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ARTICLE INFO ABSTRACT

Since it was discovered as the first human tumor virus in 1964, Epstein-Barr Virus (EBV) is now implicated in
several types of malignancies. Accordingly, certain aspects of EBV pathobiology have shown promise in anti-
cancer research in developing virus-targeting methods for EBV-associated cancers. The unique role of EBV nu-
clear antigen 1 (EBNAL) in triggering episome-dependent functions has made it as the only latent gene to be
expressed in most EBV + neoplasms. Dimeric EBNA1 binds to the replication origin (oriP) to display its biolo-
gical impact on EBV-driven cell transformation and maintenance. Hence, EBNA1/oriP has been made an ideal
drug target site for anti-EBV protocol development. GAP31 protein was originally isolated from the seeds of an
ancient medicinal plant Gelonium multifiorum. Although GAP31 has been shown to exhibit both anti-viral and
anti-tumor activity, current understanding of the mechanistic picture underlying GAP31 functioning is not clear.
Herein, we identify the EBNA1 DNA-binding domain as a core for GAP31 binding by performing affinity pull-
down assays. Recombinant GAP31 (rGAP31) was shown to impair EBNA1-induced dimerization; consequently, it
abrogated both EBNA1/oriP-mediated binding and transcription. Importantly, the therapeutic effects of GAP31
showed its capability to abrogate EBV-driven cell transformation and proliferation, and EBV-dependent tu-
morigenesis in xenograft animal models. Notably, the EBNA1 binding-mutant rtGAP31g16a/r1694 Simply exhibits
defective phenotypes in the above-mentioned studies. Our data suggest rGAP31 is a potential anti-viral drug
which can be applied to the development of therapeutic strategies against EBV-related malignancies.
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1. Introduction

Epstein-Barr virus (EBV) is one of the most common human viruses
that prevalently infect the adult population worldwide. The oncolytic
potential of EBV has led to its causal links to several types of human
lymphotropic and epitheliotropic neoplasms (Elgui de Oliveira et al.,
2016). Transformation of B cells by EBV in vitro provides an assisted
model system to study virus-induced pathogenesis and tumorigenesis
(Liu et al., 2012; Roychowdhury et al., 2004). EBV-driven cell pro-
liferation of B lymphocytes depends on a specific set of latency-asso-
ciated nuclear antigens (EBNA), integral membrane proteins (LMPs),
and non-coding RNAs (Longnecker et al., 2013). Among viral latent
genes, only nuclear antigen 1 (EBNA1) is expressed in nearly all EBV
+ neoplastic cells, while others are restricted to distinct types of dis-
orders, resulting into three classical latency-associated expressing pat-
terns (Price and Luftig, 2015; Reedman and Klein, 1973). EBNA1l

displays a diverse functional profile to support EBV persistence in host
cells via binding to the cognate elements residing within the latent
replication origin (oriP), including episome maintenance, viral and
cellular transcription, and cell proliferation (Frappier, 2015). The
EBNA1-DNA binding domain (DBD) induces dimerization when bound
to oriP (Bochkarev et al., 1996; Frappier and O'Donnell, 1991); subse-
quently, it promotes the formation of a stable pre-initiating complex to
couple with cellular factors to activate downstream events (Frappier,
2012a, b; Frappier et al., 1994).

Although it has been more than fifty years since the discovery of
EBV, there is still no specific anti-viral drug for treating EBV-related
cancers. The clinics mainly rely on the use of radiation and/or che-
motherapy to treat EBV-associated malignancies; however, the presence
of EBV frequently leads to poor prognosis (Leao et al., 2007; Shin et al.,
2011; Song et al., 2005; Yoshimori et al., 2015). The fact that no EBNA1
ortholog has been identified implies a great specificity, and a reduction
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in side effects will be seen when EBNA1 inhibitors are applied for
cancer therapy. In particular, inhibitors with the capability to interrupt
EBNA1/oriP-dependent functions are conceptually considered as po-
tential anti-EBV drugs (Chen et al., 2014, 2016; Sun et al., 2010;
Thompson et al., 2010). Cumulative evidence supports that EBNA1
expression has a role in promoting metastasis and cancer cell pro-
liferation (Frappier, 2015). The above features highlight the potential
use of EBNA1 as the drug target for anti-EBV compound discovery.

