
Proteomic Profiling Identifies Kaposi’s Sarcoma-Associated
Herpesvirus (KSHV)-Encoded LANASIM-Associated Proteins in
Hypoxia

Xiaoqing Liu,a JinGan,a ShujuanDu,a Caixia Zhu,a YuyanWang,a Yuping Jia,c DaizhouZhang,c DiQu,a FangWei,b Erle S. Robertson,d,e

Qiliang Caia,f

aShanghai Institute of Infections Disease and Biosecurity & MOE&NHC&CAMS Key Laboratory of Medical Molecular Virology, Department of Medical Microbiology and

Parasitology, School of Basic Medicine, Shanghai Medical College, Fudan University, Shanghai, People’s Republic of China
bShengYushou Center of Cell Biology and Immunology, School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai, People’s Republic of China
cShandong Academy of Pharmaceutical Sciences, Jinan, People’s Republic of China
dDepartment of Microbiology, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania, USA
eAbramson Comprehensive Cancer Center, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania, USA
fExpert Workstation, Baoji Central Hospital, Baoji, People’s Republic of China

Xiaoqing Liu and Jin Gan equally contributed to this work. Jin Gan established stable cell lines and performed MS; Xiaoqing Liu analyzed and confirmed MS data and drafted the

manuscript.

ABSTRACT Hypoxia signaling is a key regulator in the development and progression
of many types of human malignancies, including viral cancers. The latency-associated
nuclear antigen (LANA), encoded by Kaposi’s sarcoma-associated herpesvirus (KSHV)
during latency, is a multifunctional protein that plays an essential role in viral episome
maintenance and lytic gene silencing for inducing tumorigenesis. Although our previous
studies have shown that LANA contains a SUMO-interacting motif (LANASIM), and hy-
poxia reduces SUMOylated KAP1 association with LANASIM, the physiological proteomic
network of LANASIM-associated cellular proteins in response to hypoxia is still unclear. In
this study, we individually established cell lines stably expressing wild-type LANA
(LANAWT) and its SIM-deleted mutant (LANAdSIM) and treated them with or without hy-
poxia, followed by coimmunoprecipitation and mass spectrometry analysis to systemi-
cally identify the hypoxia-responsive profile of LANASIM-associated cellular proteins. We
found that in hypoxia, the number of cellular proteins associated with LANAWT instead
of LANAdSIM was dramatically increased. Functional network analysis revealed that two
major pathways, which included cytoskeleton organization and DNA/RNA binding and
processing pathways, were significantly enriched for 28 LANASIM-associated proteins in
response to hypoxia. HNRNPU was one of the proteins consistently identified that inter-
acted with LANASIM in different proteomic screening systems and responded to hypoxia.
This study provides a proteomic profile of LANASIM-associated proteins in hypoxia and
facilitates our understanding of the role of the collaboration between viral infection and
the hypoxia response in inducing viral persistence and tumorigenesis.

IMPORTANCE Kaposi’s sarcoma-associated herpesvirus (KSHV) has been reported to
be involved in the regulation of host proteins in response to hypoxic stress. LANA,
one of the key latent proteins, contains a SUMO-interacting motif (LANASIM) and
reduces the association with SUMOylated KAP1 upon hypoxic treatment. However,
the physiological systematic network of LANASIM-associated cellular proteins in hy-
poxia is still unclear. Here, we revealed two major pathways, which included cyto-
skeleton organization and DNA/RNA binding and processing pathways, that were
significantly enriched for 28 LANASIM-associated proteins in hypoxia. This discovery
not only provides a proteomic profile of LANASIM-associated proteins in hypoxia but
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also facilitates our understanding of the collaboration between viral infection and
hypoxic stress in inducing viral persistence and tumorigenesis.

KEYWORDS KSHV, LANA, SIM, hypoxia, HNRNPU, SUMO-interacting motif

Hypoxia (low oxygen) is a common feature of the hostile microenvironment that
results from the rapid growth of cancer cells (1). It has been demonstrated that hy-

poxia occurs in many types of human malignancies, including virus-mediated cancers
(2). Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV), or human herpesvirus 8 (HHV-
8), mainly infects two cell types, human endothelial cells and B lymphocytes, and is
tightly associated with KS, primary effusion lymphoma (PEL), and a subset of multicen-
tric Castleman’s diseases (MCDs) (3). Like other herpesviruses, KSHV has two stages in
its life cycle: latent infection and lytic replication. During latency, the KSHV genome is
anchored to the host chromosome as an episome, with only a few viral genes being
expressed (4). The latency-associated nuclear antigen (LANA), encoded by open read-
ing frame 73 (ORF73), is one of the viral proteins dominantly expressed in latent infec-
tion. It has been demonstrated that LANA is a nuclear protein with multiple functions,
particularly tethering the viral episome to host chromatin by acting as an adaptor
(through linking the tandem repeat [TR] region of the viral genome with histones H1
and H2A/B of host chromosomes via binding to its C terminus and N terminus, respec-
tively) to ensure the maintenance of the viral genome during host cell segregation (5).
In addition, LANA can directly or indirectly interact with a number of host proteins,
such as binding to the promoter region of host/viral genes and inhibiting viral lytic
replication, host cell immune responses, and apoptosis, thereby promoting the estab-
lishment and maintenance of KSHV latent infection and ultimately inducing the forma-
tion of tumors (6). We and other groups have also shown that LANA not only interacts
with HIF1a (one of the key hypoxia-inducible factors) to block lytic replication under
normoxic conditions but also protects the cellular replication machinery from hypoxia-
induced degradation (7, 8), although hypoxia could reactivate KSHV from latency to
lytic replication (7). However, the molecular mechanisms of how KSHV controls its life
cycle in response to hypoxia remain largely unclear.

