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SUMMARY

Spermidine is essential for cellular growth and acts as a prerequisite of hypusination, 

a post-translational modification of eukaryotic initiation factor 5A (eIF5A), allowing the 

translation of polyproline-containing proteins. Here, we show that oncogenic Kaposi’s sarcoma-

associated herpesvirus (KSHV) increases spermidine synthesis and eIF5A hypusination to 

enhance expression of polyproline-containing latency-associated nuclear antigen (LANA) for 

viral episomal maintenance. KSHV upregulates intracellular spermidine levels by dysregulating 

polyamine metabolic pathways in three-dimensional (3D) culture and 2D de novo infection 

conditions. Increased intracellular spermidine leads to increased eIF5A hypusination, ultimately 

enhancing LANA expression. In contrast, inhibition of spermidine synthesis or eIF5A 

hypusination alleviates LANA expression, decreasing viral episomal maintenance and KSHV-

infected cell proliferation in vitro and in vivo, which is reversed by spermidine supplement. 

This demonstrates that KSHV hijacks spermidine synthesis and eIF5A hypusination pathways to 

enhance LANA expression for viral episomal maintenance, suggesting polyamine metabolism and 

eIF5A hypusination as therapeutic targets for KSHV-induced tumorigenesis.
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Human oncogenic viruses reprogram the host metabolic pathway for viral tumorigenesis. Choi 

et al. demonstrate that oncogenic Kaposi’s sarcoma-associated herpesvirus promotes eIF5A 

hypusination by enhancing spermidine synthesis, which is critical for viral episome maintenance. 

This suggests that the spermidine-eIF5A hypusination axis can be a potential target for anti-KSHV 

drug development.

Graphical Abstract

INTRODUCTION

Cellular metabolism is a highly regulated system that safeguards the homeostasis of 

our body. Aberrant metabolism can thus be associated with pathological consequences 

including cancer. Polyamines, which comprise putrescine, spermidine, and spermine, are 

highly charged polycationic alkylamines that are abundantly found in all living cells 

(Agostinelli et al., 2010). These cationic metabolites tend to interact with DNA and 

contribute to DNA stabilization, modulation of chromatin structure, and gene transcription 

(Gerner and Meyskens, 2004; Pegg, 2009). Intact regulation of the polyamine metabolic 

pathway is imperative in keeping the cells functional, as it plays a critical role in 

fundamental biological processes, including cellular proliferation and protein and nucleic 

acid syntheses (Puleston et al., 2021; Schroeder et al., 2021). Thus, aberrant upregulation 

of this pathway has been shown in rapidly growing cells, such as cancer cells (Casero 

and Marton, 2007; Khan et al., 2021). The level of cellular polyamines is controlled 
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by their synthesis, degradation, and efflux system. As the first rate-limiting enzyme in 

the polyamine synthesis pathway, ornithine decarboxylase (ODC) converts ornithine to 

putrescine (Pegg, 2006). Subsequently, putrescine is converted to spermidine and spermine 

by the addition of an aminopropyl moiety derived from methionine. The polyamine catabolic 

process is governed by enzymes called spermidine/spermine N1-acetyltransferase (SAT1) 

that acetylates spermidine and spermine, respectively, to produce N-acetylspermidine and 

N-acetylspermine (Pegg, 2008). These acetylated polyamines can be exported out of 

the cells, thus preventing excessive polyamine accumulation and maintaining polyamine 

homeostasis. This polyamine homeostasis is disrupted in cancer cells through c-Myc, mutant 

adenomatous polyposiscoli (APC), or KRAS oncogenes that either increase the polyamine 

synthesis or suppress the polyamine catabolism to promote tumorigenesis (Bello-Fernandez 

et al., 1993; Erdman et al., 1999; Ignatenko et al., 2004).

Among the three polyamines, spermidine serves as a substrate for hypusination, a post-

translational modification process catalyzed by enzymes called deoxyhypusine synthase 

(DHPS) and deoxyhypusine hydroxylase (DOHH). To date, eukaryotic translation initiation 

factor 5A (eIF5A) is the only known protein that undergoes hypusination modification 

(Park, 2006). In addition to its role in promoting elongation and termination, eIF5A is a 

critical factor in global translation, as it is required in relieving stalled ribosomes that are 

necessary for continuous translation of mRNAs (Pelechano and Alepuz, 2017; Schuller et 

al., 2017). Previous genome-wide analyses of ribosome stalling events in eIF5A-deficient 

cells identified multiple stalling-prone amino acid sequences, including proline, glycine, and 

aspartic acid (Pelechano and Alepuz, 2017; Ude et al., 2013). In particular, hypusination of 

eIF5A is essential for efficient translation of proteins containing polyproline sequences, as 

hypusine moiety of eIF5A interacts with proline-tRNA and stabilizes an optimal geometric 

structure for peptide bond formation (Gutierrez et al., 2013; Huter et al., 2017; Schmidt 

et al., 2016). Hypusinated eIF5A is also implicated in tumorigenesis by increasing the 

translation of c-Myc and KRAS oncoproteins (Fujimura et al., 2018). Accordingly, blockade 

of eIF5A hypusination has been shown to reduce tumor cell growth in vitro and decrease 

polyp size in a mouse colon cancer model (Coni et al., 2020; Nakanishi and Cleveland, 

2016).

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiologic agent of Kaposi’s sarcoma 

(KS) and primary effusion lymphoma (PEL), which are highly prevalent in AIDS patients 

(Chang et al., 1994). Aggressive endemic KS, primarily seen in Africa, accounts for 

nearly half of the reported cancers and is among the leading cause of cancer death within 

the region. KSHV infection is predominantly latent in tumor cells, with only a limited 

number of cells undergoing lytic replication. During latency, KSHV only expresses a small 

subset of viral proteins, among which include the major latent protein, latency-associated 

nuclear antigen (LANA) (Decker et al., 1996; Parravicini et al., 2000). LANA functions 

as a molecular tether that bridges the viral episome to the host mitotic chromosomes to 

ensure segregation of KSHV episomes to the progeny nuclei (Ballestas et al., 1999). Thus, 

LANA is essential for transformation, latency maintenance, episomal DNA replication, and 

segregation in KSHV-infected tumor cells (Ye et al., 2004). Molecularly, the N-terminal 

proline-rich region of LANA attaches to the host chromosomes while its C-terminal region 

binds the viral terminal repeat sequences and the central acid-rich repeat sequence to ensure 
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efficient episome maintenance (De Leon Vazquez and Kaye, 2011; Komatsu et al., 2004; 

Srinivasan et al., 2004). Overall, these prominent features of LANA as a crucial mediator of 

virus persistence make it an attractive therapeutic target against KSHV-associated cancers.

