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ABSTRACT Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiologic agent
of Kaposi’s sarcoma (KS), an AIDS-defining cancer in HIV-1-infected individuals or
immune-suppressed transplant patients. The prevalence for both KSHV and KS are
highest in sub-Saharan Africa where HIV-1 infection is also epidemic. There is no ef-
fective treatment for advanced KS; therefore, the survival rate is low. Similar to other
herpesviruses, KSHV’s ability to establish latent infection in the host presents a major
challenge to KS treatment or prevention. Strategies to reduce KSHV episomal persis-
tence in latently infected cells might lead to approaches to prevent KS development.
The CRISPR-Cas9 system is a gene editing technique that has been used to specifi-
cally manipulate the HIV-1 genome but also Epstein-Barr virus (EBV) which, similar to
KSHV, belongs to the Gammaherpesvirus family. Among KSHV gene products, the
latency-associated nuclear antigen (LANA) is absolutely required in the maintenance,
replication, and segregation of KSHV episomes during mitosis, which makes LANA an
ideal target for CRISPR-Cas9 editing. In this study, we designed a replication-
incompetent adenovirus type 5 to deliver a LANA-specific Cas9 system (Ad-CC9-
LANA) into various KSHV latent target cells. We showed that KSHV latently infected
epithelial and endothelial cells transduced with Ad-CC9-LANA underwent significant
reductions in the KSHV episome burden, LANA RNA and protein expression over
time, but this effect is less profound in BC3 cells due to the low infection efficiency
of adenovirus type 5 for B cells. The use of an adenovirus vector might confer po-
tential in vivo applications of LANA-specific Cas9 against KSHV infection and KS.

IMPORTANCE The ability for Kaposi’s sarcoma-associated herpesvirus (KSHV), the
causative agent of Kaposi’s sarcoma (KS), to establish and maintain latency has been
a major challenge to clearing infection and preventing KS development. This is the
first study to demonstrate the feasibility of using a KSHV LANA-targeted CRISPR-Cas9
and adenoviral delivery system to disrupt KSHV latency in infected epithelial and en-
dothelial cell lines. Our system significantly reduced the KSHV episomal burden over
time. Given the safety record of adenovirus as vaccine or delivery vectors, this ap-
proach to limit KSHV latency may also represent a viable strategy against other tu-
morigenic viruses and may have potential benefits in developing countries where
the viral cancer burden is high.
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Kaposi’s sarcoma (KS) is a soft tissue tumor most commonly found in immunosup-
pressed individuals, such as immunodeficiency caused by HIV-1 or upon immune

suppression in transplant patients (1). KS associating with HIV-1 infection is known as
epidemic KS which is characterized by rapid progression and a wide distribution
involving skin, viscera, and lymph nodes (2). Pleiotropic chemotherapy is the most
common treatment of KS, but the long-term prognosis is generally poor (3). A recent
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study from South Africa had indicated a 2-year survival rate of less than 80% with
chemotherapy or radiotherapy (4). The KS epidemic has run parallel to the HIV-1
epidemic, especially in sub-Saharan Africa where the HIV-1/AIDS epidemic continues
and antiretroviral therapy (ART) has only recently become more widely available (5).

Kaposi’s sarcoma-associated herpesvirus (KSHV) or human herpesvirus 8 (HHV-8) is
the etiologic agent of KS. KSHV DNA has consistently been detected in biopsy samples
from patients with all types of KS, and the virus is also associated with two other
neoplastic disorders, namely, primary effusion lymphoma and multicentric Castleman’s
disease (6, 7). KSHV contains a large double-stranded DNA genome approximately 165
kb in size with approximately 90 open reading frames (ORFs) and can infect multiple
cell types that manifest into different neoplastic manifestations (8). KS, for example, is
primarily associated with KSHV infection of endothelial cells (9–11). The seroprevalence
of KSHV is very high in Africa and parallels the incidence of KS. Studies from our
laboratory, as well as others, indicate that KSHV seroprevalence can be as high as 70%
in a number of African countries (12, 13). Given the millions of KSHV-infected individ-
uals, there is a potential for them to develop KS upon immune suppression. Therefore,
there is an urgent need for strategies to reduce or eliminate KSHV infection from these
individuals before the development of KS.

Similar to other herpesviruses, the replication cycle of KSHV involves both a lytic and
a latent phase. During latency, a reduced repertoire of viral genes, those involved in
immune evasion and maintenance of the viral episome, are expressed. This reduced
expression enables KSHV to establish life-long infection with latent reservoirs that can
sporadically reactivate to lytic viral replication and release of progeny virions (14–17).
Lytic replication leads to viremia and transmission and is correlated with KS develop-
ment (18, 19). Among the latency-related viral genes, the latency-associated nuclear
antigen (LANA) encoded by ORF73 plays a critical role in the maintenance, replication,
and partitioning of the viral episome during mitosis (14, 17, 20, 21). Additionally, LANA
alters several cellular signal pathways, interacts with tumor suppressors, such as p53
and pRb, and suppresses lytic replication (22–27). The seminal importance of LANA in
the maintenance of the viral episome and latency in the infected host makes it an ideal
target for therapeutic modulation, not only for KS patients but also for individuals
latently infected with the virus.

