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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) latently infects host cells and establishes
lifelong persistence as an extra-chromosomal episome in the nucleus. To persist in prolifer-
ating cells, the viral genome typically replicates once per cell cycle and is distributed into
daughter cells. This process involves host machinery utilized by KSHV, however the under-
lying mechanisms are not fully elucidated. In present study, we found that N-Myc down-
stream regulated gene 1 (NDRG1), a cellular gene known to be non-detectable in primary B
cells and endothelial cells which are the major cell types for KSHV infection in vivo, was
highly upregulated by KSHYV in these cells. We further demonstrated that the high expres-
sion of NDRG1 was regulated by latency-associated nuclear antigen (LANA), the major viral
latent protein which tethers the viral genome to host chromosome and plays an essential
role in viral genome maintenance. Surprisingly, knockdown of NDRG1 in KSHYV latently
infected cells resulted in a significant decrease of viral genome copy number in these cells.
Interestingly, NDRG1 can directly interact with proliferating cell nuclear antigen (PCNA), a
cellular protein which functions as a DNA polymerase clamp during DNA replication. Intrigu-
ingly, we found that NDRG1 forms a complex with LANA and PCNA and serves as a scaffold
protein bridging these two proteins. We further demonstrated that NDRG1 is critical for
mediating LANA to recruit PCNA onto terminal repeat (TR) of KSHV genome, and facilitates
viral DNA replication and episome persistence. Taken together, our findings suggest that
NDRG1 plays an important role in KSHV viral genome replication, and provide new clues for
understanding of KSHV persistence.
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Author summary

KSHYV latently infects cells and establishes lifelong persistence, but the underlying mecha-
nisms of this process has not been fully elucidated. Here, we find a novel host protein
NDRG1 is highly up-regulated by KSHV infection and the viral protein LANA is essential
in this process. NDRG1 is a multiple functional protein, but the role in KSHV infection
remains unknown. Our findings show that NDRGI functions as a scaffold protein that
forms a complex with PCNA and LANA, thereby helping LANA load PCNA onto the
viral genome and facilitating the replication and persistence of KSHV. Since NDRGL is
non-detectable in primary B cells and endothelial cells, which are the major cell types sus-
ceptible to KSHYV infection in vivo, NDRG1 might be a candidate of therapeutic target for
inhibition of KSHV persistence in malignant cells.

Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV), a human oncogenic DNA gammaherpes-
virus, is known for its causal association with human cancers, including endothelial-derived
Kaposi’s sarcoma (KS), a B cell malignancy named primary effusion lymphoma (PEL), and a
plasmablastic form of the B lymphoproliferative disorder named multicentric Castleman dis-
ease (MCD) [1-4]. KSHYV infection of host cells is predominantly latent, and the virus estab-
lishes lifelong persistence of its genome in proliferating cells, which contributes to
tumorigenesis. During latency, KSHV exists as a circular extrachromosomal episome tethered
to the host chromosome [5-8]. To persist in cells, KSHV typically replicates once, accompa-
nied by host replication, and is distributed into daughter cells along with the host chromo-
somes [5,6,8-12]. KSHV-positive PEL cells, such as BCBL1, BC3, and JSC1, are cultured cell
lines established from KSHV-infected PEL samples, and there are multiple copies of viral epi-
somes in these cells, ranging from approximately 50 to 200 per cell. The copy number of the
KSHYV genome remains constant with cell division, suggesting that there are mechanisms by
which KSHYV persists in these cells.

KSHYV utilizes various viral and cellular factors for perpetuation in host cells. An indispens-
able viral factor is the latency-associated nuclear antigen (LANA), one of the few viral proteins
expressed during latency, which is required and sufficient for KSHV episome persistence in
the absence of other viral genes. LANA, encoded by the KSHV open reading frame 73
(ORF73), is an 1162-amino-acid protein. This protein tethers viral episomes to cellular chro-
mosomes and ensures episomal DNA replication during each cell division event and segrega-
tion of viral DNA into progeny nuclei [6,8,10,11,13]. The C terminus of LANA directly binds
to the KSHV latent replication origin-terminal repeat (TR) DNA to mediate viral DNA repli-
cation [5,8,14-19]. The N terminus of LANA interacts with the host chromosome and is criti-
cal for the efficiency of LANA-mediated viral DNA replication and episome persistence [20-
24]. However, LANA lacks the enzymatic activity required for DNA replication. To achieve
this function, LANA recruits numerous cellular replication factors, such as the origin recogni-
tion complex (ORC1-6), replication factor C (RFC), minichromosome maintenance complex
(MCM), topoisomerase II beta (Topoll beta), structure-specific recognition protein 1 (SSRP1),
and proliferating cell nuclear antigen (PCNA) [19,23,25-28].

PCNA is a DNA clamp that is highly conserved in eukaryotic species and is essential for
DNA replication, acting as a processivity factor for DNA polymerase epsilon. PCNA encircles
the DNA and executes its processivity as a scaffold, enrolling proteins that participate in DNA
synthesis or repair [29-31]. Recently, it was found that PCNA is loaded onto the KSHV TR
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region by LANA, which is a rate-limiting step in viral DNA replication [23]. The recruitment
by LANA of PCNA for loading onto the KSHYV latent replication origin allows increased effi-
ciency of viral replication and persistence. Although LANA does not interact with PCNA
directly, this antigen recruits PCNA via several adaptors, such as the replication factor RFC
and the cellular mitotic kinase Bubl, to assist viral replication and persistence during latency.
Depletion of REC or Bub1 has a negative impact on LANA’s ability to replicate and maintain
viral episomes in KSHV-infected cells or in cells containing the TR plasmid, thus leading to
loss of virus [23,27].

To investigate how KSHYV utilizes cellular factors to maintain viral persistence during
latency, we compared primary rat embryonic metanephric mesenchymal precursor cells (MM
cells) and KSHV-immortalized MM cells (KMM cells) [32] and identified a host protein,
named N-Myc downstream regulated gene 1 (NDRG1), that was distinctly upregulated in
KMM cells. NDRGI is a multifunctional protein that is involved in cell growth, differentiation,
development, stress response, etc. [33-35]. However, whether NDRGI associates with KSHV
during infection and plays a role in KSHV persistence has not yet been determined. NDRGI is
widely expressed in numerous human tissues but is nondetectable in certain cell types, such as
primary B cells and endothelial cells [36]. Remarkably, the prevailing view is that KS is derived
from endothelial cells and that PEL is derived from B cells that are permissive to KSHV infec-
tion [37,38], suggesting that KSHV might specifically upregulate NDRGI in these cells to facil-
itate infection. In this study, we demonstrated that NDRG1 is highly expressed in KSHV-
positive cells, including KSHV-infected KS and PEL cells. We further demonstrated that the
high expression of NDRGI in KSHV-positive cells is induced by KSHV infection and that
LANA is essential for promotion and maintenance of NDRG1 expression in KSHV-infected
cells. Surprisingly, knockdown of NDRGI dramatically reduces the viral copy numbers and
leads to loss of viral genomes in cells latently infected with KSHV. Interestingly, we found that
NDRGI directly interacts with PCNA and that NDRG1 also forms a complex with LANA and
PCNA. We further showed that NDRGI acts as a scaffold protein, mediating the recruitment
of PCNA by LANA onto the KSHV TR, leading to the promotion of viral DNA replication and
episome persistence during latency.

Results
NDRG1 is highly expressed in KSHV-positive cells

KSHYV utilizes various cellular factors to persist in proliferating host cells [10,11]. To investi-
gate the underlying mechanisms, we performed RNA-seq, microarray analysis and iTRAQ to
identify factors that may affect the persistence of viral latency using primary rat embryonic
MM cells and KMM cells as a pair of uninfected and KSHV-infected cells, respectively [32].
We performed an integrative analysis of transcriptomic and proteomic changes and screened
out a series of differentially expressed candidate genes. Thirty-two genes (S1 Table) were iden-
tified as being differentially expressed at both the RNA and protein levels by comparing the
microarray and iTRAQ databases. Fifty-seven genes (S2 Table) were generated by assessing
the RNA-seq and iTRAQ data, and seventeen genes (S3 Table) were screened out by analyzing
the microarray, RNA-seq, and iTRAQ databases (Fig 1A). To verify the candidates, we tested
these genes in KMM and MM cells via gPCR (S1 Fig). Surprisingly, we found that a cellular
gene named NDRG1, known to be nondetectable in primary B cells and endothelial cells,
which are permissive to KSHV infection [37], was significantly upregulated in KMM cells at
the RNA level (Fig 1B). Consistently, NDRG1, which was detected approximately 43kDa, was
markedly upregulated in KMM cells at protein level, while it was non-detectable in MM cells
(Fig 1B). These results proved that NDRGL is at higher levels in KSHV-positive KMM cells
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Fig 1. NDRGI is highly expressed in KSHV positive cells. (A) Venn diagram showing the overlaps of differentially expressed
candidate genes in KMM and MM cells. (B) NDRG1 expression in KMM and MM cells was measured by qPCR (left) and western
blotting (right). qPCR data were normalized to endogenous actin expression and were shown as mean+SD, n = 3, **p<0.01. (C)
NDRGI expression in KSHV positive human B cells (BCBL1, BC3, and JSC1) and KSHV negative human B cells (DG75, Raji, Loukes,
and Ramous) was detected by qPCR (left) and western blotting (right). The RNA level of NDRG1 was normalized to endogenous
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actin in each group, and the NDRG1 level in BCBLI cells was set as 1.0. Data were shown as mean + SD, n = 3. (D) Expression of
NDRGI and LANA were detected in consecutive sections of KS tissues and normal skin tissues by immunohistochemistry.
Representative images of the IHC staining were shown. Scale bars represent 50 um. (E) Immunofluorescence staining of KS tissue and
normal skin tissue sections were performed. Green color indicates NDRGI, red color indicates LANA, and blue color indicates cell
nuclei. Scale bars represent 25 pum.

https://doi.org/10.1371/journal.ppat.1007628.g001

than in KSHV-negative MM cells, indicating that NDRG1 might play a role in viral
persistence.

We next tested the endogenous expression level of NDRG1 in KSHV-positive human PEL
cell lines (BCBL1, BC3, and JSC1), which were established from KSHV-infected PEL tissue
samples [39-41], and KSHV-negative human B lymphoma cell lines (DG75, Raji, Loukes, and
Ramous). The results were consistent with those observed in rat cells. NDRG1 was highly
expressed in all KSHV-positive B cells but barely detected in KSHV-negative B cells at both the
RNA and protein levels (Fig 1C). Given that NDRG1 is known to be nondetectable in primary
B cells [36], the results suggested that the presence of NDRG1 in KSHV-positive cells might be
important for persistent KSHV infection in not only rat cells but also human cells.

We further examined NDRG1 expression in KSHV-positive KS tumor samples and KSHV-
negative normal skin tissues by immunohistochemical assays. LANA is one of the major latent
viral proteins expressed in KS spindle cells [37,38], so we used LANA as a marker to monitor
the KSHV-positive cells in KS tissues. As expected, no LANA staining was observed in normal
skin tissues. NDRG1 is usually expressed in the basal cells of the epidermis but not in the cells
of the dermis. In contrast to normal skin tissues, there were strong signals for NDRGI in the
dermal cells of the KS tissues, which also stained positive for LANA (Fig 1D). To further con-
firm this result, we performed a double staining assay for both NDRG1 and LANA in the same
KS tissue sample section. NDRG1 staining was observed in cells that stained positive for
LANA (Fig 1E). These results strongly suggest that the elevated expression of NDRGI in
KSHV-positive cells is correlated with KSHV infection and that NDRG1 may play a critical
role in the persistence of viral latency.

NDRGI expression is upregulated by KSHV infection

Although NDRG1 is highly expressed in KSHV-positive cells, whether the expression of this
protein is induced by KSHV infection is not clear. To explore this effect, primary human
umbilical vein endothelial cells (HUVECs) were infected de novo with KSHYV virions, and the
expression of NDRG1 was examined 48 hr post infection (hpi). We found that the RNA level
of NDRG1 in the KSHV-infected group was upregulated approximately 10-fold compared to
that in the mock group (Fig 2A). The protein level of NDRG1 in KSHV-infected HUVECs was
markedly increased, while NDRGI protein was slightly or barely detectable in the mock
HUVECs (Fig 2A), indicating that KSHV infection leads to substantial enhancement of
NDRGI expression in cells. To confirm these results, SLK cells were infected de novo with
KSHYV virions under similar conditions. Similarly, distinct augmentation of NDRG1 expres-
sion at both the RNA and protein levels was observed in KSHV-infected SLK cells compared
to mock SLK cells (Fig 2B). These results confirmed that KSHV infection significantly upregu-
lates NDRGI expression in cells.

To further ascertain whether KSHV-induced NDRG1 was dependent upon KSHV gene
expression rather than KSHYV virion proteins or only the cellular stress response, HUVECs
were subjected to infectious KSHV virions or UV-inactivated virions. Previous studies have
demonstrated that UV-inactivated KSHV virion particles do not lessen the ability of the viri-
ons to bind or enter host cells, but the virions do so without viral gene expression [42-44].
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Fig 2. NDRG]1 is up-regulated by KSHV infection. (A) HUVECs were infected with or without KSHV virions
(MOI,10), and were collected at 48 hpi. The RNA and protein expression levels of NDRG1 were monitored by qPCR
(left) and western blotting (right). (B) SLK cells were infected with or without KSHV virions (MOL 5), and cells were
subjected to qPCR (left) and western blotting (right) at 48 hpi. The efficiency of infection of HUVEC and SLK with
KSHV were shown in S2 Fig. (C and D) HUVECs were infected with or without alive KSHV and UV-inactivated
KSHYV virions (MO], 10), and were collected at 6, 24, and 48 hpi. The RNA levels of NDRG1 were detected by qPCR
(C) and the protein levels at 48 hpi were examined by western blotting (D). LANA protein is 1162 amino acid in length
and 220-230 kDa in size. Doublet bands of LANA in western blots are expected. (E and F) SLKs were infected with or
without KSHV and UV-KSHYV virions (MO], 5), and were collected at 6, 24, and 48 hpi. The RNA levels of NDRG1
were detected by gPCR (E) and the protein levels at 48 hpi were examined by western blotting (F). qPCR data were
normalized to endogenous GAPDH expression and were shown by the fold change compared to mock. Data were
shown as mean + SD, n = 3. **p<0.01, ***p<0.001.

https://doi.org/10.1371/journal.ppat.1007628.9002

Here, we assessed the RNA levels of NDRG1 in cells 6, 24, 48 hpi via qQPCR. As shown in Fig
2C, a gradual increase in NDRG1 mRNA levels was observed in the live KSHV-infected group,
while barely and changes in NDRG1 mRNA expression were observed in the UV-inactivated
KSHYV group. We also measured the protein levels of NDRG1 in cells 48 hpi. Consistent with
the RNA levels observed, the NDRG1 protein could be detected in live KSHV-infected cells
but was barely expressed in UV-inactivated KSHV-infected cells or mock cells (Fig 2D). The
efficiency of infection of cells with KSHV is shown in S2 Fig and the protein level of LANA
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could be detected in KSHV-infected cells (Fig 2D), indicating KSHV de nove infected success-
fully. These data suggest that KSHV viral gene expression activates the expression of NDRGI.

