Naghavi Retrovirology (2021)18:19
https://doi.org/10.1186/512977-021-00563-3

Retrovirology

REVIEW Open Access

HIV-1 capsid exploitation of the host

®

Check for
updates

microtubule cytoskeleton during early infection

Mojgan H. Naghavi®

Abstract

incoming HIV-1 capsid during early stages of infection.

Microtubules (MTs) form a filamentous array that provide both structural support and a coordinated system for the
movement and organization of macromolecular cargos within the cell. As such, they play a critical role in regulating a
wide range of cellular processes, from cell shape and motility to cell polarization and division. The array is radial with
filament minus-ends anchored at perinuclear MT-organizing centers and filament plus-ends continuously growing
and shrinking to explore and adapt to the intracellular environment. In response to environmental cues, a small sub-
set of these highly dynamic MTs can become stabilized, acquire post-translational modifications and act as specialized
tracks for cargo trafficking. MT dynamics and stability are regulated by a subset of highly specialized MT plus-end
tracking proteins, known as +TIPs. Central to this is the end-binding (EB) family of proteins which specifically recog-
nize and track growing MT plus-ends to both regulate MT polymerization directly and to mediate the accumulation of
a diverse array of other +TIPs at MT ends. Moreover, interaction of EBT and +TIPs with actin-MT cross-linking factors
coordinate changes in actin and MT dynamics at the cell periphery, as well as during the transition of cargos from

one network to the other. The inherent structural polarity of MTs is sensed by specialized motor proteins. In general,
dynein directs trafficking of cargos towards the minus-end while most kinesins direct movement toward the plus-
end. As a pathogenic cargo, HIV-1 uses the actin cytoskeleton for short-range transport most frequently at the cell
periphery during entry before transiting to MTs for long-range transport to reach the nucleus. While the fundamental
importance of MT networks to HIV-1 replication has long been known, recent work has begun to reveal the underly-
ing mechanistic details by which HIV-1 engages MTs after entry into the cell. This includes mimicry of EB1 by capsid
(CA) and adaptor-mediated engagement of dynein and kinesin motors to elegantly coordinate early steps in infection
that include MT stabilization, uncoating (conical CA disassembly) and virus transport toward the nucleus. This review
discusses recent advances in our understanding of how MT regulators and their associated motors are exploited by
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Host cytoskeleton

The host cytoskeleton is a complex network of dynamic
filaments radiating throughout the cell. The organiza-
tion and function of cytoskeletal networks play impor-
tant roles in cell shape, motility, polarity, or division and
has been implicated in a wide range of diseases including
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neuronal disorders, muscle myopathies, various types of
cancers, as well as viral infections [1-4]. These dynamic
filaments are divided into three types: microfilaments,
intermediate filaments and MTs. Microfilaments are the
thinnest filaments in the cytoskeleton that are mostly
composed of actin and are therefore also referred to as
actin filaments. Intermediate filaments, which their
name implies are in-between the size of microfilaments
and MTs, help cells maintain their shape, bear tension
and provide cellular structural support. Unlike interme-
diate filaments, microfilaments and MT cytoskeletons
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are polarized filaments responsible for active directional
transport of a variety of cargos within the cell including
viruses. Actin mediated transport is driven by the myosin
family of motors, but can also occur via actin nucleation
and/or polymerization regulated by Rho-GTPase signal-
ing pathways [5]. Actin filaments mediate short distance
motility of cargos most frequently at the cell periphery,
while MTs are cytoskeletal highways responsible for long
distance transport of cargos throughout the cell.