The anti-viral protein, GAP31 (Gelonium Anti-HIV Protein, 31 kDa),
which belongs to the family of ribosomal inactivation protein (RIP),
was first known from the plant toxin gelonin and its novel anti-HIV
activity was subsequently identified (Lee-Huang et al., 1991; Stirpe
et al., 1980). GAP31 has been shown to elicit antiviral activities against
HIV integration and Herpes simplex virus 1 (HSV1) infection
(Bourinbaiar and Lee-Huang, 1996; Lee-Huang et al., 1995). Never-
theless, the mechanisms underlying GAP31-mediated antiviral response
remain unknown. In addition to eliciting potent anti-tumor activity in
cell-based studies, GAP31 also effectively debilitates tumorigenesis in-
duced by xenograft breast cancer cells in SCID mice (Lee-Huang et al.,
2000; Rybak et al., 1994).

The capability of GAP31 to selectively target virus-infected cells or
tumor cells has highlighted a potential application of this protein in
medical use. Nevertheless, the mechanistic insights underlying GAP31
functioning requires further explanation. In this study, we identify the
specific binding of GAP31/EBNAL1 and the potent anti-EBV activity of
GAP31 is intensively characterized using cell-based studies and tumor
xenograft mouse models.

2. Materials and methods
2.1. Expression plasmids, mutagenesis, and recombinant protein production

The synthetic cDNA of GAP31 (Genomics Inc, Taiwan) was used as
the template for PCR. The DNA fragments encompassing the flanking
sequences of GAP31 were subcloned into the BamHI and Xhol sites of
the N-terminal Flag-epitope-tagged expression vector pSG5-Flag (Peng
et al., 2004), or the BamHI and EcoRI sites of the bacterial expression
vectors pGEX2TK (GE health care) and pTrcHisA (Thermo Fisher Sci-
entific), respectively. The selected GAP31 or FEBNA1 mutants were
generated using PCR mutagenesis kit (New England BioLabs). The
EBNA1 derivative plasmids for bimolecular fluorescence com-
plementation assay (BiFC) and the production of His-tagged or Glu-
tathione S-transferases (GST)-fused GAP31 recombinant proteins were
described previously (Chen et al., 2014; Peng et al., 2004).

2.2. Cell lines, cell culture, and EBV infection

BJAB is a B lymphoma cell line (Takimoto et al., 1986), AKATA(+)
and AKATA(—) are Burkitt's lymphoma cell lines with EBV or without
EBV infection (Takada et al., 1991). Lymphoblastoid cell lines (LCLs)
are the resulting products from in vitro EBV mediated transformation of
B cells. 293T is the derivative of human embryonic kidney 293 cells
containing the SV40 T-antigen. The experimental procedures for pri-
mary B cells isolation, virus infection, cell culture, and EBV infection
have been described previously (Shen et al., 2016).

2.3. Cell transfection and luciferase activity reporter assays

The protocol for cell transfection-mediated EBNA1l-dependent
transcription assays was described previously (Shen et al., 2016). In a
cell-based reporter assay, 107 BJAB cells were co-transfected with 10 pg
of the FEBNAL1 expression vector, 5 ug of oriP-Luc reporter plasmid, and
1pug of CMV-f Gal internal control plasmid, or 100 ng of GAP31/or
mutant expression vector. In the control group, 10 pug of the EBNA2
expression vector, 5 ug of LMP1-Luc reporter plasmid, and 1 pg of CMV-
B Gal internal control plasmid were used for transfection. When
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recombinant GAP31 proteins were applied, each transfectant was
treated with indicated amounts of His-tagged GAP31 (rGAP31)/or
E166A/R169A mutant (rGAP31m) for 16 h before the luciferase assay
was conducted. Fold activation produced by each transfectant was de-
termined as the luciferase activity corrected by the B-Gal activity. For
293T cells, the calcium phosphate transfection protocol was employed
(Jordan et al., 1996).

