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By commandeering cellular translation initiation factors, or destroy-
ing those dispensable for viral mRNA translation, viruses often
suppress host protein synthesis. In contrast, cellular protein synthe-
sis proceeds in human cytomegalovirus (HCMV)-infected cells,
forcing viral and cellular mRNAs to compete for limiting translation
initiation factors. Curiously, inactivating the host translational
repressor 4E-BP1 in HCMV-infected cells stimulates synthesis of
the cellular poly(A) binding protein (PABP), significantly increasing
PABP abundance. Here, we establish that new PABP synthesis is
translationally controlled by the HCMV-encoded UL38 mammalian
target of rapamycin complex 1-activator. The 5′ UTR within the
mRNA encoding PABP contains a terminal oligopyrimidine (TOP)
element found in mRNAs, the translation of which is stimulated in
response tomitogenic, growth, and nutritional stimuli, and proteins
encoded by TOP-containing mRNAs accumulated in HCMV-infected
cells. Furthermore, UL38 expression was necessary and sufficient to
regulate expression of a PABP TOP-containing reporter. Remark-
ably, preventing the rise in PABP abundance by RNAi impaired eIF4E
binding to eIF4G, thereby reducing assembly of the multisubunit
initiation factor eIF4F, viral protein production, and replication. This
finding demonstrates that viruses can increase host translation ini-
tiation factor concentration to foster their replication and defines
a uniquemechanismwhereby control of PABP abundance regulates
eIF4F assembly.

human cytomegalovirus replication | translational control

Among the interactions between viruses and their cellular hosts
are those that ensure the protein components required to

assemble new infectious progeny will be produced. This process
represents a critical step in the productive growth of all viruses,
regardless of nucleic acid content or family classification. Despite
encoding diverse functions in their genomes, including those ca-
pable of template-directed nucleic acid synthesis, viruses remain
exquisitely dependent on cellular translation factors and ribo-
somes to meet their intense protein synthetic needs (1). Given the
importance of mRNA translation to their replication, it is sur-
prising that more viruses do not encode translation-factor com-
ponents to ensure access to this machinery. Instead, viral strategies
to access the host translation apparatus have focused on capturing
and controlling this machinery, rather than replacing it (1, 2).
Rapid viral replication cycles often inhibit host protein synthesis

to short-circuit host defenses and allow intensive viral protein
accumulation over limited time. Indeed, poliovirus (PV) protei-
nases cleave translation initiation factors eIF4G and poly(A)
binding protein (PABP) to inhibit cap-dependent mRNA trans-
lation (3). Host protein synthesis is suppressed, as host mRNAs
are capped and require eIF4G and PABP, whereas uncapped PV
mRNA translation proceeds via a cis-acting internal ribosome
entry site (4). Other viruses produce capped, polyadenylated
mRNAs, including HSV-1, Kaposi’s sarcoma-associated herpes-
virus (KSHV), and Vaccinia virus (VV), and rely on cellular cap-
binding functions to recruit ribosomes. Despite suppressing host
protein synthesis, each virus stimulates assembly of the cellular
multisubunit, cap-binding translation initiation factor eIF4F (5–7).

HSV-1, KSHV, and VV suppress host protein synthesis via global
mRNA metabolism changes caused in part by viral factors that
accelerate mRNA turnover (8–11). Viral mRNAs remain rela-
tively immune to this by virtue of their sheer abundance. Unlike
PV, these viruses do not reduce translation initiation factor levels.
Instead, these viruses use existing levels and modulate subunit
assembly into functional complexes.
Additional obstacles confront human cytomegalovirus (HCMV)