The metabolic properties of KSHV-infected cells closely resemble the metabolic hallmarks 

of cancer cells (Levy and Bartosch, 2016). To date, most metabolic studies have relied 

on two-dimensional cell-culture systems, which have limitations in faithfully recapitulating 

the characteristic features of KSHV-associated tumors. Primarily, 2D cell-culture systems 

fail to mimic essential tumor microenvironments, such as cell-to-cell and cell-extracellular 

matrix (ECM) interactions that affect tumorigenesis (Holle et al., 2016). These limitations 

have led to a growing interest in using three-dimensional (3D) cell cultures that are more 

physiologically relevant than 2D cell cultures for metabolism studies (Sood et al., 2019). 

Here, we show that KSHV infection alters the host spermidine metabolism in 3D culture. 

KSHV infection led to increased synthesis of intracellular spermidine, a source of eIF5A 

hypusination, to enhance the translation of LANA protein for viral episomal maintenance 

in KSHV-infected cells. Inhibition of spermidine synthesis or eIF5A hypusination reduced 

the nuclear LANA level, which hampered viral episomal maintenance and ultimately led 

to increased death of KSHV-transformed cells in vitro and in vivo. Our results suggest 

the inhibition of spermidine metabolic pathway and eIF5A hypusination as therapeutic 

approaches for targeting KS and PEL tumors.

RESULTS

High level of spermidine accumulation in KSHV-infected cells

While we have previously tested KSHV-mediated metabolic alterations in a 3D spheroid 

culture model with Matrigel (Choi et al., 2020; Herrmann et al., 2014), we performed an 

additional round of metabolomic screening to identify key metabolites influenced by KSHV 

infection in 3D conditions. Two independent metabolomic analyses revealed 59 common 

metabolites that were induced in KSHV-infected cells compared with mock-infected 

cells (Figure 1A and Table S1). Highly upregulated metabolites (>2.5-fold) included 

those that are linked to the pentose phosphate pathway (D-glyceraldehyde), tryptophan 

pathway (2-aminomuconate semialdehyde), glycolysis (S-lactate and R-lactate), and 

polyamine pathway (spermidine and 5′-methylthioadenosine [5′-MTA]). In the eukaryotic 

polyamine (putrescine, spermidine, and spermine) synthesis pathway, decarboxylated S-

adenosylmethionine (dc-SAM) donates an aminopropyl group to putrescine and spermidine 

to generate spermidine and spermine, respectively (Pegg, 2009; Zappia et al., 1972) (Figure 

1B). When KSHV-infected telomerase-immortalized microvascular endothelial (TIME) cells 

were cultured in 2D or 3D culture conditions, only spermidine out of the three polyamines 

was highly accumulated in 3D culture, but not in 2D culture (Figure 1C). In concordance 

with the previous report that polyamines, especially spermidine, increase upon KSHV de 
novo infection (Delgado et al., 2012), we also detected the accumulation of intracellular 

spermidine and spermine in TIME cells at 48 h post infection (hpi) with KSHV in 2D 

culture (Figure 1D).

To further investigate the alteration of the polyamine pathway induced by KSHV, mRNA 

transcripts of key enzymes involved in the polyamine metabolism were examined from 
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mock- or KSHV-infected TIME cells in 2D or 3D culture conditions. KSHV-infected 

TIME cells exhibited the upregulation of ODC expression and the downregulation of SAT1 
expression compared with mock-infected cells in 3D culture, but not in 2D culture (Figure 

1E). On the other hand, gene expressions of other polyamine metabolizing enzyme genes, 

ornithine decarboxylase antizyme (OAZ), polyamine oxidase (PAO), spermidine synthase 
(SRM), and spermine synthase (SMS), showed no difference between mock- and KSHV-

infected TIME cells in either 2D or 3D culture. Interestingly, the kinetics of ODC expression 

increased at 24 h of KSHV de novo infection in 2D culture, reaching a peak at 48 hpi 

and subsiding to the basal level at 72 hpi, while SAT1 expression decreased at 24 and 48 

hpi and returned to the basal level at 72 hpi (Figure 1F). ODC is one of the rate-limiting 

enzymes in the polyamine biosynthesis pathway that produces putrescine, while SAT1 is the 

rate-limiting enzyme of the polyamine catabolism pathway that induces the acetylation and 

secretion of polyamines (Figure 1B). This indicates that KSHV regulates the biosynthesis 

and catabolism of polyamine to increase the intracellular polyamine metabolites in 3D 

persistent infection culture conditions or 2D de novo infection culture conditions.

KSHV-induced spermidine synthesis leads to the increase of eIF5A hypusination

Spermidine acts as a substrate for eIF5A hypusination, which promotes translation of 

mRNAs encoding clusters of consecutive proline residues that cause ribosome stalling 

(Gutierrez et al., 2013; Park et al., 1981). As KSHV infection increased intracellular 

spermidine, we further examined the degree of eIF5A hypusination upon KSHV infection 

in2Dor 3Dcultureconditions using a hypusine-specific antibody. The hypusination level of 

eIF5A was noticeably increased in KSHV-infected TIME cells in 3D culture conditions 

compared with mock-infected TIME cells, while remaining at comparable levels in mock- or 

KSHV-infected TIME cells in 2D culture conditions (Figure 2A). Moreover, consistent with 

the increased spermidine level during KSHV de novo infection (Figure 1D), hypusinated 

eIF5A level was gradually increased until 72 hpi and subsided back to basal level at 96 h of 

KSHV de novo infection (Figure 2B). Treatment of 2-difluoromethylornithine (DFMO), an 

inhibitor of ODC (Fozard et al., 1980), significantly reduced the level of eIF5A hypusination 

in KSHV-infected TIME cells in both 2D and 3D culture conditions, indicating that 

polyamine biosynthesis directly contributes to the level of eIF5A hypusination upon KSHV 

infection (Figure 2C). As hypusinated eIF5A has a different isoelectric point from the 

unhypusinated form, isoelectric focusing gel with anti-eIF5A immunoblotting revealed two 

distinct bands, the upper band corresponding to the hypusinated eIF5A and the lower band 

to the unhypusinated eIF5A (Figure 2D). Compared with mock infection, KSHV infection 

led to an increased level of the upper hypusinated eIF5A band that was shifted to the lower 

unhypusinated eIF5A band upon DFMO treatment (Figure 2D). These data indicate that 

KSHV-induced spermidine synthesis results in an increase of eIF5A hypusination.

eIF5A hypusination is required for efficient KSHV LANA expression

The LANA plays a central role in KSHV episomal tethering and comprises an N-terminal 

proline-rich region with a total of 18 consecutive proline sequences, a central region with 

repetitive sequences, and a C-terminal region containing a DNA-binding domain (Figure 