To further confirm this hypothesis, SLK cells were also infected de novo with UV-inacti-
vated KSHYV virions and live KSHV virions under similar conditions. The results were similar
to those obtained in HUVECs. The RNA levels of NDRGL in SLK cells could be activated and
increased by KSHYV infection, while the levels remained unchanged in UV-inactivated KSHV-
infected cells (Fig 2E). The protein levels of NDRG1 in SLK cells infected with UV-inactivated
KSHYV and live KSHV at 48 hpi were determined, and the results showed again that high
expression signals could be detected in only KSHV-infected cells, not UV-inactivated KSHV-
infected cells (Fig 2F). All these data indicated that KSHV viral gene expression, rather than
virion proteins or the cellular stress response, activates the expression of NDRG1 during
KSHYV infection.

LANA is essential for upregulation of NDRG1 expression in KSHV-
infected cells

The above results demonstrated that the products generated by KSHV genes regulate the
expression of NDRG1. Next, we sought to identify the viral protein that regulates NDRG1
expression. The latent phase of KSHYV is characterized by the expression of a limited number
of viral genes. LANA is the most abundant viral protein expressed during latency and is
required for various vital functions for persistence of KSHV infection [45]. Hence, we specu-
lated that LANA might be responsible for regulating the expression of NDRGL. To test this
possibility, we first investigated the role of LANA in the maintenance of NDRGI expression.
We silenced LANA in KSHV-infected SLK cells via RNA interference. Indeed, the expression
of NDRG1 was greatly decreased when LANA expression was knocked down (Fig 3A), which
is consistent with the result in PEL cells (S3 Fig) In addition, the NDRG1 mRNA level was sig-
nificantly decreased, which was accompanied by reduction of LANA expression (Fig 3A).
These data suggested that LANA plays a role in maintaining NDRGI expression.

Next, we explored the role of LANA in the induction of NDRGI in KSHYV infection. For
this purpose, we first constructed two stable SLK cell lines expressing SLK-shcon and SLK-
SshLANA. The purified KSHV virus was used to infect these two stable cell lines, and NDRG1
was detected at both the protein and RNA levels. The efficiency of infection of SLK-shcon and
SLK-shLANA cells with KSHV were shown in 5S4 Fig. Gradual augmentation of NDRG1
expression was observed in the SLK-shcon group, and the peak NDRG1 level was observed at
48 hpi, along with an increase in LANA expression, during KSHV infection (Fig 3B). However,
NDRGI failed to be induced sufficiently when LANA was inhibited in SLK-shLANA cells (Fig
3B), suggesting that LANA plays a key role in inducing NDRG1 during KSHV infection.

To further validate these results, SLK cells were infected with KSHV and LANA-depleted
KSHYV [46] or were not infected. Similarly, NDRG1 expression was not induced at the protein
level when LANA was eliminated (Fig 3C), although the RNA level of NDRG1 was slightly
enhanced compared with that in uninfected cells (Fig 3C), suggesting that LANA is responsible
for inducing NDRG1 during KSHV infection.

Taken together, these results demonstrate that LANA plays an essential role in the upregu-
lation of NDRG1 expression.

Silencing NDRGI1 results in highly deficient viral episome persistence

To explore the role of NDRG1 in KSHYV infection, we knocked down endogenous NDRGI in
KMM cells. KMM cells were transduced with a lentivirus containing two specific shRNAs (sh-
NDRG1-1# and sh-NDRG1-2#) and a control shRNA (sh-control), followed by selection. The
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Fig 3. LANA is essential for upregulation of NDRG1 in KSHYV infected cells. (A) KSHV-infected SLK cells were
stably transduced with lentiviruses containing a LANA RNA interference plasmid (shLANA) or a vector plasmid
(shcon) and were named KSHV-SLK-shcon and KSHV-SLK-shLANA, respectively. The expression of NDRG1 and
LANA were detected by western blotting (left) and qPCR (right). (B) SLK cells were stably transduced with lentiviruses
containing a sShLANA plasmid or a shcon vector plasmid and were named SLK-shcon and SLK-shLANA, respectively.
SLK-shcon and SLK-shLANA cells were infected with purified KSHV virus (MOL5) and the efficiency of infection of
cells were shown in S4 Fig. The expression of NDRG1 and LANA at 0, 12, 24, 36, and 48 hr post-infection were
detected by western blotting (up panel) and qPCR (lower panel). (C) SLK cells were infected with or without the wild-
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type (WT) or the LANA-depleted (LANA-stop) KSHV (MOI, 5) and harvested at 48 hr post-infection. The protein
levels of NDRG1 and LANA were measured by western blotting (left). The RNA level of NDRG1 was determined by
qPCR (right). qPCR data were normalized to the level of endogenous GAPDH in each group. Data were shown as
mean * SD, n = 3, *p<0.05, **p<0.01, ***p<0.001.

https://doi.org/10.1371/journal.ppat.1007628.9003

NDRGI expression were greatly decreased in KMM-shNDRG1-1# and 2# compared with
KMM-shcon (Fig 4A).

Because the previous data indicated that NDRG1 may play a critical role in the persistence
of viral latency, we hypothesizes that the expression of viral genes might be changed in the
absence of NDRG1 expression. We checked the transcriptional levels of a representative latent
gene (LANA) and a lytic gene (RTA) in KMM-shNDRGI cells. Surprisingly, both LANA and
RTA levels were significantly diminished upon the reduction of NDRG1 levels in KMM cells
(S5 Fig), indicating that NDRG1 might regulate the KSHV DNA levels, thereby simultaneously
affecting both latent and lytic gene expression at the RNA level. To validate this hypothesis, we
assessed the DNA levels of the viral genomes in KMM cells approximately 20 days after
NDRG1depletion in KMM cells by gPCR. The results showed that the DNA levels of TR,
LANA, and K9 in KMM-shNDRGT cells were markedly lower than those in KMM-shcon cells
(Fig 4B). We further assessed the DNA levels of the viral genomes at days 1, 5, 10, and 20 after
NDRGI knockdown in KMM cells. There was a distinct loss of KSHV episomal genomes in
the absence of NDRGI, whereas KSHV episome levels remained relatively stable in the control
cells (Fig 4C). To obtain direct evidence, we performed fluorescence in situ hybridization
(FISH) analysis. Indeed, the FISH results showed that the levels of TR DNA, a region on the
KSHYV viral genome, were decreased in the NDRG1 knockdown KMM-shNDRGTI cells (56
Fig). These findings suggested that silencing NDRG1 hampers viral genome persistence in
cells latently infected with KSHV.

To further verify this phenomenon, we examined the effect of NDRG1 downregulation on
the maintenance of viral episomes in BCBL1, which is a PEL cell line latently infected with
KSHV. We constructed stably transfected BCBL1 cell lines, including BCBL1-shcon,
BCBL1-shNDRGI-1#, and BCBL1-shNDRG1-2#. NDRG1 expression in BCBL1-shNDRG1
cells was successfully reduced (Fig 4D). Indeed, the DNA levels of the intracellular viral
genomes were decreased in BCBL1-shNDRGT cells, which were tested approximately 20 days
after NDRG1depletion in cells (Fig 4E). As LANA colocalizes with KSHV episomes on chro-
mosomes in PEL cells [6], we also detected LANA by immunostaining to determine the
changes in viral episomes. In NDRG1 knockdown cells, the LANA dots were significantly
reduced, and the percentage of cells containing LANA dots was approximately 30% in
BCBL1-NDRGI-1# and approximately 12% in BCBL1-NDRG1-2# compared with
BCLB1-shcon cells (Fig 4F). Taken together, these results demonstrated that inhibition of
NDRGI in KSHV-infected cells results in greatly decreased persistence of the KSHV genome
and suggested that NDRGI plays a role in the maintenance of the viral genome in KSHV-
infected cells.

NDRG1 directly interacts with the DNA polymerase clamp PCNA

To explore the potential mechanism by which NDRG1 regulates the persistence of viral epi-
somes during KSHYV latency, we performed tandem affinity purification/mass spectrometry
(TAP-MS) to identify proteins that interact with NDRG1. Strep-FLAG (SF)-tagged NDRG1
was expressed in KSHV-positive iSLK.RGB cells. Then, the cell lysates were subjected to affin-
ity purification with streptavidin beads, followed by immunoprecipitation (IP) with FLAG M2
beads (Fig 5A). The purified eluates were analyzed by MS. Several nucleoproteins, shown in S4
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Fig 4. Silencing NDRGl1results in highly deficient viral episome persistence. (A) The knockdown efficiency of NDRG1 in KMM-shNDRG1 cells were
determined by western blotting. (B) The viral genomes in KMM-shNDRG1 and KMM-shcon cells were extracted and measured by qPCR and normalized to
the copy number of the GAPDH gene. The relative viral genomic copy number in the vector group was set as 1.0. Data were shown as mean + SD, n = 3,
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*p<0.05, **p<0.01, ***p<0.001. (C) Loss of KSHV genomes from KMM-shNDRG1 and KMM-shcon cells was monitored at each time point. (D) The
knockdown efficiency of NDRG1 in BCBL1-shNDRGI cells. (E) The DNA levels of viral genomes in BCBLI cells in the presence or absence of NDRG1
detected by qPCR and normalized to the copy number of the GAPDH gene. The relative viral genomic copy number in the vector group was set as 1.0. Data
were shown as mean + SD, n = 3, *p<0.05, **p<0.01, ***p<0.001. (F) LANA immunostaining (green) of BCBLI cells in the absence or presence of NDRG1
knockdown. DAPI (blue) stains DNA in cell nuclei. Scale bars represent 25um. Insets show the enlarged images of the boxed areas. Quantification of cells
containing LANA dots (right). Data were shown as mean + SD, n = 18, ***p<0.001.

https://doi.org/10.1371/journal.ppat.1007628.9004

Table, were identified by peptide correlation with the International Protein Index database,

suggesting that NDRG1 may play important roles in cell nuclei. The classified and predicted
functions of the identified proteins are shown in the pathway pie chart in Fig 5B, which was
created using the PANTHER system (http://www.pantherdb.org/). Interestingly, there were
approximately 13.6% potential NDRG1-binding proteins related to DNA replication, which
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Fig 5. NDRG1 directly interacts with PCNA. (A)Schematic procedure for purification and identification of NDRG1 binding proteins via TAP assay (left). Plasmid
expressing Strep-Flag-tagged NDRG1 was stable transfected into KSHV positive iSLK.RGB cells. The equivalent empty vector was stable transfected as a control. Cell
lysates were subjected to affinity purification with streptavidin beads, followed by IP with flag M2 beads. The purified elutes were resolved by SDS-PAGE and visualized
with silver staining (right), and were also analyzed by MS. (B) Pathway pie chart showing classified and predicted functions of MS identified proteins. (C) Co-IP of
NDRGI and PCNA in HEK293T cells. Strep-Flag-tagged NDRG1 was transfected into cells along with pPCDNA3.1-PCNA or empty vector controls. After affinity
purification with M2-Flag beads, the purified proteins along with input samples were detected by western blotting with anti-NDRG1 and anti-PCNA antibodies. (D) In
vitro interaction between NDRG1 and PCNA via GST pull down assay. Purified GST, and GST-fused full length NDRG1 were subjected to SDS-PAGE and Coomassie
Blue staining (lower panel). Purified beads were incubated with equivalent in vitro translated IVT-PCNA, and pulled down proteins were subjected to western blotting
detection (upper panel). (E) NDRG1 colocalized with PCNA in the nucleus. Cells were fixed and probed with rabbit antibody against NDRG1 and mouse antibody
against PCNA, followed by incubation with goat anti-rabbit IgG conjugated with Alexa Fluor 555 (red), goat anti-mouse IgG conjugated with Alexa Fluor 488 (green),
DAPI (blue). Scale bars represent 5um.

https://doi.org/10.1371/journal.ppat.1007628.9g005
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would influence the viral copy numbers in KSHV-infected cells. PCNA, among these proteins,
is a replication processivity factor and functions as a DNA polymerase clamp that is essential
for DNA replication [29,30]. We speculated that NDRG1 might interact with PCNA and be
involved in regulating viral DNA replication, thereby contributing to the maintenance of viral
copy numbers in KSHV-infected cells.

To verify this hypothesis, we performed a co-IP assay, and the results showed that NDRG1
interacted with PCNA (Fig 5C). To further determine whether this interaction was direct, we
investigated the interaction using an in vitro binding assay. As shown in Fig 5D, IVT-PCNA
(in vitro translated PCNA) was directly bound to full-length NDRG1 (1-394 aa). To support
the results, we also performed an immunofluorescence (IF) analysis to assess the localization
of endogenous PCNA and NDRG1 in KSHV-positive BCBLI cells. The results showed that
NDRGI colocalized with PCNA in the nuclei of BCBL1 cells (Fig 5E). Taken together, these
results demonstrate that NDRG1 directly interacts with PCNA in vitro and in vivo, suggesting
that NDRG1 might play a role in DNA replication.

NDRGI forms a complex with LANA and PCNA

PCNA can be loaded onto the KSHV TR region by LANA indirectly, and this loading is a rate-
limiting step in viral DNA replication [23,27]. Based on the above data, we hypothesized that
NDRGI might form a complex with LANA and PCNA and regulate the replication of KSHV
episomal DNA. To determine whether NDRGI1 forms a complex with LANA and PCNA in
cells naturally infected with KSHV, we performed an IF assay in PEL cells. We found that
NDRGI colocalized with PCNA and LANA in the nuclei of BCBL1, BC3, and JSC1 cells (Fig
6A). We also performed a co-IP assay in BCBLI1 cells. The results showed that endogenous
LANA could interact with PCNA and NDRGI1 in cells naturally infected with KSHV (Fig 6B).
Previous studies have been reported that LANA can bind TR region of episomes itself [16] and
PCNA can be recruited onto TR region [23,27]. In order to exclude the possibility that
NDRGI and PCNA are associated with KSHV episomes but not because of a meaningful com-
plex with LANA, we also preformed an anti-CTCF IP as a control, which is an antibody against
a KSHV episome-associated antigen that does not involve targeting LANA [47-49]. The results
showed that NDGR1 and PCNA are enriched in an anti-LANA pulldown in BCBL1 cells, com-
pared to an anti-CTCF pulldown, indicating that endogenous LANA-specific associates with
NDRGI and PCNA (S7 Fig).

