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ABSTRACT Microtubules (MTs) form a rapidly adaptable network of filaments that
radiate throughout the cell. These dynamic arrays facilitate a wide range of cellular
processes, including the capture, transport, and spatial organization of cargos and
organelles, as well as changes in cell shape, polarity, and motility. Nucleating from
MT-organizing centers, including but by no means limited to the centrosome, MTs
undergo rapid transitions through phases of growth, pause, and catastrophe, contin-
uously exploring and adapting to the intracellular environment. Subsets of MTs can
become stabilized in response to environmental cues, acquiring distinguishing post-
translational modifications and performing discrete functions as specialized tracks for
cargo trafficking. The dynamic behavior and organization of the MT array is regu-
lated by MT-associated proteins (MAPs), which include a subset of highly specialized
plus-end-tracking proteins (�TIPs) that respond to signaling cues to alter MT behav-
ior. As pathogenic cargos, viruses require MTs to transport to and from their intra-
cellular sites of replication. While interactions with and functions for MT motor pro-
teins are well characterized and extensively reviewed for many viruses, this review
focuses on MT filaments themselves. Changes in the spatial organization and dy-
namics of the MT array, mediated by virus- or host-induced changes to MT regula-
tory proteins, not only play a central role in the intracellular transport of virus parti-
cles but also regulate a wider range of processes critical to the outcome of infection.
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The dense cytosolic environment poses a major barrier to the free movement of
macromolecules, making microtubule (MT)-based transport a critical aspect of virus

replication. Indeed, almost as soon as these filaments were identified and characterized,
virus particles were observed proximal to “microtubuli,” with evidence that MT-
associated proteins (MAPs) might mediate this association. Chemicals that disrupt MT
networks, still commonly used today, were reported to suppress virus infection. More-
over, either infection or expression of viral proteins was observed to alter the organi-
zation of these networks, suggesting that MTs not only facilitated infection but were
also likely to be actively manipulated by viruses. In subsequent decades an enormous
body of work helped unravel how virus particles exploit MT motors to traffic within
infected cells, and we direct readers to a recent review of this subject (1). Here, we
discuss recent advances in our understanding of how MTs themselves are regulated
and function during infection, limiting this minireview to some illustrative examples in
each case.

TWO ENDS TO THE STORY: THE BASICS OF MT POLARITY AND ORGANIZATION

MTs form through the polymerization of �/�-tubulin heterodimers into polarized
filaments that have minus and plus ends (Fig. 1A and B). MTs nucleate through
minus-end seeding at MT-organizing centers (MTOCs), such as centrosomes (2). The
centrosome core contains six �-tubulin complex proteins (GCPs 1 to 6). GCPs 1 to 3
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form the �-tubulin small complex (�-TuSC), which binds �-tubulin, and GCPs 4 to 6
assemble individual �-TuSCs into a �-tubulin ring complex (�-TuRC), which acts as a
template for MT formation. Surrounding the �-TuRC is the pericentriolar matrix (PCM),
an amorphous layer of proteins that regulate centrosome structure, positioning, and
function. Many of us (with virologists particularly guilty!) casually refer to the centro-
some as “the MTOC.” However, despite being the most prominent organizing center in
many cell types, it is now well established that cells can contain several noncentrosomal
nucleation sites, which include kinetochores, the Golgi apparatus, the nuclear envelope,
regions of the plasma membrane, and even MTs themselves (3). Finally, MTs can also
be severed from MTOCs to either depolymerize or attach at other sites, providing for a
complex organization to the MT array and a diverse range of MTOCs with the potential
to play important roles in infection.

After nucleating, MTs radiate from MTOCs, alternating rapidly between phases of
growth, pause, or catastrophe largely through the addition or loss of �/�-tubulin at
their more dynamic plus ends. This dynamic behavior allows MTs to continuously
explore the intracellular environment and engage targets, such as organelles or the cell
periphery, through a process of “search and capture.” The behavior and stability of MTs
is regulated by MT-associated proteins (MAPs), a broad category of proteins that

