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ABSTRACT We found earlier that ectopic expression of the cytidine deaminase
APOBEC3G (A3G) in Vero cells inhibits measles virus (MV), respiratory syncytial virus, and
mumps virus, while the mechanism of inhibition remained unclear. A microarray analysis
revealed that in A3G-transduced Vero cells, several cellular transcripts were differentially
expressed, suggesting that A3G regulates the expression of host factors. One of the
most upregulated host cell factors, REDD1 (regulated in development and DNA damage
response-1, also called DDIT4), reduced MV replication �10-fold upon overexpression in
Vero cells. REDD1 is an endogenous inhibitor of mTORC1 (mammalian target of rapamy-
cin complex-1), the central regulator of cellular metabolism. Interestingly, rapamycin re-
duced the MV replication similarly to REDD1 overexpression, while the combination of
both did not lead to further inhibition, suggesting that the same pathway is affected.
REDD1 silencing in A3G-expressing Vero cells abolished the inhibitory effect of A3G. In
addition, silencing of A3G led to reduced REDD1 expression, confirming that its expres-
sion is regulated by A3G. In primary human peripheral blood lymphocytes (PBL), expres-
sion of A3G and REDD1 was found to be stimulated by phytohemagglutinin (PHA)
and interleukin-2. Small interfering RNA (siRNA)-mediated depletion of A3G in PHA-
stimulated PBL reduced REDD1 expression and increased viral titers, which corroborates
our findings in Vero cells. Silencing of REDD1 also increased viral titers, confirming the
antiviral role of REDD1. Finally, pharmacological inhibition of mTORC1 by rapamycin in
PHA-stimulated PBL reduced viral replication to the level found in unstimulated lympho-
cytes, indicating that mTORC1 activity supports MV replication as a proviral host factor.

IMPORTANCE Knowledge about host factors supporting or restricting virus replica-
tion is required for a deeper understanding of virus-cell interactions and may eventually
provide the basis for therapeutic intervention. This work was undertaken predominantly
to explain the mechanism of A3G-mediated inhibition of MV, a negative-strand RNA vi-
rus that is not affected by the deaminase activity of A3G acting on single-stranded
DNA. We found that A3G regulates the expression of several cellular proteins, which
influences the capacity of the host cell to replicate MV. One of these, REDD1, which
modulates the cellular metabolism in a central position by regulating the kinase
complex mTORC1, was identified as the major cellular factor impairing MV replica-
tion. These findings show interesting aspects of the function of A3G and the depen-
dence of the MV replication on the metabolic state of the cell. Interestingly, pharma-
cological inhibition of mTORC1 can be utilized to inhibit MV replication in Vero cells
and primary human peripheral blood lymphocytes.
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As a cytokine (predominantly type I interferon and interleukin-2 [IL-2])-induced gene
product, APOBEC3G (apolipoprotein B mRNA-editing enzyme-catalytic polypeptide

3G) (A3G) is part of the antiviral innate immune and stress response (1–6). The antiviral
effects of A3G, based on its deaminase activity acting on single-stranded DNA (ssDNA)
as found during the replication of retroviruses, and its RNA-binding capacity have been
extensively investigated (7–16). In addition, A3G interacts with a number of proteins
that regulate cellular RNA metabolism and can assemble into large RNP complexes
present in cytoplasmic microdomains that are associated with RNA regulation, such as
P bodies, stress granules, Staufen-containing RNA granules, or Ro-RNPs (17–20). P
bodies containing mRNA-protein complexes are constitutively present in eukaryotic
cells, but their size and number increase during translational arrest (21). Included
proteins are involved in decapping, exonuclease activities, deadenylation, microRNA-
mediated silencing, and mRNA degradation and thus regulate gene expression (21–24),
and a number of viruses have developed mechanisms to prevent these activities
(25–27). Interestingly, the induction of stress granules and P bodies is associated with
inhibition of mTORC1 signaling, reduction of protein synthesis, and induction of
autophagy (28–31). One of the endogenous inhibitors of mTORC activity is REDD1/
DDIT4 (regulated in development and DNA damage response-1, also called DDIT4 [DNA
damage-inducible transcript 4]). REDD1 disrupts the interaction of the sensor tuberous
sclerosis complex (TSC1/2) with 14-3-3 proteins, and activates the small GTPase Rheb,
which in its GTP-bound form interacts with and activates mTORC1 (32–35).

We found earlier that MV replication is reduced by more than 90% in Vero cells
ectopically expressing A3G (36). A3G reduced viral transcription and protein expression,
but the typical A3G-specific hypermutations by RNA editing have not been detected
(36). These findings suggested that A3G could alter the expression of host factors
influencing the viral replication. We therefore compared the gene expression profiles of
A3G-expressing and -nonexpressing Vero cells and found that the expression of several
cellular genes was altered by A3G, of which REDD1 exerted a significant antiviral
activity. In primary human peripheral blood lymphocytes (PBL), the expression of A3G
and REDD1 is simultaneously stimulated by phytohemagglutinin (PHA) and IL-2, and
A3G silencing led to a reduction of REDD1 expression and an increase of viral titers.
Furthermore, REDD1 silencing also led to increased viral titers, confirming its antiviral
activity also in primary lymphocytes.

