MOLECULAR ONCOLOGY 9 (2015) 365-376

I

available at www.sciencedirect.com

lecular
== (Oncology

ScienceDirect

www.elsevier.com/locate/molonc

Small molecule growth inhibitors of human oncogenic

A
® CrossMark

gammaherpesvirus infected B-cells

Richard K. Dzeng’, Hem Chandra Jha', Jie Lu, Abhik Saha?,
Sagarika Banerjee, Erle S. Robertson®

Department of Microbiology and Tumor Virology Program of the Abramson Cancer Center, Perelman School of
Medicine at the University of Pennsylvania, PA, USA

ARTICLE INFO

Article history:

Received 28 June 2014

Received in revised form

1 August 2014

Accepted 15 September 2014
Available online 26 September 2014

Keywords:

EBV

KSHV

High throughput drug screening
Lymphoma

ABSTRACT

Epstein—Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) are two hu-
man gammaherpesviruses associated with a broad spectrum of B-cell lymphomas, most
acutely in immuno-compromised populations. However, there are no drugs which specif-
ically target KSHV or EBV-associated lymphomas. To identify small molecules which selec-
tively inhibit the growth of EBV or KSHV-associated B-cell lines, we performed a
fluorescence based high-throughput screen on multiple stable GFP expressing virus-
infected or uninfected B-cell lines. We identified 40 initial compounds with selective
growth inhibition and subsequently determined the 50% growth inhibitory concentrations
(GIso) for each drug. We further examined compounds with higher specificity to explore the
underlying molecular mechanisms using transcription factor analysis, as well as a shRNA
based knockdown strategy. Our data identified ten compounds with relatively high efficacy
for growth inhibition. Two novel small molecules, NSC#10010 and NSC#65381 were potent
growth inhibitors for gammaherpesvirus-associated B-lymphomas through activation of
both the NF-«B and c-Myc-mediated signaling pathways. These drugs can serve as poten-
tial lead compounds to expand the current therapeutic window against EBV or KSHV-asso-
ciated human B-cell malignancies.

Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies.

1. Introduction

B-cell malignancies; including Hodgkin’s lymphoma, Burkitt’s
lymphoma (BL) and post-transplant lymphoproliferative dis-

The human y-herpesviruses Epstein—Barr virus (EBV) and
Kaposi’'s sarcoma-associated herpesvirus (KSHV) are large
enveloped DNA viruses which infect and establish lifelong
persistence in B-lymphocytes (Damania, 2007). Nearly ubiqui-
tous in human populations, EBV is the causative agent of in-
fectious mononucleosis and is associated with a variety of

eases (Saha et al., 2010).

KSHYV is less widespread but its prevalence can reach over
50% depending on risk factors. KSHV is the causative agent of
Kaposi’s sarcoma (KS) and is associated with two major B-cell
lymphomas in AIDS patients: primary effusion lymphomas
(PEL) and multicentric Castleman’s disease (Hayward and
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Whitby, 2009). Solid organ and hematopoietic stem cell trans-
plant recipients and HIV-infected patients exhibit elevated
risk for KSHV and EBV-associated malignancies (Engels
et al.,, 2011).

EBV and KSHV have evolved strategies to promote cell sur-
vival while protecting infected cells from apoptosis. Infections
induce widespread genetic and proteomic responses in the
host cell (Verma et al., 2009). While certain cancers have strict
viral associations, most clinical therapies used to treat these
malignancies do not specifically target oncogenic viral
mechanisms.

Most chemotherapeutic drugs are mitotic inhibitors which
target fundamental cellular structural and metabolic pro-
cesses such as microtubule assembly, protein synthesis, or
DNA synthesis. Therefore, therapeutic doses can non-
specifically inhibit cellular growth, causing significant side ef-
fects (Castellino et al., 2011; Herold and Hieke, 2002; Wilson
et al.,, 2002). Several drugs such as the anti-CD20 antibody Rit-
uximab are specific to B-cells. However, they are not effective
enough to be used as single agents (Thomas et al., 2010).
Considering the high prevalence of both EBV and KSHV-asso-
ciated B-cell lymphomas, small molecules which can specif-
ically target latent viral infections will improve current
treatments. Virus-specific treatments would be less likely to
target basic metabolic mechanisms, and thus more efficiently
kill virus infected cells with fewer potential side effects.

Our study has identified and characterized potential ‘lead
compounds’ against latently infected EBV and KSHV positive
B-cell lymphomas, which can be rapidly translated into clini-
cally viable drugs. We describe a high-throughput fluores-
cence-based screen (HTS) to identify small molecule drug
candidates that are preferentially lethal to EBV or KSHV-
mediated B-cell lymphomas. Further, we then identified tran-
scription factor pathways affected by these small molecules,
and showed that inhibiting those pathways increases the
lethality of these small molecules. Our results yield new in-
sights on targeted drug discovery through modulation of
cellular pathways with potential therapeutic value in clinical
trials against human oncogenic y-herpesvirus associated
lymphomas.