FIG 1 MT organization and regulation. (A) A primary fibroblast fixed and stained for EB1 and dynamic (tyrosinated) MTs. The nucleus
is stained with Hoechst stain. 1, focal point of MTs emanating from the centrosome. 2, EB1 forms a “comet-like” staining pattern as
it tracks growing MT plus ends. (B) Schematic overview of core features of MT nucleation at the centrosome. �-TuSCs are organized
into �-TuRCs surrounded by pericentriolar material. �-Tubulin binds �-tubulin at the minus end, while plus ends grow through the
addition of new �/�-tubulin dimers loaded with GTP, which is rapidly hydrolyzed as the filament polymerizes. MAPs associate with
the MT lattice and regulate stability. �TIPs can bind MTs but accumulate at MT plus ends through interactions with EB family members
(EB1 to -3) that recognize GTP-tubulin. (C) Illustration showing how cells contain a mix of growing and depolymerizing MTs that can
nucleate from multiple MTOCs, including the centrosome, Golgi apparatus, plasma membrane, and nucleus. Polarization of the MT
array involves the stabilization of MT subsets captured at the plasma membrane in response to localized environmental signals. Stable
MTs serve as specialized tracks that sort organelles and vesicles to specific regions of the cell.
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include motors and MT regulators. While many nonmotor MAPs associate along the
length of the MT lattice and promote MT stabilization, a specialized subset of MAPs
called end-binding (EB) proteins autonomously “tip-track” by specifically recognizing
GTP-tubulin at growing MT plus ends before hydrolysis to GDP-tubulin (Fig. 1B) (4). EB
proteins, comprising three family members, contain N-terminal regions sufficient to
track MT plus ends and promote MT polymerization, while C-terminal domains mediate
EB dimerization and binding to other proteins. EB-interacting proteins include other
plus-end-tracking proteins (�TIPs), many of which can independently bind tubulin and
MTs. However, their specific accumulation at growing MT plus ends requires binding to
EBs. Different EB-interacting �TIPs fulfill different functions, such as linking MTs to
targets or controlling MT growth and collapse (4). As such, EBs act as master regulators
of MT plus-end behavior and function. �TIPs can respond to environmental cues to
mediate changes in MT dynamics, including signaling through Rac1, glycogen synthase
kinase 3� (GSK3�), or RhoA-diaphanous (Rho-Dia) pathways. Some of these signals
trigger the stabilization of MT subsets, often to form a polarized array within cells that
facilitates vesicular compartmentalization or the organization of cell surface proteins (5)
(Fig. 1C). Stabilized MTs acquire distinguishing posttranslational modifications, includ-
ing detyrosination or �-tubulin acetylation (5). These modifications do not impart
stability but rather mark stable MTs, and they can be recognized by specific kinesin
motors to serve as specialized tracks for vesicle trafficking. It is worth noting that the
inherent polarity of both MT filaments and the cell itself is an important factor for
infection in vivo, yet this polarity is often not recapitulated in cell culture systems.

FIRST ENCOUNTERS: CELL SURFACE INTERACTIONS AND CELL SIGNALING

Although they are intracellular, MTs influence infection from the outset. Viruses
often attach to cells and enter at specific sites due to the spatial organization of surface
receptors and entry factors, controlled in part by polarization of the MT array. For
example, herpes simplex virus 1 (HSV-1) infects polarized epithelial cells basolaterally
but not apically, unless cell-cell contacts are disrupted through depletion of extracel-
lular calcium (6). Infection by HSV-1 in both cases requires MTs. MTs also function
in human immunodeficiency virus type 1 (HIV-1) transcytosis, a form of particle
“handoff” that underlies selective spread of chemokine receptor 5 (CCR5)-tropic HIV-1
in the upper gastrointestinal tract. This occurs because intestinal jejunal cells express
CRR5 and glactosylceramide, an alternate HIV-1 receptor, which allows R5 HIV-1 to be
endocytosed and transferred to CCR5-positive target cells in an MT-dependent manner
(7). Viral attachment to cells through specific receptors also has the potential to trigger
signal pathways that alter MT dynamics. Engagement of integrin-dependent focal
adhesions by the glycoprotein B of Kaposi’s sarcoma-associated herpesvirus (KSHV), a
large DNA virus, induces rapid cytoskeletal remodeling that includes MT stabilization (8,
9). Notably, the cellular protein ezrin has been implicated as one of a number of effector
targets for these early KSHV-induced cytoskeletal rearrangements. Ezrin-radixin-moesin
(ERM) family members regulate actin-MT cross talk and MT stability. Similar to the case
for KSHV, early stages of infection by HIV-1 requires focal adhesion proteins and ERM
family members, at least in part through their ability to promote stable MT formation
(10, 11). In contrast, hepatitis C virus (HCV) infection is negatively regulated by ERMs
(12), in line with suggestions that HCV does not exploit stable MTs during early
infection (13). As such, not only do MTs function in the organization of surface receptors
used for cell attachment, but receptor engagement by viruses in turn influences MT
dynamics to facilitate the very earliest stages of infection.

VIRUS ENTRY AND INTERNALIZATION

Viruses utilize diverse entry processes or combinations thereof. While some undergo
membrane fusion that deposits capsids directly into the cytosol, others delay cytosolic
exposure by trafficking within compartments such as endosomes. Many of the latter
viruses initially exploit host sorting pathways that themselves require MTs. Intriguingly,
the poliovirus (PV) receptor (PVR) (Necl-5/CD155) not only stimulates MT growth
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toward the plasma membrane, even outside the context of infection, but also functions
in an MT-dependent manner during postattachment virus internalization. After entry by
endocytosis, the cytoplasmic domain of PVR interacts with the dynein light chain,
Tctex-1, to regulate retrograde transport on MTs (14, 15). MT depolymerization not only
disrupts endosome trafficking, but can affect endosomal escape of virus particles and
virus trafficking from early endosomes to lysosomes, as is the case for viruses such as
Semliki Forest virus and adeno-associated virus type 2 (16, 17). Influenza virus translo-
cates toward the nuclear periphery in a dynein-dependent manner, where initial
acidification to exit from late endosomes occurs at the centrosome (18, 19). In this case,
histone deacetylases control tubulin acetylation, and histone deacetylase 8 (HDAC8)
inhibition decreases centrosome-associated MTs, suppresses centripetal endosome
transport, and inhibits influenza virus infection (19).