RESULTS
Comparison of gene expression in A3G-expressing and -nonexpressing Vero

cells by microarray analysis. In order to define the basis of the antiviral activity of A3G
in Vero cells, we used a Gene Chip rhesus macaque genome array (Affymetrix) with
�47,000 transcripts to compare the gene expression in cells transduced with an
A3G-expressing vector (Vero-A3G) with that in cells transduced with a control vector
(Vero-023) (17). Total RNA from these cells in two independent experiments was
extracted, quality controlled, and processed for hybridization to microarray gene chips.
A total of 844 transcripts were significantly upregulated, and 598 were downregulated
(adjusted P values of �0.05) (see Table S1 in the supplemental material). Of these
transcripts, 19 were upregulated and 23 were downregulated by a factor of �2 (Fig. 1A
to C), and 11 of these transcripts were upregulated annotated gene products and 9
were downregulated annotated gene products (Fig. 1D).

For further investigations, we selected genes/gene products that may be considered
candidates for intracellular host factors affecting viral replication. We excluded IL-1�

and -� as cytokines with well-known effects, ADRB2, which is linked to various physi-
ological responses such as smooth muscle relaxation and the proliferation of cells, and
SPINK5 and -6, which are multidomain serine protease inhibitors in stratified epithelial
tissue, and we selected the A3G-downregulated gene products PRDX2, MOSC2, ACY1,
and TXNIP and the upregulated gene product REDD1 for further study. The expression
of corresponding mRNAs and proteins in Vero-023 and Vero-A3G cells was verified by
reverse transcription-PCR (RT-PCR) and Western blotting (Fig. 1E and F, respectively).
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Semiquantitative RT-PCR performed with total RNA templates (from dilutions of RNA; 4,
2, 1, and 0.5 �g) supported the results obtained by microarray analysis (Fig. 1E) (PRDX1
was used as an unaffected control). Western blotting was performed to quantify the
protein expression of REDD1, KDELR2, MOSC2, ACY1, and PRDX2 (Fig. 1F), while TXNIP
was not detected with the available antibodies. Upregulation of REDD1 and KDELR2
expression and downregulation of MOSC2 and ACY1 expression in A3G-expressing
Vero cells were confirmed on the protein level.

FIG 1 Microarray analysis reveals A3G-upregulated and -downregulated genes. (A) Box plots of log2 values for quantile-quantile normalized probe signal
intensities. Total RNA was isolated independently two times each from control Vero-023 cells and A3G-expressing Vero (Vero-A3G) cells and labeled. Bars 1 and
3, RNAs from Vero-023 control cells; bars 2 and 4, RNAs from Vero-A3G cells. The probes were hybridized to Gene Chip rhesus macaque genome arrays
(Affymetrix) according to the manufacturer’s instructions. (B) MA plot (intensity log2 fold change [M] plotted against the average log2 intensity [A]) for the
comparison between treated and untreated cells. Mean intensities of both groups (x axis) were plotted against log2 fold change (y axis). Blue circles around
dots show the first 15 genes with the lowest P values. (C) Numbers of all probe sets, of significantly (adjusted P values of �0.05) up- and downregulated probe
sets, and of more than 2-fold-up- and downregulated probe sets. (D) List of the best up- and downregulated genes, with the alteration (ratio) of transcript
expression and significance (adjusted P values) as determined by the four microarrays. (E) Total RNA was isolated from control (Vero-023) and A3G-expressing
(Vero-A3G) cells. Four amounts of RNA (4, 2, 1, and 0.5 �g) were reverse transcribed into cDNA. Four microliters of each of cDNA product was amplified by PCR
and analyzed on 1% agarose gels. (F) Protein lysates of Vero-023 and Vero-A3G cells were separated by 10% SDS-PAGE, blotted to nitrocellulose, incubated with
antibodies to REDD1, KDELR2, MOSC2, ACY1, and PRDX2 (and GAPDH as a control), and visualized using the ECL system. Quantifications of the Western blots
normalized to the value for Vero-023 cells are shown below each blot.
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Analysis of potential antiviral effects of selected downregulated genes by
shRNA-mediated knockdown. In order to assess the functions of these genes indi-
vidually, we silenced them by transduction of Vero-023 cells with specific short hairpin
RNA (shRNA)-expressing vectors. We selected three shRNA sequences for each gene
and cloned the corresponding palindromic DNA sequences in DsRed-expressing lenti-
viral vectors to obtain shRNA-expressing cells. Transduced Vero-023 cells were enriched
by fluorescence-activated cell sorting (FACS) for DsRed expression in order to achieve
cell lines highly expressing shRNA. Representative results are shown in Fig. 2A. The
functionality of the expressed shRNAs was then analyzed by semiquantitative RT-PCR.
The most active shRNAs (Fig. 2B) were chosen for further experiments. In order to
determine the effects of the silencing of single genes on measles virus (MV) replication,
transduced cells were infected with recombinant MV strain Edmonston expressing
enhanced green fluorescent protein (MV-eGFP) for 2 days at a multiplicity of infection
(MOI) of 0.1. The virus yields in Vero-023, Vero-A3G, and Vero-023 cells transduced with
ACY1sh1, MOSC2sh3, PRDX2sh1, and TXNIPsh4 shRNAs were determined by plaque
assay (Fig. 2C). Unexpectedly, silencing of ACY1, PRDX2, and TXNIP did not impair virus
replication but rather showed a tendency to increase viral titers (Fig. 2C, bars 4, 6, and
7). Knockdown of MOSC2 led to a moderately reduced viral titer in comparison to the
strong effect of A3G (Fig. 2C, compare bars 2 and 5).

