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Abstract

Human Cytomegalovirus (HCMV) infection induces several metabolic activities that are
essential for viral replication. Despite the important role that this metabolic modulation plays
during infection, the viral mechanisms involved are largely unclear. We find that the HCMV
U, 38 protein is responsible for many aspects of HCMV-mediated metabolic activation, with
U, 38 being necessary and sufficient to drive glycolytic activation and induce the catabolism
of specific amino acids. U; 38’s metabolic reprogramming role is dependent on its interaction
with TSC2, a tumor suppressor that inhibits mTOR signaling. Further, shRNA-mediated
knockdown of TSC2 recapitulates the metabolic phenotypes associated with U, 38 expres-
sion. Notably, we find that in many cases the metabolic flux activation associated with U, 38
expression is largely independent of mTOR activity, as broad spectrum mTOR inhibition
does not impact U, 38-mediated induction of glycolysis, glutamine consumption, or the
secretion of proline or alanine. In contrast, the induction of metabolite concentrations
observed with U, 38 expression are largely dependent on active mTOR. Collectively, our
results indicate that the HCMV U, 38 protein induces a pro-viral metabolic environment via
inhibition of TSC2.

Author summary

Viruses are parasites that usurp the energy and molecular building blocks of their hosts to
support their replication. In the past few years, numerous studies have shown that a wide
variety of viruses induce cellular metabolic activities that are essential for successful infec-
tion. However, the viral mechanisms responsible for these metabolic alterations have
remained unclear. Here, we find that the Human Cytomegalovirus (HCMV) U 38 gene is
responsible for inducing many of the metabolic activities that are critical for successful
HCMV infection. HCMYV is a herpes virus that causes severe disease in newborns, as well
as in those with weakened immune systems including transplant recipients and patients
with common blood-based cancers. Our work shows that the Uy 38 protein drives cells to
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substantially increase the consumption of glucose and specific amino acids, which provide
the energy and building blocks necessary to create new viral particles. Mechanistically, we
find that Uy 38 triggers these metabolic changes through inhibition of a cellular tumor
suppressor protein, TSC2. Collectively, our data provide substantial insight into how a
viral pathogen reprograms cellular metabolism to support infection.

Introduction

Viruses depend on cellular energy and macromolecules to support their replication. Several
studies have identified specific virally-induced metabolic activities that are important for the
production of viral progeny [1-9]. Further, many successful anti-viral treatments target
virally-induced metabolic activities, e.g., those that target aberrant nucleotide metabolism dur-
ing viral infection [10, 11]. Despite these successes, very little is known regarding the mecha-
nisms through which viruses manipulate cellular metabolic activity. Given their importance to
viral infection, identification of these mechanisms could provide novel targets for therapeutic
intervention.

Human Cytomegalovirus (HCMYV) is a widespread opportunistic pathogen that causes
severe disease in neonates and immunosuppressed patients, such as cancer patients undergo-
ing immunosuppressive treatment, transplant recipients and HIV positive patients [12].
HCMV infection is also associated with increased incidence and mortality of cardiovascular
disease [13-15]. HCMYV is a betaherpes virus with a double-stranded DNA genome of ~240
kb that encodes for over 200 open reading frames (ORF)[12]. We and others have previously
found that HCMYV infection induces dramatic changes to the host cell metabolic network.
These changes include the induction of central carbon metabolism, including glycolysis [1-3,
16, 17], glutaminolysis [18], tricarboxylic acid (TCA) cycle [1, 2], fatty acid biosynthesis [1, 5]
and pyrimidine biosynthesis [2, 4]. However, HCMV’s impact on amino acid metabolism is
much less clear. Further, the viral mechanisms responsible for metabolic manipulations are
largely unknown, an important consideration given that inhibition of these metabolic changes
attenuates HCMV infection [1-5, 16].

Here, we find that HCMV targets many aspects of amino acid metabolism, and that the
HCMV U, 38 protein is necessary and sufficient to drive many features of the HCMV-induced
metabolic program. Uy 38 is an HCMV immediate early gene, conserved among beta-herpesvi-
ruses that is important for viral replication [19, 20], and has been found to induce mTORC1
activation [21, 22]. Our data suggest that U; 38 reprograms cellular metabolic activities through
its interaction with the tuberous sclerosis complex 2 protein (TSC2). TSC2 is a negative regula-
tor of mTORCI1 activity, but we find that U; 38-mediated activation of various metabolic fluxes
is largely independent of mTOR. Collectively, we propose that the HCMV Uj 38 protein is an
important metabolic regulator that induces metabolic reprogramming through its inhibition
of TSC2 but is largely independent of mTOR.

Results
HCMYV infection reprograms cellular amino acid metabolism

As previously reported, HCMYV infection increases glycolysis, inducing both glucose uptake
and lactate secretion (Fig 1A) [1]. Much less is known regarding how HCMYV infection affects
cellular amino acid dynamics. To explore this issue, we measured how HCMYV infection
affected the intake and secretion of amino acids in the media. HCMV infection broadly
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Fig 1. HCMV-induced metabolic reprogramming of amino acid metabolism. (A- C) MRC5 cells were mock or HCMV-infected (MOI = 3). At 36hpi, cellular medium
was renewed, harvested 24h later (60hpi), and analyzed for changes in metabolite levels. Values are means + SE (n = 6). (D, E, G & H) MRCS5 cells were infected as in
(A-C). At 36hpi, fresh medium containing DMSO (+DMSO) or 100 nm of rapamycin (+Rap) was added to the plates and conditioned medium and cells were harvested
after 24h (60hpi). (D) Western blot analysis of drug treated mock or HCMV-infected cells (E, G & H) Changes in metabolic intermediates present in the conditioned
medium were measured. Values are means + SE (n = 3) (*p<0.05, **p<0.01). (F) Schematic of central carbon metabolism. (I) MRCS5 cells were mock-infected (Mock) or
infected with HCMV (HCMV) (MOI = 3) and 24h after, fresh medium containing DMSO (+DMSO) or 100 nm of rapamycin (+Rap) was added. At 48hpi cells were
quenched and extracted. Absolute intracellular metabolite concentrations were determined by LC-MS/MS and normalized to protein levels. Values are means + SE

(n=4). (*p<0.05, **p<0.01).
https://doi.org/10.1371/journal.ppat.1007569.9001

increased the consumption of several amino acids, with the consumption of leucine/isoleucine
and arginine increasing the most (Fig 1B and 1C). In contrast, infection did not detectably
impact the consumption of others, such as lysine and phenylalanine (Fig 1C). HCMV infection
also increased the excretion of several amino acids, most notably alanine, proline and orni-
thine (Fig 1B and 1C). These results demonstrate that HCMV infection modulates the meta-
bolic dynamics of several amino acids to varying extents.

The mammalian target of rapamycin complex 1 (mTORC1) coordinates cell growth,
proliferation and metabolism by controlling the balance between anabolic and catabolic pro-
cesses in response to environmental cues, such as nutrients or growth factors [23, 24]. Previous
work has demonstrated that HCMV infection activates mTORCI and that maintenance of this
activity is required for high-titer viral replication [25, 26]. mTORCI has been shown to regu-
late glycolysis, glutaminolysis, fatty acid biosynthesis, and nucleotide biosynthesis [23, 24],
metabolic processes previously described to be induced during HCMYV infection [1, 4, 5]. To
test the role that mTOR plays in HCMV-induced modulation of central carbon metabolism,
we assessed the impact of rapamycin treatment, an FDA approved mTORCI1 inhibitor, on
amino acid levels during HCMYV infection [27, 28]. As previously reported 25, 26], HCMV
infection increases the phosphorylation of S6K, a canonical mMTORCI phospho-substrate (Fig
1D). Rapamycin treatment prevented this accumulation of pS6K in both mock and HCMV-
infected cells, and reduced the levels of phosphorylated 4E-BP, consistent with its inhibition
of mTORCI1 activity (Fig 1D and S1D Fig). Rapamycin treatment appeared to block some
HCMV-induced metabolic changes, while leaving others largely unaffected. For example,
rapamycin had a minimal impact on HCMV-induced glucose consumption, yet reduced lac-
tate secretion to nearly uninfected levels (Fig 1E). This suggests that in HCMV-infected cells,
mTORCI activity preferentially drives glycolytic carbon towards lactate production and away
from other glycolytic branch points, e.g., the TCA cycle (see metabolic branch point at pyru-
vate in Fig 1F).

Rapamycin appeared to attenuate HCMV-induced glutamine consumption (Fig 1G), a
TCA cycle carbon source important for HCMYV replication [18], although the changes did not
reach the level of statistical significance. This rapamycin-induced decrease in glutamine con-
sumption could potentially be playing a role in the observed reduction of lactate secretion, as a
reduction in glutamine carbon suppling the TCA cycle could be compensated for by directing
pyruvate into the TCA cycle and away from lactate (see branch point at pyruvate in Fig 1F).
Rapamycin had little impact on HCMV-induced serine or leucine/isoleucine consumption
(Fig 1G) and had no impact on HCMV-induced proline secretion, yet significantly reduced
ornithine secretion (Fig 1H).

HCMYV infection induces the abundance of several intracellular glycolytic, TCA cycle, and
nucleotide metabolites [1, 2]. To analyze the impact of mMTORCI inhibition on these metabolic
changes, we utilized LC-MS/MS to profile the impact of rapamycin treatment on intracellular
metabolites pools during HCMV infection (S1A Fig). Based on these data, we subsequently
constructed a partial least-squares discriminant analysis-based (PLS-DA) model (S1B and S1C
Fig). HCMV and mock-infected samples segregated along the top principal component (S1B
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Fig), with several glycolytic, TCA cycle and nucleotide metabolites contributing most to this
separation (S1C Fig). Rapamycin treatment shifted the concentrations of metabolite pools
closer to those of uninfected cells (S1B Fig), including reversing HCMV-induced increases in
glycolytic and nucleotide biosynthetic intermediates, e.g., dihdroxyacetone-phosphate/glycer-
aldehyde 3-phosphate (DHAP/G3P), hexose-phosphate, N-carbamoyl-aspartate and phos-
phoribosyl pyrophosphate (PRPP) (Fig 1I). In contrast, other metabolic changes induced by
HCMV infection were largely rapamycin insensitive, including the increases in TCA cycle
pools, e.g., citrate/isocitrate and malate (Fig 1I). Collectively, our data indicate that the rela-
tionship between mTORCI activity and virally-induced metabolic reprogramming is complex,
likely reflecting the nuances associated with mTOR-mediated metabolic regulation.

The HCMYV U, 38 protein is necessary for HCMV-induced metabolic
reprogramming

The HCMYV U 38 protein has been reported to modulate mTORC1 activation [21, 22], and
since we have shown that mTORCI is important for some metabolic changes during infection,
we therefore hypothesized that the Up 38 protein might be important for HCMV-induced met-
abolic reprogramming. To explore this possibility, we analyzed the impact of Uy 38 deletion on
host cell metabolism during HCMV infection with a previously described U 38 deletion
mutant (AU 38) [20]. As expected, infection with the AUy 38 mutant did not accumulate Uy 38,
but expressed IE1 to similar levels as WT HCMYV (Fig 2A). Infection with the AU; 38 mutant
significantly attenuated the increases in glucose consumption and lactate secretion observed
during WT HCMYV infection (Fig 2B). Additionally, deletion of U; 38 inhibited HCMV-medi-
ated induction of serine and glutamine consumption, as well as ornithine, alanine and gluta-
mate secretion (Fig 2C and 2D). The lack of Uy 38 during infection did not impact the
consumption of phenylalanine or lysine, nor the secretion of proline or tyrosine (Fig 2C and
2D). The absence of Uy 38 also attenuated the HCMV-induced increases to several intracellular
metabolite pools (S2A-S2C Fig). Both hierarchical clustering and PLS-DA-based modeling

of their intracellular pool sizes suggested that mock, WT, and AUy 38-infected cells largely seg-
regate into distinct groups (S2A-S2C Fig). The metabolite pools that were significantly
decreased during AU| 38 infection relative to WT included N-carbamoyl-asparate, the product
of the rate-determining step of pyrimidine biosynthesis, as well as pyrimidine end-products
including, CDP and dTTP (Fig 2E), the production of which we have previously found to be
important for HCMV infection [4]. Deletion of U; 38 also decreased the glycolytically related
metabolites NADH and phosphoenolpyruvate (PEP), as well as malonyl-CoA, the product of
the rate-determining step of fatty acid biosynthesis, whose production is also important for
HCMV infection [5] (Fig 2E). Collectively, the disruption of metabolic reprogramming
observed during infection with the AU} 38 virus indicates that the Uy 38 is important for the
induction of the pro-HCMV metabolic program.