Emerging evidence indicates that small ubiquitin-like modifier (SUMO), one of the
posttranslational modifications of proteins, plays a critical role in the regulation of
gene transcription and the response to extracellular stress (9, 10). In addition to cova-
lently attaching to substrate proteins, SUMO can also noncovalently bind to target pro-
teins through a SUMO-interacting motif (SIM), which contains a consensus sequence
including K-x3–5-I/V-I/L-I/L-x3-D/E/Q/N-D/E-D/E, h-h-x-S-x-S/T-a-a, or V/I-x-V/I-V/I (11–
13). Our previous work showed that there is a SIM localized within the amino terminus
of the LANA protein (LANASIM), which can recruit a variety of proteins, including
SUMO2-modified KAP1 and Sin3A, to form a transcription-inhibitory complex. This
complex in turn silences gene expression and maintains the viral episome along with
host cell segregation during latency. In hypoxia, the SUMOylated protein, including
KAP1, is dissociated from the LANASIM-associated complex, which opens the chromatin
structure to activate viral lytic replication (14). By expressing and purifying the
recombinant protein of the SIM of LANA fused with glutathione S-transferase (GST) as
bait in vitro to capture the LANASIM-interacting proteins from nuclear extracts of PEL
cells, combined with mass spectrometry (MS) analysis, we identified a series of proteins
that are mainly involved in the regulation of the cell cycle, DNA unwinding and replica-
tion, and pre-mRNA/mRNA processing associated with LANASIM (15). However, a limita-
tion of the previous study was that only amino acids 240 to 300 of LANA were used for
capturing interacting proteins; this short amino acid sequence might not be represen-
tative of the structure of LANASIM, and in vitro GST pulldown assays could not fully
reflect the endogenous protein-protein interactions that physiologically exist within
the cellular complexes in cells.

In this study, to further elucidate the physiological functions of LANASIM in response
to hypoxia, we initially generated human umbilical vein endothelial cell (HUVEC) and
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HEK293 cell lines stably expressing wild-type LANA (LANAWT) and its SIM-deleted mu-
tant (LANAdSIM) individually, followed by treatment with or without hypoxia. We then
performed coimmunoprecipitation combined with tandem quantitative mass spec-
trometry analyses to identify and highlight the interacting proteomic profile of
LANASIM in response to hypoxia. These results provide new insights into the collabora-
tive role of LANASIM-mediated proteins between viral infection and the hypoxia
response for viral pathogenesis and tumorigenesis.

RESULTS
Quantitative proteomic analysis of LANASIM-associated proteins in hypoxia. To

identify proteins specifically associated with the SIM of LANA (LANASIM) in a physiologi-
cal setting (Fig. 1A), we generated two types of cell lines (HUVECs and HEK293 cells)
stably expressing recombinant wild-type LANA fused with both yellow fluorescent pro-
tein (YFP) and Flag tags (YFP-LANAWT-Flag), its SIM-deleted mutant (YFP-LANAdSIM-
Flag), or the vector alone (YFP-Flag). The stable cell lines were then individually sub-
jected to normoxia or hypoxia treatment for 48 h, followed by coimmunoprecipitation
assays with anti-Flag antibodies and relative quantitative matrix-assisted laser desorp-
tion ionization–time of flight (MALDI-TOF) MS analysis and protein sequence identifica-
tion (Fig. 1A). As shown in Fig. 1B, along with immunoblot (IB) analysis to verify the
expression level of LANA as a control, we observed that the bands representing the
interacting cellular proteins were enriched by LANAWT or LANAdSIM in both HUVEC and
HEK293 stable cell lines, with both hypoxia and normoxia treatments, compared with
the vector-alone group (Fig. 1B, top). Interestingly, the deletion of the SIM of LANA or
hypoxia treatment consistently reduced the intensity of the interacting proteins pulled
down by LANA in both HUVEC and HEK293 stable cell lines, which supported our previ-
ous observation that LANASIM functions in response to hypoxic stress (14). To confirm
whether the LANASIM-interacting proteins present higher sensitivity in response to hy-
poxia, the immunoprecipitated complexes of LANAWT and LANAdSIM from both HUVEC
and HEK293 stable cell lines in normoxia or hypoxia were individually subjected to
MALDI-TOF MS analysis (Fig. 1C), along with the vector alone as a parallel control to
exclude the nonspecifically binding proteins. The results showed that 96 cellular pro-
teins interacted with LANAWT from HUVECs in normoxia, while 169 cellular proteins
were associated with hypoxia. Notably, 54 cellular proteins appeared in both normoxia
and hypoxia (Fig. 1D, right). In contrast, despite the fact that 70 cellular proteins exclu-
sively interacted with the SIM-deleted mutant of LANA (LANAdSIM) from HUVECs in nor-
moxia, only 56 cellular proteins were associated exclusively with hypoxia. The number
of cellular proteins pulled down by LANAWT from stable HUVECs in hypoxia and nor-
moxia was much higher (fold change for the WT versus dSIM of 2.73- versus 0.8-fold)
than that pulled down by LANAdSIM (Fig. 1D, right). Consistently, a similar phenomenon
(fold change for the WT versus dSIM of 5.35- versus 2.42-fold) was observed in HEK293
stable cell lines (Fig. 1D, left). This indicates that the loss of the SIM may reduce the
ability of LANA to deal with hypoxic stress.

To further explore the role of LANASIM, we analyzed LANASIM-associated protein pro-
files from HUVEC or HEK293 stable cell lines under normoxic or hypoxic conditions, based
on the screening criterion of an emPAI ratio of LANAdSIM/LANAWT of $2 (increased with
the deletion of SIM) or #0.5 (decreased with the deletion of SIM). As shown in the top
panels of Fig. 2A, there were 114 cellular proteins associated with LANASIM from stable
HUVECs in normoxia, while there were 187 proteins in hypoxia. Among these, 71 proteins
were increased and 43 were decreased in normoxia, and 51 proteins were increased and
136 were decreased in hypoxia. A similar phenomenon was also observed in the HEK293
stable cell lines (Fig. 2A, bottom). Functional clustering analysis revealed that LANASIM-
associated cellular proteins from stable HUVECs in hypoxia were enriched mainly in cell
cycle and cytoskeleton organization pathways and less so for protein transport or protein
localization pathways compared to what was seen in normoxia (Fig. 2B, left). In contrast,
LANASIM-associated cellular proteins from HEK293 stable cells in hypoxia were also

LANASIM-Associated Proteins in Hypoxia

November/December 2021 Volume 6 Issue 6 e01109-21 msystems.asm.org 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 3

0 
D

ec
em

be
r 

20
21

 b
y 

20
2.

