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The dynamics of the actin cytoskeleton plays a pivotal role in the process of cell
division, the transportation of organelles, vesicle trafficking and cell movement.
Human immunodeficiency virus type 1 (HIV-1) hijacks the actin dynamics network
during the viral entry and migration of the pre-integration complex (PIC) into the
nucleus. Actin dynamics linked to HIV-1 has emerged as a potent therapeutic target
against HIV infection. Although some inhibitors have been intensely analyzed with
regard to HIV-1 infection, their effects are sometimes disputed and the exact
mechanisms for actin dynamics in HIV infection have not been well elucidated. In
this study, the small molecules regulating HIV-1 infection from diverse inhibitors of
the actin dynamic network were screened. Two compounds, including Chaetoglobosin
A and CK-548, were observed to specifically bar the viral infection, while the
cytochalasin family, 187-1, N-WASP inhibitor, Rho GTPase family inhibitors
(EHop-016, CID44216842, and ML-141) and LIMK inhibitor (LIM domain kinase
inhibitor) increased the viral infection without cytotoxicity within a range of ~ uM.
However, previously known inhibitory compounds of HIV-1 infection, such as
Latrunculin A, Jasplakinolide, Wiskostatin and Swinholide A, exhibited either an
inhibitory effect on HIV-1 infection combined with severe cytotoxicity or showed no
effects. Our data indicate that Chaetoglobosin A and CK-548 have considerable
potential for development as new therapeutic drugs for the treatment of HIV
infection. In addition, the newly identified roles of Cytochalasins and some inhibitors
of Rho GTPase and LIMK may provide fundamental knowledge for understanding
the complicated actin dynamic pathway when infected by HIV-1. Remarkably, the
newly defined action modes of the inhibitors may be helpful in developing potent
anti-HIV drugs that target the actin network, which are required for HIV infection.

Key Words: Actin dynamics network, Small molecule inhibitors, HIV infection,
anti-HIV effect

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is a causative agent for acquired
immunodeficiency syndrome (AIDS), which is a global public health hazard (1).
Currently, six classes of anti-retroviral drugs targeting viral proteins have been
developed to treat AIDS patients, and which are proven to effectively inhibit viral
replication and extend a patient’s life span. However, the treatment does not
eliminate completely the virus infection and, consequently, drug-resistant
mutations pools are expanding due to sustained long-term treatment with
antiviral drugs (2). The emergence of drug resistance inducing viral proteins has
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alternatively led to an effort to develop targeting host key factor interacting with HIV during viral infection.

The dynamic remolding of the actin cytoskeleton is a critical part of most cellular activities, and the cooperative action of
cytoskeletal proteins results in various cellular responses, including directional cell movement, maintenance of the cell shape,
intracellular organelle migration, and vesicle trafficking, etc. The harmonized regulation of the assembly and disassembly of
the actin filaments is achieved through signaling cascade by multiple proteins (3, 4).

The molecular network was targeted by infectious microorganisms to induce their infectivity, which resulted in pathogenesis.
The vaccinia virus encodes the A36R protein, which recruits the host N-Wiskott-Aldrich syndrome protein (N-WASP) to
induce Arp2/3-mediated filament nucleation, and then promotes the intracellular migration of the enveloped virus (5). The
intracellular migration of bacculovirus and nuclear entry were required early on in the viral infection process, wherein p78/83
of bacculovirus directly recruited Arp2/3 complex, and then promoted actin filament polymerization (6).

With regard to HIV-1 infection, it has been reported that HIV proteins (RTase, Gag and Nef) were integrated in the regulation
of the actin filament. Notably, the Nef-mediated regulation of actin dynamics was well elucidated regarding the Nef-induced
inhibition of cell movement. Nef binds to the actin skeleton regulatory kinase, PAK2 (p21 activated kinase 2) and DOCK2
(dedicator of cytokinesis 2)-ELMO1 (engulfment and cell motility protein 1) complex key activator of Rac, and this binding
alters cofilin-induced actin depolymerization and Rac GTPase activity, respectively (7), thereby restricting the migration of
infected T lymphocytes. Although the Nef-mediated regulation of the actin cytoskeleton may be considered a critical
mechanism based on Nef-induced virulence after infection, the dynamic regulation of the cortical actin skeleton linked to
HIV-1 infection has not been well elucidated because the large quantity of data involved was too scattered and complicated
to interpret the exact pathway.

