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A viral interferon regulatory factor degrades RNA-binding
protein hnRNP Q1 to enhance aerobic glycolysis via recruiting
E3 ubiquitin ligase KLHL3 and decaying GDPD1 mRNA
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Reprogramming of host metabolism is a common strategy of viral evasion of host cells, and is essential for successful viral infection
and induction of cancer in the context cancer viruses. Kaposi's sarcoma (KS) is the most common AlDS-associated cancer caused by
KS-associated herpesvirus (KSHV) infection. KSHV-encoded viral interferon regulatory factor 1 (vIRF1) regulates multiple signaling
pathways and plays an important role in KSHV infection and oncogenesis. However, the role of vIRF1 in KSHV-induced metabolic
reprogramming remains elusive. Here we show that VIRF1 increases glucose uptake, ATP production and lactate secretion by
downregulating heterogeneous nuclear ribonuclear protein Q1 (hnRNP Q1). Mechanistically, vIRF1 upregulates and recruits E3
ubiquitin ligase Kelch-like 3 (KLHL3) to degrade hnRNP Q1 through a ubiquitin-proteasome pathway. Furthermore, hnRNP Q1 binds
to and stabilizes the mRNA of glycerophosphodiester phosphodiesterase domain containing 1 (GDPD1). However, VIRF1 targets
hnRNP Q1 for degradation, which destabilizes GDPD1 mRNA, resulting in induction of aerobic glycolysis. These results reveal a
novel role of vIRF1 in KSHV metabolic reprogramming, and identifying a potential therapeutic target for KSHV infection and KSHV-

induced cancers.

Cell Death & Differentiation (2022) 29:2233-2246; https://doi.org/10.1038/s41418-022-01011-1

INTRODUCTION

According to the assessment of the International Agency for
Research on Cancer, viral infection accounts for approximately
12% of human cancer worldwide [1]. Kaposi's sarcoma-associated
herpesvirus (KSHV), identified in an AlIDS-associated Kaposi's
sarcoma (AIDS-KS) lesion [2], is one of the seven human oncogenic
viruses and the causative agent of Kaposi's sarcoma (KS), primary
effusion lymphoma (PEL), multicentric Castleman’s diseases
(MCD), and KSHV-associated inflammatory cytokine syndrome
(KICS) [3, 4]. Despite decades of studies, the precise mechanism of
KSHV infection and induction of tumors is still unclear.

All cells require energy in the form of adenosine triphosphate
(ATP) to sustain life activities including proliferation and response
to environmental stress. For normal cells, glucose is the major
carbon source, which is metabolized to carbon dioxide via
glycolysis, tricarboxylic acid (TCA) cycle and oxidative phosphor-
ylation to produce ATP under an aerobic condition. In this case,
minimal amount of lactate is produced. A large amount of lactate
is only produced under anaerobic conditions. In contrast, cancer
cells reprogram the glycolytic pathway and shunt the carbon from
glucose to lactate even in the presence of adequate oxygen
supply [5-71. This metabolic process is termed aerobic glycolysis,
also known as the Warburg Effect. The common feature of aerobic

glycolysis is increased glucose uptake and decreased mitochon-
drial oxidative phosphorylation. Aerobic glycolysis is essential
for supporting the anabolic proliferation and energetic require-
ments of a variety of cancers, and therefore has been regarded as
a core hallmark of cancer [8]. Numerous viruses have also been
shown to reprogram metabolic pathways and enhance aerobic
glycolysis [9-16].

The KSHYV life cycle comprises two phases, including the latent
and lytic phases. During latency, KSHV only expresses a few
genes including LANA (ORF73), vCyclin (ORF72) and vFLIP
(ORF71) together with 25 micro-RNAs (miRNAs) derived from a
cluster of 12 precursor miRNAs (pre-miRNAs) [17]. By contrast,
during lytic replication, KSHV expresses cascades of lytic genes
among which replication and transcriptional activator (RTA)
encoded by ORF50 is essential and sufficient for initiating KSHV
lytic replication [17]. KSHV primary infection and untransformed
latent infection switch host cell metabolism from oxidative
phosphorylation to aerobic glycolysis [18, 19]. During latent
KSHV infection, glucose uptake and lactic acid production are
increased and oxygen consumption is significantly reduced [18].
Inhibitors of glycolysis induce apoptosis of KSHV-infected
endothelial cells [18], indicating that glycolysis is required for
the survival of KSHV-infected endothelial cells. Hypoxia inducible
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factor (HIF) has been shown to be involved in KSHV-induced
aerobic glycolysis in untransformed cells [20]. KSHV microRNAs
expressed during latency also function to regulate host cell
energy metabolism. Their expression decreases oxygen con-
sumption, increases lactate secretion and glucose uptake in
noncancer cells [21], which is important for maintenance of
latency during KSHV infection and provides a growth advantage.
Meanwhile, KSHV lytic protein K5 potentially contributes to cell
proliferation through induction of aerobic glycolysis [22]. Both
latent genes, such as LANA and viral miRNAs, and lytic genes
including vGPCR and K5, have the potential to regulate the
aerobic glycolysis pathway in KSHV-infected endothelial cells and
monocytes [20-23]. In contrast, in KSHV-transformed cells, KSHV
reduces aerobic glycolysis, TCA cycle and oxidative phosphoryla-
tion by activating the NF-kB pathway to inhibit the expression of
glucose transporters and glucose uptake [24]. KSHV reprogram-
ing of this metabolic pathway results in reduced oxidative stress
and autophagy cell arrest, particularly in nutrient deficiency
condition [24]. As a result, KSHV-transformed cells depend on
increased glutamine uptake to sustain the requirements for
energy and macromolecule building blocks for anabolic pro-
liferation [25, 26]. Despite these studies, how KSHV reprograms
the metabolic programs under different replication phases and
cell states remain largely unknown [27].

VIRF1 is a 449-amino-acid protein, encoded by KSHV lytic
gene ORF-K9 [28]. As a lytic and oncogenic protein, vIRF1 might
play an important role in KSHV infection and KS pathogenesis.
For instance, overexpression of VIRF1 alone was sufficient to
transform mouse embryonic fibroblasts (NIH3T3) cells, and
inhibited type | interferon signaling and apoptosis by restraining
TGF-beta/Smad signaling and reducing p53 function [29-34].
Our group has recently shown that vIRF1 promotes cell
proliferation, invasion, angiogenesis, and cellular transformation
in vitro and in vivo [35-38]. However, the role of VIRF1 in KSHV
infection and the underlying mechanism of vIRF1-mediated
tumorigenesis are still not fully understood. Particularly, the role
of VIRF1 in KSHV-induced metabolic reprogramming has not
been investigated.