To further confirm this hypothesis, we also performed a co-IP assay in HEK293T cells. The
results showed that NDRG1 coimmunoprecipitated with PCNA and LANA (Fig 6C). Next, we
altered the amount of NDRG1 while keeping the amount of LANA and PCNA unchanged to
check whether the quantity of PCNA that coimmunoprecipitated with LANA would vary. For
this purpose, we first generated a stably transfected HEK293T-Strep-Flag-LANA cell line that
constantly expressed SF-LANA, endogenous NDRG1 and PCNA. Then, a NDRGI1-containing
plasmid was transfected into the HEK293T-SF-LANA cells to upregulate NDRG1 expression
in the cells. The results showed that the quantity of PCNA that coimmunoprecipitated with
LANA increased when the amount of NDRG1 was increased (Fig 6D). These data indicated
that NDRG1 forms a complex with LANA and PCNA and that NDRG1 mediates the amount
of PCNA recruited by LANA.

Because LANA cannot directly bind to PCNA [23,27], we speculated that NDRGI acts as
an adaptor, connecting LANA and PCNA. First, we performed an in vitro binding assay to test
whether LANA binds to PCNA. As shown in Fig 6E, LANA did not directly bind to
IVT-PCNA, which is consistent with previous reports [23,27]. Next, we performed an in vitro
binding assay to test whether LANA binds to NDRG1. The results showed that in vitro
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Fig 6. NDRG1 forms a complex with LANA and PCNA. (A) LANA colocalized with NDRG1 and PCNA in the nucleus. Cells were fixed and probed with
rat antibody against LANA, mouse antibody against PCNA, and rabbit antibody against NDRG1, followed by incubation with goat anti-rat IgG conjugated
with Alexa Fluor 488 (green), goat anti-mouse IgG conjugated with Alexa Fluor 555 (red), goat anti-rabbit IgG conjugated with Alexa Fluor 680 (purple).
Scale bars represent 5um. (B) Co-IP of endogenous LANA, NDRG1, and PCNA in BCBLI cells. Cell lysates were subjected to IP with anti-LANA mouse
monoclonal antibody(1B5) or mouse IgG controls. Purified proteins along with input samples were detected by western blotting with anti-LANA, anti-
NDRG], and anti-PCNA antibodies. (C) Co-IP of LANA, NDRG1, and PCNA in HEK293T cells. Strep-Flag-tagged NDRG1 was transfected into cells along
with pCDNA3.1-PCNA and HA-LANA or empty vector controls. After affinity purification with M2-Flag beads, the purified proteins along with input
samples were detected by western blotting with anti-LANA, anti-NDRG1 and anti-PCNA antibodies. (D) Co-IP of LANA, NDRG1, and PCNA in
HEK293T-Strep-Flag-LANA cells. pPCDNA3.1-NDRG1 or pCDNA3.1-vector was transfected into cells. After affinity purification with M2-Flag beads, the
purified proteins along with input samples were detected by western blotting with anti-LANA, anti-NDRG1 and anti-PCNA antibodies. Tubulin was
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performed as the loading control of input samples, and IgG was used as the loading control of M2-Flag beads. (E) In vitro interaction between LANA and
PCNA via GST pull down assay. Purified GST, and GST-fused LANA-N (1-340 aa) and GST-fused LANA-C (1022-1162 aa) beads were subjected to
SDS-PAGE and Coomassie Blue staining (lower panel). Purified beads were incubated with equivalent in vitro translated IVT-PCNA, and pulled down
proteins were subjected to western blotting detection (upper panel). (F) In vitro interaction between LANA and NDRGI via GST pull down assay. Purified
GST, and GST-fused LANA-N and GST-fused LANA-C beads were subjected to SDS-PAGE and Coomassie Blue staining (lower panel). Purified beads were
incubated with equivalent IVT-NDRG1, and pulled down proteins were subjected to western blotting detection (upper panel). (G) In vitro interaction
between LANA and PCNA in the presence of NDRG1 via GST pull down assay. Purified GST, and GST-fused LANA-N and GST-fused LANA-C beads were
incubated with equivalent IVT-PCNA and IVT-NDRG], and pulled down proteins were subjected to western blotting detection.

https://doi.org/10.1371/journal.ppat.1007628.9006

translated NDRG1 (IVT-NDRG1) directly bound to the N-terminal domain of GST-fused
LANA instead of the C-terminal domain (Fig 6F). To test whether LANA would bind PCNA
in vitro in the presence of NDRGI, IVT-PCNA and IVT-NDRGI were incubated with purified
GST-fused LANA beads. The results showed that LANA could bind PCNA in the presence of
NDRGI1 (Fig 6G), suggesting that NDRG1 bridges the interaction between LANA and PCNA.
Taken together, these data demonstrate that NDRG1 forms a complex with LANA and PCNA
in vivo and in vitro.

NDRG1 mediates the recruitment of PCNA by LANA onto the KSHV
genome

Based on the above results, we speculated that NDRG1 may mediate the recruitment of PCNA
by LANA onto the TR DNA and facilitate viral DNA replication. To test this hypothesis, we
performed an in vitro pull-down assay by using TR biotin-labeled DNA. NDRG1 and/or
LANA were transfected into BJAB cells, which express endogenous PCNA but lack NDRG1
and LANA. Twenty-four hours later, the cells were lysed, incubated with the biotin-TR DNA
fragment, and immobilized to streptavidin beads. The inputs and the pull-down products were
analyzed by western blotting. As shown in Fig 7A, the presence of NDRGI in BJAB did not
alter the levels of PCNA and LANA. In such cases, we found that the amount of PCNA bound
with TR did not change when NDRGI1 was present but LANA was absent. Consistent with pre-
vious reports [23,27], the loading of PCNA onto DNA was dramatically enhanced in the pres-
ence of LANA (Fig 7A). In addition, NDRG1 was capable of enhancing the loading of PCNA
onto TR in the presence of LANA (Fig 7A). The full-length western blot images of Fig 7A cut-
off bands are shown in S8 Fig. These results indicated that the enhancement of PCNA enrich-
ment on TR by NDRG1 is dependent on LANA-mediated recruitment of PCNA onto the TR
DNA.

We further assessed whether NDRG1 mediates the recruitment of PCNA to TR DNA by
LANA in cells by a chromatin immunoprecipitation (ChIP) assay. NDRG1 and/or LANA
were transfected into BJAB cells along with p8TR plasmids. The cells were lysed for the
PCNA-ChIP assay 24 hr post transfection. As shown in Fig 7B, PCNA was substantially
enriched at the TR DNA in the presence of LANA. The enrichment of PCNA at the TR was
predicted to be further enhanced in the presence of both NDRG1 and LANA. To confirm this
hypothesis, we performed a PCNA-ChIP assay in HEK293T-LANA cells. Similarly, the results
showed that the enrichment of PCNA at the TR was enhanced at high NDRGI1 levels in the
cells (Fig 7C).

To determine the role of NDRG1 in the recruitment of PCNA to the KSHV genome, we
first performed ChIP to assay the presence of LANA, NDRG1, and PCNA at the TR DNA in
KSHV-infected BCBL-1 cells. As expected, LANA and PCNA were enriched at the TR DNA,
as previously reported [23,27]. In addition, we also found that NDRG1 was enriched at the TR
DNA, suggesting that NDRG1 may play a role in the KSHV genome (Fig 7D). To determine
whether NDRGI mediates the recruitment of PCNA to the KSHV genome, we performed a
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Fig 7. NDRG1 mediates the recruitment of PCNA by LANA onto the KSHV genome. (A) In vitro TR biotin-labeled DNA pull-
down assay. NDRG1 and/or LANA was transfected into BJAB cells. After 24 hr, cells were lysed and five percent of the cell lysates
were kept as inputs, and the remainder was incubated with purified biotin-TR DNA fragment and immobilized to streptavidin
beads. The inputs and the pulled down products were analyzed by western blotting. The full-length western blot images for the
antibodies and molecular weight markers of In vitro TR biotin-labeled DNA pull-down assay is shown in S8 Fig. (B) ChIP assay for
PCNA binding to TR DNA after transfection of p8TR into BJAB, BJAB/NDRG1, BJAB/LANA, or BJAB/LANA/NDRGI cells. (C)
ChIP assay for PCNA binding to TR DNA after transfection of p8TR into HEK293T-LANA or HEK293T-LANA/NDRGI cells.
(D) ChIP assay for LANA, NDRG1,or PCNA bound to TR DNA of KSHV genome in BCBL1 cells. (E) BCBL1-shcon and
BCBL1-shNDRGI cells were harvested and subjected to ChIP with anti-PCNA antibodies. Data were shown as mean + SD, n = 3,
*p<0.05, **p<0.01.

https://doi.org/10.1371/journal.ppat.1007628.9007

PCNA-ChIP assay in BCBL1-shcon and BCBL1-shNDRGI cells. As shown in Fig 7E, the level
of PCNA enrichment to the KSHV genome was hampered when NDRG1 was knocked down,
suggesting that NDRG1 mediates the recruitment of PCNA to the KSHV genome by LANA.

NDRGT1 is crucial for LANA-mediated DNA replication and episome
persistence

To assess the role of NDRG1 in LANA-mediated DNA replication, we performed a LANA-
mediated DNA replication assay [23,50]. The p8TR plasmid was transfected into BJAB cells
along with LANA and NDRG1 or vector plasmids. First, to ensure the efficiency of transfec-
tion, we collected cells at 24 hr post transfection and assayed the expression of LANA,
NDRGI, and PCNA by western blotting (Fig 8A left) and the amount of pSTR DNA by qPCR
and DNA gel analysis (Fig 8A right). These results indicated similar transfection efficiencies of
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Fig 8. NDRG]1 is crucial for LANA-mediated DNA replication and episome persistence. (A) The p8TR plasmid was transfected into BJAB
cells along with LANA and NDRGI or vector plasmids. Cells were collected at 24 hr post-transfection. Western blotting analysis for LANA,
NDRG1, PCNA, and Tubulin were performed (left). The amount of pTR DNA were analyzed by PCR amplification and DNA gel analysis
(right). (B) Cells were collected at 72hr post-transfection. Hirt’s DNA from cells were purified and followed by DpnI and ExolII digestion. LANA-
mediated TR DNA replication were determined by qPCR. Data were shown as mean + SD, n = 3, *p<0.05. (C) Cells were collected at day1,2,3,4
post-transfection. Total TR DNA level were analyzed by gPCR. (D) The p8TR plasmid was transfected into HEK293T-LANA cells along with
NDRGT1 or vector plasmids. Cells were collected at 24hr post-transfection. Western blotting analysis for LANA, NDRGI1, PCNA, and Tubulin
were performed (upper). The amount of p8TR DNA were analyzed by PCR amplification and DNA gel analysis (lower). (E) Cells were collected
at 72hr post-transfection. Hirt'’s DNA from cells were purified and followed by Dpnl and ExollI digestion. LANA-mediated TR DNA replication
were determined by qPCR. Data were shown as mean + SD, n = 3, *p<0.05. (F) Cells were collected at day1,2,3,4 post-transfection. Total TR
DNA level were analyzed by qPCR. (G) qPCR analysis assessing the presence of TR DNA in HEK293T-LANA cells with or without NDRG1 after
10 days in the absent of drug selection.

https://doi.org/10.1371/journal.ppat.1007628.9008

the LANA and TR plasmids in both groups of BJAB cells. Next, we collected cells at 72 hr post
transfection and determined the effects of NDRG1 on LANA replication. As shown in Fig 8B,
DNA replication activity was significantly enhanced in the cells expressing NDRG1 compared
with those lacking NDRG1, indicating that NDRG1 assists LANA-mediated DNA replication.

The process of TR DNA replication affects the maintenance of viral episomes in dividing
cells. To further assess the role of NDRGI in DNA replication and maintenance of viral epi-
somes, we measured the short-term retention rates of TR plasmid levels post transfection in
the absence of selective agents. The p8TR plasmid was transfected into BJAB cells along with
LANA and NDRGI or vector plasmids, and the total TR level was measured at days 1, 2, 3, and
4 post transfection by qPCR. Consistent with previous reports [51], the total TR plasmid levels
in the cells remained stable for 48 hr post transfection and gradually decreased with the reduc-
tion of transfected LANA (Fig 8C). Interestingly, NDRGI enhanced the total levels of TR

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 16/32


https://doi.org/10.1371/journal.ppat.1007628.g008
https://doi.org/10.1371/journal.ppat.1007628

@'PLOS ‘ PATHOGENS

NDRGH1 facilitates the replication and persistence of KSHV by interacting with PCNA

plasmids maintained in the cells, especially at 48 hr, and the levels then gradually decreased.
These results indicated that NDRG1 plays a role in DNA replication and maintenance of viral
episomes.

To further confirm these results, the p8TR plasmids along with NDRG1 or vector plasmids
were transfected into HEK293T-LANA cells stably expressing LANA and low levels of endoge-
nous NDRG1. The results in Fig 8D show the efficiency of transfection. Cells were collected at
72 hr post transfection, and the effects of NDRG1 on LANA-mediated DNA replication were
determined. Consistent with the above results, DNA replication activity was significantly
enhanced in the cells expressing high levels of NDRGI (Fig 8E). Short-term retention of TR
plasmids post transfected in the absence of selective agents was also measured. The results
showed that NDRGI further reduced the loss of TR plasmids (Fig 8F), indicating that NDRG1
plays a role in DNA replication and may also have an effect on TR maintenance.

To test whether NDRGI assists LANA in long-term retention of TR, the p8TR plasmid was
transfected into HEK293T-LANA cells along with NDRGI1 or vector plasmids. Because TR
plasmids can be maintained long term in subpopulations in the presence of LANA without
drug selection [51], the cells were cultured without drug selection. Considering the loss of
NDRGT1 plasmids in dividing cells post transfection, we replenished the NDRG1 plasmids at
days 3 and 7. Higher levels of TR DNA were detected at day 10 in the presence of both LANA
and NDRGTI than in the presence of LANA but absence of NDRG1 (Fig 8G), suggesting that
NDRGI plays a role in TR plasmid persistence.