MTs are composed of polarized heteropolymeric chains
of /B tubulin with their minus-ends anchored at a peri-
nuclear MT organizing center (MTOC) and their plus-
ends pointing toward the cell periphery, where they can
interact with cortical actin (a highly dense layer of actin
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filaments underneath the plasma membrane) (Fig. 1) [6,
7]. The inherent structural polarity of the MTs is sensed
by MT motors so that the single cytoplasmic dynein
motor moves toward MT minus-ends (retrograde) and
most kinesin motors move towards the plus-ends (anter-
ograde). In most cell types, the majority of MTs are highly
dynamic with their plus-ends undergoing rapid phases
of growth and shrinkage, a behavior known as dynamic
instability. The dynamic nature of MTs allows sensing of
intracellular sites where their plus ends will interact with
targets through a process often referred to as “search and
capture” While capture can initiate cargo transport in
other cases, upon encountering targets such as regions
of the cell cortex, organelles or cargos and in response
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Fig. 1 HIV-1 interactions with the host cell cytoskeleton during early infection. Entry. Upon entry by fusion with specific receptors at the plasma
membrane, incoming HIV-1 cores penetrate through cortical actin (pink) and are deposited in the cytoplasm. Soon after entry, HIV-1 induces
microtubule (MT) stabilization (shown as red filaments), which is regulated in part by actin-MT cross-linking proteins (green). Capture. Fusion of
HIV-1 into the cytosol releases matrix (MA) protein (orange) that is captured by a complex of MT plus-end tracking proteins (+TIPs) consisting of
the MT end-binding protein (EB1) (light brown) and Kif4 (dark blue) at the tip of MTs (+) to induce MT stabilization. The incoming conical capsid
(yellow) is also captured with the EB1-associated actin-MT crosslinkers Dia1/2 (purple) to induce additional MT stabilization. The SxIP containing
EB1-associated +TIPs CLIP170 and CLASP2 (dashed lines around the capsid) bind to and stabilize capsid, perhaps via recognition of local capsid
lattice ruptures induced by the onset of reverse transcription, to upload the incoming cores from cortical actin onto stable MTs. Transport. The
capsid binds MT motor adaptors BICD2 and FEZ1 to bridge viral particles to dynein (dark blue) and kinesin-1 (green) motors, respectively, to
mediate their long-range bidirectional transport on stable MTs towards the nucleus. As the conical capsid moving along stable MTs loses small
patches of CA to accommodate the outgrowing reverse transcribing viral genome (blue), CA protein release likely further increases MT stabilization
over time via interactions with MT associated proteins MAP1A/S (dark red). Incoming cores accumulate at the perinuclear MT organizing center
(MTOC) prior to nuclear entry by an as-yet unknown transport mechanism
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to specific signals, the MT filament becomes locally sta-
bilized. Given their longevity (t1/2 > 1 h as opposed to
t1/2 of 5-10 min in the case of dynamic MTs), stable
MTs acquire post-translational modifications including
acetylation or detyrosination of a-tubulin. While tubulin
acetylation that arises in the inner lumen of the MT fila-
ment was recently shown to confer mechanical strength,
detyrosination on the outer surface does not impart sta-
bility but instead enables preferential binding of kinesin
motors [8, 9]. This motor selectivity combined with their
longevity allows stable MTs to act as ideal tracks for long-
range transport of specific cargos during processes such
as cell polarization [8—10]. MT behavior and stability is
regulated by a range of MT-associated proteins (MAPs)
that includes motors and MT regulators. While many
nonmotor MAPs can promote MT stabilization by bind-
ing along the filament lattice, a highly specialized subset
of MAPs known as end-binding (EB) proteins (compris-
ing 3 family members EB1, EB2 or EB3) specifically rec-
ognize guanosine triphosphate-tubulin that is transiently
present at the growing MT plus-ends, and thereby track
growing MT tips [11]. The N-terminal region of EB pro-
teins is sufficient to track MT plus-ends and promote MT
polymerization, while their C-terminal domains medi-
ate EB dimerization and interaction with other proteins
including other MT plus-end tracking proteins (+TIPs).
Although many +TIPs can directly bind MTs, the major-
ity of +TIPs utilize CAP-Gly or SxIP motifs to bind to EB
proteins in order to accumulate at MT plus-ends, making
EBs the master regulators of MT plus-end behavior and
function [11]. Recruitment of other +TIPs by EBs creates
functional modules at the growing MT ends to mediate
changes in MT dynamics, including signaling through
Racl, glycogen synthase kinase 3 (GSK3p) and RhoA-
diaphanous (Rho-Dia) pathways. Some of these signal-
ing pathways also trigger localized MT stabilization at
specific subcellular sites, often to drive cell polarization
during development, differentiation and cell migration.
Interestingly, actin remodeling is also controlled by some
of these signals, highlighting the importance of these
pathways in coordinating overall cytoskeletal dynamics
in a variety of contexts including virus infection.