3A). Known as a poor donor and acceptor for peptide bond formation in the ribosome during 

translation, proline often causes ribosome stalling, which requires the hypusinated eIF5A 
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to resume translation (Melnikov et al., 2016). Indeed, the level of LANA expression was 

drastically reduced in KSHV-infected TIME cells upon DFMO treatment consistently with 

the decreased eIF5A hypusination (Figure 2C). To assess the effect of eIF5A hypusination 

on LANA expression, KSHV-infected TIME cells were treated with either DFMO or N1-

guanyl-1,7-diaminoheptane (GC7), a DHPS inhibitor (Figure 1B). It showed that either 

GC7 or DFMO treatment markedly suppressed eIF5A hypusination as well as LANA 

expression, which was effectively recovered by exogenous spermidine supplementation 

(Figure 3B). The LANA mRNA level was not affected by treatment of DFMO, GC7, or 

spermidine supplement (Figure 3C). Consistent with the reduced LANA expression, the 

number of LANA nuclear dots representing KSHV episome was reduced upon DFMO or 

GC7 treatment and recovered by spermidine supplementation in either 2D monolayer culture 

(Figure S1) or 3D spheroid culture of KSHV-infected TIME cells (Figure 3D). Furthermore, 

LANA expression and eIF5A hypusination of KSHV-infected PEL BCBL-1 cells were also 

reduced upon DFMO or GC7 treatment (Figure S2A), whereas the LANA mRNA level was 

not affected (Figure S2B). Correspondingly, LANA nuclear dots were significantly reduced 

by DFMO or GC7 treatment in BCBL-1 cells (Figure S2C). In addition, expression of 

viral interferon regulatory factor 3 (vIRF3) latent protein was slightly reduced upon DFMO 

or GC7 treatment (Figure S2A). Overall, these results suggest that efficient translation of 

LANA in KSHV-infected endothelial cells and PEL cells largely depends on spermidine-

mediated eIF5A hypusination.

Hypusinated eIF5A alleviates ribosome pausing at a sequence combination of glycine 

and aspartic acid besides proline (Pelechano and Alepuz, 2017; Schuller et al., 2017). To 

further validate the dependency of LANA expression on eIF5A hypusination, we generated 

MCF10A human breast epithelial cells stably expressing LANA, vIRF3, or Epstein-Barr 

virus (EBV) EBNA1, a LANA homolog that contains a five proline repeat sequence as well 

as extensive consecutive glycinealanine sequences. Treatment of GC7 readily downregulated 

LANA expression in MCF10A cells, whereas little or no effect on vIRF3 and EBNA1 

expression was observed (Figure 3E). To exclude the potential effect of GC7 treatment 

on mRNA transport, in vitro transcribed 5′-capped and polyadenylated mRNA of LANA, 

vIRF3, or EBNA1 was transfected into HEK-293T cells (Figure S3A) and its de novo 
expression was quantified. Consistently, LANA expression from in vitro transcribed mRNA 

was markedly reduced upon GC7 treatment, whereas only a marginal reduction of EBNA1 

or vIRF3 expression was detected under the same conditions (Figure S3B).

The frequency of polyproline motifs negatively correlates with translational efficiency 

(Qi et al., 2018). EBNA1 and vIRF3 have five and four consecutive proline sequences, 

respectively, while LANA contains 18 consecutive proline sequences, suggesting that the 

higher frequency of polyproline motifs causes the more robust translational pause that 

requires hypusinated eIF5A for efficient translation. To further assess the dependency of 

the LANA proline-rich region to hypusinated eIF5A, we generated MCF10A cells stably 

expressing the N-terminal proline-rich region (N), a central acidic repeat region (A), or C-

terminal DNA-binding region (C) of LANA (Figures 3A and 3F). GC7 treatment noticeably 

reduced expression of the N region and slightly diminished expression of the A region, 

but did not alter expression of the C region (Figure 3F). These results suggest that the 
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N-terminal proline-rich domain of LANA is primarily responsible for ribosome stalling and 

requires eIF5A hypusination for efficient translation.

DFMO and GC7 suppress viral episomal maintenance and induce tumor cell death in vitro 
and in vivo

LANA mediates viral episomal maintenance by tethering KSHV genomes to the host 

mitotic chromosomes to segregate its genomes to the daughter cell nuclei. To explore the 

effect of polyamine synthesis inhibitor (DFMO) and hypusination inhibitor (GC7) on viral 

episomal maintenance, KSHV-infected TIME or BCBL-1 cells were treated with DFMO 

or GC7, followed by measurement of KSHV genome copy number by qPCR. Treatment 

of DFMO or GC7 led to a marked reduction of viral genome copy numbers in 2D- or 

3D-cultured KSHV-infected TIME cells (Figure 4A) and 2D-cultured BCBL-1 cells (Figure 

4B), but the reduced KSHV genome copy numbers were restored by exogenous spermidine 

supplementation. Furthermore, GC7 treatment resulted in robust apoptotic cell death of 

BCBL-1 cells, whereas it led to a minor effect on KSHV-negative Burkitt’s lymphoma BJAB 

cells (Figure 4C). To further explore whether LANA-mediated viral episomal maintenance 

is critical for cell viability, we examined the proliferation rate and viability of KSHV-

positive PEL cells (BCBL-1, BC-1, and BC-3) and KSHV-negative lymphoma or leukemia 

cells (BJAB, BEL-1, and BV173) (Tang et al., 2004). DFMO or GC7 treatment also 

limited the proliferation of KSHV-infected BCBL-1, BC-1, and BC-3 PEL cells, whereas 

KSHV-negative BJAB, BEL-1, and BV173 cells did not show significant change in their 

proliferation rates (Figure 4D). In addition, we observed drastic reduction of KSHV-positive 

PEL cell viability upon DFMO or GC7 treatment in a dose-dependent manner, whereas 

KSHV-negative cells showed only modest reduction of viability at high-dose treatments 

of DFMO or GC7 (Figure 4E). Collectively, these results indicate that inhibition of the 

spermidine-hypusination axis reduces LANA expression and activity in viral persistence, 

which ultimately leads to retarded proliferation and enhanced death of KSHV-infected cells.

To evaluate the efficacy of GC7 as a treatment for KSHV-positive PELs or other lymphoma 

cells, NOD/SCID xenograft mice were intraperitoneally injected with KSHV-positive 

BCBL-1-luciferase cells, EBV-transformed LCL352-luciferase cells, or KSHV-negative/

EBV-negative BJAB-luciferase lymphoma cells as previously described (Lee et al., 2011). 

