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Although microtubules (MTs) frequently form highly dynamic net-
works, subsets of MTs become stabilized in response to environ-
mental cues and function as specialized tracks for vesicle and
macromolecular trafficking. MT stabilization is controlled by spe-
cialized plus-end tracking proteins (+TIPs) whose accumulation at
the MT ends is facilitated by the end-binding protein, EB1, and
regulated by various signaling pathways. As cargoes themselves,
viruses are dependent on MTs for their intracellular movement.
Although many viruses affect MT organization, the potential con-
tribution of MT stabilization by +TIPs to infection remains un-
known. Here we show that early in infection of primary human
fibroblasts, herpes simplex virus type 1 (HSV-1) disrupts the centro-
some, the primary MT organizing center in many cell types. As
infection progresses HSV-1 induces the formation of stable MT
subsets through inactivation of glycogen synthase kinase 3beta
by the viral Ser/Thr kinase, Us3. Stable MT formation is reduced
in cells infected with Us3 mutants and those stable MTs that form
cluster around the trans-Golgi network. Downstream of glycogen
synthase kinase 3beta, cytoplasmic linker-associated proteins
(CLASPs), specialized host +TIPs that control MT formation at the
trans-Golgi network and cortical capture, are specifically required
for virus-induced MT stabilization and HSV-1 spread. Our findings
demonstrate the biological importance of +TIPs to viral infection
and suggest that HSV-1 has evolved to exploit the trans-Golgi net-
work as an alternateMT organizing center to facilitate virus spread.

Microtubules (MTs) function in a variety of processes, in-
cluding directed intracellular trafficking of cargos and

changes in cell shape, polarity, and motility (1, 2). Consisting of
polarized heteropolymers of α/β-tubulin, in most cells MT minus-
ends are anchored at the perinuclear MT organizing center
(MTOC), whereas their plus-ends radiate toward the cell pe-
riphery. In proliferating cells, the majority of MTs are highly
dynamic, growing and shrinking through the addition or loss of
tubulin subunits primarily at the plus-end. Dynamic instability
facilitates intracellular sensing through “search-and-capture.”
On encountering targets such as the cell cortex and in response
to specific signals, subsets of MTs become stabilized and acquire
posttranslational modifications such as acetylation and detyr-
osination (3). Stable MTs are recognized by specific motor pro-
teins and act as specialized tracks for vesicle transport (1, 3). MT
stabilization is mediated by proteins that track dynamic MT plus-
ends and influence rates of MT growth, pause, and collapse,
known as plus-end tracking proteins (+TIPs) (4). Central to plus-
end tracking is EB1, a member of the end-binding family of
proteins that recognizes growing MT ends. Although many +TIPs
are capable of associating with MTs, it is their interaction with
EB1 that mediates their specific accumulation at MT plus-ends
(4). +TIP activity and interaction with EB1 responds to signals
including Rho-Dia activation and PI3K-Akt-mediated inactiva-
tion of glycogen synthase kinase 3beta (GSK3β) to induce lo-
calized MT stabilization at specific sites (1, 3, 4). +TIPs also

interact with components of organelles and cortical actin, playing
important roles in actin–MT linkage at the cell periphery.
At least eight viruses, including six DNA viruses, induce tu-

bulin acetylation to varying extents, and in some cases, evidence
suggests that stable MTs may be important for infection (5–14).
However, the underlying mechanisms by which many viruses
remodel host MT networks and potential roles for +TIPs remain
poorly understood. This includes herpes simplex virus type 1
(HSV-1), a large DNA virus that infects an estimated 60–90% of
humans worldwide (15). HSV-1 replicates in the nucleus and
then buds into the cytoplasm, where organelles of the trans-
Golgi network (TGN) and endocytic pathways function in viral
glycoprotein sorting, secondary envelopment, and trafficking of
new viral particles to the cell surface (15, 16). Although HSV-1 is
known to induce MT rearrangements (17, 18), the precise nature
of these events, their regulation, and their role in infection have
remained unclear. Here we show that on infection of primary
human cells, HSV-1 disrupts the centrosome yet induces MT
stabilization through the kinase activity of Us3, a viral regulator
of GSK3β. Downstream of GSK3β, MT stabilization and virus
spread are regulated by cytoplasmic linker-associated proteins
(CLASPs), specialized +TIPs that control MT formation at the
TGN and cortical capture of MTs. Our findings suggest that
HSV-1 has evolved to exploit the TGN as an alternate MTOC
and induces stable MTs to facilitate virus spread.