Interplay between HIV-1 capsid and host
cytoskeletal regulatory factors

Given its size, it is perhaps not surprising that HIV-
1, similar to many other viruses, has evolved means to
exploit host cytoskeletal transport networks in order
to facilitate its movement across the dense and viscous
cytosolic environment which greatly impedes diffusion
of large molecules. Earlier work showed that interaction
of incoming HIV-1 with both actin and MT cytoskeleton
alter the organization of these networks, while chemicals
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that disrupt these transport networks suppress viral
infection. These reports suggested that for a successful
infection, HIV-1 not only exploits the existing transport
systems within infected cells but is also likely to actively
manipulate them.

Exploitation of actin cytoskeleton

HIV-1 has evolved various strategies to not only over-
come the physical barrier imposed by the cortical actin
to entry into the cell but to actively exploit the actin net-
work and its associated factors to facilitate early infec-
tion. This includes surfing on the cell surface and entry
of viral particles at active actin remodeling areas [12],
mediating actin-rearrangements either directly using
viral proteins [13, 14] (reviewed in [15]) or by exploiting
host actin regulatory proteins through control of signal-
ing pathways [16-21], or direct interaction with actin-
binding proteins [22], or by counteracting inhibition of
actin polymerization [23]. Moreover, podosomes (small
dynamic actin-driven adhesion microdomains) were
recently shown as a novel route for entry of HIV-1 into
macrophages [24]. While HIV-1 induced actin remod-
eling is critical for short-range movement of the incom-
ing viral cores at the cell periphery, this review focuses
on the intracellular role of cytoskeletal networks that are
targeted by HIV-1 capsid. For broader information read-
ers are directed to more extensive reviews on this subject
[15, 25].

Exploitation of actin-MT cross-linkers

Once inside the cell, similar to many other viruses, HIV-1
exploits cortical actin for short-distance transport of
incoming viral cores from the peripheral regions of the
cell onto the MT network for long-ranged transport to
the nuclear periphery [26, 27]. Earlier studies using actin
depolymerizing agents suggested that actin-based motil-
ity was important either for cytoplasmic entry of incom-
ing HIV-1 cores [17], for establishment of an infectious
viral complex [28] and more recently for early infection
and transport to the nucleus in T cells [29]. Interest-
ingly, some of these studies suggest that MTs only play a
very minor role in infection [29]. However, this conclu-
sion was based on treating cells with MT modulators
but removing them prior to infection. Given that many
modulators, such as nocodazole, are rapidly reversible
and that MTs rapidly re-polymerize within minutes of
their removal, and that nocodazole does not affect sta-
ble MTs that are utilized by HIV-1 as discussed below,
it remains uncertain whether MTs are truly not impor-
tant in T cells. Indeed, depletion of +TIPs and inter-
fering with MT motors has been shown to affect early
infection of Jurkat T cells [30, 31], suggesting that MTs
are indeed important in T-cells. In the Burkrinskaya
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et al. study, a direct interaction of HIV-1 matrix (MA)
with actin (but not tubulin) was suggested to mediate
localization of reverse transcription complex (RTC) on
actin microfilaments resulting in promotion of the pro-
cess of reverse transcription within the complex. The
same study also showed that while MA within the RTC
associated with actin cytoskeleton, CA (the major com-
ponent of the incoming viral cores) did not exhibit any
significant binding [28]. Later live cell microscopy imag-
ing not only supported this proposed initial short-range
actin-driven motility by showing MT-independent traf-
ficking of incoming HIV-1 cores at the cell periphery,
but also indicated a direct association of CA proteins
with the MT cytoskeleton [32]. These discoveries sug-
gested that incoming HIV-1 cores, similar to all other
viruses that enter the cell by fusion into the cytosol at the
plasma membrane, has to transit from the actin network
to MTs, a hand-off process that often involves several
host and viral proteins [27]. To this end, while relatively
little is known about the proteins associated with incom-
ing HIV-1 cores, a growing number of host factors that
regulate actin-MT cross-linking and positively or nega-
tively affect infection have been reported. Among these,
focal adhesion proteins are required during early stages
of HIV-1 infection [33], while the ezrin-radixin-moesin
(ERM) family members, moesin and ezrin function as
negative regulators of early post-entry infection, before
or at the initiation of reverse transcription [34-36].
Given that these actin-MT cross-linkers also regulate
MT stabilization, combined with the importance of sta-
ble MTs during early post-entry HIV-1 infection (dis-
cussed in more detail below), indicates that the effects
of these factors on early infection likely reflect their abil-
ity to positively (focal adhesion proteins) or negatively
(ERMs) regulate stable MT formation. Follow up studies
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further identified a novel moesin interacting factor PDZ
domain-containing protein 8 (PDZD8) which not only
induced MT stabilization and promoted early infection at
the initiation of reverse transcription [37], but also bound
to HIV-1 CA and affected the stability of incoming core
[38] (Table 1). However, follow-up studies from the same
lab showed that CRISPR-CAS9 knockout of PDZDS8 did
not significantly impact HIV-1 infection [39]. While the
underlying reason for this apparent discrepancy remain
unclear, it is possible that long-term knockout of PDZD8
requires the evolution of compensatory processes for cell
survival and which negate the effect of PDZD8 loss on
infection.