Heterogeneous ribonucleoprotein Q, isoform 1 (hnRNP Q1), is a
ubiquitous mMRNA binding protein [39, 40], also called synapto-
tagmin binding cytoplasmic RNA interacting protein (SYNCRIP)
[39]. hnRNP Q1 is a member of the cellular hnRNP family and
contains two different RNA-binding domains, three RNA recogni-
tion motifs in the central region, and a single arginine- and
glycine-rich region (RGG box) at the C-terminus for binding to RNA
[41]. It is associated with the motor neurons (SMN) complex [41],
and has a wide range of functions in multiple aspects of mRNA
biogenesis and functions including maturation, nuclear export,
translation, stability, splicing, and editing [1, 42-45]. hnRNP Q1 is
mainly localized to the cytoplasm, which is distinct from other
hnRNP Q isoforms expressed in the nucleus supporting the notion
that hnRNP Q1 might play an important role in regulating
MRNA localization, translation and stability [41]. Indeed, hnRNP Q1
has been reported to regulate Cdc42 mRNA localization [46],
inhibit Gap-43 mRNA translation [46], and control c-myc mRNA
stability [45].

In the present work, we sought to investigate the role of vIRF1
in KSHV regulation of cellular metabolism. We observed that vIRF1
induced aerobic glycolysis by inhibiting hnRNP Q1 expression.
Mechanistically, vIRF1 recruited E3 ubiquitin ligase Kelch-like 3
(KLHL3) to degrade hnRNP Q1. Furthermore, the interaction
between hnRNP Q1 and the mRNA of glycerophosphodiester
phosphodiesterase domain containing 1 (GDPD1) promoted the
stability of GDPD1 mRNA, resulting in decrease of GDPD1 protein
level, which contributed to VIRF1-induced aerobic glycolysis. Our
findings indicate that vIRF1 functions as a regulator of aerobic
glycolysis and hence providing insights into the molecular basis of
KSHV infection and KSHV-induced oncogenesis.
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RESULTS

VIRF1 downregulates hnRNP Q1 to promote aerobic glycolysis
Although hnRNP Q1, an RNA-binding protein, has been implicated
in tumorigenesis [47, 48], its role in KSHV infection and KS
pathogenesis remains unknown. In mass spectrometry analysis
[35, 38], hnRNP Q1 is down-regulated by 1.56-fold in VIRF1-
transduced cells. We transduced endothelial cell line EA.hy926
with lentiviral vIRF1 at a MOI of 2 as previously described [35] and
observed a decrease of hnRNP Q1 in vIRF1-transduced cells
(Fig. TA). KSHV infection of EA.hy926 cells also reduced hnRNP Q1
expression (Fig. 1B). Most importantly, we observed downregula-
tion of hnRNP Q1 protein in KS lesions compared to normal skin
tissues (Fig. 1C, D).

Metabolic reprograming is essential for KSHV infection and
KSHV-induced cellular transformation [27, 49]. However, whether
VIRF1 regulates metabolic pathways remains unknown. We
examined glucose uptake, ATP production and lactate production
in VIRF1 overexpressed cells. An increase of glucose uptake in
VIRF1 transduced cells was observed (Fig. 2A). vIRF1-transduced
cells also had higher levels of intracellular ATP and produced more
lactate (Figs. 2B and 2C). Hexokinase 2 (HK2) is often a rate-limiting
enzyme for the metabolism of glucose while glucose transporter 1
(GLUT1) and GLUT3 are responsible for increased glucose uptake.
We found that overexpression of VIRF1 strongly increased the
protein levels of HK2, GLUT1 and GLUT3 (Fig. 2D).

To determine whether downregulation of hnRNP Q1 regulated
VIRF1-induced aerobic glycolysis, we transduced hnRNP Q1 in
VIRF1-expressing cells and found that overexpression of hnRNP Q1
not only reduced protein levels of HK2, GLUT1 and GLUT3 (Fig. 2E),
but also decreased levels of glucose uptake, ATP production and
lactate production (Fig. 2F-H). In contrast, knockdown of hnRNP
Q1 by using short hairpin RNAs (shRNAs) targeting hnRNP Q1
increased the protein levels of HK2, GLUT1 and GLUT3, and the
levels of glucose uptake, ATP production and lactate secretion
(Fig. 2I-L; Fig S1). These data suggest that vIRF1 promotes aerobic
glycolysis via downregulation of hnRNP Q1.

VIRF1 induces hnRNP Q1 degradation

To examine the mechanism by which vIRF1 negatively regulated
hnRNP Q1, we performed co-immunoprecipitation assay. We
found that vIRF1 interacted with hnRNP Q1 (Fig. 3A-C; Fig S2). GST
pull-down assay showed that GST-vIRF1 but not the GST control
was associated with His-hnRNP Q1 (Fig. 3D). Immunofluorescence
staining assay (IFA) showed that vIRF1-Flag not only reduced the
hnRNP Q1-Myc expression level in endothelial cells (Fig. 3E), but
also exhibited colocalization with hnRNP Q1-Myc (Fig. 3F).

Quantitative reverse transcription PCR (qRT-PCR) showed that
neither VvIRF1 transduction nor KHSV infection affect the mRNA
level of hnRNP Q1 (Figs. 4A, B). Therefore, we further examined
whether VIRF1 regulated hnRNP Q1 protein stability. We treated
the cells with cycloheximide (CHX) and found that vIRF1 promoted
hnRNP Q1 degradation (Fig. 4C, D). Furthermore, treatment with
MG132 effectively blocked vIRF1-mediated hnRNP Q1 reduction
(Fig. 4E, F). Consistent with these observations, hnRNP Q1
underwent marked polyubiquitylation in the presence of MG132
in VIRF1-expressing cells (Fig. 4G), as well as in KSHV-infected cells
(Fig S3), indicating that vIRF1 induced hnRNP Q1 degradation via
the proteasome-dependent pathway. Moreover, more K48-
ubiquitinated hnRNP Q1 was detected in vIRF1-transduced cells
than the control cells (Fig. 4H).