2. Materials & methods
2.1. Materials

The ‘Mechanistic Set’ and the ‘Diversity Set II' were obtained
from the Developmental Therapeutics Program of the US Na-
tional Cancer Institute (http://www.dtp.nci.nih.gov). The
Mechanistic Set contains 879 growth inhibitory small mole-
cules, while the Diversity Set II contains 1364 small molecules
covering a range of chemical structures. 23 molecules are
shared between both sets to total 2220 unique small
molecules.

2.2. Cell lines and generation of stable GFP lines
BC3 and BCBL1 are KSHV-positive pleural effusion lymphoma

(PEL) B-cell lines (Renne et al., 1996). LCL1 and LCL2 are in vitro
EBV transformed B-cell lines generated in our lab (Murakami

et al., 2005). BJAB, Louckes, and Ramos are virus negative BL
B-cells obtained from Elliott Kieff (Harvard Medical School,
Boston, MA) (Murakami et al., 2005). Cell lines were cultured
as described previously (Murakami et al., 2005; Jha et al.,
2013a,b).

The lentiviral vector HIV-CS-CG contains a GFP cassette
under the CMV promoter (Miyoshi et al., 1998), and Lentiviral
packaging vector pCMV-VSV-G, pRSV-Rev and pMDLg/pRRE
were obtained from Addgene (Cambridge, MA). Lentivirus pro-
duction and stable transduction of B-cells for expression of
GFP was done as previously described (Lu et al., 2009).

2.3. Small molecule HTS

40,000 cells of each GFP-expressing B-cell line in RPMI-1640
were plated in 96-well plate. Cells were incubated with
10 pM of each small molecule. Plates were imaged for GFP
with an IVIS Lumina II (Caliper Life Sciences, Hopkinton,
MA) at the University of Pennsylvania Small Animal Imaging
Facility (SAIF) and quantified using the Odyssey software
v3.0 (LI-Cor Biosciences, Lincoln, NE). Growth inhibition was
confirmed by light microscopy.

2.4. Determination of 50% growth inhibitory (Gls)
concentrations

Similar to the HTS, small molecules were added to each well at
100 uM, 50 uM, 10 uM, 5 pM, 1 uM, 0.5 uM, 0.01 uM, and 0.05 pM.
Plates were incubated for 5 days, and imaged for GFP signal
with a Typhoon 9410 (GE Healthcare, Piscataway, NJ), and
quantified using the Odyssey software v3.0 (LI-Cor Biosci-
ences, Lincoln, NE). No obvious difference was seen when
the plates were scanned at 3 days or 5 days.

2.5. Luciferase reporter pathway assays

12 million Louckes, BC-3 and LCL1 cells were transiently trans-
fected with 20 pg of each Cignal Reporter plasmid from the
Stress and Toxicity 10-Pathway Reporter Assay (SA Biosci-
ences, Frederick, MD) by electroporation with a Bio-Rad Gene-
Pulser Xcell (Bio-Rad, Hercules, CA) at 210 V and 20 ms pulse
duration. After 2 days, small molecules were added at Glsg
concentrations and incubated for an additional 2 days. Cells
were washed with 1x phosphate buffered saline (PBS), lysed
in Luciferase assay buffer (MBL International Corp., Woburn,
MA) and assayed using a LMaxII384 Luminometer (Molecular
Devices, LLC, Sunnyvale, CA) using the Luciferase substrates
as recommended by the manufacturer.

2.6.  Apoptosis assay

1 million cells were treated with drugs for 3 days, spun down
and resuspended in 10 mg/mL of Acridine Orange and
Ethidium Bromide. An aliquot of each sample was prepared
on cover slips and apoptosis observed using an Olympus
IX71 microscope at 200x magnification. Cell apoptosis and ne-
crosis were evaluated based on established parameters (Ribble
et al., 2005).
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2.7. Generation of sShRNA expressing constructs and
viral transduction

Short-hairpin oligonucleotides directed against c-Myc and NF-«B
expressions were designed with siRNA Designer (Promega, Mad-
ison, WI). The sense strand of the c-Myc-shRNA sequence is
S'tcgagtgctgttgacagtgagcgaGAGGATATCTGGAAGAAATTCtagtg
aagccacagatgtaga ATTTCTTCCAGATATCCTCgtgcctactgectegg
aa3. The sense strand of the NF-kB-shRNA sequence is
S'tcgagtgctgttgacagtgagcgaGCTTCCCACACTATGGATTTCtagt
gaagccacagatgtagaAATCCATAGTGTGGGAAGCgtgectactgecte
ggaa3. shRNA expression constructs were previously
described (Saha et al., 2011). Lentivirus production and trans-
duction of B-cells was as previously described (Lu et al., 2009).
Cells were selected with 0.2 pg/mL puromycin (Sigma Aldrich,
St. Louis, MO) for 3 weeks, confirmed by GFP visualization.
Knockdown of expression was confirmed by Western blot us-
ing the monoclonal antibody anti-c-Myc (9E10) prepared from
hybridoma cultures and rabbit polyclonal anti-NF-«kB p50
(NLS) (Santa Cruz Inc., Santa Cruz, CA).

