cell lines, even though they were expressed in the
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malignant T-cell lines. The lack of binding by CELF1 in malignant T-cell lines to
transcripts that were CELF1 targets in normal T cells was not due to differences
in the amount of CELF1 in the different cell types (see Figure 2.2A), but
appeared to be due to phosphorylation of CELF1 (Figure 2.3), similar to what
was observed in activated normal T cells (48). In normal T cells, CELF1 appears
to be transiently phosphorylated following T-cell activation as part of the normal
T-cell activation program, whereas in malignant T cells, CELF1 appears to be
constitutively phosphorylated, with a more complex phosphorylation pattern.
Also, we found CELF1 phosphorylation at serine 28 in malignant T cells but not
in resting or activated normal T cells, indicating that the site of phosphorylation of
CELF1 differs in normal and malignant T cells. PKC o/BlI-dependent
phosphorylation of CELF1 at serine 28 is involved in murine heart development
(148), but the role of phosphorylation of CELF1 at serine 28 in T cells has not
been evaluated. Finding that CELF1 was phosphorylated at S28 in malignant T
cells, but not in activated normal T cells suggests that different kinases that
phosphorylate CELF1 at serine 28, or other positions, are expressed or activated
in malignant T cells. Although there is very little data regarding the role of PKC
isozymes in CELF1 function, several studies have demonstrated the involvement
of PKC isozymes in controlling cellular signaling and proliferation in malignant
cells (for review, see (149)). PKCRII, for example, plays a critical role in cancer
cell proliferation, survival, and invasion. It is possible that cancer cells
constitutively express kinases, such as PKCBII, that phosphorylate CELF1 and

alter its binding to target transcripts. Activation and proliferation in normal T cells
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is driven by PKCO and other kinases, including MAP kinases and PI3 kinase (for
review, see (150)). Possibly, these kinases induced by T-cell activation lead to
transient phosphorylation of CELF1, affecting the network of GRE-RNAs only for
the amount of time needed for cellular activation and proliferation before T cells
return to a quiescent state. At this point, further work is needed to define the sites
of CELF1 phosphorylation in malignant T cells and during activation of normal T
cells, but based on our findings, it appears that different kinases are involved,
and CELF1 is hyperphosphorylated in malignant T cells relative to activated
normal T cells.

Involvement of kinase signaling in regulating CELF1 binding to RNA is
supported by our observation that immunopurified CELF1 from malignant T-cell
lines or activated normal T cells exhibited decreased binding to a GRE-
containing riboprobe, compared to immunopurified CELF1 from resting normal T
cells (Figure 2.4). Treating immunopurified CELF1 from malignant T cells or
activated normal T cells with LPP led to increased GRE binding in vitro,
suggesting that phosphorylation of CELF1 caused inhibition of binding (Figure
2.4; (48)). Thus, for the large subset of GRE-containing transcripts that were
CELF1 targets in normal T cells, lack of binding by CELF1 in malignant T cells
was likely due to phosphorylation of CELF1. In contrast, we found that CELF1
acquired an ability to bind to a new subset of target transcripts in malignant T
cells even though all cytoplasmic CELF1 was present in a phosphorylated form
(Figure 2.3). The mechanism by which CELF1 gained an ability to bind to these

target transcripts is unknown. Perhaps, hyperphosphorylation of CELF1 led to
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changes in its affinity such that it lost the ability to bind to most GRE-containing
target transcripts, but gained the ability to bind to a new set of GRE-containing
transcripts. Sequence analysis of these new CELF1 target transcripts from
malignant T cells revealed that they contain GRE sequences that are similar or
identical to previously characterized GRE sequences, and therefore, the
mechanistic details for preferential binding by CELF1 to these target transcripts
are yet to be uncovered. Hyperphosphorylation of CELF1 in malignant T cells
may lead to altered RNA-binding characteristics through changes in the CELF1
protein conformation, alterations in the functional activities of individual RNA-
recognition motifs (RRMs), or the ability of CELF1 to associate with sequences
that flank the GRE or other nearby sequences such that CELF1 gains new
binding characteristics. Binding by CELF1 to RNA occurs via multiple RRMs
(151, 152), and phosphorylation within one or more RRMs may change its
binding characteristics. Although, all RRM motifs have been shown to bind to
short GRE sequences with comparable affinity in vitro (153), preferential binding
to RNA by one, two or all three motifs could dictate differences in sequence-
binding preferences. Alternatively, other binding proteins, microRNAs, or
adjacent RNA cis-elements might interact with CELF1 and change its ability to
bind to target mMRNA. Further work is needed to understand why CELF1 binds to
RNA differently in normal and malignant T cells.

We previously used microarrays to measure the decay rates of transcripts
expressed in primary human T cells, H9 T cells, and Jurkat T cells (50), and now

analyzed this data to determine whether differential binding by CELF1 to specific
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transcripts correlated with rates of mMRNA degradation and transcript abundance.
We found that many transcripts that were targets of CELF1 in normal T cells but
not in the H9 or Jurkat malignant T-cell lines were stabilized and up-regulated in
the malignant T cells. This finding suggests that CELF1 bound to these
transcripts in normal T cells and mediated their degradation, but since CELF1 did
not bind to these transcripts in malignant cell lines, they were stabilized and their
expression increased (Table 2.2). Thus, it appears that phosphorylation of
CELF1 led to its functional inactivation, resulting in a failure of CELF1 to mediate
the decay of a large set of GRE-containing transcripts in malignant T-cell lines.
We have recently shown that numerous GRE-containing transcripts undergo
shortening through alternative polyadenylation following T-cell activation, and
similar transcript shortening has been shown to occur in malignancy (49, 154).
Thus, some of the transcripts that were targets of CELF1 in normal T cells but
not in malignant T cells may have lost their GRE sequences due to alternative
polyadenylation.

For a subset of the transcripts that were CELF1 targets in normal T cells
but not malignant T cells that are involved in cell growth regulation, we measured
MRNA degradation rates and abundance in primary T-ALL cells from four
patients using QRT-PCR. We found that these transcripts were stabilized and up-
regulated compared with normal T cells, similar to what was seen in malignant T-
cell lines (see Table 2.4). Although the small numbers of cells available did not
allow us to perform RNA-IP or CELF1 phosphorylation experiments using T-ALL

cells, the pattern of transcript stabilization and expression showed that numerous

45



GRE-containing transcripts that were CELF1 targets in normal T cells were
stabilized and up-regulated in primary tumor cells. Up-regulation of these
transcripts in malignant T cells would be expected to facilitate cell growth and
proliferation and would likely contribute to the malignant phenotype.

The dysregulation of CELF1 through inappropriate phosphorylation in
malignant T cells appears to contribute to abnormal growth and promotes the
malignant phenotype by blocking CELF1 binding and thereby stabilizing and
increasing the expression of a large subset of GRE-containing transcripts. At the
same time, CELF1 gains the ability to bind to and mediate the degradation of
another subset of GRE-containing transcripts that encode checkpoint control
proteins and suppressors of proliferation. Many of the CELF1 target transcripts
identified in malignant T-cell lines encode regulators of cell cycle transitions
(Figure 2.6), including important suppressors of cell proliferation such as JUND,
CDKN1A, SIAH, AURKB, and others. Rapid CELF1-mediated degradation of
these target transcripts in malignant T cells would favor growth and proliferation
by shortening cell cycle checkpoint phases and expediting cell cycle phase
transitions (155). Overrepresentation of CELF1 targets in malignant T cells
among disease specific categories, such as cancer, reinforces the role for these
transcripts in driving or promoting cancer pathogenesis. CELF1-mediated
degradation of these transcripts in malignant T cells would decrease their
expression and facilitate a proliferative state.

Overall, our results support a model whereby dysregulated kinases or

kinase signaling pathways lead to phosphorylation of CELF1, which facilitates the
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development of the malignant phenotype by increasing the stability and
expression of transcripts involved in cell proliferation. Acquisition of CELF1
binding to another set of transcripts in malignant cells leads to the degradation
and down-regulation of transcripts encoding cell growth suppressors. Thus,
CELF1 dysregulation in malignant T cells leads to the up-regulation of a subset
of GRE-containing transcripts that promote cell growth, and down-regulation of
another subset that suppresses cell growth, producing a net effect that would

drive a malignant phenotype.
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Introduction

For viruses to survive and replicate, they often control the host cellular
environment by manipulating host gene expression. It is becoming increasingly
clear that viral manipulation of host posttranscriptional regulatory mechanisms
plays critical roles in viral pathogenesis. For example, Kaposi’s sarcoma herpes
virus globally down-regulates expression of host cellular transcripts by
expressing the shut-off alkaline exonuclease (SOX), which mediates transcript
degradation (156). Herpes simplex virus selectively degrades certain host
transcripts through a viral endonuclease (157) but stabilizes and up-regulates a
specific subset of host cellular transcripts through the viral ICP27 protein (100).
By utilizing posttranscriptional mechanisms, viruses are able to selectively
manipulate the expression of host transcripts to create a cellular environment
that inhibits antiviral host defense mechanisms and allows the establishment of
viral infection.

Hepatitis C virus (HCV), which belongs to the family Flaviviridae family of
viruses (158), is a RNA virus with a 9.6 kb RNA genome of positive polarity that
encodes structural and nonstructural proteins required for HCV replication (159).
HCYV infects approximately 184 million people worldwide (160) and causes
hepatitis, liver cirrhosis and hepatocellular carcinoma (161). The mechanisms
leading to liver cirrhosis and cancer in the HCV-infected individual are not
understood. In the current era, cure of HCV infection with new antivirals is

possible, but even patients with virological cure have an increased risk of

49



developing hepatocellular carcinoma (162, 163). Therefore, understanding the
molecular progression of HCV infection to hepatocellular carcinoma is a priority.

Due to its small genome, HCV must use the host protein synthesis
machinery to produce viral proteins required for viral replication. One of these
viral proteins, non-structural protein 5A (NS5A), is multifunctional and influences
many viral and cellular processes. The entire protein-protein interaction network
of the HCV proteome was mapped by high throughput yeast two hybrid
screening, and NS5A was found to interact with proteins functioning in focal
adhesions, gap-junctions and host cellular signaling pathways (106). NS5A also
influences cell cycle control by interacting with p53 and modulation of p21 (164-
167). During viral genome replication, NS5A interacts with the RNA-dependent
RNA-polymerase NS5B (168, 169), an interaction that is essential to maintain the
HCV subgenomic replicon in Huh 7 cells (168, 170). NS5A also binds to G- and
U-rich sequences in HCV genomic RNA (107). The amino terminal domain 1 and
the adjacent unstructured region of NS5A interacts with HCV genomic RNA (169)
and modulates its template selection (171). Crystal structures of domain 1 show
a RNA-binding zinc finger which coordinates a Zn?* ion (172, 173). We
hypothesized that NS5A functions to regulate the expression of host genes at
posttranscriptional levels through its ability to bind to G and U rich RNA
sequences.

We previously described a GU-rich element (GRE) that is enriched in the
3’ untranslated region (UTR) of rapidly degraded cellular transcripts expressed in

primary human T cells (44). GRE-containing transcripts encode numerous proto-
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oncogene proteins and other proteins involved in cell growth regulation or
apoptosis (116). Insertion of the GREs from JUN, JUNB or TNFRSF1B mRNAs
into the 3’ UTR of a beta-globin reporter transcript conferred instability onto the
otherwise stable beta-globin transcript. Further investigation showed that the
CUGBP1 and ETR-3 - Like Factor 1 (CELF1) protein functions as a GRE-binding
protein and mediates the decay of GRE-containing transcripts (44), perhaps by
recruiting other enzymatically active proteins to the transcript. The Xenopus
homologue of CELF1, EDEN-BP, also binds to GREs and is involved in
deadenylation of mMRNA during oocyte maturation (174). In mammalian cell
extracts, CELF1 interacts with poly A ribonuclease and mediates transcript
deadenylation (25). The GRE and CELF1 define a posttranscriptional mechanism
for coordinately regulating the expression of multiple transcripts involved in
cellular growth and apoptosis, and we hypothesized that HCV manipulates this
mechanism through its NS5A protein to create a cellular environment that
prevents cell death and promotes growth of virus-infected cells.

In this report, we demonstrate that the HCV NS5A protein does indeed
bind to host transcripts, including a large set of GRE-containing transcripts and
mediates their stabilization. Expression of a subgenomic HCV replicon in the Huh
7.5 human hepatoma cell line led to binding by NS5A to host GRE-containing
transcripts, which correlated with the stabilization of these transcripts. NS5A
expressed exogenously in HelLa cells bound to reporter transcripts in a GRE-
dependent manner, and this binding led to transcript stabilization, demonstrating

that NS5A has RNA-stabilizing activity in cells. A purified recombinant NS5A
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polypeptide bound to GRE sequences in a zinc finger-dependent manner.
Mutation of the zinc finger abolished the RNA-binding and the mRNA stabilizing
activity of NS5A. Together, these data suggest that HCV manipulates host
cellular mRNA decay through NS5A-mediated stabilization of host transcripts.
Because GRE-containing NS5A target transcripts encode proto-oncogenes and
other important regulators of cell growth and apoptosis, HCV-induced
stabilization of these transcripts would prevent cell death and promote growth of
virus-infected cells, allowing the virus to establish a chronic infection and thereby

promote the development of hepatocellular carcinoma.

Materials and Methods
Cell culture.