There are 34 lysine (K) residues distributed in the four domains
of hnRNP Q1 (AcD, RRM1, RRM2, and RRM3). To identify the
major ubiquitination site(s) in hnRNP Q1 protein, we mutated all
lysine (K) sites by replacing a lysine (K) with an arginine (R) in
each domain to generate hnRNP Q1 mutants, named MD1, MD2,
MD3 and MD4, respectively (Fig. 41), and examined the effect of
VIRF1 on their expression and ubiquitination. Mutations of all Ks
in RRM3 domain of hnRNP Q1 (hnRNP Q1_MD4 mutant) reversed
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Fig. 1 vIRF1 downregulates hnRNP Q1. A A human umbilical vein endothelial cell line EA.hy926 were transduced with 2 MOI lentiviral vIRF1
(vVIRF1) or control lentivirus (pHAGE). Whole-cell lysates were collected and examined by Western blotting for hnRNP Q1 expression.
B Endothelial cells EA.hy926 were treated with PBS (PBS) or infected with wild type KSHV (KSHV). Whole-cell lysates were collected and
examined by Western blotting for hnRNP Q1 expression. C H&E staining, immunohistochemical staining of KSHV LANA, hnRNP Q1 in normal
skin, skin KS of patient #1 (Skin KS1), skin KS of patient #2 (Skin KS2), and skin KS of patient #3 (Skin KS3). Magnification, x200, x400.
D Results were quantified in C Data were presented with mean + SD. ***P < 0.001, Student’s t-test.

the inhibition of hnRNP Q1 expression caused by VvIRF1 (Fig. 4J).
We further mutated each K site in hnRNP Q1 RRM3 domain and
found that mutation of K363 (hnRNP Q1_363KR) alone was
sufficient to abolish the degradation of hnRNP Q1 induced by
VIRF1 (Fig. 4K). Consistently, hnRNP Q1_363KR ubiquitination
was attenuated compared with that of wild type hnRNP Q1
(Fig. 4L). Taken together, these data suggest that K363 is a
critical residue of hnRNP Q1 involved in vIRF1-mediated hnRNP
Q1 ubiquitination.

VIRF1 recruits the E3 ubiquitin ligase KLHL3 to degrade
hnRNP Q1

Since E3 ubiquitin ligase kelch like family member 3 (KLHL3)
interacts with hnRNP Q1 [39], we hypothesized that vIRF1 might
recruit KLHL3 to ubiquitinate hnRNP Q1. We found a higher
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expression level of KLHL3 protein in both VvIRF1-expressing cells
and KSHV-infected cells (Fig. 5A, B). Furthermore, there were more
KLHL3-postive cells in KS lesions than normal skin tissues
(Fig. 5C, D). Co-immunoprecipitation assay confirmed the interac-
tion of KLHL3 with hnRNP Q1 (Fig. 5E, F). To evaluate the effect of
KLHL3 on hnRNP Q1, we overexpressed KLHL3, and found that
overexpression of KLHL3 not only dramatically reduced hnRNP Q1
protein expression but also caused an increase of hnRNP Q1
ubiquitination (Fig. 5G, H). As a component of a cullin-RING E3
ubiquitin ligase (CRL) complex, KLHL3 interacted with the CUL3
(cullin 3) to promote substrate ubiquitination [50]. We found that
VIRF1 increased the interaction between KLHL3 and CUL3 (Fig. 5J)
without significantly affecting CUL3 protein expression (Fig. 5I).
Consistent with these observations, KSHV infection also enhanced
the interaction of KLHL3 and CUL3 (Fig S4). These data revealed
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Fig.2 vIRF1 downregulates hnRNP Q1 to promote aerobic glycolysis. A Levels of intracellular glucose of endothelial cells transduced with 2
MOI lentiviral VIRF1 (vIRF1) or control lentivirus (pHAGE). B Levels of intracellular ATP of cells treated as in (A), C. The supernatant of cells
treated as in (A) was used to measure lactate production. D Western blotting analysis of HK2, GLUT1, and GLUT3 expression in cells treated as
in (A). E Lentiviral vIRF1- or its control pHAGE-infected endothelial cells were transduced with lentiviral hnRNP Q1 and its control pCDH.
Whole-cell lysates were harvested and examined by Western blotting for HK2, GLUT1 and GLUT3 expression. F Cells treated as in (E) were used
to examine the levels of intracellular glucose. G Cells treated as in (E) were used to measure the levels of intracellular ATP. H Cells treated as in
(E) were used to measure lactate production. I Lentiviral vIRF1- or its control pHAGE-infected endothelial cells were transduced with lentivirus
expressing a mixture of shRNAs targeting hnRNP Q1 (shhnRNP Q1) and its control mpCDH. Whole-cell lysates were harvested and examined
by Western blotting for HK2, GLUT1 and GLUT3 expression. J Cells treated as in (I) were used to examine the levels of intracellular glucose.
K Cells treated as in | were used to measure the levels of intracellular ATP. (L). Cells treated as in (I) were used to measure lactate production.
Data were presented with mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001, Student’s t-test.

that vIRF1 degraded hnRNP Q1 by facilitating the formation of
KLHL3/CUL3 ubiquitin ligase complex.

Next, we asked whether upregulated KLHL3 might affect vIRF1-
induced aerobic glycolysis. We transduced vIRF1-expressing cells
with shRNAs targeting KLHL3 (shKLHL3) to cause knockdown of
KLHL3 expression. Knockdown of KLHL3 upregulated hnRNP Q1
expression (Fig S5), and reduced vIRF1-induced glucose uptake,
ATP production and lactate production (Fig. 5K-M). Additionally,

SPRINGER NATURE

knockdown of KLHL3 resulted in a reduction in the protein levels
of HK2, GLUT1 and GLUT3 (Fig. 5N).