U, 38 is sufficient to drive metabolic reprogramming

The Uy 38 protein is expressed at the earliest time of HCMV infection [20], and has been
reported to be important for attenuating apoptosis during infection [20-22]. These findings
raise the possibility that U;38’s contributions to metabolic reprogramming during infection
could be an indirect consequence of other functions during viral infection. To determine if
Uy 38 alone is sufficient to drive metabolic reprogramming, we expressed Uy 38 via lentiviral
transduction (U 38) and found that it accumulated to approximately equivalent levels as dur-
ing WT HCMV infection (Fig 3A). U; 38 expression induced glucose consumption and lactate
secretion (Fig 3B). Uy 38 expression also increased the influx of several amino acids including
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Fig 2. U 38 is important for HCMV-induced metabolic reprogramming. MRC5 cells were mock-infected, infected with a defective U; 38 HCMYV virus (AUL38) or
infected with WT HCMV (WT) (MOI = 3). At 36hpi, medium was renewed, harvested 24h later (60hpi), and analyzed for changes in metabolite levels. (A) Western blot
analysis of mock, AU} 38- and HCMV-infected cells. (B-D) Changes in metabolic intermediates present in the conditioned medium were measured. Values are

means * SE (n = 4) (*p<0.05, **p<0.01). (E) MRCS5 cells were mock-infected (Mock), infected with a defective Uy 38 HCMYV virus (AUL38) or infected with WT HCMV
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(WT) (MOI = 3) and 24h after fresh medium was added. At 48hpi cells were quenched and extracted. Absolute intracellular metabolite concentrations were determined
by LC-MS/MS and normalized to protein levels. Values are means + SE (n = 8). (*p<0.05, **p<0.01).

https://doi.org/10.1371/journal.ppat.1007569.9002

serine, valine, leucine/isoleucine and glutamine (Fig 3C and 3D), while also inducing the
excretion of proline, alanine, ornithine and glutamate (Fig 3C and 3D). Expression of U} 38
also induced increases to several intracellular metabolic pools, including citrate/isocitrate, and
several key nucleotide biosynthetic intermediates such as N-carbamoyl-asparate and PRPP
(Fig 3E and S3A Fig). These data suggest that Uy 38 is sufficient to drive many of the metabolic
changes associated with HCMYV infection in the absence of other HCMV proteins.

U 38-mediated reprogramming of core central carbon metabolic fluxes is
mTOR independent

Given that the U 38 protein has been reported to modulate mTORC1 activation [21, 22], and
mTORCI activity is important for some metabolic changes during HCMV infection, we
sought to determine if Uy 38’s metabolic reprogramming role is dependent on mTOR activa-
tion. To that end, we treated control or U 38-expressing cells with rapamycin and assessed the
metabolic impact. As previously reported, Uy 38 protein expression induces the activation of
mTORCI1 [29], as demonstrated by an increase in the abundance of phosphorylated S6K and
4EBP (Fig 4A and S4F Fig). Rapamycin treatment attenuated this activation, as indicated by
the reduction in phosphorylated S6K and 4EBP levels (Fig 4A and S4F Fig). However, rapamy-
cin treatment had little impact on Uy 38-induced glucose consumption or lactate secretion (Fig
4B). Further, rapamycin had little effect on Uy 38-mediated changes to amino acid metabolism.
Alanine and proline secretion, as well as valine and lysine consumption were largely unaffected
by rapamycin treatment (Fig 4C and 4D). Rapamycin did appear to reduce glutamine and leu-
cine/isoleucine consumption to a small extent, although these changes were not statistically
significant (Fig 4C and 4D). In contrast, rapamycin treatment did impact the intracellular lev-
els of several metabolites in Uy 38-expressing cells, including several glycolytic metabolites
(S4A-S4D Fig). Hierarchical clustering and PLS-DA-based modeling separated Uy 38-expres-
sing cells from empty vector control cells regardless of rapamycin treatment (S4A-S4C Fig),
suggesting that their metabolic states were distinct. However, while some metabolic pools were
insensitive to rapamycin treatment, e.g., PRPP, CDP and glycerol phosphate (S4D Fig), many
of the greatest Uy 38-induced increases to metabolite concentrations were reversed, including
PEP, 3PG, G3P/DHAP, and malate, among others (54D Fig). To further explore the role of
mTOR in U; 38-mediated metabolic reprogramming, we examined the impact of torin-1 treat-
ment, which is an mTOR inhibitor that blocks both the mTORC1 and mTORC2 complexes
[30]. As expected, torin-1 treatment blocked the phosphorylation of S6K, AKT and 4EBP (Fig
4E and S4F Fig). Upon torin-1 treatment, Uy 38 still induced glucose and glutamine consump-
tion, as well as lactate, alanine and proline secretion (Fig 4F and 4G). Torin-1 treatment did
reduce the Up38-associated increased consumption of a few amino acids, e.g., phenylalanine
and arginine, but the metabolism of many were not affected, e.g., threonine, valine, glutamate,
and ornithine (S4E Fig). Collectively, these data indicate that U;38-mediated activation of key
central carbon fluxes is largely independent of mTOR activity. Further, the observation that
rapamycin did not significantly impact U; 38-induced changes to glycolysis and amino acid
consumption (Fig 4B-4D), but attenuated increased metabolite concentrations, highlights that
metabolite concentrations and metabolic molecular fluxes can be independently regulated.
Additionally, in the context of Uy 38-mediated metabolic activation, these results suggest that
mTOR is playing a larger role in the increased metabolite concentrations as compared to the
increased molecular metabolic fluxes.
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Fig 3. U 38 expression is sufficient to drive metabolic activation. After 24h incubation, conditioned serum free medium from confluent MRCS5 cells transduced with
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Fig 4. U;38-induced metabolic flux activation is mTOR independent. After 24h incubation, conditioned serum free medium from confluent MRCS5 cells
transduced with an empty vector or Uy 38 was harvested for analysis. Media contained DMSO (+DMSO), 100 nm of rapamycin (+Rap) or 250nM of Torin-1 (TOR or
+Torin1) as indicated. (A, E) Western blot analysis of treated EV and Uy 38 cells. (B, C, D, F & G) Changes in metabolic intermediates present in the conditioned
medium were measured. Values are means + SE (B-D n =9, F-G n = 8). (*p<0.05, **p<0.01).

https://doi.org/10.1371/journal.ppat.1007569.9004

A mutant U 38 allele (T23A/Q24A) with reduced TSC2 interaction fails to
activate central carbon metabolic fluxes

Previously, Uy 38 was found to bind and inhibit TSC2 [21, 22], a tumor suppressor that inhibits
mTORCI [31]. TSC2, in conjunction with TSC1, is a GTPase activating protein (GAP) for the
Rheb (Ras homolog enriched in brain) GTPase [23, 24]. GTP-bound Rheb directly activates
mTORCI, thus TSC2’s GAP activity inhibits mTORC1 [23, 24]. With respect to U 38-me-
diated inhibition of TSC2, previous work identified a TQ motif at amino acid residues 23 and
24 to be important for its interaction with TSC2, yet dispensable for maintaining mTORC1
activity [22]. We assessed the effects of these mutations on U} 38-mediated metabolic modula-
tion. Cells expressing wildtype or mutant U 38 exhibited similar amounts of U; 38 protein
expression (Fig 5A), and further, as previously described, wildtype Uy 38 protein interacts with
TSC2 (Fig 5B), and this interaction is significantly reduced by the T23A/Q24A substitutions in
U138 (Fig 5B). We next tested how this mutation affected U; 38’s metabolic reprogramming
ability. Expression of Uy 381234/q244 (MU 38) failed to induce many of the metabolic pheno-
types associated with wildtype Uy 38 (Fig 5C-5E). Transduction with mUj 38 failed to activate
glycolysis (Fig 5C) and did not induce U 38-mediated changes to amino acid consumption
and secretion (Fig 5D and 5E), highlighting that the mutations that significantly reduce TSC2
interaction also strongly attenuate Uy 38’s ability to activate central carbon metabolic flux.

In contrast to the impact on glycolytic and amino acid fluxes, cells expressing mU; 38 still
exhibited increased levels of several intracellular metabolites, including central carbon metabo-
lites, such as PEP and citrate/isocitrate, various UDP-sugar intermediates including UDP-glu-
cose and UDP-N-acetylglucosamine, and core pyrimidine metabolites, such as N-carbamoyl-
asparate and UTP (Fig 5F and S5 Fig). Further highlighting the similarity in metabolite abun-
dances between WT Uy 38 and mU; 38 expressing cells, there was extensive overlap between
these cells with respect to hierarchical clustering and a PLS-DA model of metabolite concen-
trations (S5A-S5C Fig). This disconnect between metabolic flux and metabolite concentra-
tions was observed earlier with rapamycin treatment of Uy 38-expressing cells (Fig 4 and 54
Fig), i.e. rapamycin treatment did not substantially change Uy 38-induced molecular flux rates,
but did reduce intracellular metabolite pools (Fig 4 and S4 Fig). The current mU; 38 results
underscore the importance of mTORCI in increasing metabolite pool sizes, as mutant Uy 38
expression maintains mMTORCI activation as analyzed by S6K phosphorylation (Fig 5G).
Given that mU; 38 has been demonstrated to maintain mTORCI1 activation [22], our collective
data suggest that mTORC1 activity is not required for U; 38-mediated induction of metabolic
flux, e.g., consumption of glucose or specific amino acids, but is important for increasing the
concentrations of specific metabolite pools. In total, our results suggest that the U; 38 TQ
motif, which is important for TSC2 binding, is necessary for metabolic flux remodeling, but
does not affect the mTORCI-mediated increases to specific metabolic pools.