Antiviral activity of the upregulated protein REDD1 in Vero cells. Among the
upregulated gene products, we more closely investigated the most upregulated (3.5-
fold [Fig. 1D]) intracellular protein, REDD1. Interestingly, it has been described earlier
that REDD1 has inhibitory effects on the infection of cells with influenza virus and
vesicular stomatitis virus (VSV) (37). In order to quantify the effects of this factor on MV
replication, we prepared Vero cells transduced with a REDD1-expressing lentiviral

FIG 2 Functional characterization of A3G-downregulated genes. (A) Vero-023 cells were transduced with lentiviral
vectors expressing shRNAs against ACY1, MOSC2, PRDX2, and TXNIP, and the transduction efficiency was confirmed
by detection of vector-mediated DsRed expression by flow cytometry. (B) The shRNA-mediated knockdown was
confirmed at the RNA level by RT-PCR. Total RNAs from transduced cells and Vero-023 control cells were prepared,
and four amounts of RNA (4, 2, 1, and 0.5 �g) were reverse transcribed into cDNA. Four microliters of each of cDNA
product was amplified by PCR. (C) Vero-023, Vero-A3G, and shRNA-transduced Vero-023 cells (as indicated) were
infected with MV-eGFP at an MOI of 0.1, and viral titers produced by infected cultures were determined after 48 h. Data
from three independent experiments were normalized to values for Vero-023 cells and are presented as percent-
ages of control values (n � 3). Virus titers were significantly reduced in A3G-expressing cells (bar 2) and in MOSC2
shRNA-expressing cells (bar 5) compared to those in Vero-023 cells (*, P � 0.05; **, P � 0.01 [Student’s t test]).
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vector, Vero-A3G cells transduced with a REDD1-specific shRNA-expressing vector, and
control cells expressing nontargeted scrambled shRNA. Transduced Vero-A3G cells
were enriched by FACS for DsRed expression (as in Fig. 2A; not shown). The expression
of REDD1 in these cells was controlled by Western blotting (Fig. 3A, lane 3 and 4) and
compared to the REDD1 expression in Vero-023 and Vero-A3G cells (Fig. 3A, lanes 1 and

FIG 3 REDD1 expression and effects on MV replication. (A) The protein expression of REDD1 was assessed
by Western blotting. Lysates of Vero-023 cells (lane 1), Vero-A3G cells (lane 2), REDD1 (F6gW-REDD1-
Myc-DDK-tag)-transduced Vero (Vero-REDD1) cells (lane 3), and REDD1sh2-transduced Vero-A3G
(REDD1sh2) cells (lane 4) were prepared, separated using 10% SDS-PAGE, and blotted on nitrocellulose,
and the proteins were visualized with specific antibodies and the ECL system. (B) Vero-023 cells,
Vero-A3G cells, Vero-REDD1 cells, Vero-A3G cells transduced with REDD1-specific shRNA-expressing
vector (A3G-REDD1sh2), Vero-A3G cells transduced with nontargeted scrambled shRNA-expressing
vector (A3G-SCRsh), Vero-023 cells transduced with nontargeted scrambled shRNA expressing vector
(Vero-023-SCRsh), Vero-A3G cells transfected with A3G-specific siRNA, and Vero-A3G cells transfected
with scrambled unspecific siRNA were infected with MV-eGFP at an MOI of 0.1 for 48 h. Representative
photomicrographs of the eGFP fluorescence were taken to visualize the syncytium formation (magnifi-
cation �100; size bar, 150 �m). (C) Viral titers produced by these infected cells as indicated were
determined 48 h after infection with MV. Mean viral titers from three independent experiments are
shown (n � 3). Significances were calculated using Student’s t test (**, P � 0.01). (D) Protein expression
of A3G, GAPDH, and REDD1 in Vero-023 cells (lane 1), Vero-A3G cells (lane 2), Vero-A3G cells transfected
with A3G-specific siRNA (lane 3), and Vero-A3G cells transfected with scrambled unspecific siRNA (lane
4) was determined by Western blotting.
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2). When these cells were infected with the eGFP-expressing MV, the infection-induced
syncytium formation was reduced by the ectopic expression of REDD1 to an extent
similar to that observed in the presence of A3G (Fig. 3B). Furthermore, when Vero-A3G
cells were transduced with the REDD1 shRNA-expressing vector, the inhibitory effect of
A3G on the syncytium formation was abolished. Scrambled shRNA had no effect on the
virus-induced syncytium formation. Transfection of Vero-A3G cells with small interfer-
ing RNA (siRNA) targeting A3G had an effect similar to that of transduction with the
REDD1 shRNA-expressing vector (Fig. 3B).