In addition to PDZDS8, other actin and actin-MT
cross-linking proteins have more recently been impli-
cated in regulation of uncoating and reverse transcrip-
tion. Diaphanous-related formins (DRFs) Dial and Dia2,
which control both actin nucleation and MT stabiliza-
tion to coordinate cytoskeletal remodeling [40, 41], were
recently found to not only facilitate HIV-1 induced MT
stabilization and early transport but also to bind incom-
ing viral cores and regulate uncoating and reverse tran-
scription independently of their MT regulatory functions
[42] (Table 1). Notably, the ability of DRFs to stabilize
MTs and interact with incoming capsid is genetically
separable, and the latter function, similar to PDZDS,
correlates with the presence of coiled-coil domains in
portions of DRFs that can regulate uncoating. As such,
DRFs appear to couple HIV-1 capsid disassembly with
the induction of MT stabilization and trafficking to the
nucleus. Collectively, these findings uncover the role
of actin-MT crosslinkers in the transition of incoming
HIV-1 cores from peripheral actin to the MT network
while also highlighting their specific roles in the poorly
understood process of uncoating.

Table 1 MT regulatory factors that interact with HIV-1 capsid and their effects on early stages of infection

Gene name (NCBI)? Gene ID (NCBI)? Early steps of HIV-1 life cycle affected References
PDZD8: PDZ domain containing protein 8 118987 Reverse transcription and capsid stability [37,38]
BICD2: Bicaudal D homology 2 23299 Retrograde trafficking and uncoating [31,97]
FEZ1: Fasciculation and elongation protein zeta 1 9638 Retrograde trafficking and uncoating [69, 96]
MARK2: MT affinity regulating kinase 2 2011 Retrograde trafficking and uncoating [69]
MAP1TA: MT associated protein 1A 4130 Nuclear translocation [69]
MAP1S: MT associated protein 1S 55201 Nuclear translocation [64]
DIAPH1 (Dia1): Diaphanous related formin 1 1729 Retrograde trafficking, uncoating and reverse transcription [42]
DIAPH2 (Dia2):Diaphanous related formin 2 1730 Retrograde trafficking, uncoating and reverse transcription [42]
CLASP2: Cytoplasmic linker associated protein 2 23122 Retrograde trafficking [30]
CLIP170: Cytoplasmic linker protein 170 6249 Retrograde trafficking and uncoating [75]

9 NCBI National Center for Biotechnology Information
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The contentious topic of cytoplasmic