TSC2 knock-down phenocopies Uy 38-mediated metabolic activation

Our results suggest that U 38’s role in metabolic activation may be dependent on its inhibition
of TSC2. This would suggest that TSC2 knockdown should result in similar metabolic pheno-
types as U 38 expression. To test this prediction, we measured the metabolic impact of target-
ing TSC2 with shRNA. Lentiviral-delivered TSC2-specfic shRNA resulted in ~50% reduction
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Fig 5. A mutant Uy 38 allele (T23A/Q24A) that shows reduced binding to TSC2 fails to activate metabolic flux. (A, C, D & E) Confluent MRCS5 cells expressing an
empty vector control, mutant U; 38 T23A/Q24A (mUL38) or WT Uy 38 (UL38) were cultured in serum free media for 24h, after which conditioned medium and cells
were harvested for analysis. (A) Western blot analysis of EV, mU; 38 and U} 38 cells. (B) 293T cells were transfected with expressing vectors for U 38, mU; 38 or
FLAG-TSC2 (TSC2-F) proteins, harvested 48h later and immunoprecipitated with a Flag-specific antibody. Lysate (Lys) represents 10% of the IP input. Protein band
intensities are shown relative to the FLAG-TSC2+Uy 38 value. (C-E) Changes in metabolic intermediates present in the conditioned medium were measured. Values are
means + SE (n = 3). (F) Confluent MRC5 cells expressing EV, mU; 38 or Up38 protein were cultured in serum free media for 24h. Cells were then quenched and
extracted for LC-MS/MS analysis. Values are means + SE (n = 9, except n-carb-asp, where n = 3). (*p<0.05, **p<0.01). (G) Confluent MRCS5 cells expressing EV,

mUy 38 or Uy 38 protein were cultured in serum free media containing DMSO (DMSO) or 100 nm of rapamycin (RAP) for 24h and harvested for western blot analysis.

https://doi.org/10.1371/journal.ppat.1007569.9005

in TSC2 protein abundance relative to vector control cells (Fig 6A). TSC2 knockdown also
increased the accumulation of phosphorylated S6K, indicative of active mTORCI (Fig 6A).
Similar to Uy 38 expression, knockdown of TSC2 substantially increased glycolysis and lactate
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Fig 6. TSC2 knock-down induces activation of metabolic fluxes independent of mTORCI. (A-D) HFF cells were transduced with control
(pLKO) or TSC2-specific shRNA (TSC2 KD) -expressing lentiviruses and selected. Confluent cells were cultured in serum free media for 24h, at
which time the conditioned medium and cells were harvested for analysis. (A) Western blot analysis of pLKO and TSC2 KD cells. Protein band
intensities are shown relative to the pLKO control value. Arrows indicate both p70 and p85 isoform of S6K (B-D). Changes in metabolic
intermediates present in the conditioned medium were measured. Values are means + SE (n = 4). (E-H) Confluent HFF cells expressing pLKO or
TSC2-specific shRNA were cultured in serum free media containing DMSO (+DMSO) or 100 nm of rapamycin (+Rap) for 24h, at which time the
conditioned medium and cells were harvested for analysis. (E) Western blot analysis of pLKO and TSC2 KD drug treated cells. Protein band
intensities are shown relative to the pLKO+DMSO control value. (F-H) Changes in metabolic intermediates present in the conditioned medium
were measured by LC-MS/MS. Values are means + SE (n = 4). (*p<0.05, **p<0.01).

https://doi.org/10.1371/journal.ppat.1007569.9006

secretion (Fig 6B). Also analogous to expression of U 38, TSC2 knockdown increased gluta-
mine, serine and valine consumption, and elevated the secretion of alanine, proline and
glutamate (Fig 6C and 6D). Further, knockdown of TSC2 also induced changes to several
intracellular metabolic pools, including glycolytic metabolites, UDP-sugars and nucleotide
intermediates/end products such as G3P/DHAP, PEP, UDP-glucose, ADP, NADH and
NADPH (S6A and S6B Fig). These results are consistent with Uy 38 modulating cellular metab-
olism via inhibition of TSC2.

Given that Up 38-mediated activation of glycolytic and amino acid fluxes is rapamycin
insensitive, if Uy 38 is mediating metabolic remodeling via inhibition of TSC2, we hypothesized
that the metabolic flux remodeling associated with TSC2 knockdown should also be rapamy-
cin insensitive. We assessed the effect of rapamycin treatment on the metabolic impact of TSC
knockdown to test this prediction. As hypothesized, rapamycin treatment inhibited mTORC1
as demonstrated by the depletion of phosphorylated S6K (Fig 6E). Rapamycin treatment had
little effect on the TSC2-knockdown-mediated induction of glucose and glutamine consump-
tion or the excretion of lactate, alanine or glutamate (Fig 6F-6H). These results largely mirror
the observations that U; 38-mediated remodeling of many metabolic fluxes are TSC2 depen-
dent but mTORCI independent.

Discussion

Viruses are obligate parasites that depend on cellular metabolic resources for their replication.
Increasingly, viruses are being found to induce specific metabolic activities that are important
for infection [5, 16, 32-35]. However, the mechanisms through which viruses modulate host
cell metabolism have largely remained a mystery. Here we show that the HCMV U} 38 protein
is a key virally-encoded metabolic regulator. We find that U} 38 expression is necessary and
sufficient to drive multiple aspects of HCMV-mediated metabolic reprogramming, including
activation of glycolytic and amino acid catabolic fluxes, activities that have been previously
shown to be critical for high-titer HCMV infection [16, 18, 36]. Given the viral dependence on
these metabolic activities, the mechanisms responsible may represent therapeutic vulnerabili-
ties that could be exploited to attenuate infection.

We find that the HCMV U} 38 protein is necessary for many HCMV-induced metabolic
alterations, e.g., induction of glucose and glutamine consumption as well as lactate secretion
(Figs 2 and 7). Further, expression of Uy 38 is sufficient to drive many of these activities,
including glucose consumption and lactate secretion, and the consumption and secretion of a
number of different amino acids (Figs 3 and 7). While there was extensive overlap between the
metabolic phenotypes induced by HCMYV infection and those induced by U} 38 expression,
they were not identical. Several metabolic activities were induced by U; 38 expression but not
impacted by HCMYV infection. For example, Uy 38 expression induced lysine consumption and
tyrosine secretion, but these fluxes where not affected in the context of HCMV infection. We
speculate that these changes may reflect the anabolic differences between HCMV-infected cells
and uninfected cells expressing Uy 38. Specifically, virally directed biosynthetic activities such
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as viral protein synthesis, viral DNA replication, and envelope biogenesis, likely impact the
requirements for specific amino acids, and thereby impact nutrient uptake and waste
excretion.

Our results also highlight novel metabolic activities induced by HCMYV infection. For
example, we find that HCMV induces the secretion of ornithine, an arginine and polyamine
biosynthetic intermediate, as well as proline (Fig 1). These increases were largely independent
of the presence of Uy 38 (Fig 2C), suggesting that other viral factors are responsible for driving
the bulk of ornithine and proline secretion. The mechanisms involved in their activation, and
how these virally-induced metabolic phenotypes contribute to infection remains to be eluci-
dated. Additionally, it is important to note that our analysis of these metabolic changes
occurred over a specific time frame of infection, 36-60hpi for analysis metabolic fluxes and
48hpi for analysis of intracellular metabolic concentrations, respectively. This time frame rep-
resents a metabolically active stage in the viral life cycle, with robust viral DNA synthesis
occurring. However, the metabolic consequences of infection could be substantially different
at other time points of the viral life cycle. Further, the viral requirements for specific metabolic
activities could change over the course of infection.

Several Uy 38-activated metabolic fluxes were largely resistant to torin-1-mediated mTOR
inhibition, e.g., glucose and glutamine consumption, as well as lactate, proline and alanine
secretion (Figs 4G and 7). Other U} 38-activated fluxes were more sensitive to mTOR inhibi-
tion, most notably arginine and phenylalanine consumption (S4E Fig), indicating that mTOR
plays different roles in the regulation of these metabolic pathways. In contrast to the resistance
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Glutamine Glutamine
TSC2
N4 \
Metabolite t Metabolite
Concentrations - _ Concentrations
Q \
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Fig 7. Model of Uy 38-mediated metabolic remodeling. The HCMV U 38 protein interacts with and inhibits TSC2, a key mTOR
regulator. Uy 38 expression or TSC2 knock-down activates glycolytic and specific amino acid turnover rates, and increases metabolite
concentrations. The induction of specific metabolic fluxes, e.g., glucose and glutamine consumption, and lactate, alanine and proline
secretion are independent of mTOR activation, whereas the increases in metabolite pools sizes are largely mTOR dependent.

https://doi.org/10.1371/journal.ppat.1007569.g007
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of certain metabolic fluxes to mTOR inhibition, rapamycin treatment largely reversed most of
the increases in metabolite concentrations associated with Uy 38 expression. Analogously, rela-
tive to wildtype U} 38, expression of mU; 38 resulted in reduced metabolic fluxes, but main-
tained mTORCI1 activity, as measured by S6K phosphorylation, and largely increased
metabolite pool concentrations (Fig 5 and S5 Fig). These data indicate that metabolite concen-
trations and molecular flux rates can be independently regulated. Further, they suggest that in
the current context, mTOR has a nuanced regulatory role in mediating metabolite concentra-
tions and flux rates, the specific mechanisms of which require further elucidation. Given the
generalized importance of metabolic regulation in a number of disease pathologies, e.g., cancer
formation and metabolic syndrome, further elucidation of the mechanisms of metabolic flux
control should be a high priority.

In contrast to certain core metabolic fluxes, rapamycin treatment completely reversed the
HCMV-induced changes to N-carbamoyl-aspartate and PRPP (Fig 1I), key pyrimidine biosyn-
thetic intermediates. Similar decreases in pyrimidine biosynthetic intermediates were observed
in rapamycin treated Uy 38-expressing cells (S4 Fig). These results likely reflect the described
roles that mTORCI and S6K play in regulating pyrimidine metabolism [37]. Indeed, treatment
with rapamycin analogs has resulted in clinical benefits with respect to HCMV infection [38].
Given that pyrimidine metabolism is important for HCMV infection [4], a possible link
between the anti-HCMYV effect of rapamycin and rapamycin’s impact on HCMV-induced
changes to pyrimidine metabolism is worthy of further examination.

The relative insensitivity of HCMV and Uy 38-mediated metabolic activation to mTOR
inhibition was similar for several metabolic fluxes, including glucose and serine consumption,
as well as proline secretion (Figs 1 and 4). However, in other cases, e.g., glutamate and lactate
secretion, the HCMV-induced metabolic changes appeared to be more sensitive to mTOR
inhibition relative to their induction by U} 38 expression in isolation. We speculate that the
increased sensitivity to mTOR inhibition during viral infection reflects the pleotropic effects of
mTOR inhibition during the viral life cycle. Numerous HCMV gene products alter various sig-
naling pathways including, NF«B, PI3K, and various cell cycle pathways [39-41], all of which
have functional links to mTOR and metabolism [42-44]. Given the role of mTOR in transla-
tional regulation, the delicate balance of viral gene interactions with these pathways would
likely be dramatically affected by mTOR inhibition. We speculate that in uninfected cells
expressing Uy 38, the absence of these confounding virus-host signaling interactions likely dif-
ferentially impact the metabolic response to mTOR inhibition.

Our results strongly suggest that Uy 38 mediates metabolic reprogramming via inhibition of
the cellular TSC2 protein. A mutant Up381234/q244 protein, which exhibits significantly
reduced TSC2 binding, does not induce the activation of central carbon fluxes (Figs 5 and 7).
Further, TSC2 knockdown largely phenocopies the metabolic phenotypes associated with
U138 expression (Fig 6). It is possible that the U 381,34/q244 mutation impacts a non-
TSC2-related function of U} 38 that is important for metabolic remodeling, and therefore,
U.38 could be inducing metabolic remodeling through a non-TSC2 mechanism. We think
this is very unlikely. For one, the U;381234/q244 allele accumulates to wildtype levels and
retains several functions ascribed to wildtype Uy 38 (Fig 5A and 5G and [22]). This suggests
that the Uy 387234/q244 is not grossly defective. Further, the extent of overlap in the metabolic
phenotypes associated with U 38 expression and TSC2 knockdown is large and unlikely to be
coincidental, e.g., induction of glycolysis, glutaminolysis, as well as the consumption and
secretion of several other amino acids. Collectively, these data support the model that U;38’s
metabolic manipulation is largely due to TSC2 inhibition.

TSC2 is a tumor suppressor and well-known inhibitor of mTORC1, which globally regu-
lates cellular metabolism in many contexts, e.g., fluctuations in nutrient availability or in
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response to various signal transduction pathways [45]. Surprisingly, as noted above, Uy 38’s
role in inducing many metabolic fluxes appears to be independent of activated mTOR.
Up38-mediated activation of glycolysis, glutamine consumption, and secretion of proline and
alanine were resistant to mTOR inhibition (Figs 4, 6 and 7). Our results indicating that
U38-mediated metabolic activation depends on its interaction with TSC2 suggests that addi-
tional mTOR-independent roles for TSC2 contribute to metabolic regulation. While the vast
majority of research on TSC2 focuses on its mTOR related activities, a few manuscripts
describe mTOR independent activities. For example, TSC2 has been implicated in mTOR-
independent vascular endothelial growth factor (VEGF) signaling, as well as in mTOR-inde-
pendent stem cell self-renewal and differentiation [46, 47]. The TSC complex has also been
shown to regulate PAK?2 activity independently of mTOR [48]. Aside from the aforementioned
mTOR-independent TSC2 phenotypes, to our knowledge, prior to this study, there is no evi-
dence that TSC2 can regulate metabolism independent of its effects on mTOR. Further work
will elucidate how these mTOR-independent activities of the TSC complex contribute to over-
all cellular metabolic regulation and tumor formation. With respect to HCMV infection, TSC2
inactivation and mTOR signaling can modulate diverse signaling processes including metabo-
lism, translation and autophagy [49], and it remains to be determined how the different facets
of these two important regulatory signaling components contribute to successful HCMV
infection.