12
0.

79
.1

39
.

https://msystems.asm.org


predominantly enriched in the cytoskeleton organization pathway, in addition to the cel-
lular component biogenesis pathway, and more limited in the association with proteins
in the mRNA splicing/spliceosome and metabolic process pathways (Fig. 2B, right). This
provides evidence that the key biological processes associated with the SIM of LANA are

FIG 1 Overview of the strategy to identify the hypoxia-sensitive proteins that interact with LANASIM. (A)
Streamlined workflow for identification of hypoxia-sensitive proteins that interact with LANASIM as
determined by proteomic analysis. HUVECs or HEK293 cells stably expressing YFP-Flag, YFP-LANAWT-Flag,
or YFP-LANAdSIM-Flag were cultured in normoxia (N) (21% O2) or hypoxia (H) (0.2% O2) for 48 h. Total
protein extracts from these cells were then subjected to coimmunoprecipitation (co-IP) with anti-Flag
antibodies, and the precipitated proteins were separated on SDS-PAGE gels. Following in-gel trypsin
digestion, peptides were isolated and purified for MALDI-TOF MS analysis or immunoblotting with anti-
Flag antibodies for confirming the levels of exogenous LANA expression. (B) Coomassie staining of SDS-
PAGE gels for separation of precipitated YFP-Flag, LANAWT-Flag, or LANAdSIM-Flag proteins from HUVEC or
HEK293 stable cell lines in the presence or absence of hypoxia treatment as described above for panel A.
The levels of exogenous LANA from immunoblot analysis with anti-Flag antibodies are shown in the
bottom panels. (C) Heat map showing the number of proteins associated with LANAWT or LANAdSIM in
HUVEC and HEK293 stable cell lines in normoxia or hypoxia. The color gradient represents the log2

exponentially modified protein abundance index (emPAI) values after excluding the background of the
vector group as a control. (D) Venn diagrams of proteins interacting with LANAWT (top) or LANAdSIM

(bottom) from HUVEC and HEK293 stable cell lines in the presence or absence of hypoxia identified by
MS. The number is obtained based on peptides of the proteins detected from the mass spectrum with
the exclusion of nonspecifically binding proteins. The ratios of the interacting proteins of LANAWT (or
LANAdSIM) under normoxic and those under hypoxic conditions are shown at the bottom.
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different in normoxia and hypoxia, and the cytoskeleton organization pathway may be a
common target of LANASIM in hypoxia.

Comparison between LANASIM- and LANAdSIM-associated proteomic profiles in
hypoxia. To validate whether those proteins enriched by LANASIM in hypoxia are
related to SUMO modification, we chose HUVECs as a model for further analysis and
compared the differences between LANASIM-associated proteins and LANAdSIM-associ-
ated proteins. As described previously (15), we predicted the potential SUMO modifica-
tion sites and SIMs from 101 (out of 187) proteins exclusively associated with LANASIM

in hypoxia and 13 (out of 99) proteins exclusively associated with LANAdSIM as a control
(Fig. 3A). As shown in Fig. 3B, 88.2% of the identified proteins have a high potential for
being SUMOylated in the LANASIM-associated profile, while a relatively lower number

FIG 2 LANASIM-associated protein profiles from HUVECs and HEK293 cells in response to hypoxia. (A) Venn
diagrams of the identified LANASIM-associated proteins from LANAWT- or LANAdSIM stably expressing cells by
mass spectrometry analysis based on an emPAI ratio of LANAdSIM/LANAWT of $2 (increased with the deletion of
SIM) or #0.5 (decreased with the deletion of SIM). The distribution data for each protein with log2 (dSIM/WT)
values in normoxia (N) or hypoxia (H) are shown in the right panel. (B) Heat maps of significantly enriched
biological pathways of LANASIM-associated proteins identified from stable cells in normoxia or hypoxia from
panel A. The color gradient from blue to white represents low to high P values.
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of proteins (71.3%) was identified in the LANAdSIM-associated profile (Fig. 3B).
Unexpectedly, the distributions of LANASIM- and LANAdSIM-associated proteins with dif-
ferent numbers (1, 2, 3, or .3) of WKxE or noncanonical consensus SUMOylated sites
were similar (Fig. 3C). The identified proteins containing only one potential SUMOylation
site were the majority in both the LANASIM- and LANAdSIM-associated profiles (Fig. 3C).
Consistent with our previous study, the interaction of SUMOylated proteins with LANASIM

has a higher capacity for SIMs, with about 48.2% of the LANASIM-associated proteins in hy-
poxia but only 30.5% of the LANAdSIM-associated proteins containing at least 1 SIM
(Fig. 3D). This indicates that the LANASIM-associated proteins in hypoxia are more easily
SUMOylated than the LANAdSIM-associated proteins in hypoxia.

The functional core network of LANASIM-associated proteins in hypoxia. Since
increased and decreased profiles of the LANASIM-associated proteins from HEVECs or
HEK293 cells in hypoxia were observed once the SIM was deleted (Fig. 2A, right), we
attempted to perform an enrichment analysis of the related functional pathways tar-
geted by LANASIM. The results showed that functional pathways of the decreased pro-
teins targeted by LANASIM in hypoxia were mainly related to protein localization, transla-
tional initiation, and mRNA processing, while the increased ones mainly participated in
the regulation of cytoskeleton organization and spindle organization (Fig. 4A). To further
evaluate the consistency of the increased and decreased profiles of the LANASIM-associ-
ated proteins in hypoxia, we analyzed and aligned the LANASIM-associated proteins from
HUVECs and HEK293 cells in hypoxia (Fig. 4B) and found that 16 of the increased pro-
teins and 12 of the decreased proteins were consistently associated with LANASIM