2.8. Western blotting

10 million cells were treated with DMSO and 10 selected com-
pound for 24 h followed by Western blotting as described earlier
(Lu et al., 2014). In brief, cell lysates subjected to SDS-PAGE fol-
lowed by western-blot analysis. The nylon membrane was
blocked with 5% skim milk in PBS for 1 h, followed by incuba-
tion with appropriate dilution of primary antibodies (in
1XPBS) for overnight at 4 °C. Secondary antibodies with IR-dye
tagged were used to detect the binding of primary antibodies.
The membrane was scanned using an Odyssey imager LiCor
Inc. (Lincoln, NE). Densitometry for the quantitation of the pro-
tein bands was carried out using Odyssey scanning software.

2.9. Electrophoretic mobility shift assay

Oligonucleotides containing the NF-kB and Myc containing
site were synthesized and annealed to the respective anti-
sense strand by gradient cooling. All procedures were fol-
lowed as described earlier (Verma et al., 2006). The dsDNA
probe was packed in with y-32P-labeled dCTP, dATP, dGTP,
and dTTP using the Klenow fragment (New England Biolabs,
Beverly, MA). Further the labeled probes were purified on a
NucTrap probe purification column (Stratagene Inc., La Jolla,
CA). The total incorporation of [y-32P]dCTP was measured,
and approximately 1 million cpm of probe was used per reac-
tion. Nuclear extracts prepared from BC3 and LCL1 cells were
used as a source of Myc and NF-«kB transcription factor. Anti-
NF-«kB and anti-Myc(9E10) antibody (Santa Cruz Biotech-
nology) was used for supershift analysis. Nuclear extract
(5.0 ng of total protein) was used for binding to the indicated
probes in electrophoretic mobility shift assay reactions. Unla-
beled competitor (100-fold) was added 5 min prior to the addi-
tion of radio labeled probes; 1.0 pg of mouse anti-NF-kB and
anti-9E10 was used to supershift the complex. The pro-
tein—DNA binding reaction mixture was incubated at 25 °C
for 15 min. The bound complexes were loaded onto a 6.5%
polyacrylamide gel containing 0.5 TBE (0.045 M Tris—borate,
pH 8.2, 1 mM EDTA). The gel was resolved in TBE for 4 h at

150 V, dried, and autoradiographed using a Phosphorlmager
plate (Molecular Dynamics, Inc.).

3. Results

3.1 High-throughput screen (HTS) of small molecules
against human B-lymphoma cell lines

To identify small molecule growth inhibitors of latently
infected EBV and KSHV positive human B-cells, we generated
six GFP expressing B-cell lines: two EBV-mediated in vitro
transformed lymphoblastoid cell lines LCL1 and LCL2, two
KSHV-positive pleural effusion lymphoma (PEL) B-cell lines
BC-3 and BCBL1, and two virus negative Burkitt’s Lymphoma
(BL) B-cell lines BJAB and Louckes (Figure 1A). We screened a
collection of 2220 small molecule drugs from the Develop-
mental Therapeutics Program (DTP) of the National Cancer
Institute (NCI) of the United States.

To identify anti-proliferative compounds, we carried out
HTS using GFP-expressing B-cell lines incubated with 10 pM
of each molecule in a 96-well plate (Figure 1A). Cells were
titrated to be in exponential growth during HTS. In addition,
DMSO-treated cells were included as controls and analyzed
5 days post-treatment. Plates were imaged and quantified
for GFP expression as a marker of cell-growth (Figure 1A)
and inhibition was verified by microscopy.