The human hepatoma cell line Huh 7.5 (Huh) is a derivative of the Huh7
human hepatoma cell line attenuated in the RIG-I/interferon regulatory factor 3
(IRF-3) pathway (175). The Huh 7.5 Si cell line (Huh-HCV) stably expresses the
HCV-Con1 replicon with an adaptive mutation in NS5A-coding sequence
producing the S.2204.1 variant (107). This cell line was generated by transfecting
1.6 x 10% Huh 7.5 cells with 2 ug of in vitro transcribed replicon RNA using
TransMessenger transfection system (Qiagen). After transfection, 1 x 10° cells
were seeded in 100-mm diameter dishes and 12-14 h later the cells were placed
under G418 selection (500 pg/mL) for 3 weeks and colonies were further
expanded. Huh and Huh-HCV cells were propagated in Dulbecco’s modified

eagle’s medium (DMEM, Gibco) supplemented with 10% FBS (Atlanta
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biologicals), 0.1 mM nonessential amino acids (Gibco), 1% L-Glutamine (Gibco)
and 100 units/ml of penicillin/streptomycin (Gibco). For Huh-HCV cells, 500
pg/mL of G418 (Calbiochem) was added to the medium. HelLa Tet-off cells
(Clontech) were cultured in minimal essential medium alpha (Gibco) containing
10% tetracycline-free FBS (Clontech), 1% L-Glutamine (Gibco) and 100 units/mL

of penicillin/streptomycin (Gibco).

Plasmids.

The pTracerC green fluorescence protein (GFP) expression plasmid and
the pcDNA3 plasmid were purchased from Invitrogen. The tet-responsive beta-
globin expression plasmid pTetBBB (BBB) (176) was a gift from Dr. Ann-Bin
Shyu (University of Texas-Houston). We previously described insertion of the
JUNB GRE, mutated JUNB GRE, or IL2 ARE sequences into the 3’ UTR of the
beta-globin sequence of the BBB plasmid to create the BBB-GRE, BBB-mGRE
and BBB-ARE plasmids, respectively (44, 112). To generate pCDNAS3.1-5A and
pCDNA3.1-del32-5a NS5A was PCR-amplified from the plasmid
pHCVbart.rep1b/Ava-Il (177), a gift from Dr. Charles Rice (Rockefeller University)
with primers FW-5a, 5-GCGTCTAGAATGGGCTCCGGCTCGTGGCTA-3’ or
FW-del32-5a 5-GCGTCTAGAATGGGCGGAGTCCCCTTCTTC-3’ and RV-5a,
5-GCGCAAGCTTCTATTAGCAGCAGACGACATC-3’ and inserted into the Xbal
and Hindlll sites of pPCDNAS3.1 (Invitrogen). The NS5A expression plasmid
pCDNAS3.1-5A was used to express NS5A in HelLa cells and pCDNAS3.1-del32-5a

was used to express the NS5A AN mutation. The QuikChange Site-Directed
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Mutagenesis Kit (Stratagene) was used to introduce four cysteine to serine
mutations (C39S, C57S, C59S, and C80S) into these plasmids to create
pCDNAS3.1-5A-4C-4S and pCDNAS3.1-del32-5a-4C-4S which express the NS5A
4C-4S and NS5A AN-4C-4S mutations, respectively.

Plasmids for expression of recombinant NS5A polypeptides in E. coli were
created by cloning PCR amplified sequences from NS5A into the pSUMO
plasmid (LifeSensors Inc). The following PCR primers were used to amplify the
NS5A-domain 1+ coding sequence from the plasmid pHCVbart.rep1b/Ava-Ii
(177): 5'-GCG GGT CTC AAG GTG GAG TCC CCT TC-3'and 5'-GCG CGC
AAG CTT CTATTA GGA GTC ATG CCT GGT AGT GCA TGT TGC-3'. The
amplified product was subcloned into the pSUMO plasmid using the Bsal and
Hindlll sites to generate pPSUMO-NS5A-domain1+. The QuikChange Site-
Directed Mutagenesis Kit (Stratagene) was used to mutate four cysteines to
serines (C39S, C57S, C59S and C80S) in pPSUMO-NS5A-domain1+ to create

pSUMO-5A-domain1+ 4C-4S.

Purification of NS5A-domain 1+ WT and 4C-4S proteins.

The NS5A polypeptides expressed from the pSUMO-based plasmids were
expressed as fusion proteins with SUMO at the amino terminus. Overexpression
of protein in this system was performed in the Rosetta (DE3) strain of E. coli and

purified as described previously (178).

RNA sequencing and Actinomycin D mRNA decay assays.
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To measure the decay of endogenous cellular transcripts in Huh or Huh-
HCV cells, actinomycin D (5 ug/mL, Sigma) was added to the media, and total
cellular RNA was collected after 0, 3 and 6 hours using the RNeasy kit (Qiagen).
Genome-wide RNA sequencing was performed on technical duplicate samples to
assess MRNA expression levels and mRNA decay rates as described previously
(49). The zero time point was used to determine mRNA expression levels.
Sequencing reads were mapped to the human genome (hg19) using Bowtie 2.0
with default settings. Tophat (v2.0.13) and Cufflinks (v2.2.1) were used
subsequently to generate Fragments Per Kilobase of transcript per Million
(FPKM) mapped reads that were quantified using custom R scripts. Transcript
decay rates were determined following addition of actinomycin D based on a
model of first order decay.

To measure the decay of beta-globin reporter transcripts in Huh and Huh-
HCV cells, the cells were transfected in a 15 cm dish using 150 uL Lipofectamine
2000 (Invitrogen) and 15 ug of the beta-globin expression plasmids BBB, BBB-
GRE, or BBB-ARE as well as 8 ug of the pTracerC GFP expression plasmid.
After transfection, each 15 cm dish of cells was split into three 10 cm dishes.
Cells were treated 48 hours later with 5 pg/ml of actinomycin D (Sigma), and total
RNA was isolated after 0, 3, or 6 hours using the RNeasy kit (Qiagen), following
manufacturer’'s recommendations. Residual genomic or plasmid DNA was
removed by digesting 1 ug of each sample with 1 unit of DNAse | (NEB) for 30
min at 37 °C. cDNA was prepared with Superscript || enzyme (Invitrogen) and

oligo dT+s primer from 1 ug of total RNA for each time point. Controls without RT
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were also prepared from 1 ug of total RNA. Quantitative real time PCR was
performed in triplicate for each sample, and relative concentrations were
calculated based on standard curves for each primer set. The PCR reaction
primers were:

Beta-globin: forward 5’-GAGGGTCTGAATCACCTGGA-3" and reverse 5'-
GCCAAAATGATGAGACAGCA-3..

GFP: forward 5’-TGGAAACATTCTCGGACACA-3’ and reverse 5'-
CTTTTCGTTGGGATCTTTCG-3'. These primers were mixed with the template
and the IQ™ SYBR® Green Supermix (Biorad) and amplified SYBR-green
amounts were measured in an iCycler (Biorad) over time. Beta-globin levels were

normalized to GFP levels.

RNA-immunoprecipitation followed by RNA sequencing or RT-PCR.

To identify mRNA targets of NS5A, RNA-IP was performed as described
previously (179) on Huh or Huh-HCV cells using a rabbit polyclonal antibody for
NS5A which was produced at Covance Research Products (Denver, PA) using
the purified recombinant protein NS5A-His as the antigen (107, 169), RNA was
purified from the immunoprecipitated material using the RNeasy kit (Qiagen)
following manufacturer’s instructions. Genome-wide RNA sequencing was
performed as described previously (49). For each transcript, we calculated a
NS5A-binding parameter called the fold change in enrichment (FCE) defined as:

FCE = (NS5A IP/input) Huh-HCV

(NS5A IP/input) Huh
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where the ratio of the RNA-Seq expression level for each transcript from the
NS5A IP to the level from input RNA based on duplicate samples for Huh-HCV
cells is divided by the same ratio for Huh cells.

To assess NS5A binding to reporter transcripts, Huh-HCV (15 cm dish)
were transfected with 15 ug of BBB or BBB-GRE reporter plasmids and 8 pg of
pTracerC plasmid in 100-150 ul of Lipofectamine 2000. RNA-IP was performed
as described previously (179) using an anti-His antibody (Santa Cruz Biotech
Inc.), anti-NS5A antibody (169), or anti-PABP antibody (Immuquest). RNA was
purified from the input and immunoprecipitated material using the RNeasy kit
(Qiagen) following manufacturer’'s recommendations. cDNA was prepared using
Superscript Il enzyme (Invitrogen), and PCR was performed with the beta-globin
and GFP PCR primers described above.

In vitro RNA-protein binding assay.

The fluorescence polarization assay was performed using a Beacon
fluorescence polarization system (Amersham Biosciences) as described
previously (107). Recombinant NS5A domain 1+ protein (0-1500 nM) and the 3'-
fluorescein-labeled GRE RNA oligonucleotides or mutant RNA oligonucleotides
shown in Table 3.1 were gently mixed in binding reaction buffer (20 mM HEPES,
pH 7.5, 5 mM MgClz, 10 mM 2-mercaptoethanol, 100 uM ZnCl2> and 100 mM
NaCl) and incubated briefly at 25 °C. Binding of NS5A domain 1+ was measured
by the change in polarization. All steps were performed in reduced light. Data

were fit to a hyperbola by using KaleidaGraph software (Synergy Software).
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Tet-off MRNA decay assay.

HelLa Tet-off cells (15 cm dish) were transfected with 15 pg of the parental
BBB reporter plasmid or BBB plasmids containing 3’ UTR inserts along with 15
Mg of the NS5A expression plasmid, mutated NS5A expression plasmids or mock
expression plasmid, and 8 ug of the pTracerC GFP expression plasmid in 100-
150 pl of Lipofectamine 2000. After transfection each 15 cm dish was split into
five 10 cm dishes and 48 hours later cells were treated with 300 ng/ml of
doxycycline. After 0, 1.5, 3, 4.5 or 6 hours, total RNA was extracted using the
RNeasy kit (Qiagen) following manufacturer’s recommendations, and for each
sample, 10 pg of RNA was analyzed by northern blot using beta-globin and GFP
probes as described previously (46). To ensure expression of NS5A or mutated
NS5A, protein was extracted from cells in duplicate plates 48 hours after
transfection and analyzed by western blotting as described previously (180)

using an anti-NS5A antibody (169) and an anti-ERK 1/2 antibody (Cell signaling).

Results
Host cellular transcripts are stabilized in HCV-expressing cells.

We measured mRNA expression levels and mRNA decay rates on a
genome-wide basis using Actinomycin D mRNA decay assay in the human
hepatoma cell line, Huh 7.5 (Huh), and the same cell line expressing an HCV
subgenomic replicon (Huh-HCV). Actinomycin D was added to Huh and Huh-
HCV cells to block transcription and total cellular RNA was collected at 0, 3, and

6 hours. This RNA was analyzed by genome-wide RNA sequencing (RNA-Seq)
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to calculate levels of transcript expression and transcript half-life based on a
model of first order decay. We found a total of 16714 transcripts were expressed
in either Huh or Huh-HCV cells, 14894 transcripts were expressed in Huh cells,
15542 transcripts were expressed in Huh-HCV cells, and 14359 transcripts were
expressed in both. Of these, 6012 transcripts (36%) were up-regulated by >20%
and 3903 transcripts (23%) were down-regulated by >20% in Huh-HCV cells
compared to Huh cells. We calculated the half-life of each transcripts in both Huh
and Huh-HCYV cells and found 4945 transcripts (30%) were stabilized (the log of
the decay slope increased by > 50%) and 5131 transcripts (31%) were
destabilized (the log of the decay slope decreased by > 50%) in Huh-HCV cells
compared to Huh cells. A master file containing all the primary gene expression
and mRNA decay data is found in Supplementary Table 1. Overall, these data
suggest that expression of the HCV subgenomic replicon had a dramatic impact

on host gene expression and mRNA decay.

NS5A binding to host cellular transcripts correlates with transcript stabilization.
Since the HCV NS5A protein is an RNA-binding protein known to bind to
HCV genomic RNA, we hypothesized that NS5A might also bind to host cellular
MRNAs. To test this hypothesis, we used an anti-NS5A antibody to
immunoprecipitate (IP) NS5A from cytoplasmic extracts prepared from Huh-HCV
and Huh cells, and we used RNA-Seq to identify and quantify co-purified host
cellular mRNA transcripts. The anti-NS5A antibody used in this study was

previously shown to be specific for NS5A in Western blot and to specifically
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immunoprecipitate NS5A from Huh cells expressing HCV replicon (107, 169). For
each transcript, we calculated a NS5A-binding parameter called the fold change
in enrichment (FCE) as defined in the Materials and Methods. We defined NS5A
targets as host transcripts with a FCE > 3 or transcripts present in the NS5A IP
from Huh-HCV cells but absent in the NS5A IP from Huh cells and identified 960
NS5A target transcripts. A pathway analysis of these NS5A target transcripts
revealed that 701 transcripts were related to cancer, 294 transcripts were related
to cell growth and proliferation, and 290 transcripts were related to cell death
(Ingenuity Pathway Assistant software). Supplementary Table 2 shows examples
of NS5A target transcripts, and a complete listing of target transcripts is found in
Supplementary Table 3. Figure 3.1 shows examples of functional pathways that
contain NS5A target transcripts involved in apoptosis (Figure 3.1A) and cell
growth/proliferation (Figure 3.1B). Thus, we found that NS5A target transcripts
were highly enriched for transcripts encoding regulators of cell growth, cell death,
and cancer.