Discussion

In cells latently infected with KSHV, the viral genome levels are constant. Similar to other
gammaherpesviruses, KSHV is distinctly adept at establishing stable latent infections and
maintaining a constant copy number of viral episomes in proliferating host cells throughout
the life of the host. For instance, KSHV-positive PEL cells contain 50-200 copies of viral epi-
somes per cell, and the copy number of the KSHV genome remains constant after multiple cell
division events [39-41]. To maintain this stable episome in growing cells, the viral genome
typically replicates once per cell cycle and is evenly distributed into daughter cells [5,6,8-13].
However, the regulation of this process is complicated. Anything that interferes with the repli-
cation of viral episomes along with cell DNA or hampers efficient distribution of replicated
episomes into daughter nuclei will hinder the maintenance of viral episomes. This process
involves the utilization of host machinery by KSHV; however, the underlying mechanisms
have not been fully elucidated. In our study, we found that the cellular protein NDRGI is
highly upregulated by KSHV infection. Silencing of NDRGI results in greatly decreased
KSHYV episome persistence. In terms of mechanism, we found that NDRG1 serves as a scaffold
protein that bridges the interaction between LANA and PCNA and mediates the recruitment
of PCNA to the KSHV genome by LANA. Finally, we demonstrated that NDRG1 enhances
LANA-mediated replication and thus influences the persistence of the KSHV genome. The
proposed working model is summarized in Fig 9.

Previously, numerous studies have shown that the host protein NDRG1 is a multifunctional
protein that is involved in carcinogenesis, differentiation, stress response, immunity, etc. [33-
36], but none of these studies linked this protein to viral DNA replication. Recently, some
groups have reported that NDRG1 might be associated with viral infection. It has been
described that miRNAs encoded by EBV can downregulate NDRG1, a suppressor of metasta-
sis, to promote EBV-mediated epithelial carcinogenesis, suggesting that NDRG1 plays a nega-
tive role in EBV-induced cancer [52]. Another study also showed that NDRG1 restricts
hepatitis C virus propagation by regulating lipid droplet formation and viral assembly [53]. On
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Fig 9. A schematic working model. Host NDRGI is up-regulated by KSHV infection. NDRGI1 functions as a scaffold
protein that forms a complex with PCNA and the viral protein LANA, thereby helping LANA load PCNA onto the
viral genome and facilitating the replication of the viral genome.

https://doi.org/10.1371/journal.ppat.1007628.9g009

the other hand, a study published this year reported that NDRG1 facilitates influenza A virus
replication by suppressing canonical NF-kappa B signaling [54]. All of these studies suggest
that NDRG1 may participate in the viral life cycle, but the functions of this protein appear to
be diverse. Regardless of the role of NDRGI in other viruses, the role of this protein in KSHV
infection has not been studied. NDRG1 is a member of the NDRG family, currently consisting
of NDRG1, NDRG2, NDRG3 and NDRG4. In our study, the omics data of MM and KMM
cells showed NDRG1 but not NDRG2-4 is distinctly upregulated in KMM cells, hence we
focused on exploring the role of NDRGI in KSHYV infection. We demonstrated that the high
expression of NDRGI in KSHV-positive cells is induced by KSHV infection.

The expression of NDRGL is regulated by a diverse range of effectors. Many of the effectors
are the transcription factors, like EGR-1, Sp-1, Ap-1, and ETS, which are known to regulate
NDRGI expression [33]. The latent phase of KSHYV is characterized by the expression of a lim-
ited number of viral genes. LANA, a transcription factor, is the most abundant viral protein
expressed during latency and is required for various vital functions of KSHV infection [45].
Our data suggested that LANA is essential for upregulation of NDRG1 during KSHV infec-
tion. We analyzed the promoter of NDRGI and found a DNA sequence (CGCTCAGGG
CGTGGCGC, -410 of the promoter) similar to LBS1 (CGCCCGGGCATGGGGC), which is
the LANA DNA binding motif in TR region of KSHV genome. So it is possible that LANA
may regulate NDRGI expression through interacting with its promoter. We have preliminary
data (S9 Fig) indicating that LANA alone can upregulate the mRNA level of NDRG1 slightly
but in the meantime the protein level of NDRG1 remains unchanged. This suggests that
LANA may regulate the expression of NDRGI at both transcriptional and post transcriptional
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levels. Some other viral factors may also be involved in the regulation of NDRG1. The detailed
mechanisms for the upregulation of NDRG1 during KSHV infection would be interesting to
be further studied in the future.

DNA replication of the KSHV episome along with each cell division event during latency is
one of the key components of episome persistence. Perturbation of viral episomal DNA repli-
cation will negatively impact viral DNA maintenance [10,11]. LANA, one of the few viral pro-
teins expressed during latency, is essential for genome maintenance as well as viral episomal
DNA replication [5,6,8,9,12]. LANA directly binds to the TR region, which is the KSHV latent
replication origin region, via its C-terminal end to mediate viral DNA replication [5,8,14-19].
Because LANA lacks the enzymatic activity required for DNA replication, this protein inter-
acts with and recruits diverse cellular proteins for latent viral genome replication, including
the origin recognition complex (ORC1-6), poly (ADP-ribose) polymerase 1 (PARP1), mini-
chromosome maintenance complex (MCM), Bromodomain containing 2 (BRD2), H4-specific
histone acetylase (HBOL1), replication factor C (RFC), topoisomerase II beta (Topoll beta), and
structure-specific recognition protein 1 (SSRP1) [5,6,19,23,25-28,55-63]. Despite this LANA-
mediated viral DNA replication, some evidence also suggests that latent KSHV DNA replica-
tion can be initiated at origins that are not required for LANA replication [12,64]. However,
these studies also showed that LANA-mediated DNA replication is the predominant viral
DNA replication pattern during latency [64]. Similar to host DNA replication, the main steps
in the process of latent KSHV DNA replication include initiation, elongation, and termination.
During the elongation step, new viral DNA strands are formed. Recent studies have shown
that LANA enhances the loading of PCNA onto the KSHV TR DNA region and enhances the
efficiency of latent viral DNA replication. PCNA is a cellular protein that is a component of
the DNA replication machinery. This protein encircles the viral DNA and cooperates with
host DNA polymerase to increase the efficiency of viral DNA elongation. However, LANA
cannot directly interact with PCNA, and LANA recruits PCNA via other proteins, such as
RFC and the cellular mitotic checkpoint kinase Bubl. Knockdown of the expression of RFC or
Bub1 will reduce the replication and persistence of the viral DNA [23,27]. In our study, we
proved that silencing of NDRGI results in greatly decreased KSHV episome persistence. We
further demonstrated for the first time that NDRG1 serves as a scaffold protein, bridging the
interaction between LANA and PCNA. NDRGI mediates the recruitment by LANA of PCNA
for loading onto the KSHV genome and enhances LANA-mediated replication, thus affecting
the persistence of the KSHV genome. This finding again indicates that the recruitment of
PCNA onto the KSHV genome by LANA is important for latent viral DNA replication and
persistence.

LANA is 1162-amino-acid protein that can be divided into an N-terminal domain, an inter-
nal repeat domain, and a C-terminal domain. The LANA-N region (1-32) interacts with the
cellular histones H2A and H2B and is responsible for tethering viral episomes to the host
genome [5,65]. Studies have also shown that the LANA-N domain is crucial for LANA-medi-
ated DNA replication and viral genome persistence. The LANA-N region (1-32) recruits host
Topoll beta to the TR region was found to be crucial for KSHV DNA replication in KSHV
infected cells as well as in transient replication system [25] The LANA-N domain (262-320)
interacts with RFC to mediate efficient latent viral replication and persistence [23]. In our
study, we found that the LANA-N domain (1-340) interacts with NDRG1 to mediate latent
viral replication. This finding is consistent with the finding that the LANA-N domain partici-
pates in LANA-mediated DNA replication and viral genome persistence. In addition, to the
best of our knowledge, the role of NDRGI in the nuclei remains unclear. The finding that
NDRGI directly interacts with the nuclear localization protein PCNA, a cellular DNA
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replication-related protein, indicates a novel function of NDRG1 related to DNA replication
in host cells.

In conclusion, our work showed that KSHV infection upregulated the expression of the
host cellular protein NDRGI, and silencing of NDRG1 resulted in greatly decreased viral epi-
some persistence. NDRGL serves as an adaptor that mediates the recruitment by LANA of
PCNA for loading onto the KSHV genome and hence affects KSHV genome persistence.
Because NDRGT is critical for efficient LANA-mediated DNA replication and KSHV episome
persistence, this work implicates NDRG1 as an attractive target for disruption. In addition,
NDRGI is nondetectable in normal B cells and endothelial cells, which are permissive to
KSHYV infection. Therefore, strategies that inhibit NDRG1 in KSHV-infected cells may be
effective for virus eradication.

Materials and methods
Ethics statement

The clinical tissue specimens from patients with KS were collected from Xinjiang Province,
northwestern China. The protocols were reviewed and ethically approved by the Institutional
Ethics Committee of the First Teaching Hospital of Xinjiang Medical University (Urumgqi,
Xinjiang, China; Study protocol no. 20082012). Written informed consent was obtained from
all participants, and all samples were anonymized. All participants were adults.

Cell lines and plasmids

The MM, KMM, SLK, iSLK.RGB, iSLK.LANAstop, and HEK293T cell lines were cultured in
DMEM (HyClone) supplemented with 10% FBS (HyClone), antibiotics (penicillin and strep-
tomycin, HyClone), and the appropriate selective pressures (hygromycin, 0.5 mg/ml; puromy-
cin, 1.5 ug/ml; G418, 0.5 mg/ml). KSHV-positive B lymphoma cell lines (BCBL1, JSC1, BC3)
and KSHV-negative B lymphoma cell lines (DG75, Raji, Loukes, Ramous) were cultured in
RPMI 1640 (HyClone) supplemented with 10% FBS (HyClone) and 1% antibiotics (penicillin
and streptomycin, HyClone). HUVECs were maintained in EGM (Lonza). All the cell lines
were grown at 37°C in a humidified environment supplemented with 5% CO2. We are grateful
to Dr. Shoujiang Gao (University of Southern California) for the MM and KMM cell lines [32]
and iSLK.LANAstop cell line [46], which produces LANA-depleted KSHV after induction; Dr.
Jae Jung (University of Southern California) and Dr. Fanxiu Zhu (The Florida State Univer-
sity) for the SLK and iSLK.RGB cell lines [66]; Dr. Erle S Robertson (University of Pennsylva-
nia, USA) for the BCBL1, JSC1, BC3, DG75, Raji, Loukes, BJAB, and Ramous cell lines. The
HEK293T cell line was from our laboratory stock.

The shLANA and control plasmids have been previously reported [67]. Two target-specific
shRNAs complementary to NDRGI (5-ACC TGC ACC TGT TCA TCA A-3’and 5-CGC
TGA GGC CTT CAA GTA C-3°) were cloned into the pLKO.1 vector as previously reported.
A pLKO.1 vector with a scrambled sequence against NDRG1 was used as a control (5-GGA
ATCTCA TTC GAT GCA TAC-3’) [68,69]. Full-length fragments of NDRG1 (NM_001
135242.1) and PCNA (NM_002592.2) were amplified from a HEK293T cDNA library. A DNA
construct expressing SF-tagged NDRG1 was generated by cloning full-length NDRGI to a
modified pCDH-SF-IRES-Blast vector, which introduced a fragment encoding a tandem
Strep-tag Il and FLAG peptide. pcDNA3.1-NDRG1 and pcDNA3.1-PCNA were constructed
by cloning full-length NDRG1 and PCNA into pcDNA3.1(+), respectively. pcDNA3.1-HA-
NDRGI was constructed by subcloning the HA-NDRG1 fragment into pcDNA3.1(+) from
pCMV-HA-NDRGI, which was constructed by subcloning the NDRG1 fragment from
pcDNA3.1-NDRG1 into the pCMV-HA vector. Similarly, pcDNA3.1-HA-PCNA was
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constructed by subcloning the HA-PCNA fragment into pcDNA3.1(+) from pCMV-HA-
PCNA, which was constructed by subcloning the NDRG1 fragment from pcDNA3.1-PCNA
into the pPCMV-HA vector. The plasmids pCAGGS-HA-LANA and pCDH-SF-LANA, encod-
ing FLAG-tagged LANA, were described previously [70,71]. The truncated LANA constructs
GST-LANA-N (1-340 aa) and GST-LANA-C (1022-1162 aa) were described previously [72].
GST-fused full-length NDRG1 was obtained by cloning the corresponding fragments into the
PGEX-4T-1 vector. The p8TR-gB plasmid, which contains eight TR copies was described pre-
viously [50]. All the primers used for gene amplification and qPCR are listed in S5 Table.

Antibodies and reagents

The following primary antibodies were used: anti-NDRG1 rabbit monoclonal antibody
(Abcam, ab124689), anti-PCNA(P10) mouse monoclonal antibody (CST, #2586), anti-PCNA
rabbit polyclonal antibody (ABclonal, A4006), anti-o-tubulin antibody (Sigma, T6199), anti-
FLAG antibody (Sigma, F1804), anti-CTCF mouse monoclonal antibody (Santa Cruz, sc-
271514), anti-CTCF rabbit polyclonal antibody (ABclonal, A1133), anti-LANA rat monoclonal
antibody (Advanced Biotechnology Inc, 13-210-1000), and anti-LANA mouse monoclonal
antibody (1B5), which was prepared in our laboratory [73]. The secondary antibodies used for
western blotting and the IF assay were goat anti-mouse IRDye 800CW (Li-Cor, 926-32210);
goat anti-rabbit IRDye 680RD (Li-Cor, 926-68071); goat anti-rabbit antibodies conjugated
with Alexa Fluor 488 (Thermo Fisher Scientific, A-11094), 555 (Thermo Fisher Scientific,
A27017), and 680 (Thermo Fisher Scientific, A27020); goat anti-mouse antibodies conjugated
with Alexa Fluor 488 (Thermo Fisher Scientific, A-11001) and 555 (Thermo Fisher Scientific,
A-21422); and goat anti-rat antibodies conjugated with Alexa Fluor 488 (Thermo Fisher Scien-
tific, A-11006). The other reagents used (and their sources) were as follows: anti-FLAG M2
affinity gel (Sigma, A2220), Strep-Tactin Sepharose (IBA, 2-1201-010), desthiobiotin (IBA, 2-
1000-001), recombinant protein A agarose (Invitrogen, 15948-014), recombinant protein G
agarose (Invitrogen, 15920-010), glutathione Sepharose 4B (GE Healthcare, 17-0756-01), the
TNT T7 Quick Coupled transcription/translation system (Promega L1170), Dynabeads M-280
streptavidin (Invitrogen, 11205D).