At day 2 post engraftment, NOD/SCID xenograft mice were treated daily with either 

PBS or GC7 via intraperitoneal injection (Figures 5A, S4A, and S5A). All BCBL-1 

engrafted PBS-treated mice (8 out of 8) started to display evident distention and ascites 

in the peritoneal cavity with markedly increased luminescence signal around 5 weeks post 

engraftment (Figures 5B and 5C). GC7 treatment effectively reduced tumor development 

in most BCBL-1-engrafted mice (tumor formation in 2 out of 8 mice) (Figures 5B and 

5C). In contrast, it showed weak effect on tumor development in EBV-transformed LCL352-

engrafted mice (tumor formation in 5 out of 8 mice) (Figures S4B and S4C) and no 

effect on tumor development in KSHV-negative/EBV-negative BJAB-engrafted mice (tumor 

formation in 13 out of 13 mice) (Figures S5B and S5C).

To examine whether GC7 treatment induces the regression of KSHV-positive PEL-induced 

tumors or EBV LCL-induced tumors, 5- to 6-week post-engraftment mice were randomly 
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separated into two groups for PBS or GC7 treatment. After 1 week of treatment, BCBL-1 

tumor-bearing mice (8 out of 8) showed ~25-fold increases of luminescent signals upon PBS 

treatment (Figures 5D and 5E). In contrast, a majority of BCBL-1 tumor-bearing mice (6 

out of 8) showed minor or no increases of luminescent signals upon GC7 treatment, and two 

mice displayed an undetectable level of luminescence signals (Figures 5D and 5E). On the 

other hand, no detectable regression of EBV-positive LCL352-induced tumors was observed 

after GC7 treatment (Figures S4D and S4E).

To explore the mechanism underlying GC7-induced tumor regression, we collected ascites 

and solid tumors from BCBL-1 engrafted mice treated with PBS and residual tumor cells 

from BCBL-1 engrafted mice treated with GC7. GC7 treatment induced considerable 

reduction of the KSHV LANA expression in ascites from BCBL-1 engrafted mice compared 

with PBS treatment in ascites and solid tumors from BCBL-1 engrafted mice (Figure 5F). 

In contrast, the EBV EBNA1 expression of LCL352-induced tumors was not detectably 

affected by GC7 treatment (Figure S4F). Consequently, KSHV genome copy numbers of 

BCBL-1-induced tumors were reduced to 3-fold upon GC7 treatment compared with that 

upon PBS treatment (Figure 5G). In contrast, EBV genome copy numbers were not altered 

by GC7 treatment in LCL352-induced tumors (Figure S4G). Collectively, these results 

indicate that GC7 treatment shows a specific effect on KSHV LANA expression.

DISCUSSION

Oncogenic viruses markedly alter the host metabolism to self-fulfill the need for metabolic 

intermediates required for viral tumorigenesis (Mesri et al., 2014). Understanding how 

oncogenic viruses exploit specific metabolic pathways is critical for therapeutic target 

identification of virus-associated cancer. However, the conventional 2D culture condition 

does not fully mimic the in vivo metabolic niche, as the tissue architecture and cell-cell 

contacts are absent in 2D culture systems. Here, we demonstrate that KSHV infection 

increases spermidine metabolites and eIF5A hypusination in 3D culture as well as in the 2D 

de novo infection condition. Furthermore, we determine that hypusinated eIF5A alleviates 

the translational restriction of LANA expression in KSHV-infected cells. Our study reveals 

that the spermidine-hypusination signaling axis is essential for LANA expression and viral 

episomal maintenance of KSHV-infected cells. Conversely, suppression of the spermidine-

hypusination signaling axis leads to a decrease of LANA expression and viral episomal 

maintenance, followed by pronounced apoptotic death of KSHV-associated tumor cells.

Polyamines have been implicated to play a role in various stages of virus infection, 

including viral replication and assembly (Mounce et al., 2017). Polyamines, found in the 

nucleocapsid of herpesvirus virions are presumed to facilitate virion assembly of human 

cytomegalovirus and herpes simplex virus 1, where depletion of the polyamine effectively 

diminished virus production (Gibson et al., 1984; Greco et al., 2005; Tyms and Williamson, 

1982). In addition, inhibiting polyamine synthesis also reduces the replication of Ebola virus 

(EBOV) (Olsen et al., 2016). Recent work has suggested that type I interferon induces 

SAT1, a polyamine catabolic enzyme, as an anti-viral defense to decrease polyamines, 

as Chikungunya virus and Zika virus require polyamines for transcription and translation 

(Mounce et al., 2016). Moreover, eIF5A hypusination also controls EBOV gene expression 
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(Olsen et al., 2018). These previous findings strongly indicate that polyamines are crucial 

mediators of the virus life cycle.

Polyamine levels are shown to be elevated in various types of cancer. In colon cancer, APC 

tumor-suppressor gene and KRAS oncogene have been shown to regulate expression of the 

ODC and SAT1 genes. For instance, a high ODC level, which leads to increased polyamine 

biosynthesis, and low SAT1 level, which reduces polyamine export, mutually induce the 

accumulation of polyamine and contribute to tumorigenesis in colon cancer (Ignatenko et 

al., 2011; Li et al., 2020). In a mouse colon cancer model, tumorigenesis is reduced by 

a combinatory regimen of non-steroidal anti-inflammatory drug treatments that increases 

SAT1-mediated cellular export of polyamines, together with DFMO treatment that decreases 

ODC-mediated polyamine synthesis (Jacoby et al., 2000). EBV-positive Burkitt’s lymphoma 

also exhibits reduced SAT1 gene expression and increased polyamine, which has a favorable 

effect on the tumorigenic feature of Burkitt’s lymphoma (Shi et al., 2013). In concurrence 

with these reports, we demonstrate that the regulation of ODC and SAT1 transcription 

is the key mechanism in KSHV-mediated alteration of polyamine metabolism for viral 

persistence and tumorigenesis. PEL cell death induced by DFMO treatment also highlights 

the importance of the polyamine pathway in KSHV tumorigenesis. Myc oncoprotein is one 

of the activators of ODC transcription, promoting polyamine synthesis and proliferation of 

many cancer cells. During latency, KSHV has been known to stabilize Myc protein through 

latent proteins, such as vIRF3 and LANA (Baresova et al., 2012; Liu et al., 2007). KSHV-

mediated stabilization of Myc proteins may positively regulate the polyamine anabolic 

pathway, enhancing eIF5A hypusination to increase LANA expression for viral persistence.