2.4. Protein binding, DSS crosslinking, and immune blot analyses

GST, GST-GAP31 (gGAP31), or GST-GAP31m (gGAP31m) was
mixed with cell lysates expressing FEBNA1 followed by an M2 (flag
epitope)-conjugated sepharose mediated immunoprecipitation proce-
dure. In the GST pulldown assay, gGAP31/or gGAP31m was used as the
bait protein to pull down cell lysates expressing FEBNA1/or mutant
derivatives, or EBNA2. For studying EBNAl-mediated homotypic in-
teraction, eGFP, EBNA1 and FEBNA1 were co-transfected into BJAB
cells with the treatments of selected amounts of rGAP31 or rGAP3m
followed by immunoprecipitation using M2-sepharose beads. To access
EBNA1 mediated dimerization, FEBNA1-expressing cell lysates were
pretreated with GST, rGAP31, or rGAP31m for 2 h followed by 2h of
crosslinking using 1 mM disuccinimidyl suberate (DSS) prior to per-
forming M2-flag immune-precipitation. The streptavidin agarose-
mediated pulldown assay has been described previously (Chen et al.,
2014). Antibodies for Flag-epitope M2 antibody (F3165; Sigma), GST
(B14; Santa Cruz), His-tag (HIS.H8; Merck Millipore), EBNA1 (6F9/60;
Novus Biologicals), EBNA2 (MABES8: Merck Millipore), Actin (C4; Santa
Cruz) and GAPDH (2D4A7; Novus Biologicals) were used for immune
blot analysis.

2.5. Long-term cell viability and BiFC assays

Cells were plated in duplicate in 24-well plates at a density of
5 x 10%/0.5 mL in 24-well plates with increasing amounts of rGAP31 or
rGAP31m treatment for 15 days. The medium was refreshed and re-
plenished every three days with the same supplements. Cell numbers
were counted every three days using Cellometer Vision CBA
(Nexcelom). The BiFC signal was determined as % of fluorescent cells
from the transfected population using above Cellometer.

2.6. Tumor xenograft studies, intratumoral injections, and
immunohistochemistry (IHC)

Cells derived from LCL1 were used to prepare inoculums (5 x 10°/
100 pl) for a tumor xenograft study. Inoculums were treated with the
selected concentrations of each recombinant protein for 72h before
subcutaneous (SC) injection was done. Six-week-old female NOD-SCID
mice (Tzu Chi University Laboratory Animal Center) were used for SC
injection into lower abdominal quadrants. The tumor sizes were cal-
culated using the formulation V = (L x W?2)/2, where V is the tumor
volume, W is the tumor width, and L is the tumor length. Intratumoral
injections using rGAP31/or rGAP31m were done twice a week from
four to six post-weeks of tumor cell injection (pwi). The xenograft tu-
mors produced in NOD SCID mice remained slightly different in size
(total volume); thus we first calculated each tumor size independently.
We then prepared the same volume of rGAP31 for each tumor before
performing intratumoral injections. By doing so, we ensured that the
amount of injected rGAP31 versus tumor volume was maintained at a
constant ratio of 1:1. This experimental design allowed the injected
rGAP31 to elicit almost the same effects to the tumors with varied sizes.
All animal experiments were conducted under a protocol approved by
the Tzu Chi University Institutional Animal Care and Use Committee.
Xenograft tumor samples were isolated and fixed with 4% paraf-
ormaldehyde and subjected for an IHC-paraffin protocol using EBNA1
specific antibody (Abcam).
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2.7. Statistical analysis

All statistical data were expressed as the mean + standard devia-
tion. Whenever necessary, statistical significance was determined by
Student's t-test with P value < 0.05 (*), whereas P value > 0.05 (—|—)
means that no effect was observed.