(Table 1). Interestingly, the functional core network analysis of these 28 proteins revealed
that the LANASIM-associated proteins in hypoxia are mainly involved in the regulation of
cytoskeleton organization and protein localization and DNA/RNA binding and processing
(Fig. 4C and Table 1). Among these, SUMO3, a well-known SUMO molecule that responds

�

FIG 3 Differential proteome profiles of LANASIM- and LANAdSIM-associated proteins in hypoxia. (A) Venn
diagrams of the numbers of LANASIM- and LANAdSIM-associated proteins from HUVECs in hypoxia identified by
MS. (B) Relative percentages of SUMOylated and non-SUMOylated proteins associated with LANASIM or
LANAdSIM in hypoxia from panel A. The relative percentage was calculated according to the number of
identified proteins containing the WKxE motif or noncanonical consensus SUMOylated sites, which was
predicted by SUMOsp_2.0 with the high threshold setting. (C) Relative percentages of LANASIM- or LANAdSIM-
associated proteins with the WKxE motif (outer circle) or noncanonical consensus SUMOylated sites (inner
circle). The different numbers (1, 2, 3, or .3) of WKxE motifs in each protein are shown in different colors at
the bottom. (D) Relative percentages of the –[V/I]-X-[V/I]-[V/I]– consensus SIMs.
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FIG 4 Functional profile analysis of the LANASIM-associated proteins in response to hypoxia. (A) Biological pathway analyses of identified
proteins with decreased or increased associations with LANASIM in HUVECs in response to hypoxia from Fig. 2A. The top 8 pathways for the

(Continued on next page)
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to hypoxic stress, was also observed (Fig. 4C). This supports our hypothesis and previous
reports from our group and other investigators (15–17).

To address whether there are some identified proteins that overlap between the
LANASIM-associated proteome profile in hypoxia and the GST-SIM-associated proteome
profile reported previously (15), we aligned each protein within the LANASIM and GST-SIM
profiles. Surprisingly, there were only two proteins, namely, SERPINH1 and HNRNPU, that
were identified in both the LANASIM and GST-SIM profiles, while most of the other pro-
teins were exclusive for each of their independent profiles (Fig. 4D). To further validate
the potential association of SERPINH1 and HNRNPU with LANASIM in response to hypoxia,
we performed coimmunoprecipitation analyses by overexpressing LANA or RTA in
HEK293 cells. The results showed that SERPINH1 and HNRNPU, but not RTA, associated
with LANA to some extent (Fig. 5A). In view of the fact that LANA has a higher affinity for
HNRNPU than SERPINH1, the interaction of endogenous LANA with HNRNPU was further
confirmed in PEL cells by coimmunoprecipitation assays with LANA-specific antibodies
(Fig. 5B). The results from immunofluorescence assays showed not only that the expres-
sion of LANA in HEK293 cells dramatically enhanced the expression levels of the endoge-
nous HNRNPU protein in normoxia but also that hypoxia treatment increased HNRNPU
localization with LANA in the nuclear compartment (Fig. 6A). These data provide strong
evidence that HNRNPU associates with LANASIM and responds to hypoxia.

The SUMOylation of HNRNPU is enhanced by KSHV latent infection and responds
to hypoxia. To further determine the role of HNRNPU in KSHV latently infected cells
and in response to hypoxia, we performed immunofluorescence assays to examine the
localization of HNRNPU in the iSLK cell line and its derived iSLK.219 cells with KSHV
latent infection under normoxia or hypoxia conditions. Consistent with the observa-
tions from overexpression with exogenous LANA, the results showed that both the
expression and nuclear location of HNRNPU are enhanced by KSHV latent infection in
iSLK.219 cells under normoxia conditions, and the nuclear localization of HNRNPU is
further induced by hypoxic stress (Fig. 6B). In view of the fact that HNRNPU associates
with LANASIM, we attempted to examine whether HNRNPU undergoes SUMOylation in
response to KSHV latent infection and hypoxia. The results from denatured immuno-
precipitation (IP) assays showed that HNRNPU was dramatically SUMOylated by
SUMO1 and SUMO2/3 in iSLK cells with KSHV latent infection (iSLK.219) under nor-
moxic conditions, while the SUMO2/3- but not the SUMO1-modified form of HNRNPU
was inhibited by hypoxia (Fig. 7A), indicating that SUMO2/3-modified HNRNPU
induced by KSHV infection is involved in the response to hypoxia.

To further investigate the biological role of HNRNPU in the regulation of KSHV reac-
tivation of lytic replication, we knocked down the expression of HNRNPU in iSLK.219
cells by the introduction of small interfering RNA and looked at the expression level of
RTA (the master regulator of lytic replication) and virion production in the culture me-
dium in the presence and absence of hypoxia treatment. The results showed that inhi-
bition of HNRNPU expression did not significantly impair RTA expression or virion pro-
duction in normoxia (Fig. 7B, left). In contrast, although the expression of RTA did not
have a significant effect, inhibition of HNRNPU greatly increased virion production
induced by hypoxia (Fig. 7B, right). These data suggest that HNRNPU is involved in the
regulation of the KSHV life cycle and responds to hypoxia.

DISCUSSION

To globally address the biological role of the SIM of LANA in KSHV-mediated latent

FIG 4 Legend (Continued)
enrichment of differentially expressed proteins are shown. ER, endoplasmic reticulum. (B) Heat map of identified proteins with significantly
decreased or increased associations with LANASIM in both HUVECs and HEK293 cells under normoxia or hypoxia from Fig. 2A. The relative fold
changes are shown as log ratios of emPAI values of dSIM/WT. (C) Hypothetical regulatory core network of 28 identified proteins with increased
or decreased associations with LANASIM in both HUVECs and HEK293 cells in response to hypoxia. This analysis was performed using STRING
(https://string-db.org). The red dotted circle indicates the molecules involved in the regulation of cytoskeleton organization and protein localization;
DNA/RNA binding and processing are shown by the light green dotted circle. (D) Venn diagram of the numbers of LANASIM-associated proteins
from HUVECs/HEK293 cells in hypoxia and GST-SIM-associated proteins from BCBL1 cells identified by MS (15).

Liu et al.

