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Recent studies have shown that human cytomegalovirus (HCMV)
can induce a robust increase in lipid synthesis which is critical for the
success of infection. In mammalian cells the central precursor for
lipid biosynthesis, cytosolic acetyl CoA (Ac-CoA), is produced by ATP-
citrate lyase (ACLY) from mitochondria-derived citrate or by acetyl-
CoA synthetase short-chain family member 2 (ACSS2) from acetate.
It has been reported that ACLY is the primary enzyme involved in
making cytosolic Ac-CoA in cells with abundant nutrients. However,
using CRISPR/Cas9 technology, we have shown that ACLY is not
essential for HCMV growth and virally induced lipogenesis. Instead,
we found that in HCMV-infected cells glucose carbon can be used
for lipid synthesis by both ACLY and ACSS2 reactions. Further, the
ACSS2 reaction can compensate for the loss of ACLY. However, in
ACSS2-KO human fibroblasts both HCMV-induced lipogenesis from
glucose and viral growth were sharply reduced. This reduction sug-
gests that glucose-derived acetate is being used to synthesize cyto-
solic Ac-CoA by ACSS2. Previous studies have not established a
mechanism for the production of acetate directly from glucose me-
tabolism. Here we show that HCMV-infected cells produce more
glucose-derived pyruvate, which can be converted to acetate
through a nonenzymatic mechanism.
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H uman CMV (HCMV), a human beta herpesvirus, is a sig-
nificant pathogen which infects most of the human population.
It is the most common cause for congenital infection in developed
countries, frequently leading to deafness, mental retardation, and
developmental disability (1). Additionally, it can be life-threatening
for immunocompromised individuals such as organ transplant re-
cipients (2, 3). HCMV infection also has been implicated in
atherosclerosis (4) and cancer (5). Studies from our laboratory
and others have shown that HCMYV infection induces a high level
of lipogenesis, which is essential for sustaining the infection (6,
7). This increased lipogenesis is facilitated by HCMV-mediated
induction of the sterol regulatory element binding proteins
(SREBPs) and carbohydrate-response element binding protein
(ChREBP), transcriptional factors that increase the expression of
key lipogenic genes (6, 8, 9). The ChREBPs are also key regulators
of glucose metabolism; their activation in HCMV-infected cells
induces the expression of glucose transporters 4 and 2 (GLUT4
and GLUT2) and glycolytic enzymes, resulting in increased glu-
cose flux which facilitates a metabolic switch for glucose from
catabolic energy production to anabolic biosynthesis (9).

Acetyl CoA (Ac-CoA) is a key metabolic intermediate for
mammalian cells (10). Cytosolic Ac-CoA is the central precursor for
fatty acid and cholesterol biosynthesis. In normal cells with suffi-
cient nutrients, glycolysis converts glucose to pyruvate (Fig. 14),
which enters the mitochondria and is converted to Ac-CoA by py-
ruvate dehydrogenase (PDH). Because mitochondrial Ac-CoA
cannot enter the cytoplasm, it is combined with oxaloacetic acid
(OAA) to form citrate as part of the tricarboxylic acid (TCA) cycle;
citrate can be transported to the cytoplasm via the mitochondrial
citrate shuttle. In the cytoplasm the citrate can be converted back to
Ac-CoA and OAA by ATP-citrate lyase (ACLY), which has been
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reported to be the primary enzyme involved in making cytosolic Ac-
CoA (11-13).

Under low-glucose, nutrient-restricted conditions, such as
fasting or starvation, cytosolic Ac-CoA also can be made from
acetate by acetyl-CoA synthetase short-chain family member 2
(ACSS2) (Fig. 14) (13). Acetate plays an important role in
maintaining energy homeostasis in mammals. Recent studies
have shown that free acetate is an essential carbon source for
lipogenesis in cancer cells under stress conditions (14-16). In
mammals, acetate can be derived from a number of different
sources. It can be obtained exogenously from foods or formed by
the gut flora and then further absorbed and used in metabolism
(17, 18). Acetate also can be produced endogenously from eth-
anol metabolism (19), deacetylation of acetylated proteins (20)
or acetylcholine (21), and fatty acid p-oxidation in hibernating
animals (22). There is no known metabolic mechanism for the
production of acetate directly from glucose.

In this study, we report that ACLY and ACSS2 are both ac-
tivated to produce cytosolic Ac-CoA from glucose carbon for
lipogenesis during HCMYV infection. However, ACLY can be
knocked out with no effect on lipogenesis and HCMV growth.
However, we show that ACSS2 is necessary during HCMYV in-
fection and can compensate for the loss of ACLY. Our data
show that a major means of using glucose carbon for lipogenesis
is through acetate and the ACSS2 reaction. Thus, HCMV uses
means to produce acetate from glucose. One means of doing so
is by converting glucose-derived pyruvate to acetate through
nonenzymatic reactions.

Significance

Viruses rely completely on host cell metabolism to provide the
building blocks and energy required for producing progeny vi-
rions. Infection by human cytomegalovirus (HCMV) induces sig-
nificant alterations in glucose metabolism by increasing glucose
uptake and glycolysis as well as redirecting glucose carbon to
support the synthesis of biomolecules such as lipids. The signifi-
cance of acetate as a nutrient has been ignored for a long period.
Our studies show that glucose carbon can be converted to acetate
and used to make cytosolic acetyl-CoA by acetyl-CoA synthetase
short-chain family member 2 (ACSS2) for lipid synthesis, which is
important for HCMV-induced lipogenesis and the viral growth.
The study provides greater understanding of HCMV pathogenesis
and suggests strategies to develop antiviral therapies.
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Fig. 1.