Other routes of virus entry involve specific plasma membrane structures. Rhinovi-
ruses, for example, rapidly activate MT-dependent transport of intracellular sphingo-
myelinase to the plasma membrane to facilitate their entry through cholesterol-rich
lipid rafts (20). Interestingly, lipid rafts of endothelial cells are thought to facilitate
changes in MT dynamics induced by KSHV (21), which, as discussed above, also involves
integrin engagement. This highlights the complexity of underlying strategies used even
by individual viruses to influence MT dynamics over the course of virus attachment and
entry. Although not essential, unusual invaginations of the plasma membrane, called
caveolae, can also function in the entry of the nonenveloped polyomavirus simian virus
40 (SV40). SV40 has been found to actively stimulate MT-dependent motility of cave-
olae to promote infection (22, 23).

After escaping endosomes to penetrate the cytosol, viruses can modulate microtu-
bule dynamics to promote transport to the nucleus. For example, adenovirus (Ad)
transiently activates protein kinase A (PKA) and p38 mitogen-activated protein kinase
(p38MAPK) signaling to enhance dynein-mediated transport (24). Ad also activates Rac1
signaling that increases MT growth toward the cell periphery. This may play a role in
promoting the formation of stable MT networks, which often form through initial
growth and subsequent capture at the plasma membrane, that might be exploited for
Ad transport (25). However, this increase in MT growth has also been proposed to
enhance the ability of MTs to capture incoming Ad particles (26). A more detailed
plus-end capture mechanism involving specific �TIPs has recently been shown for
HSV-1. Intriguingly, HSV-1 particles directly bind the inward- and outward-directed
motors, dynein and kinesin, as well as dynactin 1 (DCTN1) (27). Although DCTN1
binding has been proposed to stimulate dynein processivity to enhance infection (28),
virus association with DCTN1 also plays a key role in the capture of HSV-1 particles by
dynamic MT plus ends (29). In this capture process, EB1 bridges DCTN1 to MT plus ends
through the �TIP cytoplasmic linker protein 170 (CLIP170). Depletion of EB1, CLIP170,
or DCTN1 results in a near-complete block to HSV-1 transport after entry (29). These
findings suggest that, for at least some viruses, particles do not randomly engage MTs
but are captured by specific MT plus-end-associated complexes to initiate retrograde
transport. Foot-and-mouth disease virus (FMDV) nonstructural protein 3A (NSP3A)
binds and colocalizes with DCTN3 early in infection. This interaction with DCTN3 is
required for virulence in cattle or cultured primary kidney cells but not in transformed
kidney cell lines (30). Intriguingly, during serial passage, NSP3A mutants that reacquired
virulence had mutated to reacquire DCTN3 binding (30). This underscores the impor-
tance of DCTN3 to FMDV infection in vivo and in normal cells and highlights potential
dangers of studying transformed cell lines.

While viruses such as HSV-1 exploit �TIPs for capture by dynamic MTs, other viruses
target �TIPs in a different manner during early infection. Soon after entry, the HIV-1
capsid (CA) protein binds the EB1-associated �TIP Kif4 to induce MT stabilization, and
this is critical for particle translocation to the nucleus (31). Indeed, that study provided
the first direct evidence that EB1 and �TIPs function in virus infection. HIV-1 CA also
interacts with MAP1A and MAP1S, host factors that also promote early infection (32).
While it was proposed that these MAPs either facilitate MT stabilization or mediate virus

Minireview Journal of Virology

August 2017 Volume 91 Issue 16 e00538-17 jvi.asm.org 4

http://jvi.asm.org


trafficking by tethering particles to MTs, these MAPs do not have motor activity. Most
likely, MAP1A/1S and EB1-mediated MT stabilization provides more long-lived and
potentially selective networks for HIV-1 to cross the cytosol. Notably, HIV-1 does not
appear to bind MT motors directly but instead uses a kinesin adaptor to regulate its
bidirectional movement (33). Although it is normally an outward motor, kinesin-1
depletion blocks HIV-1 transport to the nucleus and early infection (33, 34). Kinesins
may facilitate retrograde HIV-1 transport on stable MTs, as kinesins can exhibit selec-
tivity toward acetylated or detyrosinated filaments. HIV-1 undergoes a complex series
of events during early infection. Reverse transcription of the viral genome and disas-
sembly of the capsid shell, a poorly understood process termed “uncoating,” are
intricately linked to bidirectional virus transport on MTs and may be aided by the forces
generated by opposing motors (34, 35).

Many viruses mentioned so far, including retroviruses, adenoviruses, and herpesvi-
ruses, have been observed to accumulate at the centrosome as they journey to the
nucleus. Intriguingly, HIV-1 has been reported to establish a latent state at the centro-
some in quiescent T cells that can last several weeks, and it can return to productive
infection after T cell stimulation (36). Even at the centrosome, viruses such as HSV-1
appear to exploit �TIPs such as dystonin to make the final transition from the
perinuclear centrosome to the nuclear membrane (37). In effect, this is a brief antero-
grade move from the MT nucleation site outward to the nucleus. Nearing the end of
their journey to the nucleus, adenoviruses appear to exploit the nuclear export factor
CRM1/XPO1 (chromosome region maintenance-1/exportin-1) to regulate a switch from
fast MT-dependent transport toward the nucleus to slower MT-independent motion for
nuclear entry (38). Interestingly, during its nuclear entry process, human papillomavirus
16 (HPV16) associates with MTs at the trans-Golgi network (TGN) to enter at the onset
of mitosis, where it resides within unusual membranous vesicles until the nuclear
envelope reforms (39). As such, after entry, viruses use a diverse array of strategies to
modulate their movement through the cytoplasm to reach their subcellular sites of
replication or, in some cases, sites of transient latency.