The generally accepted actin dynamic mechanism in HIV infection includes the initial signal started by cell surface receptors
(CD4/CXCR4 or CCR5) after viral gp120 attachment. The signals are transmitted to the Rho family GTPase (Rho, Rac and
Cdc42), and the signaling is then dispatched to actin skeleton effector proteins such as PAK1/2, LIMK1, WASPs
(Wiskott-Aldrich syndrome proteins), WAVE2 (WASP-family verprolin-homologous protein 2), Arp2/3, profilin, cofilin, and
actin, etc., which follows facilitation of viral membrane fusion to the host membrane, a de-coating process, and the
migration of the PIC. However, a large portion of the mechanism by which HIV utilizes the actin cytoskeleton to infect the
host remains to be elucidated (8, 9).

Numerous small molecules have been discovered that mechanistically mimic the host regulatory mechanism for modulating
the actin cytoskeleton, such as crosslinking, capping, sequestering, and serving. In addition, some compounds have been
observed to inhibit the Arp2/3 both directly and indirectly by inhibiting nucleation promoting factors (NPFs) such as WASP
and WAVEs. A limited number of compounds, including latrunculins, cytochalasins, jasplakinolide, and wiskostain, have been
studied in order to understand the viral infection mechanism utilizing the actin cytoskeleton with regard to HIV infection; and
several actin dynamic mechanisms discovered by these compounds have been suggested as potent therapeutic targets for
HIV treatment (10-13). Nevertheless, their inhibitory effects were controversial according to experimental conditions and cell
types, making it complicated to interpret the interaction between actin networks and HIV-1. Therefore, a screening of the
regulatory compounds of actin dynamics with regard to HIV-1 infection was considered by this study to define the precise
mechanism underlying the utilization of actin dynamics for viral infection and to devise a novel strategy for developing
therapeutic agents against HIV infection based on regulation of the actin dynamic network.

This study used screening compounds with an HIV-1 regulatory effect from among commercially available inhibitors of actin
cytoskeleton dynamics. Of these, three compounds showed an inhibitory effect on HIV-1 infection while, conversely, eleven
compounds exhibited increased HIV-1 infectivity at concentrations showing low cell toxicity. These regulatory effects were
further confirmed with a dose-response assay. Although some of these had been studied previously in an effort to
understand the viral utilization of actin networks during HIV-1 infection, inhibitors such as cytochalasins showed different
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regulatory patterns on viral infection compared with previous reports. Additionally, our study defined novel roles for several
inhibitors of HIV infection and production.

MATERIALS AND METHODS
Cell culture, virus and reagents

For the purposes of this study, TZM-bl cells, ACH2 and the HIV-1 clone pNL4-3 were obtained from the NIH AIDS Research
and Reference Reagent Program (NIH/NIAID). The cells were cultured as previously described (14). Briefly, the cells were
cultured in the RPMI medium (Gibco-BRL, Waltham, MA, USA) or in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-BRL) supplemented with 1% penicillin-streptomycin and 10% (v/v) heat-inactivated fetal bovine serum (FBS,
Gibco-BRL). The preparation of infectious HIV-1 was performed as described previously (14). Briefly, 15 nug of molecular
HIV-1 clones (HIV-1 clone pNL4-3) was transfected into 293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
At 48 h after transfection, the supernatants were harvested and filtered to remove any cell debris. The titers of the HIV-1

particles in the supernatant were assessed using an HIV-1 p24 ELISA kit (PerkinElmer, Waltham, MA, USA), and the aliquots
were stored at — 80 °C until use. Small inhibitory molecules for the actin cytoskeletal pathway listed in Table 1 were purchased
from Sigma Aldrich (St. Louis, MO, USA) and Tocris Bioscience (Bristol, UK). The mode of action of the inhibitors is described
in Table 1.