The U 38 protein is critical for successful HCMV infection [20], and has been strongly
implicated in a number of diverse cellular processes. Uy 38 was first found to block ER stress-
induced apoptosis [20, 50], and was subsequently found to increase mTORCI activity [21].
Further, U; 38 increases the expression of fatty acid elongases that are important for infection
[51]. Likely as part of its role in modulating mTORCI1 activity, U 38 also enhances the poly-
some association and thereby the translational efficiency of specific mRNAs [52]. These
Uy 38-associated activities could be independent from one another; there are multiple exam-
ples of viral proteins with independent functional roles (reviewed in [53]). Supporting this
view, mutational analysis of Uy 38 suggests that the inhibition of cell death and mTORCI acti-
vation are separable [29]. However, functional overlap between various U 38 phenotypes
could still exist. Numerous links exist between cellular metabolism and both translation and
apoptosis. For example, amino acids levels are actively sensed by GCN2, and if amino acid lev-
els are insufficient, translation is inhibited [54]. Further, translational regulatory controls drive
the expression of rate-determining nucleotide biosynthetic enzymes to coordinate nucleotide
and protein biosynthesis [55]. Similarly, glucose is actively sensed through multiple mecha-
nisms, that ultimately induce apoptosis if concentrations are insufficient [56, 57], and activa-
tion of glycolysis has more recently been found to actively inhibit apoptotic signaling [58, 59].
Similar functional links exist between glycolysis, glycosylation and ER stress [60, 61]. While
the inhibition of TSC2 appears to be critical for U 38-mediated metabolic modulation, the
exact mechanisms through which Uy 38 modulates apoptosis and translation still require sig-
nificant elucidation.

It has become clear that viruses actively modulate metabolism to support infection
(reviewed in [8]). Viral metabolic modulation could be contributing to the production of
energy and biomolecular subunits necessary for virion production. Other contributions
include induction of lipid metabolic enzymes critical for the organization of viral maturation
compartments [33, 62] or the production of specialized virion components [51]. In addition,
increasing evidence suggests that metabolic signaling is playing a deterministic role in various
cell fate decisions, including modulating cell death [63], immune responses [64] and stem cell
differentiation [65]. Collectively, these findings raise the possibility that viral metabolic manip-
ulation could potentially be more complex than providing a single metabolic activity to
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support infection, but rather, could be responsible for inducing a broader pro-viral cellular
state. In this regard, it remains to be determined whether evolutionarily divergent viruses
induce similar metabolic states to support infection. If so, the mechanisms to do so would
likely diverge, e.g., U138 is only conserved among beta herpesviruses. Regardless, it seems very
likely that host cells do not simply cede the metabolic controls to viral pathogens, but rather
that these controls serve as a core host-pathogen interaction. Here, we find that the HCMV
U138 protein is a major viral player in this interaction, driving a large portion of the HCMV-
induced metabolic program through targeting the cellular TSC2 metabolic regulator.

Materials and methods
Cell culture and viral infections

Human 293T cells (ATC CCRL-3216), MRC5 human fibroblasts (ATCC CCL-171), telome-
rase-immortalized HFF fibroblasts (HFF), telomerase-immortalized MRCS5 fibroblasts and
their derived recombinant cells lines (see below) were cultured in Dulbecco’s modified Eagle
medium (DMEM,; Invitrogen) supplemented with 10% fetal bovine serum, 4.5 g/liter glucose,
and 1% penicillin-streptomycin (Pen-Strep; Life Technologies) at 37°C in a 5% (vol/vol) CO,
atmosphere. All experiments involving MRCS5 cells utilized MRC5 cells that express hTERT,
with the exception of the experiments in S1 Fig, which were performed using non-hTERT
expressing MRCS5 cells. Before HCMV infection, MRC5 cells were grown to confluence, result-
ing in ~3.2 x 10* cells per cm”. Once confluent, medium was removed, and serum-free
medium was added. Cells were maintained in serum-free medium for 24h before infection at
which point they were mock infected or infected at a multiplicity of infection of 3.0 pfu/ cell.
After a 2h adsorption period, the inoculum was aspirated and fresh serum-free medium was
added. Conditioned medium and cells were harvested for metabolic, transcriptional, or total
protein analysis at various times after the initiation of infection. Unless indicated otherwise,
the strain utilized for viral infections was BADwt derived from a bacterial artificial chromo-
some (BAC) clone of the HCMV AD169 laboratory strain [66]. The recombinant HCM V-
AU 38 BAC derived virus which lacks the entire U} 38 allele, was courteously provided by
Thomas Shenk, Princeton University (ADdIU; 38) [20]. For counting cells, adherent cells
were washed with phosphate-buffered saline (PBS), trypsinized and homogenized in supple-
mented DMEM medium. An aliquot of the cell suspension was mixed 1:1 with 0.4% trypan
blue solution and counted using a TC10 automated cell counter (Bio-Rad), following the man-
ufacturer’s instructions. Live cell counts, i.e. trypan blue excluding cells, were used for
normalizations.

Compounds

Rapamycin (Sigma-Aldrich) and Torin-1 (ApexBio) were prepared at 100uM and 250uM
respectively in dimethyl sulfoxide (DMSO). Standards for LC-MS flux analysis that were not
present in DMEM include: Lactic acid (Acros Organics), L-glutamic acid (Sigma-Aldrich),
L-alanine (VWR), L-ornithine (Alfa Aesar) and L-proline (Alfa Aesar), which were prepared
in OmniSolv Water (MilliporeSigma) at 710 mM, 16 mM, 16 mM, 0.5mM and 8mM
respectively.

Cloning

The human telomerase (hTERT) cDNA was amplified by PCR from pWZL-Blast-Flag-HA-
hTERT (Addgene plasmid 22396) using the following primers: forward primer 5'-GGAACCA
ATTCAGTCGACTGGGATCCCGTCCTGCTGCGCACGTG-3’ and reverse primer 5'-TTT
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GTACAAGAAAGCTGGGTTCTAGATCAGTCCAGGATGGTCTTGAAGTCTG-3". hTERT
cDNA was then cloned via Gibson assembly into the BamHI and Xbal sites of pLenti CMV/
TO/Hygro (Addgene plasmid 17484) [67]. Wild type TB40/e UL38 allele (UL38) was amplified
by PCR from the TB40/e BAC clone (EF999921.1) using the following primers: forward primer
5- CTTTAAAGGAACCAATTCAGTCGACTGGATCATGACTACGACCACGCATAGCAC
CGCCGC-3’ and reverse primer 5- AACCACTTTGTACAAGAAAGCTGGGTCTAGCTA
GACCACGACCACCATCTGTACCACGTC-3'.

A TB40/e mutant UL38 allele-T23A/Q24A (mUL38) was synthetized as a 996bp gBlocks
Gene Fragment (IDT) using the TB40/e UL38 sequence (EF999921.1) and mutating the
sequence corresponding to the 23 and 24 amino acids [22]. This construct was amplified by
PCR using the same primers described above for the wild type UL38 allele. Both U; 38 and
mU| 38 constructs were then cloned via Gibson assembly into a BamHI and Xbal digested
pLenti CMV/TO Puro plasmid (Addgene plasmid 22262). pLenti CMV/TO/Puro/empty (EV)
was provided by Hartmut Land, University of Rochester.

Lentiviral transfection and transduction

293T cells were seeded at 2 x 10° cells per 10-cm dish and grown for 24h. For the generation of
pseudotyped lentivirus, each 10-cm dish of 293T cells was transfected with 2.6 ug lentiviral
vector, 2.4 ug PAX2, and 0.25 g vesicular stomatitis virus G glycoprotein using the Fugene 6
reagent (Promega). Twenty-four hours later, the medium was removed and replaced with 4 ml
of fresh medium. Lentivirus—containing medium was collected after an additional 24 h and fil-
tered through a 0.45um pore-size filter prior to transduction. The fibroblasts were transduced
with lentivirus in the presence of 5 pg/ml Polybrene (Millipore Sigma) and incubated over-
night. The lentivirus-containing medium was then removed and replaced with fresh DMEM.
At 72 h after transduction, the cells were placed under selection with antibiotics. Cells trans-
duced with pLenti CMV/TO/Hygro/hTERT were grown in 200 ug/ml Hygromycin B (Invitro-
gen) for 1 week, and the expression of hTERT was confirmed by quantitative PCR (qPCR).
Cells transduced with pLenti CMV/TO/Puro/empty, pLenti CMV/TO/Puro/UL38 or pLenti
CMV/TO/Puro/mUL38 were selected in 10 pig/ml Puromycin (MilliporeSigma) for 4 days. At
the time of antibiotic selection of transduced cells, non-transduced control cells were also
treated with Puromycin or Hygromycin as appropriate to ensure killing of non-transduced
cells and ubiquitous transduction efficiencies. The expression of U; 38 in these cells was con-
firmed by Western blot (WB). Empty vector or Uy 38-expressing cells were cultured in serum
free media for 24 h prior to analysis.

Immunoprecipitation

293T cells (~60% confluent) grown in 10-cm dishes were transiently transfected with
pRK7-FLAG-TSC2 (Addgene plasmid 8996), CMV/TO/Puro/UL38 or pLenti CMV/TO/
Puro/mUL38 using the Fugene 6 reagent (Promega) according to the manufacturer’s instruc-
tions. Twenty-four hours later, the medium was removed and replaced with fresh medium.
Forty-eight hours post-transfection, cells were scraped and harvested in 750 ul of RIPA buffer
(Tris-HCI, 50 mM, pH 7.4; 1% Triton X-100; 0.25% Na-deoxycholate; 150 mM NaCl; 1 mM
EDTA) supplemented with Pierce Protease Inhibitor tablets (PI; Thermo Scientific). Lysates
were sonicated and incubated on ice for 30 min with vortexing for 5 sec every 5 min. Insoluble
material was pelleted by centrifugation at 16,000 x g for 5 min at 4° C. ANTI-FLAG M2 Affin-
ity Gel (Sigma-Aldrich) in RIPA+PI buffer was added and the sample was incubated for 2h at
4° C with rotation. The agarose beads were pelleted and washed 5 times with RIPA+PI buffer.
Following the final wash, residual buffer was removed and the beads were resuspended in
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disruption buffer (see below), boiled at 100°C for 5 min, and insoluble material pelleted by
spinning for 3 min at room temperature at 16,000 x g. Samples were resolved on 10% SDS-
containing polyacrylamide gels, and proteins were identified by Western blot [68].