The clustered regularly interspaced short palindromic repeat (CRISPR) coupled with
Cas9 RNA-guided DNA nuclease from Streptococcus pyogenes is a flexible system that
allows precise targeting and editing of specific DNA sequences within organisms when
introduced ectopically (28). CRISPR is composed of a target-specific guide RNA (gRNA)
and a CRISPR-associated endonuclease, such as Cas9, and together it is known as
CRISPR-Cas9. Cas9 is an endonuclease that will only cleave a targeted locus if the gRNA
recognizes and binds to a specific targeted sequence in the DNA. The DNA cleavage
mediated by Cas9 is typically a double-stranded break that is subsequently repaired by
host nonhomologous end joining (NHEJ) (28). The error-prone NHEJ pathway often
results in the addition and/or deletion of nucleotides, leading to random mutations in
the open reading frame of the targeted gene. These mutations can cause an alteration
or loss of function in the resulting protein. Given the tremendous impact CRISPR-Cas9
has had on genome editing, it is not surprising that this technology has been tested
against several latency-prone viruses, such as herpes simplex virus, human papilloma-
virus, and EBV, in attempts to mutate various viral proteins (29–33). Beyond these DNA
viruses, it was recently shown that CRISPR-Cas9 targeting was able to eliminate HIV-1
from human CD4� T cells in vitro, demonstrating the potential of CRISPR-Cas9 systems
in the specific targeting of latent viruses (34). These reports suggested the potential
utility of CRISPR-Cas9 in editing the genes of KSHV, which is a member of the
gammaherpesvirus subgroup along with EBV.

Several in vitro studies had demonstrated that short hairpin RNA (shRNA) silencing
of LANA expression or the transient expression of the mutated LANA protein can
negatively affect KSHV episomal maintenance (35, 36). However, these methods are not
realistic for clinical applications. For example, lentiviral vector delivery of LANA-specific

Tso et al. Journal of Virology

April 2019 Volume 93 Issue 7 e02183-18 jvi.asm.org 2

https://jvi.asm.org


shRNA poses the potential disadvantage of insertional mutation (37). Contrary to
shRNA, the CRISPR-Cas9 system was shown to have high therapeutic potential by
precise editing of their targeted genes in vivo in animal models (38–40). To take
advantage of the power of the CRISPR-Cas9 system for genome editing, we designed
a proof-of-concept approach to test the in vitro efficacy of replication-incompetent
adenovirus type 5 delivery of a novel CRISPR-Cas9 system specifically targeting the
KSHV LANA gene (CC9-LANA). We show here that the CC9-LANA system resulted in
editing of the KSHV LANA gene and a resulting lack of functional LANA protein that
appears to be preventing proper segregation of KSHV episomes during cell replication.
We detected daughter cells without viral episomes and an overall decrease in the KSHV
copy number per cell over time. Our findings suggest that the CC9-LANA system can
indeed target and reduce KSHV latency and should, therefore, be tested further for in
vivo efficacy.

RESULTS
Construction of a replication-incompetent adenovirus type 5 encoding the

KSHV LANA-specific CRISPR-Cas9. To test the feasibility of targeting the KSHV LANA
gene with CRISPR-Cas9, we designed a gRNA specifically targeting the N terminus of
the LANA gene (nucleotide position 139 to 158). This region was selected since any
mutation or deletion here will likely truncate or lead to frameshift of the ORF. The gRNA
was then cloned into a shuttle vector under the control of the human U6 (hU6)
promoter. A separate shuttle vector with expression driven by the human ubiquitin C
(hUBC) promoter, followed by either the gene for the active or inactive form of Cas9
with the sequence for a T2A self-cleaving peptide at its C terminus, and then followed
by the gene for green fluorescence protein (GFP). Although hUBC is a relatively weak
promoter, it was chosen because of its advantages in reducing the off-target effects
that are linked to Cas9 overexpression (41–43). In addition, the lower expression of Cas9
may benefit future in vivo applications by reducing elicitation of host responses against
the Cas9 enzyme. Both the KSHV LANA-specific gRNA and active or inactive Cas9 were
then cloned into the replication-incompetent human adenovirus type 5 vector, and the
recombinant adenovirus encoding either the active (Ad-CC9-LANA) or inactive (Ad-
iCC9-LANA) Cas9 was generated as described in the Materials and Methods (Fig. 1A).

Droplet digital PCR analysis of the effects of CC9-LANA on KSHV episome
burden. To determine the efficiency with which CC9-LANA targeted the N terminus of
the KSHV LANA gene, we designed multiple droplet digital PCR (ddPCR) primers and
probes to detect the gRNA target site and other areas within the LANA gene or the
ORF26 gene, which was not predicted to be affected by editing (Fig. 1B). Probe number
1 shares the same sequence as the targeted site. Probe numbers 2 and 3 are located
within the LANA gene but were outside the targeted region of CC9-LANA, while probe
number 4 is located in the KSHV ORF26 gene (Fig. 1B). These primers and probes
supported the quantification of the impact of CC9-LANA on KSHV episomal copy
number per cell. We envisioned three potentially distinct scenarios for the KSHV
episome in the presence of the CC9-LANA editing complex (Fig. 1C). In the first,
CC9-LANA has no effect, resulting in the KSHV episome remaining as wild type,
unedited, and stable. In this case, all four probes will bind to their respective target
sequences and be detected by ddPCR. The KSHV episomal copy number per cell
derived from the four probes would be similar, reflecting the presence of equimolar
targets (Fig. 1D). In the second scenario, the LANA target site is recognized and cleaved
by CC9-LANA, followed by the introduction of random mutations from the host NHEJ
pathway repairs (Fig. 1C). In this case, probe number 1 will not bind to its target
sequence due to mismatches and, therefore, will not be detected by ddPCR. In contrast,
probe numbers 2, 3, and 4 will bind their respective target sequences and be detected
by ddPCR. A comparison of the KSHV episomal copy number per cell derived from
probe number 1 to the signal derived from probe numbers 2, 3, and 4 will provide the
frequency/efficiency of CC9-LANA-mediated editing (Fig. 1D). In a third scenario, the
targeted site in LANA is recognized and cleaved by CC9-LANA but was not repaired,
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FIG 1 Illustrations of the replication-incompetent adenovirus vector and KSHV episome copy number analysis using droplet digital PCR (ddPCR). All diagrams
are not drawn to scale. (A) Schematic showing the LANA-specific guide RNA and Cas9 expression cassette (CC9-LANA) in the replication-incompetent adenovirus
type 5 vector. (B) Relative locations of the ddPCR amplification primers and probes within KSHV LANA and ORF26 genes. (C) The effects of a functional CC9-LANA
might have on KSHV episome are presented as three hypothetical scenarios. Predicted ddPCR detectability of the respective probes are shown in tables below
each scenario. (D) Example patterns of KSHV episome copy number/cell based on ddPCR analysis that reflects each hypothetical scenarios are shown.