ACLY is not essential for HCMV-induced lipogenesis. (A) Diagram of the synthesis of cytosolic Ac-CoA in mammalian cells; see text for details. (B) Protein

levels of ACLY and ACSS2 in control HFs (CTRL) expressing a control sgRNA-targeting luciferase gene and the C9 HF line in which ACLY was knocked out. (C) ACLY
knockout had little effect on HCMV growth in HFs. Confluent control and ACLY-KO C9 HFs were serum-starved and infected by HCMV at an MOI of 3. HCMV viral
titers were examined at 72 and 96 hpi. (D) ACLY knockout reduced de novo lipid synthesis from glucose carbon by 50%. ACLY-KO cells and control HFs were mock-
infected or were infected by HCMV at an MOI of 3. At 48 h, uninfected and infected cells were labeled with [U—”C]—D—glucose for 24 h; total lipids were extracted
at 72 hpi and were counted by scintillation counter. Data are shown as the mean + SD of triplicates. See details in Materials and Methods. (E) ACLY knockout had
little effect on total cellular lipid levels in both mock- and HCMV-infected cells as measured by lipid droplet staining using BODIPY 558/568 C;5.

Results

ACLY Is Not Necessary for HCMV Infection and Virally Induced Lipogenesis.
We have shown previously that ACLY RNA and protein levels are
increased in HCM V-infected cells (6, 23). ACLY can also be acti-
vated by cAMP-dependent protein kinase A (PKA) and protein ki-
nase B (Akt) phosphorylation at Ser455 (24, 25). In addition to its
increased expression during HCMV infection, our data also show
that phosphorylation of ACLY at Ser455 is greatly increased after
HCMYV infection (23). These data suggest that ACLY is activated
and possibly plays an important role in HCMV growth and HCMV-
induced lipogenesis. To test this hypothesis, the CRISPR/Cas9 system
was used to create an ACLY-KO human fibroblast (HF) cell line
called “C9.” Sequencing analysis showed that guide RNA created a
4-bp deletion in ACLY exon 3 (Fig. S14) resulting in an ORF shift
and the loss of ACLY protein expression in C9 HFs (Fig. 1B). Cell
proliferation of C9 HFs was slightly slower than that of control HFs
(Fig. S2). Confluent control and C9 cells were infected with HCMV
to test the effect of ACLY knockout on viral growth. Surprisingly,
viral titration results showed that HCMV growth was barely affected
in C9 cells as compared with control HFs (Fig. 1C). Because ACLY
is the primary enzyme producing cytosolic Ac-CoA for lipid synthesis,
we tested de novo lipid synthesis from glucose carbon in HCMV-
infected C9 cells. In agreement with our previous studies (6, 9, 26),
serum-starved control HFs had a low level of lipid synthesis from
glucose, which was increased significantly after HCMV infection (Fig.
1D). The ACLY knockout in C9 cells reduced de novo lipid synthesis
from glucose carbon by 40% and 50% in mock- and HCM V-infected
HFs, respectively. This result suggests that in infected cells at least
50% of the glucose carbon used for lipid synthesis is through path-
ways other than ACLY. To analyze this possibility further, we ex-
amined total lipid levels in infected cells by measuring lipid droplet
levels using a fluorescent lipophilic dye BODIPY 558/568 C,, as
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previously described (6). In control HFs HCMYV infection increased
lipid droplet levels significantly (Fig. 1E), as we have reported pre-
viously (6, 26). Interestingly, in HCM V-infected C9 cells lipid droplet
levels were equivalent to the levels in controls (Fig. 1E), indicating
that ACLY is not essential to maintain high levels of lipogenesis in
HCMV-infected cells. This finding is in agreement with there being
no effect on viral growth in the C9 cells (Fig. 1C) and was confirmed
by measuring levels of free fatty acids, which showed that control and
C9 HFs infected with HCMV showed equivalent increases in free
fatty acids (Fig. S34).

Taken together, these data suggest that HCMV growth and
virally induced lipogenesis can be maintained independently of
ACLY; thus an alternative means for producing cytosolic Ac-
CoA must be in play that can compensate for ACLY loss.

ACSS2-Dependent Utilization of Acetate for Lipogenesis Is Increased
in HCMV-Infected Cells and Is Needed for HCMV Growth and Lipid
Synthesis from Glucose. It has been shown that under nutrient-
restricted conditions cytosolic acetate can be used to synthesize
Ac-CoA by ACSS2, which is located in the cytoplasm and nu-
cleus (13, 27). Fig. 24 shows that HFs contain ACSS2 and that its
levels are maintained during HCMYV infection; additionally,
ACSS2 protein level was slightly increased in ACLY-KO C9 HFs
compared with control HFs (Fig. 1B). Fig. 2B shows that the
utilization of acetate carbon for lipogenesis is increased at least
threefold in HCMV-infected HFs, suggesting that ACSS2 is ac-
tivated in HCMV infected HFs.