In order to analyze the effect of REDD1 on MV replication, we quantified newly
synthesized MV in these REDD1-expressing and -nonexpressing Vero cells. The produc-
tion of infectious MV in REDD1-expressing Vero cells compared to that in Vero-023
control cells (Fig. 3C, bar 1) was efficiently reduced, by 91.2% (Fig. 3C, bar 3), similarly
to what was found in the presence of A3G, which reduced MV production by 97.7% (Fig.
3C, bar 2). In REDD1 shRNA-expressing cells, MV replicated as well as in Vero-023
control cells (Fig. 3C, bar 4). Control transductions with nontargeted scrambled shRNAs
did not affect virus production in comparison to that in the corresponding parental cell
lines (Fig. 3C, bars 5 and 6). Thus, REDD1 inhibited the MV replication almost as
efficiently as A3G.

To demonstrate that A3G expression regulates REDD1 expression as suggested by
the microarray findings (Fig. 1), we transfected Vero-A3G cells with A3G-specific siRNA
and analyzed the A3G and REDD1 expression by Western blotting (Fig. 3D). A3G-
specific siRNA not only reduced the protein expression of A3G but also was associated
with a reduction of REDD1 expression (Fig. 3D, lane 3), confirming that REDD1 expres-
sion is regulated by A3G in Vero cells.

REDD1 exerts its antiviral effect via inhibition of mTORC1. Next, we analyzed
whether the observed REDD1 effect may be mediated by inhibition of mTORC1 activity.
For this purpose, MV-infected cells were treated with the mTORC1 inhibitor rapamycin
throughout the incubation period. Rapamycin strongly inhibited MV replication in a
dose-dependent manner in Vero-023 cells (Fig. 4A, bars 1 to 4). In contrast, when
REDD1-expressing Vero cells were treated with rapamycin, no additive effect on the
virus titer was detected (Fig. 4A, bars 5 to 8), suggesting that REDD1 and rapamycin act
on the same pathway to exert their antiviral activity.

To further demonstrate A3G and REDD1 effects on the mTORC1 activity, we quan-
tified the phosphorylation of S6K, a downstream target of mTORC1. In comparison to
that in Vero-023 cells (Fig. 4B, lane 1), the levels of phospho-S6K in Vero-A3G (lane 3)
and Vero-REDD1 (lane 5) cells were reduced by approximately 50% and 80%, respec-
tively. Addition of rapamycin further reduced the level of phosphorylated S6K in Vero-A3G
cells but not significantly in Vero-REDD1 cells. Our studies revealed that ectopic A3G as well
as REDD1 expression led to a strong reduction of mTORC1 signaling. Since mTORC1
signaling may influence the proliferation of the cells, we determined proliferation rates of
A3G- and REDD1-expressing cells in comparison to Vero-023 cells. Cells were stained
with the cell proliferation dye eFluor 670, and the percentage of cells with reduced
signal intensity due to cell division was measured by flow cytometry after 48 and 72 h
(Fig. 4C). The proliferation of the Vero-A3G and Vero-REDD1 cells was moderately
reduced at 48 h but was similar to that of Vero-023 cells at 72 h in culture, indicating
that there is no major effect on the proliferative capacity of the Vero cells.

Antiviral activity of A3G and effect on REDD1 expression in primary human
PBL. A3G and REDD1 proteins are expressed at a low level in unstimulated primary
human PBL, and the level is increased 2- to 3-fold by PHA and IL-2 treatment (Fig. 5A).
A comparison of the A3G expression in Vero-A3G cells with that in IL-2-stimulated PBL
revealed that A3G levels in PBL reach approximately 40% of the levels in Vero-A3G cells
(Fig. 5B).

To further investigate the effect of A3G on MV replication in primary human PBL, PBL
were transfected (electroporated) with A3G-specific and nontargeted (NT) siRNAs, and
newly synthesized MV was titrated in unstimulated, PHA-stimulated, and IL-2-
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stimulated PBL (Fig. 6). MV replication in unstimulated PBL is generally low and varies
considerably among blood donors. PHA and IL-2 stimulation increased the obtained
viral titers by approximately 1 log in comparison to that in unstimulated cells. Further-
more, MV replication in PHA-stimulated PBL was found to be significantly better after
A3G siRNA transfection than after nontargeted control siRNA transfection, indicating
that A3G reduces MV titers (Fig. 6A). A tendency toward similar results, which were not
significant due to large variations between individual blood donors, was found in
IL-2-stimulated transfected PBL.