Protein analysis

For Western blot assays [69] cells were scraped and solubilized in disruption buffer containing
50 mM Tris (pH 7.0), 2% SDS, 5% 2-mercaptoethanol, and 2.75% sucrose. The resulting
extracts were sonicated, boiled for 5 min, and centrifuged at 14,000 x g for 5 min to pellet
insoluble material. The extracts were then subjected to electrophoresis in an 8 or 10% SDS
polyacrylamide gel and transferred to a nitrocellulose sheet. The blots were then stained with
Ponceau S to ensure equivalent protein loading and transfer, blocked by incubation in 5%
milk in TBST (50 mM Tris-HCI, pH 7.6, 150 mM NaCl, 0.1% Tween 20), and reacted with pri-
mary and, subsequently, secondary antibodies. Protein bands were visualized using an
enhanced chemiluminescence (ECL) system (Bio-Rad) and by using the Molecular Imager Gel
Doc XR+ system (Bio-Rad). For protein band quantifications, the Molecular Imager Gel Doc
was used and band intensities were integrated by using ImageJ software. The antibodies used
were specific for p70 S6 Kinase (S6K; Cell Signaling), phospho-p70 S6 Kinase (Thr389) (pS6K;
Cell Signaling), tuberin (TSC2; Santa Cruz Biotechnology), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; Cell Signaling Technology) anti-U; 38 (8D6) [20], anti-IE1 [70] and
ANTI-FLAG M2 (Sigma-Aldrich). For total protein analysis, cells were washed with PBS,
scraped in 1ml of RIPA buffer supplemented with Pierce Protease Inhibitor tablets (Thermo
Scientific) and vortexed. After 10 min on wet ice, lysates were centrifuged at 14,000 x g for 10
min. The protein concentration of supernatants was determined by using the Bradford assay
(Bio-Rad).

shRNA knockdown

Human TSC2 mRNA expression was targeted by using a TSC2-specific MISSION shRNA con-
struct (#¥TRCN0000010454, Sigma-Aldrich) selected after a screening process in which
TSC2-knockdown was assessed by qPCR and WB. For the shRNA transductions, pseudotyped
lentiviruses were generated using the previously mentioned lentiviral transfection protocol
using #TRCN0000010454 vector and non-target control MISSION pLKO.1-puro (SHCO001;
Sigma-Aldrich). HFF fibroblasts at 30% confluence were transduced with half of the filtered
lentivirus-containing medium supplemented with 5ug/ml of polybrene. Cells were incubated
overnight and the lentivirus-containing medium was then removed and replaced with fresh
DMEM. At 72 h after transduction, the cells were placed under 10 pg/ml Puromycin selection
for 4 days. The knockdown of TSC2 in these cells was confirmed by Western blot (WB) for all
subsequent experiments.

Measurement of metabolic fluxes and concentrations

For quantification of metabolic consumptions and secretions, cells were plated in 10-cm
dishes. Once confluent, medium was removed and serum-free medium was added with or
without chemical inhibitors as indicated. An aliquot of this virgin medium was saved to be
used as t = 0 control. Cells were maintained in this serum-free medium for 24h, at which time
conditioned medium was collected for glucose measurement or LC-MS/MS analysis, and cells
were harvested for qPCR, WB or cell counts.

Glucose consumption rates were quantified using the HemoCue Glucose 201 System
(HemoCue). A glucose standard curve was utilized for each experiment using the t = 0 virgin
DMEM medium (4.5 g/liter glucose) serially diluted in PBS. Conditioned medium samples
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were then diluted serially 1/4 in PBS to ensure signal linearity. The glucose present in each
sample was measured using the HemoCue System and normalized using the generated stan-
dard curve. To obtain consumption values, the glucose value measured for normalized virgin
DMEM medium was subtracted from the result of each normalized conditioned medium
value. These values were then normalized to the number of live cells counted in each plate. A
negative rate indicates glucose has been consumed (less glucose in the conditioned medium
than in the virgin medium).

For quantification of metabolic fluxes, serially diluted supplemented t = 0 virgin DMEM
(see compounds section) and conditioned medium samples diluted 1/2 in OmniSolv Water
were diluted 1/100 in 80% methanol. Samples were then centrifuged at 4°C for 5 minutes at
full speed to pellet insoluble material. For amino acid quantification, 100 pl of the above meth-
anol dilutions were derivatized with 1 pl benzyl chloroformate and 5 pl trimethylamine. The
samples were then centrifuged at 4°C for 5 minutes at full speed to pellet insoluble material
and subsequently analyzed by LC-MS/MS as indicated below. For lactate quantification, 100ul
of the underivatized methanol dilutions were centrifuged at 4°C for 5 minutes at full speed to
pellet insoluble and analyzed by LC-MS/MS as indicated below.

For quantification of intracellular metabolite concentrations, cells were plated in 10-cm
dishes and once confluent, medium was removed and changed to serum-free medium supple-
mented with 10mM HEPES, 1% penicillin-streptomycin and chemical inhibitors as indicated.
Cells were maintained in this serum-free medium for 24h, and one hour prior to metabolite
extraction medium was once again changed. Medium was aspirated and 80:20 OmniSolv
Methanol: OmniSolv Water (80% methanol) at —80°C was immediately added to quench met-
abolic activity and extract metabolites. Cells were then incubated at —80°C for 10 min. Follow-
ing cell quenching, cells were scraped in the dish and kept on dry ice, and the resulting cell
suspension vortexed, centrifuged at 3,000 x g for 5 min, and reextracted twice more with 80%
methanol at —80°C. After pooling the three extractions, the samples were completely dried
under N2 gas, dissolved in 175 pl 50:50 OmniSolv Methanol: OmniSolv Water methanol, and
centrifuged at 13,000 x g for 5 min to remove debris. Samples were loaded in the LC-MS/MS
for analysis as indicated below.

LC-MS/MS analysis and normalization

Metabolites were analyzed using reverse phase chromatography with an ion-paring reagent in
a Shimadzu HPLC coupled to a Thermo Quantum triple quadrupole mass spectrometer run-
ning in negative mode with selected-reaction monitoring (SRM) specific scans as previously
described [4, 71]. LC-MS/MS data were then analyzed using the publicly available mzRock
machine learning toolkit (http://code.google.com/p/mzrock/), which automates SRM/HPLC
feature detection, grouping, signal to noise classification, and comparison to known metabolite
retention times [72].

For relative quantification of intracellular metabolite levels, protein-normalized peak
heights were normalized by the maximum value for a specific metabolite measured across the
samples run on a given day. This normalization serves to reduce the impact of inter-day mass
spectrometry variability, i.e. batch effects, while preserving relative differences between
samples.

For quantification of metabolite consumption and secretion, the concentrations of control
cell (either Mock or EV cells) media metabolites were estimated by comparing the extracted
ion chromatograms of metabolite-specific SRM peak heights to those of metabolite standard
dilution curves. Extracts of control cell media were subsequently used as standards to estimate
the absolute media metabolite abundances for the other samples. Consumption and secretion
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rates were obtained by subtracting the concentration of virgin medium metabolites from the
conditioned media metabolite concentrations. The resulting values were then normalized to
the number of live cells counted for each sample. A negative rate indicates the compound has
been consumed (less of that compound in the conditioned medium than in the virgin
medium) and a positive rate indicates that the metabolite has been secreted into the medium.

Statistics

Statistical analysis of the reported metabolic data were performed using JMP Statistical Analy-
sis Software (https://www.jmp.com/). Response Screening was performed using one-way
ANOVA, with False Discovery Rate (FDR) correction as described [73]. Robust Estimation,
i.e. a Huber M-estimation, was employed to limit the sensitivity of outliers. Data were judged
significantly different if the robust estimated FDR-corrected value p-value was <0.05.
Although plotted separately, for the most accurate statistical modeling, and to increase the
associated statistical power, the data comparing EV versus U138 in Fig 3 and Fig 5 were com-
bined for statistical comparisons. Statistics for all figures are available in S1 File.

Protein normalized concentration data were utilized for PLS-DA modeling and hierarchical
clustering, both of which were performed using the publicly available software MetaboAnalyst
3.0 (http://www.metaboanalyst.ca) [74]. PLS-DA regression was performed using the plsr
function provided by the R pls package [75]. Model classification and cross-validation were
performed using the corresponding wrapper function in the R caret package [76]. Permutation
testing was performed on the PLS-DA model class assignments, with 1,000 permutations,
yielding a p-value less than 107>, Agglomerative hierarchical clustering was performed with
the hclust function in R stat package, using Euclidean distance as the similarity measure, and
Ward’s linkage as the clustering algorithm.

Supporting information

S1 Fig. The impact of rapamycin treatment on HCMV-induced metabolite pools. MRC5
cells were mock-infected (Mock) or infected with HCMV (HCMV) (MOI = 3) and 24h after,
fresh medium containing DMSO (+DMSO) or 100 nm of rapamycin (+Rap) was added. At
48hpi cells were quenched and extracted. Absolute intracellular metabolite concentrations
were determined by LC-MS/MS and normalized to protein levels. (A) Heatmap of clustered
metabolite pools. (B) Partial least-squares discriminant analysis (PLS-DA) of metabolic con-
centrations. (C) Loading plot for PLS-DA model. Values are means + SE (n = 4). (*p<0.05,
**p<0.01). (D) Western blot analysis of mock and HCMV-infected drug treated cells. MRC5
cells were mock or HCMV-infected (MOI = 3). At 36hpi, fresh medium containing DMSO
(DMSO), 100 nm of rapamycin (Rap) or 250nM of Torin-1 (Torinl) were added to the plates
and cells were harvested after 24h (60hpi).

(TIF)

$2 Fig. U1 38 protein is important for the induction of several intracellular metabolic pools
during HCMYV infection. MRCS5 cells were mock-infected (Mock), infected with a defective
U; 38 HCMYV virus (AUL38) or infected with WT HCMV (WT) (MOI = 3) and 24h after fresh
medium was added. At 48hpi cells were quenched and extracted. Absolute intracellular metab-
olite concentrations were determined by LC-MS/MS and normalized to protein levels. (A)
Heatmap of clustered metabolite pools. (B) Partial least-squares discriminant analysis
(PLS-DA) of metabolic concentrations. (C) Loading plot for PLS-DA model. Values are
means + SE (n = 8). (*p<0.05, **p<0.01).

(TIF)
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S3 Fig. U1 38 expression is sufficient to induce several intracellular metabolic pools. Con-
fluent MRCS5 cells expressing an empty vector control (EV) or Uy 38 protein (UL38) were cul-
tured in serum free media for 24h. Cells were then quenched and extracted for analysis.
Absolute intracellular metabolite concentrations were determined by LC-MS/MS and normal-
ized to protein levels. (A) Heatmap of clustered metabolite pools. Values are means + SE

(n = 6). (*p<0.05, **p<0.01).

(TIF)

$4 Fig. Impact of mTOR inhibitors on Uy 38-induced metabolic reprogramming. (A-D)
Confluent MRCS5 cells expressing an empty vector control (EV) or UL38 protein (UL38)

were cultured in serum free media containing DMSO (+DMSO) or 100 nm of rapamycin
(+Rap) for 24h. Cells were then quenched and extracted. Absolute intracellular metabolite
concentrations were determined by LC-MS/MS and normalized to protein levels. (A) Heat-
map of clustered metabolite pools. (B) Partial least-squares discriminant analysis (PLS-DA) of
metabolic concentrations. (C) Loading plot for PLS-DA model. (D) Plotted selected metabo-
lites. Values are means * SE (n = 8). (E) Confluent MRCS5 cells expressing EV or U 38 protein
were cultured for 24h in serum free media containing DMSO (+DMSO) or Torin-1 (+Torinl).
Conditioned medium and cells were harvested after 24h for analysis. Values are means + SE.
(n=8) (*p<0.05, **p<0.01). (F) Western blot analysis of drug treated EV and U} 38 cells

(D = DMSO; R = Rapamycin; T = Torinl). Samples correspond to experiments described in
Fig 4.

(TIF)

S5 Fig. The mutant Uy 38 allele (T23A/Q24A) maintains the induction of intracellular met-
abolic pools. Confluent MRCS5 cells expressing an empty vector control (EV), mutant UL38
T23A/Q24A (mUL38) or WT UL38 (UL38) were cultured in serum free media for 24h prior
to metabolic quenching and extraction. Cellular absolute intracellular metabolite concentra-
tions were determined by LC-MS/MS and normalized to protein levels. (A) Heatmap of clus-
tered metabolite pools. (B) Partial least-squares discriminant analysis (PLS-DA) of metabolic
concentrations. (C) Loading plot for PLS-DA model. (D) Plotted selected metabolites. Values
are means + SE (n =9). (*p<0.05, **p<0.01).