Primary screening of compounds with a viral-infectivity assay

For the primary screening of the compounds, 1 x 10% TZM-bl cells were seeded in 96-well white plates. At 24 h after seeding,
the cells were treated with each compound contained at a final concentration of 6.25 uM, and then infected with HIV-1
NL4-3 virus stock at a multiplicity of infection (MOI) of 0.1. At 48 h after infection, firefly-luciferase (F-Luc) activities indicating
the amount of viral infection were assessed by using the Bright-Glo Luciferase Assay System (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. The negative control was an appropriate volume of DMSO.

Dose-response assay of compounds on viral infectivity

A dose-response assay of compounds on viral infectivity was conducted to determine the inhibitory potency of effective
compounds on viral infection, as described previously with minor modifications (15). Briefly, 1 x 10* TZM-bl cells were seeded
on 96-well plates and infected with HIV-1 NL4-3 virus stock obtained from the transfection of 293T cells at a multiplicity of
infection (MOI) of 0.1 for 4 h. Triplicate wells cultured with 1 x 10% TZM-bl cells were treated with serially diluted compounds
at concentrations ranging from 0.19-100 uM. At 48 h after infection, infectivity was assessed by measuring luminescence
using a SpectraMax Paradigm Multimode Microplate Reader (Molecular Devices, San Jose, CA, USA) as explained in the
section above. The infectivity data are presented as a relative percentage compared with the untreated control. Concurrently,
the cytotoxicity of the compounds was determined as explained below. A 3-2,5-diphenyltetrazolium bromide (MTT)-based
assessment of cell viability was performed using the PrestoBlue Cell Viability Reagent (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. All the graphical data are expressed as relative percentages of infectivity
and cell viability compared with those obtained in the absence of a compound, and the data are presented as the mean +
standard deviation (SD) (n = 3).

Viral production assay
The inhibitory effect of compounds on viral production was determined as described previously with some minor

modifications (14). In brief, 2 x 10* ACH2 and J1.1 cells were cultured in the presence or absence of effective compounds at
a final concentration of 12.5 uM in the presence of PMA (0.5 pg/mL)/ionomycin (1 pg/mL). At 48 h after treatment, the
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g , Infectivity (6.3 uM) Cell viability (6.3 uM)
Group Actin inhibitors Mode of action Average £SD (%) Average £SD (%)
: Targets filamentous actin and demonstrate antibacterial and nematicidal
G | Chastoglobosin A effects as well as induces apoptosis in cancer cell lines 19.624.1 85.243.8
roup CK-548 inhibits the activity of actin-related protein (Arp)2/3 compiex 483128 101.240.8
TR100 Selectively disrupts Tm5NM1/2 containing actin filaments 25.7 £14.4 65.7 7.0
T e Prevents the activation of actin-related protein 2/3 (Arp2/3) complex by
187-1, N-WASP inhibitor inhibiting the interaction between N-WASP and Ap2/3 189.9 £19.0 93.5+2.1
Cytochalasin B Inhibits the elongation and shortening of actin filaments 175.7 48.6 59.842.4
Cytochalasin D Blocks actin polymerization 223.6 +26.0 75.0 #4.2
Cytochalasin E Analog of cytochalasin B which pgrt;r:)ttlz ;;7 selectively inhibits the growth of 109.5 +4.8 622429
G " Cytochalasin H Potent inhibitor of actin incorporation into filaments 176.9 +30.4 69.9+2.4
roup Dihydrocytochalasin B Inhibits actin assembly 112.5£10.0 79.042.8
EHop-016 Potent and specific inhibitor of Rac1 and Rac3 GTPase activity 237.9 8.4 92.4+1.9
CID44216842 Cdc42 Protein Inhibitor 210.6 £9.7 99.4 0.1
ML 141 Potent, selective inhibitor of the Rho family GTPase cdc42 115.7 +0.8 88.9 46.5
T56-LIMKi Selective LIM kinase 2 (LIMK2) inhibitor; inhibits cofilin phosphorylation 110.6 5.3 94.241.4
Agonist of the mammalian Diaphanous (mDia)-related formins that trigger
MM actin assembly and microtubule stabilization 122.97.0 104.042.5
. Induces the phosphorylation of the tyrosine phosphatase PTP3 of
Cytochalasin A Dictyostelium, activating STATc 43.0+3.5 43.310.7
Potent inhibitor of actin polymerization. Inhibits the Arp2/3, SpArp2/3 and
CK 666 HsAm2/3 complexes 100.0+12.9 105.2+3.0
Inhibits actin polymerization with bovine Arp2/3 complex and inhibits the
CKE69 formation of actin filament 17.843.3 34.742.1
Latrunculin A Binds actin monomers preventing incorporation 36.2+4.2 51.0+2.7
Latrunculin B Sequesters G-actin and prevent F-actin assembly 32.0+6.0 56.7 +2.1
Wiskostatin N-WASP inhibitor 15.7+6.5 39.8+15.0
Groun Ill (-)-Blebbistatin solid Myosin Il inhibitors, prevents membrane blebbing 80.4+9.6 110.9+3.8
P CID 1067700 Inhibitors of nucleotide binding by Ras-related GTPases 94.9+14.6 112.8+6.4
Cucurbitacin E Inhibits depolymerization of actin filaments 0.0+0.0 16.1+2.3
Jasplakinolide Promotes actin polymerization and stabilizes actin filaments 20.4+3.5 24.0+1.7
. Functions by binding and stabilizing filamentous actin (F-actin) and effectively
Fhalloidin prevents the depolymerization of actin fibers 90.5:4.3 95.5+64
Prevents formin-mediated actin nucleation and processive barbed end
SMIFH2 elongation. 76.9+7.4 100.1+2.5
Swinholide A Causes actin depolymerization 107.1+14.5 138.0+86.2
TAS-301 Inhibits intimal thickening by blocking Ca2+/calmodulin-dependent protein 107.0495 103.9+11.4