Cells cultured in 3D conditions have been shown not only to manifest different gene 

expression profiles from those cultured in 2D conditions but also to highly recapitulate 

cells grown in an in vivo setting (Birgersdotter et al., 2005; Ghosh et al., 2005). 3D cultured 

cells generally upregulate expressions of multiple genes associated with stress response, 

inflammation, redox signaling, hypoxia, and angiogenesis (Jensen and Teng, 2020). We also 

found that basal expressions of the polyamine metabolism enzyme genes (OAZ, SRM, and 

SMS) were increased in 3D culture. This suggests that the stressful environments in 3D 

culture, including limited oxygen and nutrients and accumulated metabolic waste, may play 

roles in regulating these gene expressions. Intriguingly, functional OAZ enzyme expression 

is regulated by intracellular polyamine level (Coffino, 2001). At a low level of polyamine, 

the translation of OAZ is shortened at a premature stop codon, causing non-functional 

protein synthesis. In contrast, a high level of polyamine introduces ribosomal frameshift 

that leads to skipping of the premature stop codon and inducing functional OAZ expression 

(Matsufuji et al., 1995; Rom and Kahana, 1994). As the basal level of hypusination in 

3D culture was lower than that in 2D culture (Figures 2A and 2C), the limited source 

of polyamines in 3D culture may be one of many factors that cause differences in KSHV-

induced metabolic changes in 3D culture versus 2D culture.

Unlike primary KS tumors in patients, KSHV episomes are rapidly lost in in vitro cell-

culture systems. More recently, this incongruity has been addressed by a study (Dubich et 

al., 2021) reporting that compared with 2D culture, KSHV genomes explicitly increase 

during de novo infection and are stably maintained under 3D culture. This suggests 
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that continuous de novo infection in 3D culture may be critical for KSHV persistence. 

Intriguingly, our 3D spheroid model exhibited increased KSHV genome copy numbers 

per cell compared with the 2D culture system (Figure 4A). This suggests that KSHV 

induces spermidine biosynthesis and eIF5A hypusination to increase LANA expression, 

thereby achieving LANA-mediated episomal maintenance. In addition to LANA, it is 

highly plausible that other host proteins in 3D cultured KSHV-infected cells may also 

be targets of eIF5A hypusination to concertedly contribute toward viral persistence and 

tumorigenesis. In fact, hypusinated eIF5A enhances the translation of proteins that are 

involved in ECM organization and collagen metabolism for tumor progression in vivo 
and 3D spheroid formation (Henke et al., 2019; Kauppila et al., 1998; Pelechano and 

Alepuz, 2017). This suggests that dysregulation of the polyamine metabolism and eIF5A 

hypusination may perturb the integrity of the ECM proteins and collagens in 3D culture 

or in vivo infection. Future study of host or viral protein expressions that are altered by 

KSHV-induced eIF5A hypusination will provide mechanistic insights into the spermidine-

hypusination signal-mediated regulation of the viral life cycle.

Among the three polyamines, only spermidine donates its aminobutyl group to eIF5A, 

which consequently results in hypusination and activation of eIF5A (Saini et al., 2009). Our 

findings reveal that the increased intracellular level of spermidine in 3D KSHV-infected 

cells or 2D de novo KSHV infection leads to increased eIF5A hypusination. Hypusinated 

and activated eIF5A, which alleviates ribosome stalling during the synthesis of polyproline 

motif-containing proteins, subsequently allowed efficient translation of the proline-rich 

LANA for the maintenance of viral episome. Treatment of PEL cells with GC7 effectively 

suppressed eIF5A hypusination, LANA translation, viral episomal maintenance, and cell 

proliferation in a dose-dependent manner. This suggests that KSHV targets the spermidine-

hypusination signal pathway for viral episomal maintenance as well as for virus-induced 

tumorigenesis. Our study provides not only molecular details underlying how KSHV 

exploits the intracellular spermidine-hypusination signal pathway but also an invaluable 

insight into a therapeutic target to treat KSHV-associated cancer.

Limitations of the study

We have found that KSHV infection regulates the transcriptions of polyamine metabolism-

related genes and subsequently leads to increased spermidine production. However, detailed 

mechanisms of KSHV-mediated regulation of polyamine metabolic gene expressions remain 

unknown. In addition, while we have discovered a specific effect of eIF5A hypusination 

on the KSHV LANA translation, additional study is needed to investigate broad effects of 

eIF5A hypusination on the translational controls of host and viral proteins.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Jae U. Jung (JUNGJ@ccf.org).
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Materials availability—All unique materials generated during this study will be made 

available upon request to the lead contact.

Data and code availability

• The raw metabolomics data reported in this study are available in 

the MetaboLights database (https://www.ebi.ac.uk/metabolights/index) under 

accession numbers MTBLS5218.

• The metabolome processed data reported in this study are supplied as Table S1. 

All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—Cells were maintained at 37°C in a humidified incubator with 5% CO2. 

HEK-293T and iSLK-BAC16 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (Seradigm) and 1% penicillin/

streptomycin (Gibco). iSLK-BAC16 cells were cultured in the presence of 1 μg/mL of 

puromycin, 250 μg/mL of G418, and 1 μg/mL of hygromycin. TIME cells were cultured 

in VascuLife VEGF Endothelial Medium (LIFELINE). MCF10A cells were cultured 

in DMEM-F12 supplemented with 5% horse serum (Thermofisher), EGF 20 ng/mL 

(Peprotech), insulin 10 μg/mL (Sigma), hydrocortisone 0.5 mg/mL (Sigma), cholera toxin 

100 ng/mL (Sigma) and 1% penicillin/streptomycin (Gibco). The PEL cell lines (BCBL-1, 

BC-1, and BC-3) and KSHV-negative control cells (BJAB, BEL-1, BV173, and LCL352-

mCherry-luciferase) were cultured in RPMI 1640 medium supplemented with 10% FBS 

and 1% penicillin/streptomycin. The BCBL-1 luciferase and BJAB luciferase cell line 

were maintained in RPMI 1640 medium with 50 μg/mL and 100 μg/mL of hygromycin, 

respectively. To generate 3D spheroid, TIME cells with 4% Matrigel (Corning) were seeded 

at 5 × 104 cells per 6-well ultralow attachment plates (Corning). Cultures were fed every 3–4 

days with assay medium.

Animal models—Female NOD/SCID (5 weeks old) were purchased from Jackson. After 

1 week adaptation, BCBL-1, LCL352, and BJAB luciferase cells (5 × 106 cells) were 

intraperitoneally (i.p) injected and 2 days post cells engraftment, GC7 (10 mg/kg) was 

intraperitoneally injected 3 times a week to observe effect of GC7 on tumor establishment. 