3. Results
3.1. GAP31 down-regulates EBNA1/oriP-mediated transcription

Although both antiviral and antitumor activities of GAP31 have
been documented in several studies, it remains unknown whether
GAP31 has anti-EBV activity. Two well-established plasmid-mediated
reporter systems were first used to rapidly screen the potential effects of
GAP31 on either EBNAl-or EBNA2-dependent transcription of luci-
ferase (Harter et al., 2016; Shen et al., 2016). GAP31 is a member of the
RIP family, which is known to possess three conserved motifs within the
protein context (Moghadam et al., 2016). Each codon of the selected
conserved residues, Y74 (Motif I), Y113, E166/R169 (Motif II), and
W198 (Motif III) was replaced by the alanine codon to generate four
GAP31-derived expression plasmids, designated Y74A, Y113A, E166A/
R169A, and W198A, respectively (sFig. 1A). The above plasmids were
first used to assess their effects on either EBNA1/oriP-Luc or EBNA2/
LMP1-Luc-mediated transcription in a cell-based transfection platform.
Among GAP31 variants, transfected Y74A or W198A inhibited 50-70%
of EBNA1/oriP-Luc-mediated transcription while Y113A and E166A/
R169A had no effect (sFig. 1B). None of the GAP31-derived plasmids
affected EBNA2/LMP1-Luc dependent transcription (sFig. 1C). As it
only requires 100 ng of transfected GAP31 plasmid to produce robust
effects on EBNA1/oriP-Luc-mediated transcription, such plasmid-ex-
pressed GAP31 is below the detectable limits by Western blot analysis.
We next used recombinant GAP31 proteins, rGAP31 and GAP31m, to
confirm the above findings (Fig. 1A). Treatments with 0.08-0.32 nm
rGAP31 caused a 30%-80% reduction of EBNA/oriP-Luc induced
transcription, whereas rGAP31m had no effect (Fig. 1B). In addition,
neither rGAP31 nor rGAP31m exhibited potent inhibition to EBNA2/
LMP1-Luc mediated transcription (Fig. 1C). Altogether, our data sug-
gest GAP31 has specific effects on EBNA1/oriP-dependent functions.

3.2. Both EBNA1 DBD and GA domains are important for GAP31 binding

The observed repressive effects of GAP31 on EBNA1/oriP-Luc
mediated transcription inspired us to explore whether GAP31/EBNA1 is
linked via protein-protein interactions by performing protein pulldown
assays (Fig. 2A). First, similar amounts of GST, gGAP31, or gGAP31m
were used as bait proteins to pull down endogenous EBNA1 from an
LCL. Approximately 0.5% of EBNA1l was rGAP31-bound while
rGAP31m-bound EBNA1 was largely reduced to ~0.1% (Fig. 2A). GST
did not appear to interact with EBNA1 and none of the above bait
proteins was EBNA2-bound. In another set of protein-binding assays,
we showed that the M2-Flag epitope (for FEBNA1) precipitated about
0.5% of gGAP31 and a slightly low amount of gGAP32m, whereas GST
was not FEBNA1-bound (Fig. 2B-C). Advanced analysis showed that the
deletion mutant of a glycine alanine-rich domain (aa. 90-325), AGA,
completely lost gGAP31 binding, whereas AIM (387-459) remained
gGAP31 bound (Fig. 2D). The C-terminal DBD is known to mediate
EBNA1 homotypic interaction, thus cells with transfected FEBNA1,
ADBD, or DBD were further used for the GST pulldown assay. The
gGAP31 exhibited genuine protein interaction to FEBNA1 or DBD while
it lost the capability to bind ADBD (Fig. 2E). Although DBD alone
supported a low degree of binding to rGAP31, it required GA to
maintain the interaction with rGAP31 in the context of whole EBNA1
protein. Moreover, the protein binding of gGAP31m to FEBNA1 or DBD
was also identified while it was largely reduced to less than 10% of
gGAP31's intrinsic binding activity. Altogether, our data indicate that
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Fig. 1. rGAP31 impedes EBNA1/oriP-mediated transcription. (A) Affinity
purification of His-tagged or GST-fused GAP31 and GAP31m. The purified
proteins were verified by coomassie blue staining (left), and Western blot using
His-tagged epitope (middle) or GST specific antibody (right). (B) BJAB cells
transfected with FEBNA1 expression vector, oriP-Luc reporter plasmid, and (3-
Gal internal control were treated with indicated amounts of rGAP31 or
rGAP31m for 24 h followed by a luciferase activity assay. The immune blots for
FEBAN1 and actin were shown. For here and all following studies, re-
presentative p < 0.05(*) indicates significant differences between rGAP31-
treated and control group, whereas p > 0.05(-|-) means that no effect was
observed. (C) The same above protocol was performed with the use of the
EBNA2 expression vector and the LMP1-Luc reporter plasmid.

