Inhibiting reactivation of Epstein-Barr virus
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Statement of the Problem:

Epstein-Barr virus (EBV) infects 90-95% of humans. EBV does not cause major illness when primary
infection occurs in young children, but can cause infectious mononucleosis in adolescents. Though
infection is common, EBV infection is very rarely associated with human cancers. EBV infection can
contribute to cancers, such as Burkitt lymphoma. Despite 50 years since the discovery of EBV, we do not

know why only a small number of people who are infected with EBV develop cancer.

EBV is a member of the herpesvirus family. Like all herpesviruses, EBV has two distinct life cycle phases.
EBV persists as a latent, or dormant, infection for the lifetime of the host. During latency few viral genes
are expressed and no new viruses are made. EBV periodically activates into its lytic phase to produce
more virus. Lytic activation is required for EBV to spread among cells and among hosts. The lytic phase is
also important during the development of cancer because people have higher levels of virus before the
cancer is detected (1-3). These observations highlight the importance of the lytic phase of the EBV life

cycle in human disease.

Significance of the Project:

My research focuses on the control of the switch from the

latent into the lytic phase of the EBV life cycle. Human EBV-infected B cell
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lines have maintained a latent viral infection for decades.
However, the lytic cycle of EBV can be induced in cell
culture by a variety of drugs, many of which have been
discovered serendipitously. For example, treatment of EBV-
infected cells with butyrate (Fig 1) results in activation of
the EBV lytic cycle. Years after its use in the lab as an EBV

reactivator, butyrate was found to inhibit histone Figure. 1. B cells infected with EBV with the

viral latent phase (left). Butyrate causes the

deacetylases (HDAC), a class of cellular enzymes most ) ) X
virus to enter the active lytic phase (top

noted for their role in regulating cellular gene expression. right). Valproate does not induce the virus
lytic cycle (bottom right) and inhibits viral
Therefore, it was hypothesized that butyrate activates reactivation by butyrate (middle right).

viral gene expression by affecting HDACs (4-7). To test this
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hypothesis, a molecule with a chemical structure similar to butyrate that also inhibits HDACs, valproate,
was investigated (Fig 1). Surprisingly, valproate did not activate EBV. In fact, valproate actually blocked
reactivation of EBV in the presence of activating drugs (8). Therefore, valproate is a novel inhibitor of

EBV lytic reactivation.

To explore the minor structural differences between the short-chain fatty acid butyrate and the
medium-chain fatty acid valproate, with the goal of explaining differences in their functional effects on
EBV reactivation, | investigated the capacity of 16 structurally related fatty acids to promote or prevent
lytic cycle reactivation (9). A few short-chain fatty acids, like butyrate, induced EBV reactivation, though
butyrate was the most effective. However, isobutyrate, a molecule with a structure very similar to
butyrate (same number of carbon atoms, but with a branched chain), did not cause EBV reactivation.
Two medium-chain fatty acids, like valproate, inhibited lytic activation of EBV. A property of the fatty
acids that partly explained whether it activated or inhibited viral reactivation was the length of the fatty
acid chain. There were some notable exceptions, which greatly informed identification of chemical
structures that are important for function (9). Since some of the fatty acids tested are naturally
occurring molecules, these results also suggest a possible mechanism by which fatty acids in the diet

influence the EBV life cycle in humans.

The life cycle of EBV, like every virus, is interwoven with the biology of its host cell. For example,
expression of the viral lytic genes depends on activation of the host cellular transcription machinery.
Also, the virus responds to the differentiation status of the host cell (10, 11). Conversely, the EBV
genome encodes proteins to modify the host cell to enhance virus replication (12-14) and evade the
immune system (15, 16). To understand how the virus responds to environmental stimuli, the response
of the host cell must also be studied. Therefore, | will explore the cellular pathways impacted by
molecules that activate (butyrate) or repress (valproate) the EBV lytic cycle. These experiments will

uncover the mechanisms that control the virus and identify potential drug targets.