To determine the role of ACSS2 in lipogenesis in HCMV-
infected cells, we created two ACSS2-KO HF lines, C3 and C11
(Fig. 34), using single-guide RNAs (sgRNAs) to ACSS2 with
CRISPR/Cas9 technology. In C3 and C11 HFs, no ACSS2 pro-
tein expression was detected (Fig. 34). PCR amplification and
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Fig. 2. Acetate utilization for lipogenesis is increased in HCMV-infected cells.
(A) ACSS2 protein levels in mock- and HCMV-infected cells were unchanged over
an infection time course. Whole-cell extracts from mock- and HCMV-infected
cells at 24, 48, and 72 hpi were analyzed by Western blot to determine the levels
of ACSS2. M, mock infection; V, HCMV infection. (B) Lipid synthesis from acetate
carbon is increased in HCMV-infected HFs. At 48 hpi, mock- and HCMV-infected
HFs were labeled with 1.0 pCi/mL [1, 2-'%C2]-acetate (~8.8 uM [1, 2-"*C2]-acetate)
in serum-free DMEM for 2 h. Then total lipids were extracted and counted in a
scintillation counter. Data are shown as the mean + SD of triplicates.

sequencing results showed that there was a significant deletion in
exon 1 of the ACSS2 gene in C3 HFs (Fig. S1 B and C), and a
single nucleotide guanine was inserted in the guide RNA tar-
geting region in exon 2 of the ACSS2 gene in C11 HFs (Fig.
S1D). In both C3 and C11 HFs, protein levels of ACLY were not
affected by ACSS2 knockout (Fig. 34). These ACSS2-KO cells
grew significantly more slowly than the control HFs and ACLY-
KO C9 cells (Fig. S2), suggesting that ACSS2 is important for
growth of HFs under normal tissue-culture conditions. It should

be noted that it was not possible to make viable cell lines with both
ACSS2 and ACLY knocked out. Thus, in the studies below in
which we tested the effects of both ACLY and ACSS2, we de-
pleted ACLY temporarily using an effective sShRNA (shACLY)
(Fig. 3B) in the ACSS2-KO cell lines. Control, C3, and C11 cells
were grown to confluency and infected with HCMV to test the
effect of ACSS2 knockout, plus or minus ACLY depletion, on
viral growth. Fig. 3C (white bars) shows that ACSS2 knockout in
C3 and C11 cells caused a 10- to 20-fold decrease in viral titer
at 96 h post infection (hpi). ACLY depletion in control HFs
expressing a single guide RNA specific for luciferase gene
(sgLUC) had little effect on titer, in agreement with the results
described above in ACLY-KO cells (Fig. 1C, gray bars). However,
ACLY depletion in ACSS2-KO C3 and C11 cells resulted in
an overall 100-fold decrease in viral titers (Fig. 3C, gray bars),
suggesting that ACLY activity becomes significant in the absence
of ACSS2. The corollary of this idea is that ACSS2 activity can
compensate for ACLY loss in HCMV-infected cells as measured
by viral titers (Figs. 1C and 3C).

For further confirmation that the reduction of viral titers in C3
and C11 HFs is caused by ACSS2 knockout, silent mutations
were introduced into His-tagged human ACSS2 cDNA to mutate
both guide RNA targeting sites (Fig. S44). A lentiviral vector
expressing His-ACSS2 was constructed using this His-tagged
sgACSS2-resistant ACSS2 cDNA (His-ACSS2-R) to infect con-
trol, C3, and C11 HFs (Fig. S4B). In HCMV-infected control
HFs, expression of His-ACSS2 had little effect on viral titer; in
HCMV-infected C3 and C11 HFs, the reduction of viral titers
was largely rescued by the expression of His-ACSS2 (Fig. S4C),
indicating that the reduction of viral growth in ACSS2-KO HFs
is caused specifically by the loss of ACSS2 expression.
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Knockout of ACSS2 reduces HCMV growth and virally induced lipogenesis in HFs. (A) Protein levels of ACSS2 in control and the ACSS2-KO HF cell lines C3

and C11. (B) Depletion of ACLY by shRNA in HFs. (C) HCMV viral titers at 96 hpi in control and the ACSS2-KO C3 and C11 cell lines treated with either shGFP or
shACLY. (D) HCMV viral protein expression in control and ACSS2-KO C3 and C11 cell lines at 72 hpi. (E) The ACSS2-KO cell lines C3 and C11 show reduced lipid
droplet levels in both mock and HCMV infection compared with control HFs. (F) Knockout of ACSS2 has a major effect on reducing lipid synthesis from glucose
carbon in mock- and HCMV-infected HFs, and further depletion of ACLY shows an additional minor effect. Control and the ACSS2-KO cell lines C3 and C11 were
depleted of ACLY using shACLY or were treated with shGFP followed by mock or HCMV infection at an MOI of 3. Lipid synthesis was assayed as described in
Materials and Methods. Data are expressed as the mean + SD of triplicates. The Student’s t test is paired with two-tailed distribution. *P > 0.1; **P < 0.05.

E1530 | www.pnas.org/cgi/doi/10.1073/pnas.1614268114

Vysochan et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614268114/-/DCSupplemental/pnas.201614268SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614268114/-/DCSupplemental/pnas.201614268SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614268114/-/DCSupplemental/pnas.201614268SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614268114/-/DCSupplemental/pnas.201614268SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614268114/-/DCSupplemental/pnas.201614268SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614268114/-/DCSupplemental/pnas.201614268SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614268114/-/DCSupplemental/pnas.201614268SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1614268114

L T

/

1\

=y

Examination of viral protein expression showed that an
immediate-early protein (IE86), an early protein (pp52), and two
late proteins (pp65 and pp28) all had similar levels in control
cells, ACSS2-KO cells, and ACSS2-KO/ACLY-depleted cells
(Fig. 3D). These data show that ACSS2 knockout and/or ACLY
depletion does not affect viral gene expression, suggesting that
the effect of ACSS2 knockout and ACLY depletion is on virion
maturation, where increased lipogenesis is required for mem-
brane formation, as we have shown in previous studies (6, 26).

