
KSHV-encoded vCyclin can modulate HIF1α levels to promote DNA 1 

replication in hypoxia 2 

Rajnish Kumar Singh
1
, Yonggang Pei

1
, Zachary L Lamplugh

1
, Kunfeng Sun

1
, Yan 3 

Yuan
2
, Paul Lieberman

3
, Jianxin You

4
, and Erle S Robertson

1* 
4 

1
 Department of Otorhinolaryngology-Head and Neck Surgery, Perelman School of Medicine, 5 

University of Pennsylvania, Philadelphia, United States of America-19104
 

6 

2
 Department of Microbiology, Levy Building, School of Dental Medicine, University of 7 

Pennsylvania, 19104 8 

3
 Program in Gene Regulation, The Wistar Institute, 3600 Spruce Street, Philadelphia, PA 19104 9 

4 
Department of Microbiology, Perelman School of Medicine, 3610 Hamilton Walk, University 10 

of Pennsylvania, Philadelphia, PA. 19104 11 

*Corresponding author 12 

Department of Otorhinolaryngology-Head and Neck Surgery, 13 

Department of Microbiology and The Tumor Virology Program,  14 

Abramson Cancer Center, Perelman School of Medicine,  15 

University of Pennsylvania,  16 

201E Johnson Pavilion, 3610 Hamilton Walk, Philadelphia, PA, USA. 17 

Phone: (215) 746-0114, Fax: (215) 898-9557.  18 

E-mail: erle@pennmedicine.upenn.edu. 19 

 20 

 21 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248005doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248005
http://creativecommons.org/licenses/by/4.0/


Abstract 22 

The cellular adaptive response to hypoxia, mediated by high HIF1α levels includes metabolic 23 

reprogramming, restricted DNA replication and cell division. In contrast to healthy cells, the 24 

genome of cancer cells, and Kaposi’s sarcoma associated herpesvirus (KSHV) infected cells 25 

maintains replication in hypoxia. We show that KSHV infection, despite promoting expression 26 

of HIF1α in normoxia, can also restricts transcriptional activity, and promoted its degradation in 27 

hypoxia. KSHV-encoded vCyclin, expressed in hypoxia, mediated HIF1a cytosolic translocation, 28 

and its degradation through a non-canonical lysosomal pathway. Attenuation of HIF1α levels by 29 

vCyclin allowed cells to bypass the block to DNA replication and cell proliferation in the 30 

hypoxia. These results demonstrated that KSHV utilizes a unique strategy to balance HIF1α 31 

levels to overcome replication arrest and induction of the oncogenic phenotype, which are 32 

dependent on the levels of oxygen in the microenvironment. 33 

  34 
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Introduction 35 

Kaposi’s sarcoma associated herpesvirus is the causative agent of Kaposi’s sarcoma (KS), and is 36 

tightly linked to Primary effusion lymphoma (PEL) and Multicentric Castleman disease 37 

(MCD)[1-3]. Evidence also suggests that there is a strong association of KSHV infection with 38 

KSHV-associated inflammatory cytokine syndrome (KICS)[4, 5]. The complete nucleotide 39 

sequence of KSHV showed long unique regions (LURs) that encodes approximately 90 open 40 

reading frames[6], and many KSHV-encoded genes are now found to be homologs of cellular 41 

genes such as vCyclin, vFLIP, vGPCR, and vIRFs[7, 8]. Upon successful infection of host cells, 42 

the virus chooses to either enter a latent phase or continue towards lytic replication to generate 43 

more copies of infectious virions[9, 10]. To establish latency, the viral genome transitions 44 

through a series of epigenetic modifications that are predominantly at lysine residues on histones 45 

to minimize expression of the majority of encoded genes. Only a fraction of genes critical for 46 

latency is expressed [11, 12].  47 

The major KSHV-encoded genes expressed in the majority of KSHV positive cancer biopsy 48 

samples include the latency associated nuclear antigen (LANA), the virus encoded homolog of 49 

human cyclin D (vCyclin), the homolog of FLICE-like inhibitory protein (vFLIP) and homologs 50 

of Interferon regulatory factors (vIRF1, vIRF2, vIRF3 and vIRF4)[13, 14]. Additionally, KSHV-51 

positive biopsy samples are also known to have transcripts for the human homolog of the G-52 

protein coupled receptor (vGPCR) and glycoprotein K8[13, 14]. KSHV-encoded LANA plays an 53 

essential role in maintenance of KSHV episomes within the host by tethering the KSHV DNA to 54 

the host genome[15-17]. LANA-mediated KSHV genome persistence requires its C-terminal, 55 

which binds to the KSHV DNA within its terminal repeat region while the N-terminal region of 56 

LANA binds with the host nuclear DNA[18]. LANA, in addition to tethering of the KSHV 57 
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genome regulates several cellular functions required for oncogenic transformation of infected 58 

cells. The major pathways modulated by KSHV-encoded LANA include cell cycle[19], 59 

apoptosis[20], Epithelial-Mesenchymal transition (EMT)[21, 22] and chromosome instability 60 

(CIN)[23]. Nevertheless, other KSHV-encoded latent genes also plays a major role in oncogenic 61 

transformation of infected cells. KSHV-encoded vCyclin is a homolog of host Cyclin D and is 62 

known to facilitate the G1/S transition and override contact inhibition of viral infected cells [24, 63 

25]. Another latent antigen vFLIP is known to target the NF-kB pathway to promote 64 

oncogenesis[26-28]. Similarly, vIRFs can inhibit pro-apoptotic pathways such as those mediated 65 

by the BH3-family of proteins[29]. KSHV-encoded vGPCR, considered to be a lytic gene, was 66 

also shown to be expressed in a number of KSHV positive-tumor biopsy samples[14]. It was 67 

shown to be a bonafide oncoprotein, that regulates activities of the MAPK pathway through p38 68 

and up-regulation of the hypoxia survival protein HIF1α[30, 31].  69 

The latent to lytic switch of KSHV in infected cells is still not yet fully understood, but the 70 

regulation of epigenetic programs are known to be critical for this switch. Hence, the use of 12-71 

O-tetradecanoylphorbol-13-acetate (TPA) and Butyric acid (BA), potent epigenetic modifiers, 72 

are effective inducers of in-vitro reactivation of KSHV from latently-infected cells. In addition to 73 

epigenetic modulation by TPA/BA, exposure of KSHV positive cells to hypoxia or reactive 74 

oxygen species can induce KSHV reactivation[32-36]. Independent of the method utilized for 75 

KSHV reactivation, replication competency and favorable conditions are required for initiation 76 

as well as progression of DNA replication. Among the known mediators of KSHV lytic 77 

replication, the mechanism of reactivation in response to hypoxia is still not fully understood 78 

because of its overall negative effect on replication, transcription, translation, or energy 79 

production.  80 
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Hypoxia is detrimental to aerobic cells depriving them of energy supplies due to the dramatic 81 

drop in their ability to generate ATP through oxidative phosphorylation. The adaptive response 82 

to hypoxia includes arrest of cell cycle, mainly at G1/S transition, and DNA replication due to a 83 

loss of available cellular energy stores, and the macromolecular complexes that drive these 84 

processes[37, 38]. In hypoxia, the specialized transcription factors (Hypoxia inducible factors; 85 

HIFs) are stabilized to activate transcription of stress-associated genes responsible for metabolic 86 

reprogramming, survival, angiogenesis and anti-apoptosis[39, 40]. Nevertheless, stabilization of 87 

HIF1α is known for arresting G1/S transition through regulation of the cyclin dependent kinase 88 

inhibitors p21 and p27, and other related pathways[41-43].  89 

KSHV, like other oncogenic viruses, utilizes multiple mechanisms to maintain a high basal level 90 

of HIF1α in infected cells and infected cells are adjusted to survive with higher HIF1α levels as 91 

evident from their normal proliferation and replication potential. Paradoxically, the KSHV 92 

genome in infected cells undergoes enhanced lytic replication upon further induction of hypoxia 93 

through their ability to bypass HIF1α-mediated block to DNA replication. 94 

The aim of the present study is to investigate the mechanism by which KSHV bypasses HIF1α-95 

mediated repression of replication of infected cells during hypoxia. We show that, despite 96 

elevated levels of HIF1α protein, the presence of KSHV can also restrict HIF1α activity during 97 

hypoxia. Specifically, KSHV-encoded vCyclin expressed in hypoxia physically interacts with 98 