Objectives:

| will study the control of reactivation of EBV from its latent to lytic phase. Small molecules induce the
lytic cycle in cell culture, but in vivo stimuli are not known. Butyrate, a naturally occurring fatty acid,
activates EBV. Viral reactivation is blocked by valproate (8), a drug used clinically to treat neurological
disorders. | will study how these fatty acids, as well as other metabolites and drugs, alter the host cell

and ultimately induce or block viral reactivation.
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Aim 1: Are valproate analogs better than valproate as inhibitors of EBV lytic reactivation? To improve

the inhibitory properties of valproate, | will test commercially available valproate derivatives designed
based on my previous data that identified portions of the molecule that can and cannot be modified
(manuscript in preparation). The goal is to retain the inhibitory effect on EBV, but to lower the effective

concentration and to reduce potential side effects.

Aim 3: Do drugs that alter EBV reactivation work by affecting intracellular calcium? Signals outside the

cell can trigger an influx of calcium into the cell. The rise in calcium concentration is detected inside the
cell and a variety of responses ensue. In EBV-infected cells, the lytic cycle is activated in response to
calcium. | have shown that reactivation of EBV by butyrate requires extracellular calcium. | will examine

whether valproate affects calcium levels as part of its mechanism of blocking EBV reactivation.

Overall, the proposed research investigates the interplay among the virus, the host cell, and molecules
in the cellular environment. Two questions my work addresses are: 1) How do small molecules control
the latent—lytic switch of Epstein-Barr virus? 2) How does the human host cell respond to EBV lytic
activators and repressors? Insight into these questions from the proposed work has the potential to

impact the treatment of viral-associated cancers.

Research Methods:

Experimental system: The EBV switch from latency into the lytic cycle is tightly regulated by the
expression of two key viral transactivator genes, Z and R (17-19). Once expressed, these two viral
transcription factors initiate subsequent steps in the lytic cascade. In the laboratory, EBV lytic
reactivation is studied in established cell lines that are latently infected with EBV. These EBV-positive
Burkitt lymphoma cells (Biosafety level 2) grow quickly and are tolerant to varied growth conditions. The
virus is reactivated by growing the infected cells in the presence of small molecules activators, such as
butyrate. Reactivation of the virus is detected by measuring molecular products of the viral lytic life
cycle using common techniques in biochemistry and virology: 1) Expression of viral lytic genes, such as Z

and R (Fig 2 top), by quantitative PCR, 2) Expression of viral lytic proteins by Western blot (Fig 2 bottom),
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or 3) Replication of the viral DNA by quantitative PCR. Inhibitors of viral
reactivation will be discovered by treated EBV-positive cells with an

activator and the potential inhibitor.

Aim 1: Are valproate analogs better inhibitors of EBV lytic reactivation?

To develop more potent and specific inhibitors of EBV lytic reactivation |
will test derivatives of valproate (VPA), a known inhibitor. | identified
one analog of VPA, VPM (M), that inhibits EBV reactivation by blocking
expression of the EBV Z protein (Fig 2 Z). However, M does not cause an
increase in acetylated histone H3 like VPA (Fig. 2 AcH3), which suggests
inhibitor M will have fewer negative side effects. M has enhanced
potency and induces fewer changes in cell gene expression than VPA
(unpublished data). | will test more VPA derivatives designed based on
my previous work that has defined chemical moieties of valproate

important for its antiviral activity.
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Figure 2. The EBV lytic cycle is
reactivated by expression of viral
lytic genes, Z and R. Reactivation
is induced by butyrate (NaB), but
blocked by valproate (VPA) and a
non-HDAC inhibitor M.

Aim 3: Do drugs that alter EBV reactivation work by affecting intracellular calcium?

Environmental signals outside the cell trigger an uptake of calcium into the cell. Ca?