VvIRF1 downregulates hnRNP Q1 to increase the instability of
GDPD1 mRNA

As an RNA-binding protein, hnRNP Q1 has multiple functions in
MRNA metabolism including stability and translation [44, 45]. To
search the mRNA target of hnRNP Q1 participated in VIRF1-

Cell Death & Differentiation (2022) 29:2233 - 2246
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staining.

induced aerobic glycolysis, we firstly analyzed top 15 of the
putative hnRNPQ1 of mRNA targets predicted in a previous report
[46]. We selected four candidate genes for examination based on
potential function in metabolism, unknown role in KSHV infection
and KS pathogenesis, and abundant expression in endothelial
cells. Of these candidates, qRT-PCR analysis indicated that
overexpression of hnRNP Q1 only increased mRNA expression
level of glycerophosphodiester phosphodiesterase domain con-
taining 1 (GDPD1) (Fig. 6A). Western blotting showed that
overexpression of hnRNP Q1 also upregulated GDPD1 protein
level (Fig. 6B). Consistently, knockdown of hnRNP Q1 with shRNAs
decreased both the mRNA and protein levels of GDPD1 (Fig. 6C,
D). To investigate the association of hnRNP Q1 with GDPD1T mRNA,
we performed RNA immunoprecipitation (RIP) followed with gRT-
PCR (RIP-gPCR) and confirmed that GDPD1 mRNA was enriched,
indicating hnRNP Q1 binding to the GDPD1 mRNA (Fig. 6E).
Moreover, both the mRNA and protein levels of GDPD1 was
strikingly decreased not only in vIRF1-transduced cells (Fig. 6F, G)
but also in KSHV infected cells (Fig. 6H, I). In accordance, there
were less GDPD1-positive cells in KS lesions than in normal skin
tissues (Fig. 6J, K).

Given that overexpression of hnRNP Q1 in vIRF1-transduced cells
dramatically increased GDPD1 mRNA expression level (Fig. 7A), we
assumed that the binding of hnRNP Q1 protein to GDPD1 mRNA
enhanced its stability. We treated the cells with actinomycin D and
performed RNA decay assay. As expected, overexpression of hnRNP
Q1 indeed enhanced the stability of GDPD1 mRNA (Fig. 7B). In line
with these observations, the stability of GDPD1 mRNA was
dramatically reduced by vIRF1 (Fig. 7C).

Next, we explored whether GDPD1 reduction was necessary
for vIRF1-induced aerobic glycolysis. Overexpression of GDPD1

Cell Death & Differentiation (2022) 29:2233 - 2246

significantly inhibited glucose uptake, ATP production and
lactate production (Fig. 7D-F), as well as the protein levels of
HK2, GLUT1 and GLUTS3 (Fig. 7G). Collectively, these data suggest
that vIRF1 downregulates hnRNP Q1 to increase the instability of
GDPD1 mRNA, resulting in enhancement of aerobic glycolysis.

Loss of VIRF1 reduces KSHV-induced aerobic glycolysis

To further confirm the effect of vIRF1 on aerobic glycolysis, we
infected cells with a KSHV mutant virus with deleted ORF-K9 [35]
and then transduced these cells with 2 MOI of lentiviral vIRF1 to
reconstitute its expression. We found that loss of VIRF1 from the
KSHV genome reduced the protein expression level of KLHL3, and
increased the expression levels of hnRNP Q1 and GDPD1 proteins
(Fig. 8A). Complementation with vIRF1 was sufficient to rescue the
expression levels of these proteins (Fig. 8A). We also observed a
significant decrease of KLHL3 mRNA and a marked increase of
GDPD1 mRNA in the mutant cells compared to both KSHV_wild
type infected cells and VvIRF1-transduced mutant cells (Fig. 8B).
Meanwhile, deletion of ORF K9 lowered KSHV-induced glucose
uptake, ATP production, and lactate production, as well as HK2,
GLUT1 and GLUT3 expression (Fig. 8C-F), and vIRF1 complemen-
tation in cells infected by K9_mut virus completely reversed these
effects (Fig. 8C-F).

DISCUSSION

Numerous studies have advanced our understanding of the
causes and requirements of aerobic glycolysis in viral infection
and cancer [51-53]. Aerobic glycolysis is thought to be an early
event in oncogenesis that provides an overall benefit supporting a
tumor microenvironment conducive to cancer cell proliferation.
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Infections by numerous viruses also induce aerobic glycolysis
[11-16]. Accumulating lines of evidence have demonstrated that
KSHV infection could induce aerobic glycolysis to support viral
replication, as well as the survival and proliferation of untrans-
formed infected cells [18, 20-22, 27, 54], however the mechanisms
by which KSHV alters host cell metabolism are poorly understood.

SPRINGER NATURE

In this study, we showed that, in an endothelial cell line, KSHV
infection and expression of VIRF1 induce aerobic glycolysis.
Specifically, vIRF1 increases glucose uptake, ATP production and
lactate secretion. Consistently, loss of VvIRF1 from the KSHV
genome inhibits KSHV-induced aerobic glycolysis. These findings
reveal a novel functional role of VIRF1 in reprogramming of energy
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Fig. 4 VvIRF1 induces hnRNP Q1 degradation. A gPCR analysis of hnRNP Q1 mRNA expression in endothelial cells transduced with 2 MOI
lentiviral vIRF1 (vIRF1) or control lentivirus (pHAGE). B gPCR analysis of hnRNP Q1 mRNA expression in endothelial cells treated with PBS (PBS)
or infected with wild-type KSHV (KSHV). C Western blotting analysis of hnRNP Q1 expression in vIRF1-expressing endothelial cells treated with
CHX (20 pg/ml) for 0 h, 4 h, 8 h and 16 h. D Results were quantified in (C). E Western blotting analysis of hnRNP Q1 level in vIRF1-expressing
endothelial cells treated with MG132 (20 uM) for 6 h (F) Results were quantified in (E). G Endothelial cells treated as in (A) were transfected with
the HA-Ub and hnRNP Q1-Myc construct, and then treated with MG132 (20 pM) for 6 h. Immunoprecipitation assay was used for detection of
hnRNP Q1 ubiquitination with anti-Myc antibody. H Cells treated as in (A) were treated with MG132 (20 uM) for 6 h. Immunoprecipitation assay
was used to detect the level of K48-ubiquitinated hnRNP Q1 with anti-Myc antibody. | Schematic representation of hnRNP Q1 with the
indicated locations of the AcD and RRM globular domains and the RGG/RXR box motif. J Generation of the mutation constructs of hnRNP Q1
in which Lys was replaced with Arg (K to R) based on four domains of hnRNP Q1. Lentiviral vIRF1 or its control pHAGE transduced cells were
transfected with plasmids encoding Myc-tagged wild type hnRNP Q1 or its mutation domain constructs (MD1, MD2, MD3 and MD4),
respectively. Western blotting was performed to examine hnRNP Q1 expression with anti-Myc antibody. K Generation of the mutation
constructs of hnRNP Q1 in which Lys was replaced with Arg (K to R) based on mutation domain 4 of hnRNP Q1. Lentiviral vIRF1 or its control
pPHAGE transduced cells were transfected with plasmids encoding 9 mutation constructs in mutation domain 4 (MD4) of Myc-tagged hnRNP
Q1 (336KR, 338KR, 356KR, 363KR, 368KR, 369KR, 371KR, 386KR, 394KR and 407KR), respectively. Western blotting was performed to detect
hnRNP Q1 expression level with anti-Myc antibody. L Cells treated as in (A) were transfected with the HA-Ub and hnRNP Q1-Myc or hnRNP
Q1_363KR-Myc construct, and then treated with MG132 (20 pM) for 6 h. Cells were subjected to immunoprecipitation assay (IP) for detection
of hnRNP Q1 ubiquitination with anti-Myc antibody. Data were presented with mean + SD. ***P < 0.001, Student’s t-test. n.s., not significant.

