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ABSTRACT The hypoxic microenvironment and metabolic reprogramming are two
major contributors to the phenotype of oncogenic virus-infected cells. Infection by
Kaposi’s sarcoma-associated herpesvirus (KSHV) stabilizes hypoxia-inducible factor 1a
(HIF1a) and reprograms cellular metabolism. We investigated the comparative tran-
scriptional regulation of all major genes involved in fatty acid and amino acid
metabolism in KSHV-positive and -negative cells grown under normoxic or hypoxic
conditions. We show a distinct regulation of genes involved in both fatty acid and
amino acid metabolism in KSHV-positive cells grown in either normoxic or hypoxic
conditions, with a particular focus on genes involved in the acetyl coenzyme A (ace-
tyl-CoA) pathway. The fatty acid binding protein (FABP) family of genes, specifically
FABP1, FABP4, and FABP7, was also observed to be synergistically upregulated in hy-
poxia by KSHV. This pattern of FABP gene expression was also seen in naturally
infected KSHV BC3 or BCBL1 cells when compared to KSHV-negative DG75 or BL41
cells. Two KSHV-encoded antigens, which positively regulate HIF1a, the viral G-pro-
tein coupled receptor (vGPCR), and the latency-associated nuclear antigen (LANA)
were shown to drive upregulation of the FABP gene transcripts. Suppression of
FABPs by RNA interference resulted in an adverse effect on hypoxia-dependent viral
reactivation. Overall, this study provides new evidence, which supports a rationale
for the inhibition of FABPs in KSHV-positive cells as potential strategies, for the de-
velopment of therapeutic approaches targeting KSHV-associated malignancies.

IMPORTANCE Hypoxia is a detrimental stress to eukaryotes and inhibits several cellu-
lar processes, such as DNA replication, transcription, translation, and metabolism.
Interestingly, the genome of Kaposi’s sarcoma-associated herpesvirus (KSHV) is
known to undergo productive replication in hypoxia. We investigated the compara-
tive transcriptional regulation of all major genes involved in fatty acid and amino
acid metabolism in KSHV-positive and -negative cells grown under normoxic or
hypoxic conditions. Several metabolic pathways were observed differentially regu-
lated by KSHV in hypoxia, specifically, the fatty acid binding protein (FABP) family
genes (FABP1, FABP4, and FABP7). KSHV-encoded antigens, vGPCR and LANA, were
shown to drive upregulation of the FABP transcripts. Suppression of FABPs by RNA
interference resulted in an adverse effect on hypoxia-dependent viral reactivation.
Overall, this study provides new evidence, which supports a rationale for the inhibi-
tion of FABPs in KSHV-positive cells as potential strategies, for the development of
therapeutic approaches targeting KSHV-associated malignancies.
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Kaposi’s sarcoma-associated herpesvirus (KSHV) is a large double-stranded DNA
(dsDNA) virus of approximately 170 kb in size and is an oncogenic gamma
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herpesvirus, which is a major challenge in immunocompromised malignancies (1, 2).
Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL), multicentric Castleman dis-
ease (MCD), and KSHV inflammatory cytokine syndrome (KICS) are the major diseases
associated with KSHV infection (3). This virus shows a typical pattern of its life cycle,
similar to other oncogenic Herpesviridae, where it can establish either a latent phase or
a lytic cycle in infected cells (4). During the latent phase of infection, a selected set of
genes with high oncogenic potential are expressed (5). The major latency protein, la-
tency-associated nuclear antigen (LANA), is responsible for tethering KSHV episomes
to the host genome and interacts with other cellular proteins to promote the onco-
genic characteristics of infected cells (6–8). Other KSHV antigens that are expressed in
the majority of KSHV-associated tumor biopsy samples are vFLIP, vCyclin, K1, K2, all
KSHV-encoded microRNA, and the vIRF3 (LANA2) (6, 9). In addition, certain KSHV-asso-
ciated biopsy samples have also been shown to express both viral G-protein coupled
receptor (vGPCR) and K1 (10). The major complement of latent or lytic antigens
encoded by KSHV was predicted and has the potential for modulating several signaling
pathways, ultimately leading to promotion of a precancerous phenotype (11–14). The
latency to lytic shift of KSHV is also known to be a result of epigenetic changes within
the KSHV genome, where hypoxia alone or in combination with chemical epigenetic
modifiers such as 12-O-tetradecanoylphorbol-13-acetate (TPA) and butyric acid (BA)
can actively promote lytic reactivation (15–18). KSHV-encoded LANA can interact
directly with hypoxia-inducible factor 1a (HIF1a), a crucial effector of hypoxia to pro-
mote reactivation, and can modulate expression of the replication and transcriptional
activator (RTA). This demonstrates an essential role during both latent and lytic replica-
tion of KSHV (19). Interestingly, LANA creates a positive feedback loop to maintain
high HIF1a levels by degrading VHL protein (20), which is a well-known tumor suppres-
sor and negative regulator of HIF1a (20–22). Moreover, HIF1a has been shown to up-
regulate transcription of LANA by transactivating hypoxia responsible elements (HREs)
within the LANA promoter (constitutive latent transcription promoter, LTc) (23).
Interestingly, RTA can also activate transcription of the major latency locus to maintain
enhanced levels of LANA (24).

Hypoxia, a potent inhibitor of DNA replication in eukaryotes (25–27), was previously
shown to paradoxically mediate KSHV reactivation (28, 29). We recently observed that
KSHV-encoded LANA protects several replication-associated proteins from hypoxia-
mediated degradation and, hence, plays a crucial role in hypoxic reactivation of KSHV
(30). However, the required cellular metabolic reprogramming in KSHV-positive cells in
hypoxic conditions is still not well-understood (31). Using whole transcriptomics, we
recently observed global metabolic reprogramming in KSHV-infected B-cells grown
under hypoxic conditions (31). The study showed that KSHV-encoded vGPCR was tran-
scriptionally regulated by the host hypoxia-inducible transcription factor, HIF1a. KSHV-
encoded vGPCR in turn is known to upregulate expression of HIF1a by acting through
the P38-mitogen-activated protein kinase (MAPK) pathway (32). This explains another
feedback mechanism of upregulated expression of HIF1a in KSHV-infected cells.
Though, the study has provided several new insights regarding the mechanisms and
pathways linked to transcription reprogramming, like other high-throughput experi-
ment-based studies, a large variability in the expression of several genes was observed.
This led to the observation of a difference of expression for many candidate genes,
which were not significant, but necessitated a more stringent study on large sets of
genes involved in metabolic pathways in KSHV-positive cells grown in hypoxic condi-
tions. In this present study, we used real-time PCR-based screening to identify differen-
tial expression of metabolic genes, with a focus on those genes that belong to fatty
acid and protein metabolism pathways. Categorically, these genes are members of the
acetyl coenzyme A (acetyl-CoA), triacylglycerol, fatty acid transport, carnitine, ketogen-
esis, and ketone body, as well as genes of the amino acid metabolic pathways.