We hypothesized that cytoplasmic binding by NS5A to host cellular
transcripts could alter their mRNA half-life. To evaluate this, we assessed
changes in the mRNA decay rates of NS5A target transcripts in Huh-HCV cells
compared to Huh cells. Of the 960 NS5A target transcripts, 556 (58%) were
stabilized in Huh-HCYV cells. In contrast, among 8731 transcripts that were not
NS5A targets (FCE < or = 1), only 2116 (24%) were found to be stabilized
(Figure 3.2A, blue bars). This difference was highly significant (p < 2.2 x 107'°). In

addition to enrichment in transcript stabilization, we also found that NS5A target
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transcripts were highly enriched for up-regulation and stabilization (Figure 3.2A,
red bars; p <2.2 x 107). For a subset of NS5A target transcripts, we used

quantitative RT-PCR to verify that they were stabilized and upregulated in Huh-
HCV cells (Supplementary Table 4). Overall, our data suggest NS5A targets are

highly enriched for transcript stabilization and up-regulation in Huh-HCV cells.

GRE-containing reporter transcripts are stabilized in Huh-HCV cells.

The HCV NS5A protein functions as an RNA-binding protein with
preference for G- and U-rich sequences (107). We showed that GU-rich
sequences, known as GREs, present in the 3’'UTR of certain human transcripts
target them for rapid mRNA degradation (44). We found that 118 NS5A target
transcripts contain GRE sequences in their 3’ UTRs, as defined previously (44,
46). We derived a cumulative distribution of the FCE for NS5A target transcripts
that contain a GRE or do not contain a GRE and found greater binding by NS5A
to targets that contained a GRE (p = 0.003, two sample Kolmogorov-Smirnov
test, Supplementary Figure 1). Many other NS5A targets contain 3' UTR
sequences that are similar to the GRE and are rich in G or U residues. A de novo
motif search was performed using Partek software to look for conserved
sequences in the 3’ UTRs of NS5A targets based on the RNA sequencing data.
The top 12-mer motif, shown in Figure 3.2B (top sequence), is highly G rich and
resembles a consensus sequence that was previously found in CELF1 target
transcripts (bottom sequence) (46). Also, a motif resembling a polyU sequence

was among the top 11-mer motifs identified as a consensus sequence present in
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NS5A target transcripts (Supplementary Figure 2). These data are consistent
with previous findings that NS5A could bind to polyU or polyG sequences (107).
Since G and U rich sequences, similar to known NS5A binding sites, were
conserved in the 3’ UTRs of NS5A target transcripts, we hypothesized that NS5A
could impact the decay of transcripts containing G and U rich sequences. Our
finding that the consensus NS5A target sequences shown in Figure 3.2B (top)
has similarity to previously published GRE sequences (46) suggested a possible
relationship between NS5A binding sites and GREs.

To determine if GU-rich sequences regulate host mRNA decay in HCV-
expressing cells, we transfected Huh or Huh-HCV cells with beta-globin reporter
constructs in which the JUNB GRE (BBB-GRE) and the /L2 ARE (BBB-ARE)
were inserted into the 3’ UTR. The JUNB GRE and the /L2 ARE have been
previously shown to function as mediators of rapid mRNA decay (20, 44). The
cells were also co-transfected with a GFP reporter construct to control for
transfection efficiency. Transcription was inhibited by the addition of actinomycin
D, and total RNA was isolated after 0, 3 and 6 hours. Expression of the reporter
transcripts was measured by quantitative RT-PCR and was normalized to the
expression of the GFP transcripts. In this set of experiments, the BBB-GRE
transcript decayed rapidly in Huh cells with a half-life of 80 £ 3 minutes and was
stabilized (p = 0.005) in Huh-HCV cells with a half-life of 392 £ 18 minutes. In
contrast, the BBB-ARE transcript decayed rapidly in Huh cells with a half-life of
133 £ 3 minutes but exhibited only minor and insignificant stabilization in Huh-

HCV cells with a half-life of 158 £ 4 minutes (Figure 3.3). This finding that the
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GRE-containing reporter transcript exhibited specific stabilization in replicon-
containing cells suggests that a mechanism exists for selective recognition of the

GRE in HCV replicon-containing cells.

Binding by the HCV NS5A protein to host cellular transcripts correlates with
transcript stabilization.

Because the HCV NS5A protein binds preferentially to RNA containing
GU-rich sequences, we speculated that NS5A could be responsible for the
stabilization of GRE-containing transcripts in Huh-HCV cells. We performed
RNA-IP assays to determine if we could identify a physical interaction between
NS5A and the GRE in cells that contained the subgenomic HCV replicon. We
transfected Huh-HCV cells with the beta-globin reporter construct (BBB) or the
same reporter carrying the JUNB GRE in its 3'UTR (BBB-GRE). Two days after
transfection, cell lysates were immunoprecipitated with an anti-His antibody
(negative control), anti-PABP antibody (positive control) or anti-NS5A antibody,
and RNA was isolated from the input material (I) and the immunoprecipitation
pellet (P). Reverse transcription PCR was performed on this RNA to evaluate
levels of beta-globin transcript and Hypoxanthine Phosphoribosyltransferase
(HPRT) transcript, which is used as a housekeeping gene control (Figure 3.4). In
cells transfected with the BBB-GRE construct, the beta-globin transcript was
present in the NS5A pellet but the HPRT transcript was not (lane 10), whereas in
cells transfected with the BBB construct, neither the beta-globin nor the HPRT

transcripts were present in the NS5A pellet (lane 4). This result suggests that
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NSS5A bound specifically in cells only to beta-globin reporter transcript that
contained a GRE. Thus, NS5A was capable of binding to the GRE in HCV
replicon-containing cells.

We performed in vitro RNA-binding assays to measure the binding affinity
(Kd) of NS5A for the GRE and other sequences, including RNA sequences
derived from the consensus sequence shown in Figure 3.2B, top (Table 3.1). For
these assays, we used a polypeptide that contained the amino terminal domain
(domain 1) of NS5A. The structure of domain 1 of NS5A has been determined by
X-ray crystallography (172, 173). The protein crystallized as a homodimer, and
the structural integrity of the dimer was dependent on the tetra-cysteine-
coordinated Zn?* ion (Figure 3.5A). We purified a recombinant NS5A polypeptide
that contained domain 1 plus 36 additional carboxy terminal amino acids; we
refer to this protein as NS5A domain 1+. We also purified a NS5A derivative that
was identical except the 4 cysteines in the zinc finger were changed to serines
(referred to as 4C-4S). We used a fluorescence polarization assay (107) to
measure binding of these NS5A polypeptides to fluorescein-labeled RNA
oligonucleotides that contained a minimal GRE sequence (RNA #3 in Table 3.1).
NS5A domain 1+ was titrated into a binding mixture containing a 3’-fluorescein
labeled RNA substrate. The median polarization (mP) was plotted as a function
of NS5A domain 1+ concentration, and the equilibrium dissociation constant was
determined by fitting the data to a hyperbola. NS5A domain 1+ bound with high
affinity to the GRE and this binding depended on the presence of zinc (Figure

3.5B). The mutated NS5A polypeptide (4C-4S), incapable of binding Zn?*
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because of complete disruption of the Zn?*-binding site, failed to bind to the GRE
(Figure 3.5C). Converting the GRE sequence into CU- or AU-rich sequences
resulted in a 7- to 10-fold reduction in the observed affinity of NS5A domain 1+
for these RNAs (Table 3.1; compare RNA #4 and #5 to #3). Two RNA sequences
derived from the consensus sequence in Figure 3.2B bound to NS5A domain 1+
with high affinities (Table 3.1, RNA #1 and #2). Overall, our data support a direct

and specific interaction between NS5A and the GRE in cells and in vitro.

NS5A directly stabilizes GRE-containing transcripts.

Based on our findings that GRE-containing transcripts were stabilized in
Huh-HCV cells and that the HCV NS5A protein was found to bind to GRE
sequences, we hypothesized that binding by NS5A to GRE-containing transcripts
mediates transcript stabilization. To test our hypothesis, we transfected HelLa
cells with the BBB, BBB-GRE, BBB-mGRE, or BBB-ARE beta-globin reporter
constructs and co-transfected them with constructs that expressed wild-type
NS5A (NS5A) or the following NS5A derivatives: 4C-4S, AN, or AN-4C-4S. A
GFP expression construct was also co-transfected to control for transfection
efficiency. Transcription from the tet-responsive promoter was blocked by the
addition of doxycycline, and total RNA was extracted after 0, 1.5, 3, 4.5 or 6
hours. Transcript degradation was measured over time by northern blot (Figure
3.6) and the expression of NS5A or derivatives thereof was monitored by western
blot (Supplementary Figure 3). As expected, the BBB-reporter alone and the

BBB-mGRE reporter were very stable, whereas the BBB-GRE reporter decayed
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more rapidly (half-life = 337 £ 42 minutes). When the NS5A construct was co-
transfected, however, the BBB-GRE transcript was stabilized (1091 + 117
minutes; p = 0.0005). This stabilizing effect was not observed when the four
cysteines that form the NS5A zinc finger were mutated to serine (4C-4S). This
indicated that a zinc finger-mediated NS5A-GRE interaction was required for
stabilization. Published reports showed that the N-terminal helix of NS5A is
required for tethering the NS5A protein to the viral replication compartment of the
endoplasmatic reticulum (181-183). Deletion of the N-terminal helix releases this
protein into the cytoplasm and decreases viral replication (184). We found that
deletion of the N-terminal 36 amino acids (AN) had no effect on the ability of
NS5A to stabilize the GRE-containing reporter transcript. Deletion of the N-
terminal 36 amino acids and perturbation of the NS5A zinc finger at the same
time (AN-4C-4S), however, abrogated the stabilizing activity of NS5A. In contrast
to the GRE-reporter, the ARE reporter transcript (BBB-ARE) displayed equal
decay in the presence or absence of NS5A with half-life of 240 £ 15 minutes and
228 + 25 minutes, respectively. This result indicates that NS5A specifically and
selectively mediated the stabilization of GRE-containing, but not ARE-containing

transcripts.

Discussion
Introduction of a HCV subgenomic replicon into Huh cells led to the
selective stabilization of host cellular transcripts through a mechanism that

involved binding of NS5A directly to GU-rich sequences. Not all stabilized
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transcripts showed increased abundance. This could be due to other
mechanisms that may affect transcript abundance to maintain homeostasis. For
NS5A target transcripts we observed a significantly higher number of transcripts
with increased abundance compared to non-NS5A target transcripts (Figure
3.2A). We showed that NS5A binds directly with high affinity to GRE sequences,
and may bind to other G or U-rich sequences that were conserved in the 3’ UTRs
of NS5A target transcripts. Our finding in HelLa cells that exogenous expression
of NS5A specifically stabilizes GRE-containing transcripts clearly demonstrates
that NS5A possesses mRNA-stabilizing activity (Figure 3.6). This function of
NSS5A enables HCV to control host cellular gene expression.

The results presented here support previous work suggesting that NS5A
functions as an RNA-binding protein. NS5A interacts with HCV genomic RNA
(107, 171) and was shown to bind to polyU or polyG sequences (107). Our
results indicate that a G-rich consensus sequence was present in the 3° UTRs of
NS5A target transcripts (Figure 3.2B). This sequence resembles the G-rich
consensus sequence previously found in CELF1 target transcripts (46). In
addition, NS5A is also reported to bind to poly(U/UC) sequence in the 3’'UTR of
HCV RNA and downregulates viral RNA translation (185). We found similar
poly(U/UC)-rich sequences were present within the 3’UTR of NS5A target
transcripts (Figure S2). It is reported that GRE sequences are very common in
the genome. Although GREs were found in NS5A target transcripts, they were

not enriched. Our data shows that the GRE can function as a site for NS5A, but
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not all GRE-containing transcripts are NS5A targets. This may be due to
secondary structures, genomic context, or availability for binding sites.

Our results confirm the RNA-binding activity of NS5A and suggest that the
GRE sequence, UGUUUGUUUGU (44), is a binding target for NS5A. We
showed by RNA immunoprecipitation that an anti-NS5A antibody specifically co-
immunoprecipitated GRE-containing reporter transcripts, but not reporter
transcripts that lacked a GRE (Figure 3.4). These results suggest that the GRE
functions as a target of NS5A within cells. Our in vitro binding experiments
showed that NS5A binding to the GRE was dependent upon the C4 zinc finger
motif in domain 1 since no GRE-binding activity was observed when the four
cysteines were mutated to serines (Figure 3.5C). Also, no binding presented in
the absence of zinc (Figure 3.5B), suggesting that coordination of zinc is critical
for binding. Crystal structures of domain 1 dimers revealed the presence of a
cleft near the zinc-coordinating sites that may facilitate RNA binding (172, 173)
(Figure 3.5A). Collectively, our findings suggest that the zinc finger motif
contributes to the functional form of NS5A that enables specific interaction of
NS5A with GRE RNA.

We previously showed that the GRE mediates rapid mRNA decay by
binding to CELF1 (44), which appears to recruit components of the cellular
MRNA decay machinery such as poly A ribonuclease (25). In the presence of
NS5A, the rapid decay of the GRE-containing reporter was completely abolished
(Figure 3.6), suggesting that NSS5A might potentially antagonize the activity of

CELF1. CELF1 and NS5A appear to have overlapping binding specificities since
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they both bind directly to G-rich sequences, including the GRE, but a subset of
NS5A target transcripts might not be targets of CELF1. These proteins have
different mechanisms for RNA binding. NS5A binding involves zinc finger
domains, whereas CELF1 binding involves RNA recognition motifs, yet their
binding target sites appear to overlap, at least in the case of GRE sequences.
Further work is needed to better define the sites for binding by these proteins to
host transcripts.