In ACSS2-KO cells, acetate is no longer used for producing
cytosolic Ac-CoA and thereafter lipid synthesis; therefore ACSS2
knockout may result in the accumulation of high levels of acetate
that could be cytotoxic. Because acetate can be transported in and
out of cells by highly efficient transporters, such as monocarboxylate
transporter (MCT) 1 (28), we collected the cultured medium to
measure acetate levels by NMR spectroscopy. Fig. S54 shows a
representative NMR spectrum of acetate. Our tests showed that
200 uM of acetate was detected in the cultured growth medium of
control HFs and that the levels of acetate were increased only
slightly, to 250 pM, in the cultured growth medium of C3 and C11
HFs (Fig. S5B). We found that neither the proliferation of HFs nor
viral growth was affected in culture medium supplemented with this
level of acetate (Fig. S5 C and D), suggesting that the inhibition of
cell growth and viral replication by ACSS2 knockout is not caused
by the increase in acetate.

We next examined total cellular lipid levels by measuring lipid
droplets using the lipophilic dye BODIPY 558/568 C;, as de-
scribed in Fig. 1E. In agreement with Fig. 1E, HCMV infection
increased lipid droplet levels in control HFs compared with mock-
infected control HFs (Fig. 3E). However, lipid droplet levels were
lowered in both mock- and HCMV-infected C3 and C11 ACSS2-
KO cell lines (Fig. 3E). This lowering also was confirmed by levels
of free fatty acids in control and ACSS2-KO HFs (Fig. S3B). We
found that levels of free fatty acids were reduced only~20% in
mock-infected C3 and C11 HFs but were reduced by more than
40% in HCM V-infected C3 and C11 HFs compared with HCMV-
infected control HFs (Fig. S3B). These data suggest that total li-
pogenesis is decreased by the ACSS2 knockout in infected HFs.

We next examined the effect of ACSS2 knockout on the utili-
zation of glucose carbon for lipogenesis in mock-infected and in-
fected control, C3, and C11 cells. Fig. 3F (white bars) reiterated the
HCMV-mediated induction of glucose carbon utilization for lipo-
genesis (compare mock- and HCMV-infected control cells in Fig.
3F). However, in the C3 and C11 ACSS2-KO cells, the HCMV-
mediated induction was decreased at least 60%. This result suggests
that the ACSS2 reaction is a major means of using glucose for li-
pogenesis in infected cells. Interestingly, the utilization of glucose
carbon for lipogenesis was reduced nearly 50% in mock-infected C3
and C11 cells compared with mock-infected control HFs, suggesting
that glucose-derived acetate is used for Ac-CoA production and
lipogenesis in uninfected normal HFs.

In considering the effect of ACLY depletion (Fig. 3F, gray
bars), we observed that ACLY depletion reduced the HCMV-
mediated induction of lipid synthesis from glucose by only 10%
in the HCMV-infected control cells. This reduction is less than
that observed with the ACLY-KO cells (Fig. 1D) and may be the
result of incomplete shRNA depletion (Fig. 3B). However,
ACLY depletion in HCMV-infected C3 and Cl11 cells had a
noticeable effect, reducing lipid synthesis from glucose by 25—
40%. This finding again suggests that glucose carbon can be used
to produce cytosolic Ac-CoA by both ACLY and ACSS2 in in-
fected HFs, but the effects of ACLY are more apparent when
the dominant ACSS2 pathway is inoperative.

Acetate Can Be Produced from Pyruvate in Serum-Free Medium via
Rapid Nonenzymatic Reactions Involving Medium Components. The
sharp decline in lipid synthesis from glucose carbon in infected
ACSS2-KO cells suggests that acetate is produced from glucose

Vysochan et al.

metabolism in infected cells. Fig. 44 shows acetate production for
24-h periods through an infection time course. Confluent HFs
were serum starved for 24 h, followed by HCMV infection in
serum-free medium at a multiplicity of infection (MOI) of 3. At 2
hpi, both mock- and HCMV-infected cells were washed once with
serum-free medium. Cells were refed with fresh serum-free me-
dium at 0, 24, and 48 hpi, and the culture medium was collected
at 24, 48, and 72 hpi to measure acetate production during every
24-h period. In the period from 0-24 hpi, HCMV-infected cells
released slightly more acetate into the medium than did mock-
infected cells. During the 2448 and 48-72 hpi periods, less acetate
was released from HCMV-infected cells than from mock-
infected cells, suggesting a faster rate of intracellular consumption
of acetate for lipogenesis or other acetate-fixing reactions in
HCM V-infected cells (Fig. 44). Fig. 4B shows the effect of replacing
glucose with pyruvate in the culture medium. With pyruvate, ac-
etate production was increased in the 2448 hpi period, suggesting
that acetate is readily produced from pyruvate.