Tso et al. Journal of Virology

April 2019 Volume 93 Issue 7 e02183-18 jvi.asm.org 4

https://jvi.asm.org


resulting in a linearized KSHV episome that will likely be degraded over time (Fig. 1C).
In this case, probe number 1 will not bind to its target sequence since it has been
cleaved. Additionally, probe number 2 will also fail to be detected since its 5= ampli-
fication primer is upstream of the cleaved site in LANA. However, probe numbers 3 and
4 will continue to bind and be detected by ddPCR. This outcome will be detected by
a reduction in signal with probe numbers 1 and 2, relative to the robust detection of
probe numbers 3 and 4 (Fig. 1D).

Dose-dependent CC9-LANA reduction of KSHV latent infection. As mentioned
previously, KS is primarily of endothelial origin. In order to test the effectiveness of
CC9-LANA in reducing the KSHV episome from latently infected cells, we needed
relevant epithelial or endothelial cell lines that harbor latent KSHV. The in vitro models
of KSHV epithelial and endothelial latent infection are limited, with the exception for
Vero219, which is a kidney epithelial line from an African green monkey, Cercopithecus
aethiops. Vero219 cells are stably infected with KSHV and maintain the KSHV episome
in a latent state under puromycin selection (44). Therefore, we selected Vero219 as the
first in vitro model for efficacy testing. To prevent puromycin from killing cells that
might have lost their KSHV episomes due to CC9-LANA editing, it was removed during
all transduction with the recombinant adenovirus and for subsequent culturing of these
cells. We first transduced Vero219 with 10, 50, or 100 multiplicity of infection (MOI) of
Ad-CC9-LANA or Ad-iCC9-LANA. Cells were collected on days 2, 6, and 11 postransduc-
tion. Genomic DNA was extracted, and the effects of active CC9-LANA on the KSHV
copy number were determined in comparison with transductions with inactive CC9-
LANA using ddPCR.

As expected, the overall KSHV episome burden in the cells decreased with time due
to the lack of puromycin selection for the viral genome. At day 2 postransduction, the
mock-transduced cells had an average of �59 LANA and ORF26 copies/cell. This
number was similar among all 4 probes and matched with scenario number 1 with no
effect (Fig. 2A). However, as we had projected, both the LANA and ORF26 copy
numbers decreased significantly in cells transduced with various MOI of Ad-CC9-LANA
compared with that of the respective mock transduced cultures (P values ranged from
�0.0002 to �0.0001) (Fig. 2A). At 100 MOI, the LANA and ORF26 decreased to �48
copies/cell based on signal from probe numbers 3 and 4. This result represented a 19%
reduction of KSHV episome burden in Ad-CC9-LANA versus the respective mock-
transduced culture (percent reduction), as defined in Table 1. Since probe numbers 3
and 4 represent the overall KSHV episome burden, while probe number 2 represents
unedited as well as edited episome, the differences between these probes will indicate
the levels of episomes that were cleaved by CC9-LANA but remain linearized. At 100
MOI, probe number 2 showed �31 LANA copies/cell that represented 35% of linearized
KSHV episome (percent linearized) in the Ad-CC9-LANA-transduced culture, as defined
in Table 1. More importantly, probe number 1 detected only �15 wild-type LANA
copies/cell, suggesting that 69% of the KSHV episomes in Ad-CC9-LANA-transduced
culture (percent edited) at 100 MOI had been targeted and edited by CC9-LANA, as
defined in Table 1. These effects were dose dependent, as demonstrated by a gradual
decrease in episomal copy numbers with increasing MOI (Fig. 2A). In contrast, episomal
copy number remained consistent at �55 copies/cell in cultures transduced with
various MOIs of Ad-iCC9-LANA at the same time points (Fig. 2B). These findings
demonstrate that the decrease in episomal copy number observed with CC9-LANA
indeed resulted from its LANA-targeted editing.

Critically, the remarkable but somewhat modest KSHV episome editing effects
became more pronounced with time. At day 11 postransduction, the mock-transduced
culture had slightly lower KSHV episome burden due to a lack of puromycin selection
but still at an average of �45 LANA and ORF26 copies/cell (Fig. 2A). However, in cells
transduced with Ad-CC9-LANA at 100 MOI, LANA and ORF26 had been reduced to �28
copies/cell, representing 38% reduction (Fig. 2A). Meanwhile, probe number 2 quanti-
fication indicated a further decrease in LANA to 19 copies/cell, representing 32%
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linearized. More importantly, the detection of probe number 1 revealed that only 0.7
copies/cell of wild-type LANA remained, demonstrating 97% edited. The LANA and
ORF26 copy number in cells transduced with various MOIs of Ad-CC9-LANA were
significantly lower than the respective mock cultures at day 11 postransduction (P values
ranged from �0.0003 to �0.0001).