mRNAs because host protein synthesis is not suppressed during
the protracted viral lifecycle (12). Viral and host mRNAs coexist
and compete for the same machinery. Like other herpesviruses,
HCMV stimulates eIF4F assembly (13, 14). However, unlike other
viruses, HCMV increases the abundance of select translation ini-
tiation factors during its productive replication cycle (14–16). One
of these factors, PABP, increases via a rapamycin-sensitive pathway
requiring 4E-BP1 inactivation (17). However, the underlying
mechanism and its significance to productive viral replication
remain unknown. Here, we establish that the HCMV-induced
PABP increase was controlled translationally and dependent
upon UL38, the virus-encoded mammalian target of rapamycin
complex 1 (mTORC1) activator. UL38 expression was necessary
and sufficient to regulate expression of a reporter gene containing
a 32-nt terminal oligopyrimidine (TOP) element from the PABP
mRNA 5′ UTR. We also demonstrate that eEF2 and rpS6, other
canonical TOP mRNA-encoded proteins, accumulated in HCMV-
infected cells. Surprisingly, virus-induced PABP accumulation
was required to stimulate eIF4F assembly viral protein production
and replication. This finding represents a unique example of a
virus that elevates host translation initiation factor abundance to
promote eIF4F assembly and foster its own replication. More-
over, this finding defines a strategy for regulating eIF4F assembly
based upon translational control of PABP abundance.

Results
Induction of PABP mRNA Translation in HCMV-Infected Cells Requires
the Viral UL38 mTORC1 Activator. The HCMV-induced increase in
PABP abundance was sensitive to the mTORC1-selective in-
hibitor rapamycin (17). mTORC1 is activated by PI3-kinase sig-
naling and typically is Akt-responsive (reviewed in ref. 18). Indeed,
ectopic HCMV immediate-early (IE) protein expression activated
Akt in uninfected cells (19). Although published reports agree that
HCMV activates Akt, time points beyond 48 h were not in-
vestigated and disagreements regarding activation kinetics remain
(13, 20). To analyze Akt activation in parallel with PABP accu-
mulation, total protein was isolated frommock orHCMV-infected
cells and the overall abundance plus activation state of the
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indicated proteins evaluated (Fig. 1A). Whereas total Akt levels
remained fairly constant following infection, the abundance of
phospho-T308 and -S473, markers for Akt activation, increased
substantially by 6 h postinfection (hpi) relative to mock-infected
cells, declined by 9 hpi in agreement with Kudchodkar et al. (13),
and remained undetectable through 72 hpi (Fig. 1A). Notably,
elevated PABP levels were evident by 24 hpi, but activatedAkt was
not detected (Fig. 1A). Thus, either a transient Akt activity burst
through 6 hpi was harnessed to activate mTORC1 later in in-
fection, or a different strategy, perhaps involving a virus-encoded
gene product, was operative.
As an early gene, UL38 expression is dependent upon the IE1/2

transactivators (21). Moreover, UL38 expression in uninfected cells
prevents mTORC1 inhibition by stress (Fig. 1B) (22). To determine
if UL38 was required for PABP accumulation in HCMV-infected
cells, total protein was harvested from infected normal human
dermal fibroblasts (NHDFs) treated with a nonsilencing control
(NS) or UL38-silencing siRNA and analyzed by immunoblotting.
Although PABP levels increased in HCMV-infected cultures trea-
ted with NS siRNA, UL38 siRNA treatment inhibited the virus-
induced rise in PABP abundance in growth-arrested (Fig. 1C) pri-
mary cells.Whereas viral IE (IE1/2) and early protein (UL44) levels
remained relatively unaffected by the siRNAs, accumulation of
pp28, a representative late viral protein, was selectively reduced by
the UL38 siRNA. Under these conditions, pp28 mRNA levels only
decreased by 30% (Fig. 1E). This finding suggests that UL38-
depletion predominately acts posttranscriptionally to regulate late
pp28 protein levels and that IE and E protein accumulation pro-
ceeds normally. UL38 siRNA also interfered with UL38 protein
function by reducing 4E-BP1 hyperphosphorylation (Fig. 1C), in
agreement with studies using a UL38-deficient virus (22) and con-
sistent with the partial sensitivity of 4E-BP1 hyperphosphorylation

to rapamycin (13, 14). Furthermore, this finding established that
partially preventing 4E-BP1 hyperphosphorylation substantially
reduced PABP accumulation. Finally, UL38 siRNA, but not NS
siRNA, reduced UL38 mRNA abundance to below detection
without affecting actin mRNA, establishing the effectiveness and
specificity of the UL38 siRNA (Fig. 1D).
To distinguish between effects of UL38 on PABP accumulation

vs. synthesis, lysates from metabolically labeled, siRNA-treated
cultures were used to immunoprecipitate PABP. Besides altering
ongoing protein synthesis, HCMV globally stimulated 35S-amino
acid incorporation into protein. Silencing UL38 modestly reduced
the intensity with which many proteins in infected cells were
radiolabeled, suggesting that its impact was not limited to PABP
(Fig. 2 A and B). Whereas new PABP synthesis was stimulated in
NS siRNA-treated cultures, UL38 siRNA effectively reduced
HCMV-induced new PABP synthesis (Fig. 2B). Thus, the HCMV
UL38 gene product was required to stimulate new PABP synthesis
in infected cells. This finding suggests that the rapamycin-sensitive
nature of HCMV-induced new PABP synthesis can be explained
by UL38-mediated mTORC1 activation.