Viruses have developed mechanisms to manipulate host gene expression
at posttranscriptional levels in order to subvert antiviral defense mechanisms and
to create an environment in the virus-infected cell that will prevent cell death and
allow viral replication. Kaposi's sarcoma virus (156) and Herpes simplex virus
(157) produce nucleases that mediate host MRNA decay. Herpes simplex virus
also produces the ICP27 protein which mediates the stabilization of AU-rich
element-containing host transcript (100) and Epstein-Barr virus infection leads to
the stabilization of mMRNAs through the activation of the stress activated protein
kinase p38 (186). Several studies found differential host gene expression in cell
cultures infected with HCV using high-throughput approaches and screens (187-
191), but the mechanism of how the host gene expression is regulated by the
virus is not well understood. Luna et al. proposed that microRNA-122
sequestration by HCV RNA may lead to stabilization of miR-122 targets,
facilitating the oncogenesis of HCV (192). Moon et al. demonstrated another
mechanism that HCV utilizes to affect host mMRNA decay. They found the 5’UTR

of HCV genomic RNA can stall and suppress the cellular 5’-3’ exoribonuclease
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Xrn1, leading to global stabilization of cellular transcripts (193). The mechanism
by which HCV stabilizes GRE-containing transcripts, described in this report,
depends on the direct interaction between the NS5A protein and GU-rich
sequences within host cellular mMRNA. Through this mechanism, HCV blocks the
host MRNA degradation machinery and selectively stabilizes a set of GU-rich
transcripts that may be necessary for establishment or maintenance of chronic
HCV infection.

Many of the short-lived GRE-containing transcripts in mammalian cells
encode proto-oncogenes and other important regulators of cell growth and
apoptosis, constituting a network of coordinately regulated transcripts (116).
These GRE-containing transcripts include proto-oncogene transcripts such as
JUN, JUNB, JUND, and ETS2, transcripts encoding regulators of apoptosis such
as BCL10, BAG, MAP3K5, and TNFRSF1, and transcripts encoding other
regulators of cell growth including EIF4EBP2, EIF4G3, SMAD7 and HOXC10.
After infection with HCV, NS5A-mediated stabilization and overexpression of
these GRE-containing transcripts would be predicted to promote cell growth and
prevent cell death in order to allow a chronic infection to be established. It is
possible that new drugs that block the NS5A interaction with the GRE could be
developed that would prevent establishment of chronic HCV infections and inhibit
the maintenance or propagation of infection. Indeed, drugs like ledipasvir that
target NS5A but whose mechanism of action remain unclear (194) might function
by perturbing the ability of NS5A to bind GREs or similar G or U rich sequences

and modulate host gene expression.
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Infection with HCV increases the risk for hepatocellular carcinoma
development as well as certain lymphomas (195, 196). The onset of the tumors,
however, occurs many years after HCV infection, suggesting that multiple events
are required to transform hepatic cells to become malignant (197). Progression of
liver fibrosis to cirrhosis in HCV-infected patients will generate a local milieu that
predisposes to liver cancer. In this environment, changes occur to the hepatic
parenchyma, with hepatocyte injury, which contributes to sequential genetic hits
that culminate in malignant transformation (198). However, the mechanisms
involved in this process are largely unknown. Moreover, multiple studies have
showed a direct role for HCV in hepatic carcinogenesis and transgenic mice
expressing the HCV polyprotein can develop liver cancer in the absence of
inflammation, hepatic cirrhosis or immune recognition of the transgene (166, 199,
200). The stabilization and overexpression of GRE-containing transcripts
including proto-oncogene transcripts and transcripts encoding regulators of
apoptosis may contribute to the development of cancer by promoting cell growth
and preventing the death of genetically damaged cells. Later events that finally
lead to uncontrolled growth of these cells might destroy the fail-safe mechanisms
that are initially able to cope with the increased stability of these important
messages.

In conclusion, our findings describe a novel role of NS5A in stabilizing host
GRE-containing transcripts, providing new insights into HCV pathogenesis and
carcinogenesis that may lead to new treatments to prevent HCV infection and

understand the progression to liver cancer.
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Chapter 4.

Reovirus infection induces stabilization and up-regulation of cellular
transcripts that encode regulators of TGF-§ signaling

Liang Guo, Jennifer A. Smith, Michelle Abelson, Irina A. St-Louis-
Vlasova, Leslie A. Schiff and Paul R. Bohjanen.

72



Introduction

Viral infection leads to changes in cellular steady state mMRNA
levels within infected cells. Some of these alterations represent the cell’s
innate antiviral response, while others are induced by the invading virus in
an attempt to sequester host antiviral responses and usurp the cellular
machinery for viral replication. Virus-induced changes in cellular gene
expression are often regulated through transcriptional mechanisms. For
example, infection with many viruses increases the transcription of genes
involved in antiviral responses including the type | interferons (IFN) as well
as numerous IFN-stimulated genes (ISGs) (reviewed in (201, 202)).
Although transcriptional regulation is important for mammalian cells to
respond to their environment, numerous mammalian genes are also
regulated at the level of mMRNA decay in response to a variety of external
signals (reviewed in (26, 203). Virus-induced changes in cellular steady
state mMRNA levels have also been shown to be regulated at the level of
MRNA decay (105, 204).

In this study, we utilized reovirus infection to evaluate the effect of
viral infection on host cellular gene expression at the level of mMRNA
decay. Reovirus, a prototypic member of the Reoviridae family, is a non-
enveloped double-stranded RNA virus that has been studied extensively
as a model of viral infection (205). This virus was a valuable model for us
to examine the effect of viral infection on mRNA stability for several

reasons: i) the consequences of reovirus infection are well documented
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and include induction of type I IFN, initiation of apoptosis, inhibition of
cellular translation, and a G1/S cell cycle arrest (reviewed in (205)); ii)
global studies on the impact of reovirus infection on cellular gene
expression have been published (206-209); and iii) reovirus isolates vary
in their effects on infected cells (208, 210-212). Since reovirus isolates
induce distinct changes in cellular gene expression, as well as distinct
cellular responses to infection, alterations in cellular gene expression
following reovirus infection can be correlated to specific phenotypes (208).
For example, in murine L929 cells, reovirus isolates Dearing and c87
induce high levels of type | IFN, whereas cells infected with isolate c8
have a poor IFN response (208). As a consequence, numerous I1SG
transcripts are induced following infection with isolates Dearing or c87, but
not isolate c8 (208). Additionally, infection with c87 or c8 lead to an
inhibition of cellular translation, whereas infection with Dearing does not
(208, 210, 212). Mechanisms for inhibition of cellular translation in
response to reovirus infection involve phosphorylation and inactivation of
the alpha subunit of eukaryotic initiation factor-2 (elF2a) by the dsRNA-
dependent protein kinase (PKR) or the ER-stress-induced kinase PERK
(208). We previously identified a specific subset of cellular transcripts that
were induced following infection with ¢8 and c87, which inhibit cellular
translation, but were not induced following infection with isolate Dearing,
which does not inhibit cellular protein synthesis (208). The mechanisms

for increased steady state expression of these cellular transcripts could
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involve transcriptional and/or posttranscriptional mechanisms.

In this report, we investigate the role that mMRNA decay plays in
regulating host cellular gene expression following reovirus infection. We
used oligonucleotide microarrays to measure mRNA decay rates in L929
cells that were mock-infected or infected with reovirus isolates Dearing,
c8, or c87. We detected a subset of transcripts that were coordinately
induced and stabilized upon infection with reovirus strains that induced
host translational shutoff, i.e. strains ¢8 and c87. The induced and
stabilized transcripts encoded multiple regulators of transforming growth
factor-beta (TGF-p) signaling, including components of the Smad signaling
network (SSN) and apoptosis/survival pathways. TGF-f is a cytokine that
has multiple activities including immune modulation, promotion of fibrosis,
control of cellular growth, and regulation of apoptosis (213-218). TGF-3
production is activated following infection with a variety of viruses (219-
226), including reovirus (227, 228), suggesting that the TGF-f signaling
cascade plays a role in viral pathogenesis. In particular, regulation of
apoptosis through TGF-f signaling may be part of a host response to viral
infection. Thus, the coordinate stabilization and up-regulation of transcripts
that encode components of TGF- signaling pathways likely represent a

cellular anti-viral response to reovirus infection.
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Methods and Materials

Cells, viruses and viral infection. Murine L929 cells were maintained as
suspension cultures as described previously (229). Reovirus isolates
Dearing and c87/Abney are prototypic laboratory strains (230), and isolate
c8 was previously described (229, 231). Purified virions were prepared by
CsCl density gradient centrifugation of extracts from cells infected with
third-passage L929 cell lysate stocks (232). In order to analyze three
independent infections, each set of infections was initiated on separate
days. L929 cells were plated in 150 x 25 mm tissue culture plates and
were allowed to incubate at 37°C for 4 h, after which time the medium was
removed and cells were mock-infected or infected with purified virions
(Dearing, c87 or c8) at a multiplicity of infection (MOI) of 80 plaque
forming units (PFU)/cell. After a 1.5 h viral adsorption at 37°C, medium

was added and samples were incubated at 37°C for an additional 18 h.

RNA isolation and microarray hybridization. At 19.5 h post-infection
(p.i.), actinomycin D (Sigma, MO) was added at a final concentration of 10
pg/ml to stop transcription by RNA polymerase Il and total RNA was
isolated at 0, 45, 90 and 120 min post-actinomycin D treatment using
Trizol reagent (Invitrogen, CA) according to the manufacturer’s
instructions. Total RNA was purified with the RNeasy column (QIAGEN,
CA); 15 ug of RNA was converted to cDNA using the Superscript custom

kit (Invitrogen) with an oligo dT-T7 primer (Geneset, CO). The purified
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cDNA was used for an in vitro transcription reaction using T7 RNA
polymerase and biotinylated nucleotides following the manufacturer’s
protocol (ENZO Bioarray, NY). Biotinylated anti-sense cRNA was purified
with the RNeasy column; 15 ug was fragmented according to Affymetrix
instructions’ and hybridized to Affymetrix murine U74Av2 oligonucleotide
microarrays (Affymetrix Inc., CA). Microarrays were scanned on a Hewlett
Packard Agilent 2200 confocal scanner (Bio-Rad Laboratories, CA) and
normalized signal intensities were obtained using Affymetrix MAS 5.0

software as described previously (208).

Microarray data analysis. Expressed transcripts levels were determined
as the average signal values with 95% confidence intervals (95% CI)
across three replicate arrays. Fold changes (FC) in expression between
two infection conditions were determined as the ratio of average signal
values. P values were calculated using a two-sample t test assuming
equal variance. We fit the log signal values over time following
actinomycin D treatment to a linear regression model to calculate
transcript half-lives as described previously (44). A p-value of <0.05 was
used to identify differences in mMRNA decay rates in mock-infected cells

compared to reovirus-infected cells.

Reverse Transcription Real-time PCR. Reverse transcription real time

PCR (RT-PCR) was used to validate changes in transcript level and
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MRNA decay rates of three transcripts that were found to be up-regulated
and stabilized following infection with certain reovirus isolates: Gdf15, Tgif,
and Myc. Total cellular RNA from the same reovirus infections as
described above was used for real time RT-PCR. RNA was converted to
cDNA by using StrataScript ™ reverse transcriptase (Stratagene) and
gene specific primers. PCR amplifications were performed in a BioRad
iCycler thermocycler by using the QuantiTect™ SYBR Green PCR Kit
(QIAGEN) with the following cycling conditions: initial heating at 95°C for
13.5 min, followed by 40 cycles of 3-step temperature cycling at 95 °C for
10 s, 55.6°C for 10 s, and 72°C for 30 s. Data was analyzed using the
iCycler software and standard curves were generated to measure
transcripts levels, which were normalized to the level of HPRT transcript.
The normalized values at each point were then used to generate mRNA
decay curves. Oligonucleotide primers (Integrated DNA Technologies Inc)
were: Gdf15 5 CCG AGA GGA CTC GAACTCAG 3,5 GTAGGC TTC
GGG GAG ACC 3’; Hprt 5 GGT GAA AAG GAC CTC TCG AA 3, 5 AGT
CAA GGG CAT ATC CAACA 3; c-Myc 5 TGA AGG CTG GAT TTC CTT
TG 3,5 TTC TCT TCC TCG TCG CAG AT 3’; Tgif 5 TCC TAG AAA

CCC CAG CTT CA 3,5 GCT GCT GAT GAG GAA AGG TC 3.
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Results and Discussion

We profiled the changes in L929 cellular gene expression and
MRNA decay rates that occurred as a consequence of infection with
reovirus isolates c87, c8 and Dearing. At 19.5 h p.i., ongoing transcription
was arrested by addition of actinomycin D and global mRNA expression
levels were measured after 0, 45, 90 and 120 min of actinomycin D
treatment using Affymetrix U74Av2 microarrays. This experiment was
performed three separate times for each reovirus isolate and the mRNA
half-life with 95% confidence interval (95% CI) was calculated for over
6500 expressed transcripts based on a model of first order decay. We
then defined subsets of transcripts with altered mRNA decay rates in
reovirus-infected cells compared to mock-infected cells (Table 4.1).