CYTOPLASMIC REPLICATION: SPECIALIZED COMPARTMENTS NEED MTs TOO

While some RNA viruses and most mammalian DNA viruses must reach the nucleus
in order to replicate, for others replication occurs completely in the cytoplasm. Cyto-
plasmic replication might predict that these viruses would have a more limited depen-
dence on MT arrays, but this is not the case.

Poxviruses such as vaccinia virus (VacV), and African swine fever virus (ASFV), the
sole asfivirus family member, are unusually self-sufficient DNA viruses that replicate
within cytoplasmic compartments called viral “factories.” Upon entry, poxvirus cores
exude mRNAs produced by their own transcription system. These mRNAs are organized
into ribosome-dense punctate structures aligned with MTs and depend on MTs for their
formation (40). Small early factories move in an MT-dependent manner toward the
nuclear periphery to form larger factories, driven by MT-mediated changes in cell
contractility and motility as opposed to the activity of dynein (41). Indeed, early in
infection MTs retract, and cell rounding gathers organelles proximal to the nucleus (42).
Once infection enters later stages, cells that had rounded earlier expand once again
coincident with the regrowth of MTs. VacV encodes at least three proteins that
modulate MT behavior at these later stages. The F11 protein stimulates MT growth by
inhibiting RhoA-Dia signaling that stabilizes MTs (43). Two other proteins, A10 and L4,
have MAP-like activities and generate stable MTs (44). Given how stable MTs form,
through growth and capture at sites such as the plasma membrane, these three
proteins may function together to generate stable MT arrays or may regulate distinct
MT subsets that serve different purposes in the viral replication cycle. Interestingly,
actin rearrangements observed in VacV-infected cells are controlled by changes in MT
dynamics, highlighting the complexity of broader cytoskeletal regulation during infec-
tion (42). Three forms of infectious poxvirus progeny are produced, two of which are
transported away from factories to the cell surface on MTs (45–49). ASFV also exploits
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MTs to exit replication sites and reach the plasma membrane (50). Finally, distinct from
factories, some orthopoxviruses also form large structures called A-type inclusions
(ATIs) that embed virions and protect infectivity after cell lysis. MTs not only mediate
ATI formation through motility and coalescence of their core components but also
mediate the transport and embedding of virus particles within these structures (51).

Many RNA viruses also utilize diverse cytoplasmic replication structures that rely on
MTs to form and function. Noroviruses, which cause gastroenteritis, form membrane-
derived replication complexes adjacent to “the MTOC” (52). This process involves the
activity of at least two virus-encoded proteins. The viral nonstructural NS3 protein can
induce formation of motile lipid-derived structures, while reorganization of acetylated
MTs that may facilitate replication compartment formation appears to involve the
structural viral protein VP1 (52, 53). Rotavirus, a double-stranded RNA (dsRNA) virus,
forms “viroplasms,” which begin as many small structures that coalesce into larger ones
in perinuclear regions through interactions between two viral nonstructural proteins,
NSP2 and NSP5, with MTs (54, 55). Nocodazole blocks the movement and fusion of
structures to form viroplasms, which, like norovirus replication complexes, appear to
embed in acetylated MTs to maintain structural integrity (55, 56). Reoviruses replicate
in filamentous inclusions formed at perinuclear sites. Interestingly, different strains of
reovirus produce multifunctional mu2 proteins that either do or do not possess
MAP-like activity, and this correlates with the formation of either MT-colinear filamen-
tous or globular inclusion bodies, respectively (57). Thus, mu2 regulation of stable MTs
may be a key determinant in the organization of cytoplasmic reovirus replication and
assembly sites. Flaviviruses also form replication compartments. For example, Zika virus
forms endoplasmic reticulum (ER)-membrane invaginations similar to those of its
relative, dengue virus, reorganizing MTs into cages around replication compartments
(58). HCV replication compartments consist of both large “membranous webs” that
exhibit limited motility and smaller compartments that are motile. MTs maintain these
two discrete compartment types, both of which are required for HCV replication
(59–61). The association of replication compartments with MTs involves the viral
nonstructural proteins NS3 and NS5A (59–61). HCV progeny are assembled on lipid
droplets that are brought proximal to replication compartments. This is controlled, at
least in part, by the HCV core protein, which is sufficient to coat lipid droplets and
control their motility, causing MT-dependent aggregation at “the MTOC” (62, 63). HCV
also exploits septin 9, a multifunctional GTP- and membrane-binding protein that
interacts with MTs to promote lipid droplet formation (64). Collectively, these effects
likely enhance interactions between replication compartments and lipid droplets at a
perinuclear region. As part of the virus assembly process, the viral NS2 and NS3-4A
proteins are thought to promote core trafficking from large, immotile lipid droplets
during assembly (65). Once assembled, progeny HCV is then transported to the cell
surface along MTs in endosomes (66, 67). As such, HCV represents an excellent example
of the enormous complexity of MT functions in the replication of viruses that do not
even need to reach the nucleus.