November/December 2021 Volume 6 Issue 6 e01109-21 msystems.asm.org 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 3

0 
D

ec
em

be
r 

20
21

 b
y 

20
2.

12
0.

79
.1

39
.

https://string-db.org
https://msystems.asm.org


TA
B
LE

1
C
ha

ra
ct
er
is
ti
cs

of
28

LA
N
A
SI
M
-a
ss
oc
ia
te
d
p
ro
te
in
s
id
en

tifi
ed

fr
om

H
U
VE

C
s
an

d
H
EK

29
3
ce
lls

in
hy

p
ox

ia

G
en

e
sy
m
b
ol

M
as
s

G
en

e
d
es
cr
ip
ti
on

Lo
g
2
fo
ld

ch
an

g
e

(d
SI
M
/W

T)

C
or
e
p
at
h
w
ay

(s
)

H
U
V
EC

s
H
EK

29
3
ce
lls

A
C
TB

41
,7
10

A
ct
in
,c
yt
op

la
sm

ic
1

2
4.
29

2
0.
24

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

A
C
TN

1
10

6,
71

4
A
lp
ha

-a
ct
in
in
-1

is
of
or
m

X
1

3.
28

4.
26

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

A
C
TN

4
10

4,
78

8
A
lp
ha

-a
ct
in
in
-4

2.
85

1.
84

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

C
A
PZ

A
1

32
,9
02

F-
ac
ti
n-
ca
p
p
in
g
p
ro
te
in

su
b
un

it
al
p
ha

1
3.
04

3.
59

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

C
A
PZ

B
30

,6
09

F-
ac
ti
n-
ca
p
p
in
g
p
ro
te
in

su
b
un

it
b
et
a
is
of
or
m

1
3.
08

0.
54

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

C
C
T2

57
,4
52

T-
co
m
p
le
x
p
ro
te
in

1
su
b
un

it
b
et
a
is
of
or
m

1
2
2.
78

2
2.
78

Pr
ot
ei
n
fo
ld
in
g

C
C
T4

57
,8
88

T-
co
m
p
le
x
p
ro
te
in

1
su
b
un

it
de

lt
a
is
of
or
m

A
2
3.
11

2
3.
32

Pr
ot
ei
n
fo
ld
in
g

C
D
C
42

21
,2
45

C
el
ld

iv
is
io
n
co
nt
ro
lp

ro
te
in

42
ho

m
ol
og

is
of
or
m

1
p
re
cu
rs
or

2
3.
26

2
3.
26

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

,c
el
lm

ig
ra
ti
on

C
LT
C

19
1,
49

3
C
la
th
rin

he
av
y
ch

ai
n
1
is
of
or
m

1
2.
30

2.
78

Pr
ot
ei
n
lo
ca
liz
at
io
n

D
BN

1
71

,5
65

D
re
b
rin

is
of
or
m

B
3.
04

4.
28

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

EN
O
1

47
,1
39

A
lp
ha

-e
no

la
se

is
of
or
m

1
2
3.
83

2
0.
35

G
ly
co
ly
si
s

EP
B4

1L
2

11
2,
51

9
Ba

nd
4.
1-
lik
e
p
ro
te
in

2
is
of
or
m

A
2.
85

2.
85

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

,p
ro
te
in

lo
ca
liz
at
io
n

EZ
R

69
,3
70

Ez
rin

2
0.
60

2
3.
04

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

G
N
B1

37
,3
53

G
ua

ni
ne

nu
cl
eo

ti
de

-b
in
di
ng

p
ro
te
in

G
(I)
/G
(S
)/
G
(T
)s
ub

un
it
b
et
a
1
is
of
or
m

1
3.
32

3.
00

Pr
ot
ei
n
fo
ld
in
g

H
IS
T1

H
1C

21
,3
52

H
is
to
ne

H
1.
2

3.
26

2
0.
38

D
N
A
/R
N
A
b
in
di
ng

H
N
RN

PF
45

,6
43

H
et
er
og

en
eo

us
nu

cl
ea
rr
ib
on

uc
le
op

ro
te
in

F
2
3.
23

2
2.
90

RN
A
b
in
di
ng

H
N
RN

PK
50

,9
44

H
et
er
og

en
eo

us
nu

cl
ea
rr
ib
on

uc
le
op

ro
te
in

K
is
of
or
m

B
2.
85

2
0.
33

Pr
e-
m
RN

A
/m

RN
A
p
ro
ce
ss
in
g

H
N
RN

PU
88

,9
24

H
et
er
og

en
eo

us
nu

cl
ea
rr
ib
on

uc
le
op

ro
te
in

U
is
of
or
m

B
2
2.
60

-2
.9
0

D
N
A
/R
N
A
b
in
di
ng

PA
BP

C
1

70
,6
26

Po
ly
ad

en
yl
at
e-
b
in
di
ng

p
ro
te
in

1
2
2.
70

2
3.
04

Pr
e-
m
RN

A
/m

RN
A
p
ro
ce
ss
in
g

RP
S3

A
29

,9
26

40
S
rib

os
om

al
p
ro
te
in

S3
a
is
of
or
m

1
3.
11

0.
00

RN
A
b
in
di
ng

SE
RP

IN
H
1

46
,4
11

Se
rp
in

H
1
p
re
cu
rs
or

2
2.
90

2
3.
42

C
ol
la
ge

n
b
io
sy
nt
he

ti
c
p
ro
ce
ss

SU
M
O
3

11
,6
30

Sm
al
lu

b
iq
ui
ti
n-
re
la
te
d
m
od

ifi
er

3
is
of
or
m

1
p
re
cu
rs
or

3.
53

0.
00

Pr
ot
ei
n
SU

M
O
yl
at
io
n,
D
N
A
b
in
di
ng

,p
ro
te
in

lo
ca
liz
at
io
n

TK
T

67
,8
35

Tr
an

sk
et
ol
as
e
is
of
or
m

1
2
2.
70

2
2.
70

G
ly
ce
ra
ld
eh

yd
e-
3-
p
ho

sp
ha

te
b
io
sy
nt
he

ti
c
p
ro
ce
ss

TM
EM

10
9

26
,1
94

Tr
an

sm
em

b
ra
ne

p
ro
te
in

10
9
p
re
cu
rs
or

2
3.
18

2
3.
18

Re
sp
on

se
to

D
N
A
da

m
ag

e
TP

M
1

32
,7
97

Tr
op

om
yo

si
n
al
p
ha

1
ch

ai
n
is
of
or
m

Tp
m
1.
3s
m

3.
38

3.
08

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

VA
SP

39
,8
05

Va
so
di
la
to
r-
st
im

ul
at
ed

p
ho

sp
ho

p
ro
te
in

2.
95

2.
95

C
yt
os
ke
le
to
n
or
ga

ni
za
ti
on

VC
P

89
,2
66

Tr
an

si
ti
on

al
en

do
p
la
sm

ic
re
ti
cu
lu
m

A
TP

as
e

2.
60

0.
00

D
N
A
re
p
ai
r,
en

do
p
la
sm

ic
re
ti
cu
lu
m

un
fo
ld
ed

p
ro
te
in

re
sp
on

se
YB

X
1

35
,9
03

N
uc
le
as
e-
se
ns
it
iv
e
el
em

en
t-
b
in
di
ng

p
ro
te
in

1
2
3.
08

2
0.
34

RN
A
st
ab

ili
za
ti
on

,m
RN

A
sp
lic
in
g,
D
N
A
re
p
ai
r

LANASIM-Associated Proteins in Hypoxia

November/December 2021 Volume 6 Issue 6 e01109-21 msystems.asm.org 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 3

0 
D

ec
em

be
r 

20
21

 b
y 

20
2.

12
0.

79
.1

39
.

https://msystems.asm.org


infection, we report the systematic analysis of cellular proteins associated with the SIM
of LANA in hypoxia by generating HUVECs and HEK293 cells stably expressing wild-
type LANA (LANAWT) and its SIM-deleted mutant (LANAdSIM). Specifically, we found that
molecules involved in the regulation of two major cellular pathways, which include cy-
toskeleton organization and DNA/RNA binding and processing pathways, are signifi-