metabolism and highlight new potential avenues to inhibit KSHY
infection.

VIRF1 is an early viral lytic gene. Thus, our results indicate that
VIRF1 might regulate metabolic pathways during KSHV lytic
replication. However, we and other have also demonstrated that
VIRF1 is expressed at a low level during viral latency [1, 36],
indicating that vIRF1 might have a critical role in regulating
cellular metabolism at this stage of KSHV infection. Indeed, the
induction of aerobic glycolysis and decrease of oxidative
phosphorylation has been observed in latent KSHV infection of
endothelial cells, and treatment with inhibitors of aerobic
glycolysis could selectively induce apoptosis in KSHV latently
infected cells [18], suggesting that aerobic glycolysis is necessary
for maintenance of KSHV latently infected cells, and promotes the
proliferation of KSHV-infected cells. However, latent KSHV infec-
tion of human foreskin fibroblast cells did not induce increased
glycolysis or decreased oxygen consumption, and KSHV-infected
Burkitt's lymphoma BJAB cells have similar sensitivity to aerobic
glycolysis inhibitions with uninfected BJAB cells [18]. In KSHV-
transformed primary rat metanephric mesenchymal precursor
cells (MM), aerobic glycolysis, TCA cycle and oxidative phosphor-
ylation are reduced by KSHV [24]. In this system, it is glutamine but
not glucose that sustains the requirements for energy and
essential building blocks for the proliferation of KSHV-
transformed cells [25, 26]. It has been reported that mesenchymal
cells have high level of aerobic glycolysis [21]. Apparently,
inhibition of glucose uptake and aerobic glycolysis prevents
KSHV-transformed cells from oxidative stress and autophagy cell
arrest [24]. These studies indicate that KSHV-transformed and
untransformed cells might use different strategies to regulate the
glycolytic pathway, which might depend on the types of cells and
stages of KSHV infection [27].

In this study, we infected endothelial cell line EA.hy926 with
KSHV and observed the induction of aerobic glycolysis. Increasing
evidence shows that both KSHV latent and lytic products impact
aerobic glycolysis [21, 54, 55]. Thus, aerobic glycolysis might
contribute to multiple processes of KSHV infection and KS
pathogenesis. Furthermore, we showed the critical role of vIRF1
in KSHV-induced cell proliferation, invasion, angiogenesis, and
cellular transformation in vitro and in vivo [35-38]. Here, we
further observed its effect on the induction of aerobic glycolysis,
which support its role in regulating aerobic glycolysis during KSHV
infection and replication.

Emerging evidence has shown that the increased growth rate of
cancer cells is a consequence of glycolytic shift (aerobic glycolysis),
prompting a decrease in oxidative phosphorylation and mito-
chondrial density [56, 57]. Warburg attributed aerobic glycolysis to
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mitochondrial dysfunction in cancer cells [58]. However, there is
still no evidence to confirm this concept [59-61]. Mitophagy is an
evolutionarily conserved cellular process that eliminates aged,
dysfunctional, damaged or excessive mitochondria via selective
autophagy. It has been documented that dysregulated mitophagy
results in the accumulation of damaged mitochondria, and plays
an important role in carcinogenesis and tumor progression [62]. In
the p53-null radio-resistant cells, BNIP3-dependent clearance of
abnormal mitochondria limits the glycolytic shift in head and neck
squamous cell carcinoma [63], implying that mitophagy may
regulate the metabolic switch to establish a balance between
aerobic glycolysis and oxidative phosphorylation. Interestingly,
VIRF1 activated NIX-mediated mitophagy to impair mitochondrial
dynamics to increase KSHV replication [64]. Here, we demon-
strated that vIRF1 induces aerobic glycolysis by degrading hnRNP
Q1, however, the relationship between aerobic glycolysis and
mitophagy in KSHV infection and lytic replication, and KS
pathogenesis remains unclear.

hnRNP Q1 is not only highly expressed in colorectal cancer
tissues [48], but also overexpressed in pancreatic cancer and
associated with poor prognosis [65]. Moreover, loss of hnRNP Q1
promotes apoptosis of myeloid leukemia cells [66]. These studies
show that hnRNP Q1 is potentially an oncogenic protein. However,
the role of hnRNP Q1 in KSHV infection and KS pathogenesis is still
not characterized. In the current study, we observed a lower level
of hnRNP Q1 in KS lesion tissues, vIRF1-transduced endothelial
cells and KSHV-infected endothelial cells. Mechanistically, vIRF1
upregulated and recruited E3 ubiquitin ligase KLHL3 to facilitate
the formation of KLHL3/CUL3 ubiquitin ligase complex, resulting
in hnRNP Q1 degradation. Overexpression of hnRNP Q1 inhibited
VIRF1-induced aerobic glycolysis. Therefore, we revealed the
importance of hnRNP Q1 in KSHV reprogramming of metabolism.
It is worth noting that hnRNP Q1 might be growth-suppressive,
which might be involved in KSHV infection and KS pathogenesis.
The underlying mechanism requires further investigation.