To monitor tumor regression, GC7 (20 mg/kg) was intraperitoneally injected daily for 

a week after mice developed cancer cells with evidently increased luminescence. For 

luciferase imaging, mice will be anesthetized with 2% isoflurane in 100% oxygen. D-

luciferin firefly potassium salt (Glodbio) will be injected intraperitoneally (150 mg/kg), and 

mice will subsequently be imaged in the IVIS system (PerkinElmer) while sedated. A region 

of interest (ROI) was manually selected over the signal intensity. Data are presented as 

average radiance. General behavior were recorded every other day to ensure animal health 
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was maintained. All experiments were approved and done according to the guidelines of the 

Institutional Animal Care and Use Committee at the Cleveland Clinic.

METHOD DETAILS

KSHV preparation and infection—KSHV virus was prepared from iSLK-BAC16 

cells as previously described (Brulois et al., 2012; Myoung and Ganem, 2011). Briefly, 

70% confluent iSLK-BAC16 cells were induced with growth medium containing 1 mM 

sodium butyrate (Sigma) and 1 μg/mL doxycycline (Sigma). 4 days later, culture medium 

containing virus was collected and cleared by centrifugation and filtering to remove cells 

and debris. Virus was concentrated by ultracentrifugation for 3 h at 24,000 rpm in SW32 

rotor (Beckman Coulter). Virus pellets were resuspended in Dulbecco′s Phosphate Buffered 

Saline (DPBS) and stored at −80°C. For de novo infection of KSHV, when TIME cells 

reached 60 to 70% confluence, cells were incubated with KSHV for 4 h at 37°C. After the 

inoculum was removed, and the cells were washed with DPBS three times, followed by 

addition of growth medium before being returned to the incubator. For making stably latent 

infected cell, KSHV infected TIME cells were selected and maintained with 10 μg/mL of 

hygromycin.

Quantitative RT-qPCR—RNA was extracted using TRIzol reagent (Invitrogen), 

according to manufacturer’s instructions. Total RNA used for cDNA synthesis using 

iScript (Bio-Rad), according to manufacturer’s instructions. RT-qPCR using SyberGreen 

(BioRad) was performed on CFX96 Real-time PCR (Bio-Rad), according to manufacturer’s 

instructions. Samples were run in triplicate and normalized to the ribosomal protein S11 

(rps11). Relative expression was calculated using the ΔΔCT method. Primer sequences are 

found in Table S2.

Isoelectric focusing—Cells were lysed in low salt hypotonic buffer (10 mM HEPES, pH 

7.3, 1.5 mM MgCl2, 20 mM KCl, 500 μM dithiothreitol, 1% Triton X-100) supplemented 

with protease inhibitor mixture for 15 min on ice. Equal amount of protein extract was 

resolved in Novex pH 3–10 IEF Protein Gels (ThermoFisher). The transferred onto PVDF 

membranes for immunoblotting analysis.

Immunoblotting—Cells were lysed in RIPA buffer (50 mM Tris-HCl (pH7.4); 150 mM 

NaCl; 1% NP-40; 0.25% deoxycholic acid; 1mM EDTA) supplemented with protease 

inhibitor mixture and quantified by BCA (Pierce). Equal amount of protein extract 

was resolved on SDS-PAGE gels and transferred onto PVDF membranes. Antibody 

concentrations were as follows: anti-hypusine, anti-eIF5A, anti-LANA, anti-vIRF3, anti-

EBNA1, anti-Flag, anti-β-actin and anti-GAPDH. They were incubated with specific 

antibodies followed by HRP-conjugated secondary antibodies and Images were developed 

with ECL reagent (Millipore) and imaged on a Bio-Rad ChemiDoc-Touch.

Metabolite extraction and liquid chromatography-mass Spectrometric analysis 
(LC-MS)—2D monolayer cultured TIME cells were collected and washed twice with cold 

PBS and fixed in 80% methanol (Fisher Chemical, LC-MS glade) precooled in dry ice. 

Cells were detached by scrapping and then transferred to a 2 mL screw cap tube. 3D 
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cultured TIME cells are incubated with Cell Recovery Solution (Corning) for 20 min on 

ice for depolymerize the Matrigel matrix before fixation. Lysate of cells were quantified by 

BCA and pelleted by centrifugation (12000 rpm for 10 min at 4°C). The supernatant was 

transferred into a new 2 mL screw cap tube and driedusing a vacuum concentrator. Dried 

metabolites were resuspended in acetonitrile/methanol/water(40:40:20).Before applying LC-

MS, metabolites were mixed with acetonitrile containing 0.2% folic acid solution and 

spun down at 12,000 rpm for 10min at 4°C. The supernatant was injected into Agilent 

Accurate Mass 6230 time of flight (TOF) coupled with Agilent 1290 liquid chromatography 

(LC) system. Detected ions were deemed metabolites on the basis of unique accurate mass-

retention time identifiers for masses exhibiting the expected distribution of accompanying 

isotopologues. The abundance of metabolites was extracted using Agilent Qualitative 

Analysis B.07.00 and Profinder B.08.00 software (Agilent Technologies) with a mass 

tolerance of <0.005 Da.

Immunofluorescence—KSHV infected TIME cells were plated on coverslip and 

BCBL-1 cells were plated on coverslips coated with Poly-L-lysine solution (Sigma) for 

1 h after treatment with or without DFMO, GC7, and spermidine. 3D spheroids of KSHV 

infected TIME cells are transferred to 1.5 mL tube to proceed staining procedure in tubes. 

Cells were fixed with 100% methanol for 10 min at −20°C and blocked 10% goat serum 

in PBS. Fixed cells were stained with anti-LANA (1:500) diluted in 1% BSA-PBS for 2 h. 

Appropriate fluorescence-conjugated secondary antibodies from goat were incubated for 1 h. 

DNA was stained with 1 μg/mL Hoechst 33342. Coverslips of 2D cultured KSHV infected 

TIME cells and BCBL-1 cells were mounted with Fluoromount-G (Thermo Scientific) 

mounting media. For 3D spheroid of KSHV infected TIME cells, stained spheroids pellets 

were resuspended in mounting media and transferred to slides. Cells and spheroids were 

examined under Leica SP8 confocal microscope. Leica LAS-X software was used to merge 

and stack individual confocal sections of 3D spheroid through the z axis to generate 

maximum projection images.

mRNA synthesis and transfection—Coding region of LANA, EBNA1, and vIRF3 

were inserted to pZMV plasmid that contains a T7 promoter. The capped mRNA was 

synthesized from corresponding linearized pZMV plasmid using the HiScribe T7 High 

Yield RNA Synthesis Kit (NEB) and Cleancap reagent (Trilink). After a total incubation 

for 2 hours at 37°C, the DNA was digested by DNase I treatment and mRNA was 

purified using RNA Clean & Concentrator-5(Zymo). Polyadenylation was performed by 

using E.coli Poly(A) Polymerase (NEB).The mRNA was again purified using RNA 

Clean & Concentrator-5. mRNA concentration was determined on a NanoDrop OneC 

(Thermo Fisher). mRNA quality was determined by 1% formaldehyde agarose gel. In vitro 
transcribed mRNA was transfected to HEK-293T cells using TransIT reagent (Mirus).