HIF1α and abrogates its transcriptional activity by mediating its degradation through a non-99 

canonical lysosomal pathway. Knock-down of vCyclin resulted in a compromised potential of 100 

KSHV-positive cells to bypass hypoxia-mediated suppression of DNA replication, as well as 101 

their potential to proliferate in an anchorage-dependent or independent manner. These results 102 

provide new evidence to a stringently regulated control of HIF1α levels by two of its critical 103 
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latent antigens important for driving the oncogenic phenotype of KSHV positive cells in 104 

hypoxia. 105 

 106 
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Results 127 

KSHV infection restricts HIF1α transcriptional activity in hypoxia 128 

Elevated HIF1α levels restrict DNA replication through multiple pathways. KSHV infected cells 129 

show the signature of hypoxic microenvironment with elevated levels of HIF1α, although they 130 

replicate and divide spontaneously [44]. Further, introduction of external hypoxia to KSHV 131 

positive cells is known to reactivate the virus resulting in induction of lytic replication [34, 35]. 132 

We hypothesized that despite the increased levels of HIF1α in KSHV infected cells, that the 133 

virus may negatively regulate HIF1α-mediated suppression of replication to bypass hypoxia-134 

induced arrest of DNA replication. To investigate, we used BJAB cells containing BAC-KSHV 135 

(BJAB-KSHV cells) and the KSHV-negative BJAB cells as the isogenic cell control (with 136 

similar passage number), grown either in normoxic or hypoxic conditions. BJAB-KSHV cells 137 

were previously analyzed for other characteristics of latently infected KSHV positive cells[45]. 138 

Analysis of replication efficiency through measuring nucleotide analog incorporation in these 139 

cell lines indicated that the presence of KSHV supported sustained DNA replication in hypoxic 140 

conditions (Fig. 1A and B). As HIF1α is one of the major effectors of hypoxia and mediates 141 

repression of DNA replication in hypoxic conditions, we investigated the protein levels of HIF1α 142 

in BJAB/BJAB-KSHV cells grown in hypoxia (Fig. 1C). Western blot analysis suggested an 143 

unexpected pattern of HIF1α levels in BJAB-KSHV cells which were dramatically reduced at the 144 

36 hr time point (Fig. 1C, lower panel). The level of HIF1α remained high in BJAB-KSHV cells 145 

as compared to BJAB cells except at this single time point of 36 hr (Fig. 1C).  146 

To further corroborate the above findings, we examined the status of known transcriptional 147 

targets of HIF1α. The lactate dehydrogenase subunit A (LDHA), Prolyl 4-hydroxylase subunit 148 

alpha-1(P4HA1), and the Pyruvate Dehydrogenase Kinase 1 (PDK1) were examined as they are 149 
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known to be regulated by HIF1α. The results showed that the presence of KSHV had a restricted 150 

transcriptional profile for HIF1α in hypoxic conditions (Fig. 1D). For cells grown under 151 

normoxic conditions, the fold change in expression of all the studied HIF1α targets showed a 152 

significant elevated level of expression in BJAB-KSHV cells as compared to BJAB cells (2.4-153 

fold for LDHA, 3.9-fold for P4HA1 and 1.6-fold for PDK1), suggesting a relatively high level of 154 

endogenous HIF1α in these cells (Fig.1D). Interestingly, when the expression of these targets 155 

were determined in either BJAB or BJAB-KSHV cells grown in hypoxia compared to cells from 156 

the matched experiments grown under normoxic conditions, the hypoxic BJAB-KSHV cells 157 

showed no significant increase, but a lower level of expression as compared to BJAB cells in 158 

hypoxia (Fig. 1D). Specifically, expression of LDHA, P4HA1 and PDK1 in hypoxic BJAB cells 159 

showed up-regulation of 2.5, 7.0 and 2.8-fold change, respectively, when compared to normoxic 160 

BJAB cells. However, expression of the same targets in hypoxic BJAB-KSHV cells showed up-161 

regulation of only 0.85, 2.47 and 1.45-fold change, respectively, compared to normoxic BJAB-162 

KSHV cells (Fig.1D). To further corroborate these results, we checked the expression of these 163 

HIF1α targets in HEK293T and HEK293T-BAC16-KSHV cells grown under normoxic or 164 

hypoxic conditions. A similar pattern of expression was also observed in these cells, suggesting 165 

that KSHV infection may restrict HIF1α transcriptional activity under hypoxic conditions 166 

(Supplementary Fig. 1C). Further validation of these results was done by infecting primary blood 167 

mononuclear cells with purified KSHV virions. PBMCs infection was carried out for 24 hours 168 

followed by incubation under normoxic or hypoxic conditions. A fraction of infected cells was 169 

used to confirm the efficiency of infection using LANA immunofluorescence (Supplementary 170 

Fig. 1A). Analysis of the HIF1α target PDK1, in infected PBMCs grown under hypoxic 171 

conditions compared to uninfected cells, showed a similar result as observed for BJAB vs BJAB-172 
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KSHV, or HEK293T vs HEK293T-BAC-KSHV cells (Supplementary Fig. 1B). This strongly 173 

suggest a role for KSHV in the negative regulation of HIF1α on infection of human cells in 174 

hypoxic conditions. 175 

 176 

KSHV-encoded vCyclin restricts HIF1α transcriptional activity 177 

To confirm the repression of HIF1α by KSHV in hypoxia and rule out possibilities that the less 178 

pronounced effect of HIF1α in BJAB-KSHV during hypoxia was due to the high level of HIF1α, 179 

we transfected HEK293T cells with KSHV-encoded genes which are known to be differentially 180 

expressed under hypoxic conditions[35, 45, 46]. The expression of transfected KSHV-encoded 181 

genes was confirmed by Western blot analysis against Myc-tag (Fig. 2A). The cells were grown 182 

either in normoxic or hypoxic conditions and HIF1α transcriptional activity was checked by real-183 

time expression of the well-established targets of HIF1α; LDHA, P4HA1, and PDK1. The results 184 

clearly showed that expression of KSHV-encoded vCyclin led to a drastic suppression in 185 

transcriptional activity of HIF1α based on the levels of its downstream targets, under both 186 

normoxic and hypoxic conditions (Fig. 2B-D and Supplementary Fig. 2). Briefly, a reduction of 187 

2-4-fold in expression of LDHA, P4HA1, and PDK1 was observed in vCyclin expressing cells 188 

grown under hypoxic conditions as compared to the cells expressing mock or other KSHV-189 

encoded genes including LANA and RTA grown under hypoxia (Fig. 2B-D). Furthermore, we 190 

showed that the fold change in expressions of LDHA, P4HA1 and PDK1 in vCyclin expressing 191 

cells grown under normoxic conditions were also down-regulated by 0.43, 0.83 and 0.50-fold, 192 

respectively as compared to mock transfected cells (Supplementary Fig. 2). Also, the KSHV-193 

encoded vGPCR, a known positive regulator of HIF1α showed fold changes in expression of 194 
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LDHA, P4HA1 and PDK1 in vGPCR transfected cells to be 1.43, 1.87 and 1.9, respectively as 195 

compared to mock transfected cells (Supplementary Fig. 2). 196 

KSHV-encoded vCyclin associates with HIF1α to mediate its cytosolic translocation 197 

We wanted to investigate the mechanism by which vCyclin negatively regulates HIF1α 198 

transcriptional activity. We first determined whether vCyclin can associate with HIF1α in a 199 

molecular complex to inhibit its transcriptional activity. We transfected HEK293T cells with 200 