The results of the study demonstrated a dominant role of hypoxia in downregula-
tion of expression of several genes involved in fatty acid and amino acid metabolism in
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both KSHV-negative BJAB, and KSHV-positive BJAB-KSHV cells. However, a number of
genes showed a profile that was opposite in expression in that it showed upregulated
expression. Nevertheless, a comparative study between BJAB and BJAB-KSHV cells
showed a pattern of expression where we observed upregulation, downregulation, as
well as little or no detectable change in expression pattern of some genes.
Furthermore, the study also identified genes that are members of the fatty acid bind-
ing protein (FABP) family of proteins, which were upregulated during hypoxic condi-
tions in both BJAB and BJAB-KSHV cells. Normoxic BJAB-KSHV cells also showed a high
endogenous level for FABPs, particularly for FABP1, FABP4, and FABP7. Moreover, up-
regulated FABP expression was synergistic in terms of expression in BJAB-KSHV cells
grown under hypoxic conditions compared to that of normoxic BJAB-KSHV or hypoxic
BJAB cells.

Fatty acid binding proteins are a family of low-molecular-weight proteins (14 to 15
kDa), with a vast role in metabolic diseases (33). These proteins work as chaperones for
long-chain fatty acids and related hydrophobic molecules to facilitate their transporta-
tion in aqueous medium (34). FABPs have also been reported to have implications in
brain development and diseases, cardiovascular and metabolic diseases, celiac disease
enteropathy, and other diseases (33, 35–37). Expression of different FABPs is tissue spe-
cific and is controlled at the transcript level (34, 38–40). In general, FABPs are named
based on the organ system from which they were originally isolated, such as A-FABP
(adipocyte), H-FABP (heart), B-FABP (brain), E-FABP (epidermis or psoriasis-associated),
L-FABP (liver), I-FABP (intestine), and P2-FABP (myelin or P2) (40). This nomenclature
does not always follow the same pattern of expression in a specific organ, as L-FABP
was later proposed as a novel marker for kidney disease (41). Identification of elevated
expression of FABP1 (L-FABP), FABP4 (A-FABP), and FABP7 (B-FABP) in KSHV-positive
cells in hypoxia prompted us to investigate the role of these FABPs in KSHV biology in
detail. We showed that hypoxia-induced KSHV-encoded antigens LANA and vGPCR
have the potential for positive feedback to upregulate HIF1a levels, leading to upregu-
lated expression of FABPs. Our investigations led us to identify a role for FABPs in KSHV
biology and showed a compromised potential for reactivation under hypoxic condi-
tions. Altogether, this study provides an additional strategy to target FABPs for devel-
opment of novel therapeutic approaches to target KSHV-associated diseases.

RESULTS
Transcriptional regulation of fatty acid metabolism-associated genes by KSHV

in hypoxia. To study the role of KSHV infection in transcriptional regulation of genes
involved in fatty acid metabolism, KSHV-negative and KSHV-positive BJAB cells with an
isogenic background and similar passage numbers were selected. Characterizations of
these cell lines were described earlier (31). Hypoxia was induced and confirmation of
hypoxic induction was confirmed by analyzing expression of a hypoxia-inducible factor
1a (HIF1a) transcriptional target, P4HA1 (Fig. 1A). A list of genes involved in fatty acid
metabolism was identified, and real-time PCR primers were designed (see Table S1 in
the supplemental material). The differential expression of fatty acid metabolism-associ-
ated genes was studied by quantitative real-time PCR. In brief, the fatty acid metabolic
pathways investigated included acetyl-CoA metabolism, carnitine transferase, fatty
acid transport, ketogenesis and ketone body metabolism, and triacylglycerol metabo-
lism. The analysis of real-time PCR assays showed that induction of hypoxia had a dom-
inating potential with few exceptions. Most of the genes were downregulated in both
BJAB and BJAB-KSHV cells in hypoxia (Fig. 1B to F). The downregulated genes were
distributed throughout the different pathways involved in fatty acid metabolism
mentioned above. However, several transcripts were also seen downregulated in the
KSHV-positive background without hypoxia induction. Furthermore, we also observed
upregulated genes in both BJAB and BJAB-KSHV cells grown in hypoxia, such as
ACADL, ACADVL, ACSBG1, ACSL3, ACOT6, ACOT12, PRKAA2, PRKAB1, and PRKACA (all
from the acetyl-CoA metabolic pathway) (Fig. 1B); FABP1, FABP3, FABP4, and FABP7
(from the fatty acid transport pathway) (Fig. 1C); and CPT1C and CROT (the carnitine
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FIG 1 Transcriptional status of genes involved in fatty acid metabolism in BJAB and BJAB-KSHV cells
grown under normoxic or hypoxic conditions. Cells were grown for 48 h in normoxic or CoCl2-
induced hypoxic conditions. Equal amounts of cDNA were used to perform real-time PCR, taking
GAPDH as an endogenous control. All fold change expression is represented in the scale of log10. (A)
Confirmation of hypoxia induction in BJAB and BJAB-KSHV cells. BJAB and BJAB-KSHV cells were
grown in medium with or without CoCl2 for 48 h. RNA was extracted using the standard phenol-
chloroform extraction method, and 2mg of RNA was used for cDNA synthesis according to
manufacturer protocol. Onemicroliter of 10-times diluted cDNA was used for quantitative analysis of
HIF1a transcriptional target P4HA1 using GAPDH as an endogenous control. (B) Fold change
expression of genes involved in acetyl-CoA metabolism in normoxic BJAB-KSHV or hypoxic BJAB and
BJAB-KSHV cells compared to that in normoxic BJAB cells. (C) Fold change expression of genes
involved in fatty acid transport in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells
compared to that in normoxic BJAB cells. (D) Fold change expression of genes involved in carnitine
metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in
normoxic BJAB cells. (E) Fold change expression of genes involved in ketogenesis and ketone body
metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in
normoxic BJAB cells. (F) Fold change expression of genes involved in triacylglycerol metabolism in
normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells.
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pathway) (Fig. 1D). Most of the studied transcripts from ketogenesis and ketone body
and triacylglycerol metabolic pathways were downregulated in BJAB-KSHV cells under
hypoxia compared to those of control BJAB cells (Fig. 1E and F). Moreover, we also
identified distinct transcripts, which were upregulated under a KSHV-positive back-
ground and were independent of hypoxia induction. For example, we observed
ACADL, ACSL1, ACSL4, ACSM3, ACOT6, ECI, HADHA, MUT, FASN, PRKAA2, PRKACA, and
PRKAGA1 (acetyl Co-A pathway); FABP1, FABP4, FABP7, SLC27A3, SLC27A4, and
SLC27A5 (fatty acid transport genes); CPT1C, CRAT, CROT, and CPT1A (carnitine path-
way genes); HMGCS1 and HMGCS2 (ketogenesis and ketone body pathway); and GK
and GPD2 (triacylglycerol pathway) were specifically upregulated in BJAB- KSHV cells.
These results suggested that a certain antigen(s) encoded by KSHV can transactivate
expression of these genes.