In EBV-infected cells, the lytic cycle is activated in response to calcium influx

(20). I have shown that reactivation of EBV by butyrate requires extracellul

calcium. | will investigate calcium influx (Fig. 3) in response to the molecules

that either activate or inhibit EBV reactivation.

Figure 3. Calcium (Ca%*) moves into

the EBV-infected cell
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when the Lytic infection

virus activates into its lytic cycle.
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| will measure intracellular calcium levels using
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treated cells, but reduced in cells treated with our Figure 4. Calcium influx induced by ionomycin

recently discovered EBV reactivation inhibitor M (Fig. 4). Was measured by Indo-1 fluorescence in EBV+
Burkitt lymphoma cells pretreated with butyrate

| will determine the dose and length of treatment of M or inhibitor M.

that is required for decreasing calcium uptake. | will

determine the effects of other EBV inhibitors on calcium uptake. | will examine the effects of calcium

perturbations during various stages of the EBV life cycle. These experiments will characterize the role of

calcium in EBV reactivation.

Research Implications: The results of my work will improve understanding of the molecular mechanisms
of EBV reactivation and contribute to the development of therapeutic strategies for viral-associated
cancers. The presence of EBV in tumor cells provides a target for therapy. Oncolytic therapy
intentionally induces the EBV lytic cycle leading to death of the infected cells (21-24). On the other hand,
repression of the viral lytic cycle could treat infectious mononucleosis and lower the risk of developing
cancer. Either therapeutic approach requires drugs that efficiently activate or repress the virus. Results
of my work will provide 1) characterization of chemical features that improve the efficacy of inhibitors,
and 2) discovery of molecules that either induce or block the activation of EBV, and 3) identify molecular
targets in the cell that control EBV lytic reactivation. The proposed work provides molecular details for

how the EBV latent-to-lytic switch is controlled.

Timeline:

Each of the aims is based on preliminary data obtained during my postdoctoral work. The goal of Aim 1
and Aim 2 is to identify inhibitors of EBV reactivation. These projects will be performed by
undergraduate students. During the school year the students will learn to culture the EBV-positive cells
and quantitative PCR to analyze viral reactivation. Students will also decide which chemicals to test as
inhibitors by generating a hypothesis based on my preliminary data. During the summer, the students

will run the experiment testing a chemical as an inhibitor, repeating the experiment at various inhibitor
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concentrations. Any EBV inhibitors identified will be published in peer-reviewed journals with
undergraduates as coauthors. If none of the chemicals inhibit EBV, then an analysis of the chemical
functional groups in the non-inhibitors will be compared to known inhibitors to characterize which
functional groups are critical for inhibiting EBV. This information will inform the design of future
inhibitors. The effects of anti-epileptic drugs on EBV reactivation, whether or not they inhibit the virus,
will be compared to the types of epilepsy the drugs are used to treat and their proposed mechanisms.
This work will be publishable since it will determine which of the cellular pathways targeted by valproate

and other anti-epileptic drugs either are or are not required for EBV reactivation.

Aim 3 investigates the role of the host cell in EBV reactivation. | have the plasmids and reagents needed
to do these experiments. During this school year | will establish the cell cultures and test the
instruments needed for analysis. Next summer | will begin performing the experiments with the
assistance of undergraduate students. The training the students will receive in the summer will allow
them to continue the projects during the following school year. These proposed projects will generate
data that will be incorporated into a publishable manuscript and provide preliminary data | can use in
applications to external funding sources, such as the National Institutes of Health AREA grant (R15).
Undergraduates contributing to these projects will present their results at the UWL Undergraduate

Research Day.

Past Faculty Research Grant and/or International Development Fund Awards:

None. | am new to UW-L Fall 2015.

Kelly Gorres Faculty Research Grant 6



References

10.

11.

12.

13.

14.

15.

de-The G, Geser A, Day NE, Tukei PM, Williams EH, Beri DP, Smith PG, Dean AG,
Bronkamm GW, Feorino P, Henle W. 1978. Epidemiological evidence for causal
relationship between Epstein-Barr virus and Burkitt's lymphoma from Ugandan
prospective study. Nature 274:756-761.