We observed the stabilization (p < 0.05) of 349, 253, and 51 cellular
transcripts after infection with reovirus isolates c87, c8, and Dearing,
respectively. A complete list of the stabilized transcripts and their decay
rates are displayed in S1 Table. Of the stabilized transcripts, 172 were
stabilized following infection with both c87 and c8 isolates, whereas only
24 transcripts were stabilized after infection with all three isolates. We also
noted the destabilization (p < 0.05) of a small number of transcripts in
L929 cells following infection with these same reovirus isolates, but there
was poor correlation between isolates; only four transcripts were
destabilized following infection with both c87 and ¢8 and no destabilized

transcripts were common to all three isolates.
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We evaluated the steady state mRNA levels of stabilized cellular
transcripts to determine whether or not stabilization following reovirus
infection correlated with changes in overall levels of these transcripts.
Following c87 infection, 70 cellular transcripts were up-regulated (p <
0.05) and stabilized (p < 0.05); 40 transcripts were up-regulated and
stabilized following c8 infection (Table 4.1). Of these, 26 transcripts were
up-regulated and stabilized following infection with both of these reovirus
isolates. In contrast, only two transcripts were up-regulated and stabilized
following infection with Dearing, the reovirus isolate that did not inhibit
cellular translation. Using more strict criteria to identify transcripts that
were up-regulated (FC > 2.0 and p < 0.095) in reovirus-infected cells, we
identified 31 transcripts that were up-regulated and stabilized following
c87 infection and 41 transcripts that were up-regulated and stabilized
following c8 infection; 13 were up-regulated and stabilized following
infection with both isolates that led to an inhibition of host protein
synthesis. We did not identify any transcripts that were up-regulated > 2-
fold and stabilized following infection with strain Dearing.

A subset of the transcripts that were up-regulated (p < 0.05) and/or
stabilized (p < 0.05) following infection of L929 cells with c87 or c8 are
listed in Table 4.2. A complete list is found in S2 Table. These transcripts
encode various components of the TGF-f signaling pathway (Figure 4.1),
including cell cycle inhibitors and regulators of transcription, apoptosis and

stress responses. In particular, many encode protein components of the

80



SSN, which regulates transcription associated with cell cycle arrest,
differentiation and apoptosis (233-237). This suggests that the SSN is
involved in a coordinated cellular response to infection with reovirus
isolates ¢8 and c87. In contrast, none of the transcripts encoding
components of this pathway were up-regulated and/or stabilized following
infection with isolate Dearing, suggesting that reovirus isolates differ in
their ability to induce changes in the decay of cellular transcripts encoding
SSN components. The finding that strains that induced expression of the
SSN network also induced cellular translational inhibition suggests that the
SSN network and inhibition of translation could be linked.

Activation of the SSN could represent a cellular response to viral
infection. Numerous viruses, including reovirus, induce increased
expression of TGF-3 as part of the host response to viral infection.
Depending upon the integration of signals through the TGF-3 receptor and
other receptors, the SSN regulates the balance between apoptosis or cell
growth and survival (reviewed in (238). In virus-infected cells, TGF-
signaling may play an antiviral role by promoting the apoptosis of virus-
infected cells, whereas in uninfected cells, signaling through the SSN may
play a role in protecting against apoptosis (227). In addition to activating
the SSN, the TGF-f family of receptors interfaces with several other
signaling pathways, including NF-xB, MAPK/ERK, p38 and JNK pathways
(239-242). These pathways influence the SSN by regulating the

phosphorylation of Smad proteins, which in turn, control cell proliferation,
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differentiation and migration through their role as transcription factors
(235, 237, 243-245). Smad transcription complexes are activated by TGF-
B receptors 1 and 2. Following receptor activation, Smad 2,3 complexes or
Smad 1,5,8 complexes become phosphorylated and interact with Smad 4,
creating activated transcription complexes (234, 246). These newly
formed Smad 4-containing complexes translocate into the nucleus, bind
DNA, and activate target gene transcription. Depending on other signals,
however, Smad 6 and Smad 7 can repress phosphorylation and prevent
activation of Smad transcription complexes by blocking their translocation
into the nucleus (235, 247, 248). Smad 7 can also act in a feedback loop
to repress TGF-f signaling by inducing receptor ubiquitylation and protein
degradation (249-251). Thus, depending on the integration of multiple
signals, the SSN can activate or repress transcription of a specific subset
of cellular genes.

Transcripts that were up-regulated and stabilized following reovirus
infection included SMAD 1, 2, 6 &7, Tgif, c-Myc, CITED2 and KLF5, which
encode components of the SSN that control transcription of genes that
regulate apoptosis and cell growth (243, 246, 247, 249, 250). Of note,
reovirus has been shown to preferentially infect and induce lysis of cells
that express high levels of c-Myc or other oncoproteins, suggesting that
reovirus might exploit this oncogenesis signaling pathways to
preferentially kill cancer cells (252). For this reason, reovirus infection is a

potential treatment of cancer (253). Other up-regulated and stabilized
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transcripts encode growth regulatory cytokines that impact the SSN (see
Figure 4.1). For example, the transcripts encoding Gdf15, a TGF-3
superfamily cytokine, and Vegfa, an angiogenic endothelial cell growth
factor, were dramatically stabilized and up-regulated following infection
with reovirus isolates c8 and c87. Interestingly, Vegfa is induced by TGF-3
and acts in concert with TGF-f3 to induce the apoptosis of endothelial cells
(254, 255). In addition to growth factors, transcripts encoding downstream
regulators of kinase pathways that can also impact the SSN, including
Sos1, Sos2, Map3k3, Map3k1, Dusp1, and Dusp2, were also up-regulated
and/or stabilized. The transcript encoding Stam, a cytokine signaling
protein that interfaces with the SSN by activating c-Myc (256), was also
up-regulated and stabilized in cells infected with reovirus isolates c87 or
c8.

Since the SSN regulates the balance between apoptosis and
survival, it is possible that the coordinate induction of SSN components
through mRNA stabilization represents an attempt by the virus-infected
cell to undergo apoptosis. Some up-regulated and stabilized transcripts
encode components of receptor-mediated apoptosis pathways including:
Bcl-10, which activates NF-xB (257); Tbk1, which promotes anti-viral
responses (258) and activates NF-«xB (259); Gadd45b, a NF-kB-inducible
mediator of apoptosis (260); and Bid, an important component of caspase-
induced apoptosis (261). TGF-B signaling also leads to activation of NF-

kB and promotion of apoptosis through the signaling protein TGF-3
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activating kinase 1 (Tak1) (241, 262, 263). The NF-xB signaling network
interfaces with the SSN by activating Smad 7, which feeds back to repress
TGF-B-induced transcription of genes that promote cell growth and
survival (241, 264). Thus, the outcome of the SSN — cell growth and
survival versus growth inhibition and cell death — is controlled by the
coordinate integration of several signals. Following reovirus infection, not
all cellular anti-viral responses lead to apoptosis; rather, a balance
between death and survival occurs (265, 266). Cells attempt to avoid viral
infection, but if unsuccessful, cell death pathways are frequently activated.
Meanwhile, viruses need to prevent cell death for a period of time to
ensure viral replication. Thus, the interplay between host anti-viral
responses to promote death of infected cells and viral evasion
mechanisms determines the fate of the cell. We have previously
demonstrated that reovirus isolates that led to an inhibition of cellular
translation (c87 and c¢8) also induced stress granule formation (8). Others
have shown that reovirus particles are recruited to stress granules during
infection, and the stress response induced by reovirus may be necessary
for viral replication (267). Here we demonstrate that infection with the
reovirus isolates that induced stress granule formation also caused the
stabilization of numerous cellular transcripts, including transcripts
encoding components of the SSN and regulators of apoptosis. Perhaps,
stress granule formation leads to the stabilization and sequestration of

certain cellular transcripts, such as the transcripts that encode the
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regulators of the SSN and apoptosis pathways we identified here. Thus,

the stabilization and up-regulation of transcripts that encode components
of the SSN and associated apoptosis pathways may be part of a cellular
stress response to reovirus infection.

Numerous other viruses have developed mechanisms to modulate
or usurp TGF-B signaling pathways, perhaps to prevent cell death and
promote viral replication. For example, Kaposi sarcoma herpes virus
produces viral homologues of human interferon response factors that
function to regulate TGF-3 signaling (268, 269). Herpes simplex virus 1
down-regulates TGF-p and Smad 3 expression in infected cells (270,
271). Although this effect was reported to be due to an HSV-1-encoded
microRNA (270), other groups were unable to reproduce those results
(272). Human papillomavirus E6 and E7 proteins bind to specific Smad
proteins, thereby inhibiting the SSN (273, 274), and the human T cell
lymphotropic virus 1 tax protein inhibits TGF-f signaling through c-jun
activation (275). Other viruses, such as cytomegalovirus and BK virus,
usurp TGF-B signaling to promote viral replication (276, 277). The fact that
numerous viruses have developed specific mechanisms to manipulate or
evade the SSN suggests this pathway is important for host anti-viral
responses.

To validate our microarray mRNA decay data, we utilized real time
RT-PCR to measure mRNA levels from three selected genes: Tgif, Gdf15

and c-Myc. These transcripts encode important proteins that interface with
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the SSN and, based upon our microarray data, were up-regulated and
stabilized following infection with c87 and c8, but not Dearing. We
generated decay curves for the three transcripts by real time RT-PCR
using the same RNA that was used for the microarray analysis. Decay
curves generated for these transcripts by real time RT-PCR were very
similar to the mRNA decay curves generated from the microarray analysis
(Figure 4.2). These data confirm that Tgif, Gdf-15, and c-Myc were up-
regulated and stabilized following infection with reovirus isolates c87 and
c8 (Table 4.3). In contrast, infection with strain Dearing led to little or no

stabilization of these transcripts (Figure 4.2 and Table 4.3).

Conclusion

Our findings illustrate that multiple cellular transcripts encoding
components of the SSN are coordinately up-regulated and stabilized
following reovirus infection. We hypothesize this is a cellular response to
reovirus infection meant to induce the apoptosis of infected cells,
particularly following infection with reovirus isolates that lead to the
inhibition of cellular translation. Our findings suggest that cells have
unique regulatory mechanisms to selectively recognize and stabilize
specific subsets of cellular transcripts. These transcripts may contain
specific regulatory sequence(s) in common that allow them to be
selectively recognized by RNA-binding proteins or microRNAs. Further

work is needed to define the mechanism for the up-regulation and
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stabilization following reovirus infection of the transcripts we identified

which encode specific components of the SSN.

87



Chapter 5:

Discussion
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The features of oncogenesis and chronic viral infection have considerable
overlap. Both promote cell growth and prevent apoptosis, and achieve these
ends using similar molecular mechanisms. Many of the ongoing studies of
dysregulated cell signaling are still focused around the central dogma of biology;
that is, they are aimed at studying the regulation of gene expression at the level
of transcription, translation, or post-translation. There are very few studies related
to disease pathogenesis that are focused at the level of post-transcriptional
regulation, and even fewer on mRNA decay/stability. The work in this thesis
represents a paradigm shift that fundamentally alters how we view dysregulation
of cell signaling pathways in both oncogenesis and viral infection. In particular,
the studies in this thesis provide evidence that mMRNA decay plays a critical role
in post-transcriptional regulation of gene expression in eukaryotic cells in
malignancy and viral infection.

Dysregulation of mMRNA decay is a critical step in the model systems that |
studied: T cell malignancy, Hepatitis C infection, and Reovirus infection. Our
findings raise the question of how many commonplace diseases are utilizing
similar mechanisms of mRNA dysregulation.

According to the post-transcriptional RNA operon theory, the stabilities of
functionally related mRNAs are regulated in coordination by one or more
sequence-specific frans-acting factors, primarily RNA-binding proteins, but also
microRNAs and other non-coding RNAs (23). The regulatory sequences within
the targeted mRNAs (i.e. cis-elements) are usually located in the 3’- or 5'-

untranslated regions. Some mRNAs may contain more than one such cis-
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element, and can be influenced by the regulatory networks that are mediated by
these cis-elements and their trans-acting factors concurrently. ARE-AREBP and
GRE-GREBP form such regulatory networks to work in collaboration with each
other or exclusively to control mRNA stability of many transcripts.

The mRNA decay profile is altered under both biological conditions and
disease states, such as immune activation, development, cancer, and viral
infection. By selectively regulating the expression of genes that are functionally
related, cells can respond to stimuli with precision and efficiency. For instance,
previous studies from our lab have shown that the GRE/CELF1 network is
disrupted following T cell activation through CELF1 phosphorylation and
alternative polyadenylation (APA). Under inactive conditions, unphosphorylated
CELF1 binds to GRE-containing mRNAs, inducing their rapid decay and thereby
silencing the expression of these transcripts. Soon after T cell stimulation, CELF1
becomes phosphorylated; this activation-dependent phosphorylation of CELF1
leads to altered affinity and decreased binding to GRE by CELF1. The end result
is stabilization of GRE-containing transcripts that are involved in cell activation and
proliferation (48). This alteration of GRE/CELF1 decay network seems to be a
transient phenomenon, since T cells return back to a quiescent state after the
stimulation signals disappear. Preliminary data indicates that CELF1 returns to an
unphosphorylated state simultaneously. However, further studies are required to
confirm these findings.

At the same time, our lab has also shown that a more permanent alteration

of GRE/CELF1 regulatory networks plays a separate, yet related, role in T cell
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activation. Our lab has found that CELF1 target transcripts preferentially undergo
APA after T cell stimulation and the GREs are enriched immediately downstream
of the excised APA site (49). The removal of GRE from the affected mRNAs frees
them from GRE-mediated decay and may result in transcript stabilization. These
findings suggest that the GRE and its binding protein CELF1 might be involved in
the regulation of APA and that, in turn, the GRE/CELF1 networks are also
influenced by APA.

These studies show that mRNA decay, particularly the GRE/CELF1
mediated mRNA decay network, plays a role in normal cell physiology; however,
very few studies have examined the change of mMRNA decay during disease states
such as malignancy and viral infection. The projects described in this thesis
dissertation aim to narrow this knowledge gap by addressing the mechanisms and
consequences of MRNA decay regulation on cell growth and apoptosis networks

in three contexts: T cell malignancy, HCV infection, and reovirus infection.