both DBD and GA are important for binding to rGAP31.

3.3. Blocking of EBNA1-mediated dimerization by GAP31 leads to
abrogation of EBNA1/oriP binding

According to EBNA1-DBD-mediated dimerization, which is a gen-
eral requirement for EBNA1/oriP-dependent functions (Bochkarev
et al., 1996; Frappier, 2012a), we next explored whether GAP31 affects
EBNA1 dimer formation. DSS mediated cross-linking of intracellularly
expressed FEBNA1 was done after the pretreatments of rGAP31,
rGAP31m, or GST. Without DSS, immune-precipitated FEBNA1 ap-
peared in a monomeric format when it was resolved by SDS-PAGE and
immune blot, whereas only dimeric FEBNA1 was observed when the
cross-linking was done (Fig. 3A-B). Pretreatments with rGAP31 from
0.04 to 0.64 nm caused increasing degrees of FEBNA1 dissociation from
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Fig. 2. Both EBNA1 GA and DBD domains are important for GAP31
binding. (A) GST, gGAP31, or gGAP31m was used as bait proteins to pulldown
cell lysates from an LCL. The immune blot for the precipitated proteins and bait
proteins were shown. 2% input of each target protein was shown. (B) Schematic
diagrams of FEBNA1 and its mutant derivatives. (C) GST, gGAP31, or gGAP31m
was mixed with FEBNA1 expressed cell lysates and subjected for M2-sepharose
mediated immunoprecipitation assay. The immune blots for 2% input and co-
precipitated proteins were shown (D) gGAP31 bound agaroses were used to pull
down FEBNAL, its mutant derivative, or EBNA2 (control) from cell lysates. The
amounts of bait, co-precipitated, or input proteins were identified by Western
blot. (E) GST, gGAP31, or gGAP31m was used as a bait protein to pull down
plasmid expressed FEBNA1, DBD, and ADBD from the transfected cell lysates,
respectively. 2% input of EBNA1 was shown. The relative binding activity of
each prey (FEBNALI or its mutant derivatives) to bait (GST or GST-GAP31 fu-
sions) proteins was verified by Western blot and quantified by Image J.

the dimeric complex by 5%-100%, whereas 0.32 and 0.64 nm
rGAP31m blocked ~20% and ~70% of FEBNA1-induced dimerization
(Fig. 3C). In contrast, 0.04-0.16 nM rGAP31m had no blocking activity.
In the co-immunoprecipitation assay, 0.32nM rGAP31 completely
blocked the homotypic interaction mediated by FEBNA1/EGFP-EBNA1
while the same dose of rGAP31m only exhibited 50% blocking activity
of rGAP31 (sFig. 2A). The in vivo effects of rGAP31 on EBNA1 homo-
typic interaction were next monitored by a BiFC assay. Treatments with
rGAP31 by 0.08, 0.16, and 0.32nM caused 55%, 78%, and 82% re-
duction of the BiFC signal, whereas the same treatments of rGAP31m
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Fig. 3. GAP31 impairs EBNA1 dimer formation and EBNA1/oriP binding.
(A) Cell lysates from FEBNA1 stably expressed BJAB cells were treated with
indicated amounts of GST, gGAP31, or (B) gGAP31m followed by a DSS cross-
linker protocol. FEBNA1 was immunoprecipitated by M2-sepharose.
Monomeric or dimeric FEBNA1 was identified by Western blot. D:dimer versus
M:monomer. (C) The proportion of EBNA1 dimer versus monomer in each
sample was shown. (D) Bio-oriP or Bio-LMP1p was mixed with FEBNA1 ex-
pressed lysates treated with 0.64 nM GST or indicated amounts of rGAP31 or
rGAP31m. Streptavidin-conjugated agaroses were used to precipitate above
biotin-labeled DNA. The amounts of DNA bound FEBNA1 was determined by
immune blot analysis and quantified by Image J.