FIG 2 KSHV episome copy number in Vero219 cells transduced with Ad-CC9-LANA or Ad-iCC9-LANA at
10, 50, and 100 MOI over 11 days, as determined by ddPCR. (A) Cells transduced with active CC9-LANA.
(B) Cells transduced with inactive CC9-LANA. Statistical significance relative to respective mock is shown
by vertical *** (P value, �0.0001), vertical ** (P value, 0.0003), and vertical * (P value, 0.0002). Error bars
reflect mean with standard deviation (SD).

TABLE 1 Quantification of CC9-LANA effects on KSHV episome

Effect Formulaa

Percentage reduction of KSHV episome burden in transduced culture relative to the
respective mock (% reduction)

(Mock – P3/P4) � Mock � 100%

Percentage of linearized KSHV episome in transduced culture (% linearized) (P3/P4 – P2) � P3/P4 � 100%
Percentage of KSHV episome edited by CC9-LANA in transduced culture (% edited) (P3/P4 – P1) � P3/P4 � 100%
aMock, average episomal copy number per cell in respective mock-transduced culture based on signals from probe numbers 1, 2, 3, and 4; P3/P4, episomal copy
number per cell in Ad-CC9-LANA- or Ad-iCC9-LANA-transduced culture based on signals from probe numbers 3 or 4; P2, episomal copy number per cell in Ad-CC9-
LANA- or Ad-iCC9-LANA-transduced culture based on signals from probe number 2; P1, episomal copy number per cell in Ad-CC9-LANA- or Ad-iCC9-LANA-
transduced culture based on signals from probe number 1.
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In comparison, cultures transduced with Ad-iCC9-LANA showed a median 42 KSHV
episomal copy number/cell, a quantity that was similar to the mock-transduced culture
at the same time point (Fig. 2B). Interestingly, we noted that the copy number derived
from probe numbers 2 and 3 was lower than that from the more distal probe number
4 (Fig. 2A). The differences may be due to progressive degradation of the linearized
KSHV episome over time. This effect was only observed in cultures transduced with
Ad-CC9-LANA.

Effects of CC9-LANA on KSHV episome burden in 32-day transduced cultures.
Although the transduction of Ad-CC9-LANA demonstrated a significant reduction in
KSHV episome burden in Vero219 within 11 days, it only represented 38% reduction.
We reasoned that Cas9-LANA might require more time to achieve a higher reduction
level due to the high KSHV copy numbers/cell in Vero219. Therefore, we examined the
effects of Cas9-LANA on KSHV episome burden in 32-day transduced cultures of
Vero219, together with its parental Vero cells as a control. In parallel, we also studied
the effects of Ad-CC9-LANA on a human endothelial cell line, L1T2, which was latently
infected with KSHV to serve as the endothelial model (45). The advantages of L1T2 are
that unlike primary cells, which cannot recapitulate the long-term latent nature of KSHV
infection, and unlike Vero219 cells, L1T2 can maintain latent KSHV infection over an
extended period of time without any selective agent, such as puromycin. Moreover,
L1T2 has a low viral copy number/cell that resembles the �2 viral copies/cell found in
KSHV-positive individuals (46). Each cell line (Vero219, Vero, and L1T2) was transduced
with 100 MOI of Ad-CC9-LANA or Ad-iCC9-LANA and cultured for 32 days.

To characterize the effects of CC9-LANA on 32-day transduced cells, the KSHV
episome burden was followed from day 12 postransduction onward. Similar to the
previous 11-day transduction experiment, the Ad-CC9-LANA exerted its function after
transduction, and cumulative reductions in KSHV were detected over the study period.
At day 12 postransduction in the 32-day transduced cultures of Vero219, while the
mock-transduced culture had �44 LANA and ORF26 copies/cell (Fig. 3A), cells trans-
duced with Ad-CC9-LANA already had significantly lower LANA and ORF26 at �14
copies/cell, representing a 68% reduction (Fig. 3A). Quantification with probe number
2 at 13 LANA copies/cell, suggested a 7% linearized, whereas quantification of probe
number 1 (9 wild-type LANA copies/cell) demonstrated 36% edited at this time point
(Fig. 3A). The KSHV episome burden continued to decrease over time. By 32 days
postransduction, while the non-puromycin-selected mock-transduced culture had
spontaneously decayed to 13 LANA and ORF26 copies/cell, the Ad-CC9-LANA-
transduced culture had undergone a 77% reduction with only �3 LANA and ORF26
copies/cell (Fig. 3A). The LANA and ORF26 copy numbers in Ad-CC9-LAN-transduced
cells were all significantly lower than the respective mock cultures (P values, �0.0001).
In comparison, cultures transduced with Ad-iCC9-LANA showed KSHV episome burden
similar to their respective mock-transduced controls (Fig. 3B).

A similar pattern of decreasing KSHV episome burden over time was also observed
in L1T2 transduced with Ad-CC9-LANA. At day 12 postransduction, there was only 68%
reduction compared with the mock-transduced culture. However, quantification of
probe number 1 indicated 86% edited (Fig. 3C). Importantly, an 86% reduction was
realized by day 32 postransduction in the Ad-CC9-LANA-transduced culture, with only
0.2 wild-type LANA copies/cell remaining (Fig. 3C). The LANA and ORF26 copy numbers
in Ad-CC9-LANA transduced cells were all significantly lower than the respective mock
cultures (P values, �0.0001). KSHV episome burden was unchanged in Ad-iCC9-LANA
and mock-transduced controls (Fig. 3D).