3.2. KSHYV infected B-cells are more susceptible to drug
treatment

HTS data from each cell line was normalized and the data pre-
sented as scatter-plots (Figure 1B). Based on the best fit line in
the scatter-plots of the primary screening data, KSHV-infected
lymphoma cell lines were more susceptible to drug-induced
cell death compared to other cell lines. This was even more
evident when compared to the two EBV-transformed Lympho-
blastoid cell lines (LCLs) (Figure 1D). This is expected because
EBV exhibits greater transformation capability compared to
KSHV. The tighter clustering of values within the cell viability
data demonstrated that the KSHV infected PEL cell lines and
uninfected BL cell lines had a more similar response to the
small molecules (Figure 1, compare B & D). EBV transformed
LCLs were not as clustered, suggesting a wider distribution of
responses to the compounds (Figure 1, compare B and C).
Within the set of growth inhibitory drugs, we further selected
40 drugs based on three criteria: — drugs toxic to all cell lines,
and drugs preferentially toxic to EBV, or those with preferen-
tial toxicity to KSHV-infected cell lines. Cell viability data for
each of the 40 compounds are shown by heat map in
Table 1. We also selected Vincristine (NSC#67574), a known
mitotic inhibitor currently used in chemotherapy regimens
against multiple leukemia and lymphomas including EBV-
associated B-cell lymphomas (Coiffier et al., 2002; Diehl et al.,
2003; Kantarjian et al., 2004). Vincristine (NSC# 67574) showed
greater than 50% viability against all cell lines, suggesting that
it was not efficiently killing B-lymphoma cells irrespective of
viral status (Table 1). Nigericin (NSC#292567), a molecule previ-
ously identified to be selective against epithelial cancer stem
cells, was also identified in our screen as selective against
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Figure 1 — A) Schematic representation of high-throughput small (HTS) molecule screening strategy and scatter plot representation. KSHV-
infected (BC3 and BCBL1), in vitro EBV-transformed (LCL1 and LCL2), and uninfected B-cell lines (BJAB, Louckes and Ramos) were infected
with a lentiviral vector (HIV-CSCG), which results in cell lines constitutively expressing GFP. A histogram showing the range of GFP signals is
shown for 5 days post-treatment. Growth is shown as ratios of signal compared to control growth. Growth inhibition was confirmed by light
microscopy. B—D) Scatter plot representation of HT'S data. Quantified data from HTS (as described in 1A) for each cell line were normalized and
collectively averaged based on viral state in B-cell lines. Data from 0% to 200% range was plotted in all three cases. Best fit lines were calculated
and plotted. The clustering of the points indicates a similarity in the drug response between uninfected cell lines and KSHV-infected cell lines and
the lower slope of the LCL1 best fit line indicates that they are less responsive to cell growth inhibition compared to uninfected cell lines.

our KSHV-infected B-cell lines (Table 1) (Gupta et al., 2009). 3.3.
From this initial screen, more than 50% of the compounds

showed efficient killing with less than 20% survival for the

KSHYV positive cell lines. Interestingly, when compared to the
virus negative cells, these compounds also showed efficient
killing of greater than 60%. The EBV positive cells were more
resistant but showed sensitivity as shown by greater than

60% for at least 9 compounds shown (Table 1).

Identification of compounds with preferential killing
of viral positive and negative cell lines by Glso

To determine 50% growth inhibition (GIso) concentrations, we
exposed GFP-expressing LCL1, BC3, Louckes and Ramos cell
lines to drugs from 0.05 to 100 uM for 5 days. GFP signal inten-
sity and growth inhibition was corroborated by fluorescence

and verified by light microscopy (Figure 2A).
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Table 1 — 40 selected lethal small molecules based on high-throughput screen (HTS) data.

165563
167780
106997
635326
268251
646200
705330
338720
672904
157004
169676
184403
172924

93739

651084

NSC# Virus Negative* EBV-Positive* KSHV-Positive*
407010 246% 229% 152%
267461 156% 120% 111%
67574 77% 62% 96%
45536 33% 60% 66%
109086 44% 64% 74%
5159 67% 55% 74%
7530 73% 59% 80%
359463 72% 55% 87%
95678 104% 80% 58%
4728 88% 68% 40%
22992 54% 39% 67%
407335 73% 39% 57%
3905 61% 39% 32%
4280 63% 38% 33%
166464 46% 30%
65381 44% 32%
51148 41% 31% 34%
1771 38% 31%
400978 0-9%
146268 31% 10-19%
245432 46% 78% 2029%
10010 33% 71% 30-39%
624206 61% 20-49%
292567 59% 50-59%
4320 69% 60+%

58%
56%
57%
59%
54%
60%
56%
52%
58%
47%
45%
49%
44%
40%

46%

* Negative refers to uninfected B-cell lines including BJAB, Louckes, and Ramos. KSHV Positive refers to KSHV
infected PEL cell lines, BC3 and BCBL1. EBV positive refers in vitro EBV transformed cell lines, LCL1 and LCL2.

% represents the average GFP signal across the cell lines in each category in comparison to a 100% GFP signal in
untreated cells. Vincristine is NSC#67574 and Nigericin is NSC#292567.

Seven compounds were identified that effectively killed
Louckes and Ramos at concentrations of 0.5 uM or lower, as
well as 9 compounds that were similarly effective in killing
these cells (Figure 2F and 2D, respectively).

Comparison of compounds with effective killing between
EBV- and KSHV-positive cell lines showed a range of effects.
Five compounds were highly effective below 5 uM, 5
were effective at concentrations between 5 and 10 pM and
3 were effective between 10 and 100 uM. BC3 was consistently
more sensitive towards these compounds at 5-10 pM
concentrations compared to EBV-positive transformed LCLs
(Figure 2C).

In the HTS, the KSHV-positive PEL cell lines were more sen-
sitive to drug treatment, and EBV-positive cell lines were more
tolerant to treatment (Figure 1D and 1C). Similarly, 17 com-
pounds showed effective killing of BC3 cells (Figure 2B), while
only one drug, NSC#65381, showed an enhanced preference
for killing LCL1 (Figure 2G).