Accumulation of TOP mRNA-Encoded Proteins in HCMV-Infected Cells.
At least two translational control pathways maintain PABP ho-
meostasis in cells. Not only can a heterotrimeric ribonucleoprotein
complex, one component of which is PABP, bind to an adenine-
rich 5′ UTR sequence and repress PABP mRNA translation (23),
but a 5′ TOP stretch in the PABP mRNA 5′ UTR allows it to
behave as a TOPmRNA (24). Translation of TOPmRNAs, which
include ribosomal proteins and translation factors, is stimulated
by mitogenic and nutritional stimuli, such as insulin (24, 25). To
determine if HCMV stimulates TOP mRNA-encoded protein
accumulation, total protein was isolated from mock-infected or
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Fig. 1. Inhibition of UL38 expression reduces PABP accumu-
lation in HCMV-infected cells. (A) Growth-arrested NHDFs were
either mock-infected (M) or infected with HCMV (MOI = 5). At
the indicated hours postinfection, total protein was isolated,
fractionated by SDS/PAGE, and analyzed by immunoblotting
using the indicated antibodies. (B) In the absence of Akt ac-
tivity, mTORC1 is inactive and unable to phosphorylate the
translational repressor 4E-BP1 because TSC1/2 inhibits rheb by
promoting GTP hydrolysis and rheb•GDP accumulation. By
binding to TSC2, UL38 inhibits TSC and allows mTORC1 acti-
vation by rheb•GTP (22). (C) NHDFs transiently transfected
with control, nonsilencing siRNA (NS), UL38 siRNA (UL38), or no
siRNA (−) were either mock-infected (M) or infected with
HCMV (MOI = 5). Total protein was harvested at 48 hpi, frac-
tionated by SDS/PAGE, and analyzed by immunoblotting with
the indicated antisera (Left). Hyperphosphorylated (hyper) and
hypophosphorylated (hypo) 4E-BP1 forms are indicated (Right).
(D) Total RNA was isolated at 48 hpi and analyzed by RT-PCR
using primers specific for UL38 or actin. (E) As in D, except pp28
mRNA abundance was quantified by real-time PCR and nor-
malized to actin mRNA.
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HCMV-infected cells at various times and analyzed by immuno-
blotting using antibodies specific for eEF2 and ribosomal protein
S6 (rpS6), two canonical TOP mRNA-encoded proteins. Whereas
actin levels remained relatively constant between 24 and 48 hpi,
eEF2 and rpS6 abundance rose considerably (Fig. 3A). In partic-
ular, elevated PABP and eEF2 levels were apparent by 24 hpi and
continued to increase, along with rpS6 through 48 hpi. In contrast,
their mRNA levels remained relatively unchanged (Fig. 3A). To
determine if the increase in eEF2 and rpS6 was UL38-dependent,
their overall levels were compared in siRNA-treated cultures. Al-
though PABP, eEF2, and rpS6 all increased uponHCMV infection
of NS siRNA-treated cultures, their accumulation was reduced
by UL38-depletion (Fig. 3B). Thus, steady-state levels of eEF2
and rpS6, two well-characterized TOP mRNA-encoded proteins,
together with PABP, all increased via a posttranscriptional,
UL38-dependent manner in HCMV-infected cells. Finally, UL38
siRNA treatment inhibited the rise in PABP abundance induced
by HCMV not only in growth-arrested cells (Fig. 1C), but in
asynchronously growing primary cells as well (Fig. 3B).
PABP mRNA is translationally controlled in a growth-de-

pendent manner that requires the TOP element within the first 32
nt of the 5′ UTR (24). To determine if the PABP TOP element
was UL38-responsive, the behavior of a human growth hormone
(hGH) reporter containing or lacking a functional PABP 32-nt