To rule out the possibility that the reduction of KSHV episome burden in Ad-CC9-
LANA transduced cultures was due to altered growth kinetics of adenovirus-transduced
cells, we monitored the cell viability of the 32-day adenovirus-transduced cultures over
time. Our data showed similar growth kinetics of Vero, Vero219, and L1T2, irrespective
of transduction status (Fig. 4A to C, respectively). Additionally, since our data showed
a significant reduction in KSHV episome burden over time in both Vero219 and L1T2
cells transduced with Ad-CC9-LANA, we investigated whether the observed reductions
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can be reflected at the LANA mRNA expression level. Changes in LANA mRNA expres-
sion were measured over time with real-time PCR on cDNA from Ad-CC9-LANA versus
Ad-iCC9-LANA or mock-transduced controls. Our data showed a slight increase in LANA
mRNA expression relative to mock-transduced culture before a gradual decrease over
time in Vero219 and L1T2 cells transduced by Ad-CC9-LANA (Fig. 5A). Importantly, both
cell lines showed an �50% reduction of LANA mRNA expression by 32 days postrans-
duction relative to the mock transduced (Fig. 5A). To ensure that these observations are
indeed due to the presence of Cas9 and not spontaneous events, we measured the
Cas9 mRNA expression in both cell lines. Both active and inactive CC9-LANA achieved
high expression levels, and the Cas9 transcripts was still detectable after 32 days of
transduction by Ad-CC9-LANA and Ad-iCC9-LANA (Fig. 5B).

Furthermore, immunohistochemistry (IHC) staining against LANA was performed to
confirm that the reduction in KSHV episome burden and LANA mRNA resulted in a
temporal loss of KSHV-infected cells from the cultures. Cells from 32 days postrans-

FIG 3 KSHV episome copy number in different cell lines transduced with 100 MOI of Ad-CC9-LANA or Ad-iCC9-LANA over 32 days, as determined
by ddPCR. (A) Vero219 transduced with active CC9-LANA. Statistical significance relative to respective mock is shown by vertical * (P value,
�0.0001). (B) Vero219 transduced with inactive CC9-LANA. (C) L1T2 transduced with active CC9-LANA. Statistical significance relative to respective
mock is shown by vertical * (P value, �0.0001). (D) L1T2 transduced with inactive CC9-LANA. Error bars reflect mean with SD.
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duction were allowed to grow in chamber slides for 48 hours before IHC staining for
LANA. Since KSHV LANA is a nuclear protein, positive cells can be identified by brown
punctate staining within the nuclear boundary. Specificity of the anti-LANA antibody
was demonstrated by the lack of LANA staining in uninfected Vero cells (Fig. 6A).
Vero219 that were either mock- or Ad-iCC9-LANA-transduced showed strong LANA
staining with similar number of KSHV-infected cells at 422 and 430 LANA� cells/25
fields at �40 magnification, respectively (Fig. 6B). Whereas, Vero219 transduced with
Ad-CC9-LANA revealed only 64 LANA� cells/25 fields (85% reduction) (Fig. 6B). This
level of LANA protein reduction was consistent with the levels of episomal loss
quantified by ddPCR above. Similar patterns were observed with L1T2 cells that were
either mock or Ad-iCC9-LANA transduced, both showed similar numbers of KSHV
LANA� cells/25 fields at 89 and 73, respectively (Fig. 6C). In comparison, L1T2 trans-
duced with Ad-CC9-LANA had �16 LANA� cells/25 fields (82% reduction) (Fig. 6C). To
further confirm the IHC results, we performed immunoprecipitation for LANA proteins
from Vero219 cells at 32 days postransduction. All the major LANA isoforms were
observed in the samples; importantly, there are less LANA proteins expressed in the
active CC9-LANA than in the mock- and inactive CC9-LANA-transduced cells (Fig. 6D)
(47). These results demonstrated that Ad-CC9-LANA can indeed reduce KSHV latency by
decreasing the number of KSHV episome in latently infected cells overtime.

Lastly, we sequenced the N terminus of LANA in Ad-CC9-LANA-transduced Vero219
at day 4 postransduction and found a mixture of wild-type and mutated LANA.
Importantly, the mutated LANA contained insertion or deletions within the Cas9-
targeted site, resulting in a frameshift of the LANA open reading frame and premature
stop codon (Fig. 7A and B). This result confirms that Ad-CC9-LANA is indeed functional
as it can cleave its intended target site at the N terminus of LANA.

DISCUSSION

The ability of KSHV to establish life-long latent infection has always been a major
roadblock for the long-term treatment success of KS, and LANA is the most critical viral
protein needed for latency and will be a good target for eliminating KSHV latency. Here,
we demonstrated that KSHV latent infections can be reduced by our CC9-LANA system

FIG 4 Growth kinetics of different cell lines in 32 days adenovirus transduction with 100 MOI of Ad-CC9-LANA or
Ad-iCC9-LANA. (A) Vero. (B) Vero219. (C) L1T2.
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delivered by a replication-incompetent adenovirus type 5. In the Vero219 epithelial
cells, a 77% reduction in KSHV episome burden was achieved by day 32 postransduc-
tion. A similar action was observed in the L1T2 endothelial cells, which have achieved
an impressive 86% reduction in KSHV episome burden by day 32 postransduction. The
effectiveness of our Ad-CC9-LANA system is underscored by the fact that KSHV latently
infected cells were exposed to adenovirus transduction for only 4 days initially. Yet, the
effects of Cas9 were early and enduring, as shown by its mRNA expression at day 32
postransduction.