NSC#1771, NSC#3905, NSC#4280, NSC#10010, and
NSC#268251 exhibited greater lethality against BC3 compared
to other cell lines. NSC#45536 was the most lethal to BC3
(Figure 2B).

Due to greater tolerance, drugs which killed LCL1 cells had
an enhanced tendency to be similarly lethal against all B-cells
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Figure 2 — Determination of 50% growth inhibitory concentrations (GIso) of 40 selected small molecules and chemical structures for 10 selected
small molecules. GFP-expressing BC3, LCL1, Louckes and Ramos cells were treated in a gradient of 8 drug concentrations from 100 pM to
0.05 pM in half log steps. Compounds which showed GIsq at 0.05 pM for a particular cell line is shown in highest intense color and as expected the
cell lines showing a GI5¢ at 100 pM had the least intense color. Results were clustered by hierarchical clustering complete linkage. A) Results were
ordered by hierarchical clustering based on lethality pattern. The molecules selected for further study show significant levels of specificity or overall
lethality. B) Molecules specific to BC3. C) Molecules specific to KSHV and EBV-infected cell lines. D) Molecules showing similar responses in
Burkitt’s lymphoma cell lines. E) Most generally lethal molecules, F) Molecules most lethal in Burkitt’s lymphoma cell lines. G) Molecules
specifically lethal to the EBV-infected cell line. H) Structures and names of 10 molecules selected from growth inhibition data as specifically lethal
to either EBV or KSHV-infected cells or lethal to cell lines in our screen.

(Figure 2E). In particular, NSC#165563, NSC#172924,
NSC#268251, and NSC#400978 showed lethality at 0.5 uM or
less in all cell lines (Figure 2A).

Ten small molecules showing preferential or general
growth inhibition were selected for follow up analysis.

NSC#1771 and NSC#65381 are similar in structure and highly
effective in killing KSHV and EBV infected cells. NSC#4280,
NSC#10010, NSC#45536 and NSC#146268 have similar cyclic
structures which may intercalate in DNA grooves or protein,
inhibiting major cellular processes such as DNA replication
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and signaling activities. Structural similarities between
NSC#4320, NSC#165563 and NSC#400978 suggest that they
may affect similar mechanisms. Similarities in structure
may be a predictor in generating analogs with less toxicity
and greater preference for lethality against virally infected
and/or negative B-cell lymphomas (Figure 2H).

3.4.  c-Myc and NF-kB mediated pathways
were specifically activated by small molecule drugs in
v-herpesvirus infected B-cells

Human diseases are often linked to dysfunctional signal
transduction networks. Small molecule drug candidates can
modulate downstream transcription factors to disrupt or
restore these signaling pathways (Wang et al., 2006). To deter-
mine which pathways these compounds were affecting, we
used the Cignal™ transcription reporter assay for ten path-
ways: Myc/Max, SMAD2/3/4, NFAT, AP1, ELK1/SRF, E2F/DP1,
Glucocorticoid Receptor (GR), NF-«kB, HIF-1¢, and p53. These
reporters would provide direct evidence of the involvement
of these pathways targeted by the small molecules.

Important signaling pathways were altered by these
small molecules across all three different cell types (non-
infected, EBV infected and KSHV infected). NSC#1771 and
NSC#4280 activated all the examined pathways in EBV
transformed LCLs (Figure 3A). NSC#10010 and NSC#65381,
each were highly preferential to BC3 and LCL1, respectively,
and both activated NF-«B and Myc/Max mediated pathways
(Figure 3A). NSC#1771, a growth inhibitor of BC3, induced
the broadest pathway activity in all three B-cell lines. Tran-
scription factors Myc/Max, SMAD2/3/4, ELK1/SRF and GR
were shown to be activated in BC3 cells by NSC#1771
(Figure 3A).

NF-«B and c-Myc mediated pathways were broadly affected
by almost all the compounds tested in this assay. NF-«B and c-
Myc broadly affects cellular functions, including cell prolifer-
ation and cell death (Kaileh and Sen, 2012). A NF-«kB promoter
site lies upstream of c-Myc, linking the expression of NF-«B
expression and c-Myc in normal cells (Duyao et al., 1990)
and in BL cell lines (Ji et al., 1994). NF-kB and c-Myc are typi-
cally expressed in response to a variety of drug treatments
(Bourgarel-Rey et al., 2001; Park et al., 2002). This may be ex-
pected since both KSHV and EBV have transcriptional activa-
tion strategies for usurping NF-«kB and c-Myc activities
(Ahmad et al., 2010; Faumont et al., 2009; Graham et al,
2013). Further we validated our results with Western blotting
and EMSA binding assays. Interestingly, we observed that
the small molecules were more effective in BC3 and LCL1 cells
compared to the control Louckes cell line (Figure 3B). These re-
sults were followed by EMSAs where super-shifted complexes
were expected in the presence of specific binding (Verma
et al.,, 2006). In support of our earlier results, EMSAs showed
preferential interactions of the selected small molecules
when compared to DMSO using nuclear lysates from BC3
and LCL1 cells (Figure 3C). We also determined the efficacy
of probe binding with nuclear lysates in the presence of spe-
cific antibody and cold competitor (data not shown). Overall,
the small molecules used in our studies induced NF-«B and
c-Myc binding activity to a greater level when compared to
the control (Figure 3A—C).