FIG 4 Inhibition of MV replication by rapamycin and A3G and REDD1 effects on mTORC1 activity and
proliferation of cells. (A) Vero-023 and REDD1-transduced Vero-023 (Vero-REDD1) cells were infected with
MV-eGFP in the absence and presence of increasing concentrations of rapamycin as indicated. Viral titers
were determined 48 h after infection of cells with MV at an MOI of 0.1. Because rapamycin was dissolved
in dimethyl sulfoxide (DMSO), controls received the same concentration of DMSO (0.5%) as the
rapamycin-treated cultures. The mean virus production from three independent experiments is shown
(n � 3). Significances (comparison over four columns each) were calculated for each cell line using the
one-way ANOVA test (***, P � 0.001; n.s., not significant). (B) Phosphorylation of S6K (Thr 389) and total
S6K expression were determined by Western blotting using lysates of Vero-023 (bars 1 and 2), Vero-A3G
(bars 3 and 4), and Vero-REDD1 (bars 5 and 6) cells in the absence and presence of 1 �M rapamycin.
Controls received 0.5% DMSO. Western blots from three experiments were quantified and evaluated for
statistical significance (Student’s t test). (C) The proliferation of Vero-023, Vero-A3G, and Vero-REDD1 cells
was determined by flow cytometry at 48 and 72 h. Cells were stained with the cell proliferation dye
eFluor 670, and the percentage of cells with reduced signal intensity due to cell division was measured.
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A3G and REDD1 protein expression in the transfected PBL was controlled by
Western blotting (Fig. 6B). A quantification of three blots obtained from three experi-
ments with cells from independent blood donors is shown in Fig. 6C. In addition to the
expected reduction of A3G expression by A3G-specific siRNA, these data revealed that
silencing of A3G also affected the expression of REDD1. The data suggest that also in
primary PBL, A3G upregulates the REDD1 expression as initially observed in Vero cells
(Fig. 1).

Antiviral activity of REDD1 and rapamycin in primary PBL. In order to investigate
the potential antiviral role of REDD1 in primary PBL, we transfected (electroporated)
unstimulated and PHA-stimulated lymphocytes with REDD1-specific siRNA and with
nontargeted control siRNA and infected them with MV for 2 days. The titers of newly
synthesized virus indicated that downregulation of REDD1 led to improved viral
replication (Fig. 7A). The expression of REDD1 was controlled by Western blotting (Fig.
7A) and the stimulation of lymphocytes by flow cytometry (Fig. 7B).

In a final experiment, we wanted to investigate whether the replication of MV also
can be reduced by pharmacological inhibitors of the mTORC1 activity, such as rapa-
mycin, in primary human PBL. The mTORC1 inhibitor efficiently reduced giant cell
formation (virus-induced cell fusion) (Fig. 7C) and the levels of newly synthesized MV
(Fig. 7D). Approximately 50% inhibition was obtained with 0.5 �M rapamycin, and 1 �M
rapamycin reduced viral titers to the level measured in unstimulated PBL. This
rapamycin-mediated reduction of MV titers by more than one log (approximately
20-fold) demonstrates that MV replication in PBL is strongly enhanced by mTORC1
activity.

DISCUSSION

It is known that A3G restricts viruses by cytidine deaminase-dependent editing of
retroviral genomes. However, several reports also suggested editing-independent
mechanisms, mainly by binding to reverse transcription products (ssDNA) or viral RNA.
In addition to retroviruses, A3G has antiviral activity against other viruses, such as, for
example, blocking of hepatitis B virus (HBV) replication involving effects on RNA
packaging rather than any mutations in viral cDNA (38), direct binding to hepatitis C
virus (HCV) NS3 protein resulting in reduced HCV replication (39, 40), and reducing the

FIG 5 Expression of A3G and REDD1 in primary human PBL and comparison to that in Vero cells. (A) The expression
of A3G and REDD1 in unstimulated PBL and in PBL stimulated with PHA or IL-2 48 h was determined by Western
blotting. Western blots from three independent experiments (with PBL from three independent donors) were
quantified, and mean values relative to GAPDH normalized to those for unstimulated PBL are presented. (B)
Comparison of A3G expression in primary human PBL (lane 1, unstimulated; lane 2, IL-2 stimulated), Vero-023 cells
(lane 3), and Vero-A3G cells (lane 4).
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replication of MV, mumps virus, and respiratory syncytial virus (36), and may affect viral
replication by still-unknown mechanisms (10). In addition, A3G has been under inves-
tigation for its potential ability to edit more than hundreds of cellular mRNA transcripts
(41). Here we report a novel mechanism for how A3G impairs the replication of viruses
by regulating the expression of host cell factors. By analyzing A3G-induced antiviral
activities in Vero cells, we found a strong antiviral effect of REDD1 on MV replication.
It is known that REDD1 disrupts the interaction of 14-3-3 proteins with TSC1/2 and
inhibits the function of mTORC1 (for reviews, see references 28, 32, and 42), while its
stability is affected in a feedback loop by mTORC1 activity (43). The expression of
REDD1 is induced by hypoxia and cellular stress and regulated by cellular microRNAs
(miRs) (44). In this paper, we describe that silencing of A3G not only reconstituted the
full capacity of Vero cells to replicate MV but also led to a reduction of the REDD1