Transcription regulation of amino acid metabolism-associated genes by KSHV
in hypoxia. We extended our study of differential gene expression of BJAB or BJAB-
KSHV cells in hypoxia as well as normoxia for the genes involved in amino acid
metabolism. Briefly, we selected genes from the arginine, glutamine, glutamate, leu-
cine, proline, tryptophan, methionine, isoleucine, histidine, alanine, phenylalanine, ser-
ine, glycine, threonine, tyrosine, and valine metabolic pathways. A list of real-time PCR
primers used to study differential expression of genes involved in amino acid metabo-
lism is provided in Table S1. Similar to fatty acid metabolic pathway genes, we showed
that hypoxia also had a dominant role in downregulating expression of genes that are
involved in amino acid metabolism (Fig. 2A to M). We showed that genes involved in
arginine metabolism, except for AOC1, AMD1, and SAT1, were downregulated in hy-
poxia (Fig. 2A). Interestingly, we also observed that AGMAT was upregulated in KSHV-
positive BJAB cells, and its expression further showed a synergistic upregulation in hy-
poxia. However, expression of AGMAT was negatively regulated in BJAB cells grown in
hypoxia (Fig. 2A). Among the genes from the glutamine and glutamate pathway, NIT2
and PPAT were shown to be upregulated in KSHV-positive BJAB cells where PPAT
showed a synergistic upregulation under hypoxic condition. Furthermore, GLS was
observed to be slightly upregulated only in BJAB-KSHV cells grown in hypoxia
(Fig. 2M). Among the proline, leucine, isoleucine, and tyrosine metabolic pathways,
almost all genes showed downregulation in hypoxic conditions, except for AOX1 (leu-
cine metabolic pathway), PRODH2 (proline metabolic pathway), HGD, and TPO (tyro-
sine metabolic pathway). Interestingly, most of the genes from these pathways were
also found to be marginally or moderately downregulated in BJAB-KSHV cells grown in
normoxia compared to those in BJAB cells, except for BCAT1 and IARS of the isoleucine
metabolic pathway and DBH, HGD, and PNMT of the tyrosine metabolic pathway
(Fig. 2K, C, F, and E). Similarly, hypoxia showed a dominant effect on expression of
genes in the methionine, phenylalanine, valine, serine, glycine, and threonine biosyn-
thetic pathways, where most genes showed downregulated expression in BJAB or
BJAB-KSHV cells grown in hypoxia compared to that in BJAB cells. The only exceptions
were MAT1A (the methionine metabolic pathway), and HPD and PAH (the phenylala-
nine metabolic pathway), where MAT1A was observed to be upregulated in both BJAB
and BJAB-KSHV cells grown in hypoxia and HPD and PAH were upregulated in only
BJAB-KSHV cells grown in hypoxia. Interestingly, most of the genes involved in these
pathways were downregulated in both BJAB-KSHV and BJAB cells grown in normoxia
(Fig. 2D, I, H, and L). In the lysine metabolic pathway, most of the genes were downre-
gulated in BJAB grown in hypoxia as well as BJAB-KSHV cells grown in normoxia.
Interestingly, BJAB-KSHV grown in hypoxia showed a small activating effect that ele-
vated the expression of the lysine metabolic pathway genes (Fig. 2G).

The tryptophan and histidine metabolic pathway-associated genes showed a com-
paratively different response compared to that of other amino acid metabolic pathway
genes (Fig. 2B and J). Here, we observed that hypoxia did not have a dominant sup-
pressive role in the expression of genes involved in these pathways, especially in
KSHV-negative BJAB cells. Genes AADAT, ACMSD, DDC, KMO and TPH2 (tryptophan
metabolic pathway), FTCD, HDC, HNMT, and MAOA (histidine metabolic pathway) were

KSHV-Regulated Expression of the FABPs in Hypoxia Journal of Virology

June 2021 Volume 95 Issue 12 e02063-20 jvi.asm.org 5

https://jvi.asm.org


FIG 2 Transcriptional status of genes involved in amino acid metabolism in BJAB and BJAB-KSHV cells grown under
normoxic or hypoxic conditions. Cells were grown for 48 h in normoxic or CoCl2-induced conditions followed by
calculating fold change expression of target genes using GAPDH as an endogenous control. All fold change
expression is represented in the scale of log10. (A) Fold change expression of genes involved in arginine metabolism in
normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells. (B) Fold change
expression of genes involved in tryptophan in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared
to that in normoxic BJAB cells. (C) Fold change expression of genes involved in leucine metabolism in normoxic BJAB-
KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells. (D) Fold change expression of
genes involved in methionine metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to
that in normoxic BJAB cells. (E) Fold change expression of genes involved in tyrosine metabolism in normoxic BJAB-
KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells. (F) Fold change expression of
genes involved in isoleucine metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to
that in normoxic BJAB cells. (G) Fold change expression of genes involved in lysine metabolism in normoxic BJAB-
KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells. (H) Fold change expression of
genes involved in valine metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in
normoxic BJAB cells. (I) Fold change expression of genes involved in phenylalanine metabolism in normoxic BJAB-KSHV
or hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells. (J) Fold change expression of genes
involved in histidine metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in
normoxic BJAB cells. (K) Fold change expression of genes involved in proline metabolism in normoxic BJAB-KSHV or
hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells. (L) Fold change expression of genes
involved in serine, glycine, and threonine metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells
compared to that in normoxic BJAB cells. (M) Fold change expression of genes involved in glutamine and glutamate
metabolism in normoxic BJAB-KSHV or hypoxic BJAB and BJAB-KSHV cells compared to that in normoxic BJAB cells.
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shown to be upregulated in BJAB cells grown in hypoxia. Interestingly, only KMO and
TPH2 (tryptophan metabolic pathway), ALDH3B1, and MAOA (histidine metabolic path-
way) were upregulated in BJAB-KSHV cells grown in hypoxia. Moreover, we observed
some genes that were exclusively upregulated in only BJAB-KSHV cells grown in nor-
moxia, included CYP1B1, DDC, KMO, OGDHL, TPH2 and WARS (tryptophan metabolic
pathway), ALDH3B1, CNDP1, FTCD, and WBSCR22 (histidine metabolic pathway)
(Fig. 2B and J).