GFP-vCyclin expression plasmid to monitor their interaction. Interestingly, initial investigation 201 

for the expression of GFP-vCyclin showed a variable localization of GFP signals in both nuclear 202 

and cytosolic compartments. In the initial 24 hours, the GFP signals were predominantly 203 

localized to nuclear compartments while at a later 48 hr time, localization to the outer cytosolic 204 

compartment as punctate signals were observed (Supplementary Fig. 3). To further support this 205 

nuclear to cytosolic translocation of expressed GFP-vCyclin, we performed high resolution 206 

confocal microscopy to determine the localization of the expressed GFP-vCyclin. The results 207 

showed that vCyclin expression maintained a discrete pattern localized in the nucleus, cytoplasm 208 

or both nuclear and cytosolic compartments (Fig 3A). We hypothesized that vCyclin may 209 

associate directly with HIF1α to mediate its cytosolic translocation and hence reduce its 210 

transcriptional activity. To validate this hypothesis, we grew KSHV-positive BC3 cells in 211 

hypoxia and monitored the localization of both vCyclin and HIF1α. Colocalization of vCyclin 212 

and HIF1α in nuclear, cytosolic or both nuclear and cytosolic compartments demonstrated a 213 

potential role for vCyclin in HIF1α translocation from a prominently nuclear to cytosolic 214 

compartment (Fig. 3B). To support these data which showed the potential involvements of 215 

vCyclin in HIF1α translocation, we performed immuno-precipitation experiments using HIF1α 216 

specific antibodies. The results demonstrate that vCyclin can associate with HIF1α in molecular 217 
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complexes in KSHV cells (Fig 3C). We further validated the interaction between vCyclin and 218 

HIF1α in physiological relevant, naturally infected KSHV positive cells (BC3, BCBL1 and JSC1 219 

cells) using immuno-precipitation assays. BJAB, a KSHV negative cell line was were also 220 

included as a control and demonstrated the complex in KSHV positive cells (Fig. 3D). Western 221 

blot analysis for HIF1α on cytosolic or nuclear fractions of HEK293T cells with and without 222 

vCyclin expression further confirmed that vCyclin-mediated HIF1α cytosolic translocation (Fig. 223 

3E).  224 

 225 

KSHV-encoded vCyclin down-regulates HIF1α through the lysosomal pathway 226 

We investigated the mechanism by which KSHV-encoded vCyclin inhibited HIF1α 227 

transcriptional activity. We questioned whether the repression of HIF1α by vCyclin was due to 228 

suppression of its transcriptional activity or was it due to changes at the level of the protein, as 229 

we observed reduced expression of HIF1α in KSHV positive cells after 36 hours post-hypoxia 230 

induction (Fig. 1C). We transfected HEK293T cells with an expression plasmid encoding 231 

vCyclin followed by western blot analysis for HIF1α. To rule out involvement of other KSHV 232 

antigens that was previously shown to be associated with HIF1, we transfected HEK293T cells 233 

with KSHV-encoded LANA, vGPCR, vFLIP and RTA plasmids (Fig. 4A). Expression of 234 

KSHV-encoded antigens was previously confirmed by western blots against the fused epitope 235 

tag or the viral antigen (Fig 2A), followed by monitoring expression of HIF1α (Fig. 4A). The 236 

results demonstrated that expression of vCyclin down-regulated HIF1α protein levels by greater 237 

than 50 percent (Fig. 4A). To further corroborate these findings, we transfected HEK293T cells 238 

with increasing amounts of expression plasmids encoding vCyclin followed by western blot to 239 

monitor HIF1α expression. As expected, HIF1α expression levels were continually decreased 240 
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with increasing amounts of vCyclin (Fig. 4B). These results were supported using another cell 241 

line Saos-2 (Supplementary Fig. 4A-B). To further study the detailed mechanism of vCyclin 242 

mediated degradation of HIF1α, we generated stable cells with mock or GFP-vCyclin expressing 243 

plasmids. Interestingly, we observed that in contrast to mock transfected cells, signals for 244 

vCyclin as monitored by GFP gradually decreased and eventually were lost even under selection 245 

(Fig. 4C). The cytosolic translocation of expressed vCyclin, its elimination over time in cells, 246 

and its interaction with HIF1α led us to hypothesize that vCyclin may mediate degradation of 247 

HIF1α through the lysosomal pathway. Therefore, we treated cells expressing vCyclin with a 248 

lysosomal inhibitor (Chloroquine) with increasing concentration. We also treated these cells with 249 

the proteosomal inhibitor (MG132) to rule out proteosomal degradation[47]. The results clearly 250 

showed that treatment of cells expressing vCyclin with the proteosomal inhibitor MG132 failed 251 

to protect degradation of HIF1α.However, treatment of these cells with the lysosomal inhibitor 252 

Chloroquine protected HIF1α from vCyclin-mediated degradation (Fig.4D). The results were 253 

also similar in the Saos-2 cell line (Supplementary Fig. 4C) These results clearly demonstrated 254 

that KSHV-encoded vCyclin is involved in degradation of HIF1α through the lysosomal 255 

pathway. To further corroborate these findings, we investigated the subcellular localization of 256 

HIF1α in cells expressing Myc-tagged KSHV-encoded vCyclin, especially with respect to its 257 

lysosomal localization. Interestingly, we observed that HIF1α localized to the nucleus as well as 258 

lysosomal compartments, as seen in the representative image of HIF1α in vCyclin expressing 259 

cells (Fig. 4E).  260 

To understand the relevance of vCyclin-mediated HIF1α attenuation, we further investigated the 261 

details of vCyclin expression under hypoxic conditions. We recently observed that KSHV-262 

encoded vCyclin transcripts were up-regulated in KSHV positive BC3 cells grown under 263 
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hypoxic conditions. We further corroborated these findings by using two KSHV-positive cells 264 

lines, BCBL1 and JSC1[45].  We treated these cells with the chemical mimetic of hypoxia, 265 

CoCl2 for 8 hours to prevent VHL ubiquitin-ligase mediated degradation in normoxia and 266 

stabilization of HIF1α in those cells[48]. HIF1α levels were monitored by western blot using 267 

HIF1α specific antibodies (Supplementary Fig. 5A). The real-time PCR for vCyclin transcripts in 268 

these cells confirmed that hypoxia positively upregulated expression of KSHV-encoded vCyclin 269 

(Supplementary Fig. 5B).  270 

We further investigated the detailed mechanism by which HIF1α upregulated vCyclin expression 271 

and its negative feedback on HIF1 regulation. The promoter region of vCyclin was therefore 272 

analyzed for the presence of functional hypoxia responsive elements (HREs). A schematic for 273 

the KSHV latent gene locus (LANA, vCyclin and vFLIP) is shown (Supplementary Fig. 5C). As 274 

the HREs within LTc or LTi promoter region are already studied and these HREs are common 275 

for all the three latent genes (LANA, vCyclin and vFLIP) [46], here we focused on the HREs 276 

mainly in the promoter region downstream to them and specific for ORF71 and ORF72 (LTd) 277 

[46]. 278 

The in-silico analysis of the vCyclin promoter (Ltd promoter) revealed the presence of four 279 

distinct HREs (Supplementary Fig. 5C). To determine if these HREs are directly under the 280 

transcriptional regulation of HIF1α, we cloned these HREs into the luciferase reporter plasmid 281 

vector. Co-transfection of HIF1α with the promoter constructs was performed to determine 282 

which if any of the HREs within the Ltd promoter was predominantly responsible for vCyclin 283 

transactivation. The luciferase-based analysis suggested that the 1st HRE is the most responsive 284 

towards elevated HIF1α (Supplementary Fig. 5D). These results suggested a feedback regulation 285 

of HIF1α expression through KSHV-encoded vCyclin.  286 
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 287 

KSHV infection rescues HIF1α-mediated negative regulation of DNA replication. 288 

In hypoxia, HIF-1α is known to bind with Cdc6, a crucial protein required for loading cellular 289 

helicases (MCMs) onto DNA to initiate DNA replication[49]. This also explains HIF1α-290 

mediated repression of DNA replication in hypoxia. We hypothesized that the presence of KSHV 291 

could abrogate hypoxia-mediated negative regulation of DNA replication through vCyclin-292 

dependent HIF1α degradation. For this, we wanted to investigate the HIF1α enrichment on 293 

KSHV genome using Chromatin Immunoprecipitation (ChIP) sequencing. As the complete 294 

degradation of HIF1α through expression of vCyclin did not represent a physiological condition 295 

for KSHV-infected cells growing under hypoxic conditions, we infected PBMCs with KSHV 296 

followed by growing the mock or infected cells in normoxic or hypoxic conditions. KSHV 297 

infection was monitored by LANA immuno-fluorescence and was confirmed by LANA western 298 

blot (Fig. 5A and B). We also included naturally infected KSHV positive BC3 cells for ChIP 299 

sequencing (Fig. 5C). Chromatin immuno-precipitation (ChIP) was performed using HIF1α 300 

antibody followed by ChIP-sequencing. The ChIP-sequencing results for enrichment of HIF1α 301 

on the KSHV genome showed that even in the presence of KSHV, either in infected PBMCs or 302 