TOP sequence was evaluated in the presence of a control GFP or
UL38 expression plasmid following transient transfection into
asynchronous NHDFs. Identical reporters, one containing the
wild-type PABP 32-nt TOP (PABP-GH1) or a mutant variant
(PABP-GH11s) that abrogates TOP translational control, were
used to originally define the PABP TOP sequence and its growth-
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Fig. 2. UL38 depletion inhibits HCMV-induced PABP synthesis. NHDFs were
infected and siRNA-treated as described in Fig. 1. After pulse-labeling with
35S Met/Cys for 1 h at 48 hpi, total protein was isolated and samples were
either: (A) TCA-precipitated and acid-insoluble radioactivity quantified by
counting in liquid scintillant (the amount of 35S incorporation in mock-
infected (M) cultures was normalized to 100%); or (B) fractionated by SDS/
PAGE, and the proteins synthesized visualized by autoradiography. Arrow-
heads to the right indicated protein bands, the intensity of which decreases
upon UL38 siRNA treatment. Migration of molecular weight standards (in
Kd) is indicated on the left. (C) At 48 hpi, cultures were pulse-labeled with 35S
Met/Cys and PABP was immunoprecipitated (IP). Immune complexes were
fractionated by SDS/PAGE and visualized by autoradiography.
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Fig. 3. TOP mRNA-encoded protein accumulation in HCMV-infected cells
and regulation of a PABP TOP-containing reported in uninfected cells are
UL38-dependent. (A) (Upper) Growth-arrested NHDFs were either mock-
infected (M) or infected with HCMV (MOI = 5). At 24 or 48 hpi, total protein
was isolated, fractionated by SDS/PAGE, and analyzed by immunoblotting
using the indicated antibodies. (Lower) Total RNA was isolated at 0 hpi (gray
bars) or 48 hpi (black bars) and PABP, rpS6, and eEF2 mRNA levels analyzed
by real-time RT-PCR (normalized to actin). (B) Asynchronous NHDFs tran-
siently transfected with control, NS siRNA (NS), UL38 siRNA (+), or no siRNA
(−) were either mock-infected (M) or infected with HCMV AD169 (MOI = 5).
Total protein was harvested at 48 hpi, fractionated by SDS/PAGE, and ana-
lyzed by immunoblotting with the indicated antisera (Right). (C) Asynchro-
nous NHDFs in media + 5% FBS were transiently transfected with a functional
TOP-containing hGH reporter plasmid (PABP-GH1) or a hGH reporter con-
taining a nonfunctional, mutated TOP element (PABP-GH11s) in the presence
of a UL38 or GFP-expression plasmid. (Upper) The 5′ UTR of PABP-GH1 con-
tains the 32 nt TOP element (+1 to +32) upstream of the hGH reporter ORF.
PABP-GH11s is identical to GH1 except for the first 2 nt (24). (Lower) Secreted
hGH in the media was measured by ELISA at 72 h posttransfection, and the
cells subsequently transferred to media containing 0.2% FBS. Secreted hGH
was again measured in the same samples 72 h after serum-deprivation. The
percent change in hGH levels after serum-deprivation is shown. Gray bars,
+GFP; black bars, +UL38.
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dependent activity (24). Secreted hGH levels were quantified by
ELISA 72 h posttransfection, and again from the same sample
following an additional 72 h of serum-deprivation. As reported,
hGH levels declined by 40% upon serum-deprivation, and this
decline was not detected using the PABP-GH11s reporter lacking
TOP function (Fig. 3C) (24). UL38 not only suppressed the hGH
decline induced by serum-deprivation, but increased secreted
hGH levels by ∼100% (Fig. 3C). Thus, UL38 antagonized the
suppression of hGH expression induced by growth-arrest, which
required the functional PABP 32-nt TOP sequence. Thus, UL38
expression is necessary and sufficient to regulate expression of
a PABP TOP reporter. Although the magnitude of the UL38-
mediated change was greatest using a TOP reporter, a more
modest increase in non-TOP reporter expression was also ob-
served, consistent with a general stimulation of cap-dependent
mRNA translation resulting from 4E-BP1 inactivation.