Synergistic regulation of fatty acid binding protein gene family in naturally
infected KSHV-positive cells in hypoxia. Based on the results of differential gene
expression of fatty acid and amino acid metabolic pathway genes in BJAB-KSHV or
BJAB cells grown in normoxia and hypoxia, we investigated the fatty acid binding pro-
tein (FABP) family of genes in detail. The FABPs members FABP1, FABP4, and FABP7
were shown to be upregulated in hypoxia by KSHV and were synergistically increased
with both KSHV and hypoxia. To corroborate the results of differential gene expression
in a naturally infected KSHV cell background, we investigated the gene expression pro-
files of FABP1, FABP4, and FABP7 in two additional KSHV-negative cell lines (DG75 and
BL41) and compared them with those of two naturally infected KSHV-positive cell lines
(BC3 and BCBL1) (Fig. 3A to D). Induction of hypoxia was done by treating these cells
with CoCl2 and validating by analyzing the upregulation of the downstream HIF1a
transcriptional target P4HA1 in these cells (data not shown). The results of differential

FIG 3 Comparative analysis of differential gene expression of FABPs in KSHV-negative (DG75 and BL41) and KSHV-
positive (BC3 and BCBL1) cells. (A) Fold change expression of FABP1, FABP4, and FABP7 in CoCl2-induced hypoxic
DG75 cells compared to that in normoxic cells. Cells were grown under normoxic or CoCl2-induced hypoxic conditions
for 48 h. Fold change expression was measured using real-time PCR. GAPDH was used as an endogenous control. (B)
Fold change expression of FABP1, FABP4, and FABP7 in CoCl2-induced hypoxic BL41 cells compared to that in
normoxic BL41 cells. Cells were grown under normoxic or CoCl2-induced hypoxic conditions for 48 h. Fold change
expression was measured using real-time PCR. GAPDH was used as an endogenous control. (C) Fold change
expression of FABP1, FABP4, and FABP7 in CoCl2/1% O2/TPA and butyric acid-treated KSHV-positive BC3 cells
compared to that in normoxic cells. Cells were grown under normoxic or mentioned treatment conditions for 48 h.
Fold change expression was measured using real-time PCR. GAPDH was used as an endogenous control. (D) Fold
change expression of FABP1, FABP4, and FABP7 in CoCl2/1% O2/TPA and butyric acid-treated KSHV-positive BCBL1
cells compared to that in normoxic cells. Cells were grown under normoxic or CoCl2-induced hypoxic conditions for
48 h. Fold change expression of target genes were calculated using GAPDH as an endogenous control.
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gene expression for FABP1, FABP4, and FABP7 in KSHV-negative DG75 and BL41 cells
showed that these transcripts were upregulated due to hypoxia. In DG75 cells, an up-
regulation of 2.5-, 2.8-, and 2.4-fold for FABP1, FABP4, and FABP7, respectively, was
observed (Fig. 3A). Similarly, in BL41 cells, FABP1, FABP4, and FABP7 were upregulated
by 3.8-, 2.9-, and 2.8-fold, respectively (Fig. 3B). Next, we investigated the effect of hy-
poxia on the expression of FABP1, FABP4, and FABP7 in KSHV-positive BC3 and BCBL1
cell lines. As expected, hypoxia induced expression of all three FABPs, but the magni-
tude of upregulation was dramatically higher than that compared to KSHV-negative
DG75 and BL41 cells. In brief, the fold change for FABP1, FABP4, and FABP7 in BC3 cells
growing under hypoxic conditions were approximately 18-, 10-, and 15-fold, respec-
tively (Fig. 3C). Similarly, the fold change expressions of FABP1, FABP4, and FABP7 in
BCBL1 cells growing under hypoxic conditions were more than double those seen in
BL41 cells (Fig. 3D). These results confirm that hypoxia can induce expression of the
FABP family transcripts and that KSHV infection can further amplify the effect.

As hypoxia is known to promote KSHV reactivation in infected cells, we hypothe-
sized that upregulation of the fatty acid binding proteins may be a prerequisite for
KSHV reactivation. To validate our hypothesis, we treated KSHV-positive cells (BC3 and
BCBL1) with TPA/BA to reactivate the cells and investigated the differential gene
expression of FABP1, FABP4, and FABP7 in treated cells compared to that in control
cells. KSHV reactivation in both BC3 and BCBL1 cells was monitored by detection of
the replication and transcriptional activator (RTA) by immune-fluorescence imaging
(data not shown). Analysis of differential gene expression of FABPs showed that treat-
ment of KSHV-positive cells with TPA/BA had a dramatic effect on the activation of
expression of these FABP transcripts. In BC3 cells, expression of FABP1, FABP4, and
FABP7 was increased by 51-, 36-, and 35-fold, respectively, upon TPA/BA treatment
and reactivation (Fig. 3C). Similarly, in BCBL1 cells, expression of FABP1, FABP4, and
FABP7 was 40-, 32-, and 28-fold, respectively, upon TPA/BA treatment and reactivation
(Fig. 3D). To further, support our results, which showed FABP upregulation due to
KSHV in physiological conditions, BC3 and BCBL1 cells were grown in low oxygen hy-
poxia conditions with 1% oxygen. Interestingly, hypoxia also showed upregulation of
FABPs compared to those in normoxic cells, although the fold change difference was
lower compared to that in the CoCl2 or TPA/BA treatment (Fig. 3C and D). This may be
due to the inhibitory effect of low oxygen on mitochondrial energy generation or inhi-
bition of transcription under conditions of low oxygen. These results clearly demon-
strated that hypoxia as well as KSHV can modulate the expression of FABP transcripts
alone or in combination resulting in a synergistic effect and suggest a direct role in
KSHV reactivation.