BC3, there is an almost 4-fold high enrichment of HIF1α on KSHV genome in hypoxia (Fig. 5D 303 

and E). Interestingly, the HIF1α enriched regions were mostly located at regions away from the 304 

origin of lytic replication (located between K4.2 and K5, and between K12 and ORF71) [50] 305 

(Fig. 5D, E and Supplementary Table 2-5).  This suggests that during the period examined for 306 

hypoxic induction, there was likely no suppression of DNA replication through direct binding of 307 

HIF1α to the OriLyt region. Moreover, high enrichment of HIF1α on KSHV genome can be an 308 

indicative of enhanced transcription of KSHV-encoded lytic genes required for KSHV 309 
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reactivation (Fig. 5D and E). Further, details of HIF1α enriched regions on the KSHV genome in 310 

normoxic or hypoxic conditions are provided in Supplementary Tables 2-5.  311 

 312 

 313 

Knock-down of vCyclin in KSHV positive cells attenuated KSHV-mediated bypass of 314 

hypoxia induced DNA replication and proliferation. 315 

We investigated the effects of knocking down KSHV-encoded vCyclin on DNA replication as 316 

well as proliferation of KSHV positive cells grown under hypoxic conditions. We generated 317 

lentivirus mediated vCyclin knock-down in KSHV positive BC3 cells (Fig. 6A). The knock 318 

down of vCyclin was confirmed at the transcript level by real time PCR using cDNA from 319 

ShControl or ShvCyclin transduced BC3 cells. A four-fold or greater down-regulation of vCyclin 320 

was seen at the transcript level (Fig. 6B). The BC3 ShControl or ShvCyclin cells were grown 321 

under normoxic conditions or in 1%O2 to induce hypoxic conditions, and DNA replication and 322 

cell growth were examined under hypoxic conditions. The effects of hypoxia-mediated 323 

repression of replication in vCyclin knockdown, KSHV positive BC3 cells was investigated by 324 

copy number calculation of KSHV genome in these cells grown under normoxia or hypoxia. As 325 

compared to BC3-ShControl, BC3-ShvCyclin cells showed an adverse effect on KSHV 326 

replication as evident from more than 10-fold less KSHV copy number in hypoxia (Fig. 6C). The 327 

results demonstrated the compromised replication potential of KSHV positive cells when 328 

vCyclin was knocked down. Interestingly, knock-down of vCyclin adversely affected replication 329 

even under normoxic conditions (Fig. 6C). We further validated these results at the level of 330 

single molecules of KSHV genome using single molecule analysis of replicated DNA 331 

(SMARD). In brief, ShControl, BC3-ShvCyclinBC3 cells were grown under hypoxia for 24 332 
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hours followed by pulsing of these cells by nucleotide analogs to study their incorporation into 333 

replicating KSHV genomes. Pulsed cells were molded in agarose plugs followed by Proteinase K 334 

digestion of cellular proteins. The agarose embedded DNA was digested with Pme1 restriction 335 

enzyme to linearize the KSHV genome.  The Pme1 digested DNA was then fractionated on pulse 336 

field gel electrophoresis followed by Southern blot against KSHV DNA to define and excise the 337 

agarose slices containing KSHV genome (Fig. 6D). The identified slice was melted and agarose 338 

was digested with Gelase followed by stretching the DNA on silanized slides. The linearized 339 

KSHV genomes on the slides were visualized with three KSHV specific probes (KSHV co-340 

ordinates: 26937-33194(6kb); KSHV co-ordinates: 36883-47193 [(10kb) and KSHV co-341 

ordinates: 85820-100784(15kb)][51]. The incorporated nucleotides in replicated DNA was 342 

probed with Alexa-conjugated secondary antibodies against the primary antibodies of IdU and 343 

CldU. A KSHV molecule with incorporated nucleotide analogs represented a genome that was 344 

replicated. The analysis of SMARD clearly demonstrated that knock down of vCyclin 345 

suppressed KSHV replication by more than 10-fold in hypoxia (Fig. 6E and F).  346 

We then investigated the potential of vCyclin knock down of KSHV positive cells on anchorage 347 

dependent and independent growth. ShControl or ShvCyclin of HEK293T-BAC16-KSHV cells 348 

were used to generate anchorage dependent colonies while ShControl or ShvCyclin of BC3 cells 349 

were used to generate anchorage independent colonies in soft agar.  Both types of colonies were 350 

challenged to growth in hypoxia for 72 hours followed by staining and visualization through 351 

trypan blue staining. The results showed that ShvCyclin cells were highly compromised for both 352 

anchorage dependent, and independent growth as evident from the size and number of colonies 353 

(Fig. 6G). 354 

 355 
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 356 

 357 

 358 

 359 

 360 

Discussion 361 

Hypoxia represents a detrimental stress to aerobic cells and is an established physiological 362 

character of cancer as well as oncogenic virus infected cells[52, 53]. The hypoxic cells, not only 363 

need a large scale reprogramming of cellular pathways for survival, but also poses a major 364 

challenge for patients undergoing chemotherapy and radiation therapy[54]. The well-known 365 

factors responsible for reprogramming of cellular pathways under hypoxic conditions include the 366 

hypoxia inducible factors (HIFs) which possess broad transcriptional capacity for cells grown in 367 

hypoxia[40]. HIF1α is considered rate limiting protein based on its stabilization, specifically 368 

under hypoxic conditions[40].  When stabilized, HIF1α transactivates genes involved in, but not 369 

limited to those associated with glucose transport (GLUTs), glycolysis (HK1, HK2, ENO1, GPI, 370 

and LDHA), angiogenesis (VEGF, ENG, and LRP1), growth & survival (Cyclin G2, TGF-b, 371 

EPO, and NOS), and invasion and metastasis (KRTs, MMP2, UPAR, AMF, and PAI1)[39, 40, 372 

55]. Based on these broad roles of HIF1α in growth and survival, the protein is often considered 373 

an oncogenic protein[56]. Under favorable normoxic conditions, the protein levels of HIF1α is 374 

tightly regulated through its proteosomal degradation by the tumor suppressor protein VHL or 375 

lysosomal degradation mediated by cyclin dependent kinase 2 (CDK2)[57-59]. 376 

KSHV, like other oncogenic viruses, utilizes multiple mechanisms to up-regulate and stabilize 377 

HIF1α[44, 60-63]. Elevated HIF1α in KSHV infected cells is known to modulate expression of 378 
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key oncogenes encoded by KSHV in an autocrine manner, in addition to transactivation of 379 

cellular genes responsible for survival, growth, proliferation, angiogenesis and metabolic 380 

reprogramming[64-68]. KSHV-encoded vGPCR effects on the p38/MAPK pathway, and EC5S-381 

mediated ubiquitination of the tumor suppressor VHL by KSHV-encoded LANA are extensively 382 

studied pathways which shows upregulated expression of HIF1α in KSHV infected cells [69, 383 

70]. HIF1α also upregulates vGPCR in a cyclic manner to maintain continued elevated levels of 384 

HIF1α, and targeting HIF1α in KSHV infected cells has been proposed as a potential therapeutic 385 

strategy against KSHV-mediated oncogenesis[45, 71]. It is noteworthy that hypoxia or elevated 386 

HIF1α levels induces arrest of cell cycle and DNA replication to minimize energy utilization as 387 

well as the macromolecular demands on cells, and this arrest is crucial for survival until 388 

favorable conditions return. Nevertheless, HIF1α-mediated inhibition of cell cycle progression 389 

and DNA replication depends on both transcriptional, as well as non-transcriptional activity of 390 

HIF1α[41-43, 49, 72-74]. 391 

Paradoxically, in contrast to healthy cells with arrested cell cycle and DNA replication, KSHV 392 

infected cells not only divide and replicate in hypoxia, but is induced to productive (lytic) 393 

replication[34, 35, 41, 43]. We investigated the mechanism behind bypassing hypoxia-induced 394 

replication arrest in KSHV positive cells. However, KSHV studies have been somewhat hindered 395 

by a lack of isogenic KSHV negative control cell lines. Infection based studies also include 396 

constraints with variable expression of KSHV-encoded genes, as well as initial epigenetic 397 

reprogramming of the KSHV genome upon entry into infected cells. In the present study we used 398 