caused BiFC reduction by 7%, 23% and 42% (sFig. 2B). In the control
group, we showed EBNA2-induced BiFC was barely impaired by
0.08-0.32 nM rGAP31, resulting in a ~1-~10% reduction of the BiFC
signal (sFig. 2C). Taken together, the three different protein-oligomer-
ization analytic platforms confirm that GAP31 is indeed an antagonist
for EBNA1-mediated dimerization.

Given the maintenance of EBNAl-dimer is directly linked to
EBNA1/oriP binding, a streptavidin-agarose pulldown assay was next
employed to evaluate the blocking effects of GAP31 to the above event
(Chen et al., 2014). Treatments by rGAP31 from 0.08 to 0.32 nM were
inhibited by 30%-100% while rGAP31m from 0.08 to 0.64 nM resulted
a 5%-80% reduction of FEBNA1 binding to the biotin-labeled oriP-DNA
(bio-oriP)(Fig. 3D). In contrast, 0.64nM GST had no blocking effect.
The Biotin-labeled LMP1-promoter (Bio-LMP1p) did not show any
binding potency to FEBNAL. Our data demonstrate that the inhibitory
effects of GAP31 to EBNA1 dimerization readily lead to interruption of
downstream EBNA1/oriP binding.
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Fig. 4. GAP31 debilitates EBV dependent cell growth. (A) The cell proliferation assay was conducted using three LCLs (LCL1-3), BJAB B lymphoma cells, and two
Burkitt's lymphoma cell lines: AKATA(+) vs. AKATA(—). Equal numbers (5 x 10%/0.5 mL) of cells were seeded in 24-well plates with the treatments of rGAP31 from
0 to 0.32nM. Cell numbers were counted every three days. (B) The same cell proliferation assay was performed except the rGAP31 was replaced by rGAP31m.

3.4. rGAP31 impairs EBV-driven cell proliferation

The blocking effects of GAP31 to EBNA1/oriP-dependent functions
are expected to impair EBV-driven cell proliferation. Along with this
line, three LCLs, EBV-negative BJAB B lymphoma cells, Burkitt's
Lymphoma-derived EBV positive AKATA(+), and EBV-negative
AKATA(—) cells with the treatments of 0.08-0.32 nM GAP31 or
rGAP31m were subjected to cell proliferation assays. The rGAP31
caused similar defective phenotypes in three LCLs and AKATA(EBV +)
cells (Fig. 4A). The 0.08 nM rGAP31 was partially impaired while 0.16
and 0.32 nM rGAP31 caused approximately 70% and 90% reduction of
cell proliferation by day 15. Notably, rGAP31 from 0.08 to 0.32 nM had
either none or minor effects to BJAB and AKATA(-—) cells. The
rGAP31m had limited influence on cell growth of LCL3 or AKATA(+)
when 0.16 or 0.32 nM was applied, whereas all of the selected doses did
not change the proliferating patterns of other cell lines (Fig. 4B).