The fate of the KSHV latently infected cells that lost their KSHV episomes is not
known. Our growth kinetic data suggest that losing the KSHV episome will neither
affect survival of the once-infected cells nor their replication kinetics. This is likely

FIG 5 LANA, Cas9, ORF50, and ORF71 transcript levels in Vero219 and L1T2 cells transduced with 100 MOI
of Ad-CC9-LANA or Ad-iCC9-LANA over 32 days. (A) LANA. (B) Cas9. (C) ORF50. (D) ORF71. Transcript level
was relative to the mock transduced from each respective time point. Error bars reflect mean with SD.
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because both Vero219 and L1T2 are immortalized cell lines even before infection by
KSHV. Hence, their survival will not be KSHV dependent. The same reasoning might also
explain the slow spontaneous loss of KSHV episomes in Vero219 in the absence of
selective pressure from puromycin. To address this question, primary human endothe-
lial or epithelial cells immortalized by KSHV will be needed. Currently, such cell line does
not exist, and our study’s ability to address this possibility fully is limited by the
availability of such an in vitro model. However, our study was able to determine the
effects of Ad-CC9-LANA on KSHV episome load. Interestingly, the different episomal
copy number derived from probe numbers 3 and 4 suggests that not all episomes

FIG 6 Cells from 32 days postransduction by 100 MOI of Ad-CC9-LANA or Ad-iCC9-LANA were seeded into chamber slides
and allowed to grow for 2 days before detection of KSHV LANA by immunohistochemistry. (A) Negative controls of Vero
cells stained with normal rat IgG or rat anti-LANA antibody. (B) Vero219 transduced with either mock or inactive or active
CC9-LANA. (C) L1T2 transduced with either mock or inactive or active CC9-LANA. Five times 5 fields of pictures (i.e., 25
pictures) were taken at �40 magnification and digitally stitched for each culture. Red arrows showed examples of LANA�

cells, as indicated by the brown punctate staining within the nuclear boundary. A magnified view was shown at the left
lower corner of Vero219 and L1T2 mock transduced to demonstrate the brown punctate staining of LANA within the
nucleus. (D) Western blot showing LANA protein expression in mock, active CC9-LANA, and inactive CC9-LANA transduced
cells from day 32 samples. KSHV negative Vero cells were used as control. Green color indicates the main LANA isoforms
(indicated by yellow arrows). Red color indicates the protein ladder.
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cleaved by Cas9 were repaired by the host NHEJ pathway. Our data also demonstrated
that KSHV episomes with mutated LANA or linearized episomes were present in latently
infected cells after CC9-LANA treatment but some were eventually degraded by the
host cell. The Ad-CC9-LANA was also tested in BC3 cells, which is a human pleural
effusion B lymphoblast infected by KSHV (Fig. 8A and B). Although a similar decrease
in viral copy number was observed in BC3 cells, the magnitude is much lower than in
Vero219 and L1T2. This is an anticipated result because BC3 cells originated from B cells

FIG 7 LANA mutations in cells from 4 days postransduction by 100 MOI of Ad-CC9-LANA. (A) Nucleotide sequences alignment of the wild-type LANA with those
derived from Ad-CC9-LANA-transduced culture. The Cas9 targeted site at the N terminus of LANA gene is highlighted by the red box. (B) Amino acid sequence
alignment of the wild-type LANA with those derived from Ad-CC9-LANA-transduced culture. Sequences above the horizontal lines are wild type and below are
mutated sequences. The Cas9 targeted site at the N terminus of LANA gene is highlighted by the red box. *, stop codon.

FIG 8 KSHV episome copy number in BC3 cells transduced with Ad-CC9-LANA or Ad-iCC9-LANA at 10, 50, and 100 MOI over 11 days, as determined by ddPCR.
(A) Cells transduced with active CC9-LANA. (B) Cells transduced with inactive CC9-LANA.
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and do not express the receptor for adenovirus type 5, limiting transduction efficiency.
Moreover, BC3 cells contain an extremely high viral copy number of �150 copies per
cell. In comparison, the KSHV copy number in actual KS tumor samples ranged from
0.21 to 17.16 copies per cell (48).

Since Cas9 and NHEJ exert their functions on DNA rather than mRNA, the mRNA
expression of a targeted gene should not be directly impacted, and any decrease in
mRNA would be a result of the decrease in its template DNA level. This pattern was
observed in our study with a gradual decrease in both the DNA and mRNA level of
KSHV LANA over time, with the exception that LANA mRNA expression slightly in-
creased after adenovirus transduction for about 12 days before gradually decreasing in
both Vero219 and L1T2. The actual cause for this observation is not clear, although
some studies had suggested that LANA can positively regulate its own expression (49,
50). We hypothesized that when the functional LANA protein level decreased as a result
of Cas9, the KSHV episome became untethered from the host chromosomes which
increased the accessibility of the LANA promoter to cellular transcriptional machineries
and resulted in a higher level of LANA transcripts. Additionally, LANA was reported to
repress lytic replication (25). Interestingly, we did not detect any significant increase
in lytic gene ORF50 transcripts, but lower transcript expression of another latency-
related gene, ORF71, in all transduced cultures (Fig. 5C and D). Importantly, the
untethered KSHV episomes would be lost eventually during cell replication, resulting in
less KSHV episome burden and LANA mRNA expression. More studies will be necessary
to decipher the complex effects that untethering the KSHV episome from host chro-
mosome might have on viral gene expression.