Significance

Viruses exploit their host’s microtubule (MT) transport system
to move within infected cells at various stages of their life
cycle. The formation and stability of MT networks is controlled
by specialized host proteins, which track MT ends. These pro-
teins, called “+TIPs” (plus-end tracking proteins), stabilize sub-
sets of MTs in response to various environmental signals. How
viruses influence the organization of these critical intracellular
transport networks to facilitate infection remains poorly un-
derstood. In this study, we demonstrate that herpes simplex
virus type 1 (HSV-1), which infects an estimated 60–90% of the
world’s population, encodes a kinase that targets specific +TIPs
to stabilize MTs formed at the trans-Golgi network, an alter-
nate MT organizing center and organelle central to viral en-
velopment, to facilitate HSV-1 spread.
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Results
HSV-1 Induces MT Reorganization and Stabilization in Primary Human
Cells. MT networks are rearranged in HSV-1-infected cells in
a two-step process whereby, early in infection, MTs lose cen-
trosomal focus and have been described as “disorganized.” Then,
as infection progresses, MTs rearrange to form rings around the
nucleus from which filaments radiate in a “criss-cross fashion”
(17). HSV-1 also induces tubulin acetylation and detyrosination,
although this has only been shown by Western blot (WB) analysis
without visualization of filament organization (10, 11), whereas
an independent immunofluorescence (IF) study has questioned
whether HSV-1 affects stable MTs (19). As such, the potential
induction and role of stable MTs during infection remains un-
clear. We characterized the effects of HSV-1 on MT organiza-
tion in primary normal human dermal fibroblasts (NHDFs) at
various times in hours postinfection (h.p.i.). Mock-infected or
infected samples were fixed and stained for tyrosinated (Tyr) or
acetylated (Ac) tubulin to detect dynamic or stable MTs, re-
spectively. By 3 h.p.i., Tyr-MTs became less extended and ac-
cumulated at perinuclear regions compared with uninfected
NHDFs (Fig. 1A). A low level of MT acetylation was also ob-
served at 3 h.p.i., largely clustered near the nucleus. After early

cell rounding, ∼70% cells became elongated, and cellular pro-
jections were formed between 7 and 16 h.p.i. (Fig. 1A). Samples
at 9 h illustrated the extent to which Tyr-MT networks radiated
toward the cell periphery and lacked a clear focus near the nu-
cleus (Fig. 1A). Strong Ac-MT staining was observed at this point
and continued until late in infection, when cells rounded up,
typical of HSV-1-induced cytopathic effect. The organization of
Tyr- and Ac-MTs suggested that MT networks in infected cells
consisted of both dynamic and stabilized subsets (Fig. 1A). To
confirm this, samples were stained for EB1, which forms a
comet-like pattern on growing MT plus-ends (4). EB1 comets
decorated dynamic Tyr-MT tips, where ends were distinguish-
able (Fig. 1B), but did not form comets on the ends of Ac-MTs
(Fig. 1C), in line with their stable nondynamic nature. WB
analysis confirmed that MT acetylation was induced by different
HSV-1 strains in distinct human cell types, even at lower multi-
plicity of infection (m.o.i.) (Fig. 1D). This included HSV-1 Patton
expressing a GFP-tagged late protein, Us11 (HSV-1-GFP-Us11)
(20), used in the following assays.