Aberrant mRNA decay regulation in malignancy

Based on the fact that GRE-containing CELF1 target transcripts are
involved in cell growth, proliferation and apoptosis, we postulate that
dysregulation of GRE/CELF1 network could lead to oncogenesis. As mentioned
above, CELF1 is phosphorylated at the early stage after T cell activation and this
phosphorylation is responsible for the decreased binding and subsequent
increased stability of CELF1 target transcripts. Interestingly, both early stage T

cell activation as well as aberrant T cell malignancies share certain
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characteristics such as rapid cell growth and proliferation, as well as reduced
apoptosis. In addition, many of the cell growth and apoptotic signaling pathways
that are activated in T cells shortly after their stimulation have also shown
abnormal regulation in cancer cells. Chief among these are the MAPK/ERK and
the PKC signaling pathways (278, 279). Therefore, we hypothesize that in
malignant cells, CELF1 becomes phosphorylated by the kinases that are
activated in these signaling pathways, disrupting the GRE/CELF1 mRNA decay
networks, thereby resulting in the stabilization or destabilization of cell growth
and apoptosis regulatory transcripts, and drives the cells to malignant
phenotypes.

Our investigation into the CELF1 phosphorylation and the changes of
CELF1 target transcripts in two different malignant T cell types supported the
above hypothesis. In the project described in Chapter 2, we did indeed observe
CELF1 phosphorylation, or, to be more precise, hyperphosphorylation in both
Jurkat and H9 cancer T cell lines. This hyperphosphorylation of CELF1 in
malignant T cells is correlated with the loss of binding by CELF1 and subsequent
stabilization of a subset of transcripts that had previously been identified as
CELF1 targets in primary T cells. Interestingly, CELF1 hyperphosphorylation was
also correlated with the gain of binding and subsequent destabilization of a new
subset of transcripts. The combined net effect of the altered CELF1 targets is the
promotion of cell growth and prevention of cell death. The exact mechanism of
how CELF1 preferentially increases its binding to certain transcripts while

simultaneously decreasing its binding to others is not clear. This knowledge gap
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provides a clear-cut target for future work, which can aim to compare the binding
patterns between target transcripts that increase their binding to CELF1 and
those that decrease their binding. Similarly, binding patterns and transcript
profiles of CELF1 targets can be compared between normal and cancer cells in
other malignancies. In fact, dysregulation of CELF1 has already been shown to
be associated with different types of cancer, including colorectal cancer, human
oral squamous cell carcinomas, certain types of leukemias, and others (120, 123,
280) . Even though there is no consistent conclusion of CELF1’s function in
oncogenesis (some studies found CELF1 to be a tumor suppressor, while others
suggest that CELF1 promotes tumor growth (123, 281), one common area of
agreement is that CELF1 is a key regulator of cell growth, proliferation, and
apoptosis in the process of malignant transformation. These disparate
observations of CELF1’s role in tumorigenesis could be due to the heterogeneity
of cancer types that are investigated in different studies. Another possibility is
that the inherent complexity of CELF1, a multi-functional protein involved in
alternative splicing, alternative polyadenylation, mRNA decay as well as
translation, allows for different aspects of its function to be targeted/disturbed in
different cancer cells. The expression and post-translational modification of
CELF1 in different types of cancer is a promising area of investigation; likewise,
investigations into the presence CELF1 phosphorylation in other cancer cell lines
and its impact on the mRNA stability of the GRE/CELF1 networks provides a

promising and novel area for further research.
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Altered cellular mRNA decay in viral infection

When infected with a virus, eukaryotic cells undergo a series of changes
in response to the intruder; these changes originate from either the virus (i.e. viral
factors promoting infection) or from the infected cells themselves (i.e. self-
defense mechanisms). The changes often involve alterations in cellular gene
expression that eventually lead to dysregulation of cellular processes, such as
promotion/inhibition of growth, differentiation, proliferation, and apoptosis. Many
studies have explored the impact of viral infection on cellular transcription and
translation at length, but few studies have investigated the impact of viral
infection on cellular mRNA decay. In Chapters 3 and 4, we utilized two viral
infection systems-HCV and reovirus- to illustrate the changes of cellular mMRNA
stability and their consequences, particularly on the cell growth and apoptosis
networks. These two viruses were chosen because they represent both possible
outcomes of viral infection: HCV leads to chronic infection whereas reovirus
infection ultimately induces the death of infected cells.

In the HCV infection system, our data showed that the HCV viral protein
NS5A can bind to growth-regulating host transcripts that are enriched for G- and
U-sequences. This binding stabilizes the mRNA transcripts, with the end result
being the promotion of growth and prevention of apoptosis of the infected cells.
From an evolutionary standpoint, one could postulate that the reason HCV
exploits this mechanism in order to keep the host cells alive long enough for the
virus to gain a solid enough foothold to establish long-term HCV infection. We

may also surmise that these very same mechanisms would continue unchecked
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and lead to malignancy. These suppositions are consistent with our basic
knowledge of HCV; that is, HCV is known to cause chronic infection in most
patients, and be capable of eventually progress to hepatocellular carcinoma.

In addition, our findings put forth a model in which CELF1, a promotor of
degradation of GRE-containing transcripts, is antagonized by NS5A during HCV
infection. In this model, we hypothesize that in uninfected cells, GRE-containing
transcripts are destabilized through their interaction with CELF1, which recruits
components of the mRNA decay machinery, such as polyA ribonuclease, to
GRE-containing transcripts. While following HCV infection, virally-produced
NSS5A within host cells displaces CELF1 and binds to GREs, therefore selectively
stabilizing these GRE-harboring transcripts. Confirmatory work on the
competition between CELF1 and NS5A to their target binding sites as well as
their antagonizing effects is needed to support this model.

In the reovirus infection system, our studies detected that infection with
reovirus isolates c87 and c8 resulted in the stabilization and up-regulation of host
transcripts involved in the TGF- 8 signaling pathway, particularly, the Smad
signaling network (SSN). The SSN is known to regulate the balance between cell
survival and apoptosis, and perturbation of this network occurs upon infection by
several viruses (271, 273). This suggests two possibilities: (1) that the SSN might
be a common target for many viruses seeking to manipulate host cell survival for
the purpose of viral infection and propagation; or (2) the SSN is an important self-
defense mechanism for infected host cells to trigger apoptosis in order to avoid

viral replication and further infection. It is not unreasonable to speculate that the
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SSN represents a focal point for the battle between host cell and virus.

Our data suggests a novel model for the regulation of the SSN at the level
of mMRNA decay following viral infection, with the goal being to control the survival
and death of the infected cells. In addition, reovirus strain c87 and c8 have both
been shown to induce inhibition of translation of host genes; our studies showed
that only infection with these two strains caused the stabilization of the SSN
transcripts, suggesting that there might be potential links between these two
phenomena. Future studies are needed to identify the mechanism of the
selective regulation of the transcript stability and its association with the virus-

induced inhibition of cellular translation.

Conclusion

In summary, the work presented in this thesis has furthered our
understanding of post-transcriptional regulation at the mRNA decay level in
malignancy and viral infection, particularly on the cell growth and apoptosis
networks. We have shown that in malignant T cell lines, CELF1
hyperphosphorylation disturbs the GRE/CELF1 mRNA decay networks, leading
to stabilization and up-regulation of GRE-containing transcripts that promote cell
growth and destabilization and down-regulation of other transcripts that suppress
cell proliferation, resulting in malignant transformation. In our viral infection
systems, we identified a molecular mechanism that HCV utilizes to manipulate
host gene expression to stabilize cellular growth-regulatory transcripts to promote

growth and prevent death of the infected cells. In addition, we revealed a novel
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mechanism that host cell responds to reovirus infection through stabilization and
up-regulation of transcripts that encode regulators of TGF-f signaling pathways,
particularly the Smad signaling network, to determine cell survival and apoptosis.
Future studies may investigate aberrant regulation of cellular mRNA in other
types of cancer and viral infection systems, and its impact on important cellular
networks other than growth and apoptosis. Special attention can be put on the

GRE/CELF1 mRNA decay networks and other ARE-mediated decay networks.
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Figure 1. ARE- and GRE-containing transcripts that are targeted by HUR

and CELF1 are enriched in the IL1 signaling pathway. Transcripts shown in

grey nodes and labeled with an asterisk (*) contain AREs in their 3’'UTRs.

Transcripts shown in grey nodes contain GREs in their 3’UTRs. This pathway

diagram was built using Ingenuity Pathway Assistant Software.
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Table 1. Examples of ARE- and GRE-containing cytokine signaling

transcripts.

Examples of ARE-containing cytokine transcripts

Symbol Entrez Gene Name

IL1A interleukin 1, alpha

IL1B interleukin 1, beta

IL2 interleukin 2

IL3 interleukin 3 (colony-stimulating factor, multiple)
IL4 interleukin 4

IL5 interleukin 5 (colony-stimulating factor, eosinophil)
IL6 interleukin 6 (interferon, beta 2)

IL8 interleukin 8

IL10 interleukin 10

IL11 interleukin 11

IL12 interleukin 12

IL17A interleukin 17A

IFNA interferon, alpha

IFNB interferon, beta

IFNG interferon, gamma

TNFA tumor necrosis factor, alpha

CSF1 colony stimulating factor 1 (macrophage)

CSF2 colony stimulating factor 2 (granulocyte-macrophage)
LTA lymphotoxin alpha (TNF superfamily, member 1)

Examples of GRE-containing cytokine signaling transcripts

Symbol Entrez Gene Name

IL1IR interleukin 1 receptor

IL6R interleukin 6 receptor

IL7R interleukin 7 receptor

IL17A interleukin 17A

IFNG interferon, gamma

IFNGR1 interferon gamma receptor

IFNAR1 interferon alpha receptor

TGFBR tumor necrosis factor beta receptor

SOCS3 suppressor of cytokine signaling 3

MYD88 myeloid differentiation primary response 88

PKC protein kinase C

AKT protein kinase B

IKB inhibitor of kappa B

TRAF5/6 TNF receptor-associated factor 5

SMAD1/5/7/8 SMAD family member 1/5/7/8

MKK3/4/6/7 mitogen-activated protein kinase kinase 3/4/6/7
MEKK1/5 mitogen-activated protein kinase kinase kinase 1/5
STAT1/3/5 signal transducer and activator of transcription 1/3/5
BCL2 B-cell lymphoma 2
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Table 2.1. Expression and half-lives of GRE-containing transcripts that

were CELF1 targets in malignant T cells but not normal T cells.

Gene FC H9 HL (95% FC JK HL (95% FCE FCE
RefSeq ID symbol Biological process T HL (95% Cl)  HY/T Cl) JK/T Cl) H9 JK
Cell cycle and apoptosis regulators
NM_001077440 BCLAF1 Regulator of 484 (109,777) 0.7 290 (160,440) 0.6 306" (111,324) 2.0 1.6
apoptosis
NM_018685 ANLN Arrest in mitosis 316 (96,891) 0.7 235%(103,373) 0.7 6 (45,573) 2.1
NM_001130524 APTM1 Cell cycle 488 (421,544) 0.8 3547 (65,857) 0.9 272a (56,511) s
NM_001256834 AURKB Arrest in mitosis 359 (312,1030) 1.0 241% (48,373) 1.1 184° (47,342) 1.5
NM_001032999 CBFA2T2 Transcription 300(139,438) 1.1 168" (145,381) 0.8 184 (63,332) 12
regulator
NM_006733 CENPI Mitosis 640(611,1732) 0.7 350%(134,933) 0.8 414°(302,515) 1.9 Tlete!
NM_017882 CLN6 Cell death 1097 (885,2878) 0.8  694° (457,770) 0.8 152% (45,741) 2.1 27
NM_001242481 EIF1AD Protein translation 693 (233,1147) 0.7 182%(158,995) 0.6 189%(19,997) 1.5 1.6
NM_001184906 FBXL20 Arrest in mitosis 1305 (594,1904) 0.6 448° (78,935) 0.8 353%(98,471) 1.8 1153
NM_017769 G2ES Regulator of 375(301,851) 0.9  259%(109,569) 0.9 124% (69,417) 1.1 Tl
apoptosis
NM_001079518 MED24 Transcription 345 (50,639) 0.7 129% (54,296) 0.6 213 (36,457) 2.2 2.5
regulator
NM_001003796 NHP2L1 S-phase regulation 390 (130,2280) 1.1 131(111,297) 0.4 2122 (105,698 1.1 1.6
NM_138316 PANK1 S-phase regulation 477 (29,2483) 0.7 284 (43,727) 0.8 375 (47,996) 2.1 2.2
NM_012448 STAT5B Transcription 678 (435,3791) 0.6 245%(220,310) 0.6 292% (50,634) 2.1 1.8
regulator
NM_001006610 SIAH1 Negative regulator 353 (93,1099) 0.7 138 (90,217) 0.7 113%(28,175) 1.5 1.6
of cytokinesis
NM_018423 STYK1 Cell cycle arrest 642 (253,3337) 0.5 143% (58,423) 0.6 196% (99,539) 1.8 2.1
NM_000430 PAFAH1B1  Arrest in mitosis 553 (431,1107) 0.8 89" (26,797) 0.5 108 (28,593) 1.3 1.4
NM_032354 TMEM107 Apoptosis 689 (218,1296) 0.4 295% (74,667) 0.5 377%(91,738) 1.5 113
Cellular metabolism regulators
NM_018686 CMAS Metabolism 9273(719,1875)850.2 456 (311,532) 0.2 203 (109,615) 1.3 1.4
NM_147190 CERS5 Lipid metabolism 898 (28,1132) 0.8 399° (75,473) 0.7 236%(102,529) 2.0 22
NM_024345 DCAF10 Protein 514 (54,882) 0.7 217 (64,898) 0.7 3597 (96,524) 2.1 2.0
ubiquitination
NM_032138 KBTBD7 Protein metabolism 593 (416,1129) 0.8 219 (39,350) 0.8 283 (26,592) 1.5 16
NM_005723 TSPANS Motility 349 (126,624) 0.8 233%(52,701) 0.7 145% (72,656) 1.2 16
NM_014820 TOMMY70A  Protein transport 187 (19,693) 0.8 77%(14,207) 0.7 1717 (34,204) 1.3 2
NM_001195677 VAPB Vesicle transport 748 (202,3698) 0.5 126% (14,267) 0.9 394%(95,907) 1.4 153
NM_007187 WBP4 Metabolism 137 (89,687) 0.9 103 (18,267) 0.4 170% (46,486) 1.7 18

(RefSeq 1D) Reference sequence annotated in NCBI; (Biological process) annotated in NCBI; (T) T cells; (K, H9) Jurkat or H9 cells; (HL
median half-life; (CI) confidence interval as measured by microarrays (as described in Materials and Methods); (FC) fold change; (FCE) fold
change in enrichment.
“The P-value for the difference in transcript half-life between normal and malignant T cells is <0.05.
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Table 2.2. Expression and half-lives of GRE-containing transcripts that

were CELF1 targets in normal T cells but not malignant T cells.