Integrative transcriptome and proteome analysis

Transcriptome analysis. Approximately 2 million MM or KMM cells were used for tran-
scriptome analysis. RNA was isolated using RNeasy Micro kit (QIAGEN), and RNA integrity
was determined by Agilent 2100 Bioanalyzer (Agilent). RNA samples were sent to Shanghai
Biotechnology Corporation for Illumina library preparation and RNA-seq (HiSeq 2000,
paired-end 2x100bp). About 45 million reads were obtained for each sample. Fastq sequence
files were aligned to Rat genome (UCSC rn5) using TopHat v.2.0.6. Differential expression
testing, assignment of FPKM and fold change values to genes was performed with CuffDiff
v.2.1.1. Differentially expressed genes were selected by FC> = 2 and FDR < = 0.05. MM and
KMM microarray data were provided by Dr. SJ. Gao. There are only two replicates for each
group. Differentially expressed genes were selected by FC> = 2.

Proteome analysis. MM or KMM cells were lysed with RIPA buffer, and the frozen cell
lysates were sent to Applied Protein Technology of Shanghai (aptbiotech) for proteome analy-
sis using iTRAQ method [74]. There are three replicates for each group. Briefly, the MM repli-
cates were labeled with iTRAQ tags 113, 114, and 115, and the KMM replicates were labeled
with tags 116, 117, and 118. Data acquisition was performed with Q Exactive Hybrid Quadru-
pole-Orbitrap Mass Spectrometer (Thermo Finnigan). Raw data files were processed in Prote-
ome Discoverer 1.4 (Thermo), and protein identification was performed using the Mascot
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search engine (version 2.2; Matrix Science) against the Rat database (uniprot_Rat.fasta). For
each confident identification, the protein included at least one unique peptide. Differentially
expressed proteins were selected by p<0.05.

Integrative analysis. Overlapping differential genes/proteins among RNA-seq, microar-
ray and iTRAQ were calculated and presented as venn diagram. The list of overlapping differ-
ential genes/proteins were provided in S1-S3 Tables.

Quantitative real-time PCR

To determine the RNA levels or genomic DNA levels, quantitative real-time PCR was used. To
analyze RNA levels, the cDNA was reverse transcribed with the Genomic DNA Eraser RT Kit
(TaKaRa) from the total RNA extracted from cells harvested with TRIzol reagent (Life Tech-
nologies). To analyze DNA levels, total DNA was extracted from the cells with the Genomic
DNA Extraction Kit (Tiangen). Relative KSHV episomal copy numbers were calculated by
qPCR amplification of the terminal repeats as previously described [61]. qPCR was performed
with a SYBR Green Master Mix Kit (Toyobo) on a 7900HT system (Life Technologies). Rela-
tive mRNA levels and relative DNA levels were normalized to actin or GAPDH and calculated
by the AACT method. The samples were tested in triplicate. The primers are listed in S5 Table.

Immunohistochemistry (IHC) and immunofluorescence (IF)

The expression of LANA and NDRGI in the tissue samples was analyzed by both immunohis-
tochemistry (IHC) and IF as previously described [75]. Primary antibodies consisting of either
anti-LANA antibody (1:500) or anti-NDRG1 antibody (1:200) were used. For immunofluores-
cence, cells were fixed with 4% paraformaldehyde (PFA) for 30 min and permeabilized with
0.2% Triton X-100 for 30 min. Next, the cells were blocked in 10% goat serum (Life Technolo-
gies) for 1 hr, followed by incubation with anti-NDRG1 (1:100), anti-PCNA (1:100) or anti-
LANA (1:250) antibody overnight at 4°C and further staining with the secondary antibodies at
a 1:1,000 dilution for 1 hr. Cell nuclei were stained with DAPI (Sigma, D5942). Slides were
photographed using a digital camera and software (FV-1200; Olympus).

KSHYV preparation and infection

Wild-type KSHV virions were acquired by inducing iSLK.BAC16.RGB cells with doxycycline
(DOX) and valproic acid as described previously [76]. Briefly, iSLK.BAC16.RGB cells were
induced with DOX (1 g/ml) and valproic acid (1 mM) in the absence of hygromycin, puromy-
cin, and G418. Four days later, the supernatant was collected by centrifugation (1,500xg at 4°C
for 30 min), followed by filtration. Virus particles were precipitated with 8.8% polyethylene
glycol 6000 by centrifugation (1,500xg at 4°C for 1 hr). The MOI of the concentrated viral
stock was determined by infection of HEK293T cells for 24 hr. Infection of SLK cells or
HUVECs was achieved by centrifugation at 1,250xg at 37°C for 2 hr after the addition of con-
centrated virus to the medium, and the medium was changed at 2 hpi. UV-inactivated KSHV
(UV-KSHYV) was used in this study. Replication-incompetent KSHV was prepared by exposing
wild-type KSHYV for 30 min under UV light as described earlier [77]. Wild-type and LANA-
depleted KSHV were also used in this study. LANA-depleted KSHV virions were acquired
from iSLK.LANAstop cells, which produce LANA-depleted KSHYV after induction. Titration
of KSHYV stocks was performed as described previously [46].
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Transfection and transduction

To transduce SLK, KMM, and BCBLI cells, pCDH plasmids were packaged in HEK293T cells
by cotransfection with the A8.9 packaging plasmid and a plasmid expressing vesicular stomati-
tis virus G protein (pVSV-G) as described previously [76]. Three days later, the supernatant
was collected and cleared by filtration. Lentiviral particles were precipitated with 7% polyethyl-
ene glycol 6000 and pelleted by centrifugation at 1,500xg for 1 hr at 4°C. The transduction of
SLK cells was achieved by centrifugation at 1,250xg for 2 hr after addition of the concentrated
virus to the medium. The transduction of KMM and BCBL1 cells was achieved by addition of
the concentrated virus to the medium for 24 hr. HEK293T cells were transfected with poly-
ethylenimine as described previously [67]. BJAB cells were transfected by nucleofection. Cells
were washed with PBS and resuspended in 100 pl of transfection buffer from the Ingenio Kit
(MIR 50118, Mirus) and nucleofected with plasmids using the Amaxa Nucleofector II system
(Lonza) according to the manufacturer’s instructions.

Fluorescence in situ hybridization analysis (FISH)

DNA FISH assays were performed as previously described [8,63], with minor modifications.
Briefly, cells were fixed in 4% PFA at room temperature for 30 min and then fixed in 70% etha-
nol overnight at -20°C. Fixed cells were permeabilized with 0.5% Triton X-100. Subsequently,
the cells were treated with 100 pg/ml of RNase A in 2xSSC (1xSSC contains 0.15 M NaCl plus
0.015 M sodium citrate). The slides were overlaid with in situ hybridization solution contain-
ing 20 ng of KSHV TR probe labeled with DIG using the DIG High Prime DNA labeling sys-
tem (Roche) according to the manufacturer’s instructions. After denaturation of the DNA at
93°C for 5 min, the slides were incubated for 24 hr at 42°C, washed in 2xSSC for 30 min at
45°C, and blocked in TNB (0.1 M Tris-HCI (pH 7.5), 0.15 M NaCl, 0.5% blocking reagent) at
room temperature for 30 min. The slides were then incubated with anti-DIG antibody (2 pg/
ml) for 2 hr and with goat-anti-mouse 555 (1:1000) for 1 hr at room temperature. The slides
were washed and counterstained with DAP]I, followed by mounting with antifade and visualiz-
ing with a digital camera and software (FV-1200; Olympus).

Tandem affinity purification-mass spectrometry (TAP-MS)

TAP-MS was used to identify NDRG1 protein complexes. The procedures were as described
previously [73,78]. Briefly, SF-tagged NDRGI1 or SF-tagged vector was overexpressed in iSLK.
RGB cells. Cells were lysed, and the extract was loaded into a Strep-Tactin Sepharose column
(IBA). The column was washed with buffer W (50 mM Tris (pH 7.9), 100 mM KCl, 10% glyc-
erol, 0.2 mM EDTA, 0.5 mM DTT, 0.1% Triton-X100, 0.2 mM PMSF) and eluted with buffer
E (buffer W containing 2.5 mM D-desthiobiotin). The elute was then subjected to a second
round of affinity purification on an anti-FLAG M2 affinity gel for 4 hr at 4°C. The beads were
washed with buffer W 4 times and eluted with 3xFLAG peptide in buffer W. The elute was
monitored by SDS-PAGE and subjected to mass spectrometry.

Coimmunoprecipitation (co-IP) and immunoblotting

Cells were lysed in radio immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI (pH
7.4), 150 mM NaCl, 0.5% Triton X-100, 1 mM PMSF) for 1 hr on ice with brief vortexing
every 15 min. The cells were then ere centrifuged at 12,000xg at 4°C for 30 min to remove cell
debris. Five percent of the cell lysates were kept as inputs. The remainder was precleared with
protein A- or protein G-coupled Sepharose (Life Technologies) for 2 hr at 4°C and then
immunoprecipitated with the corresponding antibodies overnight at 4°C. Immunoprecipitates
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were washed four times with RIPA buffer and then boiled in SDS loading buffer for western
blot analysis. For western blotting, protein samples were analyzed by SDS-PAGE and trans-
ferred onto nitrocellulose membranes, followed by blocking and probing with the indicated
antibodies for detection.

Protein purification and in vitro binding assay (GST pull down)

The procedures were performed as described previously [70]. Briefly, GST or GST fusion pro-
teins were expressed in Escherichia coli strain BL21 (DE3), which was grown in LB medium at
37°C to exponential phase and cultured overnight at 16°C after induction with isopropyl thio-
galactopyranoside (IPTG). The cells were harvested and resuspended in ice-cold PBS, followed
by sonication lysis (Sonics; 3/5 s, pulse cycle; 35%, amplitude). The cell lysates were centrifuged
at 12,000xg to obtain the supernatant, which was combined with Sepharose 4B-glutathione
resin for affinity purification according to the manufacturer’s instructions. In vitro translated
proteins produced by the TNT-coupled transcription/translation system were incubated with
purified GST-fusion-protein-bound beads in RIPA buffer for 12 hr. After washing with RIPA
buffer four times, the pull-down products were analyzed by western blotting.

In vitro DNA pull-down assay

To determine whether NDRG1 mediates PCNA loading onto TR DNA in the presence of
LANA, a TR biotin-labeled DNA pull-down assay was adapted from previously described
methods [23,79]. Briefly, the biotin-labeled 801-bp TR DNA fragment was amplified by PCR
using 5-biotin-labeled primers and the p8TR plasmid as the template. The forward primer
sequence was 5° GCGCCTGGTCCCGCCCCCGCCCGC 3, and the reverse primer sequence
was 5° CGGCCGCGCCGGGCCCTGAGGCGGC 3. Ten million cells were lysed in RIPA
buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.5% Triton X-100, 1 mM PMSF) for 1 hr on
ice, vortexing very briefly every 15 min. Cells were centrifuged at 12,000xg at 4°C for 30 min
to remove cell debris. Five percent of the cell lysate was kept as input. The remainder of the cell
lysate was incubated with the purified biotin-TR DNA fragment (100 ng) supplemented with

1 pg/ml poly dI/dC for 4-5 hr at 4°C and then immobilized on 15 pg of streptavidin beads fol-
lowing the manufacturer’s protocol (Dynabeads M-280 streptavidin; Invitrogen) for 4-5 hr at
4°C. Following this immobilization, the supernatant was removed. The beads were washed
four times with PBS and then boiled in SDS loading buffer for western blot analysis.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed as described previously [23,70]. Briefly, cells were fixed in
medium with 1% formaldehyde for 30 min (LANA, NDRG1 and PCNA) at room temperature
and quenched with 0.125 M glycine. For revealing differences in PCNA loading on TR region
with or without NDRGI, cells were especially immersed in hypotonic buffer containing 0.1%
Triton X-100 for 10 min before fixation [80]. After fixation, the cells were washed with PBS
twice and lysed in SDS lysis buffer (50 mM HEPES, 1 mM EDTA, 1% SDS, 1 mM PMSE) sup-
plemented with protease inhibitor cocktail for 30 min on ice. The lysates were subjected to
sonication to obtain 200-500-bp DNA fragments (Sonics; 2/6 s, pulse cycle; 30-35%, ampli-
tude) and then centrifuged to obtain the supernatants. The supernatants were diluted with
RIPA buffer. Samples were precleared with pretreated protein A or G beads (1 mg/ml BSA, 1
mg/ml sperm DNA, 20% beads) for 2 hr at 4°C. A small fraction of the supernatants was kept
as input, and the remainder was divided into groups according to the experiment. The aliquots
were incubated with pretreated protein A or G beads and the corresponding antibody over-
night at 4°C. After extensive washing with RIPA buffer, wash buffer (20 mM Tris-HCI (pH

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 24/32


https://doi.org/10.1371/journal.ppat.1007628

@'PLOS ‘ PATHOGENS

NDRGH1 facilitates the replication and persistence of KSHV by interacting with PCNA

8.0), 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 1 mM PMSF) and TE buffer (10 mM Tris-HCl
(pH 8.0), 1 mM EDTA), three to four times each, the beads were resuspended in TE buffer.
The resuspended beads were subjected to RNaseA and proteinase K digestion, and the cross-
linking was reversed at 65°C overnight. The DNA was recycled using a DNA purification kit.

Transient DNA replication assay

Transient replication assays in uninfected cells were used to assess LANA-mediated DNA rep-
lication, and the procedures were performed as described previously [50]. In brief, for the
DNA replication assay performed in BJAB cell lines, ten million cells were cotransfected by
nucleofection with 6 ug of p8TR-gB, 6 pug of NDRG1 and 6 pg of LANA or empty vector plas-
mids. After twenty-four hours of transfection, five million cells were collected and used to nor-
malize the transfection efficiency, and the other cells were further cultured. Seventy-two hours
post transfection, 10 million cells were collected and subjected to DNA extraction by Hirt’s
method [81]. For the DNA replication assay in HEK293T-LANA cells stably expressing
LANA, cells in 10-cm dishes were cotransfected with 20 pug of p8TR and 10 pg of NDRG1 or
an empty vector plasmid. Similarly, after twenty-four hours of transfection, cells were collected
and used to normalize the transfection efficiency, and the other cells were further cultured.
Seventy-two hours post transfection, the cells were collected and subjected to DNA extraction
by Hirt’s method. To detect replicated p8TR-gB, the Hirt DNA was digested overnight at 37°C
with Dpnl in NEB buffer #2, which was followed by exonuclease III (ExolII) treatment for 30
min at 37°C. The digested DNA was assayed for replication using real-time PCR as previously
described [50]. The results represent the average values obtained from three experiments.