3.5. rGAP31 elicits robust anti-viral activity against EBV-mediated cell
transformation and tumorigenesis

The potent EBNA1-targeting activity of GAP31 was next validated
for its effects on EBV- mediated transformation and tumorigenesis. In

an in vitro EBV-driven B cell transformation assay, 0.08 and 0.32nM
rGAP31 inhibited ~30% and ~60% EBV-driven transformation out-
growth by 18 days of post-infection (dpi), whereas the above event was
completely abrogated by 0.64nM rGAP31. The rGAP31m impaired
~30% of EBV-induced outgrowth at 0.64 nM while it only produced
barely detectable blocking activity when 0.08-0.32 nM was used. In the
absence of EBV infection, no rGAP31/or rGAP31m treatments caused
deleterious effects on the maintenance of primary B cells (sFig. 3A).
Given LCLs were shown as good material sources for studying EBV-
induced tumorigenesis [(Roychowdhury et al., 2004) and Fig. 5B], the
anti-cancer activity of GAP31 was evaluated using the tumor xenograft
NOD/SCID mouse model. LCL-derived xenograft tumors firstly ap-
peared at approximately 4 pwi, which were verified by their expression
of three EBV-latent genes (EBNA1, EBNA2, and LMP1) and by EBNA1
IHC staining (Fig. 5C). According to the treatments of rGAP31 or
rGAP31m from 0.08 to 0.64nM did not impair LCL growth by three
days (Fig. 4A), cells pretreated with GST control, rGAP31, or rGAP31m
for 72 h were utilized for SC injection. Surprisingly, all LCL inoculums
with pretreatments of rGAP31 from 0.08 to 0.64 nM failed to produce
xenograft tumors (sFig. 3B). Tumor sizes were gradually reduced from
0.85 to 0.3 cm® at eight pwi when LCL inoculums were pretreated with
0.08-064 nM rGAP31m (sFig. 3C). The anti-tumor activity of rGAP31
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Fig. 5. GAP31 blocks EBV-mediated transformation and EBV-induced tu-
morigenesis. (A) Primary B cells with the treatments of rGAP31 (left) or
rGAP31m (right) from 0.08 to 0.64 were used for EBV mediated transformation
outgrowth. EBV driven B cell proliferation was monitored from O to 18 dpi. (B)
NOD-SCID mice were subcutaneously injected with LCL1, xenograft tumors
were calculated and isolated from mice weekly from seven to ten pwi. (C) Solid
tumors were isolated and applied for IHC analysis using EBNA1 specific anti-
body or IgG control. (D) Intratumoral injections with indicated amounts of
rGAP31 or rGAP31m were performed twice per week from four to six pwi.
Tumor sizes were calculated weekly from seven to ten pwi. Tumors were iso-
lated at ten pwi and examined.

was further evaluated by intratumoral injection. LCL-induced solid tu-
mors were injected with indicated amounts of the GST control (a total
of five injections), GAP31, or rGAP31m twice a week from 4 to 6 pwi
(Fig. 5D). Intratumoral treatments with 0.32 and 0.64nM rGAP31
caused a reduction of tumor sizes from approximately 1.8 to 0.8 and
0.4 cm®, whereas 0.64 nm rGAP31m simply caused ~10% reduction of
tumor sizes by 10 pwi.

4. Discussion

Among the currently known human tumor viruses, EBV appears as a
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grant challenge in anti-cancer development because neither effective
vaccines nor drugs are clinically available. The development of novel
methods for either targeting EBV-latent or lytic proteins is an urgent
medical need. Binding of EBNA1 dimers to the cognate element is a
prerequisite for EBNA1/oriP-dependent functions (Ceccarelli and
Frappier, 2000), thus inhibition of EBNAl-mediated dimerization or
blocking of EBNA1/oriP binding should lead to virtual cleaning out of
EBV from host cells. The high throughput screening platforms for small
molecules or organic compounds in anti-EBNA1 drug discovery reflect a
great potential of using virus-targeting strategies to fight against EBV-
related diseases (Choi et al., 2015; Gianti et al., 2016; Li et al., 2010b).