Protein ubiquitination is one of the most extensively studied
post-translational modifications that regulate protein functions by
interfering with interaction with other proteins, altering cellular
localization, and regulating stability. There are many types of
ubiquitin linkages including K48, K63, K6, K11, K27, K29, and K33
[67]. Each type of polyubiquitin chain causes the diverse outcomes
of ubiquitination. Here, we found VIRF1 mediated K48-
ubiquitination of hnRNP Q1. In addition to K48-ubiquitination of
hnRNP Q1, our results showed that vIRF1 might also regulate
other forms of ubiquitination.

Furthermore, hnRNP Q1 is an RNA-binding protein primarily
localized in the cytoplasm and participates in mRNA metabolism
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[45]. Here, we found that GDPD1 mRNA is a new hnRNP Q1 target.
We confirmed the interaction between hnRNP Q1 and GDPD1
mRNA, and demonstrated that hnRNP Q1 increased GDPD1 mRNA
stability. GDPD1, also called glycerophosphodiesterase 4, is a
member of the glycerophosphodiester phosphodiesterase family

SPRINGER NATURE

of enzymes. A study suggests that GDPD1 is probably involved in
bioactive N-acylethanolamine biosynthesis [68]. Currently, there is
no report on the association of GDPD1 with viral infection and
cancer. In this study, we detected a lower level of GDPD1
expression in VIRF1-transduced endothelial cells, KSHV-infected
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Fig. 5 VIRF1 recruits the E3 ubiquitin ligase KLHL3 to degrade hnRNP Q1 and promote aerobic glycolysis. A Western blotting analysis of
KLHL3 expression in endothelial cells transduced with 2 MOI lentiviral vIRF1 (vIRF1) or control lentivirus (pHAGE). B Western blotting analysis
of KLHL3 expression in endothelial cells treated with PBS (PBS) or infected with wild type KSHV (KSHV). C H&E staining, and
immunohistochemical staining of KLHL3 in normal skin, skin KS of patient #1 (Skin KS1), skin KS of patient #2 (Skin KS2), and skin KS of
patient #3 (Skin KS3). Magnification, X200, x400. D Results were quantified in C. E KLHL3 overexpressed endothelial cells were transduced
with lentiviral HA-tagged hnRNP Q1 or its control virus pCDH. The interaction between KLHL3 and hnRNP Q1 proteins was examined by
immunoprecipitating with anti-HA antibody. F hnRNP Q1 overexpressed endothelial cells were transduced with lentiviral Flag-tagged KLHL3
or its control virus pCDH. The interaction between KLHL3 and hnRNP Q1 proteins was examined by immunoprecipitating with anti-Flag
antibody. G Western blotting analysis of hnRNP Q1 expression in endothelial cells which were transfected with pCMV3-Flag-KLHL3 construct
(KLHL3) or its control pCMV3-C-Flag (pCMV). H The HA-Ub and hnRNP Q1-Myc plasmids were co-transfected into endothelial cells. Cells were
further transduced with lentiviral KLHL3-Flag or its control virus pCDH, and treated with MG132 (20 uM) for 6 h. Cells were subjected to
immunoprecipitation assay (IP) with anti-Myc antibody for detection of hnRNP Q1 ubiquitination. I Western blotting analysis of CUL3 and
KLHL3 expression in endothelial cells transduced with 2 MOI lentiviral vIRF1 (vIRF1) or control lentivirus (pHAGE). J hnRNP Q1 (hnRNP Q1-
Myc) overexpressed endothelial cells were transduced with lentiviral vIRF1 and its control lentivirus pHAGE, and then further treated with
MG132 (20 pM) for 6 h. Immunoprecipitation assay was performed to examine the interaction between hnRNP Q1 and KLHL3 /CUL3 complex
with anti-Myc antibody. K Lentiviral vIRF1- or its control pHAGE-infected endothelial cells, followed by transduction with lentivirus expressing
a mixture of shRNAs targeting KLHL3 (shKLHL3) were used to detect the levels of intracellular glucose. L Cells treated as in (K) were used to
measure the levels of intracellular ATP. M. Cells treated as in (K) were used to measure lactate production. N Western blotting analysis of HK2,
GLUT1 and GLUT3 expression in cells treated as in (K). Data were shown as mean + SD. * P < 0.05, ** P < 0.01, and *** P < 0.001, Student’s t-test.

endothelial cells compared to the controls, as well as in KS lesions
compared to normal skin tissues. Notably, we observed that
overexpression of GDPD1 suppressed VIRF1-induced aerobic
glycolysis. This work is the first to report the role of GDPD1 in
aerobic glycolysis and KS pathogenesis. However, how GDPD1
negatively regulates HK2, GLUT1 and GLUT3 to affect aerobic
glycolysis, contributing to KSHV infection, replication and KS
pathogenesis remains to be further explored.

In summary, we have revealed that VIRF1 is essential for KSHV-
induced aerobic glycolysis during KSHV infection and replication.
VIRF1 induces ubiquitination and degradation of hnRNP Q1 by
recruiting KLHL3/CUL3 ubiquitin ligase complex. The reduction of
hnRNP Q1 destabilizes GDPD1 mRNA (Fig. 8G) which enhances
aerobic glycolysis. Our findings demonstrate a novel role of
VIRF1 in regulating cellular metabolism and identify a potential
new therapeutic target for KSHV infection and KSHV-induced
cancers.

MATERIALS AND METHODS

Ethics statement

This study was reviewed and monitored by the Institutional Ethics
Committee of the First Affiliated Hospital of Nanjing Medical University.
A total of 3 pairs of KS patients’ lesions and normal skin tissues were
obtained and all patients were informed of the content of this study.

Cell culture and transfection

All of cell lines used in this study were authenticated by short tandem
repeat profiling and routinely tested for mycoplasma using Myco-Blue
Mycoplasma Detector (D103-01/02, Vazyme Biotech Co. Ltd, Nanjing,
China). HEK293T and a human umbilical vein endothelial cell line EA.hy926
(catalog #CRL-2922TM; ATCC, Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS). iSLK-RGB-BAC16 and iSLK-RGB-K9 mutant cells were main-
tained in DMEM supplemented with 1.2 mg/ml hygromycin B, 250 pug/ml
G418, 1 ug/ml puromycin, and 10% fetal bovine serum (FBS). HEK293T cells
were transfected with Lipofectamine™ 2000 Reagent (Invitrogen, Carlsbad,
CA, USA) and EA.hy926 was transfected with Effectence transfection
reagent (Qiagen, Suzhou, Jiangsu, China).