versus nuclear uncoating

Several actin-MT crosslinkers discussed above, as well
as MT regulators and motors discussed below, influence
HIV-1 uncoating and reverse transcription. However,
there are two very differing views in the HIV-1 field, one
of which contends that uncoating does not occur in cyto-
plasm but instead occurs only after entry into the nucleus
[43—-45]. Intricately coupled, HIV-1 reverse transcription
is known to promote conical CA disassembly or uncoat-
ing [46-49], while formation of viral dsDNA genome
has been proposed to increase pressure that can rupture
the viral capsid locally [50]. Supporting these findings,
reconstitution of endogenous reverse transcription in a
cell-free system followed by cryo-electron tomographic
imaging has recently suggested that capsid uncoating
does not occur in an all-or-none fashion but rather as
a “local lattice rupture” where the initial stages involve
the loss of relatively small surface patches, through
which loops of the growing viral double-stranded cDNA
could extrude [51]. Although these recent in vitro stud-
ies do not address the hotly debated question of when
and where reverse transcription and uncoating occur
in infected cells [52—55], they are in line with the think-
ing of several groups that suggest that reverse transcrip-
tion and uncoating are complex processes that begin in
the cytoplasm, termed “partial uncoating’, and complete
inside the nucleus [32, 42, 46, 47, 56-75]. Indeed, partial
loss of CA protein during cytoplasmic transport of HIV-1
cores to the nucleus has been visualized by the Hope lab
for particles that go on to successfully deliver and express
reporter genes [47]. Fully intact viral cores are also physi-
cally too large to pass through nuclear pores and recent
structural studies suggest that some degree of loss of
CA protein and/or structural changes are required for
nuclear entry of viral cores. Remodeled viral CA com-
plexes associated with the retrotranscribed DNA were
observed at the nuclear membrane [76], while radial
constriction of the capsid accommodated by local lat-
tice ruptures were suggested as a model for how reverse
transcribing viral cores maintain the majority of their CA
subunits as they pass through nuclear pore complexes
(NPC) [51]. However, very recent structural analyses sug-
gest that NPCs in infected T cells are sufficiently wide for
transport of intact HIV-1 capsid [45]. Whether thisisa T
cell-specific phenomenon and occurs for all or just some
of the viral cores that ultimately infect the cell remains
unclear. While cytoplasmic versus nuclear uncoating
remains a hotly debated topic, it would seem most likely
that HIV-1 cores are simply capable of undergoing either
process and in some instances can enter the nucleus
intact; the contentious camps are likely arguing two sides
of the same coin. Regardless, as discussed below, recent
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work on MT regulators adds further support for the
notion that partial uncoating in the cytoplasm is func-
tionally important for early infection.

Exploitation of MTs and MT regulators

Viruses often use different strategies to modulate MT
dynamics to facilitate their transport to the nucleus [77-
79]. HIV-1 does this by rapid induction of MT stabiliza-
tion soon after the entry into the cell. Initial studies found
that incoming HIV-1 cores localized on a specific subset
of stable MTs, which were resistant to the MT depolym-
erizing agents such as nocodazole [80]. The MA protein
of incoming HIV-1 particles was further shown to target
a novel EB1-associated +TIP, Kif4 [81], to rapidly induce
MT stabilization and facilitate the delivery of viral par-
ticles to the nucleus (Fig. 1) [80]. Indeed, this report not
only provided the first demonstration of a function for
+TIPs in infection by any virus, but also changed our
view of the role of stable MTs in infection, demonstrating
that earlier studies suggesting MTs were not important
for HIV-1 infection based solely on the use of nocoda-
zole, was in fact due to HIV-1’s use of stable nocodazole-
resistant MT filaments.

Subsequent studies showed that HIV-1 exploits a num-
ber of EB1-associated +TIPs in a much broader fashion
to stabilize MTs and control both the trafficking and
uncoating of incoming viral cores (Fig. 1). The initial
induction of stable MTs mediated by HIV-1 MA that is
released into the cell is further enhanced by incoming
capsid targeting a second EB1-associated +TIP complex
consisting of the actin-MT cross-linking formins Dial
and Dia2 [42]. This likely underlies a strategy for ampli-
fication of the levels of stable MTs as the virus proceeds
through early infection. Intriguingly, as mentioned above,
HIV-1 does not appear to utilize the known actin-regu-
latory function of these formins that operates in unin-
fected cells, but instead the capsid binds Dial/2 to couple
uncoating and stable MT-based viral movement. Other
examples of EB1-associated +TIPs that bind HIV-1 cap-
sids and regulate early infection include the cytoplasmic
linker protein (CLIP)-associated protein 2 (CLASP2),
a key regulator of cortical capture and MT stabilization
[82, 83]. CLASP2 was found to bind incoming HIV-1
capsid through its N-terminal half while, independently,
a critical domain in its C-terminus facilitated trafficking
of incoming cores via the induction of MT stabilization
[30] (Table 1). As such, HIV-1 exploits distinct functions
of several +TIPs to coordinate early stages of infection
through both MA protein and viral cores themselves.

Beyond +TIPs, interaction of HIV-1 CA with MT-
associated proteins MAP1A and MAPIS has also been
proposed to promote retrograde viral trafficking by
facilitating MT stabilization and/or tethering incoming
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viral capsids to MT filaments [64] (Table 1). Given that
these MAPs do have not have motor activity, their abil-
ity to mediate MT stabilization most likely provides
more long-lived and potentially selective networks for
cytoplasmic transport of HIV-1. While capsid binders
such as MAPs and EBl-associated +TIPs increase the
formation of stable MTs following infection, other fac-
tors such as suppressor of G2 allele of skpl (SUGT1)
that don't directly associate with incoming viral cores
also maintain the stability of MT plus-ends to promote
retrograde trafficking and replication of HIV-1 in lym-
phocytes and macrophages [84]. Other examples include
how the mechanistic target of rapamycin (mTOR) medi-
ates MT stabilization to facilitate early HIV-1 infection in
T cells [85]. Together, these findings highlight the extent
to which incoming HIV-1 proteins, in particular capsids
target MT regulatory factors to ensure MT stabilization
required during early stages of infection.