kinase Il (CaM kinase 1l) and cytoskeletal depolymerization

Primary screening of the actin network inhibitors using TZM-bl cells: To identify compounds that have a regulatory effect on
HIV-1 infectivity, 6.25 uM of each compound was added to 1 x 10° TZM-bl cells cultured in 96-well white plates. After 48h,
the F-Luc activity was measured with a Bright Glo Luciferase Assay kit. Infectivity and cell viability are presented as the mean +
SD (n = 3) compared with no treatment of the inhibitor.

Group I: Compounds that down-regulate the viral infection with low cytotoxicity

Group II: Compounds that up-regulate the viral infection with low cytotoxicity

Group lll: Compounds that exhibit severe cytotoxicity and/or no effect on viral infectivity

titration of HIV-1 particles in the supernatant was performed using an HIV-1 p24 ELISA kit (PerkinElmer, Waltham, MA, USA).
All the graphical data for the p24 levels are expressed as a relative amount of p24 compared with those obtained in the
absence of the compound, and the data are presented as the mean * standard deviation (SD) (n = 3).

HIV-1 trans-activating protein (Tat) transcriptional assay

To test the viral transcriptional activity upon the compounds, TZM-bl cells were transiently transfected with 200 ng of Tat
expression plasmid (pcDNA-Tat86) at a concentration of 6.25 uM. At 24 h after transfection, the Tat-induced firefly luciferase
activity was determined by using the Bright-Glo Luciferase Assay System (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Statistically analyzed data are expressed as the mean + SD (n = 3). The data were compared
using the Student’s ¢test and £< 0.05 was considered to indicate significance. All statistical analyses were performed using
Prism software (v. 5.0; GraphPad Software, San Diego, CA, USA).
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RESULTS
Primary screening of compounds regulating HIV-1 infectivity

To identify a novel compound capable of regulating HIV-1 infectivity, we screened the inhibitory compounds of the actin
cytoskeleton with convenient TZM-bl cells expressing the HIV-1 receptor CD4 and its co-receptor CXCR5/CCRS5, and
integrating the HIV-1 LTR promoter-driven firefly luciferase gene in the chromosome. The screened compounds included
twenty nine inhibitory compounds that target the actin cytoskeleton network, which were loaded into TZM-bl cells at a final
concentration of 6.25 uM upon HIV-1 infection. After 48 h, F-Luc activity indicating the relative amount of HIV infection, and
cytotoxicity induced by the compounds, were measured simultaneously. In this primary blind screen, three compounds were
identified that showed a > 50% inhibition of HIV-1 infection with a < 40 % decrease in cell viability (Table 1). Surprisingly,
one of the compounds identified was Chaetoglobosin A, which showed the most potent inhibitory effect without severe cell
toxicity under the experimental conditions (16). CK-548 exhibited a moderate inhibitory effect on viral infection without any
cytotoxicity, while TR-100 exhibited a potent inhibition of viral infection combined with moderate cell toxicity.