RefSeq Gene AL EC EC FGE  FCE
Transcript ID Symbol Biological process (95% Cl) HYT HI9HL(95%Cl) JKT JKHL(95% Cl) H9 JK
Cell growth and motility
NM_001017415 USP1 Protein 49 (18,80) 1.6 1567 (49,262) 1.6 5817 (184,1881) 0.43 0.36
ubiquitination
NM_000462 UBE3A Protein 67 (46,139) 1.5 346" (246,746) 1.7 15117 (586,6560) 0.64 0.70
ubiquitination
NM_001017371 SP3 Transcription 70 (14,126) 1.6 186 (55,316) 1.5 627%(241,2987) 0.44 0.51
regulator
NM_012197 RABGAP1 RAB GTPase 91 (12,168) 1.5 638%(279,2056) 1.5 616" (408,3741) 0.47 0.44
activating protein
1
NM_005028 PIP4K2A Cytoskeleton 119 (34,204) 1.5 454 (69,2839) 1.4 1235°(148,3518) 0.48 0.57
signaling
NM_002806 PSMC6 Protein 88 (55,132) 1.8 259% (25,843) 1.9  717%(334,4900) 0.52 0.50
ubiquitination
NM_005542 INSIG1 Insulin induced 86 (53,140) 1.7 124% (87,336) 1.5 788% (378,5455) 0.52  0.53
gene 1
NM_006496 GNAI3 Cytoskeleton 98 (30,1249) 1.7 547°(42,2135) 1.5 10817 (93,1405) 0.45 0.48
signaling
NM_012297 G3BP2 Scaffold protein 1301(98,501) 1.5 5097 (81,358) 1.4 6547 (131,2620) 0.44 0.42
NM_012300 FBXW11 Transcription 71(8,134) 1.4 366° (88,820) 1.5 146% (76,3603) 0.50 0.54
regulator
NM_001193416 DDX3X Translation 80 (15,145) 1.5 472%(117,1061) 1.5 459 (302,2221) 0.41 0.49
regulator
NM_001127192 CNBP Transcription 6916, 121" 2.0 3467 (99,1306) 1.8 477% (90,1345 0.39  0.41
regulator
NM_014918 CRISYl Cytoskeleton 64 (31,131) 1.5 1467 (66,227) 1.5 36147 (441,8067) 0.63 0.58
signaling
NM_005194 CEBPB Transcription 58(2394) 14 88(27,150) 1.4 229% (58,815) 0.57 0.60
regulator
NM_001838 CER7Z Chemokine 831(27,138) 1.2 229% (72,529) 1.3 372%(124,1068) 0.52 0.55
receptor
NM_001008540 CXCR4 Chemokine 61(30,92) 1.4 49 (31,67) 1.5 271%(28,571) 0.46 033
receptor
Cell stress and cell survival
NM_006948 HSPA13 Heat shock 90 3,182)F 1.2 280% (161,722) 1.5 319 (114,507) 0.50 0.37
response
NM_003574 VAPA Vesicle assembly 86 (19,153) 1.4 332%(90,753) 1.4 7607 (596,1107) 0.55 0.59
protein
NM_001010989 HERPUD1  Stress-inducible 133 (29,298) 1.4 79 (37,320) 1.4 3317 (117,1834) 042 0.39
protein
NM_019058 DDIT4 DNA-damage- 50(11,89) 1.7 738%(528,3248) 1.5 127°(79,432) 0.46  0.50
inducible
NM_005038 PPID Oxidative stress 673599 14 437°(102,749) 1.4 4457 (288,1199) 0.41  0.45

response protein

(RefSeq ID) Reference sequence annotated in NCBI; (Biological process) annotated in NCBI; (T) T cell; (K, H9) Jurkat or H9 cells; (HL)
median half-life; (Cl) confidence interval, as measured by microarrays; (FC) fold change; (FCE) fold change in enrichment.

*The P-value for the difference in transcript half-life between normal and malignant T cells is <0.05.
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Table 2.3. Biological pathways, which were enriched among CELF1 target

transcripts from malignant T cells.

Diseases and disorders Cancer
Neurological disease
Developmental
abnormalities
Molecular and cellular function Cell cycle
Cellular organization
Cell death and survival
Physiological system development Tumor morphology
and function Tissue morphology
Organ morphology
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Table 2.4. CELF1 targets in resting T cells are stabilized and overexpressed

in malignant T-cell lines and primary T-cell tumors.

RefSeq ID Gene symbol  FCH9/T FCJK/T  FCT-ALL/T T cells HL H9 HL* JK HL® T-ALL HL®

NM_001066 TNFRSF1B 3.5 9.0 7.2 59 (38,182) 790 (486,866) 376 (5,587) 245(117,374)
NM_006282 STK4 1.8 1.9 2.4 77 (57,199) 684 (194,813) 308 (61,491) 351 (101,498)
NM_005542 INSIG1 2.5 1.7 6.7 87 (65,216) 204 (54,385) 233 (60,407) 220 (51,409)
NM_002806 PSMCé6 20 2.4 1.9 48 (9,314) 297 (72,470) 367 (74,545) 254 (80,411)
NM_025164 SIK3 1.5 1.8 6.2 99 (28,129) 790 (486,896) 376 (56,587) 270(13,519)
NM_003340 UBE2D3 1.4 20 3.8 53(19,229) 423 (119,568) 461 (96,623) 113 (27,349)
NM_002577 PAK2 1.5 1L 6.4 58 (44,143) 333 (68,517) 308 (61,706) 409 (36,709)
NM_001252036  RAB5B 1.7 2 4.6 55 (22,218) 839 (176.958) 597 (273,711 177 (30,447)
NM_005627 TGFBR2 6.5 3.8 5.7 50 (40,238) 511 (96,615) 511 (72,638) 422 (75,548)
NM_006908 RAC1 1.9 2.0 1.4 69 (48,153) 369 (38,159) 329 (50,152} 227 (8,197)
NM_005354 JUND 2.0 23 7 77 (10,100) 369 (52,520) 283 (87,396) 271 (21,498)
NM_005349 RBP) 1.2 .7 i1 44 (11,252) 519 (415,622) 673 (224,794) 374 (127,509)
NM_005342 HMGB3 iI.7 2.2 4.6 98 (20,274) 310 (146,435) 433 (204,552) 249 (41,472)
NM_000462 UBE3A 1.4 20 12 63 (59,166) 214 (17,610) 367 (261,474) 364 (99,471)
NM_015633 FGFR10OP2 2.4 6.3 7.6 51(11,238) 505(346,612) 518(173,645) 177 (160,512)

(RefSeq ID) Reference sequence annotated in NCBI; (K) Jurkat; (HL) mean half-life; (Cl) confidence interval; (FC) fold change; (FCE) fold
change in enrichment.

“The P-value for the difference in all transcript half-lives compared with normal T cells is <0.05. Statistical significance was determined based
on n=3 experiments for each malignant T-cell line, and n =4 donors for primary T cells or T-ALL tumors.
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Figure 2.1. (A) Distinct CELF1 targets in normal and malignant T cells. The
Venn diagram shows the number of transcripts identified in the CELF1 IP from
normal T cells (Tc), HI T cells (H9), and Jurkat T cells (JK). (B,C) Altered
association of CELF1 with target transcripts in malignant T cells compared
with normal T cells. For H9 (B) and Jurkat (C) T-cell lines, the fold change in

enrichment (FCE) was calculated as described in the text. Histograms showing
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the distribution of these values are depicted for CELF1 target transcripts in
normal T cells (Tc, hatched gray bars) and H9 or Jurkat (JK) malignant T cells
(empty bars). For each group of histograms, density on the y-axis is the

normalized number of transcripts falling in a given FCE bin.
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Figure 2.2. The levels of CELF1 and phopho-S28 CELF1 expression in
normal and malignant T cells. (A) Cytoplasmic extracts were prepared from
resting normal T cells (rTc), normal T cells that had been stimulated for 6 h with
anti-CD3 and CD28 antibodies (sTc), H9 T cells, or Jurkat (JK) T cells. Equal
amounts of cytoplasmic protein from each cell type were separated by SDS-
polyacrylamide gel electrophoresis and the gels were blotted onto PVDF
membranes which were probed with an anti-CELF1 antibody, an anti-phopho-
S28 CELF1 antibody, and an anti-GAPDH antibody (loading control). (B) The
experiment shown in A was performed three times and the images were
quantified using Image J. For each experiment, the density of each CELF1 band
or phospho-S28 CELF1 band was normalized to the density of the corresponding
GAPDH band, and the average normalized densities were graphed. The error

bars represent the +SE for each average value.
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Figure 2.3. The CELF1 phosphorylation pattern differs in malignant T cells
compared with normal stimulated T cells. Cytoplasmic lysates were prepared
from normal resting T cells (rTc), normal T cells that were stimulated for 6 h with
anti-CD3 and anti-CD28 antibodies (sTc), H9 T cells (H9), and Jurkat (JK) T
cells. The lysates were treated with A-protein phosphatase (LPP +) or mock-
treated (LPP —). Samples were then separated by two-dimensional gel
electrophoresis, and CELF1 was identified by Western blot analysis as described
in Materials and Methods. The arrow represents the position of migration of the
unphosphorylated form of CELF1, localized at pH 8.7. The results are

representative of four independent experiments.
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Figure 2.4. Dephosphorylation of CELF1 improves its in vitro binding to a
GRE-riboprobe. (A) CELF1 protein was immunopurified on agarose beads from
cytoplasmic extracts (100 ug of protein) from normal resting T cells (Tc), HO T
cells, or Jurkat (JK) T cells that were treated with either A-protein phosphatase
(LPP +) or mock-treated (LPP -). A biotinylated 35-nt GRE-riboprobe (GRE) or a
mutated GRE RNA riboprobe (mMGRE) was mixed with immunopurified CELF1.
Complexes were then UV-crosslinked, separated by SDS electrophoresis, and
transferred onto a nylon membrane. CELF1 binding to the biotinylated RNA
riboprobe was visualized by probing the membrane with labeled streptavidin (top
panel, Riboprobe). Subsequently, the same membranes were probed with an

anti-CELF1 antibody to determine the amount of total CELF1 protein
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immunopurified on beads (bottom panel, CELF1). (B) The experiment shown in A
was performed four times. In each experiment the amount of bound riboprobe
signal in each lane was normalized to the corresponding signal for total CELF1
protein. For lanes where the GRE-riboprobe was used, LPP+ signal was
normalized to relative LPP- signal for bound riboprobe and graphed as the

average and £SE from each condition.
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Figure 2.5. Binding by CELF1 is associated with mRNA destabilization.