Preventing the Increase in PABP Abundance Inhibits eIF4E Binding
to eIF4G, Impairing eIF4F Assembly, Viral Protein Accumulation, and
Replication. Although HCMV stimulated new PABP synthesis via
a cellular translational control pathway, the contribution of in-
creasedPABPtoproductiveviral replication remainedunknown.To
determine if increased PABP abundance contributed to HCMV
replication, theHCMV-inducedPABP increasewaspreventedusing
RNAi without reducing PABP levels below the threshold amount in

uninfected cells (Fig. 4A). Mock-infected and HCMV-infected
growth-arrested (Fig. 4A) or asynchronously growing (Fig. S1A).
NHDFs were transfected with NS siRNA or PABP-specific
siRNA, and protein accumulation monitored (Fig. 4A). Re-
markably, selectivelypreventing theHCMV-inducedPABP increase
impaired representative viral protein accumulation (IE1/2, pp28).
Indirect immunofluorescence confirmed that all cells showed both
reduced PABP and pp28 (Fig. 4B). The pp28 levels were also mod-
estly reduced by interfering with the HCMV-induced accumulation
of eIF4A, an eIF4F component. In contrast, silencing DAP5, an
eIF4G family member important for cap-independent translation—
the abundance ofwhichwas increased to a lesser extent byHCMV—
did not detectably reduce pp28 accumulation (Fig. 4C).
To evaluate if increased PABP concentration contributed to

eIF4E, eIF4G, and eIF4A assembly into a multisubunit eIF4F
complex, cell-free extracts frommock or HCMV-infected cultures
treated with NS or PABP-siRNA were subjected to batch chro-
matography on methyl-7 (m7) GTP Sepharose. After extensive
washing, proteins associated with m7GTP cap-bound eIF4E were
analyzed (Fig. 5A). Notably, HCMV stimulated eIF4F assembly,
as measured by enhanced retention of eIF4G, eIF4A, and the
eIF4F-associated protein PABP on cap-bound eIF4E (Fig. 5A).
Interfering with the virus-triggered PABP increase inhibited as-
sociation of PABP with eIF4F (Fig. 5A) and prevented virus-in-
duced eIF4F assembly, as evidenced by reduced binding of eIF4G
and eIF4A to eIF4E (Fig. 5A). Overall, eIF4G, eIF4E, and eIF4A
amounts were not detectably reduced by PABP-silencing (Fig. 5A).
Finally, preventing the PABP increase reduced viral replication by
80-fold (Fig. 5B). This finding demonstrates that the increased
abundance of at least one cellular translation initiation factor
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(PABP) in HCMV-infected cells is biologically significant and
important for virus-induced remodeling of host translation-factor
complexes, viral protein accumulation, and replication. Although
reducing translation initiation factor levels in virus-infected cells
(ie: eIF4G and PABP cleavage by virus-encoded proteases) is a
well-accepted translational control strategy (reviewed in refs. 1 and
3), this finding establishes that a virus-triggered increase in host
translation factor abundance can contribute to viral replication by
regulating eIF4F assembly and viral protein accumulation.

Discussion
In HCMV-infected cells, host protein synthesis is not suppressed,
requiring viral and cellular mRNAs to compete for limiting trans-
lation initiation factors. Although one of these factors, the host
PABP, increases via a rapamycin-sensitive translational control
pathway, the underlying mechanism and its significance to the viral
lifecycle remained unexplored (17). Here, we establish that the
HCMV-induced increase in PABP abundance was dependent upon
the UL38 mTORC1 activator. TOP mRNA-encoded proteins
eEF2 and rpS6 also accumulated in a UL38-dependent manner.
Furthermore, UL38 expression was sufficient to stimulate trans-
lation of a PABP TOP-containing reporter in uninfected cells. Fi-
nally, preventing the increase in PABP abundance impaired eIF4F
assembly, reduced viral protein production, and inhibited replica-
tion. This finding demonstrates that eIF4F assembly in HCMV-
infected cells requires new PABP synthesis and defines a mecha-
nism for regulating eIF4F based upon translational control of
PABP abundance. Thus, although viruses typically do not encode
translation initiation factors, they can direct their hosts to increase
translation-factor levels to foster their replication.
Although Akt typically activates mTORC1, UL38-dependent