To investigate further how acetate is produced from pyruvate
metabolism, a metabolic labeling assay was designed to examine if
13C at the third carbon of pyruvate could be transferred to acetate
in cells labeled with a stable isotope tracer [3-'*C]-pyruvate (Fig.
5A). At 48 hpi, normal and infected HFs were labeled with serum-
free and glucose-free culture medium supplemented with 1 mM
[3-*CJ-pyruvate; then the cultured medium was collected at var-
ious times to measure [2-'*C]-acetate levels by NMR. Surprisingly,
we found that C-acetate was present at significant levels in the
control medium at 0 min incubation (Fig. 5B), indicating that >C-
acetate was generated from the pyruvate before the medium was
used for cell culture. Recent studies have shown that a low amount
of acetate can be detected in fresh serum-free culture medium by
a colorimetric assay (29). To determine whether acetate was being
derived from pyruvate in the culture medium, we measured ace-
tate levels in fresh serum-free medium using NMR. The level of
acetate detected in medium without glucose and pyruvate (Fig.
5C) was similar to that reported by Kamphorst et al. (30). How-
ever, the acetate level was more than doubled after addition of
pyruvate (Fig. 5C). These data suggest either that the pyruvate
preparation was contaminated with acetate or that acetate can be
derived from pyruvate in serum-free medium by a nonenzymatic
reaction. To resolve this question, we added the same amount of
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Fig. 4. Acetate production in HFs. (A) Acetate levels produced during 24-h
periods (0-24, 24-48, and 48-72 hpi) from mock- and HCMV-infected HFs.
Data are expressed as the mean + SEM of triplicates. (B) Replacing glucose
(Glc) with pyruvate (Pyr) in DMEM significantly increases acetate production
in both mock- and HCMV-infected HFs. In both cases acetate was quanti-
tated using NMR analysis. Data are expressed as the mean + SEM of tripli-
cates. See Materials and Methods for details.
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Fig. 5. Conversion of pyruvate to acetate in cell-culture medium. (A) Carbon atom transition map depicting labeling patterns of metabolites derived from [1, 6-'3C2]-
p-glucose. (B) Levels of 3C-labeled acetate in the culture medium from cells labeled with [3—13C]—pyruvate. At 48 hpi, mock- and HCMV-infected HFs were labeled with
medium containing 1 mM [3-"3C]-pyruvate but no glucose. Cultured medium was collected at 0, 10, 60, and 120 min to measure [2-'>Cl-acetate by NMR. Data are
shown as the mean + SEM of triplicates. (C) Acetate levels in fresh serum-free DMEM without glucose in the presence or absence of 1 mM pyruvate. '?C-acetate levels
were measured by NMR. Data are shown as the mean + SEM of triplicates. (D) [2-'3Cl-acetate is produced from [3—13C]—pyruvate added into fresh serum-free medium
without glucose. [3-'C]-Pyruvate was freshly added to water or serum-free DMEM without glucose, and the levels of [2-'3C]-acetate in water or serum-free medium
were measured directly by NMR without cell culture. [2-'*Cl-acetate is produced from [3-'*C]-pyruvate only in medium but not in water. Data are shown as the mean +
SEM of triplicates. (E) Levels of [2-"3Cl-acetate produced from mock- or HCMV-infected cells labeled with [1, 6—13C2]—D—glucose. At 24 hpi, mock- and HCMV-infected
cells were replaced with serum-free DMEM containing 5.6 mM [1, 6-*C2]-0-glucose; medium was collected at 48 hpi and analyzed for [2-'*C]-acetate levels. Data are
shown as the mean =+ SD of triplicates. (F) Levels of [3—13C]—pyruvate in the same media collected in E. Data are shown as the mean + SD of triplicates.

[3-*C]-pyruvate to water and to fresh, serum-free DMEM for
5 min at room temperature. Then the DMEM and water with [3-*C]-
pyruvate were frozen quickly on dry ice without the cell-culture
step and were stored at —80 °C before analysis. The '*C-acetate
levels then were measured by NMR. We found that *C-acetate
was derived from '*C-pyruvate only in the medium, not in water
(Fig. 5D), showing that the '*C-acetate was not a contaminant of
the '3C-pyruvate stock. These data suggest that medium compo-
nents catalyze a reaction to convert pyruvate to acetate.

The methyl group of pyruvate can come from C; or Cg of
glucose through glycolysis (Fig. 54) (30); thus acetate could be
produced from glucose-derived pyruvate. To test this possibility,
serum-free DMEM was supplemented with [1,6-'*C2]-p-glucose,
and cells were cultured in this medium for 24 h beginning at 24
hpi. The medium was collected at 48 hpi to measure '*C-acetate
levels. As expected, ~40 pM of 13C-acetate was produced from
mock-infected cells, and ~40% more '*C-acetate was produced
from HCMV-infected cells (Fig. 5SE). The increased '*C-acetate
production in infected cells correlated with the increased *C-
pyruvate caused by the high level of glycolysis in infected cells
(Fig. 5F). These data suggest that acetate can be produced di-
rectly from glucose-derived pyruvate in normal cells and that this
production is enhanced in HCMV-infected cells. It should be
noted that both pyruvate and acetate are metabolized rapidly in
infected cells; thus the steady-state levels shown in Fig. 5 E and F
may not represent the rate of synthesis accurately.