cantly targeted by LANASIM in response to hypoxia.

It is worth mentioning that although our previous studies revealed a proteomic pro-
file of 155 LANASIM-associated proteins when we used a recombinant protein of GST
fused with LANASIM (the region from amino acids 240 to 330 of LANA) as bait to pull
down the interacting proteins from nuclear extracts of KSHV-positive PEL cells in vitro
(15), it remains uncertain as to whether the LANASIM-associated proteins play functional
roles under physiological conditions in KSHV-infected cells. To further identify the pro-
teomic profile of the LANASIM-interacting proteins with the intact SIM of LANA, we

FIG 5 Validation of representative cellular proteins associated with LANASIM. (A) LANA association with
SERPINH1 and HNRNPU. The whole-cell lysates (WCL) from HEK293 cells expressing LANA-Flag, RTA-myc,
or the vector alone at 48 h posttransfection were subjected to direct immunoblotting (IB) or
coimmunoprecipitation (IP) followed by immunoblotting with the indicated antibodies. The asterisk
indicates a nonspecific band. (B) Endogenous HNRNPU interacts with LANA in PEL cells. KSHV-positive
BCBL1 PEL cells and negative BJAB B lymphoma cells were subjected to direct immunoblotting or
coimmunoprecipitation followed by immunoblotting with the indicated antibodies.

Liu et al.

November/December 2021 Volume 6 Issue 6 e01109-21 msystems.asm.org 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 3

0 
D

ec
em

be
r 

20
21

 b
y 

20
2.

12
0.

79
.1

39
.

https://msystems.asm.org


selected two types of endothelial cells, HUVECs (one of two cell types mainly infected
by KSHV) and HEK293 kidney cells (as a parallel control), to stably express wild-type
LANA or its SIM-deleted mutant, followed by mass spectrometry analysis after coimmu-
noprecipitation. To increase the specificity and accuracy of the identified cellular pro-
teins associated with LANASIM, the vector-alone group along with the SIM-deleted
mutant group were used as controls to rule out the nonspecific background of pro-
tein-protein interactions. Unexpectedly, we obtained two major proteomic profiles of
identified LANASIM-interacting cellular proteins from HEK293 cells and HUVECs that

FIG 6 Expression of HNRNPU is enhanced by KSHV latent infection and relocalizes to the nuclear
compartment in hypoxia. (A) Expression of HNRNPU is upregulated by LANA and relocalizes to the
nuclear compartment in hypoxia. HEK293 cells expressing RFP-LANA were treated with normoxia (N)
or hypoxia (H) for 24 h after 24 h of transfection, followed by immunofluorescence assays with
antibodies against HNRNPU. Nuclei are stained with DAPI. (B) Expression of HNRNPU is enhanced by
KSHV latent infection and relocalizes to the nuclear compartment in hypoxia. The iSLK cell line and
its derived iSLK.219 cells (with green fluorescent protein [GFP]-KSHV latent infection) were
individually treated with normoxia or hypoxia for 24 h after 24 h of transfection, followed by
immunofluorescence assays with antibodies against HNRNPU. Nuclei are stained with DAPI. Arrows
indicate the nuclear localization of HNRNPU.
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were significantly different in hypoxia, although there were 28 proteins identified in
both types of cells. To address the potential possibility of a difference because of the
two cell lines, we analyzed the cell cycle, expression level of LANA, cell viability, and pro-
liferation of stable cell lines in hypoxia. Interestingly, we found that HUVECs stably
expressing LANAdSIM were more sensitive to hypoxia than HUVECs stably expressing
LANAWT. Cell apoptosis was also increased when cells were treated in hypoxia (data not
shown), which could be an explanation for why cellular proteins interacting with
LANAWT were increased in hypoxia while they were decreased in the LANAdSIM group.
This evidence indicates that the SIM plays an important role in the response to hypoxic
stress for inhibition of cell apoptosis. In contrast, among 28 LANASIM-associated proteins
in hypoxia, only 2 molecules, SERPINH1 and HNRNPU, appear in the profile of 155
LANASIM-associated proteins using the GST-SIM recombinant protein as bait. This sug-
gests that both SERPINH1 and HNRNPU are commonly and significantly targeted by
LANASIM in these two different screening systems. Further investigation revealed that
SUMOylation of HNRNPU is greatly enhanced by KSHV latent infection, while only the
SUMO2/3- and not the SUMO1-modified form of HNRNPU induced by KSHV responds
to hypoxia. Knockdown of HNRNPU increased KSHV virion production induced by hy-
poxia, indicating that SUMO2/3-modified HNRNPU is involved in the regulation of the
hypoxia response and KSHV latent-lytic life cycle control. The fact that SUMO3, as one
of 28 LANASIM-associated proteins in both HUVECs and HEK293 cells, was consistently
identified, and there are higher percentages of identified proteins containing at least
one SIM in the LANASIM group than in the LANAdSIM group, further supports the results
from the LANASIM-associated screening system.