KSHV-encoded vGPCR and LANA can regulate expression of FABPs in hypoxia.
Based on the results showing that the presence of KSHV has a synergistic role on up-
regulation of FABPs, we hypothesized that one or more KSHV-encoded factor(s) must
be involved in this transcriptional regulation. Since KSHV-encoded LANA, RTA, vCyclin,
and vGPCR are well-known antigens being upregulated in hypoxic conditions, we
hypothesized that one or more of these antigens are responsible for synergistic trans-
activation of FABPs. To test our hypothesis, we expressed these antigens into HEK293T
cells and investigated the transactivation potential of these antigens on FABP gene
expression. Heterogeneous expression of these viral encoded genes was confirmed by
Western blotting against the epitope tag (myc) fused to the genes (Fig. 4A to D).
Analysis of the differential expression for FABP genes suggested a substantial role of
vGPCR and LANA on the transcriptional activation of FABP genes. We observed that
vGPCR expression was highly effective in inducing expression of FABPs, where expres-
sion of FABP1, FABP4, and FABP7 was found to be upregulated by 46-, 8-, and 19-fold,
respectively. Similarly, LANA expression also showed a similar upward trend of induc-
tion of FABP gene expression, with an upregulation of 9-, 5-, and 7.5-fold for FABP1,
FABP4, and FABP7, respectively. RTA expression also resulted in an enhanced effect on
expression of FABP transcripts, although the effect was not as evident as that shown
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by vGPCR or LANA expression. Interestingly, we observed a small suppressive effect on
FABP genes when vCyclin was expressed.

Overall, expression of KSHV-encoded genes, as well as expression analysis, strongly
suggested that the upregulation of FABP gene expression was mediated via the HIF1a-
dependent pathways. Further corroborative studies were done by investigating the
results at the protein level. We performed Western blot analysis against FABP1, FABP4,
and FABP7 from whole-cell lysate of BJAB and BJAB-KSHV cells grown in normoxic or
CoCl2-induced hypoxic conditions. Our results clearly showed that KSHV and hypoxia
can synergistically upregulate expression of these FABPs at the transcript as well as
protein levels (Fig. 5A). We also validated the results of LANA- and vGPCR-mediated
induction of FABP1, FABP4, and FABP7 transcripts at the protein level. For this, we per-
formed a Western blot analysis from whole-cell lysates of HEK293T cell expression for
either LANA or vGPCR genes compared to mock-expressing cells. The vCyclin and RTA
gene constructs were also used in a transfection experiment to completely rule out
their role in FABP expression. Western blot analyses for FABP1, FABP4, and FABP7
clearly showed that expression of both LANA and vGPCR were able to induce expres-
sion of FABP1, FABP4, and FABP7 at the protein level compared to that of mock-trans-
fected cells (Fig. 5B). As LANA and vGPCR are known for their stabilizing or transactivat-
ing effect on HIF1a, we also included HIF1a Western blotting to correlate LANA- and
vGPCR-dependent transactivation of these FABPs.

Knockdown of FABP gene transcripts negatively impacted KSHV reactivation
in hypoxia. We further investigated whether knocking down FABPs in KSHV-positive
cells can have a compromising effect on hypoxia-mediated reactivation. We designed
short hairpin RNA (shRNA) oligonucleotides targeting FABP1, FABP4, or FABP7 and
cloned them into a lentiviral-based plasmid vector. Although we did not observe a sig-
nificant knockdown by the ShFABP4 construct, we included this construct in the study
as a negative control. Lentiviruses encoding shRNA for FABP1, FABP4, or FABP7 were
used to transduce KSHV-positive BC3 cells. The transduction by ShFABP1, ShFABP4, or
ShFABP7 encoding lentiviruses was confirmed by visualizing green fluorescence

FIG 4 KSHV-encoded LANA and vGPCR positively upregulates expression of FABP1, FABP4, and
FABP7. (A to D) Expression of KSHV-encoded LANA, RTA, vCyclin, and vGPCR in HEK293T cells. Mock
or myc-tagged constructs of LANA, RTA, vCyclin, and vGPCR were transfected in HEK293T cells. At
48 h posttransfection, cells were lysed and equal amounts of whole-cell lysate were used to detect
expression by Western blot analysis using anti-Myc antibodies. Asterisks in vGPCR Western blot
represent aggregated proteins running upward, generally observed for several hydrophobic
membrane proteins. (E) Real-time PCR analysis for FABP1, FABP4, and FABP7 in LANA, RTA, vCyclin, or
vGPCR expressing HEK293T cells compared to mock-transfected cells. At 48 h posttransfection, RNA
was isolated by standard phenol chloroform extraction. Twomicrograms of RNA was used to
synthesize cDNA. Fold change expression of FABP1, FABP4, and FABP7 in LANA-, RTA-, vCyclin-, or
vGPCR-transfected cells was compared to that in mock-transfected cells by real-time PCR using
GAPDH as the endogenous control.
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protein (Fig. 6A). Stable cell lines with transduced ShFABP1, ShFABP4, or ShFABP7
encoding lentiviruses were generated by selecting the cells in puromycin containing
medium for 3weeks. Knockdown of FABP1, ShFABP4, and FABP7 transcripts were ana-
lyzed by real-time PCR using gene-specific primers (Fig. 6B, C, and D). BC3-ShControl,
BC3-ShFABP1, BC3-ShFABP4, and BC3-ShFABP7 cells were challenged for induction of
reactivation by hypoxia for 72 h by treating with CoCl2. ShControl and ShFABP1
expressing cells treated with CoCl2 was used as a representative sample to confirm
induction of the lytic cycle by monitoring expression of KSHV-encoded RTA (data not
shown). BC3-ShControl cells treated with TPA were also used as a positive control. The
extracellular medium was collected and centrifuged to remove cellular debris. The su-
pernatant was further passed through a 0.45-mm membrane filter followed by collec-
tion of the KSHV virions using standard protocol of ultracentrifugation described in
Materials and Methods (30). The concentrated KSHV virions were used to isolate DNA,
and the copy number was calculated. The results showed that the BC3-ShFABP1 cells
are highly compromised in terms of generating extracellular KSHV virions when experi-
encing hypoxic conditions compared to BC3-ShControl cells (Fig. 6D). BC3-ShFABP7
cells were also compromised in their ability to generate extracellular KSHV virions
under hypoxic conditions compared to BC3-ShControl cells, although the effect was
not as severe as BC3-ShFABP1 cells (Fig. 6D). Further, BC3-ShFABP4-negative control
cells behaved like ShControl cells, confirming the role of FABPs in hypoxic reactivation
of KSHV. These results strongly suggested that induction of FABP gene expression by
KSHV-encoded antigens in hypoxia is critical for hypoxia-mediated reactivation of
KSHV.