Apart from its ribosomal inactivation functions, RIPs catch most
attraction for their use in antibacterial, antifungal, anti-cancer, and
anti-virus research (Stirpe, 2013; Zhu et al., 2018). Currently, RIPs are
divided into three major categories, type I to IIl, according to their
physical property (Zhu et al., 2018). RIPs have been shown to elicit
potent anti-cancer activity, primarily dependent on their capability to
induce apoptosis in a variety of cancer cells (Zeng et al., 2015).
Nevertheless, the mechanistic insight of RIP-mediated anti-viral re-
sponse is largely unknown. The members of type I RIP, GAP31, and
MAP30 (Momordica anti-HIV protein of 30 kDa), have been shown to
exhibit inhibition of HIV-1 integrase via their intrinsic DNA glycosidase
activity (Lee-Huang et al., 1995; Li et al., 2010a). The apparent lack of a
lectin-like B chain moiety in type I RIPs is expected to produce lower
toxicity than Type II RIPs due to poor entry capability. The use of a
100 ng-transfected GAP31 plasmid DNA can cause a 60% reduction of
EBNA1/oriP-Luc-mediated transcription, indicating an extremely low
dose of the compound is sufficient to elicit EBNA1-targeting activity as
soon as it is introduced into cells. The EBNA1 targeting potency of
rGAP31 further highlights its application in EBV associated malig-
nancies. The EBNA1 dependence proliferation of EBV+ AKATA cells
has been well characterized (Sun et al., 2010). Since we did not observe
any significant difference in cell proliferation for EBV+ versus EBV-
AKATA cells, the observed specific effects of rGAP31 on EBV+ AKATA
versus EBV- AKATA cells are more likely due to its EBNA1 targeting
activity.

Recent advances in structural analysis and molecular modeling re-
vealed that the EBNA1-DBD binding mutant GAP31g166a,r1694 IS Pre-
dicted to possess null DNA accessibility (Li et al., 2010a). The specific
protein-protein interaction mediated by GAP31 and EBNA1-DBD is
likely due to their innate structural features which are well-suited for
DNA binding. Our findings suggest that RIPs may have evolved as a
structurally-fitted moiety to associate with certain viral proteins pos-
sessing DNA binding features. The binding of GAP31 to monomeric
EBNA1-DBD could ultimately change its conformation or occupy its
docking site to prevent the binding from another EBNA1 molecule. Our
study highlights a minimum use of rGAP31 by 0.32-0.64 nM is sulffi-
cient to shut down nearly all EBNAl/oriP-dependent functions. Of
importance, these doses of rGAP31 ultimately produce robust biological
impacts to block EBV-mediated transformation and tumorigenesis. The
unique binding affinity of GAP31 to EBNA1-DBD and its low toxicity to
virus-uninfected cells or normal cells are expected to immensely reduce
undesired side effects (Bourinbaiar and Lee-Huang, 1996; Lee-Huang
et al., 1995), implying a great potential to use GAP31 in anti-EBV drug
development.

It should be noted that the direct use of rGAP31 in clinics may not
be feasible since it remains unclear how rGAP31 mediates entry into
cells. As we have demonstrated that rGAP31 only requires
0.32-0.64nM to completely block EBNAl-dependent functions, this
implies rGAP31 likely has evolved a specific strategy for cell targeting
through recognizing receptors or surface proteins. By far, the working
model of GAP31l-mediated anti-viral response has been well-char-
acterized in HIV. A GAP31 peptide with N-terminal 33 amino acids is
sufficient for HIV inhibition (Lee-Huang et al., 1994), whereas our
study suggested that GAP31 motif II is the critical module for EBNA1-
blocking activity. It can be expected that GAP31-driven anti-viral
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response is mechanistically different from virus to virus. Knowing
GAP31-mediated protein binding to EBNA1 from a structural aspect
will be a critical requirement prior to using rGAP31 for potential clin-
ical use. If the minimum EBNA1-binding domain or short peptide can be
identified, the above materials can be carried by nano-particles/or
small molecules for the development of cell type-specific delivery tools.
Of importance, knowing how to ensure those rGAP31 derived protein-
or peptide-drugs can exhibit good EBV targeting activity after delivery
into cells is a critical concern. With a proper design of the rGAP31
delivery complex for specific targeting, it will also reduce severe side
effects caused by current use of chemotherapy in lymphomas.
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