PABP accumulation was rapamycin-sensitive and proceeded
without detectable Akt activation. Activation of mTORC1 by
UL38 involves binding to TSC2 and mTOR activity is required for
viral replication (22, 26). By intervening with PI3-kinase signaling
at this downstream juncture, S6K1-mediated feedback inhibition
of upstream components is precluded and constitutive mTORC1
activation is ensured in infected cells. Although the UL38 protein
is nuclear by 8 hpi, it appears in the cytoplasm between 24 and 48
hpi (27), during which time PABP accumulation is evident and
suggests that changes in UL38 subcellular distribution play a role
in activating PABP mRNA translation. A mutant UL38 protein
that only accumulates in nuclei would test this hypothesis.
Like many proteins, UL38 is multifunctional, potentially exe-

cuting different functions at specific times in discrete subcellular
compartments. Besides antagonizing TSC2, UL38 inhibits apo-
ptosis, suppresses endoplasmic reticulum stress-induced cell death,
and associates with many cellular proteins (22, 27, 28). Here, we
show that the UL38-dependent PABP increase is critical for wild-
type levels of HCMV replication, eIF4F assembly, and late protein
accumulation. The importance of posttranscriptional and trans-
lational control in regulating late HCMV gene expression has long
been recognized (29, 30). However, the mechanisms responsible
remained obscure. Although UL38-mediated elevation of PABP
abundance is important for late viral gene expression, replication,
and eIF4F assembly, additional strategies, including interactions
between PABP, eIF4A, and pUL69, may also contribute to trans-
lational control of gene expression in HCMV-infected cells (31).
Besides inactivating the translational repressor 4E-BP1, viruses

whose mRNAs are capped and polyadenylated like their cellular
counterparts use diverse mechanisms to regulate eIF4F assembly
in infected cells. Replicating in the cytoplasm, poxviruses exploit
preexisting eIF4F levels by concentrating eIF4E and eIF4G within
replication compartments (6, 32). Overall levels of eIF4F-core and
associated components also remain constant in HSV-1–infected
cells, where eIF4G directly binds the viral ICP6 protein, which
promotes eIF4F assembly (5, 33). A different strategy drives eIF4F
assembly in HCMV-infected cells where rising PABP levels,

perhaps in conjunction with eIF4G and eIF4E, contribute to
eIF4F assembly, stimulating viral protein accumulation and rep-
lication. Indeed, PABP-mediated binding of eIF4E and eIF4A to
a capped, polyadenylated reporter mRNA is consistent with a di-
rect role for PABP in eIF4F assembly (34). Regulating subunit
abundance to control eIF4F assembly is likely not confined to
HCMV biology and has important developmental and pathogenic
consequences. Discrete mRNAs better compete for limiting ini-
tiation factors when factor concentration increases (35–40).
Alternatively, PABP overexpression can reduce polysome re-
cruitment and interfere with select mRNA translation (41). Fi-
nally, initiation factor levels contribute to gene-expression profiles
in human cancers (42). Abortive infection with HCMV, a fairly
ubiquitous human pathogen, could contribute to translational
disregulation within preneoplastic cells, perhaps by a hit-and-run
mechanism described for IE1/2 (43) or a similar strategy involving
PABP accumulation stimulated by UL38.
As obligate intracellular parasites, the reliance of viruses on the

cell’s protein synthesis machinery has defined many translational
control paradigms. Cleavage of eIF4G by picornaviral proteinases
provides a stunning example of this, reducing the abundance of a full-
length initiation factor necessary for cap-dependent host mRNA
translation. Similarly, enterovirus proteinases cleave PABP (3). Viral
cap-independent mRNA translation subsequently proceeds via an
internal ribosome entry site. Thus, viruses can reduce the abundance
of full-length cellular translation initiation factors to foster viral
mRNA translation and inhibit most host mRNA translation. Other
viruses (HSV, KSHV, VV) that produce capped mRNAs require
eIF4F to recruit 40S ribosomes and therefore promote eIF4F as-
sembly, but do not alter eIF4E, eIF4G, or PABP abundance (5–7,
32). A more extreme example involves an eIF4E-like molecule
encoded by a virus infecting acanthameoba (mimivirus), although
its function and relevance to virus biology remains unknown (44).
Instead of encoding translation factors, HCMV forces its host to
increase the existing supply. To exploit host translational control
pathways, activate mTORC1 signaling, and stimulate production of
at least one cellular translation initiation factor critical for its repli-
cation, HCMV uses the UL38 protein. By increasing the available
pool of initiation factor subunits exemplified by PABP, HCMV
drives eIF4F assembly in infected cells, enabling wild-type levels of
viral protein accumulation and infectious virus production.