KSHV negative BJAB cells matched with its counterpart BJAB-KSHV cells (BJAB cells stably 399 

transfected with BAC-KSHV)[75]. These cell lines were characterized for their isogenic 400 

background through short tandem repeats (STR) profiling[45]. Additionally, BJAB-KSHV cells 401 
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were checked for typical characters of latently infected KSHV-positive cells and a similar 402 

passage number of cells were used in this study to rule out any further constraints[45]. 403 

Replication rate analysis of these two cell lines grown under hypoxic conditions clearly 404 

demonstrated that the presence of KSHV helped in bypassing hypoxia-mediated replication 405 

arrest despite having a higher level of HIF1α in normoxia and hypoxia. The higher levels of 406 

HIF1α appeared to be aligned with its transcriptional activity where these cells have significantly 407 

higher levels of HIF1α targeted downstream transcripts such as PDK1, LDHA and P4HA. 408 

Interestingly, the introduction of hypoxia to these cells through growth in low oxygen resulted in 409 

significantly less upregulation of these HIF1α targets in BJAB-KSHV cells compared to matched 410 

KSHV negative BJAB cells. This result suggested that BJAB-KSHV cells were adjusted for 411 

growth with higher levels of HIF1α and show the same growth pattern as KSHV negative BJAB 412 

cells in normoxic conditions. However, the presence of KSHV negatively regulated the 413 

transcriptional activity of HIF1α in hypoxic conditions to provide an advantage for cell 414 

proliferation compared to KSHV negative BJAB cells. A similar result was seen in PBMCs 415 

infected with mock or rKSHV and further confirms the role of the virus in DNA replication of 416 

infected cells grown under hypoxic conditions. In addition, it provides new insights into a role 417 

for KSHV latent antigens, which was also expressed upon infection as well as under hypoxic 418 

conditions, with a major role in this transition.  419 

The KSHV-encoded LANA, RTA, vGPCR, vCyclin and vFLIP are well-established antigens 420 

expressed during latency, initial infection or under hypoxia induction. Expression of these 421 

antigens individually when compared to mock revealed that vCyclin can efficiently down-422 

regulate the transcriptional activity of HIF1α. Additionally, expression of GFP-tagged vCyclin in 423 

cells showed a variable localization within either nuclear, cytosolic or both nuclear and cytosolic 424 
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compartments. Further, long term expression of vCyclin was unsuccessful after selection in 425 

culture. These results provide new insights into a role for collaboration of vCyclin with HIF1α in 426 

mediating its cytosolic translocation, and the degradation of both vCyclin and HIF1α within the 427 

lysosomal compartment. Immunoprecipitation of HIF1α with vCyclin, the co-localization of both 428 

vCyclin and HIF1α to the lysosomal compartment in vCyclin expressing cells, and their 429 

degradation as well as their protection from degradation in cells treated with chloroquine, the 430 

lysosomal inhibitor, clearly demonstrated a role for vCyclin in regulation of lysosomal 431 

degradation of HIF1α in KSHV positive cells in hypoxia. It is important to note that, in KSHV 432 

positive cells, HIF1α itself upregulated expression of vCyclin through HREs transactivation 433 

forming a negative feedback control (Fig. 7).  434 

ChIP-Sequencing results of KSHV infected cells grown under normoxic or hypoxic conditions to 435 

define the transcriptional activity or repression of replication due to HIF1α in these cells under 436 

physiologically relevant conditions showed significantly high reads across the KSHV genome in 437 

hypoxia, especially near the latency locus. Further analysis of the ChIP-seq results provided 438 

ample information about the regulation of HIF1α transcriptional activity on the KSHV genome. 439 

Further, it provides an explanation for how the KSHV lytic origin of replication was derepressed 440 

by HIF1α-mediated blockage of replication (Green highlighted area at the bottom of the 441 

histogram) (Fig. 5). Overall, the present studies clearly demonstrated that KSHV-encoded 442 

vCyclin attenuates HIF1α signaling in a negative feedback loop to create a favorable 443 

environment where DNA replication is permitted. The work also explores a new area of 444 

investigation as to the role of another oncogenic viral encoded antigen in driving DNA 445 

replication in hypoxia. It also extends our knowledge as to the stringent regulation of HIF1 446 

required for KSHV genome replication and cell proliferation by three KSHV-encoded antigens 447 
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and explores their complementary roles for viral genome persistence and survival of the infected 448 

cells in the hypoxic microenvironment.  449 

 450 

 451 

 452 

 453 

 454 

 455 

Materials and methods  456 

Ethics statement 457 

University Pennsylvania Immunology Core (HIC) provided human peripheral blood 458 

mononuclear cells (PBMC) from different unidentified and healthy donors with written, 459 

informed consent. All the procedures were approved by the Institutional Review Board (IRB) 460 

and conducted according to the declarations of Helsinki protocols. 461 

 462 

Cell lines, Plasmid vectors, transfection and lentivirus transduction 463 

BJAB, BJAB-KSHV, BC3, BCBL1, JSC1 and PBMCs were maintained in RPMI medium 464 

supplemented with 10% bovine growth serum (BGS) and antibiotics. HEK293T cells were 465 

maintained in DMEM medium with 5% BGS and antibiotics. Constructs for Myc-tagged LANA 466 

and Myc-tagged RTA constructs were described earlier[16]. KSHV-encoded vCyclin and vFLIP 467 

were amplified by PCR, and ligated to the EcoR1/Xho1 restriction site of the pA3M vector. 468 

KSHV-encoded vGPCR was amplified by PCR from pCEFL-vGPCR plasmid vector (a gift from 469 

Enrique A Mesri, University of Miami) and sub-cloned into the EcoR1/Xho1 restriction site of 470 
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pA3M plasmid vector. GFP-tagged-vCyclin and constructs were generated by PCR amplification 471 

and cloned into the pLVX-Ac-GFP vector. Transfections were carried out using jetPRIME 472 

reagent (Polyplus Transfection Inc., New York, NY) or through Calcium-phosphate based 473 

methods. ShRNA targeting KSHV-encoded vCyclin was generated in pGIPZ vector. For 474 

production of lentivirus, pGIPZ clones along with packaging and helper plasmids were 475 

transfected into HEK293T cells as described earlier[45]. Lentivirus transduction was performed 476 

in a total volume of 1ml in the presence of 20 µg/ml Polybrene. Unless otherwise stated, all 477 

cultures were incubated at 37°C in a humidified environment with 5% CO2. For hypoxic 478 

induction, cells were grown in the presence of 1% O2 in a humidified chamber. The LTd 479 

promoter and deletion constructs for various hypoxia responsive elements (HREs) namely, 480 

HRE1, HRE2, HRE3 and HRE4 were cloned into the luciferase reporter plasmid pGL3-basic 481 

vector (Promega Corporation, Madison, WI).  482 

 483 

KSHV virion purification and infection of PBMC  484 

KSHV-positive BC3 cells were used for production of virus through reactivation and purification 485 

of KSHV for infections.  Briefly, cells were grown in culture medium containing TPA and 486 

butyric acid at a final concentration of 20 ng/ml and 3mM, respectively for 4-5 days. Cells and 487 

the medium were collected and centrifuged at 3,000rpm for 30 minutes to collect supernatant. 488 

The cell pellet was resuspended in 1X PBS and the cells were ruptured by freeze thaw, followed 489 

by centrifugation at 3000rpm for 30 minutes.  The supernatant were collected and pooled 490 

followed by filtration through 0.45 µm filter. The viruses were concentrated by 491 

ultracentrifugation at 23,500 rpm at 4°C for 2 hours. The KSHV genomic region (36883-492 

47193)[51] cloned in pBS-puro plasmid was used to generate a standard curve for copy number 493 
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calculation of the purified virus. PBMCs were infected with purified KSHV virions at a 494 

multiplicity of infection of 10 in a total volume of 1ml in the presence of 20 µg/ml Polybrene. 495 

The rate of infection was monitored by immuno-fluorescence to detect LANA expression. 496 

 497 

Western blotting and Immunoprecipitation  498 

Primary antibody against Myc-tag was purified from 9E10 hybridoma (a gift from Dr. Richard 499 

Longnecker, Northwestern University). Antibodies for GFP and GAPDH were obtained from 500 

Santa Cruz Biotechnology (Dallas, TX). Histone H4 antibodies were procured from Millipore 501 