� �

FIG 7 SUMOylation of HNRNPU is enhanced by KSHV latent infection and responds to hypoxia. (A)
SUMOylation of HNRNPU is enhanced by KSHV latent infection and responds to hypoxia. Whole-cell
lysates (WCL) from the iSLK cell line and its derived iSLK.219 cells with normoxia (N) or hypoxia (H)
treatment for 24 h were subjected to direct immunoblotting (IB) or denatured immunoprecipitation
(IP) followed by immunoblotting with the indicated antibodies. HC, heavy chain; LC, light chain. (B)
HNRNPU knockdown enhances KSHV virion production in hypoxia. KSHV latently infected iSLK.219
cells individually transfected with small interfering RNA against HNRNPU (siHNRNPU) or the scramble
control were subjected to normoxia or hypoxia treatment for 24 h at 24 h posttransfection, followed
by lysis and immunoblotting with the indicated antibodies. In the right panels, the supernatant of
the cell culture medium was harvested and subjected to quantitation of KSHV virion production.
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To analyze the universal biological function of LANASIM in a variety of cell lines, we
chose proteins with similar changing trends and that were identical between HUVECs
and HEK293 cells after the SIM was deleted in hypoxia. Among the 28 target proteins,
ACTB, ACTN1, ACTN4, CAPZA1 CAPZB, DBN1, TPM1, and VASP are associated with
building and maintaining the cytoskeleton. Supporting these studies, a recent report
showed that SUMO is covalently attached to components of each of the four major
cytoskeletal networks, including microtubule-associated proteins, septins, and interme-
diate filaments (18, 19). For example, ACTN4 is involved in the formation of F-actin and
the regulation of cell migration and tumor invasion (20, 21), and DBN1 plays a role in
cell migration and actin polymerization (22). In addition, some groups discovered that
hypoxia treatment also induced actin cytoskeleton remodeling by regulating the bind-
ing of CAPZA1 to F-actin (23, 24), which further supports our observation that the SIM
of LANA participates in the regulation of cell migration and tumor invasion in hypoxia.

In summary, we have identified a proteomic profile of host proteins related to the
SIM of LANA in hypoxia through coimmunoprecipitation combined with MS analysis
and found that the main cellular pathways regulated by LANASIM are different when
cells are cultured in normoxia or hypoxia. Based on the analysis of the intersecting pro-
teins of both HUVECs and HEK293 cells, we revealed that the SIM of LANA is involved
in two major pathways, including cytoskeleton organization and DNA/RNA binding
and processing pathways, in hypoxia, for which further experiments for protein valida-
tion and functional analysis are required.

MATERIALS ANDMETHODS
Cell culture. HEK293, HEK293T, iSLK (1mg/ml puromycin and 250mg/ml G418) (a gift from Shou-Jiang

Gao at the University of Southern California), and iSLK.219 (1.1 mg/ml hygromycin, 250 mg/ml G418, and
1 mg/ml puromycin) (25) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 1% penicillin (Sangon Biotech Inc., Shanghai, People’s Republic
of China), and streptomycin (BBI Life Sciences, Shanghai, People’s Republic of China). HUVECs, BJAB cells,
and BCBL1 cells were cultured with RPMI 1640 medium containing 10% FBS. All cell lines were incubated at
37°C in a humidified environmental incubator with 5% CO2. For hypoxia treatment, cell lines were incu-
bated at 37°C in a humidified environmental incubator with 5% CO2 and 0.2% O2 in a BioSpherix hypoxic
culture system.

DNA construction. The plasmids pA3M-RTA, pA3F-LANAWT, and pLVX-Puro-YFP-LANAWT-Flag express-
ing the full-length LANA fusion with a Flag tag were described previously (14, 26, 27). The plasmids pA3F-
LANAdSIM and pLVX-Puro-YFP-LANAdSIM-Flag carrying the SIM-deleted mutant of LANA were constructed by
PCR-directed site mutation.

Establishment of LANA stable expression cell lines. The pLVX-Puro vectors carrying LANAWT and
LANAdSIM cDNAs were cotransfected with lentivirus packaging plasmids into HEK293T cells for 48 h to
generate lentiviruses. For transduction, the packaged lentiviruses were individually added to HUVECs
and HEK293 cells and centrifuged for 1 h at 1,500 � g with 6 mg/ml Polybrene (catalog number H9268;
Sigma, Shanghai, People’s Republic of China). Medium was replaced after the spin, and 2 mg/ml (final
concentration) of puromycin was added at 24 h posttransduction. Selection was carried out until colo-
nies were clonal with 100% green fluorescence for transduced cells.

Protein fractionation and mass spectrometry. The sodium dodecyl sulfate (SDS)-PAGE gel lanes of
YFP (vector), LANAWT, and LANAdSIM from stable HEK293 cell or HUVEC lines were individually cut into pieces
using a sterile in-house cutting device. Protein standard bands served as a guide for the excision of gel sli-
ces of various molecular weight ranges. The protocols for gel slice recycling and protein digestion were per-
formed as described previously (15, 28). Extracted peptides were resuspended in 10 ml of a solution con-
taining 5% acetonitrile and 0.1% trifluoroacetic acid and run on a NanoAcquity ultra high performance
liquid coupled two-dimensional linear ion trap electrostatic Orbitrap XL hybrid mass spectrometer
equipped with electron transfer dissociation (UPLC/LTQ Orbitrap XL ETD) tandem quantitative mass spec-
trometer (Thermo Fisher Scientific, Shanghai, People’s Republic of China).