Measuring viral genome copy numbers—DNA was extracted from cells using a 

MasterPure DNA purification kit (Lucigen) according to the manufacture’s protocols. To 

measure viral genome copy number per cell, we used 20 ng of DNA for qPCR with 

SsoAdvanced Universal SYBR Green Supermix as previously described (Wu et al., 2006). 

Briefly, ORF11 primers were used to detect KSHV genomes, and BAC16 bacmid was used 
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as a standard. To estimate the number of EBV genome copies, EBNA1 primers were used to 

detect EBV genomes, and pCXWB- EBNA1 (Addgene) plasmid was used as a standard. To 

determine genome copy number, β-globin primers were used detect host chromosome, and 

plasmid containing fragment of β-globin was used for host chromosome standard. Primer 

sequences are listed in Table S2.

Apoptotic assay and cell viability assay—FITC Annexin V (Biolegend) was used 

according to the manufacturer’s instruction, and PI solution (Biolegend) was applied at 20 

μg/mL. Analysis was performed on singlet cells. The cells were incubated for 15 min in 

the dark and analyzed with a FACS Celesta flow cytometer (BD Biosciences). To determine 

cell viability, the CellTiter-Glo Luminescent Cell Viability Assay (Promega) was performed 

according to the manufacturer’s instruction.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data was analyzed by FlowJo v.10.7.1. The statistical tests were calculated 

using GraphPad Prism 9. We performed a Student’s t-test or onw-way ANOVA or two-way 

ANOVA to calculate p values with statistical significance. For each experiment, the number 

of biological or technical replicates are provided in the figure legends. Details of the specific 

statistical analysis and p-values are indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• KSHV infection induces spermidine synthesis in 3D culture

• Increased spermidine level promotes eIF5A hypusination

• Hypusinated eIF5A is required for efficient translation of the KSHV LANA 

protein

• Inhibition of eIF5A hypusination suppresses KSHV episome maintenance and 

oncogenesis
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Figure 1. High level of spermidine accumulation in KSHV-infected cells
(A) Volcano plot of metabolomic analysis of KSHV-infected 3D TIME cell culture 

commonly detected from two independent analyses. Venn diagram illustrates thenumber 

of differentially detected metabolites with p value <0.05 in KSHV-infected 3D culture TIME 

cells in comparison with mock in two independent metabolomic screenings. Fifty-nine 

metabolites overlap between the two independent screenings. Red dots represent metabolites 

upregulated more than 2.5-fold. y axis denotes log10 p values, and x axis shows fold-change 

values.
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(B) The polyamine metabolism pathway. ODC, ornithine decarboxylase; OAZ, ornithine 

decarboxylase antizyme; SAMDC, S-adenosylmethionine (SAM) decarboxylase; dc-SAM, 

decarboxylated SAM; 5′-MTA, 5′-methylthioadenosine; SRM, spermidine synthase; SMS, 

spermine synthase; PAO, polyamine oxidase; SAT1, spermidine/spermine acetyltransferase 

1; DHPS, deoxyhypusine synthase; DOHH, deoxyhypusine hydroxylase; DFMO, 2-

difluoromethylornithine; GC7, N1-guanyl-1,7-diaminoheptane.

(C and D) Intracellular polyamine levels of mock- and KSHV-infected TIME cells in 2D and 

3D culture. (C) Graph represents fold change in comparison with levels in mock-infected 

cells. Two-way ANOVA with Sidak’s multiple comparisons test was performed to assess the 

significance. ***p = 0.0003; ns, not significant (biological replicates: 4; technical replicates: 

2–3). Error bars represent SEM. (D) Intracellular polyamines in KSHV de novo infected 

TIME cells harvested at 48 h post infection. *p < 0.05 using Student’s t test; ns, not 

significant (biological replicates: 2; technical replicates: 2–3). Error bars represent SEM.

(E) qRT-PCR analysis of transcript levels of polyamine metabolism-related enzymes was 

performed with total RNAs purified from mock- and KSHV-infected TIME cells in 2D 

(biological replicates: 3; technical replicates: 2–3) and 3D (biological replicates: 4; technical 

replicates: 3–4) culture. *p = 0.0393, **p = 0.0035; ns, not significant using Student’s t test. 

Error bars represent SEM.

(F) qRT-PCR analysis of ODC and SAT1 in KSHV de novo infected TIME cells for 

the indicated times (biological replicates: 2; technical replicates: 2–3). *p < 0.05, **p = 

0.0012, ***p = 0.0005, ****p < 0.0001; ns, not significant using Student’s t test. Error bars 

represent SEM.
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Figure 2. KSHV-induced spermidine synthesis leads to the increase of eIF5A hypusination
(A) Immunoblotting analysis of whole-cell lysates from mock- and KSHV-infected TIME 

cells in 2D (biological replicates: 3; technical replicates: 2–3) and 3D(biological replicates: 

2; technical replicates: 2–3) culture. Protein expression was analyzed using anti-hypusine 

(Hyp), anti-eIF5A, and anti-β-actin antibodies. β-Actin was used as a loading control. Right: 

representative graph of quantification of hypusination protein level normalized onto β-actin. 

****p < 0.0001; ns, not significant using Student’s t test. Error bars represent SEM.

(B) Top: immunoblotting analysis of whole-cell lysates from KSHV de novo infected 

TIME cells for the indicated times. Protein expression was analyzed using anti-hypusine, 

anti-eIF5A, and anti-β-actin antibodies. β-Actin was used as a loading control. Bottom: 

representative graph of the quantification of hypusination (Hyp) and eIF5A levels 

normalized by β-actin (biological replicates: 3; technical replicates: 2–3). *p = 0.0338; ns, 

not significant using Student’s t test. Error bars represent SEM.

(C) Immunoblotting analysis of whole-cell lysates from mock- and KSHV-infected TIME 

cells in 2D or 3D culture. TIME cells were cultured in 2D monolayer and infected with 

mock or KSHV for 4 h, followed by treatment with 0, 1, or 5 mM DFMO for 48 h 

(biological replicates: 3; technical replicates: 2–3). Mock- or KSHV-infected TIME cells 

were cultured in 3D spheroid with 4% Matrigel for 2 weeks, followed by treatment with 

0, 1, or 5 mM DFMO for 48 h (biological replicates: 2; technical replicates: 2–3). Whole-

cell lysates were probed with anti-hypusine, anti-LANA, and anti-β-actin antibodies by 

immunoblotting. Hypusination and LANA levels were quantified using Image Lab and 

normalized to β-actin.