Otherwise, 187-1 N-WASP inhibitor, EHop-016, CID44216842, ML-141, T56-LIMKi and IMM-01 showed increased viral
infectivity with a lack of cytotoxicity at a concentration of 6.25 uM. Interestingly, the cytochalasin family, i.e. cytochalasins (B,
D, E and H), and dihydrocytochalasin B moderately increased viral infectivity with weak cytotoxicity; but cytochalasin A did
not exhibit any discernable anti-HIV effect apart from cell toxicity. However, we were unable to find any evidence to suggest
that intensively studied compounds with regard to HIV infection, such as latrunculin A, jasplakinolide and wiskostatin, had a
specific inhibitory effect on HIV-1 infection without cytotoxicity (Table 1).

Dose-response of compounds in HIV-1 infection

To confirm the potency of the compounds detected as specific regulators of HIV-1 infection in the primary screening, we
further analyzed their dose response using serial dilutions of the compounds with the TZM-bl cell system. Chaetoglobosin A,
an inhibitor of the filamentous actin isolated from the marine-derived endophytic fungus Chaetomium globosum (17), was
observed to gradually decrease viral infectivity in a dose-dependent manner, with complete inhibition at 25 uM. Cytotoxicity
was mild up to 12.5 uM, while cell viability dropped suddenly at 25 uM. The ICso (half maximal inhibitory concentration) of
Chaetoglobosin A was determined to be approximately 2 uM. CK-548, which is an inhibitor of the Arp2/3 complex by
inserting it into the core of Arp3 (18), also inhibited HIV-1 infection gradually without any cytotoxicity up to 25 uM, as a ICso
value of approximately 5 uM. TR-100, an inhibitor of tropomyosin (integral components of the actin filaments)(19), showed
an inhibitory effect on viral infection distinguishable apart from cytotoxicity, but its inhibitory effect on viral infection was
insignificant compared to Chaetoglobosin A and CK-548 (Fig. 1A).

On the other hand, eleven compounds exhibiting up-regulation of HIV infection at a single dosage were further tested to
define their exact effect on viral infection when using serially diluted concentrations. Among them, EHop-016, a potent and
specific inhibitor of Rac1 and Rac3 GTPase activity, increased viral infectivity the most without any cytotoxicity from the
lowest concentration to 6.25 uM, but this increase was suddenly halted with cell death at 12.5 uM. Both CID44216842 and
ML-141 are known as specific inhibitors of Cdc42 GTPase, which also induced viral infectivity in a similar pattern to each
other. These enhancements began at concentrations of 3.12 uM, while cell viability and viral infectivity were almost
completely abrogated in both at 25 uM. Cytochalasins are known to be fungal toxins that bind to the barbed-end of the
filamentous actin, and biologically inhibit the assembly and disassembly of monomeric G-actin from the end. With the
exception of cytochalasin A, most cytochalasins exhibited converse effects on viral infectivity dependent on their
concentration. Cytochalasins B, D, E, H and dihydrocytochalasin B showed moderate inhibitory effects on viral infection at
below concentrations of 0.78, 0.19, 0.19, 0.78, and 0.19 uM respectively, whereas the infectivity curves were suddenly
turned to up-regulation from over these concentrations, these increases of infectivity reached at a maximum of 250% in the
case of cytochalasin D with moderate cytotoxicity. 187, N-WASP inhibitor also significantly induced viral infectivity by up to

www.ksmkorea.org / www.ksov.org 73



B Journal of
Bacteriology and Virology VOL 49. NO 2. JUNE 2019

A
Chaetoglobosin A CK-548 TR100

150+ 1504 150
1004

100 100-

50 50

% of control

-o- infectivity
-&- cell viability

- infectivity —&— infectivity
&~ cell viability - cell viability
c.‘.......==c.........Y-
QDR P VP 0 Q1D oD D P NV PP P Q )
P 95°\ AV P PSS Q5Q@Q1\§§>%§pr\¢.m°:\@ Q'\Q’?Q’\,ﬁ’,b’*@“vm DRSRN
(uM) (uM) (M)