FIG 6 Antiviral activity of A3G and effect on REDD1 expression in primary human PBL. Primary human
PBL were cultivated in medium and transfected (nucleofected) with A3G-specific and nontargeted (NT)
siRNAs. Cells were kept in medium (unstim.) or stimulated with 2.5 �g/ml PHA or 25 ng/ml IL-2. (A) At
24 h after stimulation, cells were infected with rMVIC323eGFP at an MOI of 0.1 for 48 h, and the newly
synthesized virus was titrated using Vero-hSLAM cells. Mean values from three experiments with PBL
from three independent donors are shown (significances were determined using Student’s t test; *, P �
0.05). (B) Lysates were prepared from parallel uninfected cultures, and proteins were fractionated by
SDS-PAGE and blotted on nitrocellulose membranes. A3G and REDD1 expression was visualized with
specific antibodies and secondary antibodies on Western blots and the amount of protein on the blots
controlled by staining with an antibody to GAPDH. A representative example is shown. (C) Quantification
of A3G and REDD1 protein expression on Western blots from PBL from three independent blood donors.
The relative protein levels of A3G and REDD1 were normalized and the expression in siNT-transfected PBL
set to 1.
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expression, confirming that A3G promotes REDD1 expression. Furthermore, we ob-
served that stimulation of primary human PBL with PHA and IL-2 is associated with
increased A3G and REDD1 expression and that siRNA-mediated knockdown of A3G also
led to reduced REDD1 expression in these cells. In addition, we demonstrated that
REDD1 impairs MV replication by inhibiting mTORC1 in Vero cells and primary human
PBL. Finally, we found that inhibition of the mTORC1 activity by rapamycin reduced the
amount of newly synthesized MV to the level in unstimulated cells, indicating the
strong influence of mTORC1 on viral replication.

REDD1 has been identified previously as an antiviral host defense factor in associ-
ation with chemical inhibition of RNA viruses, including influenza virus and vesicular
stomatitis virus (37), and the involvement of mTORC1 in viral replication and protein
expression has been demonstrated for viruses such as Andes virus (45), West Nile virus
(46), and Epstein-Barr virus (47). Interestingly, mTORC has been identified as a factor

FIG 7 REDD1 and rapamycin reduce MV titers in primary human PBL. (A) PBL were transfected
(electroporated) with REDD1-specific (siREDD1) and unspecific nontargeted (NT) siRNAs. At 24 h after
stimulation with 2.5 �g/ml of PHA, cells were infected with rMVIC323eGFP at an MOI of 0.1 for 48 h and
the newly synthesized virus titrated using Vero-hSLAM cells. Mean values from three experiments with
cells from three independent blood donors are shown. Significances were determined using Student’s t
test (***, P � 0.005; *, P � 0.019). The expression of REDD1 was controlled by Western blotting and
compared to the expression of GAPDH. (B) The stimulation of the PBL was controlled in all experiments
by flow cytometry. A representative evaluation is shown. (C) Representative photomicrographs of
rMVIC323eGFP-infected PHA-stimulated primary human PBL at 48 h in the absence (CTRL) and presence
of 0.5 and 1 �M rapamycin (Rapa) (size bar, 150 �m). (D) MV titers in unstimulated and PHA-stimulated
PBL in the absence and presence of rapamycin were determined using Vero-hSLAM cells. Mean values
from three experiments with PBL from independent donors are shown. Because rapamycin was solved
in DMSO, the controls for panels C and D received the same concentration of DMSO (0.5%) as the
rapamycin-treated cultures (*, P � 0.05 [Student’s t test]; **, P � 0.01 [Student’s t test] or P � 0.0012
[one-way ANOVA]).
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controlling HIV latency, and mTORC inhibitors suppress HIV transcription (48). Recently,
influenza virus was found to activate mTORC1 and mTORC2 signaling and AKT phos-
phorylation in order to maximize its replication in late stages of the infection (49). These
findings underline the relevance of such regulators of the cellular metabolism and cell
survival in viral replication and may help to identify novel targets for pharmacological
intervention.

Mammalian TORC1 is a serine/threonine kinase, which in its active state is located at
the cytoplasmic side of lysosomal membranes and regulates cellular homeostasis by
integrating signals from nutrients, energy, and oxygen controlling cell growth and
protein synthesis. The control of mTORC1 activity is exerted through the tuberous
sclerosis complex (TSC1/TSC2), a GTPase-activating protein that negatively regulates
the Rheb G protein, which in turn positively regulates mTOR (for a review, see reference
28). Our findings that REDD1 expression and rapamycin treatment have similar effects
on MV replication and that REDD1 expression and rapamycin treatment in combination
had no further additive antiviral effect indicated that both act on the same pathway by
inhibiting mTORC activity. This additionally suggests that by this mechanism A3G
contributes to the establishment of a general antiviral state of the cell. Interestingly,
artificial downregulation of TXNIP by shRNA led to approximately 6-fold-higher MV
titers than in control cells (Fig. 2). This may result from the fact that TXNIP stabilizes
REDD1 and thus reduces mTORC1 activity (50, 51). In A3G-expressing Vero cells, REDD1
mRNA was 3.5-fold upregulated and TXNIP mRNA 0.44-fold downregulated, which may
partially dampen REDD1 upregulation and its antiviral effect.

mTORC activity differs across cell subsets of primary lymphocytes: whereas it is high
in plasma B cells, TH1, TH2, TH17, and CD8� effector cells, and NK cells, it is low in
regulatory T cells and memory B and T cells (52, 53). This is independent from the
expression of the cellular receptor CD150, which determines the tropism of the MV
infection (54). According to our findings, high mTORC1 activity enables a 10- to
100-fold-higher replication of MV than in infected lymphocytes with low mTORC
activity. Infection of cells with low mTORC activity, such as memory T cells, and the
resulting limited MV replication also contribute to the observed pathogenesis as
demonstrated in a macaque model (54). The effect of rapamycin has already been
investigated in infections with a number of pathogens, and it turned out to promote
responses by more metabolically inactive regulatory T, follicular helper T, and memory
cells but would inhibit T helper, CD8 effector, and antibody responses (52). Thus, the
potential outcome of therapeutic intervention is difficult to predict and depends on the
exact type of infection and the target cells and organs (52).