(D) TIME cells were infected with mock or KSHV for 4 h, followed by treatment with 0 

mM or 5 mM DFMO for 48 h. Whole-cell lysates were separated in an isoelectric focusing 
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gel (pH 3–10) and probed with anti-eIF5A. Whole-cell lysates separated in SDS-PAGE were 

probed with anti-β-actin for loading control (biological replicates: 2; technical replicates: 

2–3).
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Figure 3. eIF5A hypusination is required for KSHV LANA protein expression
(A) Schematic of LANA. LANA contains a nuclear localization sequence (NLS), proline-

rich region, acidic repeat region, and DNA-binding domain. The proline-rich region (N), 

acidic repeat region (A), and DNA-binding domain (C) used in (F) are highlighted in boxes. 

(B and C) KSHV-infected TIME cells were treated with 1 mM DFMO or 5 μM GC7, with or 

without an addition of 20 μM spermidine.

(B and C) Whole-cell lysates were prepared at day 4 post infection and probed for anti-

LANA, anti-hypusine, and anti-β-actin antibodies. (B) LANA levels were quantified using 
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Image Lab and normalized to β-actin (biological replicates: 4; technical replicates: 2–3). (C) 

Extracted RNA were subjected to qPCR analysis for measuring LANA mRNA expression 

(biological replicates: 2; technical replicates: 2–3). ns, not significant. Error bars represent 

SEM.

(D) KSHV-infected TIME cells were cultured in 3D spheroid with 4% Matrigel for 2 weeks 

and treated with 2 mM DFMO or 10 μM GC7, with or without the supplementation of 

40 μM spermidine for 5 days, followed by immunofluorescence analysis with anti-LANA 

antibody (red) and Hoechst 33342 (blue). Images of an entire z stack of 3D spheroid were 

merged and displayed. Scale bar, 10 μm. Right; graph of the average number of LANA dots 

per cell (biological replicates: 3).***p < 0.0005, ****p < 0.0001 using one-way ANOVA 

with Tukey’s multiple comparison test. Error bars represent SEM.

(E) MCF10A cells overexpressing LANA, vIRF3, and EBNA1 were treated with 0, 10, or 

50 μM GC7 for 3 days. Protein expression was analyzed using anti-LANA, anti-vIRF3, 

anti-EBNA1, anti-hypusine, and anti-β-actin antibodies. β-actin was used as a loading 

control. Each representative graph of quantification of LANA, vIRF3, and EBNA1 level 

obtained normalized onto β-actin (biological replicates: 3–4; technical replicates: 1–2). **p 

= 0.0029, ***p = 0.0006; ns, not significant using one-way ANOVA with Dunnett’s multiple 

comparison test. Error bars represent SEM.

(F) MCF10A cells expressing FLAG-tagged N-terminal domain (N), acidic repeat region 

(A), or C-terminal domain (C) of LANA were treated with 0, 10, or 50 μM GC7 for 3 days. 

Top: amino acid sequence of each construct. Consecutive proline sequences are labeled 

in red. Protein expression was analyzed using anti-FLAG, anti-hypusine, and anti-β-actin 

antibodies. β-actin was used as a loading control. Each domain of LANA levels was 

quantified using Image Lab and normalized to β-actin (biological replicates: 2; technical 

replicates: 2–3).
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Figure 4. DFMO and GC7 restrain KSHV persistence and induce cell death in KSHV-infected 
cells
(A and B) (A) KSHV-infected TIME cells in 2D or 3D culture and (B) BCBL-1 cells in 2D 

culture were treated with 1 mM DFMO or 5 μM GC7, with or without the supplementation 

of 20 μM (2D culture) or 40 μM (3D culture) spermidine for 5 days. Copy numbers 

of intracellular KSHV genomes were quantified by qPCR from purified genomic DNA 

(biological replicates: 3–4; technical replicates: 3–4). Each sample was normalized to 

cellular b-globin. *p < 0.05, **p < 0.005, ***p = 0.002, ****p < 0.0001 using one-way 

ANOVA with Tukey’s multiple comparison test. Error bars represent SEM.
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(C) BCBL-1 and BJAB cells were treated with or without 10 μM GC7 for 4 days. Apoptosis 

was assessed by flow cytometry by annexin V and propidium iodide (PI) staining (biological 

replicates: 2–3). Numbers indicate the percentage of cells in each quadrant.

(D and E) (D) Viability and (E) proliferation of BJAB, BCBL-1, BC-3, BC-1, or JSC-1 cells 

upon DFMO (0.5 and 1 mM) or GC7 (5 and 10 μM) treatment for 5 days were measured 

by cell counting and CellTiter-Glo, respectively (biological replicates: 3). *p < 0.05, **p 

< 0.005, ***p < 0.0005, ****p < 0.0001; ns, not significant using one-way ANOVA with 

Dunnett’s multiple comparison test. Error bars represent SEM.
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Figure 5. Anti-tumor activity of hypusination inhibitor against PEL growth in vivo
(A) NOD/SCID mice were intraperitoneally (i.p.) engrafted with 5 × 106 BCBL-1-luciferase 

cells and imaged using the IVIS imaging system for bioluminescence signal intensity in the 

whole body.

(B) Two days post engraftment, mice were injected (i.p.) with PBS or GC7 three times a 

week for 8 weeks. Engrafted mice are shown before or after treatment.

(C) Quantification of in vivo bioluminescence signal of the animals treated with PBS or 

GC7 for 8-week treatment period (n = 8 per group). Two-way ANOVA with Sidak’s multiple 
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comparisons test was performed to assess the significance. *p = 0.0195, ***p = 0.0001 ns, 

not significant.

(D) BCBL-1-luciferase tumor-bearing mice were injected (i.p.) with PBS or GC7 daily for a 

week. Mice are shown before or after treatment.

(E) Tumor growth for each mouse from (D) was measured by in vivo bioluminescence signal 

measurement. Fold change of total flux for each mouse was graphed as a bar (n = 6–8 per 

each group). ****p < 0.0001 using Student’s t test. Error bars represent SEM.

(F and G) Tumor cells from the ascites of mice (D) were isolated and analyzed for (F) 

immunoblotting to show LANA and GAPDH (loading control) expression or (G) qPCR 

to measure intracellular KSHV genome copy numbers. *p = 0.0198 using Student’s t test. 

Error bars represent SEM.
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