Lastly, the choice of replication-incompetent adenovirus as the delivery vector of
our CC9-LANA system was based on its safety over lentiviral vectors. First, adenovirus
does not integrate into the host genome, thereby increasing its safety against inser-
tional mutations. Second, adenovirus is a DNA virus which will not have mutations due
to reverse transcription. Third, adenovirus will avoid the formation of replication-
competent lentiviruses in the presence of wild-type HIV-1, which is a possibility if a
lentiviral vector is used in HIV-1-positive patients or animal models. The numerous
serotypes of adenoviruses also provide multiple options for overcoming their high
seroprevalence among the general population and cell tropism. For instance, a chim-
panzee adenovirus had already been used in vaccine design against other human
viruses (51).

In conclusion, this is the first study that demonstrated the possibility of reducing
KSHV latency with a CC9-LANA system deliverable by an adenovirus type 5 vector.
Despite the high rate of reduction in KSHV episome burden achieved by our system in
KSHV latently infected cells, we believe its efficiency can be further improved. Work on
the second generation of this system with higher efficiency is under way.

MATERIALS AND METHODS
Cell cultures. HEK293 cells were a gift from Eric Weaver. L1T2, Vero, and BC3 cells were obtained

from ATCC (number VR-1802, number CCL-81, and number CRL-2277, respectively). HEK293, L1T2, and
Vero cells were maintained in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (P/S). BC3 cells were maintained in RPMI with 20% FBS and 1% P/S.
Vero219 cells were a gift from Jeffrey Vieira (44) and were maintained in DMEM with 10% FBS, 1% P/S,
and 6 �g/ml of puromycin. Puromycin was removed during adenovirus transduction. All cells were
maintained at 37°C in a 5% CO2 incubator.

Construction and preparation of adenovirus vector. The gRNA targeting the N terminus of the
LANA gene (5=-CATGTCGCCGACTCCGTCGA-3=) was designed using the optimized CRISPR design tool
(41). An oligonucleotide representing the N terminus LANA-specific gRNA was synthesized (Integrated
DNA Technologies) and cloned into the phU6-gRNA plasmid (a gift from Charles Gersbach; Addgene
number 53188) that expresses the S. pyogenes scaffold gRNA from the human U6 promoter (52). The
resulted plasmid phU6-NLana encodes an N terminus LANA-specific gRNA under the control of the
human U6 promoter. The active form of the human-optimized S. pyogenes Cas9 endonuclease was
encoded in a separate plasmid, pLV-hUbC-Cas9-T2A-GFP, and an inactive form of the human-optimized
S. pyogenes Cas9 endonuclease was encoded in a separate plasmid, pLV-hUbC-dCas9-T2A-GFP (gifts from
Charles Gersbach; Addgene numbers 53190 and 53191, respectively) (52). To express both the N terminus
LANA-specific gRNA and active or inactive form of Cas9 in the same construct, the hU6-NLana and
hUbC-Cas9/dCas9-T2A-GFP insert fragments were subcloned into a shuttle vector, pFUW (a gift from
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David Baltimore; Addgene number 14882) (53). Finally, the N terminus LANA-specific gRNA and active or
inactive form of Cas9 were PCR amplified from the shuttle vector using Q5 high-fidelity (HF) DNA
polymerase (New England Biolabs) and cloned into the Adeno-X promoterless vector (Clonetech). The
adenovirus type 5 vector encoding the N terminus LANA-specific gRNA and active (Ad-CC9-LANA) or
inactive (Ad-iCC9-LANA) form of Cas9 were then linearized and transfected into HEK293 cells to generate
replication-incompetent adenoviruses, according to the manufacturer’s protocol (Clonetech). Adenovirus
was harvested by multiple freeze and thaw cycles. The virus titer was determined on HEK293 cells at 72
hours posttransduction by counting GFP-positive cells and calculated using the standard Reed Muench
method.

Adenovirus transduction and growth kinetics. For 11-day adenovirus transduction, 1 � 104

Vero219 cells per well were seeded into a 96-well plate with DMEM, 10% FBS, 1% P/S, and 6 �g/ml of
puromycin at 24 hours before transduction. A total of 1 � 104 BC3 cells per well were also seeded into
a 96-well plate with RPMI, 20% FBS, and 1% P/S at 24 hours before transduction. On the day of
transduction, the old medium was removed and either 10, 50, or 100 MOI of Ad-CC9-LANA or Ad-iCC9-
LANA was added to the cells without puromycin. The mock culture received only growth medium
without puromycin. The 96-well plate was then spun at 400 � g for 20 minutes at room temperature
before incubation at 37°C in a 5% CO2 incubator. For 11-day adenovirus transduction, the cultures were
not split and the adenovirus was continuously present until days 2, 6, or 11 postransduction when the
cells were washed and harvested for genomic DNA extraction.

For 32-day adenovirus transduction, 2 � 105 Vero, Vero219, or L1T2 cells per well were seeded into
a 12-well plate with their respective growth medium at 24 hours before transduction. On the day of
transduction, the old medium was removed and 100 MOI of Ad-CC9-LANA or Ad-iCC9-LANA was added.
Puromycin was removed from the Vero219 cultures from this time point onward. The mock culture
received only growth medium without puromycin. The 12-well plate was then spun at 400 � g for 20
minutes at room temperature before incubation at 37°C in a 5% CO2 incubator. At day 4 postransduction,
the old medium was removed and cells were washed with PBS and fresh medium without adenovirus
was added. The 32 days adenovirus-transduced cultures were split, samples were collected, and viability
was monitored by Vi-CELL XR cell viability analyzer (Beckman Coulter) every 4 days.

ddPCR. Genomic DNA was extracted from the sample using a Gentra Puregene kit following the
manufacturer’s protocol (Qiagen). ddPCR was carried out as previously described using the respective
primers and probes (Table 2) (54). The collected data were analyzed with QuantaSoft version 1.3.2.0
(Bio-Rad). Cell number was determined with the same procedure, except that primers and probes were
changed to target either monkey or human �-globin gene. Each sample was performed in triplicate.
Statistical analysis (unpaired t-test) was performed using GraphPad Prism 5 (GraphPad Software).