(Left) Cytoplasmic lysates were prepared from normal T cells (Tc), H9 T cells

(H9), and Jurkat T cells (JK), and material from these lysates was
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immunoprecipitated on beads coated with an anti-CELF1 antibody (C), an anti-
Hemagglutinin antibody (H), or an anti-poly(A) binding protein antibody (P). RNA
isolated from the input cytoplasmic lysates (1) and the immunoprecipitated
material was analyzed by reverse transcription PCR using transcript-specific
primers to amplify the indicated transcripts. (Middle) The experiment shown in A
was performed three times, and band intensities were determined using Image J.
For each band, the intensity of the corresponding HA (H) band was subtracted,
and then the CELF1 (C) signal was normalized to the PABP (P) signal for each
transcript. The normalized relative signal intensity of the CELF1 band was
graphed for each transcript in each cell line as the average signal and + standard
error, SE, from three experiments. (Right) Real-time quantitative PCR was used
to measure the half-lives of the transcripts shown in A and B in normal and
malignant T cells. Actinomycin D was added to primary human T cells (T), H9 or
Jurkat (JK) T-cell cultures, and total cellular RNA was harvested at 0-, 90-, and
180-min time points. MRNA levels were measured by quantitative real-time PCR
using transcript-specific primers, and transcript levels were normalized to the
level of the HPRT transcript. The normalized level of each transcript was set at
100% at time zero, and the other time points were graphed relative to that value
using Graph Prism Software. Each point represents the mean and standard error
of the mean from three or four independent experiments. To the right of the
graph, the mean half-life (in minutes) and 95% confidence interval is shown for

each transcript in each cell type.
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Figure 2.6. CELF1 targets in malignant T-cell lines encode cell cycle
regulators. Ingenuity pathway analysis identified regulators of cell cycle as the top
molecular network overrepresented among CELF1 targets in malignant T cells.
This figure shows transcripts that were CELF1 targets in both H9 and Jurkat
malignant T cells, but not normal T cells. The phases of the cell cycle (G1, S, G2,
M) indicate the cell cycle phase where the proteins encoded by these transcripts
are thought to function (Ingenuity Knowledge Database). Transcripts indicated with
double asterisks (**) were also found to be CELF1 targets in the malignant HelLa
cell line. This figure was built using Ingenuity Pathway Analysis, Canonical

Pathways.
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Table 3.1. NS5A affinity (Kd) for binding to RNA oligonucleotides

RNA Sequence Kd (nM)
1 GGCUGAGGCAGG 10+1.5
2 GGGUGGGGGUGG 20+ 2.7
3 UGUUUGUUUGUCCC 100+ 10
4 Ucuuucuuucuccc 700 £ 200
5 UAUUUAUUUAUCCC 1000 + 400
6 AAAAAAAAAAAAAAA 1000 + 150
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Figure 3.1. GRE-containing NS5A target transcripts encode regulators of

apoptosis (A) and cell growth/proliferation (B). Transcripts depicted in green
are NS5A target transcripts that contain GREs based on a FCE > 3 as defined in
the Materials and Methods. These pathway figures were created using Ingenuity

Pathway Assist software (Qiagen Inc).
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Figure 3.2. NS5A target transcripts are highly enriched for transcript
stabilization and up-regulation. (A) The percentage of NS5A target transcripts,
non-NS5A target transcripts and all transcripts that were stabilized (blue bars) or
stabilized and up-regulated (red bars) is shown. **represents statistically
significant differences (p-value<107', Fisher's exact test with R) and *represents
statistically significant differences (p-value<10™'!, Fisher's extact test, R) in the
percentages comparing NS5A target transcripts to Non-NS5A target transcripts
or all transcripts. (B) Top: A motif search was performed to look for conserved
consensus sequences in the 3' UTRs of NS5A target transcripts. The top 12-mer
motif is shown. The position in the signal (bases) is depicted on the horizontal

axis. The height of each stack of letters on the vertical axis is proportional to the
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residue frequency in the given position. Bottom: The motif previously found in

CELF1 target transcripts that resembles the top 12-mer motif shown above.
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Figure 3.3. GRE-containing host mRNA transcripts are stabilized in Huh
cells stably expressing an HCV subgenomic replicon (Huh-HCV). Huh or
Huh-HCYV cells were transfected with the BBB-GRE or BBB-ARE beta-globin
reporter constructs. Actinomycin D was added to stop transcription and total
cellular RNA was isolated after 0, 3 or 6 hours. Specific mMRNA levels were
determined by quantitative real time RT-PCR. Beta-globin transcript levels at
each time point were normalized to the transcript levels from a co-transfected
GFP reporter. Transcript levels at the 0 time point were set to 100%, and the
percent mMRNA remaining was plotted as a function of time. The error bars
indicate the standard error of the mean (SEM) from three experiments. Transcript

half-life and SEM are shown to the right of each graph.
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Figure 3.4. NS5A binds to GRE-containing transcripts in cells. Huh7-HCV
cells were transfected with the BBB, or BBB-GRE reporter plasmids. Cell lysates
were immunoprecipitated using specific antibodies against the His-tag (HIS),
NS5A or the poly A binding protein (PABP). RNA isolated from the input (I) or the
pellet fraction (P) was reverse transcribed and amplified by PCR using beta-
globin and HPRT specific primers, and the RNA was separated by

electrophoresis. Water (H20) was used as a contamination control for the PCR.

119



5-UGUUUGUUUGUCCC-3' FL
300

0 500 1000 1500
[NS5A] (nM)

5-UGUUUGUUUGUCCC-3' FL

4C-4S

0 1000 2000 3000
[NS5A] (nM)

Figure 3.5. Recombinant NS5A binds to GRE RNA in a manner that is
dependent on an intact zinc-binding site and the presence of zinc. (A) The
upper panel shows a ribbon diagram of dimeric NS5A domain 1 that was
prepared by using reference number 1ZH1 from the Protein Data Bank. One
subunit is colored red and the other is colored green. The lower panel zooms in
on the zinc-binding site of each subunit. Four conserved cysteines are required
for zinc binding. (B) The NS5A domain 1+ polypeptide was titrated into a binding
reaction buffer (20 mM HEPES pH 7.5, 5 mM MgCl,, 10 mM 2-mercaptoethanol,
100 mM NacCl) in the absence (-Zn?*) or presence (+Zn?*) of 100 yM ZnCl; and
incubated briefly at 25 °C in a final volume of 100 ul. Binding of NS5A was

measured by the change in polarization (mP). The change in fluorescence
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polarization was plotted as a function of NS5A domain 1+ concentration and fit to
a hyperbola by using KaleidaGraph (Synergy Software). (C) Experiments were
performed as described in panel B in the presence of zinc using the NS5A
domain 1+ polypeptide or the derivative whose zinc-binding site was inactivated

by converting the four cysteine residues to serine residues (4C-4S).
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Figure 3.6. Exogenously expressed NS5A stabilizes GRE-containing
reporter genes. (A) Hel a tet-off cells were transfected with BBB, BBB-
GRE, BBB-ARE or BBB-mGRE reporter plasmids as well as a plasmid
that express NS5A, NS5A-4C-4S, AN-NS5A, AN-NS5A-4C-4S or a mock
control plasmid. A GFP expression plasmid was included in each to
control for transfection efficiency. Transcription from the tet-responsive
promoter was stopped with 300 ng of doxycycline and RNA harvested
after 0, 1.5, 3, 4.5 or 6 hours was analyzed by northern blotting using GFP
and beta-globin probes. (B) The experiment shown in (A) was performed 3
times, and the northern blot signals were quantified by a Storm 820

phosphorimager (Amersham Biosciences). For each time point, the
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intensity of the beta-globin reporter was normalized to the intensity of the
GFP band, and the band intensity at the 0 time point was set to 100%.
The percent of MRNA remaining was plotted over time. The error bars
indicate the standard error of the mean (SEM) from three experiments.
The calculated transcript half-life and SEM are shown to the right of each

graph.
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Table 4.1. Number of cellular transcripts that were stabilized and up-

regulated following reovirus infection.

Strain c87 Strain c8 Strain Strains All 3 Strains
Dearing c87 and c8

24
Stabilized (p < 0.05) 349 253 52 172

0
Stabilized and Up-regulated 70 49 2 26
(p <0.05)

0
Stabilized and Up-regulated 31 41 0 13

(FC > 2-fold, p < 0.05)
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Table 4.2. Subset of transcripts that were stabilized or up-regulated

following reovirus infection.

Gene Mock Strain c87 Strain c8
Transcript Description Symbol | HL(min) 95% ClI FC  HL(min) 95%ClI FC  HL(min)  95%ClI
Up-regulated (p < 0.05) and Stabilized (p < 0.05); c87 and c8
*growth differentiation factor
15 Gdf15 69 [47,124] 18.24  >480 [101,>480] 12.07 >480 [115,>480]
*MAD homolog 7 (Drosophila) Smad7 67 [52,95] 4.03 197 [89,>480] 1.87 199 [90,>480]
*dual specificity phosphatase 1 Dusp1 50 [39,68] 3.65 >480 [112,>480] 3.65 104 [57,>480]
*myelocytomatosis oncogene Myc 44 [37,55] 2.59 366 [108,>480] 2.20 183 [83,>480]
*vascular endothelial growth
factor A Vegfa 119 [79,240] 244 >480 [226,>480] 349 >480 [156,>480]
*TG interacting factor Tgif 94 [76,124] 2.33 >480 [217,>480] 2.59 468 [174,>480]
*Kruppel-like factor 5 KIf5 115 [82,192] 2.18 >480 [149,>480] 1.78 >480 [179,>480]
coagulation factor Il F3 77 [55,130] 7.79 >480 [115,>480] 5.16 >480 [128,>480]
nuclear receptor subfamily 1,
group D, member 1 Nr1d1 125  [89,207] 4.97 >480 [294,>480] 3.79 >480 [174,>480]
nuclear factor, interleukin 3,
regulated Nfil3 65 [49,100] 2.77 171 [75,>480] 2.85 184 [77,>480]
B-cell translocation gene 1,
anti-proliferative Btg1 152  [109,250] 1.68 >480 [398,>480] 2.15 >480 [209,>480]
CDC like kinase 4 Clk4 78 [59,115] 3.29 >480 [128,>480] 2.99 >480 [174,>480]
Up-regulated (p < 0.05) and Stabilized (p < 0.05); c87
*dual specificity phosphatase 2 Dusp2 91 [60,180] 3.31 >480 [120,>480] 1.57 371 [96,>480]
*growth arrest and DNA- Gadd45
damage-inducible 45 beta b 53 [40,79] 218 139 [63,>480] 3.21 80 [48,259]
*MAD homolog 2 (Drosophila) Smad2 216  [153,368] 1.28  >480 [286,>480] 1.15 >480 [335,>480]
immediate early response 3 ler3 49 [37,71] 422 230 [75,>480] 217 113 [56,>480]
nucleoporin 62 Nup62 146  [101,264] 1.73  >480 [196,>480] 1.06 188 [104,>480]
seven in absentia 2 Siah2 72 [56,100] 1.78  >480 [174,>480] 1.29 454 [129,>480]
Up-regulated (p < 0.05) and Stabilized (p < 0.05); c8
*signal transducing adaptor
molecule 1 Stam 222  [142,>480] | 1.45 >480 [341,>480] 1.81 >480 [340,>480]
*MAD homolog 1 (Drosophila) Smad1 163 [123,242] 1.16  >480 [>480,>480] | 1.36 >480 [252,>480]
B-cell leukemia/lymphoma 6 Bcl6 49 [41,61] 1.01 >480 [130,>480] 1.86 273 [105,>480]
cyclin G2 Ccng2 93 [71,134] 0.67 >480 [215,>480] 2.41 >480 [229,>480]
TGFB inducible early growth Tieg/
response KIf10 61 [51,75] 0.69 287 [126,>480] 1.49 145 [88,397]
E4F transcription factor 1 E4f1 373 [216,>480] | 1.24  >480 [443,>480] 1.58 >480 [>480,>480]
Stabilized (p < 0.05); c87 and c8
*mitogen activated protein
kinase kinase kinase 1 Map3k1 | 77 [59,108] 0.48 >480 [157,>480] 1.27 399 [128,>480]
*Cbp/p300-interacting
transactivator, CITED2 Cited2 71 [56,97] 0.69 >480 [138,>480] 1.47 264 [110,>480]
*BCL2-like 11 Bcl2111 67 [62,94] 0.86 348 [112,>480] 0.79 261 [102,>480]
*Son of sevenless homolog 2,
(Drosophila) Sos2 93 [63,174] 0.97 >480 [120,>480] 1.57 >480 [121,>480]
*B-cell leukemia/lymphoma 10 Bcl10 374  [239,>480] | 1.10  >480 [>480,>480] | 1.18 >480 [455,>480]
*TANK-binding kinase 1 Tbk1 121 [85,210] 1.04  >480 [142,>480] 1.20 >480 [170,>480]

*Transcripts shown in Fig 4.1.
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Figure 4.1. Transcripts that encode components of the SSN or related
proteins were up-regulated and/or stabilized following reovirus infection.
Signaling through the TGF-3 family of receptors activate several pathways,
including NF-xB, MAPK/ERK, p38, and JNK pathways. These pathways regulate
phosphorylation of Smad proteins, which in turn regulate cell survival and
apoptosis. Transcripts shown in red were up-regulated and stabilized following
infection of L929 cells with reovirus isolates c87 and c¢8, transcripts shown in light
orange were up-regulated and stabilized following infection with isolate c87 or c8,
transcripts shown in dark green were stabilized (but not up-regulated) following
infection with isolates c87 and c¢8, and transcripts shown in light green were

stabilized (but not up-regulated) following infection with isolate c87 or c8.
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Figure 4.2. Real time RT-PCR validation of transcript up-regulation and
stabilization. Murine L929 cells were infected for 19.5 h with reovirus isolates
c87, c8 and Dearing or mock (M) infected. Actinomycin D was added to stop
transcription and total cellular RNA was purified 0, 45, 90, and 120 min post-
actinomycin D treatment. The same RNA was used for both microarry and real
time RT-PCR. Tgif, Gdf-15 and c-Myc mRNA levels were measured by real-time
RT-PCR using gene specific primers and transcript levels were normalized to the
level of the HPRT transcript. Data shown are from three independent

experiments. Each point represents the mean + standard error of the mean.
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Table 4.3. Comparison of transcript expression and half-life data obtained

using real time RT-PCR or microarrays.

Transcript Mock Strain c87 Strain c8 Strain Dearing
HL(min) 95% CI FC HL(min) 95% ClI FC HL(min) 95% ClI FC HL(min) 95% ClI

Taif

RT-PCR 83 [71,103] 3.49 >480 [>480] 3.69 >480 [>480] 2.78 171 [147,195]

Microarray 94 [76,124] 2.33 >480 [217,>480] | 2.59 468 [174,>480] | 1.55 113 [80,191]

Gdf15

RT-PCR 124  [85,174] 20.45 >480 [>480] 18.24 >480 [458,>480] | 14.19 226 [151,>480]

Microarray 69 [47,124] 18.24 >480 [101,>480] | 12.07 >480 [115,>480] | 3.83 63 [40,149]

Myc

RT-PCR 54 [47,61] 1.43 >480 [>480] 2.60 339 [223,443] 1.85 86 [75,98]

Microarray 44 [37,55] 2.59 366 [108,>480] | 2.20 183 [83,>480] 1.89 56 [41,88]
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