Our assays showed that these compounds affected multi-
ple other cellular pathways, some more than others. In BC3,
the SMAD2,3,4 and AP1 pathways were affected, whereas
the Hif-1a and p53 pathways were less affected. In contrast,
the ELK1/SRF and p53 pathways were activated by a large
number of compounds in the EBV negative B-cell line Louckes
(Figure 3A). However, we cannot rule out the involvement of
other molecular pathways not explored in this study.

3.5. NSC#10010 and NSC#65381 induced necrotic cell
death in y-herpesvirus infected B-cells

To determine the mechanism of drug-induced cell death in y-
herpesvirus infected B-cells, we counted the viable, apoptotic
and necrotic cells after 3 days of drug treatment at Glso con-
centrations using a modified Ethidium Bromide/Acridine Or-
ange staining method (Ribble et al., 2005).

NSC#1771 induced apoptotic cell death across all four cell
lines, and promoted necrotic cell death in EBV transformed
LCL1 cells (Figure 4). NSC#10010 and NSC#65381 also displayed
necrosis-mediated cell death in EBV-transformed LCL1 and
BC3, respectively. When exposed to NSC#45536, the virus
negative BL line, Ramos showed 40—50% apoptosis and necro-
sis in contrast to the other virus negative BL line, Louckes
(Figure 4). These drugs induced a significant level of apoptosis,
suggesting that NSC#10010 and NSC#65381 can enhance NF-
kB and c-Myc-regulated apoptosis (Figure 4).

3.6. c-Myc and NF-kB knockdown y-herpesvirus infected
B-cells are more sensitive to drug induced cell death

In our study, the results suggested that the drugs that we
selected can induce NF-«B and c-Myc activity as a response
to stress. Considering that both of these pathways are associ-
ated with development or proliferation, shutdown of the NF-
kB and Myc pathways should handicap the normal cellular
response, resulting in cell death. To characterize the influence
of c-Myc- and NF-kB-mediated pathways on drug treatment,
we generated stable knockdowns for either c-Myc or the NF-
kB p50 subunit, and repeated the apoptosis/necrosis assay.
We further confirmed that these genes were knockdown by
Western blot using specific antibodies against c-Myc and NF-
kB p50.

As expected the knockdown of c-Myc and NF-kB expres-
sion did not significantly change the effect of drug treatment
on apoptosis or necrosis in the Louckes as these were less
affected as seen above (Figure 5A). However, the virus positive
cell lines showed a more dramatic effect. Strikingly, knocking
down either c-Myc or NF-kB dropped the viability of BC3 by
greater than 50% with a corresponding increase in necrotic
cell death after treatment with NSC#1771 (Figure 5B). In
contrast, the lethality of NSC#10010 in BC3 increased necrosis
in the NF-kB knockdown cells but not in ¢-Myc knockdown
cells, indicating that while compounds may exert similar ef-
fects, they most likely do so by different mechanisms.
NSC#10010 also caused a dramatic increase in apoptotic and
necrotic cell death in LCL1 as a result of NF-kB and c-Myc
knockdown (Figure 5C). Furthermore, NSC#65381 treatment
induced substantial apoptotic cell death in BC3 when NF-«B
expression was reduced (Figure 5B).


http://dx.doi.org/10.1016/j.molonc.2014.09.006
http://dx.doi.org/10.1016/j.molonc.2014.09.006
http://dx.doi.org/10.1016/j.molonc.2014.09.006

372 MOLECULAR ONCOLOGY 9 (2015) 365-376
BC3 LCL1 Louckes
Myc/Max
SMAD2,3,4
NFAT
AP1
ELK1/SRF
E2F/DP1
GR
N
HIF-1a
p53
OO O W TS oM ST 00 0 TO OO WTI0oMm T 0 o0 T OO0 O W T 0o M ST 0 o
MO N~ ™M © oo OV~ C MO N~ oo N o N O «~— MO o0 N
MNANMOoOW2NL NS NN OO LUV NWL NS MNANM O WO NW NS
T T O O Vo n T FTO OW O Do n T O VWY OO n
- < O v © ©9oT - <O < © 9 o cC - O < © Qo T
- — N g O — ~ N <« O ~ — N < ©
S S =
> > >
B 5 DC3 gy LCL1 Louckes o
) N T > o ® @ 9
SIS e bS"L 'L% PN C> SN 0SS o\ vﬁ?; o o° o ,\'\ D S 53'5% SRS
.s IEIILE - . - ' - - --—--'-“l
LANA E3C 1 070509 o.er\(l).'gkl%s 09 080906
FesSesscssass]| [- —- - -