DISCUSSION

Cellular metabolic reprogramming is closely associated with infection of various
pathogens, including viruses (42–44). In general, metabolic reprograming is essential
for efficient persistence of pathogens within host cells, reactivation, as well as

FIG 5 Confirmation of FABP1, FABP4, and FABP7 upregulation by KSHV in hypoxic conditions at the
protein level. (A) BJAB and BJAB-KSHV cells were grown under normoxic or CoCl2-induced hypoxic
conditions for 48 h. Cells were lysed, and equal amounts of whole-cell lysate were electrophoresed on
polyacrylamide gel followed by transfer to nitrocellulose membrane. Expression levels of FABP1,
FABP4, or FABP7 were monitored by Western blot analysis using specific antibodies against
respective proteins. GAPDH served as loading control. (B) Confirmation of FABP1, FABP4, and FABP7
upregulation by KSHV-encoded LANA and vGPCR at protein levels. HEK293T cells were transfected
with mock, LANA, vGPCR, vCyclin, or RTA constructs. At 48 h posttransfection, cells were lysed, and
equal amounts of whole-cell lysate were electrophoresed on polyacrylamide gel followed by transfer
to nitrocellulose membrane. Expression levels of FABP1, FABP4, or FABP7 were monitored by Western
blot analysis using specific antibodies against respective proteins. GAPDH served as a loading control.
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pathogenesis (45, 46). KSHV, an oncogenic herpesvirus, has also been associated with
metabolic reprogramming of infected cells (47, 48). KSHV, like many other herpesvi-
ruses, is known to exhibit two distinct patterns during its life cycle, a latent and a lytic
phase (49, 50). Once inside an infected cell, the KSHV genome undergoes a series of
epigenetic modifications (mainly histone modifications) before it tethers itself to the
cellular genome as episomal DNA. These epigenetic modifications allow expression of
only a limited number of genes encoded by KSHV, which are essential for KSHV ge-
nome persistence. In general, during the latent phase of the KSHV life cycle, LANA,
vCyclin, and vFLIP (expressed from the same promoter) are major antigens expressed
in infected cells. Notably, analysis from certain KSHV-positive biopsy samples also pro-
vide evidence for the presence of vGPCR, vIRFs, and kaposin (10). While only limited
conditions are known to allow a switch from latency to lytic cycle, reversal of epige-
netic reprogramming of KSHV genome is essential for this to happen. Hypoxia, meta-
bolic stress, imbalances in reactive oxygen species, or the presence of chemicals that
can cause epigenetic modification of genomes are well-established factors, which
induce reactivation of KSHV from latency. The KSHV-encoded replication and

FIG 6 FABP knockdown cells showed compromised potential for KSHV reactivation under hypoxic
conditions. (A) Generation of ShFABP1, ShFABP4, and ShFABP7 cell lines in KSHV-positive BC3 cells.
Lentiviral particles generated in HEK293T cells and encoding shRNA for FABP1, FABP4, or FABP7 were
used for infecting BC3 cells. The cells were selected in puromycin-containing medium for 3weeks.
GFP expressing green cells represent stably infected cells expressing shRNA for FABP1, FABP4, or
FABP7. (B) Real-time PCR was used for analyzing knockdown of FABP1 in ShFABP1 stable cells
compared to that in ShControl cells using GAPDH as an endogenous control. (C) Real-time PCR was
used for analyzing knockdown of FABP4 in ShFABP4 stable cells compared to that in ShControl cells
using GAPDH as an endogenous control. (D) Real-time PCR was used for analyzing knockdown of
FABP7 in ShFABP7 stable cells compared to that in ShControl cells using GAPDH as an endogenous
control. (E) Copy number calculation from extracellular medium of ShFABP1, ShFABP4, and ShFABP7
cells compared to that from ShControl cells induced for CoCl2-mediated hypoxic reactivation. TPA
treatment was taken as a positive control. Cells were grown under normal medium, CoCl2-, or TPA-
containing medium for 72 h. Extracellular medium was collected followed by centrifugation at
3,000 rpm to remove any particulate debris. The medium was then filtered through a 0.45-mm filter
and subjected for ultracentrifugation to pellet down produced viral particles. DNA isolated from
pelleted viral particle was used for copy number calculation using standard curve method.
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transcriptional activator (RTA) is critical for driving the lytic cycle of KSHV and mediates
transcriptional activation of all KSHV-encoded genes whose products are required for
assembly and packaging of new infectious KSHV virions. Both the latent and lytic cycle
of KSHV is known to reprogram cellular metabolism through many different pathways.
Induction of the glycolysis, glutaminolysis, and fatty acid synthetic pathways by KSHV
is essential for survival of latently infected cells (51). Nevertheless, mitochondrial func-
tioning is also essential for the survival of KSHV-infected cells, where KSHV-encoded
antigens interact and modulate the mitochondrial system (52). In another approach
investigating cellular transformation of mouse mesenchymal stem cells by KSHV, it was
shown that these cells do not require glucose for growth or production of anchorage-
independent colonies (53). However, a look at amino acid metabolism showed that the
presence of glutamine in culture medium was essential and that KSHV-positive cells
are glutamine addicted (54). Additionally, inhibition of these pathways can negatively
impact productive replication of KSHV. Specifically, inhibition of the glycolysis and glu-
taminolysis was observed to block viral replication but is essential for early gene
expression and translation during productive replication of KSHV (51). Additionally,
dysregulation in fatty acid synthesis and glycolysis has been reported in viral infection-
associated lymphoma (55).