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney control Vero (Vero-023) cells were transduced with

the empty vector (pCMS28), and Vero cells expressing human A3G (Vero-A3G cells, the same as
Vero-024-2 cells in reference 36) were transduced with pCMS28 expressing A3G (a kind gift from M.
Malim, King’s College, London, United Kingdom). Transduced Vero cells were grown under selection
pressure with 5 �g/ml puromycin as a bulk culture (17). Human embryonic kidney 293T cells and Vero
and Vero-hSLAM cells were cultivated in Dulbecco modified Eagle medium (DMEM) containing 5% fetal
bovine serum (FBS), 100 U/ml penicillin-streptomycin, and nonessential amino acids.

All experiments involving human cells were conducted according to the principles expressed in the
Declaration of Helsinki and approved by the Ethical Committee of the Medical Faculty of the University
of Würzburg. Primary human peripheral blood mononuclear cells (PBMC) obtained from leuko-reduction
chambers of thrombocyte donations from anonymous healthy adult volunteers were diluted 1:6 in
Versene (GIBCO) and layered on Histopaque 1077. PBMC were purified by density gradient centrifuga-
tion. Isolated PBMC were washed three times with phosphate-buffered saline (PBS) and suspended in
RPMI 1640 (GIBCO) medium containing 10% FBS. Mononuclear cells were reduced by adherence to tissue
culture plasticware surfaces to obtain peripheral blood lymphocytes (PBL). Cells were stimulated with
phytohemagglutinin L (PHA) (2.5 �g/ml; Roche Diagnostics) or with recombinant human IL-2 (Proleukin)
(25 ng/ml; Novartis). Stimulation was controlled by measuring CD69 expression by flow cytometry.

The recombinant wild-type MV rMVIC323eGFP (55) was propagated using Vero-hSLAM cells. The
attenuated vaccine strain MV-Edmonston and the recombinant Edmonston-based MV strain rMV-eGFP
expressing eGFP (56) were propagated using Vero cells. For assessing the effects of individual genes on
viral replication, transduced Vero cells were seeded in 6-well plates and infected with rMV-eGFP at an
MOI of 0.1. For infection in PBL, unstimulated or stimulated PBL were infected with rMVIC323eGFP. The
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virus was harvested after indicated times by freezing and thawing the complete culture, and thus
cell-associated and supernatant viruses were harvested together.

Microarray analysis. Total RNA was isolated independently two times each from control Vero-023
and A3G-expressing Vero-024-2 cells using the RNeasy kit (Qiagen) and analyzed using a Gene Chip
rhesus macaque genome array (�47,000 transcripts; Affymetrix). Probe sets were combined and the
resulting signal intensities normalized using rma and quantile-quantile normalization. Differential gene
expression was calculated using the Limma package (R/Bioconductor). A list of results is available in Table
S1 in the supplemental material.

Semiquantitative RT-PCR. Total RNA from 1.5 � 105 cells was extracted using the GenElute
mammalian total RNA miniprep kit (Sigma). Four amounts (0.5, 1, 2, and 4 �g) of RNA were used for
first-strand cDNA synthesis with the RevertAid first-strand cDNA synthesis kit (Fermentas). The cDNA was
then amplified by PCR in 25 cycles (the sequences of all primers used can be provided on request). The
amplified products were analyzed on 1% agarose gels.

Cloning of lentiviral expression plasmids and production of pseudotyped particles. For shRNA
expression, we used the vector F6gW-DsRed, also expressing DsRed2 as a control for transduction
efficiency, as described previously (57). For cloning of shRNA-expressing vectors, we selected three siRNA
sequences from published mRNA sequences using the program provided by Block-iT RNAi designer
(Invitrogen) and used DNA oligonucleotides for cloning into pF6gW-DsRed (the sequences of all primers
used can be provided on request). The oligonucleotides were aligned and cloned into the HpaI and XhoI
sites of F6gW-DsRed. The sequences of the clones were confirmed by sequencing. The REDD1-specific
shRNA expression construct 2 (REDD1sh2) silenced the expression of REDD1 most efficiently and
therefore was used for further experiments. A lentiviral expression vector for REDD1 (F6gW-REDD1-Myc-
DDK-tag) was generated using the BamHI-SacII fragment of REDD1 expression plasmid RC202847
(OriGene) and cloned into the BamHI-EcoRI sites of F6gW. Vero cells were transduced with F6gW-REDD1-
Myc-DDK-tag to obtain REDD1-overexpressing Vero (Vero-REDD1) cells. The sequences of the cloned
plasmids were confirmed by sequencing. VSV G-pseudotyped viral particles were produced by transfec-
tion of 293T cells with plasmids pVSV-G, pRSVrev, and pMDLg/pRRE and pF6gW-based retroviral vectors,
using polyethylenimine (PEI) (25 K; Polysciences Inc.) as described previously (36).