HIV-1 capsid mimicry of EB1

Recent work has shed light on how HIV-1 particles are
capable of engaging several different classes of +TIPs
to regulate MT dynamics together with trafficking and
uncoating of viral cores, which occurs at least in part
through mimicry of EB1. Beyond its direct role in regu-
lating MT dynamics that control infection, EB1 was also
found to indirectly contribute to early HIV-1 infection
by delivering +TIPs such as cytoplasmic linker pro-
tein-170 (CLIP170) to the cell periphery [75] (Table 1).
CLIP170 was shown to function differently to EB1 or
other previously identified +TIPs discussed above, in
that it regulates infection without significantly affecting
the formation of stable MTs. Given its established role
in actin-MT linkage and cargo capture [86, 87], CLIP170
may be important for uploading of incoming HIV-1 cores
from actin onto MTs to initiate transport, similar to how
herpes simplex virus type 1 (HSV-1) do not randomly
engage MTs but rather are captured by specific MT plus-
ends-associated complexes to initiate retrograde trans-
port [88]. In the case of HIV-1, CLIP170 also influences
uncoating despite not affecting MT stability [75], which
again highlights the diverse roles played by +TIPs at the
ends of MT filaments in mediating various early steps in
the infectious lifecycle. Notably, this study showed that
EB1 functions indirectly by regulating MT dynamics and
delivering +TIPs that bind HIV-1 particles to the periph-
ery, but does not itself directly bind HIV-1 particles. By
contrast, CLIP170 bound and colocalized with incom-
ing cores, while its peripheral localization was required
to promote early HIV-1 infection. CLIP170 bound HIV-1
capsid in a pattern that is distinct [75] from currently
known capsid-binding cofactors such a cyclophilin A
(CypA) [89]. Unlike CypA, CLIP170 also binds in vitro
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assembled cores derived from the CA mutant, R18L [90],
which suggests that CLIP170 binding may be influenced
by capsid curvature or the local composition of hexamers
and pentamers, or openings in in vitro assembled cores
that mimic a partially uncoated state.

In understanding why a growing number of +TIPs,
but not EB1 itself, bound to incoming HIV-1 cores,
these studies further revealed the existence of an EB-
like +TIP-binding motif within the conserved major
homology domain (MHR) of HIV-1 CA that binds
SxIP motifs found in several +TIPs [75]. Given that
the MHR is localized internally it is likely exposed by
partial uncoating at early stages after entry, and this
exposure may be further influenced by pentamer con-
figurates with hexamers based on specific binding to
R18L mutants discussed above. Given the known insta-
bility of HIV-1 capsid with higher levels of pentamers
[91], it is tempting to envisage a scenario where pen-
tamer-rich regions might initiate the first stages of cap-
sid rupture/disassembly and are recognized by +TIPs
to actually prevent complete uncoating by stabiliz-
ing partially uncoated cores as they travel towards the
nucleus (Fig. 1). This would agree with reports using
live cell imaging approaches that show partial uncoat-
ing of infectious viral complex soon after entry into the
cytoplasm [47], yet capsid remains largely intact all the
way into the nucleus [43-45, 72]. This model also sup-
ports recently proposed local capsid fracturing model
during the initial stages of uncoating both in a cell free
system [51] as well as for the capsid inhibitor PF74
in infected cells, where rapid uncoating is observed
in the absence of capsid binders, suggesting that par-
tially uncoated states with the capsid largely intact do
not exist unless stabilized by cellular factors in infected
cells [71]. Given that MT regulatory proteins such as
DRFs [42] also enhance reverse transcription, it is pos-
sible that their binding to incoming cores might also
be how the growing viral double-stranded cDNA that
is extruded through lattice openings is shielded from
cytoplasmic sensors [92, 93].