A Virus-Encoded Regulator of GSK3β Controls Stable MT Formation.
Two primary host signal pathways, namely, Rho-Dia and PI3K-
Akt, effect changes in MT dynamics by other DNA viruses (7, 9,
14). To determine whether either pathway mediated MT stabili-
zation by HSV-1, the effects of Dia1 depletion were first examined.
After infection, no differences in Ac-MT intensity or organization
were evident between control or Dia1 siRNA-treated cultures
(Fig. 2A). To determine whether Dia1 affected HSV-1 replication,
multicycle growth experiments were performed in which cultures
were infected with one infectious particle of HSV-1-GFP-Us11 per
2,000 cells for 3 d. Neither of two Dia1 siRNAs detectably influ-
enced virus spread compared with control siRNA, as determined
by GFP signal (Fig. 2B) or WB analysis of viral antigen accumu-
lation (Fig. 2C). Furthermore, Dia1 depletion had minimal effects
on infectious virus release into culture supernatants in these
assays (Fig. 2D). This suggested that Dia1 was not critical for virus-
induced MT stabilization or HSV-1 spread.
To determine whether host Akt signaling was involved, NHDFs

were pretreated with the Akt inhibitor, AKTVIII, or DMSO
control and then infected. AKTVIII did not detectably affect
Tyr-MT reorganization or Ac-MT induction by HSV-1 (Fig. 2E).
WB analysis confirmed that both viral protein production and
Ac-MT induction by HSV-1 were insensitive to AKTVIII (Fig.
2E). However, interpretation of these findings is complicated by
the fact that HSV-1 encodes a kinase that phosphorylates several
Akt substrates yet does not share sequence homology with Akt
and is AKTVIII-insensitive (21). Indeed, increased phosphory-
lation of the Akt substrate GSK3β was observed on infection
with a virus encoding Us3, whereas no increase above mock-
infected levels was detected with a virus expressing catalytically
inactive Us3 (K220A) (22) (Fig. S1A). Furthermore, phosphor-
ylation of GSK3β was sensitive to AKTVIII in both mock-
and K220A-infected cultures, whereas active Us3 conferred in-
sensitivity to this inhibitor (Fig. S1A). To determine whether Us3
contributed to MT stabilization NHDFs were infected with ei-
ther of two independently generated Us3 mutants: a deletion
mutant (ΔUs3) compared with its wild-type (WT) parental virus
(23) or a virus encoding kinase-inactive Us3 (K220A) compared
with its repair virus expressing WT Us3 (22). At 9 h.p.i., ∼70%
cells infected with either WT or repair viruses appeared elon-
gated with extensive Tyr- and Ac-MT networks radiating toward
the cell periphery (Fig. 3A). In contrast, >95% cells infected with
either of the Us3 mutants remained rounded throughout in-
fection and contained Ac-MTs that stained less intensely and
largely clustered at perinuclear sites (Fig. 3A). WB analysis of
Ac-tubulin confirmed defects in MT stabilization in cells infected
with Us3 mutants compared with either WT or repair viruses
(Fig. 3B). GSK3β acts as a negative regulator of +TIP activity

Fig. 1. HSV-1 induces MT stabilization in primary human fibroblasts. (A–C)
NHDFs were mock-infected or infected with HSV-1 strain F at m.o.i. 20. (A)
Samples were fixed at the indicated times and stained for Tyr-MTs (red) and
Ac-MTs (green). Arrows highlight representative perinuclear dots of Tyr-
tubulin at the centrosome. (B and C) Infected samples fixed at 9 h.p.i. were
stained for (B) Tyr-MTs (red) and EB1 (green) or (C) Ac-MTs (green) and EB1
(red). Magnification 100×. Arrows point to Tyr-MT ends with EB1 comets (B)
or Ac-MTs lacking EB1 (C). (D) NHDFs or HeLa cells were infected at m.o.i. 2
for 16 h with the indicated HSV-1 strains, and lysates were analyzed by WB
using the indicated antibodies. Ac-Tub, acetylated tubulin; T-Tub, total tu-
bulin. The arrow points to GFP-tagged Us11 in Patton strain HSV-1-GFP-Us11
(Patt-Us11).
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and is inactivated by phosphorylation, relieving its repressive
effects to promote MT stabilization. As such, phosphorylation of
GSK3β by Us3 likely induces MT stabilization. To test this, we
examined the effects of siRNA-mediated GSK3β depletion. In
uninfected cells, depletion increased MT acetylation, but in cells
infected with WT HSV-1, which inactivates GSK3β, depletion
had no effect on Ac-MT levels (Fig. S1B). In the absence of Us3,
the viral function required to inactivate GSK3β, MT stabilization
in infected cells became dependent on GSK3β depletion (Fig. S1
B and C). This demonstrated that inactivation of GSK3β by Us3
increased MT stability in infected cells. Finally, exogenous ex-
pression of Us3 in human cells induced MT acetylation, whereas
a kinase inactive form (K220A) did not (Fig. 3C). These findings
demonstrated that the kinase activity of Us3 was both necessary
and sufficient to induce MT stabilization.