Plasmid maintenance assay

For the plasmid maintenance assay performed in BJAB cells, ten million cells were cotrans-
fected by nuclofection with 6 ug of p8TR-gB, 6 pug of NDRG1 and 6 pg of LANA or empty vec-
tor plasmids. For the plasmid maintenance assay performed in HEK293T-LANA cells, 20 pg of
the p8TR plasmid was transfected into HEK293T-LANA cells along with 10 pug of NDRG1 or
vector plasmids. After twenty-four hours of transfection, five million cells were collected and
used to normalize the transfection efficiency, and the other cells were further cultured for sev-
eral days. To detect total p8TR-gB DNA levels, the cells were collected on days 1, 2, 3, and 4,
followed by extraction of genomic DNA. Relative TR DNA levels of the p8TR plasmid were
calculated by qPCR amplification of the TRs, normalized to GAPDH levels, and analyzed by
the AACT method as previously described [61]. TR plasmids can be maintained long term in
subpopulations in the absence of drug selection [51]. To test whether NDRG1 assists LANA
retain TR in the long term, part of the transfected HEK293T-LANA cells described above were
further cultured without drug selection for 10 days. As described above, the cells were collected
and analyzed by qPCR [61].

Statistical analysis

Data are presented as the mean + standard deviation (x + SD). The level of significance was set
at P-value<0.05, as determined by Student’s ¢-tests. All experiments were carried out indepen-
dently at least three times, and representative results are presented.

Supporting information

S1 Fig. Differentially expressed candidate genes in KMM and MM cells. Candidate genes
from omic analyses are Tagln, Anxa3, Ocm2, Ren2, I11rn, Thopl, Cyr61, Klhl41, Pdlim7,
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Fkbp9, Nagk, Ndrgl, Dysf, Gsdmd, C1qtnf5, and Rcn3. The RNA levels of these genes in
KMM and MM cells were measured by qPCR, respectively. qPCR data were normalized to
endogenous actin expression and were shown as mean + SD, n = 3.

(TIF)

S2 Fig. The efficiency of infection of HUVEC and SLK with KSHV. SLK cells were infected
with KSHV.BAC16.RGB (MO, 5) and HUVEC cells were infected with KSHV.BAC16.RGB
(MOI,10). Fluorescence was visualized by using an inverted fluorescence microscope at 48 hpi.
KSHV-infected cells are indicated by red fluorescence.

(TIF)

S3 Fig. LANA is essential for maintenance of NDRG1 in PEL cells. JSC1s, KSHV positive
PEL cells, were transduced with lentiviruses containing a LANA RNA interference plasmid
(shLANA) or a vector plasmid (shcon). The expression of LANA and NDRGI in cells were
detected by western blotting.

(TIF)

S4 Fig. The efficiency of infection of SLK-shcon and SLK-shLANA cells with KSHV. SLK-
shon and SLK-shLANA cells were infected with KSHV.BAC16.RGB (MOJI, 5), and fluores-
cence was visualized by using an inverted fluorescence microscope at 0, 12, 24, 36, 48 hpi.

KSHV-infected cells are indicated by red fluorescence.
(TIF)

S5 Fig. The RNA levels of LANA and RTA were decreased in the absence of NDRG1 in
KMM cells. Total RNA were collected form KMM-shcon, KMM-shNDRG1-1#, and KMM-
ShNDRG1-2# cells. The RNA levels of LANA and RTA were determined by qPCR. qPCR data
were normalized to the level of endogenous GAPDH in each group. Data were shown as
mean + SD, n = 3, "*p<0.01, ***p<0.001.

(TIF)

S6 Fig. Silencing NDRGl1results in reduced TR DNA in KSHYV infected cells. KMM-shcon
and KMM-shNDRG1-1# cells were hybridized with DIG-labeled KSHV TR probe. Cells were
then incubated with anti-DIG antibody followed by incubating with goat-anti-mouse 555
(red). Cells were also counterstained with DAPI (blue). Scale bars represent 5pm.

(TTF)

S7 Fig. Endogenous LANA-specific association of NDRG1 and PCNA in PEL cells. Co-IP
of endogenous LANA, NDRG1, and PCNA in BCBLI cells. Cell lysates were subjected to IP
with anti-LANA mouse monoclonal antibody(1B5), or anti-CTCF mouse monoclonal anti-
body, or mouse IgG controls. Purified proteins along with input samples were detected by
western blotting with anti-LANA, anti-CTCF, anti-NDRG1, and anti-PCNA antibodies. In
order to exclude the contamination of the anti-LANA IPs with KSHV episomal chromatin, we
have added benzonase nuclease in cell lysis before IPs.

(TIF)

S8 Fig. The full-length western blot images for the antibodies and molecular weight mark-
ers of in vitro TR biotin-labeled DNA pull-down assay. NDRG1 and/or LANA was trans-
fected into BJAB cells. After 24 hr, cells were lysed and five percent of the cell lysates were kept
as inputs, and the remainder was incubated with purified biotin-TR DNA fragment and
immobilized to streptavidin beads. The inputs and the pulled down products were analyzed by
western blotting. The Odyssey' ™ Western Blotting assays were performed as described in the
webpage (www.licor.com). Briefly, cell lysates were resolved by SDS-PAGE and transferred to
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nitrocellulose membrane. The blot was probed with primary antibodies (mouse anti-LANA
antibody, or mouse anti-Tubulin and rabbit anti-NDRG1antibodies, or rabbit anti-PCNA
antibody) followed by detection with IRDye 800CW goat anti-mouse IgG and IRDye 680RD
goat anti-rabbit IgG. For antibodies labeled with IR 680, select channel 700 (red) and for anti-
bodies labeled with IR 800, select channel 800 (green) via Odyssey infrared imagine system
(LI-COR Biosciences) to scan the membranes.

(TIF)

S9 Fig. The mRNA and protein levels of NDRGI in ectopic expression of LANA in SLK
cells. The plasmids pPCAGGS-HA-LANA and pCAGGS-HA vector were transfected into SLK
cells. After 48hr, cells were collected for detecting the RNA and protein levels for NDRG1 via
qPCR (A) and western blotting (B). qPCR data were normalized to the level of endogenous
GAPDH in each group. Data were shown as mean + SD, n = 3, *p<0.05.

(TIF)

S1 Table. Differentially expressed candidate genes by comparing microarray and iTRAQ
database.
(XLSX)

S2 Table. Differentially expressed candidate genes by comparing RNA-seq and iTRAQ
database.
(XLSX)

S3 Table. Differentially expressed candidate genes by comparing microarray, RNA-seq,
and iTRAQ database.
(XLSX)

S$4 Table. NDRG1-interacting nucleoproteins identified in TAP-MS.
(XLSX)

S5 Table. Primers for PCR amplification and analysis.
(DOCX)

Acknowledgments

We are grateful to Dr. Shoujiang Gao (University of Southern California) for the MM and
KSHV-transformed KMM cell lines and the iSLK.LANAstop cell line and Drs. Jae Jung (Uni-
versity of Southern California) and Fanxiu Zhu (Florida State University) for the SLK and
iSLK.RGB cell lines.

Author Contributions

Conceptualization: Fang Zhang, Rui Sun, Xing Wang, Ke Lan.
Data curation: Fang Zhang, Deguang Liang, Xiaoxi Lin, Zhe Zou.
Formal analysis: Fang Zhang, Xiaoxi Lin, Zhe Zou.

Funding acquisition: Kenneth M. Kaye, Ke Lan.

Investigation: Fang Zhang, Deguang Liang, Xiaoxi Lin, Zhe Zou.
Methodology: Rui Sun.

Project administration: Fang Zhang, Ke Lan.

Resources: Xing Wang, Xiaozhen Liang, Kenneth M. Kaye, Ke Lan.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 27/32


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007628.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007628.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007628.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007628.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007628.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007628.s014
https://doi.org/10.1371/journal.ppat.1007628

@'PLOS ‘ PATHOGENS

NDRGH1 facilitates the replication and persistence of KSHV by interacting with PCNA

Supervision: Xiaozhen Liang, Ke Lan.

Writing - original draft: Fang Zhang.

Writing - review & editing: Ke Lan.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Cesarman E, Chang Y, Moore PS, Said JW, Knowles DM (1995) Kaposi’s sarcoma-associated herpes-
virus-like DNA sequences in AIDS-related body-cavity-based lymphomas. N Engl J Med 332: 1186—
1191. https://doi.org/10.1056/NEJM199505043321802 PMID: 7700311

Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, et al. (1994) Identification of herpesvirus-like
DNA sequences in AlDS-associated Kaposi’s sarcoma. Science 266: 1865—1869. PMID: 7997879

Soulier J, Grollet L, Oksenhendler E, Cacoub P, Cazals-Hatem D, et al. (1995) Kaposi’s sarcoma-asso-
ciated herpesvirus-like DNA sequences in multicentric Castleman’s disease. Blood 86: 1276—1280.
PMID: 7632932

Moore PS, Chang Y (1995) Detection of herpesvirus-like DNA sequences in Kaposi’s sarcoma in
patients with and those without HIV infection. N Engl J Med 332: 1181-1185. https://doi.org/10.1056/
NEJM199505043321801 PMID: 7700310

Barbera AJ, Chodaparambil JV, Kelley-Clarke B, Joukov V, Walter JC, et al. (2006) The nucleosomal
surface as a docking station for Kaposi’s sarcoma herpesvirus LANA. Science 311: 856-861. https://
doi.org/10.1126/science.1120541 PMID: 16469929

Cotter MA 2nd, Robertson ES (1999) The latency-associated nuclear antigen tethers the Kaposi'’s sar-
coma-associated herpesvirus genome to host chromosomes in body cavity-based lymphoma cells.
Virology 264: 254—264. https://doi.org/10.1006/viro.1999.9999 PMID: 10562490

Decker LL, Shankar P, Khan G, Freeman RB, Dezube BJ, et al. (1996) The Kaposi sarcoma-associated
herpesvirus (KSHV) is present as an intact latent genome in KS tissue but replicates in the peripheral
blood mononuclear cells of KS patients. J Exp Med 184: 283-288. PMID: 8691144

Ballestas ME, Chatis PA, Kaye KM (1999) Efficient persistence of extrachromosomal KSHV DNA medi-
ated by latency-associated nuclear antigen. Science 284: 641-644. PMID: 10213686

Collins CM, Medveczky PG (2002) Genetic requirements for the episomal maintenance of oncogenic
herpesvirus genomes. Adv Cancer Res 84: 155-174. PMID: 11883526

Juillard F, Tan M, Li S, Kaye KM (2016) Kaposi’s Sarcoma Herpesvirus Genome Persistence. Front
Microbiol 7: 1149. https://doi.org/10.3389/fmicb.2016.01149 PMID: 27570517

Purushothaman P, Dabral P, Gupta N, Sarkar R, Verma SC (2016) KSHV Genome Replication and
Maintenance. Front Microbiol 7: 54. https://doi.org/10.3389/fmicb.2016.00054 PMID: 26870016

Verma SC, Lan K, Choudhuri T, Cotter MA, Robertson ES (2007) An autonomous replicating element
within the KSHV genome. Cell Host Microbe 2: 106—118. https://doi.org/10.1016/j.chom.2007.07.002
PMID: 18005725

Weidner-Glunde M, Mariggio G, Schulz TF (2017) Kaposi’s Sarcoma-Associated Herpesvirus Latency-
Associated Nuclear Antigen: Replicating and Shielding Viral DNA during Viral Persistence. J Virol 91.

Ballestas ME, Kaye KM (2001) Kaposi’s sarcoma-associated herpesvirus latency-associated nuclear
antigen 1 mediates episome persistence through cis-acting terminal repeat (TR) sequence and specifi-
cally binds TR DNA. J Virol 75: 3250-3258. https://doi.org/10.1128/JV1.75.7.3250-3258.2001 PMID:
11238851

Fejer G, Medveczky MM, Horvath E, Lane B, Chang Y, et al. (2003) The latency-associated nuclear
antigen of Kaposi’s sarcoma-associated herpesvirus interacts preferentially with the terminal repeats of
the genome in vivo and this complex is sufficient for episomal DNA replication. J Gen Virol 84: 1451—
1462. https://doi.org/10.1099/vir.0.18940-0 PMID: 12771414

Garber AC, Shu MA, Hu J, Renne R (2001) DNA binding and modulation of gene expression by the
latency-associated nuclear antigen of Kaposi’s sarcoma-associated herpesvirus. J Virol 75: 7882—
7892. https://doi.org/10.1128/JV1.75.17.7882-7892.2001 PMID: 11483733

Hu J, Garber AC, Renne R (2002) The latency-associated nuclear antigen of Kaposi's sarcoma-associ-
ated herpesvirus supports latent DNA replication in dividing cells. J Virol 76: 11677-11687. https://doi.
org/10.1128/JV1.76.22.11677-11687.2002 PMID: 12388727

Kelley-Clarke B, Ballestas ME, Komatsu T, Kaye KM (2007) Kaposi's sarcoma herpesvirus C-terminal
LANA concentrates at pericentromeric and peri-telomeric regions of a subset of mitotic chromosomes.
Virology 357: 149-157. https://doi.org/10.1016/j.virol.2006.07.052 PMID: 16979209