Intriguingly, the divergent MHR sequence [94] of
simian immunodeficiency virus (SIV) has only weak
EB1l-mimetic activity, while murine leukemia virus
(MuLV) lack this activity, which correlates with the
ability of these retroviruses to induce MT stabiliza-
tion and engage CLIP170 to facilitate early infection,
suggesting divergent capsid-based EB1 mimicry across
retroviral species [75]. Collectively, these findings high-
light how +TIP binding motif mimicry within HIV-1
capsid creates functional modules for various +TIPs
found at the ends of growing MTs, enabling the virus to
not only induce global MT stabilization but also coor-
dinate different steps of early infection.
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Exploitation of MT motors and their associated
adaptors

Like a number of other viruses [77-79], earlier studies
of HIV-1 movement in living cells demonstrated that
incoming HIV-1 particles exhibit bi-directional MT-
based motility that suggested their association with both
dynein (inward-directed) and kinesin (outward-directed)
MT motors as they travel towards the nucleus (Fig. 1)
[32, 95]. However, unlike many other viruses that bind
MT motors directly, HIV-1 particles had not been found
to bind to either dynein or kinesin motors. Despite this,
in recent years, a number of significant advances have
been made in our understanding of how incoming HIV-1
cores engage MT motors. Incoming HIV-1 capsids were
shown to associate with the kinesin-1 adaptor fascicula-
tion and elongation factor zeta-1 (FEZ1) to enable the
virus to regulate its retrograde (towards the nucleus)
motility [96] (Table 1). Although kinesin-1 is normally an
outward motor, capsid-bound FEZ1 regulates the balance
of motor activity to ensure net forward movement to the
nucleus for efficient infection [96]. Soon after this, Bicau-
dal D homology 2 (BICD2) was identified as a capsid-spe-
cific adaptor for dynein-mediated retrograde transport
of incoming viral cores [31, 97] (Table 1). BICD2 is a
dynein cargo adaptor and activator, which also bridges
with dynein-activating complex, dynactin [98]. To this
end, studies show that other components of dynein-
dynactin complex including dynein light chain proteins,
dynein heavy chain and specific core dynactin subunits
also facilitate different stages of early HIV-1 infection [31,
65, 97, 99, 100]. However, unlike many other viruses [77]
and several cellular cargos [101], HIV-1 does not require
the core dynein adaptor subunit dynactin-1 (DCTNI1 or
p150Glued) for early infection [31]. The underlying rea-
son for why HIV-1 favors BICD2-based engagement of
dynein instead of DCTN1 remains unknown. Combined,
these findings suggested that instead of directly inter-
acting with motors, HIV-1 uses unusual motor adaptor
proteins to both engage and regulate motor activities
needed for transport of incoming viral cores. Given the
importance of HIV-1 induced MT stabilization during
early infection, along with the fact that post-translation-
ally modified stable MT filaments have a preference for
kinesin-1 motors discussed above, it seems likely that
HIV-1 has evolved this FEZ1 adaptor-based mechanism
to control kinesin-1 activity and facilitate bidirectional
movements on stable MTs in order to reach the nucleus.
In line with the fact that HIV-1 reverse transcription and
uncoating are intricately intertwined with bidirectional
transport on MTs, inhibition of either MT motor or
motor adaptors also affected HIV-1 uncoating, suggest-
ing that disassembly of capsid may be aided by the tug-
of-war forces generated by opposing motors [62, 96, 97].
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Subsequent studies uncovered the underlying mecha-
nisms by which HIV-1 locally controls FEZ1 activity to
promote early infection. It became evident that phos-
phorylation of FEZ1 at Serine 58 (S58), which regulates
FEZ1’s interaction with kinesin-1 heavy chain (Kif5B)
[102], was required for the nuclear translocation and
uncoating of HIV-1 capsids [69] (Table 1). Moreo-
ver, the microtubule associated regulatory kinase 2
(MARK?2) was identified as the host kinase [103] that
locally regulated FEZ1 activity on HIV-1 cores, and that
this played a critical role in controlling both bidirec-
tional motility and uncoating of incoming viral cores
towards the nucleus [69]. Structural analysis further
identified FEZ1 as one of the highest-affinity HIV-1
capsid-interacting proteins identified to date and
revealed how FEZ1 specifically bound to the central
capsid hexamer pore to promote trafficking of incom-
ing HIV-1 cores to the nucleus in infected cells [104,
105]. These findings not only uncovered the structural
basis for FEZ1’s interactions with HIV-1 capsids but
also demonstrated how, by recruiting both the motor
adaptor FEZ1 and its regulatory kinase MARK2 to viral
cores, HIV-1 carefully controls kinesin-1 activity.