Mueller N, Mohar A, Evans A, Harris NL, Comstock GW, Jellum E, Magnus K,
Orentreich N, Polk BF, Vogelman J. 1991. Epstein-Barr virus antibody patterns
preceding the diagnosis of non-Hodgkin's lymphoma. Int ] Cancer 49:387-393.
Zeng Y, Zhang LG, Wu YC, Huang YS, Huang NQ, Li JY, Wang YB, Jiang MK, Fang
Z, Meng NN. 1985. Prospective studies on nasopharyngeal carcinoma in Epstein-
Barr virus IgA/VCA antibody-positive persons in Wuzhou City, China. Int ] Cancer
36:545-547.

Jenkins PJ, Binne UK, Farrell P]. 2000. Histone acetylation and reactivation of
Epstein-Barr virus from latency. ] Virol 74:710-720.

Chang LK, Liu ST. 2000. Activation of the BRLF1 promoter and lytic cycle of
Epstein-Barr virus by histone acetylation. Nucleic Acids Res 28:3918-3925.

Murata T, Kondo Y, Sugimoto A, Kawashima D, Saito S, Isomura H, Kanda T,
Tsurumi T. 2012. Epigenetic histone modification of Epstein-Barr virus BZLF1
promoter during latency and reactivation in Raji cells. | Virol 86:4752-4761.
Ramasubramanyan S, Osborn K, Flower K, Sinclair AJ. 2012. Dynamic chromatin
environment of key lytic cycle regulatory regions of the Epstein-Barr virus genome. |
Virol 86:1809-1819.

Daigle D, Gradoville L, Tuck D, Schultz V, Wong'ondu R, Ye ], Gorres K, Miller G.
2011. Valproic acid antagonizes the capacity of other HDAC inhibitors to activate the
Epstein-Barr virus lytic cycle. ] Virol 85:5628-5643.

Gorres KL, Daigle D, Mohanram S, Miller G. 2014. Activation and repression of
Epstein-Barr Virus and Kaposi's sarcoma-associated herpesvirus lytic cycles by
short- and medium-chain fatty acids. ] Virol 88:8028-8044.

Laichalk LL, Thorley-Lawson DA. 2005. Terminal differentiation into plasma cells
initiates the replicative cycle of Epstein-Barr virus in vivo. ] Virol 79:1296-1307.
Crawford DH, Ando 1. 1986. EB virus induction is associated with B-cell
maturation. Immunology 59:405-409.

Cayrol C, Flemington EK. 1996. The Epstein-Barr virus bZIP transcription factor
Zta causes GO/G1 cell cycle arrest through induction of cyclin-dependent kinase
inhibitors. EMBO ] 15:2748-2759.

Guo Q, Qian L, Guo L, Shi M, Chen C, Lv X, Yu M, Hu M, Jiang G, Guo N. 2010.
Transactivators Zta and Rta of Epstein-Barr virus promote GO/G1 to S transition in
Raji cells: a novel relationship between lytic virus and cell cycle. Mol Immunol
47:1783-1792.

Kudoh A, Fujita M, Kiyono T, Kuzushima K, Sugaya Y, Izuta S, Nishiyama Y,
Tsurumi T. 2003. Reactivation of lytic replication from B cells latently infected with
Epstein-Barr virus occurs with high S-phase cyclin-dependent kinase activity while
inhibiting cellular DNA replication. ] Virol 77:851-861.

Rowe M, Glaunsinger B, van Leeuwen D, Zuo J, Sweetman D, Ganem D,
Middeldorp ], Wiertz EJ, Ressing ME. 2007. Host shutoff during productive

Kelly Gorres Faculty Research Grant 7



16.

17.

18.

19.

20.

21.

22.

23.