Real-time PCR. Total RNA was extracted from the sample using miRNeasy mini kit (Qiagen)
according to the manufacturer’s protocol and treated with DNase I. The cDNA was generated with
random 9 nonamers and measured with a Qubit ssDNA assay kit (Invitrogen). Real-time PCRs were
prepared using iQ SYBR green supermix according to the manufacturer’s protocol (Bio-Rad). Each PCR
contained 15 ng of cDNA with primer pairs for monkey or human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), LANA, Cas9, ORF50, or ORF71 (Table 3). The PCRs were performed using the
QuantStudio3 instrument (Applied Biosystems). All samples were measured in duplicates. The respective
GAPDH was used as an internal standard for each target gene. The RNA transcript level for each target
gene was presented as relative quantification (RQ) as defined by 2	ΔΔCT using the comparative cycle
threshold (ΔΔCT) method as previously described (55).

Immunohistochemistry and immunoprecipitation of LANA. A total of 5 � 105 cells collected from
day 32 postransduction were seeded into 4-well chamber slides in growth medium without puromycin.
The slides were washed and fixed in 4% paraformaldehyde at 48 hours postseeding. The fixed slides were
washed and incubated in 0.3% H2O2 methanol solution for 30 mins at room temperature. The slides were
then washed and incubated in sodium citrate solution for 15 mins at 98°C, cooled to room temperature,

TABLE 2 Primers and probes for ddPCR

Primer or probe Sequence (5= to 3=)a

Forward primer for probes 1 and 2 AGCCACCGGTAAAGTAGGAC
Reverse primer for probes 1 and 2 GATGTGACCTTGGCGATGAC
Probe 1 FAM-CATGTCGCCGACTCCGTCGA-BHQ1
Probe 2 HEX-TGCTGGCAGCCCGGATG-BHQ1
Forward primer for probe 3 GTGTTGTGGCCTAGCTTTCG
Reverse primer for probe 3 CGCGAATACCGCTATGTACTC
Probe 3 HEX- TCTATCTGTCTGTAAGGGACCGGTGG-BHQ1
Forward primer for probe 4 CGAATCCAACGGATTTGACCTC
Reverse primer for probe 4 CCCATAAATGACACATTGGTGGTA
Probe 4 FAM-CCCATGGTCGTGCCGCAGCA-BHQ1
Forward primer for monkey �-globin probe CTAGCAACCTCAGACACCATGG
Reverse primer for monkey and human �-globin probes TCCACGTTCACCTTGCCC
Monkey �-globin probe HEX-CTCCTGAGGAGAAGACTGCCGTTACCACC-BHQ1
Forward primer for human �-globin probe CAACCTCAAACAGACACCATGG
Human �-globin probe HEX-CTCCTGAGGAGAAGTCTGCCGTTACTGCC-BHQ1
aFAM, 6-carboxyfluorescein; BHQ1, black hole quencher 1; HEX, hexagonal peroxisome.
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and washed and blocked with 10% normal goat serum for 30 mins at room temperature. After washing,
the slides were incubated with rat monoclonal anti-LANA antibody LN35 (Abcam) at 1:25 with blocking
solution at 4°C overnight. The next day, the slides were washed and incubated with goat biotinylated
anti-rat IgG (Vector Labs) at 1:100 with blocking solution for 1 hour at room temperature. The slides were
stained with a Vectorstain ABC kit (Vector Labs) and DAB solution (Dako) according to the manufacturer’s
protocol. Counterstain was performed using hematoxylin. The stained slides were then air-dried and
rinsed twice in xylene solution for 5 mins each. Finally, Cytoseal 60 (Thermo Scientific) and a coverslip
were added to the slides. A negative control was performed using normal rat IgG (Vector Labs) and rat
monoclonal anti-LANA antibody LN35 with mock-transduced Vero cells. The slides were examined under
�40 magnification with a Nikon Eclipse 50i microscope. Five times 5 fields of pictures (i.e., 25 pictures)
were taken with a Nikon DS-Fi3 color camera and stitched and counted using NIS Advanced Elements
(Nikon). For immunoprecipitation and Western blot of LANA, Vero219 cells collected from day 32
postransduction were cultured in T-25 flasks until confluent. Cells were collected and lysed with
radioimmunoprecipitation assay (RIPA) lysis buffer containing a proteinase inhibitor cocktail. Cellular
debris was removed, the amount of total protein was measured by Pierce BCA protein assay (Thermo
Scientific), and 400 �g of total protein per sample was used for LANA immunoprecipitation with rat
monoclonal anti-LANA (LN35) (Abcam). To detect LANA on Western blot, rat monoclonal anti-LANA
(LN35) (Abcam) was used at 1:100 as the primary antibody. For the secondary antibody, goat anti-rat IgG
800CW (Li-Cor Biosciences) was used at 1:10000. The LANA isoforms were visualized with a Odyssey
infrared imager (Li-Cor Biosciences).

Sequencing of LANA. The N terminus of LANA was PCR amplified from the genomic DNA of
Ad-CC9-LANA-transduced culture at day 4 postransduction with primers (5=-ACTGCGTGGGTGGCAATG-3=
and 5=-TACTGCAGCCTGCTACTGTGTG-3=) and Sanger sequenced by Eurofins Genomics.
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