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 28/32


https://doi.org/10.1056/NEJM199505043321802
http://www.ncbi.nlm.nih.gov/pubmed/7700311
http://www.ncbi.nlm.nih.gov/pubmed/7997879
http://www.ncbi.nlm.nih.gov/pubmed/7632932
https://doi.org/10.1056/NEJM199505043321801
https://doi.org/10.1056/NEJM199505043321801
http://www.ncbi.nlm.nih.gov/pubmed/7700310
https://doi.org/10.1126/science.1120541
https://doi.org/10.1126/science.1120541
http://www.ncbi.nlm.nih.gov/pubmed/16469929
https://doi.org/10.1006/viro.1999.9999
http://www.ncbi.nlm.nih.gov/pubmed/10562490
http://www.ncbi.nlm.nih.gov/pubmed/8691144
http://www.ncbi.nlm.nih.gov/pubmed/10213686
http://www.ncbi.nlm.nih.gov/pubmed/11883526
https://doi.org/10.3389/fmicb.2016.01149
http://www.ncbi.nlm.nih.gov/pubmed/27570517
https://doi.org/10.3389/fmicb.2016.00054
http://www.ncbi.nlm.nih.gov/pubmed/26870016
https://doi.org/10.1016/j.chom.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18005725
https://doi.org/10.1128/JVI.75.7.3250-3258.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238851
https://doi.org/10.1099/vir.0.18940-0
http://www.ncbi.nlm.nih.gov/pubmed/12771414
https://doi.org/10.1128/JVI.75.17.7882-7892.2001
http://www.ncbi.nlm.nih.gov/pubmed/11483733
https://doi.org/10.1128/JVI.76.22.11677-11687.2002
https://doi.org/10.1128/JVI.76.22.11677-11687.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388727
https://doi.org/10.1016/j.virol.2006.07.052
http://www.ncbi.nlm.nih.gov/pubmed/16979209
https://doi.org/10.1371/journal.ppat.1007628

@'PLOS ‘ PATHOGENS

NDRGH1 facilitates the replication and persistence of KSHV by interacting with PCNA

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Verma SC, Choudhuri T, Kaul R, Robertson ES (2006) Latency-associated nuclear antigen (LANA) of
Kaposi’s sarcoma-associated herpesvirus interacts with origin recognition complexes at the LANA bind-
ing sequence within the terminal repeats. J Virol 80: 2243-2256. https://doi.org/10.1128/JV1.80.5.
2243-2256.2006 PMID: 16474132

Barbera AJ, Ballestas ME, Kaye KM (2004) The Kaposi’s sarcoma-associated herpesvirus latency-
associated nuclear antigen 1 N terminus is essential for chromosome association, DNA replication, and
episome persistence. J Virol 78:294-301. https://doi.org/10.1128/JV1.78.1.294-301.2004 PMID:
14671111

Krithivas A, Fujimuro M, Weidner M, Young DB, Hayward SD (2002) Protein interactions targeting the
latency-associated nuclear antigen of Kaposi’s sarcoma-associated herpesvirus to cell chromosomes.
J Virol 76: 11596—11604. https://doi.org/10.1128/JVI1.76.22.11596-11604.2002 PMID: 12388720

Lim C, Choi C, Choe J (2004) Mitotic chromosome-binding activity of latency-associated nuclear anti-
gen 1 is required for DNA replication from terminal repeat sequence of Kaposi’'s sarcoma-associated
herpesvirus. J Virol 78: 7248-7256. https://doi.org/10.1128/JVI1.78.13.7248-7256.2004 PMID:
15194800

Sun Q, Tsurimoto T, Juillard F, Li L, Li S, et al. (2014) Kaposi’s sarcoma-associated herpesvirus LANA
recruits the DNA polymerase clamp loader to mediate efficient replication and virus persistence. Proc
Natl Acad SciUS A 111: 11816-11821. https://doi.org/10.1073/pnas.1404219111 PMID: 25071216

Wong LY, Matchett GA, Wilson AC (2004) Transcriptional activation by the Kaposi’s sarcoma-associ-
ated herpesvirus latency-associated nuclear antigen is facilitated by an N-terminal chromatin-binding
motif. J Virol 78: 10074-10085. https://doi.org/10.1128/JV1.78.18.10074-10085.2004 PMID: 15331740

Purushothaman P, McDowell ME, McGuinness J, Salas R, Rumjahn SM, et al. (2012) Kaposi’s sar-
coma-associated herpesvirus-encoded LANA recruits topoisomerase lIbeta for latent DNA replication
of the terminal repeats. J Virol 86: 9983-9994. https://doi.org/10.1128/JVI.00839-12 PMID: 22761383

Stedman W, Deng Z, Lu F, Lieberman PM (2004) ORC, MCM, and histone hyperacetylation at the
Kaposi’'s sarcoma-associated herpesvirus latent replication origin. J Virol 78: 12566—12575. https://doi.
org/10.1128/JV1.78.22.12566-12575.2004 PMID: 15507644

Sun Z, Jha HC, Robertson ES (2015) Bub1 in Complex with LANA Recruits PCNA To Regulate Kapo-
si’s Sarcoma-Associated Herpesvirus Latent Replication and DNA Translesion Synthesis. J Virol 89:
10206-10218. https://doi.org/10.1128/JVI.01524-15 PMID: 26223641

Hu J, Liu E, Renne R (2009) Involvement of SSRP1 in latent replication of Kaposi’'s sarcoma-associated
herpesvirus. J Virol 83: 11051-11063. https://doi.org/10.1128/JVI.00907-09 PMID: 19710137

Kelch BA, Makino DL, O’'Donnell M, Kuriyan J (2011) How a DNA polymerase clamp loader opens a
sliding clamp. Science 334: 1675—-1680. https://doi.org/10.1126/science.1211884 PMID: 22194570

Kelman Z, O’Donnell M (1995) Structural and functional similarities of prokaryotic and eukaryotic DNA
polymerase sliding clamps. Nucleic Acids Res 23: 3613-3620. PMID: 7478986

Suzuka |, Hata S, Matsuoka M, Kosugi S, Hashimoto J (1991) Highly conserved structure of proliferat-
ing cell nuclear antigen (DNA polymerase delta auxiliary protein) gene in plants. Eur J Biochem 195:
571-575. PMID: 1671766

Jones T, Ye F, Bedolla R, Huang Y, Meng J, et al. (2012) Direct and efficient cellular transformation of
primary rat mesenchymal precursor cells by KSHV. J Clin Invest 122: 1076—1081. https://doi.org/10.
1172/JCI58530 PMID: 22293176

Fang BA, Kovacevic Z, Park KC, Kalinowski DS, Jansson PJ, et al. (2014) Molecular functions of the
iron-regulated metastasis suppressor, NDRG1, and its potential as a molecular target for cancer ther-
apy. Biochim Biophys Acta 1845: 1-19. hitps://doi.org/10.1016/j.bbcan.2013.11.002 PMID: 24269900

Song Y, Cao L (2013) N-myc downstream-regulated gene 1: Diverse and complicated functions in
human hepatocellular carcinoma (Review). Oncol Lett 6: 1539—-1542. https://doi.org/10.3892/01.2013.
1636 PMID: 24260043

Sun J, Zhang D, Bae DH, Sahni S, Jansson P, et al. (2013) Metastasis suppressor, NDRG1, mediates
its activity through signaling pathways and molecular motors. Carcinogenesis 34: 1943-1954. https://
doi.org/10.1093/carcin/bgt163 PMID: 23671130

Lachat P, Shaw P, Gebhard S, van Belzen N, Chaubert P, et al. (2002) Expression of NDRG1, a differ-
entiation-related gene, in human tissues. Histochem Cell Biol 118: 399-408. https://doi.org/10.1007/
s00418-002-0460-9 PMID: 12432451

Ganem D (2010) KSHV and the pathogenesis of Kaposi sarcoma: listening to human biology and medi-
cine. J Clin Invest 120: 939-949. https://doi.org/10.1172/JCI40567 PMID: 20364091

Mesri EA, Cesarman E, Boshoff C (2010) Kaposi's sarcoma and its associated herpesvirus. Nat Rev
Cancer 10: 707-719. https://doi.org/10.1038/nrc2888 PMID: 20865011

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 29/32


https://doi.org/10.1128/JVI.80.5.2243-2256.2006
https://doi.org/10.1128/JVI.80.5.2243-2256.2006
http://www.ncbi.nlm.nih.gov/pubmed/16474132
https://doi.org/10.1128/JVI.78.1.294-301.2004
http://www.ncbi.nlm.nih.gov/pubmed/14671111
https://doi.org/10.1128/JVI.76.22.11596-11604.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388720
https://doi.org/10.1128/JVI.78.13.7248-7256.2004
http://www.ncbi.nlm.nih.gov/pubmed/15194800
https://doi.org/10.1073/pnas.1404219111
http://www.ncbi.nlm.nih.gov/pubmed/25071216
https://doi.org/10.1128/JVI.78.18.10074-10085.2004
http://www.ncbi.nlm.nih.gov/pubmed/15331740
https://doi.org/10.1128/JVI.00839-12
http://www.ncbi.nlm.nih.gov/pubmed/22761383
https://doi.org/10.1128/JVI.78.22.12566-12575.2004
https://doi.org/10.1128/JVI.78.22.12566-12575.2004
http://www.ncbi.nlm.nih.gov/pubmed/15507644
https://doi.org/10.1128/JVI.01524-15
http://www.ncbi.nlm.nih.gov/pubmed/26223641
https://doi.org/10.1128/JVI.00907-09
http://www.ncbi.nlm.nih.gov/pubmed/19710137
https://doi.org/10.1126/science.1211884
http://www.ncbi.nlm.nih.gov/pubmed/22194570
http://www.ncbi.nlm.nih.gov/pubmed/7478986
http://www.ncbi.nlm.nih.gov/pubmed/1671766
https://doi.org/10.1172/JCI58530
https://doi.org/10.1172/JCI58530
http://www.ncbi.nlm.nih.gov/pubmed/22293176
https://doi.org/10.1016/j.bbcan.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269900
https://doi.org/10.3892/ol.2013.1636
https://doi.org/10.3892/ol.2013.1636
http://www.ncbi.nlm.nih.gov/pubmed/24260043
https://doi.org/10.1093/carcin/bgt163
https://doi.org/10.1093/carcin/bgt163
http://www.ncbi.nlm.nih.gov/pubmed/23671130
https://doi.org/10.1007/s00418-002-0460-9
https://doi.org/10.1007/s00418-002-0460-9
http://www.ncbi.nlm.nih.gov/pubmed/12432451
https://doi.org/10.1172/JCI40567
http://www.ncbi.nlm.nih.gov/pubmed/20364091
https://doi.org/10.1038/nrc2888
http://www.ncbi.nlm.nih.gov/pubmed/20865011
https://doi.org/10.1371/journal.ppat.1007628

@'PLOS ‘ PATHOGENS

NDRGH1 facilitates the replication and persistence of KSHV by interacting with PCNA

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Arvanitakis L, Mesri EA, Nador RG, Said JW, Asch AS, et al. (1996) Establishment and characterization
of a primary effusion (body cavity-based) lymphoma cell line (BC-3) harboring kaposi’s sarcoma-associ-
ated herpesvirus (KSHV/HHV-8) in the absence of Epstein-Barr virus. Blood 88: 2648—2654. PMID:
8839859

Cannon JS, Ciufo D, Hawkins AL, Griffin CA, Borowitz MJ, et al. (2000) A new primary effusion lym-
phoma-derived cell line yields a highly infectious Kaposi's sarcoma herpesvirus-containing supernatant.
J Virol 74:10187-10193. PMID: 11024147

Renne R, Zhong W, Herndier B, McGrath M, Abbey N, et al. (1996) Lytic growth of Kaposi’s sarcoma-
associated herpesvirus (human herpesvirus 8) in culture. Nat Med 2: 342-346. PMID: 8612236

LuF, Day L, Lieberman PM (2005) Kaposi’s sarcoma-associated herpesvirus virion-induced transcrip-
tion activation of the ORF50 immediate-early promoter. J Virol 79: 13180—-13185. https://doi.org/10.
1128/JV1.79.20.13180-13185.2005 PMID: 16189019

Sharma-Walia N, Krishnan HH, Naranatt PP, Zeng L, Smith MS, et al. (2005) ERK1/2 and MEK1/2
induced by Kaposi's sarcoma-associated herpesvirus (human herpesvirus 8) early during infection of
target cells are essential for expression of viral genes and for establishment of infection. J Virol 79:
10308-10329. https://doi.org/10.1128/JV1.79.16.10308-10329.2005 PMID: 16051824

Xie J, Pan H, Yoo S, Gao SJ (2005) Kaposi's sarcoma-associated herpesvirus induction of AP-1 and
interleukin 6 during primary infection mediated by multiple mitogen-activated protein kinase pathways. J
Virol 79: 15027-15037. https://doi.org/10.1128/JV1.79.24.15027-15037.2005 PMID: 16306573

Uppal T, Banerjee S, Sun Z, Verma SC, Robertson ES (2014) KSHV LANA—the master regulator of
KSHYV latency. Viruses 6: 4961-4998. https://doi.org/10.3390/v6124961 PMID: 25514370

Toth Z, Papp B, Brulois K, Choi YJ, Gao SJ, et al. (2016) LANA-Mediated Recruitment of Host Poly-
comb Repressive Complexes onto the KSHV Genome during De Novo Infection. PLoS Pathog 12:
€1005878. https://doi.org/10.1371/journal.ppat. 1005878 PMID: 27606464

Kang H, Lieberman PM (2009) Cell cycle control of Kaposi's sarcoma-associated herpesvirus latency
transcription by CTCF-cohesin interactions. J Virol 83: 6199-6210. https://doi.org/10.1128/JVI.00052-
09 PMID: 19369356

Stedman W, Kang H, Lin S, Kissil JL, Bartolomei MS, et al. (2008) Cohesins localize with CTCF at the
KSHYV latency control region and at cellular c-myc and H19/Igf2 insulators. EMBO J 27: 654—666.
https://doi.org/10.1038/emboj.2008.1 PMID: 18219272

Tempera |, Lieberman PM (2010) Chromatin organization of gammaherpesvirus latent genomes. Bio-
chim Biophys Acta 1799: 236-245. https://doi.org/10.1016/j.bbagrm.2009.10.004 PMID: 19853673

De Leon Vazquez E, Kaye KM (2011) Rapid and quantitative assessment of KSHV LANA-mediated
DNA replication. Arch Virol 156: 1323—-1333. https://doi.org/10.1007/s00705-011-0985-0 PMID:
21472413

Skalsky RL, Hu J, Renne R (2007) Analysis of viral cis elements conferring Kaposi’s sarcoma-associ-
ated herpesvirus episome partitioning and maintenance. J Virol 81: 9825-9837. https://doi.org/10.
1128/JV1.00842-07 PMID: 17626102

Kanda T, Miyata M, Kano M, Kondo S, Yoshizaki T, et al. (2015) Clustered microRNAs of the Epstein-
Barr virus cooperatively downregulate an epithelial cell-specific metastasis suppressor. J Virol 89:
2684—2697. https://doi.org/10.1128/JVI.03189-14 PMID: 25520514

Schweitzer CJ, Zhang F, Boyer A, Valdez K, Cam M, et al. (2018) N-Myc Downstream-Regulated Gene
1 Restricts Hepatitis C Virus Propagation by Regulating Lipid Droplet Biogenesis and Viral Assembly. J
Virol 92.