(TIF)

S6 Fig. Impact of TSC2 knockdown on cellular metabolite pool concentrations. HFEF cells
were transduced with control (pLKO) or TSC2-specific ShRNA (TSC2 KD)-expressing lentivi-
ruses and selected. Confluent cells were cultured in serum free media for 24h before quenching
and extraction. Absolute intracellular metabolite concentrations were determined by LC-MS/
MS and normalized to protein levels. (A) Heatmap of clustered metabolite pools. (B) Plotted
selected metabolites. Values are means + SE (n = 3).

(TIF)

S1 File. Statistical comparisons for all experiments.
(XLSX)

Author Contributions

Conceptualization: Irene Rodriguez-Sanchez, Joshua Munger.
Data curation: Irene Rodriguez-Sanchez.

Formal analysis: Irene Rodriguez-Sanchez, Joshua Munger.

Funding acquisition: Joshua Munger.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007569 January 24, 2019 22/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007569.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007569.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007569.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007569.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007569.s007
https://doi.org/10.1371/journal.ppat.1007569

@'PLOS ‘ PATHOGENS

Human cytomegalovirus and metabolic reprogramming

Investigation: Irene Rodriguez-Sanchez, Xenia L. Schafer, Morgan Monaghan.

Methodology: Irene Rodriguez-Sanchez, Joshua Munger.

Project administration: Joshua Munger.

Supervision: Joshua Munger.

Validation: Irene Rodriguez-Sanchez.

Visualization: Irene Rodriguez-Sanchez, Joshua Munger.

Writing - original draft: Irene Rodriguez-Sanchez, Joshua Munger.

Writing - review & editing: Irene Rodriguez-Sanchez, Xenia L. Schafer, Morgan Monaghan,

Joshua Munger.

References

1.

10.

11.

12.

13.

Munger J, Bennett BD, Parikh A, Feng XJ, McArdle J, Rabitz HA, et al. Systems-level metabolic flux
profiling identifies fatty acid synthesis as a target for antiviral therapy. Nat Biotechnol. 2008; 26
(10):1179-86. https://doi.org/10.1038/nbt.1500 PMID: 18820684.

Munger J, Bajad SU, Coller HA, Shenk T, Rabinowitz JD. Dynamics of the Cellular Metabolome during
Human Cytomegalovirus Infection. PLoS Pathog. 2006; 2(12):e132. https://doi.org/10.1371/journal.
ppat.0020132 PMID: 17173481.

McArdle J, Schafer XL, Munger J. Inhibition of calmodulin-dependent kinase kinase blocks human cyto-
megalovirus-induced glycolytic activation and severely attenuates production of viral progeny. J Virol.
2011; 85(2):705—-14. Epub 2010/11/19. JVI1.01557-10 [pii] https://doi.org/10.1128/JVI.01557-10 PMID:
21084482; PubMed Central PMCID: PMC3019999.

DeVito SR, Ortiz-Riano E, Martinez-Sobrido L, Munger J. Cytomegalovirus-mediated activation of
pyrimidine biosynthesis drives UDP-sugar synthesis to support viral protein glycosylation. Proc Natl
Acad Sci U S A. 2014; 111(50):18019—-24. https://doi.org/10.1073/pnas.1415864111 PMID: 25472841;
PubMed Central PMCID: PMC4273352.

Spencer CM, Schafer XL, Moorman NJ, Munger J. Human cytomegalovirus induces the activity and
expression of acetyl-coenzyme a carboxylase, a Fatty Acid biosynthetic enzyme whose inhibition atten-
uates viral replication. J Virol. 2011; 85(12):5814—24. Epub 2011/04/08. JVI.02630-10 [pii] https://doi.
org/10.1128/JV1.02630-10 PMID: 21471234.

Brunton J, Steele S, Ziehr B, Moorman N, Kawula T. Feeding uninvited guests: mTOR and AMPK set
the table for intracellular pathogens. PLoS pathogens. 2013; 9(10):e1003552. https://doi.org/10.1371/
journal.ppat.1003552 PMID: 24098109

Sanchez EL, Lagunoff M. Viral activation of cellular metabolism. Virology. 2015; 479—-480:609-18.
Epub 2015/03/31. https://doi.org/10.1016/j.virol.2015.02.038 PMID: 25812764; PubMed Central
PMCID: PMCPmc4424078.

Goodwin CM, Xu S, Munger J. Stealing the Keys to the Kitchen: Viral Manipulation of the Host Cell Met-
abolic Network. Trends Microbiol. 2015. Epub 2015/10/07. https://doi.org/10.1016/}.tim.2015.08.007
PMID: 26439298.

Shenk T, Alwine JC. Human cytomegalovirus: coordinating cellular stress, signaling, and metabolic
pathways. Annual review of virology. 2014; 1:355-74. https://doi.org/10.1146/annurev-virology-
031413-085425 PMID: 26958726

de Clercq E. Milestones in the discovery of antiviral agents: nucleosides and nucleotides. Acta Pharma-
ceutica Sinica B. 2012; 2(6):535—48.

Bryan-Marrugo O, Ramos-Jiménez J, Barrera-Saldafia H, Rojas-Martinez A, Vidaltamayo R, Rivas-
Estilla A. History and progress of antiviral drugs: from acyclovir to direct-acting antiviral agents (DAAs)
for Hepatitis C. Medicina universitaria. 2015; 17(68):165-74.

Fields B, Knipe D, Howley P, Griffin D. Fields virology. 5th. Philadelphia: Wolters Kluwer Health/Lippin-
cott Williams & Wilkins; 2007.

Johansson |, Andersson R, Friman V, Selimovic N, Hanzen L, Nasic S, et al. Cytomegalovirus infection
and disease reduce 10-year cardiac allograft vasculopathy-free survival in heart transplant recipients.
BMC infectious diseases. 2015; 15(1):582.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007569 January 24, 2019 23/27


https://doi.org/10.1038/nbt.1500
http://www.ncbi.nlm.nih.gov/pubmed/18820684
https://doi.org/10.1371/journal.ppat.0020132
https://doi.org/10.1371/journal.ppat.0020132
http://www.ncbi.nlm.nih.gov/pubmed/17173481
https://doi.org/10.1128/JVI.01557-10
http://www.ncbi.nlm.nih.gov/pubmed/21084482
https://doi.org/10.1073/pnas.1415864111
http://www.ncbi.nlm.nih.gov/pubmed/25472841
https://doi.org/10.1128/JVI.02630-10
https://doi.org/10.1128/JVI.02630-10
http://www.ncbi.nlm.nih.gov/pubmed/21471234
https://doi.org/10.1371/journal.ppat.1003552
https://doi.org/10.1371/journal.ppat.1003552
http://www.ncbi.nlm.nih.gov/pubmed/24098109
https://doi.org/10.1016/j.virol.2015.02.038
http://www.ncbi.nlm.nih.gov/pubmed/25812764
https://doi.org/10.1016/j.tim.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26439298
https://doi.org/10.1146/annurev-virology-031413-085425
https://doi.org/10.1146/annurev-virology-031413-085425
http://www.ncbi.nlm.nih.gov/pubmed/26958726
https://doi.org/10.1371/journal.ppat.1007569

@'PLOS ‘ PATHOGENS

Human cytomegalovirus and metabolic reprogramming

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Simanek AM, Dowd JB, Pawelec G, Melzer D, Dutta A, Aiello AE. Seropositivity to cytomegalovirus,
inflammation, all-cause and cardiovascular disease-related mortality in the United States. PloS one.
2011; 6(2):161083. https://doi.org/10.1371/journal.pone.0016103 PMID: 21379581

Wang H, Peng G, Bai J, He B, Huang K, Hu X, et al. Cytomegalovirus Infection and Relative Risk of Car-
diovascular Disease (Ischemic Heart Disease, Stroke, and Cardiovascular Death): A Meta-Analysis of
Prospective Studies Up to 2016. Journal of the American Heart Association. 2017; 6(7):e005025.
https://doi.org/10.1161/JAHA.116.005025 PMID: 28684641

McArdle J, Moorman NJ, Munger J. HCMV Targets the Metabolic Stress Response through Activation
of AMPK Whose Activity Is Important for Viral Replication. PLoS Pathog. 2012; 8(1):e1002502. Epub
2012/02/01. https://doi.org/10.1371/journal.ppat. 1002502 PPATHOGENS-D-11-01670 [pii]. PMID:
22291597; PubMed Central PMCID: PMC3266935.

Yu'Y, Clippinger AJ, Alwine JC. Viral effects on metabolism: changes in glucose and glutamine utiliza-
tion during human cytomegalovirus infection. Trends Microbiol. 2011; 19(7):360—7. https://doi.org/10.
1016/j.tim.2011.04.002 PMID: 21570293; PubMed Central PMCID: PMC3130066.

Chambers JW, Maguire TG, Alwine JC. Glutamine metabolism is essential for human cytomegalovirus
infection. J Virol. 2010; 84(4):1867—73. Epub 2009/11/27. JV1.02123-09 [pii] https://doi.org/10.1128/
JVI1.02123-09 PMID: 19939921; PubMed Central PMCID: PMC2812398.

Chambers J, Angulo A, Amaratunga D, Guo H, Jiang Y, Wan JS, et al. DNA microarrays of the complex
human cytomegalovirus genome: profiling kinetic class with drug sensitivity of viral gene expression. J
Virol. 1999; 73(7):5757—-66. PMID: 10364327.

Terhune S, Torigoi E, Moorman N, Silva M, Qian Z, Shenk T, et al. Human cytomegalovirus UL38 pro-
tein blocks apoptosis. J Virol. 2007; 81(7):3109-23. https://doi.org/10.1128/JV1.02124-06 PMID:
172022009.

Moorman NJ, Cristea IM, Terhune SS, Rout MP, Chait BT, Shenk T. Human cytomegalovirus protein
UL38 inhibits host cell stress responses by antagonizing the tuberous sclerosis protein complex. Cell
host & microbe. 2008; 3(4):253-62. https://doi.org/10.1016/j.chom.2008.03.002 PMID: 18407068.

Bai Y, Xuan B, Liu H, Zhong J, Yu D, Qian Z. Tuberous Sclerosis Complex Protein 2-Independent Acti-
vation of mMTORC1 by Human Cytomegalovirus pUL38. J Virol. 2015; 89(15):7625-35. Epub 2015/05/
15. https://doi.org/10.1128/JV1.01027-15 PMID: 25972538; PubMed Central PMCID:
PMCPmc4505643.

Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell. 2012; 149(2):274-93.
https://doi.org/10.1016/j.cell.2012.03.017 PMID: 22500797; PubMed Central PMCID: PMC3331679.

Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell. 2017; 168(6):960—
76. https://doi.org/10.1016/j.cell.2017.02.004 PMID: 28283069

Kudchodkar SB, Yu Y, Maguire TG, Alwine JC. Human cytomegalovirus infection induces rapamycin-
insensitive phosphorylation of downstream effectors of mTOR kinase. J Virol. 2004; 78(20):11030-9.
Epub 2004/09/29. https://doi.org/10.1128/JVI.78.20.11030-11039.2004 PMID: 15452223; PubMed
Central PMCID: PMCPMC521827.

Kudchodkar SB, Yu Y, Maguire TG, Alwine JC. Human cytomegalovirus infection alters the substrate
specificities and rapamycin sensitivities of raptor- and rictor-containing complexes. Proc Natl Acad Sci
U S A. 2006; 103(38):14182—7. Epub 2006/09/09. https://doi.org/10.1073/pnas.0605825103 PMID:
16959881; PubMed Central PMCID: PMCPMC1599931.

Benjamin D, Colombi M, Moroni C, Hall MN. Rapamycin passes the torch: a new generation of mMTOR
inhibitors. Nat Rev Drug Discov. 2011; 10(11):868-80. Epub 2011/11/01. https://doi.org/10.1038/
nrd3531 PMID: 22037041.