Reagents and plasmids

MG132, a proteasome inhibitor, was obtained from Selleck Chemicals
(Shanghai, China). Cycloheximide (CHX) was from Cell Signal Technology.
Actinomycin D was from Sigma-Aldrich. The expressing plasmids of vIRF1-
Flag were generated as previously described [35]. The skeleton plasmid of
lentiviral vectors hnRNP Q1-Myc, hnRNP Q1-HA, KLHL3-Flag and GDPD1-
Flag was pCDH-CMV-MCS-EF1-copGFP (pCDH for short). The short hairpin
RNA sequences (shRNAs) targeting KLHL3 and hnRNP Q1 are listed in
Supplementary Table 1. The control vector of all the shRNAs was
constructed in our previous study [69]. pCMV3-HA-KLHL3 construct
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containing KLHL3 cDNA was purchased from Sino Biological Inc. (Beijing,
China). All constructs were confirmed by DNA sequencing.

Lentivirus packaging and infection

Lentiviruses were generated by co-transfecting HEK293T cells with the
packaging plasmid, psPAX2, the envelope plasmid, pMD2.G, and the
lentivirus plasmid, pHAGE, which has a GFP cassette as previously
described [70, 71].

qRT-PCR analysis

Total RNA was extracted with TRIzol (Life Technologies, Grand Island, NY,
USA). After preparing the cDNA using HiScript Q RT SuperMix (Vazyme
Biotech Co., Ltd, Nanjing, China), the quantitative real-time PCR (qRT-PCR)
analysis was performed using AceQ qPCR SYBR Green Master Mix (Vazyme
Biotech Co., Ltd, Nanjing, China) on Applied Biosystems (ABI, Foster City,
CA, USA). The primer sequences for qRT-PCR used in this study are
summarized in Supplementary Table 2. Data were normalized by the level
of GAPDH expression in each sample.

Western blotting and antibodies

Levels of protein expression were analyzed by Western blotting as
described previously [69, 72]. Anti-HK2 rabbit antibody, anti-GLUT1 rabbit
antibody, anti-GAPDH mouse antibody, and anti-hnRNP Q1 mouse
antibody were obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Anti-Flag mouse antibody, anti-HA mouse antibody, and anti-Myc mouse
antibody were from MEDICAL & BIOLOGICAL LABORATORIES CO., LTD.
(Seoul, Korea). Anti-GLUT3 rabbit antibody, anti-KLHL3 rabbit antibody and
anti-GDPD1 rabbit antibody were purchased from Proteintech Group, Inc.
(Wuhan, China). Anti-CUL3 rabbit antibody was from Abcam (Cambridge,
MA, USA). Anti-GST rabbit antibody and anti-His mouse antibody were
from Beyotime Institute of Biotechnology (Nantong, Jiangsu, China). The
full length original Western blots are provided in Supplementary File 1

Immunohistochemistry (IHC) staining

For immunohistochemistry (IHC) staining, all formalin-fixed and paraffin-
embedded (FFPE) samples were immunostained with the indicated
antibodies following standard methodology. Antibodies used for IHC were
anti-KSHV LANA rat antibody from Advanced Biotechnologies Inc. (Colum-
bia, MD, USA), anti-hnRNP Q1 rabbit from ABclonal Technology Co.Ltd.
(Wuhan, China), anti-KLHL3 rabbit antibody and anti-GDPD1 rabbit antibody
from Proteintech Group, Inc. (Wuhan, China). Horseradish peroxidase (HRP)-
labeled goat anti-rat or anti-rabbit (Beyotime Institute of Biotechnology,
Nantong, Jiangsu, China) were used as secondary antibodies. DAB (3,3"-
diaminobenzidine) Peroxidase (HRP) Substrate Kit (VECTOR LABORATORIES,
INC., Burlingame, USA) was used to visualize staining. For quantification of
immunohistochemistry staining, we selected three fields randomly of each
sample and photographed the images of 200x and 400x magnification,
respectively. All the cells in the images of 400x magnification were counted
to calculate the percentage of positive cells by a pathologist with a double-
blinded randomized control design. The representative images were taken
from three randomly selected fields of each sample.
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Fig. 6 GDPD1 mRNA is the target of hnRNP Q1. A qRT-PCR analysis of STRBP, MBD2, MED14 and GDPD1 mRNA levels in endothelial cells
transduced with lentiviral hnRNP Q1 (hnRNP Q1) and its control lentivirus (pCDH). B Western blotting analysis of GDPD1 protein level in cells
treated as in (A). C gRT-PCR analysis of GDPD1 mRNA level in endothelial cells transduced with lentivirus-mediated No.1 (shhnRNP Q1-1), No.2
(shhnRNP Q1-2) and No. 3 (shhnRNP Q1-3) shRNAs targeting hnRNP Q1. D Western blotting analysis of GDPD1 expression in cells treated as in
(€). E RNA immunoprecipitation analysis of the interaction between hnRNP Q1 and GDPD1 mRNA with anti-Myc antibody. GAPDH was used as
a control. F qRT-PCR analysis of GDPD1 mRNA level in endothelial cells transduced with 2 MOI lentiviral vIRF1 (vIRF1) or control lentivirus
(PHAGE). G Western blotting analysis of GDPD1 expression in endothelial cells transduced with 2 MOI lentiviral vIRF1 (vIRF1) or control
lentivirus (pPHAGE). H qRT-PCR analysis of GDPD1 mRNA level in endothelial cells treated with PBS (PBS) or infected with wild type KSHV
(KSHV). I Western blotting analysis of GDPD1 expression in endothelial cells treated with PBS (PBS) or infected with wild type KSHV (KSHV).
J H&E staining, and immunohistochemical staining of GDPD1 protein in normal skin, skin KS of patient #1 (Skin KS1), skin KS of patient #2
(Skin KS2), and skin KS of patient #3 (Skin KS3). Magnification, X200, x400. K Results were quantified in J Data were shown as mean + SD.
**P <0.01, and ***P < 0.001, Student’s t-test. n.s., not significant.