In the present study, we aimed to investigate the transcriptional signature of genes
involved in fatty acid and amino acid biosynthetic pathways in KSHV-positive cells and
in KSHV-negative and KSHV-positive BJAB cells grown under normoxic or hypoxic con-
ditions. The chemical induced hypoxia allowed a higher level of induced HIF1a, which
is a general characteristic of KSHV as well as other oncogenic virus-infected cells. It is
also known that HIF1a in conjugation with KSHV-encoded LANA can transactivate
KSHV-encoded immediate early RTA (19). Hypoxia-induced RTA transactivation is
reported for KSHV reactivation in response to hypoxia (19). Using this strategy, we
studied the conversing transcriptional signature of KSHV-positive cells with respect to
KSHV-negative cells of the same isogenic background grown in hypoxic conditions. We
also investigated the transcriptional signature of KSHV-positive cells grown in hypoxia
compared with normoxic conditions for BJAB or BJAB-KSHV cells. We investigated the
fold change in expression of genes involved in fatty acid metabolism (acetyl-CoA, fatty
acid transport, carnitine, triacylglycerol, ketogenesis, and ketone body) and amino acid
metabolism (arginine, glutamine and glutamate, leucine, proline, tryptophan, methio-
nine, isoleucine, histidine, alanine, phenylalanine, serine, glycine, threonine, tyrosine,
and valine). We observed a distinct pattern of gene expression in both BJAB and BJAB-
KSHV cells grown in hypoxic conditions. In most cases, treatment of these cells with
COCl2, which induced hypoxia, resulted in downregulation of expression, except for
some genes, including FABP1, FABP, and FABP7 (fatty acid metabolism); CPT1A, CRAT,
and CROT (carnitine metabolism); ACADL, ACADVL, ACSBG1, ACSL3, ACOT6, ACOT12,
PRKAA2, PRKAB1, PRKACA (acetyl-CoA metabolism); AOC1, AMD1, and SAT1 (arginine
metabolism); AOX1 (leucine metabolism); KMO1 and TPH2 (tryptophan metabolism);
MAT1A (methionine metabolism); MAOA (histidine metabolism); and HGD (tyrosine
metabolism). Among these genes, we further investigated in greater detail the FABPs
FABP1, FABP4, and FABP7 based on their roles in fatty acid transportation, which may
represent a crucial event during synthesis of viral membrane during hypoxic reactiva-
tion. First, we corroborated the result of this initial screening in two naturally infected
KSHV-positive B-cells, BC3 and BCBL1. Here, we included an alternate approach to
inducing hypoxia by growing these in 1% O2 condition. Also, to corroborate the role of
FABPs in KSHV reactivation, we used TPA-treated cells. Interestingly, we observed an
upregulation of the FABP (FABP1, FABP4, and FABP7) genes under all treatment condi-
tions (CoCl2, 1% O2, and TPA). To investigate whether the upregulated expression of
FABPs is a typical characteristic of hypoxia irrespective of KSHV background, we investi-
gated the expression of these proteins in two KSHV-negative DG75 and BL41 cell lines.
We observed a small increase in expression in the range of 2- to 4-fold in these cell
lines compared to a 10- to 20-fold upregulated expression in the KSHV-positive BC3 or
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BCBL1 cells. This suggested that, in addition to hypoxia, other antigens encoded by
KSHV synergistically worked to enhance upregulation of the FABP genes. We trans-
fected HEK293T cells with KSHV-encoded genes, which are expressed during latency or
hypoxic conditions, including LANA, RTA, vCyclin, and vGPCR (10, 31). Although, a
small upregulation of the investigated FABPs was observed in LANA- and RTA-express-
ing cells, a dramatic increase in their expression between 20- and 40-fold was observed
in vGPCR-expressing cells compared to that of control cells. These results clearly indi-
cated that stabilization of HIF1a by KSHV-encoded LANA, possibly through degrada-
tion of the VHL protein, or its positive regulation by KSHV-encoded vGPCR through the
MAPK/P38 pathway, was a critical component driving hypoxia-induced expression of
the FABP genes.

We finally investigated whether upregulation of FABP genes has any direct impact
on KSHV reactivation in hypoxic conditions. Stable knockdown of two representative
FABPs (FABP1 and FABP7) was generated in KSHV-positive BC3 cells through the short
hairpin RNA interference method. ShControl or ShFABP cells were challenged for their
ability to reactivate through hypoxia induction based on their ability to make copies of
KSHV. Analysis of the copy number of KSHV from ShControl and ShFABP cells gener-
ated in response to hypoxia clearly indicated that upregulated FABPs in hypoxia was
an essential criteria for viral reactivation.

The expression of different fatty acid binding proteins is known to be tissue specific,
and their expression in B-cells at transcript or protein levels are not well studied. Our
current study explored the role of FABPs in the biology of KSHV-infected cells. Overall,
these studies now provide new potential targets for innovative therapeutic approaches
using inhibitors of FABPs to potentially control KSHV-associated malignancies.

MATERIALS ANDMETHODS
Cell culture and treatments. KSHV-negative BJAB cells were provided by Elliot Kieff (Harvard

Medical School, Boston, MA). BJAB-KSHV was a generous gift from Michael Luganoff (University of
Washington, Seattle, WA). BC3-ShControl cells were generated and described earlier (31, 56). KSHV-posi-
tive cells BC3 and BCBL1 and KSHV-negative cells DG75 and BL41 were described earlier (30). All B-cell
lines were grown at 37°C/5% CO2 in RPMI medium supplemented with 7% bovine growth serum (BGS),
100 units/ml penicillin, and 0.1mg/ml streptomycin. BJAB-KSHV, BC3-ShControl, and BC3-ShFABP cells
were maintained in additional selection of 2mg/ml puromycin. HEK293T cells were maintained in
Dulbecco modified Eagle medium (DMEM) supplemented with 7% bovine growth serum (BGS), 100
units/ml penicillin, and 0.1mg/ml streptomycin at 37°C/5% CO2. For chemical induction of hypoxia, cells
were treated with 100mM CoCl2 for 48 h in complete medium and incubated at 37°C in a CO2 incubator.
Low oxygen hypoxic treatment was performed by growing the cells in hypoxic chamber with 1% oxygen
setting.

Plasmids, transfection. The pA3F-LANA, pCEFL-vGPCR, pEF1-myc-RTA, and pLVX-AC-GFP-vCyclin
plasmids (described earlier [30]) were used to PCR amplify LANA, vGPCR, RTA, and vCyclin. The myc-
tagged constructs of LANA, vGPCR, RTA, and vCyclin were generated by restriction digestion and
ligation of PCR products into the pA3M plasmid vector (30). Transfection of HEK293T cells was per-
formed in a 6-well plate at 60 to 70% confluence using jetPrime reagent (Polyplus-transfection, New
York, NY) according to manufacturer protocol.

Viral DNA isolation and copy number calculation. The supernatant from KSHV-positive BC3 cells
(ShControl, ShABP1, ShFABP4, and ShFABP7) grown under normoxic or hypoxic conditions was centri-
fuged at 3,000 rpm to remove any possible cell debris. The medium was then filtered through a 0.45-mm
membrane. The filtered medium was loaded for ultracentrifugation at speeds of 23,500 rpm for 2 h at
4°C. Supernatant from the ultracentrifugation tube was aspirated, leaving approximately 0.5ml to avoid
disturbing the viral pellet. The ultracentrifugation steps were repeated as needed until the total volume
of supernatant was centrifuged. Finally, the viral pellets were resuspended by pipetting up and down 10
times and left at 4°C overnight for complete resuspension under aseptic conditions. To isolate viral DNA,
the viral suspension was mixed with equal volumes of 2� lysis buffer (20mM Tris, pH 8.0; 2mM EDTA;
and 300mM NaCl). The virus-lysis buffer mix was added with SDS and proteinase K at a final concentra-
tion of 1% (wt/vol) and 1mg/ml, respectively. The mixture was incubated at 55°C for 1 h, and the
genomic DNA was isolated using standard phenol-chloroform extraction. KSHV copy number was calcu-
lated by the standard curve method using real-time PCR. Briefly, the known number of KSHV copies was
based on the genomic region (coordinates, 85820 to 100784) cloned in a cosmid vector, which was used
to generate a standard curve (30 to 300,000 copies in multiples of 10-fold). Genomic DNA isolated from
purified KSHV virions from equal volumes of filtered supernatants was used to calculate the comparative
number of KSHV virions generated in response to hypoxia.