The TGN Acts as an Alternate MTOC in Infected Cells. Stable MT
formation involves nucleation of MTs from an MTOC followed
by growth and stabilization of filaments. Previous studies have
suggested that HSV-1 disrupts the MTOC, based on observa-
tions that MTs are not clearly focused on a single perinuclear site
(the centrosome) (17, 18), which is also evident in Tyr-MT
staining patterns in infected NHDFs by 3 h.p.i. (Fig. 1A). As the
centrosome could be simply obscured by dense MT networks
in infected cells, we directly tested for its disruption by staining
for the centrosomal marker γ-tubulin. Although discrete cen-
trosomal puncta were readily detected in uninfected NHDFs,
these were lost in infected NHDFs (Fig. S2A). A similar finding
was reported while this manuscript was in preparation (24), di-
rectly demonstrating that HSV-1 disrupts the centrosome.
The TGN has been shown to act as an alternate MTOC for

noncentrosomal MT arrays (25, 26). To test whether HSV-1 might
exploit the TGN as an MTOC, we examined MT regrowth and
acetylation using nocodazole washout assays. NHDFs were infec-
ted for 14 h and then treated with 10 μM nocodazole for 3 h to
disrupt both dynamic and stable MTs. IF analysis showed that new

Fig. 2. Host Dia1 and Akt are not required for MT stabilization by HSV-1.
(A) NHDFs were treated with Ctrl or Dia1 siRNAs and then mock-infected or
infected at m.o.i. 10 for 16 h. (Left) Fixed samples were stained for Ac-MTs.
(Right) Parallel samples were lysed and analyzed by WB with the indicated
antibodies. (B–D) Dia1 has minimal effects on HSV-1 spread. NHDFs were
treated with Ctrl or either of two different Dia1 siRNAs and then infected at
m.o.i. 0.0005 for 3 d. (B) Representative phase and fluorescence (GFP) images
of plaques formed by HSV-1-GFP-Us11. (C) WB analysis of lysates from B,
using the indicated antibodies. HSV-1, antibody against HSV-1 virions. (D)
Levels of infectious virus present in culture supernatants after infection with
HSV-1 strain F, determined by titration on Vero cells. (E) NHDFs were treated
with DMSO (−) or AKTVIII (+) and then infected at m.o.i. 10 for 16 h. (E, Top)
Fixed samples were stained for Tyr-MTs (red) and Ac-MTs (green). (E, Bottom)
WB analysis of lysates, using the indicated antibodies.

Fig. 3. The kinase activity of Us3 induces stable MT formation. (A and B)
NHDFs were mock-infected or infected at m.o.i. 10 for 9 h with the indicated
viruses. (A) Fixed samples were stained for Tyr-MTs (red) and Ac-MTs (green).
(B) Whole-cell extracts were analyzed by WB with the indicated antibodies.
(C) U20S or HeLa cells were transfected with empty vector or plasmids
encoding Flag-tagged Us3 or kinase inactive Us3 (K220A). Forty-eight hours
later, lysates were analyzed by WB, using the indicated antibodies. WT Us3
autophosphorylates, resulting in altered migration compared with K220A.
Ac-Tub, acetylated tubulin; T-Tub, total tubulin.
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Tyr-MTs began forming in infected cells within 3 min of nocoda-
zole washout and appeared to originate from multiple sites, many
of which stained for the TGNmarker, TGN46 (Fig. 4 A and B). At
this later point in infection, the TGN was largely dispersed, in line
with previous reports (17, 27, 28). By 15–40 min after washout,
extensive Tyr-MT networks had reformed. In washout samples,
acetylation of newly formed MTs was detected within 15 min and
became extensive after 40 min (Fig. 4C). Higher-magnification
images illustrated how these Ac-MTs originated from TGN-pos-
itive sites (Fig. 4D). Furthermore, although Ac-MTs formed in-
efficiently in cells infected with Us3 mutant virus (Fig. 3), those
that did form were found clustered around the TGN (Fig. S2B),
suggesting defects in the stabilization of MTs originating from the
TGN in the absence of Us3. In contrast, Ac-MTs in WT-infected
cells formed extensive arrays that appeared to emanate from the
TGN, which was more intact at this earlier 9-h point. Overall, these
findings demonstrated that MTs were capable of dynamic growth
late in infection and that HSV-1 rapidly induced acetylation of MT
subsets that originated from the TGN.