187-1, N-WASP inhibitor Cytochalasin B Cytochalasin D Cytochalasin E Cytochalasin H

1507 - infectivity 250 G
-~ infectiity - cytotoxicity e~ infectivity
-8 cytotoxicity o cellviabilty 2004 & Cytotoxicity

200 200 100

20 07 e infectivity 30

-e- infectivity
5 200{ - celviabity

100 100 50

SOSEEIFSEES  SSILEIFETES  SISSEIPLTES  SFILEIFSPES  SSSLEIFFEES

(uM) (um) (uM) (um) (uM)

Dihydrocytochalasin B EHop-016 CID44216842 ML 141 IMM-01 T56-LIMKi

-o- infectivity %0

L cytotoxicity -o- infectivity 207 o infectivity = infectiity

20 2004 & cotoxicity i -e- cytotoxicity 200{ & cytotoxicity
100

150

100

100

% of control

o infectiity 50
- cytotoxicity

501 -o- infectivity
o cytotoxiciy

SESLELFETES  SPILEIPE TS  SEILEIFIPES  SPILEIPSPES  SPISEIPSEES  SISLELPS PSS

(uM) (M) (M) () (M) (M)

Figure 1. Dose-responsive effect on viral infectivity of compounds selected from primary screening 1 x 10* TZM-bl cells were
cultured in a 100 pL medium for 24 h and then serial dilutions of the inhibitory (A) and inducible (B) compounds of HIV-1
infection were added to the cells. At 48 h after treatment, the activity of luciferases was determined as described in the
Materials and Methods section.

two times within a concentration range of 3.12 - 6.25 uM. IMM-01, an agonist to mammalian diaphanous (mDia) family
formins that are Rho-directed effectors inducing F-actin assembly and stabilization of microtubules in cells (20). IMM-01
treatment increased viral infectivity by a maximum of 170% at 1.56 uM (Fig. 1B). T56-LIMKIi, a LIMK inhibitor, increased viral
infectivity at a high dosage. Our results indicate that the multiple signals of actin-cytoskeleton dynamics are differently
integrated to manifold stages of HIV infection.

Effects on viral production of inhibitors of viral infection

Recently, it has been reported that particle assembly and budding are accompanied by an actin-driven mechanism. Therefore,
this study attempted to assess the effect on the viral production of compounds that exhibited a regulatory effect on viral
infection, using persistently HIV-1-infected ACH2 cells that robustly produce viral particles upon administration of the
phorbol myristate acetate (PMA)-ionomycin treatment. As shown in Figure 2, the effects on viral production of these small
molecules did not correlate with the inhibition of viral infection (Fig. 3). Interestingly, Chaetoglobosin A was observed to
completely inhibit HIV-1 production with no cytotoxicity in the cells. However, CK-548 did not inhibit viral production in
contrast to its inhibitory effect on viral infection. The inhibition of viral production by TR-100 'was combined with severe
cytotoxicity (Fig. 2A). These data indicate that Chaetoglososin A-mediated disruption of actin skeleton signaling effectively
inhibited both viral infection and viral production. Otherwise, cytochalasins (B, D, E and H), EHop-016 and ML-141 showing
increased viral infection inhibited the viral production without significant cytotoxicity. Interestingly, Dihydrocytochalasin only
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Figure 2. Regulatory effect of compounds on viral productivity. The regulatory effect of inhibitory (A) and inducible (B)
compounds of HIV-1 infectivity on viral productivity was assessed with persistently HIV-1-infected cells ACH2. 2 x 10* ACH2
cells were cultured in the presence of compounds at a final concentration of 6.25 uM with PMA (0.5 pg/mL)/ionomycin (1
ug/mL). At 48 h after treatment, the titration of HIV-1 particles in the supernatant was performed using an HIV-1 p24 ELISA
kit. The data are presented as the mean = SD (n = 3). *£< 0.05 untreated vs. compound —treated cells.

increased viral production (Fig. 2B). These data indicate that actin networks engaged in HIV-1 pathogenesis play different
roles according to the circumstances or stage of viral replication.