Materials and Methods
Cell Culture, Viruses, and Chemicals. Primary NHDFs (Clonetics) were propa-
gated in 5% (vol/vol) CO2 incubators with DMEM + 5% (vol/vol) FBS or serum-
deprived, as previously described (14). HCMV AD169 strain was obtained
from ATCC and propagated as previously described (14). The GFP-expressing
wild-type virus AD-GFP was a gift from D. Yu (Washington University, St.
Louis, MO) (27). Antibodies and chemical inhibitors were described pre-
viously (5, 6, 14), except for the following antibodies from Cell Signaling:
eEF2 (# 2332), S6 (# 2217), S6K1/2 (# 9430), Akt (#9272), Akt-pSer473
(#9271s), Akt-pThr 308 (#9275s), DAP5 (#2182).

Metabolic Labeling, Protein Half-Life Determinations, RNA Isolation, Real-Time
PCR, m7GTP-Sepharose Chromatography, Immunoprecipitation, Immunofluo-
rescence Microscopy, and Immunoblotting. These procedures were per-
formed as previously described (14, 17).

RNA Interference. The siRNA duplexes targeting PABP1 (sense target 5′-GU-
GCUUCACCGAAGAAAAA-3′), eIF4A (sense target 5′-GGGAUGGACAUCUUG-
UCAU-3′), DAP5 (45), and control NS duplexes were composed of synthetic
(Qiagen) 21-nt complementary RNAswith 2-nt overhangs (gifts fromF. Ramirez-
Valle and R. Schneider, New York University School of Medicine, New York).
To prevent the HCMV-induced PABP increase, confluent NHDFs in a 12-well
plate were serum-starved in DMEM + 0.2% FBS for 24 h and transfected with
2 μL oligofectamine plus 100 nM siRNA per well in opti-MEM, according to the
manufacturer’s instructions (Invitrogen). After 4 h, 0.4% FBS + DMEM was
added for a final FBS concentration of 0.2%. After 24 h, the procedure was
repeated, and the cultures infected with HCMV [multiplicity of infection
(MOI) = 3–5). Total protein was harvested at the specified time and protein
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abundance evaluated by immunoblotting. To quantify viral replication,
NHDFs (70–80% confluent in DMEM + 5% FBS) on a 12-well plate were
transfected with 2 μL RNAi Max + 50 nM siRNA per well according to the
manufacturer’s instructions (Invitrogen). After 48 h, cells were infected
(MOI = 0.1) with AD-GFP (27), lysed after 10 d by freeze-thawing twice, and
viral progeny production determined by TCID50, as previously described (13).
To interfere with UL38 expression, siRNA transfections were performed as
reported (46) and cultures infected with HCMV (MOI = 5). UL38 (sense target:
5′-AGATGGTGGTCGTGGTCTA-3′) and control NS siRNAs were composed of
synthetic 21-nt complementary RNAs with 2-nt overhangs (Dharmacon).

TOP-Dependent hGH Reporter Assay. NHDFs grown to ∼80% confluence in
DMEM + 5%FBS on a 12-well plate were cotransfected with 0.5 μg of a UL38 or
GFP expression plasmid (provided by N. Moorman and T. Shenk, Princeton
University, Princeton, NJ) together with 0.5 μg of an hGH reporter plasmid
PABP-GH1 or PABP-GH11s (gift from O. Meyuhas, Hebrew University-Hadassah

Medical School, Jerusalem, Israel) (24) using TransIT-2020 (Mirus Bio) per the
manufacturer’s instructions. After 72 h, the DMEM + 5% FBS media was har-
vested and replaced with DMEM + 0.2% FBS. Media was harvested a second
time following an additional 72 h in 0.2% FBS. Secreted hGH present in the
media of samples in 5% FBS and 0.2% FBS was quantified by ELISA (Cat
KAQ1081; Invitrogen).
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