24,

Epstein-Barr virus infection is mediated by BGLF5 and may contribute to immune
evasion. Proc Natl Acad Sci U S A 104:3366-3371.

Park R, El-Guindy A, Heston L, Lin SF, Yu KP, Nagy M, Borah S, Delecluse H]J,
Steitz J, Miller G. 2014. Nuclear translocation and regulation of intranuclear
distribution of cytoplasmic poly(A)-binding protein are distinct processes mediated
by two Epstein Barr virus proteins. PLoS One 9:€92593.

Countryman J, Miller G. 1985. Activation of expression of latent Epstein-Barr
herpesvirus after gene transfer with a small cloned subfragment of heterogeneous
viral DNA. Proc Natl Acad Sci U S A 82:4085-4089.

Hardwick JM, Lieberman PM, Hayward SD. 1988. A new Epstein-Barr virus
transactivator, R, induces expression of a cytoplasmic early antigen. ] Virol 62:2274-
2284.

Feederle R, Kost M, Baumann M, Janz A, Drouet E, Haommerschmidt W,
Delecluse H]J. 2000. The Epstein-Barr virus lytic program is controlled by the co-
operative functions of two transactivators. EMBO ] 19:3080-3089.

Faggioni A, Zompetta C, Grimaldi S, Barile G, Frati L, Lazdins J. 1986. Calcium
modulation activates Epstein-Barr virus genome in latently infected cells. Science
232:1554-1556.

Feng WH, Kenney SC. 2006. Valproic acid enhances the efficacy of chemotherapy in
EBV-positive tumors by increasing lytic viral gene expression. Cancer Res 66:8762-
8769.

Phillips JA, Griffin BE. 2007. Pilot study of sodium phenylbutyrate as adjuvant in
cyclophosphamide-resistant endemic Burkitt's lymphoma. Trans R Soc Trop Med
Hyg 101:1265-1269.

Perrine SP, Hermine O, Small T, Suarez F, O'Reilly R, Boulad F, Fingeroth ],
Askin M, Levy A, Mentzer S], Di Nicola M, Gianni AM, Klein C, Horwitz S, Faller
DV. 2007. A phase 1/2 trial of arginine butyrate and ganciclovir in patients with
Epstein-Barr virus-associated lymphoid malignancies. Blood 109:2571-2578.
Jones K, Nourse ], Corbett G, Gandhi MK. 2010. Sodium valproate in combination
with ganciclovir induces lysis of EBV-infected lymphoma cells without impairing
EBV-specific T-cell immunity. Int ] Lab Hematol 32:e169-174.

Kelly Gorres Faculty Research Grant 8



Kelly L. Gorres, Ph.D.

Department of Chemistry and Biochemistry kgorres@uwlax.edu
University of Wisconsin-La Crosse
1725 State St, La Crosse, WI 54601

PROFESSIONAL EXPERIENCE

Assistant Professor of Biochemistry University of Wisconsin-La Crosse 2015-present
Postdoctoral Research Fellow Yale University, New Haven, CT 2010-2015
EDUCATION

Ph.D. in Biochemistry
Delta Certificate in Research, Teaching, and Learning
University of Wisconsin—Madison, 2009

B.A. in Chemistry and Biochemistry, with High Distinction and with Honors
University of Minnesota, Morris, 2003

RESEARCH EXPERIENCE

Postdoctoral Research Fellow, Yale University, New Haven, CT 2010-2015
* Investigated the role of short-chain fatty acids in Epstein-Barr virus life cycle and Kaposi sarcoma-
associated herpesvirus in lymphoma cells

Postdoctoral Research Associate, Washington University, St. Louis, MO 2009-2010
* Examined the ubiquitin—proteasome-mediated degradation of nuclear hormone receptors

Graduate Research, University of Wisconsin—Madison, Madison, W1 2003-2009
Dissertation: Substrate Recognition by Prolyl 4-Hydroxylase