MT motors transport the incoming viral cores only as
far as the perinuclear MTOC. Like many other viruses
[77-79], HIV-1 has been observed to accumulate at the
centrosome, the most dominant MTOC in many cell
types, prior to nuclear entry (Fig. 1) [32]. Moreover,
HIV-1 centrososmal accumulation has been suggested
to be via direct interaction of integrase (IN) with MAPs
such as the dynein light chain protein DYN2P and the
centrosomal protein Stu2p [106, 107]. Intriguingly,
HIV-1 has been reported to persist in quiescent T cells
as a stable centrosome-associated pre-integration inter-
mediate for several weeks, and it can return to produc-
tive infection upon T cell activation [108]. How HIV-1
makes the final transition from the perinuclear cen-
trosome to the nuclear membrane is among the least
understood processes during early trafficking. This is
a brief anterograde movement from the MT nuclea-
tion site to the nucleus and the requirements for active
transport across this region remains poorly under-
stood. Earlier studies suggested that HIV-1 switches
from fast MT-dependent to slower and possibly actin-
dependent motions nearing the end of its journey to
the nucleus [95]. However, more recently Kinesins
have been implicated in docking and uncoating of viral
cores at the nucleus [109], while structural analyses
indicate a significant number of intact HIV-1 capsids
in close proximity to MTs and NPCs [45]. Despite this,
the mechanism by which incoming capsids are trans-
ported from the perinuclear centrosome to the nucleus
remains underexplored.
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Conclusions

Although HIV-1 has long been known to utilize the host
cell cytoskeleton throughout its lifecycle, a significant
number of recent advances cited here illustrate how
HIV-1 capsid functions to directly control and exploit
MT behavior and function to facilitate early infection.
We now understand that HIV-1 capsid binds motor
adaptors, including direct engagement of FEZ1 to regu-
late kinesin-1 activity for retrograde transport. Moreover,
HV-1 capsids bind a surprisingly wide range of special-
ized regulatory proteins to induce MT stabilization, gen-
erating MT subsets that have increased longevity and
higher affinity for MT motors for efficient trafficking
towards the nucleus. Moreover, in line with the nature
of intricately intertwined processes of early infection, it
is becoming increasingly apparent that incoming capsids
take advantage of various functions of these specialized
MT regulators to coordinate timing of their disassembly
with the onset of MT stabilization and MT-based bidi-
rectional transport towards the nucleus. Combined with
structural studies revealing remodeling of capsid proteins
around the viral DNA required for nuclear entry and live
cell imaging approaches that show partial uncoating of
infectious virus in the cytoplasm, the role of MT regu-
latory proteins in regulating uncoating and in particular,
proteins such as CLIP170 that recognize internal MHR
domains, lends further weight to the concept of par-
tial uncoating in the cytoplasm. Indeed, in line with this
model, recent in vitro capsid structural studies elegantly
demonstrate a continuum of reverse transcribing capsid
intermediates proposing loss of small surface patches to
accommodate the growing vial DNA during the initial
stages of capsid uncoating. Some suggest that the viral
core must be intact in order to shield the viral genome
from cytoplasmic sensors, yet the host factors that are
thought to stabilize partially uncoated cores could equally
shield viral DNA from the sensing machinery. As such,
the continued study of how MAPs and motors regulate
infection will undoubtedly provide valuable insights into
these hotly debated topics in the future.

Understanding the molecular details by which capsid
exploits specialized host MT networks, regulators and
motors will not only provide important new insights into
mechanisms of intracellular movement during HIV-1
infection, but will also have broader implications for our
understating of how cells regulate MT dynamics and
cargo trafficking. Furthermore, while tubulin-binding
drugs currently used in chemotherapy are the “atom
bomb” approach to targeting MTs and are quite toxic,
more refined version of such drugs targeting highly spe-
cialized MT regulators could potentially be an attractive
approach for development of new targeted therapeutic
strategies to treat HIV-1. Indeed, a cell-permeable small
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peptide targeting EB3 which is structurally similar to EB1
was recently shown to suppress human cytomegalovirus
(HCMYV) infection [110]. Targeting host proteins with
such specialized functions would also have the added
benefit of avoiding the emergence of drug resistance
commonly associated with targeting viral proteins.
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