10705090608 05090809 0.6 10412070509060750808075  —
FkB NFkB 1 1117 09 1107 2 13 2123 2
- e T — R — — = C-MyC
1 0.8 0.51.30.260.420.450.50.60.8 0.7 1 0.40.950.6 0.30.550.80.750.6 0.70.95 |‘Ml
c-Myc — — c-Myc ——————— GAPDH —MM
S SSSRSS [Peec—==———=
— GAPDH—— GAPDH
RO 2® SO E R G P aa® N o oD O o2 A8 %qu \°
C RN b?J 607 AD7TAB> 07 (O o 1 R AR I

—>

-
- P ../ e o 4o

- -
_> -

-

e das

BC3

LCL1

Myc

@ (&> 0 0 O 0B oA 480 @ 05" A
AN 20 Qs@@e@@‘é?ﬂ@ S2 AN oD QN0 (20 o (907 607002 &
Os\ « UM N SV A B IS S 5 8 (RS

-0 ‘a

- s -
—_— D e e
-

N 4 4

e e -

LCL1

BC3
NF-kB

Figure 3 — Myc/Max and NF-kB mediated pathways are extensively modulated by drug treatment. (A) BC3, LCL1 and Louckes were transiently
transfected with reporter plasmids and treated with 10 selected small molecules at their GIso. Two days post-treatment, cells were lysed and assayed
for Luciferase activity. The DMSO drug free control was used as a negative control. Transfection controls were normalized using the Renilla
Luciferase, and the signaling intensities of virus positive cell lines were then compared with the values from the DMSO controls. (B) Western blot
were performed in BC3, LCL1 and Louckes treated DMSO and 10 selected small molecules compounds. NF-kB, c-Myc, GAPDH, LANA and
EBNA3C antibodies were applied. (C) Myc probe and antibody in BC3 and LCL1 and NF-«B probe and antibody in BC3 and LCL1 were used in this
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stained with Acridine Orange/Ethidium Bromide and subsequently visualized using Olympus IX71 microscope. The live (green), apoptotic

(orange), or necrotic (red) state of the cells were then evaluated using at least 200 cells per sample (p < 0.05).

Overall, our results strongly suggest that y-herpesvirus-
infected B-cells are more sensitive to drug treatment when
NF-kB and c-Myc are reduced. Thus, in the context of y-herpes-
virus infected B-lymphoma cells, at expression levels above a
certain threshold, NF-kB and c-Myc may potentially function
as tumor suppressors rather than oncoproteins (Figure 5).

4. Discussion

Novel anti-tumor drugs with specific mechanisms are needed
to treat cancer, particularly those refractory to standard ther-
apies. There are no chemotherapeutic regimens which specif-
ically target virally-associated B-cell lymphomas (Little and
Yarchoan, 2003). We have identified drug candidates and
characterized their modes of action against y-herpesvirus
infected B-cell lines. After high-throughput screening, a panel
of 40 potential lethal candidate drugs was selected and 50%
growth inhibitory concentrations (Glso) were determined for
each cell line. Analysis of these drugs led to selection of two
novel drugs, NSC#10010 and NSC#65381, which displayed
preferential growth inhibition towards y-herpesvirus infected
B-lymphoma cells through the modulation of both NF-«kB and
c-Myc-mediated signaling.

NSC#10010[N,N’-bis(6-methoxy-2-methylquinolin-4-yljnon-
ane-1,9-diamine] showed consistent growth inhibition against
the KSHV-infected PEL cell lines. NSC#65381(2-Butynediamide
or Cellocidin) demonstrated anti-proliferative activities against
EBV-transformed cell lines. Interestingly, NSC#10010 and
NSC#65381 are structurally different but resulted in similar
pathway activation.

We found that both NSC#10010 and NSC#65381 enhanced
Myc/Max-mediated transcriptional activities, preferentially
killing y-herpesvirus infected B-cells. Knockdown of c-Myc
expression in LCLs resulted in a significant increase of
apoptotic cell death when treated with NSC#10010, possibly
through the p53 regulated pathway. This indicated that treat-
ment involving interference with the c-Myc-mediated
pathway may be a promising strategy in combination with
conventional anti-tumor therapy.