* Identified substrate conformational preferences of prolyl 4-hydroxylase

* Developed a direct and continuous assay for prolyl 4-hydroxylase

* Characterized a novel protein disulfide isomerase from Bacillus subtilis

Chemical-Biology Interface Research Intern, Beckman Coulter, Inc., Chaska, MN Spring 2006
* Purified an isoform of Prostate Specific Antigen for clinical diagnosis of prostate cancer

National Institutes of Health Study Group, Colgate University at the NIH, Bethesda, MD  Fall 2002
* Developed proteins derived from HIV-1 Env gp41 as HIV fusion inhibitors

Laboratory Intern, Minnesota Valley Testing Laboratories, New Ulm, MN Summers 2002, 2003
* Analyzed sugars and vitamins in food samples by HPLC or GC

Research Experience for Undergraduates, North Dakota State University, Fargo, ND Summer 2001
* Screened Lewis acid-mediated reactions of N-acyl oxazolidinones



PUBLICATIONS

Gorres K, Daigle D, Mohanram S, Miller G. 2014. Activation and repression of Epstein-Barr Virus and
Kaposi’s sarcoma-associated herpesvirus lytic cycles by short- and medium-chain fatty acids. J. Virol.
88:8028-8044. (Cover Photo)

Daigle D, Gradoville L, Tuck D, Schulz V, Wang’ondu R, Ye J, Gorres K, Miller G. 2011. Valproic acid
antagonizes the capacity of other HDAC inhibitors to activate the Epstein-Barr virus lytic cycle. J. Virol.
85:5628-5643.

Gorres KL and Raines RT. 2010. Prolyl 4-hydroxylase. Crit. Rev. Biochem. Mol. Biol. 45:106—124.

Gorres KL, Pua KH, Raines RT. 2009. Stringency of the 2-His-1-Asp active-site motif in prolyl 4-
hydroxylase. PLoS One 4:€7635.

Derewenda U, Boczek T, Gorres KL, Yu M, Hung LW, Cooper D, Joachimiak A, Raines RT, Derewenda
ZS. 2009. Structure and function of Bacillus subtilis YphP, a prokaryotic disulfide isomerase with a CXC
catalytic motif. Biochemistry 48:8664—8671.

Gorres KL and Raines RT. 2009. Direct and continuous assay for prolyl 4-hydroxylase. Anal. Biochem.
386(2):181-5.

Gorres KL, Edupuganti R, Krow GR, Raines RT. 2008. Conformational preferences of substrates for human
prolyl 4-hydroxylase. Biochemistry 47:9447-9455.

HONORS and AWARDS

NIH Ruth L. Kirschstein Award (F32 CA165705) Postdoctoral Fellowship 2012-2015
American Cancer Society Postdoctoral Fellowship (awarded, but declined) 2012
American Society of Virology Postdoctoral Fellow Travel Award 2011

NIH Chemistry—Biology Interface Training Program (T32 GMO008505) 2004-2007
Barry M. Goldwater Scholarship 2002

TEACHING EXPERIENCE

Assistant Professor, University of Wisconsin-La Crosse

CHM 325: Fundamental Biochemistry lecture and laboratory Fall 2015
CHM 489: Independent Study Fall 2015
Postdoctoral Teaching Scholar, Yale University

Biology 101: Biochemistry and Biophysics Fall 2012, Fall 2013, Spring 2014
Biology 102: Cell Biology and Membrane Physiology Fall 2012
Molecular Biophysics & Biochemistry 105: Issues Approach to Biology Spring 2013
MCDB 485: Undergraduate Research in Molecular Biophysics & Biochemistry 2010-2015
Graduate Teaching Assistant, University of Wisconsin—Madison

Delta Program for Teaching and Learning Intern: Issues in Biomedical Engineering Spring 2007
Biochemical Methods Laboratory Fall 2004, 2005

Undergraduate Teaching Assistant, University of Minnesota, Morris
Introduction to Research Spring 2003
Science Sensations: Performing chemistry demonstrations for the public 2001-2002