CLASPs Are Required for HSV-1-Induced MT Stabilization and Virus
Spread. Among GSK3β-regulated +TIPs, CLASP2 controls MT
nucleation at the TGN and stabilization at the cell periphery (26,
29). To test whether CLASP2 was required for HSV-1-induced
MT stabilization, NHDFs were treated with control or CLASP2
siRNAs and then either mock-infected or infected. IF analysis
demonstrated that compared with control siRNA-treated cells,
CLASP2 depletion resulted in reduced Ac-MT staining and
clustering around the TGN in infected cells (Fig. 5A and Fig.
S3A). Similar effects were observed when the functionally related
family member, CLASP1, was depleted, whereas depletion of a

distinct GSK3β-regulated +TIP, collapsin response-mediating
protein 2 (CRMP2) (30) had no effect (Fig. S3A). Compared with
control siRNA-treated samples depletion of CLASP1, CLASP2,
or CRMP2 did not affect early or late viral protein production
(Fig. S3B). However, when infectious virus levels were measured,
CLASP depletion was found to result in ∼two- to sevenfold
reductions in both cell-associated virus and infectious virus in
culture supernatants (Fig. 5B). This suggested a role for CLASPs
in viral particle formation. In addition, Ac-MTs are also likely to
play important roles in the cell–cell spread of HSV-1. To test
this, CLASP1, CLASP2, or CRMP2 were depleted, and then
cultures were infected at low m.o.i. with HSV-1-GFP-Us11 for
3 d. Although large plaques and a strong GFP signal were evi-
dent in control siRNA-treated or CRMP2-depleted cultures,
depletion of CLASP1 or CLASP2 resulted in reduced plaque
size and GFP signal resulting from impaired virus spread from
the site of initial infection (Fig. 5C and Fig. S4). WB analysis
confirmed these spreading defects, which resulted in reduced
accumulation of early, late, and structural viral proteins in CLASP-
depleted cultures (Fig. 5C). Overall, these findings demonstrate
that CLASPs were not required for HSV-1 to enter cells and syn-
thesize viral proteins but were required for both maximal in-
fectious virus production and spread to neighboring cells.

Fig. 4. The TGN acts as an alternate MTOC in HSV-1-infected cells. NHDFs
were mock-infected or infected with HSV-1 at m.o.i. 5 for 14 h. Cultures were
treated for 3 h with DMSO or 10 μM nocodazole. Nocodazole was then
washed out (w/o) for the indicated times. (A) Fixed samples were stained for
Tyr-MTs (red) and TGN46 (green). (B) Higher-magnification images of sam-
ples from A illustrate Tyr-MT growth from TGN structures, highlighted by
arrows. (C) Fixed samples were stained for TGN46 (red) and Ac-MTs (green).
(D) Higher magnification of samples 15 min after w/o in B. Arrows point to
Ac-MTs radiating from TGN46-positive structures.