The results reported above suggest that acetate may be de-
rived from pyruvate by nonenzymatic means in serum-free me-
dium. Thus, we sought evidence that acetate could be produced
from glucose-derived pyruvate in both normal and infected cul-
tured cells. We postulated that increased levels of glucose-derived
pyruvate would result in increased acetate levels in cultured cells.
Therefore we debilitated the PDH complex (Fig. 14) in HFs using
shRNAs specific for the PDH subunit Ela or a control, shGFP
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(Fig. 64). PDH El is the rate-limiting multimeric subunit in the
PDH complex; depletion of its Ela subunit causes loss of activity
(31). As expected, PDH inactivation increased the levels of [3-°CJ-
pyruvate derived from [1,6-*C2]-p-glucose in both mock- and, to a
greater extent, HCMV-infected cells (Fig. 6B). Fig. 6C shows that
the increased levels of [3-"°C]-pyruvate resulted in increased levels of
[2-1*CJ-acetate. It is likely that the increased utilization of acetate in
infected cells results in the lower steady-state level in Fig. 6C. These
results suggest that glucose carbon can be used to synthesize acetate
via pyruvate in HFs and that this synthesis is increased in HCMV-
infected cells. Thus, HCMV may use the nonenzymatic mechanism
described in Fig. 5 or another, yet to be determined, mechanism.
Finally, Fig. 6D shows that the depletion of PDH Ela resulted in a
50% reduction in the utilization of glucose carbon for total lipid
synthesis in HCMV-infected cells. This is the same effect we noted
for the loss of ACLY activity (Fig. 1D) and was expected, because
ACLY is downstream of PDH. Unlike the loss of ACLY, which has
little effect on HCMV growth (Figs. 1C and 3C), we found that viral
titer was reduced 10- to 40-fold in HFs depleted of PDH Ela (Fig.
6F). Recent studies have shown that the depletion of PDH Ela not
only reduces the intracellular abundance of citrate but also reduces
the production of mitochondrial acetyl-CoA for the TCA cycle,
resulting in the disruption of central carbon metabolism and energy
production in the mitochondria (31). PDH Ela-deficient cells are
much more vulnerable to glutamine deprivation and are more reliant
on extracellular lipids (31, 32); thus it is reasonable that the depletion
of PDH Ela profoundly impacts cellular metabolism and limits
viral growth.

Discussion

Ac-CoA is a key metabolic intermediate for bioenergetics and
anabolic function. It is a central precursor for lipid synthesis, a
precursor of anabolic reactions, an allosteric regulator of enzy-
matic activities, a key determinant of protein acetylation, including
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Fig. 6. Acetate production and lipid synthesis from glucose in HFs depleted of PDH. (A) Depletion of PDH E1a in mock- and HCMV-infected HFs using two
different shRNAs, shE1a #A and #B. (B and C) Depletion of PDH increased the accumulation of pyruvate and acetate derived from glucose in mock- and
HCMV-infected HFs. HFs were treated with shGFP (control) or shE1a for 3 d, followed by serum starvation for 1 d. Cells then were mock or HCMV infected in
serum-free DMEM. At 24 hpi the cells were labeled with 5.6 mM [1, 6-'2C2]-p-glucose in serum-free DMEM. At 48 hpi the medium was collected for NMR
quantitation of [3-'*C]-pyruvate (B) and [2-'3C]-acetate (C). Data are shown as the mean + SD of triplicates. (D) Lipid synthesis from glucose carbon in mock-
and HCMV-infected HFs depleted of PDH E1a. HFs were treated with shGFP or shE1a as described, and lipid synthesis from [U-'C]-p-glucose was measured in
mock- and HCMV-infected cells as described in Fig. 1D. Data are shown as the mean + SD of triplicates. (E) HCMV viral titers at 72 and 96 hpi in HFs treated

with shGFP or shE1a as described in A.

histone acetylation, to regulate gene expression, and the sole donor
of the acetyl groups for the neurotransmitter, acetylcholine (10). In
mammalian cells, the cytosolic pool of Ac-CoA for lipid synthesis is
made by ACLY and ACSS2 (13). In the presence of abundant
nutrients, cells produce cytosolic Ac-CoA predominantly by
converting mitochondria-derived citrate via the ACLY-mediated
reaction (Fig. 14); however, under nutrient-restricted conditions
such as fasting or starvation, cytosolic Ac-CoA can be made from
acetate by ACSS2 (33). It has been suggested that under normal
conditions ACSS2 remains inactive, and the utilization of acetate
carbon is low even if it is available (34). Under fasting conditions,
caloric restriction signals the activation of the sirtuin (SIRT) family
of NAD"-dependent protein deacetylase to switch to fasting me-
tabolism, resulting in decreased glucose utilization and increased
utilization of other carbon sources, particularly acetate (35, 36).
Some key changes in this switch are the deacetylation and acti-
vation of ACSS1 and ACSS2 by SIRT3 and SIRT1, respectively,
resulting in the conversion of acetate to Ac-CoA by ACSS2 for
lipid synthesis in the cytoplasm or by ACSS1 for entering the TCA
cycle in the mitochondria (34, 37, 38).

Our studies show that loss of the utilization of citrate for Ac-
CoA synthesis via the ACLY reaction has little effect on lipid
synthesis and viral growth in HCMV-infected cells; the loss of
ACLY can be completely compensated by acetate and the
ACSS2 pathway, suggesting that HCMV infection may induce a
fasting-like state of metabolic stress. As in HCM V-infected cells,
lipogenesis is required in cancer cells to maintain proliferation.
Interestingly, lipogenesis from glucose carbon in cancer cells is
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only slightly reduced by ACLY depletion (12). Further, recent
studies have shown that in cancer cells the nutrient utilization is
shifted significantly to acetate under metabolic-stress conditions,
such as hypoxia, and the ACSS2 pathway is a major means of Ac-
CoA synthesis to support lipogenesis under these conditions (15,
29). In this regard our previous studies have shown that HCMV
infection is not altered significantly by metabolic stress such as
hypoxia (39). Hence it appears that both HCMV infection and
oncogenesis invoke the production of Ac-CoA from acetate via
ACSS2 to promote lipogenesis.