Antibodies and flow cytometry. The following unlabeled or labeled primary antibodies were used
in immunoblotting and flow cytometry: rabbit monoclonal anti-ACY1 (Epitomics, 5879-1), rabbit poly-
clonal anti-MOSC2 (Epitomics, T3362), rabbit anti-DDIT4/REDD1 (ProteinTech, 10638-1-AP), rabbit anti-
PRDX2 (Sigma, SAB2101878), rabbit anti-KDELR2 (Sigma, SAB1401554), rabbit anti-glyceraldehyde-3-
phosphate dehydrogenase (anti-GAPDH) (Santa Cruz, sc-25778), rabbit anti-phospho-p70 S6 kinaseThr 389

(Cell Signaling, 9205), rabbit anti-p70S6 kinase (Cell Signaling, 9202), phycoerythrin (PE)–anti-human CD3
(BioLegend, 300408), allophycocyanin (APC)–anti-human CD69 (BioLegend, 310910), and rabbit poly-
clonal anti-A3G (a kind gift from M. Malim, King’s College, London, United Kingdom). The following
labeled secondary antibodies were used: Alexa 488 –anti-mouse (Life Technology, A11001), Alexa 594 –
anti-rabbit (Life Technology, A11012), APC–anti-mouse (BioLegend, 405308), horseradish peroxidase
(HRP)–anti-mouse (Cell Signaling, 7076S), and HRP–anti-rabbit (Cell Signaling, 7074S). For flow cytometric
determination of the proliferation of cells, 1 � 105 cells were stained with the respective antibodies and
resuspended in FACS buffer (PBS containing 0.4% bovine serum albumin [BSA] and 0.02% sodium azide).
Cells were acquired immediately using an LSR II flow cytometer (BD), and data were evaluated using
FlowJo (Cytek Development) software.

SDS-PAGE and immunoblotting. Cells (5 � 106) were lysed at 4°C for 1 h in 1 ml of lysis buffer (50
mM Tris-HCl [pH 8.0], 150 mM sodium chloride [NaCl], 1.0% Igepal CA-630 [NP-40], 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing complete protease inhibitor cocktail
(Sigma, P8340) and 1 mM DL-dithiothreitol (DTT). The protein quantification was done using the
bicinchoninic acid (BCA) assay. Equal amounts of proteins were heated at 95°C for 5 min in reducing
Laemmli sample buffer (50 mM Tris HCl [pH 6.8], 2% SDS, 10% glycerol, 1% �-mercaptoethanol, 12.5 mM
EDTA, 0.02% bromophenol blue) and subjected to 10% SDS-PAGE. Proteins were blotted semidry on
nitrocellulose membranes (Amersham), followed by blocking with 5% dry milk (AppliChem) or 5% BSA
in PBS with 0.05% Tween 20. The membranes were then incubated with specific primary antibodies and
HRP-conjugated secondary antibodies. Signals were visualized using chemiluminescent FemtoMax su-
persensitive HRP substrate (Rockland). The densitometric quantification of protein bands of target genes
and respective housekeeping genes was done using ImageJ (National Institutes of Health, Bethesda, MD).
The fold changes in target proteins were normalized to band densities of GAPDH, and fold changes in
phosphorylated proteins were normalized to the band densities of total protein and GAPDH levels. All
Western blotting experiments were repeated 2 or 3 times, and representative images are shown.

Transfection of primary human PBL and Vero cells. Human SMARTpool siRNA duplexes targeting
A3G (M-013072-00-0005), REDD1 (L-010855-01-0005), and a nontargeting control siRNA (D-001206-13-
05) were purchased from Dharmacon. PBL were transfected using Nucleofection (nucleofected) accord-
ing to the manufacturer’s protocol (Amaxa) with 400 pmol of siRNA twice with a 48-h interval.
Nucleofected cells were then stimulated with PHA (2.5 �g/ml) or IL-2 (25 ng/ml) for 24 h. Stimulated cells
were routinely stained for surface expression of CD3 for detection of T cells and CD69 as an activation
marker. The siRNA silencing efficiency for specific proteins was controlled by Western blotting. For
determination of viral replication 2 � 106 cells were infected with rMVIC323eGFP at an MOI of 0.2, and the
virus was harvested after the indicated times by freezing and thawing the complete culture; thus,
cell-associated and supernatant viruses were harvested together and titrated on Vero hSLAM cells. Vero
cells were transfected with human SMARTpool siRNA duplexes targeting A3G (M-013072-00-0005) and a
nontargeting control siRNA (D-001206-13-05) from Dharmacon using DharmaFECT2 (Dharmacon,

Tiwarekar et al. Journal of Virology

September 2018 Volume 92 Issue 17 e00835-18 jvi.asm.org 12

http://jvi.asm.org


T-2002-01) according to the manufacturer’s instructions. At 48 h after transfection, cells were infected
with rMV-eGFP at an MOI of 0.1 and incubated for 2 days. The virus was harvested and titrated on Vero
hSLAM cells, and cell lysates were used for Western blot analysis.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 6. Comparisons of two
groups were done using the unpaired two-tailed Student t test, and those of more than two groups were
done with one-way analysis of variance (ANOVA). P values lower than or equal to 0.05 were considered
statistically significant (*, P � 0.05; **, P � 0.01; ***, P � 0.001). The data represent means � standard
deviations (SD) from at least three independent experiments.

Accession number(s). The microarray data have been deposited at Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) with accession number GSE85102.
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