Rationale drug design targeting central cellular regulators
of cell-propagation and apoptosis is a major focus in the
development of novel cancer therapies (Bianco et al., 2006;
Kasibhatla and Tseng, 2003; Mandal et al., 2009). Future treat-
ments could be improved by adding these compounds to
traditional regimens (Bianco et al., 2006). c-Myc sensitizes can-
cer cells to apoptosis induced by insufficient mitogenic stim-
uli, treatment with cytotoxic drugs, as well as radiotherapy


http://dx.doi.org/10.1016/j.molonc.2014.09.006
http://dx.doi.org/10.1016/j.molonc.2014.09.006
http://dx.doi.org/10.1016/j.molonc.2014.09.006

374 MOLECULAR ONCOLOGY 9 (2015) 365-376

A) Louckes
100% 12%
50% 6%
0% 0%
§ @ R 0\*\ W S W 0\*\ &
%‘0 ’(\ \A o ’(\\&\3 ‘y Q\A{‘ =N K\\&é"\\ t\\&& @ \&\ﬁ
DMSO NSC#1771  NSC#10010 NSC#65381 DMSO NSC#1771  NSC#10010 NSC#65381
° Q
100% X o & L
‘00)6 ‘Q\&* ‘(\é »(é
S5 L & 3 &

C-MYC | s

B viable

. -4,, -Apoptotlc

GFP

o -
PR NF-kB aF

© Q Q Q ;
O A << o \$ ¥ O\‘ \“ C}(\ @ < L £ kel
\\g &\ \A &\ %\ \& 5N \A N
$ cP0H [ c——] " Mlnecrotic
DMSO NSC#1771 NSC#10010 NSC#65381
90% 30%
45% 15%
- QD & \© Q 0%; \ L Q& QW A
W NP 0\‘ N 0\‘ SN N\ A& o\’\ ) o W&
o}\' Qe o v\\‘“é o &\\&eQ >N \&eQ o ‘\Qé >N &\Qe >N &\\&e >N &\Q eQ
DMSO NSC#1771 NSC#10010 NSC#65381 DMSO NSC#1771 NSC#10010 NSC#65381
70% g
35%
0%+

2N \‘\‘\\&\é (\o\‘\v\&*é (\O\‘:ﬁ*&Q (\0\&‘\0\&*%
2
DMSO NSC#1771 NSC#10010 NSC#65381
C) LCL1
100% 80%
50% 40%
0% - - | | I 0%
LI ISR
DMSO NSC#1771  NSC#10010 NSC#65381 DMSO NSC#1771  NSC#10010 NSC#65381
90%
45%
0%

QW QW Q&L &
%‘\oe‘\é $Q %‘\o%‘\@ $Q ~<\ ‘(\QQ ~<\O ‘\é $(<

DMSO NSC#1771 NSC#10010 NSC#65381
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(Hoffman and Liebermann, 2008). Also, c-Myc may be an
important consideration in lower dosage chemotherapy stra-
tegies designed to overcome drug resistance, toxicity and
side effects (Prochownik, 2004). Preclinical studies showed
that patients with epithelial ovarian cancer treated with plat-
inum compounds had higher c-Myc levels compared to non-
responders, and higher survival rates (Iba et al.,, 2004; von
Bueren et al.). Apoptotic response towards many chemother-
apeutic drugs such as etoposide, doxorubicin, Camptothecin,
and Taxol are enhanced by the presence of c-Myc (Albihn
et al., 2007; von Bueren et al.). Reduction in c-Myc levels can
also improve the effect of many cytotoxic drugs as well as
increased sensitivity to the treatment with y-radiation by acti-
vating p53-independent apoptotic pathway (Hoffman and
Liebermann, 2008; Meyer et al., 2006).

There is significant enthusiasm from both in vitro as well as
in vivo animal experiments for the use of NF-«B inhibitors as a
new anti-cancer therapy (Baud and Karin, 2009; Madonna
et al,, 2012; Yamamoto and Gaynor, 2001). However, the role
of NF-«B subunits was shown to be diverse in a variety of hu-
man cancers (Dolcet et al., 2005). Thus, current NF-«B inhibi-
tors suffer from unintended effects and non-specificity
(Aggarwal, 2004). Constitutive NF-kB is one of the core survival
mechanisms of B-lymphoma cells infected with EBV or KSHV
(de Oliveira et al., 2010), and inhibition of NF-«B activity results
in spontaneous apoptosis in these virus-associated B-lym-
phomas (Keller et al., 2006). Therapeutically targeting NF-«B
signaling would rely on an understanding of its role in B-cells.
We showed that NSC#10010 and NSC#65381 resulted in activa-
tion of the NF-kB and c-Myc pathways inducing cell death in
these y-herpesvirus infected B-cells. This suggests that strate-
gies aimed at temporal activation of c-Myc and NF-«kB to boost
cell death may be effective for viral-associated hematological
cancers.

The Developmental Therapeutics Program of the US Na-
tional Cancer Institute has tested NSC#65381 against the
L1210 and P388 leukemia mouse models (http://dtp.nci.nih.-
gov/docs/dtp_search.html). In these experiments, NSC#65381
did not reach therapeutic cut-offs for further study. However,
both of these animal models are leukemia models with known
weaknesses as a primary screen for chemotherapeutic agents
(Waud, 2004). Also, neither the L1210 nor the P388 cell lines are
known to carry murine herpesviruses, so these animal models
would not share the virus-associated vulnerabilities that we
are targeting.

We believe that the identified small molecules are prom-
ising leads as treatments against EBV and KSHV-associated
B-cell lymphomas through preferential targeting of the NF-
kB and c-Myc pathways.
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