(Burlington, MA). Antibodies used against LANA was purified hybridoma hybridoma (a gift 502 

from Dr. Ke Lan, Key State Virology Laboratory, Wuhan, China). HIF1α antibodies were 503 

obtained from Novus Biologicals (Centennial, CO). vCyclin antibodies were obtained from 504 

Abcam (Cambridge, MA). Cells were lysed with radio-immunoprecipitation (RIPA) buffer (50 505 

mM Tris; pH 7.6, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40) supplemented with protease 506 

inhibitors (Aprotinin [1 g/ml], Leupeptin [1 g/ml]and Pepstatin [1 g/ml] and 507 

phenylmethylsulfonyl fluoride (PMSF)[1 mM]). Equal amounts of protein were fractionated on 508 

SDS-PAGE followed by transfer to nitrocellulose membrane. Protein transfer was monitored 509 

through Ponceau staining and the membrane was washed with TBST followed by blocking in 5% 510 

skimmed milk. Primary antibody incubation was performed at 4°C overnight with gentle 511 

shaking. Infrared conjugated secondary antibodies were used to probe and capture protein levels 512 

using an Odyssey scanner (LiCor Inc. Lincoln, NE). For immuno-precipitation, transfected cells 513 

were lysed in RIPA buffer and proteins were pre-cleared with protein A/G agarose beads. The 514 

pre-cleared lysates were incubated with the specific antibodies overnight at 4°C with gentle 515 

shaking. Protein A/G agarose beads slurry were used to collect the immune complexes. The 516 
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beads were washed 3 times with 1X phosphate buffer saline followed by resuspension in equal 517 

volumes of 2X SDS loading dye. Approximately, 5% sample was used as input control. 518 

 519 

Fractionation of nuclear and cytoplasm proteins 520 

Transfected cells were harvested by scraping on ice-cold PBS and collected by centrifugation at 521 

1,000 rpm for 5 minutes. The supernatants were discarded and the cell pellet were resuspended 522 

in hypotonic lysis buffer (20 mM HEPES-K
+
 [pH 7.5], 10 mM  KCl, 2 mM MgCl2, 1 mM 523 

EDTA, 1 mM EGTA, 0.5M dithiothreitol) in the presence of protease inhibitors 524 

(1mMphenylmethylsulfonyl fluoride, aprotinin [1g/ml], leupeptin [1g/ml]and pepstatin [1g/ml], 525 

10µg of phenanthroline/ml, 16µg of benzamidine/ml) for 20 minutes. Samples were passed 526 

through 27-gauge needle 10 times before nuclei were pelleted by centrifugation at 3,000 rpm for 527 

5 minutes. The Cytosolic supernatant was collected and centrifuged at 15,000 rpm for 15 minutes 528 

at 4°C to obtain the clear lysate. The nuclear pellet were resuspended in lysis buffer for a second 529 

time and passed through 25-gauge needle for 10 times followed by centrifugation at 3,000 rpm 530 

for 10 minutes. Nuclear pellet was resuspended in 1X TBS, 0.1% SDS. Genomic viscosity was 531 

removed by sonication of the samples using QSONICA sonicator (Newtown, CT). 532 

 533 

Quantitative real-time PCR 534 

Total RNA from cells was extracted through standard phenol chloroform extraction using Trizol. 535 

RNA concentration and quality were measured using a biophotometer and on multimode spot 536 

reader using a Cytation
TM

 5 (BioTek Inc. Winooski, VT). Total RNA from different samples 537 

were used to synthesize cDNA using Superscript II reverse transcription kit (Invitrogen, Inc., 538 

Carlsbad, CA). 1µl of 10X dilution of cDNA was used per reaction for real-time quantitative 539 
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PCR in a total volume of 10 µl using SYBR green reagent. A melting curve analysis was 540 

performed to verify the specificity of the amplified products. The relative fold change in 541 

expression were calculated by the delta delta threshold cycle method and each sample were 542 

measured in triplicates. The sequences of primers used for real-time PCR are given in Table S1. 543 

 544 

Immunofluorescence  545 

Cells on a glass coverslip were fixed using 4% PFA for 20 min at room temperature followed by 546 

washing in 1X PBS. A combined blocking and permeabilization of cells were performed for 1 547 

hour in 1X PBS containing 0.1% Triton X-100 with 5% serum from the species used to generate 548 

secondary antibody. Primary antibodies were diluted in 1X PBS/0.1% Triton X-100 and 549 

incubated overnight at 4°C followed by three times washing in 1X PBS. Secondary antibodies 550 

were diluted in 1X PBS at a concentration suggested by manufacturer and incubated at room 551 

temperature for 1 hour followed by three times wash in 1X PBS. Nuclei were stained using 552 

DAPI at a final concentration of 1µM for 20 minutes at room temperature followed by washing 553 

in 1X PBS. The slides were mounted using anti-fade reagent and sealed with colorless nail 554 

polish. The slides were kept at -20°C until use for capturing images with an Olympus confocal 555 

microscope (Olympus Corp., Tokyo, Japan).  556 

 557 

Chloroquine and MG132 Treatment, and Lysotracker staining 558 

The cytotoxic effect of chloroquine and MG132 was determined based on previously published 559 

studies[76, 77]. Chloroquine was used at a concentration of 50 µM, and 5µM was used as a 560 

maximum concentration of MG132 to treat cells. 24 hours post-transfection, the culture medium 561 

was replaced with fresh medium containing either Chloroquine or MG132. For Chloroquine 562 
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treatment, a wide range of concentration (0, 6.25, 12.5, 25 and 50µM) was used for 24 hours. 563 

Similarly, for MG132, the range of concentration used was 0.625, 1.25, 2.5 and 5 µM and the 564 

treatment time was for 24 hours. Lysotracker staining was performed on live cells grown on 565 

cover slip at 75nM   final concentration of Lysotracker
TM

 Deep red (ThermoFisher Scientific 566 

Inc., Grand Island, NY) 567 

 568 

Colony formation and soft agar assays 569 

For colony formation and soft agar assays, KSHV positive BC3 cells were transduced with 570 

lentivirus coding either ShControl or ShvCyclin. The transduced cells were selected under 571 

puromycin for 3 weeks. 100% stably transduced (GFP positive) cells were used for colony 572 

formation and soft agar assay. 10 million HEK293T-KSHV cells were transfected with pGIPZ-573 

shCon, sh-HIF1α or ShvCyclin plasmids by electroporation and seeded in 10cm dishes. 574 

Transfected cells were grown in DMEM containing puromycin at 0.5µg/ml concentration. After 575 

selecting the cells for up to 2-weeks, selected cells were fixed with 4% formaldehyde and stained 576 

with 0.1% Crystal Violet solution (Sigma-Aldrich Corp., St. Louis, MO). The area of the 577 

colonies was calculated by using Image J software (Adobe Inc., San Jose, CA). The data shown 578 

here represents the average of three independent experiments. 579 

 580 

Luciferase reporter assays 581 

Full length LTd promoter or deletion construct for different HREs were cloned into pGL3 basic 582 

vector between Mlu1 and Xho1 restriction sites through PCR based method. HEK293T cells 583 

were transfected with either full length LTd promoter or deletion constructs of HREs. The cells 584 

were harvested at 48 h post-transfection and subsequently washed once with PBS, followed by 585 
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lysis with 200 µl of reporter lysis buffer (Promega, Inc. Madison, WI). 40 µl of the total protein 586 

lysate was mixed with 25 µl of luciferase assay reagent. Luminescence was measured on a 587 

Cytation
TM

 5 multimode reader (BioTek, Inc. Winooski, VT). Relative luciferase activity was 588 

expressed as fold activation relative to that of the reporter construct alone. The results shown 589 

represent assays performed in triplicate. The sequences of primers used to clone full length LTd 590 

promoter or various HREs deletion constructs are given in Table S1. 591 

 592 

 593 

 594 

Statistical analysis 595 

All experiments were performed in replicates of three. The results were presented as means ± 596 

standard deviations (SDs). The data was considered statistically significant when the p-value was 597 

<0.05 using the Student’s t-test. 598 

 599 

Single molecule analysis of replicated DNA (SMARD) 600 

Single molecule analysis of replicated DNA of KSHV was performed as described earlier [51]. 601 

In brief, cells pulsed with nucleotide analog (Chlorouridine, CldU, 10 µM and Iodouridine, IdU, 602 