- N |

Glucose uptake and lactate production assay

Cells were cultured in glucose-free DMEM for 8 h, and then replaced the
culture and incubated with high-glucose DMEM for an additional 24 h.
Cells were harvested for detection of the levels of intracellular glucose
using a fluorescence-based glucoseassay kit (BioVision) according to
manufacturer’s instructions as described previously [73, 74]. The culture
medium was harvested for detection of lactate levels in the culture
medium using the Lactate Assay Kit (Jiancheng BioEngineering, Nanjing,
China) according to the manufacturer’s instructions.

After centrifuged, the supernatant was transferred for ATP test at 562 nm
with Bicinchoninic Acid assay.

Immunofluorescence assay (IFA)

To detect the colocalization of VvIRF1 and hnRNP Q1, hnRNP Q1-
overexpressing cells were transfected with vIRF1-Flag construct or its
control construct, and then were seeded on 12 mm diameter round glass
coverslips in 24-well plates. After incubation overnight for attachment, cells
were fixed in cold acetone for 15min, permeabilized with 0.2% Triton
X-100 for 15 min, blocked with 1% bovine serum albumin for 1 h, and then
were incubated with primary antibodies against Myc mouse (1:200
dilution) and Flag rabbit (1:200 dilution) at 4 °C overnight. Alexa Fluor
488-coupled anti-rabbit and Alexa Fluor 555-coupled anti-mouse second-
ary antibodies (Beyotime Institute of Biotechnology, Nantong, China) were

ATP assessment

ATP production was measured using the ATP Assay Kit (Beyotime Institute
of Biotechnology, Nantong, Jiangsu, China) according to the manufac-
turer’s instructions. Cells were collected, washed and then ultrasonicated.
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Fig. 7 vIRF1-downregulated hnRNP Q1 reduces the stability of GDPD1 mRNA to induce aerobic glycolysis. A Lentiviral vIRF1- or its control

PHAGE-infected endothelial cells were transduced with lentiviral hn

RNP Q1 and its control lentivirus pCDH. Cells were collected for qRT-PCR

analysis of GDPD1 mRNA level. B Endothelial cells transduced with lentiviral hnRNP Q1 or control lentivirus pCDH were treated with
actinomycin D. RNA decay assays were performed to examine the degradation rate of GDPD1 mRNA. C Endothelial cells transduced with 2
MOI lentiviral vIRF1 (VIRF1) or control lentivirus (pHAGE) were treated with actinomycin D. RNA decay assays were performed to detect the

degradation rate of GDPD1 mRNA. D Lentiviral VIRF1- or its contro

| pHAGE-infected endothelial cells were transduced by lentiviral GDPD1

(GDPD1-Flag) and control lentivirus (pCDH). Cells were used to detect the level of intracellular glucose. E Cells treated as in (D) were used to

measure the levels of intracellular ATP. F Cells treated as in (D) were
GLUT1 and GLUT3 expression in cells treated as in (D). Data were sh

incubated for 1h. After incubation with 4, 6 diamidino-2-phenylindole
(DAPI) (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) for
10 min, images were acquired using a Carl Zeiss LSM710 confocal
microscopy (Carl Zeiss, Freistaat Thii ringen, Germany).
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used to measure lactate production. G Western blotting analysis of HK2,
own as mean * SD. *P < 0.05, **P < 0.01, and ***P < 0.001, Student’s t-test.

RNA immunoprecipitation (RIP)

RIP experiments were performed using the Magna RIP RNA-Binding Protein
Immunoprecipitation kit (Millipore, 17-700). The whole cell lysates were
incubated with protein A+ G magnetic beads conjugated using 5 pg of
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Fig. 8 Loss of VIRF1 reduces KSHV-induced aerobic glycolysis. A Western blotting analysis of KLHL3, hnRNP Q1 and GDPD1 expression in
endothelial cells treated with PBS (PBS), infected with wild-type KSHV (KSHV) or K9 mutant virus (K9_mut) followed by transduction with
lentiviral vIRF1. B gRT-PCR analysis of KLHL3 and GDPD1 mRNA levels in cells treated as in (A). C Cells treated as in (A) were used to examine
the level of intracellular glucose. D Cells treated as in (A) were used to measure the level of intracellular ATP. E Cells treated as in (A) were used
to detect lactate production. F Western blotting analysis of HK2, GLUT1 and GLUT3 expression in cells treated as in (A). G Schematic illustration
for the mechanism of vIRF1-induced aerobic glycolysis. KSHV VvIRF1 recruits E3 ubiquitin ligase complex KLHL3/CUL3 to degrade RNA-binding
protein hnRNP Q1. The downregulated hnRNP Q1 accelerates GDPD1 mRNA decay to increase glucose uptake, and lactate secretion. Data

were shown as mean £ SD. *P < 0.05, **P < 0.01, and ***P < 0.001, Student’s t-test.
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Myc-tag antibodies (MEDICAL & BIOLOGICAL LABORATORIES CO., LTD.) or
control IgG at 4°C for overnight. The immunoprecipitated RNA was
purified and detected by qRT-PCR. The sequences of specific primers for
RIP-gPCR are listed in Supplementary Table 3.

Co-immunoprecipitation and GST pulldown
Co-immunoprecipitation and GST pulldown were performed as previously
described [75]. For co-IP, the IPKine™ HRP goat anti-mouse or anti-rabbit
1gG LCS (Abbkine Scientific Co., Ltd. Wuhan, China) were used to avoid the
detection of the heavy chains of IgG. For GST pulldown, the GST-vIRF1
plasmid was constructed by inserting the full-length vIRF1 open reading
frame into pGEX-4T-3 (GE Healthcare, Piscataway, USA). Plasmid expressing
hnRNP Q1 fusion protein was constructed in the pET32a (+) vector (EMD
Chemicals, CA, USA).

Statistical analysis

All experiments were performed at least three times, unless otherwise
stated. Results are presented as the means + SD. Sample sizes for relevant
experiments were determined by power analyses conducted during
experiment planning. Statistical analysis was based on chi-square test for
Figs. 1D, 5D and 6K. The remaining statistical comparisons were carried out
using Student's t-test for statistical analysis of two groups. Differences with
a P value of 0.05 or less were considered significant.

DATA AVAILABILITY
Data supporting the present study are available from the corresponding author upon
reasonable request.
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