A question that arises is the source of the acetate, especially in
tissue culture, because acetate is not a component of tissue
culture medium formulations. However, recent studies have
shown that a low amount of acetate can be detected in fresh
serum-free medium (29). Additionally, it has been proposed
previously that pyruvate can be decomposed to acetate in sterile
culture medium stored at 5 °C (40). In agreement, our studies
show that in fresh, serum-free DMEM acetate can be derived
from pyruvate. It is very unlikely that the 3C-acetate detected
comes from the contamination of metabolic tracers used in our
labeling experiments: The supply of '*C-acetate will be limited if
it is a contamination, and therefore the level of '*C-acetate from
HCMV-infected HFs should not be higher than that from mock-
infected HFs, as shown in Fig. 5 B and E; instead, much less B¢
acetate should be detected in HCMV-infected HFs because of
their much faster utilization of acetate. Thus, and because the
same conversion does not occur in water, the conversion from
3C-pyruvate to *C-acetate apparently is catalyzed by medium
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components. For further confirmation of this idea, we tested the
purity of [1,6-*C2]-p-glucose and [3-*C]-pyruvate. A stock solu-
tion of 5.6 mM [1,6-*C2]-p-glucose dissolved in deuterated NMR
solvent DMSO (DMSO-D6) was measured by NMR. No detect-
able *C-acetate was found in *C-glucose (Fig. S6A4). Althou%h a
trace amount of [2-'*Cl-acetate was detected in 1 mM [3-°C]-
@rruvate stock solution in DMSO-D6, it was 175-fold less than

C-pyruvate (Fig. S6B). This amount of [12-13C]-acetate is ap-
proximately one-seventh to 1/13th of the [2-'°C]-acetate detected
in medium (Fig. 5 B and D); therefore, it should not be considered
the major source of the *C-acetate detected in medium.

Our data showed that the great majority of pyruvate in the
cultured medium is generated intracellularly from glucose in
both mock- and HCMV-infected HFs (Fig. S74) and that in-
fected HFs produced much higher levels of extracellular pyru-
vate than uninfected HFs (Fig. S7B). Because pyruvate can cross
the cell membrane bidirectionally through facilitated transport
by MCTs (41), it is reasonable that infected HFs would have
higher levels of intracellular pyruvate than uninfected HFs. Our
results showed that the intracellular level of pyruvate was in-
creased in HFs infected with HCMV Towne strain (Fig. S7C).
Further, in theory, every medium component should be present
within cells. Therefore, the extracellular reaction that converts
pyruvate to acetate very likely also happens intracellularly. Un-
der in vitro culture conditions, and presumably in vivo, this re-
action would allow glucose carbon to be converted to acetate via
the glycolytic production of pyruvate. Thereafter the glucose-
derived acetate would be converted to Ac-CoA by ACSS2.

In addition, there are many other sources of acetate within cells
(e.g., the deacetylation of histones and other acetylated proteins)
and within the body (e.g., circulating acetate from sources such as
the gut microbiota). In the experiment of '*C-glucose labeling
shown in Fig. SE, we found that acetate produced from glucose
carbon was only 40% of total acetate released from uninfected
HFs, but in HCM V-infected cells, this level was increased to 60%
(Fig. S7D), although almost 90% of pyruvate was made from
glucose in both mock- and HCMV-infected HFs (Fig. S74). These
data suggest that multiple mechanisms function to generate ace-
tate and that HCMYV infection can enhance acetate production
from glucose. These multiple sources may provide an abundant
supply of acetate, making the acetate/ACSS2 pathway the pre-
ferred means of Ac-CoA production to support lipogenesis in
cancer cells and HCM V-infected cells.

Studies from several laboratories have indicated that pyruvate
has antioxidant capacity to prevent oxidant-induced apoptosis in
mammalian cells (42-45). A more recent NMR study has shown
that reaction of sodium pyruvate with hydrogen peroxide gener-
ates acetate, CO, and H,O (46). Reactive oxygen species (ROS)
are natural byproducts generated from normal metabolic activities
(47). Cellular ROS needs to be tightly controlled; otherwise high
ROS levels may result in significant damage to cell structures,
including DNA damage, lipid peroxidation, oxidations of amino
acids in proteins, deactivation of specific enzymes by oxidation of
cofactors, and others, to induce apoptosis (48). Previously, our
laboratory has shown that HCMV can activate multiple means of
protecting cells from ROS stress to favor its efficient replication
(49). It is possible that increased glycolysis and pyruvate produc-
tion is another mean used by HCMV for protection from ROS
stress and to ensure the success of infection.

Materials and Methods

Cells, Viruses, and Reagents. Primary and life-extended human foreskin fi-
broblasts (HFs) (50) were propagated and maintained in DMEM supple-
mented with 10% (vol/vol) FCS, 100 U/mL penicillin, 100 ug/mL streptomycin,
and 2 mM GlutaMAX (all reagents were obtained from Invitrogen). For
isotope labeling and nutrient experiments, the base DMEM lacking glucose,
glutamine, and pyruvate (D5030; Sigma) was used. The D5030 medium was
supplemented with antibiotics, 4 mM glutamine, and 5.6 mM glucose or

E1534 | www.pnas.org/cgi/doi/10.1073/pnas.1614268114

1 mM pyruvate, as needed. For metabolic labeling experiments, [1, 6-'3C2]-p-
glucose (CLM-2717; Cambridge Isotope Laboratories) and [3-'3C]-pyruvate
(CLM-1575; Cambridge Isotope Laboratories) were used to replace glucose in
D5030 medium. For the lipid synthesis assay, [U-'*C]-p-glucose and [1, 2-'%C2]-
acetate were purchased from Moravek Biochemicals.