Fig. 5. CLASPs are required for HSV-1-induced stable MT formation and
virus spread. NHDFs were treated with Ctrl or CLASP2 siRNAs and then
infected. (A) Samples infected at m.o.i. 10 for 16 h were fixed and stained
for TGN46 (red) and Ac-MTs (green). (B) Samples were infected at m.o.i. 5
for 16 h, and then levels of cell-associated (Cell) and supernatant (Sup) in-
fectious virus were determined by titration on Vero cells. (C) siRNA-treated
NHDFs were infected with HSV-1-GFP-Us11 at m.o.i. 0.0005 for 3 d. (Left)
Representative phase and fluorescence (GFP) images of plaques formed in
control or CLASP2 siRNA-treated cultures. (Right) WB analysis of whole-cell
extracts shows depletion of CLASP1, CLASP2, and CRMP2 and their effects
on the accumulation of early (ICP22), late (Us11), and HSV-1 virion (HSV-1)
proteins.
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Discussion
Although studies using chemical agents that affect MT poly-
merization have long established their importance to infection,
the mechanisms by which many viruses manipulate MT networks
to facilitate their replication and spread remain unclear. Here,
we show that HSV-1 induces MT stabilization in primary human
cells and demonstrate that this involves GSK3β inactivation by
the viral kinase Us3. Our findings demonstrate that downstream
GSK3β-regulated +TIPs, CLASPs mediate stable MT formation
and suggest that HSV-1 has evolved to exploit the TGN as an
alternate MTOC to facilitate virus spread.
Us3 is a multifunctional Ser/Thr kinase that, although dis-

pensable during high m.o.i. infection in many cell lines, is im-
portant for efficient anterograde movement and HSV-1 spread
in vivo and in specific cell types, notably including NHDFs (21,
22, 31–34). In terms of cytoskeletal regulation, a number of its
properties potentially position Us3 as a central regulator of host
MTs that may underlie differences with other viral strategies.
Kaposi’s sarcoma–associated herpesvirus activates ERK and
PI3K through engagement of viral glycoprotein gB with host
integrin receptors to stabilize MTs within minutes of infection
(9). In contrast, HSV-1 Us3 suppresses both ERK and PI3K-Akt
activity (33, 35, 36). Furthermore, specific downstream substrates
such as GSK3β are regulated independent of host PI3K-Akt
signaling and are, instead, directly controlled by Us3 (21, 33, 37,
38). Here, we find that Us3 induces MT acetylation in trans-
fected cells and is required for efficient stable MT formation in
infected cells. Low levels of Ac-MTs that do form in cells
infected with Us3 mutants may reflect basal Akt activity, host
responses to infection, or the activity of other viral factors. Ex-
ogenous expression of the HSV-1 protein VP22 increases MT
acetylation although the underlying mechanism, and a role for
VP22 in MT stabilization during infection has never been iden-
tified (10, 19). Although other factors may contribute to MT
stabilization, our findings demonstrate that Us3 targets GSK3β
and plays a central role in stable MT formation by HSV-1. Us3
also regulates actin polymerization and the formation of cellular
projections (39, 40). Combined with our findings, this positions
Us3 as a central regulator of cytoskeletal organization in infected
cells. Vaccinia virus–encoded F11 also regulates both actin and
MT dynamics by inactivating RhoA to facilitate MT-dependent
trafficking of virions to the cell surface (14). Unlike Us3, F11
does not have kinase activity highlighting fundamental differ-
ences in the strategies used by these viruses to target the host
cytoskeleton. Organization of actin and MTs is intricately linked
and coordinately regulated (1, 2). Viral functions such as Us3
and F11 that target both cytoskeletal networks likely orchestrate
widespread changes in cellular architecture, motility, and in-
tracellular trafficking that contribute to efficient virus spread.
Stable MT formation by HSV-1 involved GSK3β inactivation

by Us3 and required the downstream GSK3β-regulated +TIPs,
CLASPs. Depletion of CRMP2 had no effect on MT stabiliza-
tion or virus spread, demonstrating specificity in the GSK3β-
regulated +TIPs that contribute to the biology of infection.
CLASPs mediate MT stabilization in response to GSK3β in-
activation and MT orientation toward the leading edge of motile
cells and neuronal growth cones (29, 41–43). Similar to HSV-1-
infected cells, depletion of CLASPs results in MT looping (43)
and reduced levels of Ac-MTs (29, 41, 43, 44). CLASPs link
MTs to the cell cortex to control polarized trafficking, as well
as persistent cell motility and migration (41, 44–49). Additional,
more specialized properties of CLASPs may explain their spe-
cific importance to HSV-1. CLASPs regulate MT formation at
the TGN, orienting TGN-derived MTs and facilitating post-
Golgi transport to the cell front (26, 45, 50, 51). The TGN plays
a central role in HSV-1 spread by functioning in viral glycoprotein
trafficking, secondary envelopment, and egress of progeny virions