Effect on Tat-mediated viral transcription by actin dynamic inhibitors

HIV-1 encodes the Tat, playing a crucial role in viral transcription in its promoter long-term repeat (LTR). The activity of HIV-1
Tat-mediated viral transcription is a key indicator of the viral infectivity assay in this study and is a pivotal step in the expression
of viral protein from the integrated provirus following virion assembly and budding in latently HIV-infected cells. Therefore,
this study attempted to determine whether these regulators affect the Tat-mediated viral transcription linked to viral
infectivity or productivity. TZM-bl cells harboring the viral promoter LTR-driven Firefly-Luciferase were transfected with
Tat-expressing plasmids instead of viral infection. As shown in Figure 3A, the Tat-mediated viral transcription was not
influenced by Cheatoglobosin A, CK-548, but TR-100 mediating Tat-mediated transcription was slightly decreased with no
significance at 6.3 uM. The compounds, except for the cytochalasin family, showing increase viral infectivity did not showed
influence on the Tat-mediated viral transcription. Thus, while cytochalasin B down-regulated it, cytochalasin D and H slightly
induced the Tat-mediated viral transcription. But other compounds showing the enhanced viral infection did not affect the
transcription. These data indicate that the inhibitory effects of Chaetoglobosin A and CK-548 on HIV-1 infection and/or
production were not linked to viral transcription.

DISCUSSION

Many antiretroviral drugs that target specific viral proteins, including gp41 fusion, reverse transcriptase, integrase, and viral
protease, have been successfully developed (21). However, antiretroviral treatments clearly cannot eliminate the residual
latent HIV-1 in resting memory T cells (22). Moreover, is another obvious problem is the emergence of drug-resistant
mutations due to the long-term use of these drugs during the lifespan of the patient (23). To overcome these problems, the
importance of developing new targets for drugs capable of disrupting HIV replication has been emphasized. In this regard,
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Figure 3. Inhibitory effect on Tat-mediated transcription. The transcriptional regulation of inhibitory (A) and inducible (B)
compounds, as shown in Table 1, was assessed with transient transfection of Tat-expressing plasmid into the TZM-bl cells. 1
ug of Tat-expressing plasmid was introduced into the cells using Lipofectamin 2000. At 24 h after transfection, the luciferase
activity was measured using a Bright Glo Luciferase Assay kit. The data were represented as relative luciferase activity
compared with mock transfection. The data are presented as the mean + SD (n = 3). * £< 0.05 untreated vs. compound —
treated cells.

parts of the mechanisms underlying actin skeleton dynamics in HIV-1 replication have recently been discovered. Although it is
almost certain that actin activity may be important for viral entry processes, including CD4 and CXCR4/CCR5 receptor
dynamics, the stabilization of the fusion complex, the promotion of capsid de-coatng, and the efficient reverse transcription
and migration of PIC require activities of Rac GTPase, PAK, LIMK and cofilin, WAVE2, WASP, Arp2/3, actin etc. in HIV-infected
CD4+T cells (8, 9, 24, 25). These studies, hypothesized with scattered findings, were too complicated to understand the
exact roles of the pathway of actin dynamics in HIV replication. In addition, some of the findings were controversial because
the study used limited inhibitory compounds which might be accompanied by an unexpected disruption of certain signal
pathways. Therefore, the results could not be used to elucidate the precise mechanism of HIV-1 infection or a potent actin
pathway for HIV infection treatment.