The complex role played by MTs in the cytoplasmic replication of viruses becomes
even more apparent when one considers that the positive-strand RNA genome of
viruses such as HCV or PV serves as a template for both negative-strand RNA synthesis
and translation. These are two incompatible processes that cannot occur simultane-
ously on the same RNA molecule, and MTs facilitate the spatial separation of these
processes. Upon infection, newly made PV protein and negative-sense RNA transport to
perinuclear regions, followed by the production and translation of more positive-sense
RNA strands at the ER. As this occurs, ER-proximal vesicles containing negative-sense
RNA form and are transported to perinuclear regions (68). This active transport between
the ER and perinuclear regions then establishes discrete sites of translation and
replication, respectively. Demonstrating this, transcriptional inactivation followed by
reversal results in two distinct vesicles types: those trapped at the ER/Golgi apparatus,
which are engaged exclusively in translation, cannot resume replication, while those
trapped at the nuclear periphery can resume replication by transporting positive-sense
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RNA back to the ER for translation. For different reasons, MT-dependent transport and
compartmentalization of RNA also occur during infection by vesicular stomatitis virus
(VSV). VSV has a nonsegmented negative-sense RNA genome that is delivered in a
transcription-competent ribonucleoprotein core. Initial synthesis of VSV mRNAs occurs
throughout the cytoplasm. However, synthesis of viral proteins induces the formation
of inclusions, where viral mRNA synthesis becomes segregated. MTs play a key role in
transporting viral RNAs away from inclusions for translation (69). Interestingly, it is
unclear whether this segregation of negative-sense RNA transcription represents an
optimal condition established by the virus or a host response to infection that must be
overcome through MT-dependent transport of viral mRNAs back to regions where they
can be translated.

VIRUS REPLICATION AND EGRESS: TIME TO INTRODUCE MORE STABILITY AND
A TOUCH OF POLARITY?

Virus assembly and egress are complex and diverse processes that occur at different
locations for different viruses. Herpesviruses, for example, replicate and package their
DNA genomes into capsids within the nucleus. Capsids then bud from the nucleus and
accumulate a layer of proteins (tegument) before acquiring their outer membranes,
studded with viral glycoproteins, at the TGN. Although retroviruses have a nuclear
stage, virus assembly occurs in the cytoplasm at centrosomes or the plasma membrane.
In many instances, however, viruses appear to induce the formation of acetylated MTs
later in infection, the functional significance of which may relate to their preferential
affinity for outward kinesin motors to enable egress.

Once HSV-1 particles reach the nucleus and establish productive infection, punctate
pericentrin staining is disrupted and MTs lose centrosomal focus (70, 71). While
disrupting centrosomal function, HSV-1 stabilizes MTs that nucleate at the TGN through
the activity of Us3, a viral Akt mimic that regulates broad cytoskeletal rearrangements
during infection (70, 72). In particular, formation of stable MT arrays occurs through
Us3-mediated activation of cellular proteins called cytoplasmic linker-associated pro-
teins (CLASPs) (70). CLASPs are specialized �TIPs that function in both MT nucleation
at the Golgi apparatus and MT capture at the cell periphery. Formation of acetylated MT
arrays may be further aided by the HSV-1 protein VP22 (73) and host HDAC6 (74).
Another �TIP, dystonin, also regulates HSV-1 transport during egress (75), but the
underlying mechanism is currently unknown. However, it is tempting to speculate that
dystonin contributes to MT nucleation or stabilization, as it is a �TIP with no known
motor function. As outward kinesin motors exhibit a preference for acetylated or
detyrosinated MTs, stabilizing MTs that originate from the site of envelope acquisition
would ensure movement of new virus particles toward the cell surface (70). Moreover,
stable MTs often form through capture at specific regions of the plasma membrane,
and herpesvirus egress has been reported to occur at regions enriched for LL55�, an
established CLASP-interacting protein (76, 77).

Among RNA viruses that have a nuclear replication stage, many retroviruses transit
through the centrosome en route to the cell surface. This plays a complex role in the
biology of their assembly, as reviewed by Afonso and colleagues (78). By way of limited
examples, foamy virus, mouse mammary tumor virus, and Mason-Pfizer monkey virus
assemble at “the MTOC,” where some then acquire their envelope at the TGN (79–81).
In contrast, other retroviruses (discussed below) assemble only after their structural
proteins and RNA genomes have transited through the centrosome en route to
assembly sites. Progeny influenza virus vRNPs exit the nucleus and accumulate at “the
MTOC” before being transported in endosomes by MTs and actin (82–84). Interestingly,
vRNPs have been proposed to be directed to MTs by YB-1, a host transcriptional and
translational regulator, although the underlying mechanism remains unclear (85).
Although MT disruption has only small effects on infection, it disperses the normal
polarized organization and reduces the motility of vRNPs. Influenza virus also induces
MT acetylation, and the degree of acetylation correlates with the degree of influenza
virus release, which involves delivery of viral components to the apical plasma mem-
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brane (86, 87). As such, polarity of acetylated MT arrays plays a role in the proper release
of DNA and RNA viruses from specific regions at the cell surface.