10 µM) were mixed with InCert agarose to make plugs. Plugs were digested with proteinase K 603 

followed by linearizing KSHV genome by digesting with Pme1 restriction enzyme. Plugs were 604 

run on pulse field gel electrophoresis (PFGE). A portion of gels were used to perform Southern 605 

blot to locate and excise the gel regions enriched with KSHV genome. Gel slices were digested 606 

with agarose and DNA was stretched on silanized glass slides. KSHV genome was probed with 607 
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KSHV specific hybridization probes. Incorporation of CldU and IdU was visualized after 608 

probing with specific antibodies.  609 

 610 

ChIP sequencing 611 

Cells were grown in either normoxia or 1% O2 induced hypoxia. Cells were crosslinked by 612 

adding formaldehyde to a final concentration of 1% at room temperature. Crosslinking was 613 

stopped by adding glycine with shaking. Cells were collected by centrifugation and washed three 614 

times before resuspending in PBS. Cell pellets were resuspended in cell lysis buffer (5mM 615 

PIPES pH8.0/85mM KCl/0.5% NP-40) containing protease inhibitors (1µg/ml Aprotinin, 1µg/ml 616 

Leupeptin, 1µ/ml Pepstatin and 1mM PMSF). Cells were incubated on ice and homogenized 617 

with several strokes using a douncer. Nuclei were collected by centrifugation and lysed by 618 

adding nuclear lysis buffer (50 mM Tris, Ph8.0/10 mM EDTA/1% SDS containing same 619 

protease inhibitors). After nuclear lysis, chromatin were fragmented to an average size of 300-620 

400 bp with a Branson sonifier 250 with a microtip and cooling on ice. Cell debris was cleared 621 

by centrifugation and ChIP library preparation and adaptor ligation was performed using 622 

Illumina ChIP-sequencing sample preparation kit according to manufacturer protocol. ChIP-623 

sequencing was performed at University of Washington sequencing core (St. Louis, MO). The 624 

data was analyzed using CLC Bio software (Qiagen Inc. Germantown, MD).  625 

  626 
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Figure Legends 650 

Fig. 1: KSHV infection restricts HIF1α activity to promote DNA replication. (A) Representative 651 

image of YOYO-1 staining of stretched DNA and nucleotide analog incorporation in BJAB and 652 

BJAB-KSHV cells grown under normoxic or hypoxic conditions (B) quantitation of nucleotide 653 

analog incorporation in BJAB and BJAB-KSHV cells grown under normoxic or hypoxic 654 

conditions. Cells pulsed with IdU were probed with anti-IdU antibodies and the relative 655 

incorporation was measured using a FACS machine. (C) Representative HIF1α western blot 656 

analysis in BJAB and BJAB-KSHV cells grown under normoxia or hypoxic conditions. The cells 657 

were either grown under normoxic or hypoxic conditions for the indicated time period. Equal 658 

amounts of protein were used to detect HIF1α from the lysate of these cells. GAPDH western 659 

Blot served as the loading control. (D) Real-time PCR analysis for the transcriptional activity of 660 

HIF1α in BJAB and BJAB-KSHV cells grown under normoxic or hypoxic conditions. The cells 661 

were grown under normoxic or hypoxic conditions followed by total RNA isolation and cDNA 662 

synthesis. Equal amounts of cDNA were used for expression analysis of HIF1α targets (LDHA, 663 

PDK1 and P4HA1) by real-time PCR. The experiment was performed in triplicate. The error bar 664 

represents standard error from the mean. A p-value of <0.05 (*) was taken into consideration for 665 

statistical significance.  666 

 667 

Fig. 2: KSHV-encoded vCyclin restricts HIF1α transcriptional activity. (A) Expression of 668 

KSHV-encoded antigens. Mock, myc-tagged vCyclin, myc-tagged vGPCR, myc-tagged LANA, 669 

myc-tagged RTA or myc-tagged vFLIP plasmids were transfected into HEK293T cells followed 670 

by western blot analysis using anti-myc antibody. (B-D) Real-time PCR expression analysis of 671 

HIF1α targets LDHA, P4HA1 and PDK1 in HEK293T cells transfected with Mock, LANA, 672 
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RTA, vFLIP, vCyclin or vGPCR plasmids and grown under hypoxic conditions compared to 673 

Mock transfection grown under normoxic or hypoxic conditions. 24 hours post transfection, cells 674 

were grown for another 24 hours in hypoxic conditions. Total RNA was isolated from 675 

transfected cells followed by synthesis of cDNA using 2 µg of the total RNA. Equal cDNA was 676 

used for quantitative real-time PCR. GAPDH was used as the endogenous control. The 677 

experiments were done in triplicate. The error bar represents standard error from the mean. A p-678 

value of <0.05 (*) was taken into consideration for statistical significance. 679 

 680 

Fig. 3: KSHV-encoded vCyclin physically interacts with HIF1α and mediates its cytosolic 681 

translocation. (A) HEK293T cells were transfectetd with GFP-vCyclin encoding plasmids. The 682 

transfected cell were analyzed for cellular localization of expressed proteins through GFP 683 

fluorescence with reference to nucleus (DAPI signals). The GFP signals showed a clear 684 

distribution to the nuclear, cytosolic or nucleo-cytosolic compartments. (B) Microscopic 685 

investigation of HIF1α sub-cellular localization in vCyclin expressing KSHV-positive BC3 cells 686 

grown under hypoxic conditions. Cells were seeded on coverslips. The coverslip-attached cells 687 

were fixed, permealized, blocked and probed with vCyclin and HIF1α antibodies. Nuclei were 688 

stained with DAPI. Both vCyclin and HIF1α showed a clear distribution to the nuclear, cytosolic 689 

or nucleo-cytosolic compartments. (C) Immuno-precipitation of vCyclin with HIF1α in 690 

HEK293T cells. GFP-vCyclin transfected cells were lysed in radio-immunoprecipiation buffer 691 

and protein were pre-cleared with protein agarose A/G beads followed by overnight immuno-692 

precipitation with GFP antibody. The immune complexes were collected with protein agarose 693 

A/G bead slurry. The beads were washed with PBS and were resuspended in 2X SDS loading 694 

dye. 1/3
rd

 of the immuno-precipitated complex was run on 10% SDS PAGE against 5 % input or 695 
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IgG control sample and probed with HIF1α or GFP (for vCyclin) antibodies. (D) HIF1α 696 

immuno-precipitation using vCyclin antibodies in KSHV positive BC3, BCBL1 and JSC1 cells. 697 

KSHV negative BJAB cells were used as a negative control. (E) Western blot analysis for 698 

nuclear, cytosolic or nucleo-cytosolic localization of HIF1α in vCyclin expressing cells. The 699 

transfected cells were lysed to separate into nuclear or cytosolic fraction as described in the 700 

materials and methods section. The nuclear or cytosolic fractions were checked for localization 701 

of HIF1α. GAPDH and Histone H4 served as loading controls for cytosolic and nuclear fraction 702 

respectively. Asterisk represents non-specific bands.  703 

 704 

Fig. 4: KSHV-encoded vCyclin degrades HIF1α in a dose dependent manner through the 705 

lysosomal pathway. (A) Mock or KSHV-encoded vCyclin, LANA, RTA, vGPCR and vFLIP 706 

were transfected into HEK293T cells followed by investigating HIF1α levels. Equal amounts of 707 

protein were used to probe HIF1α levels. GAPDH was used as the loading control (B) HIF1α, 708 

GFP-vCyclin and GAPDH western blots of cells transfected with gradually increasing amounts 709 

of GFP-vCyclin. GFP western blot represents GFP-vCyclin. GAPDH was used as the loading 710 

control. (C) Representative image for generation of mock or GFP-vCyclin stable cell lines (D) 711 