The following antibodies were used to detect proteins by Western bolt
analysis: anti-actin (MAB1501; Chemicon), anti-ACLY (15421-1-AP; Proteintech
Group), anti-ACSS2 (3658; Cell Signaling Technology), anti-PDH E1a (ab110330;
Abcam), anti-pp28 (sc-56975; Santa Cruz), anti-pp52 (sc-69744; Santa Cruz),
anti-pp65 (sc-52401; Santa Cruz), and anti-ex2/3 (antibody against IE72 and
1E86) (51).

HCMV (Towne strain) stocks with or without the cassette expressing GFP
were prepared and purified as previously described (39). All HCMV experiments
were performed in serum-starved HFs by infection with HCMV Towne at an
MOI of 3. The viral growth assay was performed as previously described (26).

Cloning of ACLY- and ACSS2-KO HF Cells Using CRISPR/Cas9 Technology. sgRNA
sequences specific for the human genes ACLY and ACSS2 were cloned into
LentiCRISPR-v2 (52, 53), a lentiviral vector coexpressing a mammalian codon-
optimized Cas9 nuclease along with an sgRNA. An sgRNA sequence specific
for the firefly luciferase gene was also used to make control HFs. Sequence
information for sgRNAs is listed in Table S1. Lentiviruses expressing Cas9 and
sgRNAs were produced in 293T cells and were used to transduce HFs.
Transduced HFs were diluted and seeded at one or two cells per well in 96-
well plates which were overlaid with ~200 nontransduced HFs per well. HFs
were cultured in normal medium for ~7-10 d until 90% confluence, fol-
lowed by culturing in selection medium containing 1.0 pg/mL puromycin.
Puromycin-resistant HF clones were analyzed by Western blot. Gene modi-
fication by CRISPR was verified by PCR and the sequencing of targeting
genomic regions using primers listed in Table S2. Genetically validated HF
clones were used for further lipid synthesis and viral growth assays.

shRNA Depletion Experiments. Lentiviral vectors expressing shGFP, shACLY
(TRCN0000078285), shEla-A (TRCN0000028582 + TRCN0000028627), and
shE1a-B (TRCN0000028627 + TRCN0000028630) were made as described
previously (54). Subconfluent HFs were infected with lentiviral vectors in the
presence of 8 ug/mL polybrene (Sigma) for 2 h, followed by replacement
with fresh complete DMEM medium. After culture for another 3 d in fresh
medium, cells were serum-starved for 1 d and then were infected with
HCMV (at an MOI of 3) in serum-free DMEM for the designed assays.

Lipid Synthesis Assay. Total lipid synthesis from glucose or acetate carbon was
measured by labeling HFs with [1, 2-'C2]-acetate or [U-'*C]-p-glucose.
Briefly, at 48 hpi mock- and HCMV-infected HFs were labeled with 1.0 pCi/mL
[U-"%C]-p-glucose for 24 h in serum-free D5030 medium supplemented with
5.6 mM glucose and 4 mM glutamine. For acetate utilization in lipid syn-
thesis, the mock-infected or infected HFs were labeled with 1.0 pCi/mL
[1, 2-'%C2]-acetate in DMEM for 2 h. After either glucose or acetate labeling,
total lipids were extracted and counted in a scintillation counter (Beckman
Coulter) as described previously (6). P values were determined by the
Student’s paired t test with two-tailed distribution.

Lipid Droplet Staining. Cellular lipid droplets were stained with BODIPY 558/568
Cy2 [4,4-difloro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid]
(Molecular Probes) as previously described (6). Briefly, the cells in 35-mm dishes
were incubated with 10 pg/mL BODIPY 558/568 C,, for 45 min at 37 °C in
serum-free DMEM. The cells were washed once with serum-free DMEM and
refed with fresh DMEM for a further incubation of 45-60 min at 37 °C. Then
the cells were fixed with 4% (wt/vol) paraformaldehyde for 30 min at room
temperature, washed with PBS, and mounted using VECTASHIELD containing
DAPI. The images were captured at the same microscopy exposure setting.

NMR Spectroscopy. All NMR spectra were acquired using a Bruker Avance llI
HD NMR spectrometer equipped with a triple-resonance inverse (TXI) 3-mm
probe (Bruker BioSpin). To ensure high throughput, a Bruker SampleJet was
used for sample handling. For all 1D NMR spectra, the pulse program took the
shape of the first transient of a 2D NOESY and generally of the form RD-90-t-
90-t,-90-ACQ (55), where RD = relaxation delay, t = small time delay be-
tween pulses, t,, = mixing time, and ACQ = acquisition. The water signal was
saturated using continuous irradiation during the relaxation delay and
mixing time. The spectra were acquired using 76,000 data points and a
spectral width of 14 ppm. Sixty-four scans were performed with a 1-s
interscan (relaxation) delay, and 0.1-s mixing time was allowed. The free
induction decays (FIDs) were zero filled to 128,000; 0.1 Hz of linear broadening
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was applied followed by Fourier transformation and baseline and phase
correction using an automated program provided by Bruker BioSpin.

To prepare samples for NMR, 180 uL of sample was added to 20 pL of 4,4-

Dimethyl-4-silapentane-1-sulfonic acid (DSS) (Cambridge Isotope Laborato-
ries) so that the final concentration of DSS was ~0.25 mM. These samples
were transferred into 3-mm Samplelet rack NMR tubes (Bruker BioSpin).
The acetate signal was profiled from the spectra using Chenomx v. 8.0 (56).
For experiments involving no '>C-labeled precursor, the acetate signal at
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