While some viruses assemble prior to transport to the cell surface, others, including
paramyxovirus and some retrovirus family members, assemble at specific plasma
membrane regions. Many of these have also been found to actively polarize cells for
their own purposes. Mutant Sendai virus strains suggest that the viral M protein
controls MT organization and polarized budding (88). After exiting the nucleus, HIV-1
genomic RNA accumulates at “the MTOC,” mediated by MTs and the trafficking factor
heterogenous ribonucleoprotein A2 (hnRNPA2) (89). HIV-1 assembly occurs at the
plasma membrane after both the viral RNA and Gag polyprotein are transported to the
cell surface (90, 91). At this stage of infection, the host protein suppressor of cytokine
signaling 1 (SOCS1) colocalizes with the viral Gag polyprotein on MTs and promotes
both MT stabilization and virus production, effects that are blocked by disrupting MTs
with nocodazole or expression of stathmin, a host MT-depolymerizing factor (92).
Notably, both unassembled and assembled forms of Gag are transported along MTs to
the plasma membrane (91). Intriguingly, in macrophages, a natural target cell type for
HIV-1 infection in vivo, assembly occurs in virus-containing compartments whose
spatial organization is controlled by MTs. HIV-1 release from macrophages requires the
kinesin Kif3A, which is dispensable in T cells, where the virus does not employ
virus-containing compartments (93). This suggests cell-specific replication strategies for
HIV-1 and distinct roles for MTs in each case. In lymphocytes, polarization of the MT
array may facilitate HIV-1 cell-cell spread though virological synapses and polysynapses
(94, 95). During infection by another retrovirus, human T cell leukemia virus type 1
(HTLV-1), intercellular contact polarizes MTs in the infected cell to the cell-cell junction,
with the viral genome and Gag localizing to this contact site (96). Infected-cell polar-
ization involves reorientation of “the MTOC” toward the site of contact with the
uninfected cell and is mediated by the combined action of the viral protein Tax and
intracellular adhesion molecule 1 (ICAM-1) signaling (97). These examples illustrate how
polarization and stabilization of MT arrays contribute to the assembly and egress of
virus particles at specific regions of the plasma membrane, as well as the formation of
intercellular connections or synapses that facilitate virus spread.

THE CENTROSOME: TRANSIT AND ORGANIZATION CENTER OR DANGER ZONE?

In discussing different viral replication strategies, we have touched several times on
viruses that accumulate at the centrosome as they enter or exit the cell. The centro-
some is a primary focal point of MTs in many cell types and plays diverse roles in various
stages of virus replication that go beyond simply serving as a transit station for virus
particles.

As mentioned above, initial acidification and endosome escape for viruses such as
influenza virus occur at the centrosome, and centrosome “splitting” suppresses influ-
enza virus infection (18, 19). While some viruses, such as retroviruses (discussed above),
exploit the centrosome as an assembly site or reorient it during cell polarization, others
actively alter its organization for other purposes. Herpesviruses, poxviruses, and ASFV
reduce the punctate localization of centrosomal proteins (44, 70, 71, 98). While often
broadly described as centrosome damage or disruption, it is most likely that regulatory
or nucleation factors are displaced rather than that the entire structure is destroyed.
Indeed, the FMDV nonstructural protease NSP3Cpro reduces MT tethering in a manner
associated with a specific loss of �-tubulin but not pericentrin at centrosomes (99).
Disrupting centrosome function may serve multiple purposes, such as switching MT
nucleation to sites where the virus is replicating or acquiring its envelope prior to
egress, as is the case for HSV-1 (70). Alternatively, targeting the centrosome may
counter antiviral responses. It has been suggested that the cell may view viruses as
misfolded proteins, which are routed to the centrosome destined for degradation.
Indeed, clusters of Ad5 observed at the centrosome and Golgi apparatus do not appear
to represent the infectious pathway (100). In line with an antiviral defense, once
allowed to accumulate at the centrosome as part of their critical journey from the cell
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periphery toward the nucleus, transduction by adeno-associated virus vectors can be
enhanced by then disrupting MTs and the centrosome, where virus particles become
trapped (101). The centrosome is also a site of antigen processing (102), so disrupting
its organization may dampen host antiviral responses.

The centrosome also serves as a site for the accumulation of aggresomes, which are
involved in protein turnover and autophagy. Aggresomes not only function in host
defense but may also be exploited by viruses as sites of replication (103). Late in Ad
infection, cellular DNA repair enzymes can join viral genomes into concatemers and
inhibit formation of infectious particles. To prevent this, Ad5-encoded E4orf3 protein
inactivates core components of host double-strand break repair complexes by target-
ing them to centrosome-resident aggresomes in an MT- and dynein-dependent man-
ner (104, 105). Influenza virus exploits aggresomes to promote infection by mimicking
misfolded proteins to recruit HDAC6 and other aggresome factors to viral fusion sites
(106), although HDAC6 has also been suggested to negatively impact influenza virus
release due to effects on acetylated MTs that likely mediate egress (107). ASFV
replication sites form at the centrosome and resemble aggresomes, potentially using
the aggresome pathway for virus assembly (108). Finally, PV induces autophagosome-
like structures that tether to MTs and influence the rate at which PV can be released
from cells through a process termed autophagosome-mediated exit without lysis
(AWOL) (109). As such, although aggresomes may seem “dangerous to play with,”
several viruses have co-opted their functions in an MT-dependent manner to benefit
virus replication in a variety of ways.