HIF1α western blot analysis of HEK293T cells transfected with GFP-vCyclin and treated with 712 

increasing amounts of lysosomal inihibitor (Chloroquine; 0, 6.25, 12.5, 25 and 50µM) or 713 

proteosomal inhibitor (MG132; 1.25, 2.5, 5 and 10 µM). 24 hours post transfection, culture 714 

media was removed and replaced with fresh medium containing either Choloroquine or MG 132 715 

as indicated. Arrow indicates HIF1α band. (E) Lysosomal translocation of HIF1α by KSHV-716 

encoded vCyclin. GFP signals represents expressed vCyclin.  Lysosomes were stained with 717 
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lysotracker red. HIF1α was probed with Alexa 350 (blue). Arrow indicates representative HIF1α 718 

localization. 719 

Fig. 5: ChIP sequencing for HIF1α enrichment on KSHV genome in infected PBMCs or BC3 720 

cells grown under normoxic or hypoxic conditions. (A) KSHV infection of PBMCs. BC3 cells 721 

were used to reactivate KSHV by TPA/BA treatment. A multiplicity of infection equal to 10 was 722 

used for infecting PBMCs in the presence of 20 µg/ml polybrene for 4 hours followed by 723 

changing infection medium to fresh medium without polybrene and grown for another 24 hours. 724 

Cells were divided into two halves and grown either under normoxic or hypoxic conditions for 725 

24 hours. A small fraction of cells were taken out to check the infection by LANA immuno-726 

fluorescence. The bar diagram represents the infection rate. (B) Western blot analysis of LANA 727 

in mock or KSHV infected cells grown under normoxic or hypoxic conditions. GAPDH served 728 

as the loading control. (C) Western blot analysis of LANA in KSHV positive BC3 cells grown 729 

under normoxic or hypoxic conditions. (D and E) Alignment of ChIP sequencing reads with 730 

KSHV genome in infected PBMCs and KSHV-positive BC3 cells grown under normoxic or 731 

hypoxic conditions. The ChIP sequencing data was analyzed using CLCbio software (Qiagen). 732 

The highlighted sections represent regions with significant differential enrichment. 733 

 734 

Fig. 6: vCyclin knock down KSHV-positive cells show compromised growth potential in 735 

hypoxic conditions. (A) Generation of vCyclin knock down stable cells in KSHV positive BC3 736 

cells. BC3 cells were transduced with ShvCyclin lentiviruses and selected in puromycin for 3 737 

weeks. GFP positive cells represent successfully transduced stable cells. (B) Real-time PCR for 738 

vCyclin in BC3 shControl and ShvCyclin stable cells (n=9; asterisk represents statistically 739 

significant difference). (C) Relative copy number calculation of KSHV in BC3 shControl and 740 
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ShvCyclin stable cells grown under normoxic or hypoxic conditions.  The experiments were 741 

performed in triplicate. The error bar represents standard error from the mean. A p-value of 742 

<0.05, was taken into consideration for statistical significance, (** p<0.001).  (D) Representative 743 

image for pulse field gel electrophoresis and Southern blot analysis for nucleotide analog pulsed 744 

cells after proteinase K and Pme1 digestion. (E) Representative image for single molecule 745 

analysis of replicated DNA of BC3 ShControl or BC3-ShvCyclin cells grown under hypoxic 746 

conditions. Blue fluorescence represents KSHV specific probes; red represents incorporation of 747 

IdU, while green represents CldU incorporation. (F) Bar digram for quantitation of replicated 748 

KSHV molecules in BC3 ShControl or BC3-ShvCyclin cells grown under normoxic or hypoxic 749 

conditions. (G) Colony focusing and soft agar assay to investigate in-vitro anchorage 750 

dependent/independent grown potential of shControl and ShvCyclin of KSHV positive stable 751 

cells grown under hypoxic conditions.  752 

 753 

Fig. 7: Schematic for KSHV mediated attenuation of HIF1α mediated repression of DNA 754 

replication in hypoxic conditions. A KSHV uninfected cell shows up-regulated expression of 755 

HIF1α which restricts DNA replication in hypoxic conditions. In KSHV infected cells, KSHV-756 

encoded LANA and vGPCR promotes up-regulated expression of HIF1α through inhibiting its 757 

proteosomal degradation or by working on MAPK/P38 pathway respectively. KSHV-encoded 758 

vCyclin, which is also expressed in response to hypoxia, interacts and regulate HIF1α 759 

transcriptional activity as well as degrade it through lysosomal pathway to balance HIF1α 760 

mediated restriction of DNA replication in hypoxia. 761 

 762 

 763 
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 764 

 765 

Supplementary Fig. 1: (A) Representative image for LANA immuno-fluorescence in PBMCs 766 

infected with mock or rKSHV. (B) Real-time PCR analysis for the transcriptional activity of 767 

HIF1α by measuring expression of PDK1 in mock or rKSHV infected PBMCs grown under 768 

normoxic or hypoxic conditions. The experiment was performed in triplicate (* p<0.05). (C) 769 

Real-time PCR analysis for the transcriptional activity of HIF1α in HEK293T and HEK293T-770 

BAC16-KSHV cells grown under normoxic or hypoxic conditions. The cells were grown under 771 

normoxic or hypoxic conditions followed by total RNA isolation and cDNA synthesis. Equal 772 

amount of cDNA was used for expression analysis of HIF1α targets (LDHA, PDK1 and P4HA1) 773 

by real-time PCR. The experiment was performed in triplicate. The error bar represents standard 774 

error from the mean. A p-value of <0.05 (*) was taken into consideration for statistical 775 

significance. 776 

 777 

Supplementary Fig. 2: Real-time PCR expression analysis of HIF1α targets LDHA, P4HA1 and 778 

PDK1 in HEK293T cells transfected with Mock, LANA, vGPCR, RTA, vCyclin or vFLIP 779 

plasmids and grown under normoxic conditions. 48 hours post transfection, total RNA was 780 

isolated from transfected cells followed by synthesis of cDNA using 2 µg of the total RNA. 1 µL 781 

of 10 times diluted cDNA was used for quantitative real-time PCR. GAPDH was used as the 782 

endogenous control. The experiments were done in triplicate. The error bar represents standard 783 

error from the mean. A p-value of <0.05 (*) was taken into consideration for statistical 784 

significance, (** p<0.001). 785 

 786 
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Supplementary Fig. 3: KSHV-encoded vCyclin showed gradual cytosolic translocation in 787 

transfected cells. HEK293T cells were transfectetd with mock or GFP-vCyclin encoding 788 

plasmids. 24 or 48 hours post transfection, cell were analyzed for cellular localization of 789 

expressed proteins through GFP fluorescence with respect to nucleus. The mock GFP showed an 790 

even distribution of GFP throughout the cells while vCyclin showed enhanced cytosolic 791 

localization at longer time points. 792 

 793 

Supplementary Fig. 4: Dose dependent lysosomal degradation of HIF1α by KSHV-encoded 794 

vCyclin in Saos-2 Cells. (A) Microscopic visualization of vCyclin expression with increasing 795 

amounts of transfected plasmid. (B) HIF1α, GFP and GAPDH western blots in cells transfected 796 

with gradually increasing amounts of GFP-vCyclin. GFP western blot represents GFP-vCyclin. 797 

GAPDH was used as the loading control. Arrow indicates HIF1α band. (C) HIF1α western blot 798 

analysis of Saos-2 cells transfected with GFP-vCyclin and treated with increasing amounts of 799 

lysosomal inhibitor (Chloroquine; 0, 6.25, 12.5, 25 and 50µM). 800 

 801 

Supplementary Fig. 5: HIF1α mediated up-regulation of vCyclin in KSHV positive BCBL1 and 802 

JSC1 cells. cells were grown under presence of CoCl2 induced hypoxia followed by real-time 803 

PCR analysis (A) Confirmation for induction of hypoxia by HIF1α western blot. (B) Real-time 804 

PCR analysis for vCyclin expression in BCBL1 and JSC1 cells grown under normoxic or CoCl2 805 

induced hypoxia. (C) Schematic for hypoxia responsive elements (HREs) within the promoter of 806 

vCycin. (D) Luciferase assay for identification of HIF1α regulated HREs of vCyclin promoter.  807 

 808 
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Table S1: List of primers used to amplify various HREs constructs within vCyclin promoter and 809 

for the real time PCR. 810 

Table S2: HIF1α binding sites on KSHV genome in BC3 cells grown under hypoxic conditions. 811 

Table S3: HIF1α binding sites on KSHV genome in BC3 cells grown under normoxic 812 

conditions. 813 

Table S4: HIF1α binding sites on KSHV genome in infected PBMCs grown under hypoxic 814 

conditions. 815 

Table S5: HIF1α binding sites on KSHV genome in infected PBMCs grown under normoxic 816 

conditions. 817 

 818 

  819 
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