Protein identification by mass spectrometry and data analysis.We chose emPAI values (the emPAI
value is a quantitative protein value that can predict protein abundance based on the number of
detected peptides) to analyze the relative quantitative profiles of nonlabeled proteins (15). Proteins in
the YFP group were used as a blank control, and proteins in the LANA groups with emPAI values $2
times the values of the control group were selected for analysis. The data were analyzed with GPS
explorer/Analyst QS software (15) and searched with Mascot software (Matrix Science Ltd.) against the
National Center for Biotechnology Information (NCBI) database. Pathway and function annotation infor-
mation was downloaded from MSigDB database v5.0, and Venn diagrams were created with Venny2.1.
Enrichment analysis was fulfilled between the core and extended networks and the currently available
pathways and functional categories. The most significant pathways and function categories were picked
based on the enrichment P values. The enrichment P value is calculated according to the
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hypergeometric distribution in this study. We used GPS-SUMO to predict SIMs and SUMOylated sites of
selected proteins.

Immunoprecipitation, denatured immunoprecipitation, and immunoblotting. Immunoprecipitation
(IP), denatured IP, and immunoblot (IB) assays were performed as described previously (14, 29). Briefly, 30
million cells were cultured in normoxia (21% O2) and hypoxia (0.2% O2) for 48 h. The cells were harvested,
washed twice with cold phosphate-buffered saline (PBS), and then lysed in 1 ml radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 50 mM Tris [pH 7.6], 1% NP-40, 2 mM EDTA, and a protease inhibitor cock-
tail) for 30 min on ice, with brief vortexing every 5 min. The lysates were centrifuged at 14,500 rpm at 4°C
for 5 min to remove cell debris. The supernatant was incubated with 5 mg anti-Flag M2 mouse monoclonal
antibody (Sigma) at 4°C with rotation overnight. The next day, the supernatants were incubated with 60 ml
protein A/G-Sepharose beads (GE Co.) at 4°C with rotation for another 2 h and centrifuged at 3,000 rpm at
4°C for 2 min to remove the supernatant. The precipitates were washed 3 times with 1 ml Tris-buffered sa-
line (TBS) buffer (300 mM NaCl, 20 mM Tris-HCl), resuspended with 50 ml PBS and 10 ml 6� SDS loading
buffer, and boiled at 100°C for 8 min. The boiled proteins were separated by SDS-PAGE on a 4 to 15% pre-
cast gel (Bio-Rad), and the gel was stained using Coomassie stain. For denatured IP, cells were harvested,
directly lysed in ice-cold RIPA buffer with 1% SDS, and boiled for 10 min. Cell debris was removed by centrif-
ugation, and the supernatants were then transferred to a new Eppendorf tube. The supernatant lysates
were then precleared, beads were spun out, and the mixture was then incubated with primary antibody
overnight. Complexes of proteins of interest were captured with protein A/G-Sepharose beads and boiled in
loading buffer. For immunoblotting, protein samples were separated by SDS-PAGE and transferred to a
nitrocellulose membrane. The membrane was blocked with 5% nonfat dry milk and probed with the follow-
ing corresponding antibodies: Flag (M2; Sigma), SERPINH1 (catalog number Ag1301; Proteintech) or
HNRNPU (catalog number Ag9151; Proteintech), RTA (4D2), tubulin (catalog number Ag18034; Proteintech),
SUMO1 (catalog number Ag0414; Proteintech), and SUMO2/3 (catalog number Ag1778; Proteintech). The
interesting proteins in the membrane were scanned and analyzed by using the Odyssey infrared scanner
and its software (Li-Cor Biosciences).

Immunofluorescence. Immunofluorescence assays were performed as described previously (7).
Briefly, HEK293 cells transfected with a plasmid expressing LANA-red fluorescent protein (RFP) were
directly grown on sterile coverslips for 48 h, washed with ice-cold PBS once, and fixed in 3% paraformal-
dehyde for 20 min at room temperature. After fixation, cells were washed three times and permeabilized
in PBS containing 0.2% fish skin gelatin (catalog number G-7765; Sigma) and 0.2% Triton X-100 for
5 min, followed by incubation with the specific primary and secondary antibodies. DNA was counter-
stained with DAPI (49,69-diamidino-2-phenylindole), and coverslips were mounted with p-phenylenedi-
amine. Cells were visualized with a Leica SP8 confocal microscope.

RNA interference. Oligonucleotide sequences against HNRNPU (target sequence 1, 59-GGCCUGAA
GAGAAGAAAGATT-39; target sequence 2, 59-GUGGCAAGAACCAGUUUAATT-39) and a nonspecific scramble
control sequence (59-UUCUCCGAACGUGUCACGUTT-39) were used. The oligonucleotides were individually
transfected into iSLK.219 cells by using the GP-transfect-Mate transfection reagent according to the manu-
facturer’s protocol (GenePharma, Shanghai, People’s Republic of China). Immunoblot analysis with
HNRNPU antibody was individually used to verify the efficiency of RNA interference.

Quantitation of KSHV virions in the supernatant. iSLK.219 cells with or without HNRNPU knock-
down cells were subjected to hypoxia treatment for 24 h at 37°C with 5% CO2. After treatment, the su-
pernatant of the culture medium was collected and filtered through a 0.45-mm filter, and viral particles
were spun down at 25,000 rpm for 2 h at 4°C. The concentrated virus was collected and used for virion
quantitation by quantitative PCR as described previously (27).

Statistical analysis. Data were analyzed using Statistical Package for Social Science (SPSS) software
20.0 (IBM Corp., Armonk, NY) for statistical analysis. All statistical tests were two tailed, and results were
considered significant when the P value was less than 0.05.
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