Li J, Kim SG, Blenis J. Rapamycin: one drug, many effects. Cell metabolism. 2014; 19(3):373-9. https:/
doi.org/10.1016/j.cmet.2014.01.001 PMID: 24508508

Qian Z, Xuan B, Gualberto N, Yu D. The human cytomegalovirus protein pUL38 suppresses endoplas-
mic reticulum stress-mediated cell death independently of its ability to induce mTORC1 activation. J
Virol. 2011; 85(17):9103-13. Epub 2011/07/01. https://doi.org/10.1128/JVI1.00572-11 PMID: 21715486;
PubMed Central PMCID: PMCPmc3165799.

Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao Y, et al. An ATP-competitive mammalian target
of rapamycin inhibitor reveals rapamycin-resistant functions of mMTORC1. J Biol Chem. 2009; 284
(12):8023-32. Epub 2009/01/20. M900301200 [pii] https://doi.org/10.1074/jbc.M900301200 PMID:
19150980; PubMed Central PMCID: PMC2658096.

van Slegtenhorst M, Carr E, Stoyanova R, Kruger WD, Henske EP. Tsc1+ and tsc2+ regulate arginine
uptake and metabolism in Schizosaccharomyces pombe. J Biol Chem. 2004; 279(13):12706—13. Epub
2004/01/14. https://doi.org/10.1074/jbc.M313874200 PMID: 14718525.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007569 January 24, 2019 24/27


https://doi.org/10.1371/journal.pone.0016103
http://www.ncbi.nlm.nih.gov/pubmed/21379581
https://doi.org/10.1161/JAHA.116.005025
http://www.ncbi.nlm.nih.gov/pubmed/28684641
https://doi.org/10.1371/journal.ppat.1002502
http://www.ncbi.nlm.nih.gov/pubmed/22291597
https://doi.org/10.1016/j.tim.2011.04.002
https://doi.org/10.1016/j.tim.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21570293
https://doi.org/10.1128/JVI.02123-09
https://doi.org/10.1128/JVI.02123-09
http://www.ncbi.nlm.nih.gov/pubmed/19939921
http://www.ncbi.nlm.nih.gov/pubmed/10364327
https://doi.org/10.1128/JVI.02124-06
http://www.ncbi.nlm.nih.gov/pubmed/17202209
https://doi.org/10.1016/j.chom.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18407068
https://doi.org/10.1128/JVI.01027-15
http://www.ncbi.nlm.nih.gov/pubmed/25972538
https://doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
https://doi.org/10.1016/j.cell.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28283069
https://doi.org/10.1128/JVI.78.20.11030-11039.2004
http://www.ncbi.nlm.nih.gov/pubmed/15452223
https://doi.org/10.1073/pnas.0605825103
http://www.ncbi.nlm.nih.gov/pubmed/16959881
https://doi.org/10.1038/nrd3531
https://doi.org/10.1038/nrd3531
http://www.ncbi.nlm.nih.gov/pubmed/22037041
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1016/j.cmet.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24508508
https://doi.org/10.1128/JVI.00572-11
http://www.ncbi.nlm.nih.gov/pubmed/21715486
https://doi.org/10.1074/jbc.M900301200
http://www.ncbi.nlm.nih.gov/pubmed/19150980
https://doi.org/10.1074/jbc.M313874200
http://www.ncbi.nlm.nih.gov/pubmed/14718525
https://doi.org/10.1371/journal.ppat.1007569

@'PLOS ‘ PATHOGENS

Human cytomegalovirus and metabolic reprogramming

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Aizaki H, Morikawa K, Fukasawa M, Hara H, Inoue Y, Tani H, et al. Critical role of virion-associated cho-
lesterol and sphingolipid in hepatitis C virus infection. J Virol. 2008; 82(12):5715-24. Epub 2008/03/28.
https://doi.org/10.1128/JV1.02530-07 PMID: 18367533; PubMed Central PMCID: PMCPMC2395132.

Heaton NS, Perera R, Berger KL, Khadka S, Lacount DJ, Kuhn RJ, et al. Dengue virus nonstructural
protein 3 redistributes fatty acid synthase to sites of viral replication and increases cellular fatty acid syn-
thesis. Proc Natl Acad Sci U S A. 2010; 107(40):17345-50. Epub 2010/09/22. https://doi.org/10.1073/
pnas.1010811107 PMID: 20855599; PubMed Central PMCID: PMCPMC2951450.

Koyuncu E, Purdy JG, Rabinowitz JD, Shenk T. Saturated very long chain fatty acids are required for
the production of infectious human cytomegalovirus progeny. PLoS Pathog. 2013; 9(5):e1003333.
Epub 2013/05/23. https://doi.org/10.1371/journal.ppat.1003333 PMID: 23696731; PubMed Central
PMCID: PMCPMC3656100.

Yamane D, Zahoor MA, Mohamed YM, Azab W, Kato K, Tohya Y, et al. Inhibition of sphingosine kinase
by bovine viral diarrhea virus NS3 is crucial for efficient viral replication and cytopathogenesis. J Biol
Chem. 2009; 284(20):13648-59. Epub 2009/03/19. https://doi.org/10.1074/jbc.M807498200 PMID:
19293152; PubMed Central PMCID: PMCPMC2679466.

Radsak KD, Weder D. Effect of 2-deoxy-D-glucose on cytomegalovirus-induced DNA synthesis in
human fibroblasts. J Gen Virol. 1981; 57(Pt 1):33—42. https://doi.org/10.1099/0022-1317-57-1-33
PMID: 6275020.

Ben-Sahra |, Howell JJ, Asara JM, Manning BD. Stimulation of de novo pyrimidine synthesis by growth
signaling through mTOR and S6K1. Science. 2013; 339(6125):1323-8. Epub 2013/02/23. https://doi.
org/10.1126/science.1228792 PMID: 23429703; PubMed Central PMCID: PMCPmc3753690.

Andrassy J, Hoffmann VS, Rentsch M, Stangl M, Habicht A, Meiser B, et al. Is cytomegalovirus prophy-
laxis dispensable in patients receiving an mTOR inhibitor-based immunosuppression? a systematic
review and meta-analysis. Transplantation. 2012; 94(12):1208—17. Epub 2012/12/28. https://doi.org/
10.1097/TP.0b013e3182708e56 PMID: 23269449.

Johnson RA, Wang X, Ma XL, Huong SM, Huang ES. Human cytomegalovirus up-regulates the phos-
phatidylinositol 3-kinase (PI3-K) pathway: inhibition of PI3-K activity inhibits viral replication and virus-
induced signaling. J Virol. 2001; 75(13):6022—32. https://doi.org/10.1128/JV1.75.13.6022-6032.2001
PMID: 11390604.

Goodwin CM, Ciesla JH, Munger J. Who's Driving? Human Cytomegalovirus, Interferon, and NFkap-
paB Signaling. Viruses. 2018; 10(9). Epub 2018/08/24. https://doi.org/10.3390/v10090447 PMID:
30134546; PubMed Central PMCID: PMCPMC6163874.

Jault FM, Jault JM, Ruchti F, Fortunato EA, Clark C, Corbeil J, et al. Cytomegalovirus infection induces
high levels of cyclins, phosphorylated Rb, and p53, leading to cell cycle arrest. J Virol. 1995; 69
(11):6697—704. PMID: 7474079.

Courtnay R, Ngo DC, Malik N, Ververis K, Tortorella SM, Karagiannis TC. Cancer metabolism and the
Warburg effect: the role of HIF-1 and PI3K. Mol Biol Rep. 2015; 42(4):841-51. Epub 2015/02/19.
https://doi.org/10.1007/s11033-015-3858-x PMID: 25689954.

Moretti M, Bennett J, Tornatore L, Thotakura AK, Franzoso G. Cancer: NF-kappaB regulates energy
metabolism. Int J Biochem Cell Biol. 2012; 44(12):2238-43. https://doi.org/10.1016/j.biocel.2012.08.
002 PMID: 22903018.

Slavov N, Botstein D. Decoupling Nutrient Signaling from Growth Rate Causes Aerobic Glycolysis and
Deregulation of Cell Size and Gene Expression. Mol Biol Cell. 2012. https://doi.org/10.1091/mbc.E12-
09-0670 PMID: 23135997.

Andre C, Cota D. Coupling nutrient sensing to metabolic homoeostasis: the role of the mammalian tar-
get of rapamycin complex 1 pathway. The Proceedings of the Nutrition Society. 2012; 71(4):502—10.
https://doi.org/10.1017/S0029665112000754 PMID: 22877732.

Brugarolas JB, Vazquez F, Reddy A, Sellers WR, Kaelin WG Jr. TSC2 regulates VEGF through mTOR-
dependent and -independent pathways. Cancer Cell. 2003; 4(2):147-58. Epub 2003/09/06. PMID:
12957289.

Gan B, Sahin E, Jiang S, Sanchez-Aguilera A, Scott KL, Chin L, et al. nTORC1-dependent and -inde-
pendent regulation of stem cell renewal, differentiation, and mobilization. Proc Natl Acad SciU S A.
2008; 105(49):19384-9. Epub 2008/12/05. https://doi.org/10.1073/pnas.0810584105 PMID:
19052232; PubMed Central PMCID: PMCPMC2593615.

Alves MM, Fuhler GM, Queiroz KC, Scholma J, Goorden S, Anink J, et al. PAK2 is an effector of TSC1/
2 signaling independent of mTOR and a potential therapeutic target for Tuberous Sclerosis Complex.
Scientific reports. 2015; 5:14534. Epub 2015/09/29. https://doi.org/10.1038/srep14534 PMID:
26412398; PubMed Central PMCID: PMCPMC4585940.

Soliman GA. The mammalian target of rapamycin signaling network and gene regulation. Current opin-
ion in lipidology. 2005; 16(3):317-23. PMID: 15891393.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007569 January 24, 2019 25/27


https://doi.org/10.1128/JVI.02530-07
http://www.ncbi.nlm.nih.gov/pubmed/18367533
https://doi.org/10.1073/pnas.1010811107
https://doi.org/10.1073/pnas.1010811107
http://www.ncbi.nlm.nih.gov/pubmed/20855599
https://doi.org/10.1371/journal.ppat.1003333
http://www.ncbi.nlm.nih.gov/pubmed/23696731
https://doi.org/10.1074/jbc.M807498200
http://www.ncbi.nlm.nih.gov/pubmed/19293152
https://doi.org/10.1099/0022-1317-57-1-33
http://www.ncbi.nlm.nih.gov/pubmed/6275020
https://doi.org/10.1126/science.1228792
https://doi.org/10.1126/science.1228792
http://www.ncbi.nlm.nih.gov/pubmed/23429703
https://doi.org/10.1097/TP.0b013e3182708e56
https://doi.org/10.1097/TP.0b013e3182708e56
http://www.ncbi.nlm.nih.gov/pubmed/23269449
https://doi.org/10.1128/JVI.75.13.6022-6032.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390604
https://doi.org/10.3390/v10090447
http://www.ncbi.nlm.nih.gov/pubmed/30134546
http://www.ncbi.nlm.nih.gov/pubmed/7474079
https://doi.org/10.1007/s11033-015-3858-x
http://www.ncbi.nlm.nih.gov/pubmed/25689954
https://doi.org/10.1016/j.biocel.2012.08.002
https://doi.org/10.1016/j.biocel.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22903018
https://doi.org/10.1091/mbc.E12-09-0670
https://doi.org/10.1091/mbc.E12-09-0670
http://www.ncbi.nlm.nih.gov/pubmed/23135997
https://doi.org/10.1017/S0029665112000754
http://www.ncbi.nlm.nih.gov/pubmed/22877732
http://www.ncbi.nlm.nih.gov/pubmed/12957289
https://doi.org/10.1073/pnas.0810584105
http://www.ncbi.nlm.nih.gov/pubmed/19052232
https://doi.org/10.1038/srep14534
http://www.ncbi.nlm.nih.gov/pubmed/26412398
http://www.ncbi.nlm.nih.gov/pubmed/15891393
https://doi.org/10.1371/journal.ppat.1007569

@'PLOS ‘ PATHOGENS

Human cytomegalovirus and metabolic reprogramming

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Xuan B, Qian Z, Torigoi E, Yu D. Human cytomegalovirus protein pUL38 induces ATF4 expression,
inhibits persistent JNK phosphorylation, and suppresses endoplasmic reticulum stress-induced cell
death. J Virol. 2009; 83(8):3463-74. Epub 2009/02/06. https://doi.org/10.1128/JV1.02307-08 PMID:
19193809; PubMed Central PMCID: PMCPmc2663240.