MODULATION OF HOST BEHAVIOR AND ANTIVIRAL RESPONSES

Manipulation of MTs by viruses not only is important for their intracellular trafficking
and formation of replication compartments but also enables them to control broader
aspects of infected-cell behavior. Virus-encoded factors such as the VacV F11 protein
enhances MT dynamics to increase cell motility, thereby promoting virus spread (43,
110). Viruses also exploit MTs to control organelle structure and localization. Both DNA
and RNA viruses have been found to cause MT-dependent changes in the spatial
organization of mitochondria (42, 111, 112), including the recruitment of mitochondria
to ASFV replication compartments (113). This potentially redirects energy supplies to
sites of virus replication or away from the host cell. PV disrupts the Golgi apparatus in
an MT-dependent manner (114). Another picornavirus, FMDV, encodes a protease
called 3C that inhibits MT growth and also causes Golgi fragmentation (115). Strategies
aimed at fragmenting the Golgi apparatus impair secretory pathways and likely play a
role in suppressing antigen presentation.

MTs also mediate host responses to infection. Cells can encode specialized antiviral
proteins or restriction factors. MTs and dynein facilitate the antiretroviral activity of
tripartite motif-containing proteins (TRIMs), a family of proteins that protect cells
against retroviral infection, as the efficacy of TRIMs is reduced by MT depolymerization
(116, 117). Only low levels of another antiviral, called Fv1 (Friend virus susceptibility
gene 1), are required for protection of mice against murine leukemia virus (MLV), but
localization to MT-associated TGN tubules is critical for its activity (118). The guanine
nucleotide exchange factor GEF-H1 is regulated by MT binding and couples MT and
Rho-GTPase activity. MTs sequester GEF-H1 but release it to enable intracellular nucleic
acid sensing by retinoic acid-inducible gene 1 (RIG-I)-like receptors, a key pathway for
detecting intracellular pathogens (119). MAP4 controls the perinuclear redistribution of
butyrophilin subfamily 3 member A1 (BTN3A1), a host protein involved in major
histocompatibility complex (MHC)-associated antigen presentation. This redistribution
activates interferon (IFN) responses to double-stranded RNA that is produced during
the replication of many viruses (120). Given the roles played by these MT-associated
proteins in antiviral responses, viruses have evolved countermeasures in order to
successfully replicate. For example, to block IFN activation, rabies virus P protein
switches the host antiviral signal transducer and Activator of transcription 1 (STAT1)
from an MT-facilitated to an MT-inhibited process of nuclear import, blocking it from
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entering the nucleus and inducing interferon-stimulated gene (ISG) expression (121).
HIV-1 encodes several proteins that counter antiviral or immune responses through
modulating MT function. In infected macrophages, HIV-1 Vpr binds and interferes with
the plus-end localization of EB1-DCTN1 complexes, suppressing centripetal movement
and maturation of phagosomes critical to pathogen clearance (122). The HIV-1 trans-
activating regulatory protein (Tat) binds the cytoplasmic tail of the interleukin 7 (IL-7)
receptor CD127, causing MT-dependent internalization (123). Indeed, this represents
just one example of viral strategies that target surface receptors that mediate immune
cell responses to infection, and many others exert wider effects on natural killer cell
activation and formation of cytolytic granules through their effects on MTs.

Besides blocking host antiviral responses, some viruses can also cause cellular
transformation by dysregulating cell division. While these are too numerous to include
in this minireview, SV40 represents a good example of the underling complexity of the
process and potential roles for MTs. The SV40 large T antigen (TAg) binds MTs and
affects p53 signaling (124). Moreover, by interacting with the MT stabilizing factor
transforming acid coiled-coil-containing protein 2 (TACC2), TAg leads to disorganized
mitotic spindles and chromosome missegregation (125, 126). SV40 TAg may also affect
the nuclear cytoskeleton through interactions with MAP1 (127). SV40 also encodes
another protein, small T antigen, that affects MT stability and induces chromosome
missegregation through interactions with protein phosphatase 2A (PP2A) (128, 129).
Other oncogenic viruses, such as Merkel cell polyomavirus, hepatitis B virus, Epstein-
Barr virus, and HTLV-1, encode proteins that also cause centrosome and MT abnormal-
ities that appear to underlie at least some of their effects on cell division and trans-
formation.