(15, 16, 28, 52–55). Our findings suggest that MTs formed at the
TGN and stabilized by CLASPs are important for efficient
assembly of progeny virions and subsequent virus spread.
The fact that the TGN acts as an alternate MTOC (25) has

further relevance, given that HSV-1 disrupts the centrosome.
Centrosome disruption is induced by a number of viruses (24,
56–59) and may represent a strategy to gain control of host MT
networks or a host response to infection. Our findings demon-
strate that in the absence of a centrosome, the TGN acts as an
alternate MTOC in HSV-1-infected cells, with MTs emanating
from the TGN rapidly becoming acetylated. MTs have been de-
scribed as “disorganized” and seemingly originating from multiple
locations, rather than a singular site, during HSV-1 infection (17,
24, 27). The dispersed nature of the TGN and its ability to act as
an MTOC in infected cells, illustrated here, offers an explanation
for these previous observations. This is further supported by the
impaired formation and clustering of Ac-MTs at the TGN in cells
infected with Us3 mutant virus or in HSV-1-infected cells depleted
of CLASPs. Overall, our findings uncover viral strategies to sub-
vert host MT networks, exploiting the TGN as an MTOC and
stabilizing MTs through the activity of a virus-encoded Akt
mimic and highly specialized host +TIPs, CLASPs to facilitate
virus spread.

Materials and Methods
Cell Culture and Viruses. NHDFs, U20S, and HeLa cells were cultured and
infected as described (36). Vero cells were used to grow and titer viruses (21,
36). Viruses were as described previously: HSV-1 WT and ΔUs3 (strain F) (23),
K220A and Repair viruses (strain F) (22), and strain 17+ and HSV-1-GFP-Us11
(strain Patton) (20).

siRNAs, Plasmids, and Inhibitor Treatments. The following siRNAs were from
Applied Biosystems: control siRNAs (AM4635 and AM4637), CLASP1 (136866
and 136867), CLASP2 (261144 and 248843), CRMP2 (AM16704), GSK3β
(14880), and Dia1 (242567 and 242568). Cultures were transfected on 2
consecutive days with 150 pmol/mL siRNA, using RNAiMax (Invitrogen), and
infected 72 h after initial transfection. Plasmids expressing Flag-tagged Us3
WT or K220A were described previously (21); cells seeded in 12-well plates
were transfected with 0.5 μg plasmid, using Lipofectamine 2000 (Invitrogen).
For inhibitors, cultures were treated with DMSO or AKTVIII (Calbiochem) at
5 μM for 1 h before and during the course of infection. To depolymerize
MTs, infected cultures were treated with 10 μM nocodazole for 3 h at 37 °C.
For washout assays, nocodazole-treated cells were rapidly rinsed twice in
medium and then incubated in growth medium for the indicated time
before fixing.

Antibodies, Immunofluorescence, and Western Blotting. Antibodies were from
the following sources: EB1 (sc-47704), Santa Cruz Biotechnology; CLASP1
(ab108620), γ-tubulin (Ab27074), Abcam; CLASP2 (SAB1300828), Ac-tubulin
(T6793), Sigma-Aldrich; Dia1 (610848), BD Transduction Laboratories; GSK3β
(9832), S9-phosphorylated GSK3β (9336), Ac-tubulin (5335), CRMP2 (9393),
Cell Signaling Technology. Infected cell protein ICP22 was from John Blaho,
City College of New York. All other antibodies were described previously
(36). For IF, cells were rinsed in PBS and then fixed in ice-cold methanol for
7 min and washed in PBS. Cultures were blocked in PBS containing 2.5% (vol/
vol) FBS/0.25% Saponin for 40 min and then probed overnight at 4 °C with
the indicated antibodies. Samples were washed in PBS/0.025% Saponin and
then probed with Alexa Fluor-conjugated secondary antibody for 1 h at RT
and then washed again. Where shown, nuclei were stained with Hoechst
33342. Images were acquired using a Zeiss Axioplan 2 microscope and
OpenLab software. Images within experiments were acquired at the same
settings, and all postacquisition adjustments to contrast and brightness for
figure preparation were applied equally. WB analysis was performed as de-
scribed previously (36).
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