Purdy JG, Shenk T, Rabinowitz JD. Fatty Acid elongase 7 catalyzes lipidome remodeling essential for
human cytomegalovirus replication. Cell reports. 2015; 10(8):1375-85. Epub 2015/03/04. https://doi.
org/10.1016/j.celrep.2015.02.003 PMID: 25732827; PubMed Central PMCID: PMC4354725.

McKinney C, Zavadil J, Bianco C, Shiflett L, Brown S, Mohr I. Global reprogramming of the cellular
translational landscape facilitates cytomegalovirus replication. Cell reports. 2014; 6(1):9-17. Epub
2014/01/01. https://doi.org/10.1016/j.celrep.2013.11.045 PMID: 24373965; PubMed Central PMCID:
PMCPMC3975909.

Goodwin C, Ciesla J, Munger J. Who's Driving? Human Cytomegalovirus, Interferon, and NFkB Signal-
ing. Viruses. 2018; 10(9):447. https://doi.org/10.3390/v10090447 PMID: 30134546

Kimball SR. Regulation of translation initiation by amino acids in eukaryotic cells. Progress in molecular
and subcellular biology. 2001; 26:155-84. Epub 2001/09/29. PMID: 11575165.

Cunningham JT, Moreno MV, Lodi A, Ronen SM, Ruggero D. Protein and nucleotide biosynthesis are
coupled by a single rate-limiting enzyme, PRPS2, to drive cancer. Cell. 2014; 157(5):1088—103. Epub
2014/05/27. https://doi.org/10.1016/j.cell.2014.03.052 PMID: 24855946; PubMed Central PMCID:
PMCPMC4140650.

Coloff JL, Mason EF, Altman BJ, Gerriets VA, Liu T, Nichols AN, et al. Akt requires glucose metabolism
to suppress puma expression and prevent apoptosis of leukemic T cells. J Biol Chem. 2011; 286
(7):5921-33. Epub 2010/12/17. https://doi.org/10.1074/jbc.M110.179101 PMID: 21159778; PubMed
Central PMCID: PMCPmc3037705.

Danial NN, Gramm CF, Scorrano L, Zhang CY, Krauss S, Ranger AM, et al. BAD and glucokinase
reside in a mitochondrial complex that integrates glycolysis and apoptosis. Nature. 2003; 424
(6951):952—6. Epub 2003/08/22. https://doi.org/10.1038/nature01825 PMID: 12931191.

Li FL, Liu JP, Bao RX, Yan G, Feng X, Xu YP, et al. Acetylation accumulates PFKFB3 in cytoplasm to
promote glycolysis and protects cells from cisplatin-induced apoptosis. Nat Commun. 2018; 9(1):508.
Epub 2018/02/08. https://doi.org/10.1038/s41467-018-02950-5 PMID: 29410405; PubMed Central
PMCID: PMCPMC5802808.

Abu-Hamad S, Zaid H, Israelson A, Nahon E, Shoshan-Barmatz V. Hexokinase-I protection against
apoptotic cell death is mediated via interaction with the voltage-dependent anion channel-1: mapping
the site of binding. J Biol Chem. 2008; 283(19):13482-90. Epub 2008/03/01. https://doi.org/10.1074/
jbc.M708216200 PMID: 18308720.

Xi H, Kurtoglu M, Liu H, Wangpaichitr M, You M, Liu X, et al. 2-Deoxy-D-glucose activates autophagy
via endoplasmic reticulum stress rather than ATP depletion. Cancer chemotherapy and pharmacology.
2011; 67(4):899-910. Epub 2010/07/02. https://doi.org/10.1007/s00280-010-1391-0 PMID: 20593179;
PubMed Central PMCID: PMCPMC3093301.

Yu SM, Kim SJ. Endoplasmic reticulum stress (ER-stress) by 2-deoxy-D-glucose (2DG) reduces cyclo-
oxygenase-2 (COX-2) expression and N-glycosylation and induces a loss of COX-2 activity via a Src
kinase-dependent pathway in rabbit articular chondrocytes. Experimental & molecular medicine. 2010;
42(11):777-86. Epub 2010/10/12. https://doi.org/10.3858/emm.2010.42.11.079 PMID: 20926918;
PubMed Central PMCID: PMCPMC2992857.

Tang WC, Lin RJ, Liao CL, Lin YL. Rab18 facilitates dengue virus infection by targeting fatty acid
synthase to sites of viral replication. J Virol. 2014; 88(12):6793—-804. Epub 2014/04/04. https://doi.org/
10.1128/JV1.00045-14 PMID: 24696471; PubMed Central PMCID: PMC4054357.

Green DR, Galluzzi L, Kroemer G. Cell biology. Metabolic control of cell death. Science. 2014; 345
(6203):1250256. https://doi.org/10.1126/science. 1250256 PMID: 25237106; PubMed Central PMCID:
PMC4219413.

Berod L, Friedrich C, Nandan A, Freitag J, Hagemann S, Harmrolfs K, et al. De novo fatty acid synthesis
controls the fate between regulatory T and T helper 17 cells. Nature medicine. 2014; 20(11):1327-33.
Epub 2014/10/06. https://doi.org/10.1038/nm.3704 PMID: 25282359.

ChaY, Han MJ, Cha HJ, Zoldan J, Burkart A, Jung JH, et al. Metabolic control of primed human pluripo-
tent stem cell fate and function by the miR-200c-SIRT2 axis. Nature cell biology. 2017; 19(5):445-56.
Epub 2017/04/25. https://doi.org/10.1038/ncb3517 PMID: 28436968; PubMed Central PMCID:
PMCPMC5545746.

Yu D, Smith GA, Enquist LW, Shenk T. Construction of a self-excisable bacterial artificial chromosome
containing the human cytomegalovirus genome and mutagenesis of the diploid TRL/IRL13 gene. J
Virol. 2002; 76(5):2316—-28. PMID: 11836410.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007569 January 24, 2019 26/27


https://doi.org/10.1128/JVI.02307-08
http://www.ncbi.nlm.nih.gov/pubmed/19193809
https://doi.org/10.1016/j.celrep.2015.02.003
https://doi.org/10.1016/j.celrep.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25732827
https://doi.org/10.1016/j.celrep.2013.11.045
http://www.ncbi.nlm.nih.gov/pubmed/24373965
https://doi.org/10.3390/v10090447
http://www.ncbi.nlm.nih.gov/pubmed/30134546
http://www.ncbi.nlm.nih.gov/pubmed/11575165
https://doi.org/10.1016/j.cell.2014.03.052
http://www.ncbi.nlm.nih.gov/pubmed/24855946
https://doi.org/10.1074/jbc.M110.179101
http://www.ncbi.nlm.nih.gov/pubmed/21159778
https://doi.org/10.1038/nature01825
http://www.ncbi.nlm.nih.gov/pubmed/12931191
https://doi.org/10.1038/s41467-018-02950-5
http://www.ncbi.nlm.nih.gov/pubmed/29410405
https://doi.org/10.1074/jbc.M708216200
https://doi.org/10.1074/jbc.M708216200
http://www.ncbi.nlm.nih.gov/pubmed/18308720
https://doi.org/10.1007/s00280-010-1391-0
http://www.ncbi.nlm.nih.gov/pubmed/20593179
https://doi.org/10.3858/emm.2010.42.11.079
http://www.ncbi.nlm.nih.gov/pubmed/20926918
https://doi.org/10.1128/JVI.00045-14
https://doi.org/10.1128/JVI.00045-14
http://www.ncbi.nlm.nih.gov/pubmed/24696471
https://doi.org/10.1126/science.1250256
http://www.ncbi.nlm.nih.gov/pubmed/25237106
https://doi.org/10.1038/nm.3704
http://www.ncbi.nlm.nih.gov/pubmed/25282359
https://doi.org/10.1038/ncb3517
http://www.ncbi.nlm.nih.gov/pubmed/28436968
http://www.ncbi.nlm.nih.gov/pubmed/11836410
https://doi.org/10.1371/journal.ppat.1007569

@'PLOS ‘ PATHOGENS

Human cytomegalovirus and metabolic reprogramming

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Xu S, Schafer X, Munger J. Expression of oncogenic alleles induces multiple blocks to human cytomeg-
alovirus infection. Journal of virology. 2016; 90(9):4346-56. https://doi.org/10.1128/JVI1.00179-16
PMID: 26889030

Wang D, Shenk T. Human cytomegalovirus virion protein complex required for epithelial and endothelial
cell tropism. Proc Natl Acad Sci U S A. 2005; 102(50):18153-8. https://doi.org/10.1073/pnas.
0509201102 PMID: 16319222; PubMed Central PMCID: PMC1312424.

Munger J, Yu D, Shenk T. UL26-deficient human cytomegalovirus produces virions with
hypophosphorylated pp28 tegument protein that is unstable within newly infected cells. J Virol. 2006; 80
(7):3541-8. https://doi.org/10.1128/JVI1.80.7.3541-3548.2006 PMID: 16537622.

Zhu H, Shen'Y, Shenk T. Human cytomegalovirus IE1 and IE2 proteins block apoptosis. J Virol. 1995;
69(12):7960-70. Epub 1995/12/01. PMID: 7494309; PubMed Central PMCID: PMCPmc189741.

Smith B, Schafer XL, Ambeskovic A, Spencer CM, Land H, Munger J. Addiction to Coupling of the War-
burg Effect with Glutamine Catabolism in Cancer Cells. Cell reports. 2016; 17(3):821-36. https://doi.
org/10.1016/j.celrep.2016.09.045 PMID: 27732857.

Melamud E, Vastag L, Rabinowitz JD. Metabolomic analysis and visualization engine for LC-MS data.
Anal Chem. 2010; 82(23):9818-26. Epub 2010/11/06. https://doi.org/10.1021/ac1021166 PMID:
21049934.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to mul-
tiple testing. Journal of the royal statistical society Series B (Methodological). 1995:289-300.

Xia J, Sinelnikov IV, Han B, Wishart DS. MetaboAnalyst 3.0—making metabolomics more meaningful.
Nucleic Acids Res. 2015; 43(W1):W251-7. https://doi.org/10.1093/nar/gkv380 PMID: 25897128;
PubMed Central PMCID: PMCPMC4489235.

Mevik B-H, Wehrens R. The pls Package: Principal Component and Partial Least Squares Regression
in R. 2007. 2007; 18(2):23. Epub 2007-01-10. https:/doi.org/10.18637/jss.v018.i02

Kuhn M. Building Predictive Models in R Using the caret Package. Journal of Statistical Software. 2008;
28(5):1-26. Epub 2008-09-23. https://doi.org/10.18637/jss.v028.i05

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007569 January 24, 2019 27/27


https://doi.org/10.1128/JVI.00179-16
http://www.ncbi.nlm.nih.gov/pubmed/26889030
https://doi.org/10.1073/pnas.0509201102
https://doi.org/10.1073/pnas.0509201102
http://www.ncbi.nlm.nih.gov/pubmed/16319222
https://doi.org/10.1128/JVI.80.7.3541-3548.2006
http://www.ncbi.nlm.nih.gov/pubmed/16537622
http://www.ncbi.nlm.nih.gov/pubmed/7494309
https://doi.org/10.1016/j.celrep.2016.09.045
https://doi.org/10.1016/j.celrep.2016.09.045
http://www.ncbi.nlm.nih.gov/pubmed/27732857
https://doi.org/10.1021/ac1021166
http://www.ncbi.nlm.nih.gov/pubmed/21049934
https://doi.org/10.1093/nar/gkv380
http://www.ncbi.nlm.nih.gov/pubmed/25897128
https://doi.org/10.18637/jss.v018.i02
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.1371/journal.ppat.1007569