MT FUNCTIONS DURING INFECTION OF PLANTS, INSECTS, AND BACTERIA

MT organization in plants is strikingly different from that in other kingdoms,
including the transient formation of unusual preprophase bands during cell division
and the use of specialized MAPs (130, 131). A variety of plant viruses encode what are
termed “movement proteins” (MPs), which are involved in the transport of viral
proteins, RNAs, replication compartments, and virions (130, 132). MPs have been found
to bind plant MAPs, which negatively or positively regulate infection, as well as to
mimic host MAP functions to stabilize plant MTs (133–136). Plant MPs have also been
found to interact with �TIPs. Tobacco mosaic virus (TMV) MP, for example, interacts
with Arabidopsis thaliana EB1a, and dynamic MTs promote TMV spread (137, 138). Other
commonalities with mammalian viruses include MPs that affect centrosome function
(135). Perhaps most striking about plant MTs, however, is their role in vector transmis-
sion. Cauliflower mosaic virus (CaMV) is spread by aphids. CaMV forms intracellular
replication compartments as well as a specialized transmission body in its plant host.
CaMV aphid transmission factor (ATF) forms paracrystalline structures that bind and
stabilize MTs (139). Remarkably, transmission bodies react within seconds to the
presence of aphids on the plant by rapid disruption and redistribution of the core
transmission body helper protein, P2, onto MTs, driving the release of virions from the
transmission body and factories onto MTs. Within minutes of the aphid leaving, virions
return to factories and the transmission body, which rapidly reforms in a form of vector
“perceptive behavior” through the plant host (140–142). Horizontal transmission of
viruses between insects may also involve MT-regulated structures called occlusion
bodies. The baculovirus Autographa californica nucleopolyhedrovirus (AcMNPV) en-
codes an auxiliary protein, P10, that associates with and restructures its insect host’s
MTs. P10 forms tubular structures that depend upon MTs for their assembly and may
regulate occlusion body release during virus transmission (143). Finally, bacterial FtsZ
proteins, tubulin-like homologs, form short cytomotive protofilaments that function in
cell division, with structures very different from those of eukaryotic MTs. However,
some bacteriophages encode tubulin-like PhuZ, which forms a filamentous, spindle-like
array that positions phage DNA at the bacterial cell center for optimal virus replication
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(144–146). These examples serve to illustrate the broader importance of MTs or MT-like
filaments in infection by diverse viruses across kingdoms and species.

CONCLUDING REMARKS

There are many more examples of viruses that alter MT behavior and function, which
are unfortunately too numerous to include within the space limitations of this minire-
view. However, the examples cited serve to illustrate the incredible diversity by which
different viruses exploit MT arrays to facilitate their replication. Indeed, given the
widespread viral exploitation of these networks, it is surprising to see numerous reports
directly question the importance of MTs to infection. Without citing specific cases, most
if not all of these studies are based on the use of “poisons” that artificially stabilize or
depolymerize MTs, in particular nocodazole. However, there are a number of important
caveats to these approaches that often go unconsidered. Stable MTs, which clearly are
used by many viruses, are relatively resistant to nocodazole. Surprisingly, some studies
treat with drugs for just 2 h before washout for several days to allow for reporter gene
expression as the means of measuring infection levels, not accounting for the fact that
the effects of nocodazole are reversed within minutes. Moreover, readouts based on
viral gene expression without visualizing virus particle behavior may not account for
aberrant events involving a small number of particles within a virus population. For
example, a single virus entering at a site proximal to the nucleus or Brownian motion
of just a few particles may be sufficient to achieve high levels of reporter gene
expression, particularly if endpoint assays are performed after several hours or days and
not within a reasonable time frame that reflects the period of MT-based movement.
Without accounting for significant caveats, results obtained using nocodazole often
lead to the suggestion that free diffusion mediates virus transport, not MTs. Given that
MTs radiate throughout the cell and often tether organelles, they likely contribute to
the crowded environment within the cell. As such, nocodazole may also remove
impediments and artificially generate an environment more favorable to diffusion.
Caution is needed when using and interpreting findings with MT drugs if they are the
sole means of assessing the contribution of MTs to infection, a concern also raised for
plant systems (147).

In addition, for reports of MT disruption by viruses it is important to understand the
biological context. For example, although Zika virus uses MTs to replicate, it disrupts MT
networks, but this occurs only when replication is complete and the cell is dying (58).
As such, observations of MT disruption or reorganization in infected cells should be
interpreted carefully and in context. Another point is the study of viral proteins outside
the context of infection. For example, for a small virus, HIV-1 encodes a remarkable
numbers of proteins, too many to cite here, that are reported to promote MT poly-
merization, stabilization, or disruption. It may seem odd that a virus that actively
stabilizes and uses MTs for infection would encode destabilizing factors. Here, again,
context is critical. The presence of viral proteins that depolymerize MTs does not mean
that the virus does not need MTs, as these factors may work in conjunction with others
that promote MT formation as part of a broader strategy to remodel the host MT
network during infection. Alternatively, MT disruption may not be a natural function of
factors studied outside the context of infection, or disruption may serve other purposes
unrelated to virus replication. HIV-1 again provides an ideal example. The HIV-1 Tat
protein is reported to promote MT polymerization, stabilization, or disruption in various
contexts. Complicating matters, zinc binding changes whether Tat induces MT stabili-
zation or tubulin aggregates (148). Adding yet more layers of complexity, Tat is
secretory, and many of its effects are likely to be involved in immune modulation and
broader cellular toxicity that contributes to AIDS progression. As such, it is unclear if Tat
contributes to the regulation of MTs within the infected cell where replication is
occurring and utilizes MTs. Finally, some viruses exploit MAPs or encode tubulin-
interacting factors for purposes unrelated to MT regulation. For example, MAP4 deple-
tion suppresses HIV-1 reverse transcription but not nuclear translocation (149), while
tubulin is coopted by Sendai virus to control transcription (150). While reports of viral
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proteins that interact with MT regulators or alter MTs when expressed in cells demon-
strate their ability to do so, it is important to know if the observed effects also occur in
infected cells and during periods of virus replication versus late-stage cell death to truly
understand their role in virus replication.

We have amassed an incredible amount of information about how viruses exploit
MT motors, and our understanding of viral manipulation of MTs themselves is rapidly
growing. Future studies, in particular of host signaling pathways and downstream
effector MAPs, will undoubtedly provide important new insights into the underlying
mechanisms by which MTs function during viral infection.
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