Chen L, Xing C, Ma G, Luo J, Su W, et al. (2018) N-myc downstream-regulated gene 1 facilitates influ-
enza A virus replication by suppressing canonical NF-kappaB signaling. Virus Res 252: 22-28. https://
doi.org/10.1016/j.virusres.2018.05.001 PMID: 29730307

Hellert J, Weidner-Glunde M, Krausze J, Richter U, Adler H, et al. (2013) A structural basis for BRD2/4-
mediated host chromatin interaction and oligomer assembly of Kaposi sarcoma-associated herpesvirus
and murine gammaherpesvirus LANA proteins. PLoS Pathog 9: 1003640. https://doi.org/10.1371/
journal.ppat.1003640 PMID: 24146614

Jager W, Santag S, Weidner-Glunde M, Gellermann E, Kati S, et al. (2012) The ubiquitin-specific prote-
ase USP7 modulates the replication of Kaposi’s sarcoma-associated herpesvirus latent episomal DNA.
J Virol 86: 6745-6757. https://doi.org/10.1128/JVI1.06840-11 PMID: 22514345

Ohsaki E, Ueda K (2017) A chimeric protein composed of NuMA fused to the DNA binding domain of
LANA is sufficient for the ori-P-dependent DNA replication. Virology 500: 190—197. https://doi.org/10.
1016/j.virol.2016.10.032 PMID: 27829174

Ohsaki E, Ueda K, Sakakibara S, Do E, Yada K, et al. (2004) Poly(ADP-ribose) polymerase 1 binds to
Kaposi's sarcoma-associated herpesvirus (KSHV) terminal repeat sequence and modulates KSHV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 30/32


http://www.ncbi.nlm.nih.gov/pubmed/8839859
http://www.ncbi.nlm.nih.gov/pubmed/11024147
http://www.ncbi.nlm.nih.gov/pubmed/8612236
https://doi.org/10.1128/JVI.79.20.13180-13185.2005
https://doi.org/10.1128/JVI.79.20.13180-13185.2005
http://www.ncbi.nlm.nih.gov/pubmed/16189019
https://doi.org/10.1128/JVI.79.16.10308-10329.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051824
https://doi.org/10.1128/JVI.79.24.15027-15037.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306573
https://doi.org/10.3390/v6124961
http://www.ncbi.nlm.nih.gov/pubmed/25514370
https://doi.org/10.1371/journal.ppat.1005878
http://www.ncbi.nlm.nih.gov/pubmed/27606464
https://doi.org/10.1128/JVI.00052-09
https://doi.org/10.1128/JVI.00052-09
http://www.ncbi.nlm.nih.gov/pubmed/19369356
https://doi.org/10.1038/emboj.2008.1
http://www.ncbi.nlm.nih.gov/pubmed/18219272
https://doi.org/10.1016/j.bbagrm.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19853673
https://doi.org/10.1007/s00705-011-0985-0
http://www.ncbi.nlm.nih.gov/pubmed/21472413
https://doi.org/10.1128/JVI.00842-07
https://doi.org/10.1128/JVI.00842-07
http://www.ncbi.nlm.nih.gov/pubmed/17626102
https://doi.org/10.1128/JVI.03189-14
http://www.ncbi.nlm.nih.gov/pubmed/25520514
https://doi.org/10.1016/j.virusres.2018.05.001
https://doi.org/10.1016/j.virusres.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29730307
https://doi.org/10.1371/journal.ppat.1003640
https://doi.org/10.1371/journal.ppat.1003640
http://www.ncbi.nlm.nih.gov/pubmed/24146614
https://doi.org/10.1128/JVI.06840-11
http://www.ncbi.nlm.nih.gov/pubmed/22514345
https://doi.org/10.1016/j.virol.2016.10.032
https://doi.org/10.1016/j.virol.2016.10.032
http://www.ncbi.nlm.nih.gov/pubmed/27829174
https://doi.org/10.1371/journal.ppat.1007628

@'PLOS ‘ PATHOGENS

NDRGH1 facilitates the replication and persistence of KSHV by interacting with PCNA

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

replication in latency. J Virol 78: 9936-9946. https://doi.org/10.1128/JV1.78.18.9936-9946.2004 PMID:
15331727

Ottinger M, Christalla T, Nathan K, Brinkmann MM, Viejo-Borbolla A, et al. (2006) Kaposi’s sarcoma-
associated herpesvirus LANA-1 interacts with the short variant of BRD4 and releases cells from a
BRD4- and BRD2/RING3-induced G1 cell cycle arrest. J Virol 80: 10772—-10786. https://doi.org/10.
1128/JV1.00804-06 PMID: 16928766

Shinohara H, Fukushi M, Higuchi M, Oie M, Hoshi O, et al. (2002) Chromosome binding site of latency-
associated nuclear antigen of Kaposi’s sarcoma-associated herpesvirus is essential for persistent epi-
some maintenance and is functionally replaced by histone H1. J Virol 76: 12917—12924. https://doi.org/
10.1128/JV1.76.24.12917-12924.2002 PMID: 12438617

SiH, Verma SC, Lampson MA, Cai Q, Robertson ES (2008) Kaposi’s sarcoma-associated herpesvirus-
encoded LANA can interact with the nuclear mitotic apparatus protein to regulate genome maintenance
and segregation. J Virol 82: 6734—-6746. https://doi.org/10.1128/JV1.00342-08 PMID: 18417561

Verma SC, Cai Q, Kreider E, Lu J, Robertson ES (2013) Comprehensive analysis of LANA interacting
proteins essential for viral genome tethering and persistence. PLoS One 8: €74662. https://doi.org/10.
1371/journal.pone.0074662 PMID: 24040311

Xiao B, Verma SC, Cai Q, Kaul R, Lu J, et al. (2010) Bub1 and CENP-F can contribute to Kaposi’s sar-
coma-associated herpesvirus genome persistence by targeting LANA to kinetochores. J Virol 84:
9718-9732. https://doi.org/10.1128/JVI.00713-10 PMID: 20660191

Verma SC, Lu J, Cai Q, Kosiyatrakul S, McDowell ME, et al. (2011) Single molecule analysis of repli-
cated DNA reveals the usage of multiple KSHV genome regions for latent replication. PLoS Pathog 7:
e€1002365. https://doi.org/10.1371/journal.ppat.1002365 PMID: 22072974

Barbera AJ, Chodaparambil JV, Kelley-Clarke B, Luger K, Kaye KM (2006) Kaposi’s sarcoma-associ-
ated herpesvirus LANA hitches a ride on the chromosome. Cell Cycle 5: 1048—1052. https://doi.org/10.
4161/cc.5.10.2768 PMID: 16721045

Brulois K, Toth Z, Wong LY, Feng P, Gao SJ, et al. (2014) Kaposi’s sarcoma-associated herpesvirus
K3 and K5 ubiquitin E3 ligases have stage-specific immune evasion roles during lytic replication. J Virol
88: 9335-9349. https://doi.org/10.1128/JVI.00873-14 PMID: 24899205

Wang X, He Z, Xia T, Li X, Liang D, et al. (2014) Latency-associated nuclear antigen of Kaposi sar-
coma-associated herpesvirus promotes angiogenesis through targeting notch signaling effector Hey1.
Cancer Res 74:2026-2037. https://doi.org/10.1158/0008-5472.CAN-13-1467 PMID: 24523441

Lu WJ, Chua MS, So SK (2014) Suppressing N-Myc downstream regulated gene 1 reactivates senes-
cence signaling and inhibits tumor growth in hepatocellular carcinoma. Carcinogenesis 35: 915-922.
https://doi.org/10.1093/carcin/bgt401 PMID: 24302615

Angst E, Dawson DW, Nguyen A, Park J, Go VL, et al. (2010) Epigenetic regulation affects N-myc
downstream-regulated gene 1 expression indirectly in pancreatic cancer cells. Pancreas 39: 675-679.
https://doi.org/10.1097/MPA.0b013e3181c8b476 PMID: 20173668

Sun R, Liang D, Gao Y, Lan K (2014) Kaposi’s sarcoma-associated herpesvirus-encoded LANA inter-
acts with host KAP1 to facilitate establishment of viral latency. J Virol 88: 7331-7344. https://doi.org/
10.1128/JVI1.00596-14 PMID: 24741090

JinY, He Z, Liang D, Zhang Q, Zhang H, et al. (2012) Carboxyl-terminal amino acids 1052 to 1082 of
the latency-associated nuclear antigen (LANA) interact with RBP-Jkappa and are responsible for
LANA-mediated RTA repression. J Virol 86: 4956—4969. https://doi.org/10.1128/JVI.06788-11 PMID:
22379075

Kaul R, Verma SC, Robertson ES (2007) Protein complexes associated with the Kaposi’s sarcoma-
associated herpesvirus-encoded LANA. Virology 364: 317—329. https://doi.org/10.1016/j.virol.2007.03.
010 PMID: 17434559

Liang D, Hu H, Li S, Dong J, Wang X, et al. (2014) Oncogenic herpesvirus KSHV Hijacks BMP-Smad1-
Id signaling to promote tumorigenesis. PLoS Pathog 10: e1004253. https://doi.org/10.1371/journal.
ppat.1004253 PMID: 25010525

Unwin RD, Griffiths JR, Whetton AD (2010) Simultaneous analysis of relative protein expression levels
across multiple samples using iTRAQ isobaric tags with 2D nano LC-MS/MS. Nat Protoc 5: 1574—
1582. https://doi.org/10.1038/nprot.2010.123 PMID: 21085123

Lee HR, Li F, Choi UY, Yu HR, Aldrovandi GM, et al. (2018) Deregulation of HDACS5 by Viral Interferon
Regulatory Factor 3 Plays an Essential Role in Kaposi’s Sarcoma-Associated Herpesvirus-Induced
Lymphangiogenesis. MBio 9.

Lin X, Sun R, Zhang F, Gao Y, Bin L, et al. (2017) The Latency-Associated Nuclear Antigen of Kaposi’s
Sarcoma-Associated Herpesvirus Inhibits Expression of SUMO/Sentrin-Specific Peptidase 6 To Facili-
tate Establishment of Latency. J Virol 91.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 31/32


https://doi.org/10.1128/JVI.78.18.9936-9946.2004
http://www.ncbi.nlm.nih.gov/pubmed/15331727
https://doi.org/10.1128/JVI.00804-06
https://doi.org/10.1128/JVI.00804-06
http://www.ncbi.nlm.nih.gov/pubmed/16928766
https://doi.org/10.1128/JVI.76.24.12917-12924.2002
https://doi.org/10.1128/JVI.76.24.12917-12924.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438617
https://doi.org/10.1128/JVI.00342-08
http://www.ncbi.nlm.nih.gov/pubmed/18417561
https://doi.org/10.1371/journal.pone.0074662
https://doi.org/10.1371/journal.pone.0074662
http://www.ncbi.nlm.nih.gov/pubmed/24040311
https://doi.org/10.1128/JVI.00713-10
http://www.ncbi.nlm.nih.gov/pubmed/20660191
https://doi.org/10.1371/journal.ppat.1002365
http://www.ncbi.nlm.nih.gov/pubmed/22072974
https://doi.org/10.4161/cc.5.10.2768
https://doi.org/10.4161/cc.5.10.2768
http://www.ncbi.nlm.nih.gov/pubmed/16721045
https://doi.org/10.1128/JVI.00873-14
http://www.ncbi.nlm.nih.gov/pubmed/24899205
https://doi.org/10.1158/0008-5472.CAN-13-1467
http://www.ncbi.nlm.nih.gov/pubmed/24523441
https://doi.org/10.1093/carcin/bgt401
http://www.ncbi.nlm.nih.gov/pubmed/24302615
https://doi.org/10.1097/MPA.0b013e3181c8b476
http://www.ncbi.nlm.nih.gov/pubmed/20173668
https://doi.org/10.1128/JVI.00596-14
https://doi.org/10.1128/JVI.00596-14
http://www.ncbi.nlm.nih.gov/pubmed/24741090
https://doi.org/10.1128/JVI.06788-11
http://www.ncbi.nlm.nih.gov/pubmed/22379075
https://doi.org/10.1016/j.virol.2007.03.010
https://doi.org/10.1016/j.virol.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17434559
https://doi.org/10.1371/journal.ppat.1004253
https://doi.org/10.1371/journal.ppat.1004253
http://www.ncbi.nlm.nih.gov/pubmed/25010525
https://doi.org/10.1038/nprot.2010.123
http://www.ncbi.nlm.nih.gov/pubmed/21085123
https://doi.org/10.1371/journal.ppat.1007628

o ®
@ : PLOS ‘ PATHOGENS NDRGH1 facilitates the replication and persistence of KSHV by interacting with PCNA

77. Naranatt PP, Akula SM, Zien CA, Krishnan HH, Chandran B (2003) Kaposi’s sarcoma-associated her-
pesvirus induces the phosphatidylinositol 3-kinase-PKC-zeta-MEK-ERK signaling pathway in target
cells early during infection: implications for infectivity. J Virol 77: 1524-1539. https://doi.org/10.1128/
JVI.77.2.1524-1539.2003 PMID: 12502866

78. Gloeckner CJ, Boldt K, Ueffing M (2009) Strep/FLAG tandem affinity purification (SF-TAP) to study pro-
tein interactions. Curr Protoc Protein Sci Chapter 19: Unit19 20.

79. Jutras BL, Verma A, Stevenson B (2012) Identification of novel DNA-binding proteins using DNA-affinity
chromatography/pull down. Curr Protoc Microbiol Chapter 1: Unit1F 1.

80. Mittnacht S, Weinberg RA (1991) G1/S phosphorylation of the retinoblastoma protein is associated with
an altered affinity for the nuclear compartment. Cell 65: 381-393. PMID: 2018973

81. Hirt B (1967) Selective extraction of polyoma DNA from infected mouse cell cultures. J Mol Biol 26:
365-369. PMID: 4291934

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007628 February 27, 2019 32/32


https://doi.org/10.1128/JVI.77.2.1524-1539.2003
https://doi.org/10.1128/JVI.77.2.1524-1539.2003
http://www.ncbi.nlm.nih.gov/pubmed/12502866
http://www.ncbi.nlm.nih.gov/pubmed/2018973
http://www.ncbi.nlm.nih.gov/pubmed/4291934
https://doi.org/10.1371/journal.ppat.1007628