Lentivirus preparation and infection. Generation of BC3-ShControl cells was described earlier (56).
To generate ShFABP1, ShFABP4, and ShFABP7 constructs, oligonucleotides encoding respective shRNA
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were cloned into MluI/XhoI restriction sites of pGZIP plasmid vector (56). The positive constructs for
ShFABP1, ShFABP4, and ShFABP7 were screened by restriction digestion followed by confirmation
through DNA sequencing. To generate lentiviral particles, shRNA constructs along with packaging and
helper plasmids were transfected in HEK293T cells using the calcium phosphate method. At 24 h post-
transfection, the medium was replaced with fresh medium containing sodium butyrate and HEPES,
which was collected after 12 h and replaced again with fresh medium containing sodium butyrate and
HEPES. The collected media were kept at 4°C, and the collection and replacement of media were
repeated 4 times. The collected pooled media were centrifuged at 3,000 rpm to remove cell debris, and
the clear fractions were filtered through 0.45-mm membrane filters. The filtered media were subjected to
ultracentrifugation at 23,500 rpm for 2 h. The supernatants were aspirated, and the lentivirus pellets
were each resuspended in 1ml of serum-free medium. To perform infection with concentrated lentivi-
rus, 2 million cells were harvested and resuspended in 1ml of concentrated lentivirus particles.
Polybrene at a final concentration of 20mg/ml was then added, and the infection mixtures were mixed
by pipetting up and down several times. The infections were then incubated at 37°C with 5% CO2 for
4 h. After incubation, the infection mixtures were centrifuged, and the supernatant aspirated. The cell
pellets were resuspended into 2ml of serum containing fresh medium and transferred to individual
wells of 6-well plates. At 48 h postincubation, cells were grown in medium containing 2mg/ml puromy-
cin. The selection was performed for 3weeks until cells showed positive green fluorescence signals at
100% indicating a clonal population. After selection, cells were maintained in 1mg/ml puromycin.

RNA isolation, cDNA preparation, and real-time PCR. Total RNA from cells grown in culture were
isolated by standard phenol chloroform extraction method using TRIzol (Ambion, Grand Island, NY).
Briefly, cell pellets were directly lysed in 0.5 to 1ml TRIzol and kept at room temperature to disrupt cellu-
lar organelles including the nucleus. The lysates were mixed with 0.1 to 0.2ml chloroform followed by
mixing. The mixtures were kept at room temperature for 5 min followed by centrifugation at 13,000 rpm
for 10 min. The aqueous phases were collected into fresh tubes, and the RNA was precipitated using
0.25 to 0.5ml of isopropanol. The precipitated RNA was pelleted by centrifugation at 13,000 rpm for 10
min. RNA pellets were washed with 70% ethanol and semidried at room temperature. The RNA pellets
were resuspended in RNase-free water by pipetting up and down. Finally, the resuspended pellets were
kept at 55°C for 5 min and the RNA concentrations estimated using nanodrop spectrophotometry. The
cDNAs were synthesized from 2mg of total cellular RNA by random hexamer primers using SuperScript
cDNA synthesis kit (Applied Biosystems, Inc., Foster City, CA). Synthesized cDNA was diluted 10-fold and
1ml of diluted cDNA used for real-time PCR using SYBR green reagent (Applied Biosystems, Inc.,
Carlsbad, CA) on a StepOnePlus or QuantStudio 5 system (Applied Biosystems, Inc., Carlsbad, CA). The
fold change differences calculated by the DDCT method using default parameter settings. Details for the
threshold cycle (CT) value for all genes examined are provided in Data Set S1 in the supplemental
material.

Western blotting and microscopy. Whole-cell lysates were prepared by lysing the cells in radioim-
munoprecipitation assay (RIPA) buffer containing protease inhibitors (aprotinin, leupeptin, pepstatin,
and 1mM phenylmethylsulfonyl fluoride [PMSF]). Equal amounts of proteins were separated on sodium
dodecyl sulfate-polyacrylamide gel followed by transfer onto nitrocellulose membrane. Skimmed milk
(5% in Tris-buffered saline with Tween 20 [TBST]) was used to block membranes for 1 h at room temper-
ature with mild shaking. Primary antibodies against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), FABP1, FABP4, and FABP7 (Santa Cruz Inc., Dallas, TX); myc (purified ascites from hybridomas;
a kind gift from Richard M. Longnecker, University of Northwestern University); and RTA (purified ascites
from hybridomas; a kind gift from Ke Lan, Institut Pasteur of Shanghai) were incubated with membranes
overnight at 4°C. Membranes were washed 3 times with TBST buffer for 5 min each followed by incuba-
tion with infrared (IR)-conjugated secondary antibodies. The blots were captured on Odyssey Scanner
(LiCor Inc., Lincoln, Nebraska). For confocal microscopy, cells were seeded and semidried on 8-well slides
followed by fixation in 4% paraformaldehyde. The slides were washed 3 times (5 min each) with phos-
phate-buffered saline followed by a combination of permeabilization and blocking (3% bovine serum al-
bumin [BSA] in phosphate-buffered saline [PBS] with 0.1% Triton X-100). Primary antibody incubations
were done at 4°C overnight. Slides were washed 3 times with PBS followed by incubation with Alexa
Fluor-conjugated secondary antibody at room temperature for 1 h. DAPI (49,6-diamidino-2-phenylindole)
staining was performed for 20 min followed by washing and mounting.

Statistical analysis. All the statistical analyses performed in this study were made using freely avail-
able GraphPad Prism software (GraphPad, San Diego, CA). The mean values with standard error of mean
were presented in this study when appropriate. Statistical significance based on fold change in expres-
sion of different sets of experiment was calculated by performing a 2-tailed Student’s t test. The P value
of,0.05 was considered statistically significant. NS, not significant; *, P value, 0.05; **, P value, 0.01.
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