In the present study, small molecules that inhibit the actin cytoskeleton were screened to improve understanding of the
interaction mechanism between HIV-1 and the actin dynamic pathway, and to provide new information for developing a
potent inhibitor against HIV-1 infection utilizing the actin pathway. Three inhibitory compounds against HIV-1 infection were
identified from among twenty-nine inhibitors of the actin skeleton network. Of these, CK-548, an Arp2/3 inhibitor, was
previously described as having an inhibitory effect on HIV-1 infection. CK-548 was observed to have a specific inhibitory
effect on viral infection without cytotoxicity, but did not show an inhibitory effect on viral production (Figs. 1 and 2). It has
been reported that the knock-down of Arp3 results in a dramatic inhibition of HIV-1 replication and that the CK-548
treatment inhibits the Arp2/3-mediated nuclear migration of the HIV pre-integration complex, followed by a blocking of HIV
infection without cytotoxicity (25). Consistently with our data, these data demonstrated that the actin filament branching of
Arp2/3 may help inhibit HIV infection. Chaetoglobosin A and TR-100 were newly identified as inhibitors having an anti-HIV
effect. Chaetoglobosin A, a fungal toxin (26), exhibited the most potent inhibition of HIV-1 infection and production with no
cytotoxicity. It is also known to target the filamentous actin, and exhibits both antibacterial ancl anti-cancer activity. In our
data, the compound exhibited weak cytotoxicity up to 12.5 uM, showing complete inhibition of viral infection and
production. This result may explain why the actin network signal targeted by Chaetoglobosin A is specifically necessary to
enable viral infection and production. However, other inhibitors targeting the actin filament, including cucurbitacin E and
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jasplakinolide, showed severe cytotoxicity despite their inhibitory effects on HIV-1 infection, while phalloidin did not have any
effect on either HIV-1 infection or cytotoxicity (Table 1). These data may suggest the existence of undefined molecular
mechanisms that target the filamentous actin between the inhibitors. TR-100, a factor dissociating actin from
tropomyosin-directed actin dynamics (19), also showed a complete inhibitory effect on viral infection at 12.5 uM, but HIV-1
inhibition was combined with 80% cell death. Although TR-100’s inhibitory effect on HIV infection was not significantly
distinguished from cytotoxicity. It seems fairly certain that tropomyosin-related actin dynamics might be partially involved in
HIV-1 infection.

In this study, the screening also included two small, well-defined molecule inhibitors that negatively regulate HIV-1 infection,
i.e. jasplakinolide, a stabilizer of the filamentous actin obtained from sponge, and latrunculin A, which induces
de-polymerization by binding to G actin. These compounds have been extensively used in an effort to probe their anti-HIV
effects. Some studies showed that jasplakinolide and latrunculin A inhibited HIV-1 infection at 129 nM (and blow) and at 2.5
uM, respectively (10, 27). However, the data did not accurately define the degree of cytotoxicity at the given concentrations.
In the present study’s results, although the compounds exhibited an inhibitory effect on HIV-1 infection at similar dosages to
previous studies, their effects were accompanied by a parallel level of cytotoxicity in the dose response assay (Table 1; data
not shown). One study suggested that wiskostatin, a N-WASP inhibitor, inhibited HIV-1 entry into the macrophage (12);
however our results showed a high level of cytotoxicity combined with inhibition of viral infection. Also, another report
demonstrated that certain inhibitors caused down-regulation of the ATP level non-selectively and might have had global
effects on the cells (28). As such, the exact inhibitory effect on viral infection by wiskostatin could not be defined in this study.
In addition, in this study another peptide inhibitor of N-WASP, 187-1, was observed to exhibit enhanced viral inactivity with
no cytotoxicity. It has been reported that HIV-1 triggers the nucleation-promoting factor (NPF) WAVE2 Phosphorylation
Mediating Arp2/3-dependent PIC migration after entry (25). However, the HIV-1 regulatory role of N-WASP, another
well-known NPF, has not been elucidated. The results of this study indicate that N-WASP might inhibit viral infection in
contrast to WAVE2. Cytochalasins have also been widely used as inhibitors to probe the actin pathway utilization of HIV-1 (29,
30). Several studies reported that 5 uM of cytochalasin D dramatically inhibited viral DNA synthesis (11) and that cytochalasin
D and cytochalasin B inhibited viral fusion (31, 32). However, no inhibitory effect of viral infection by cytochalasin D, B was
observed at the concentrations used by those studies in this study. Otherwise, most cytochalasins, including cytochalasin D
and B, showed enhanced infectivity by as much as 2.5 times at over 3 uM, except cytochalasin A. As an inhibitory pattern of
viral infection was only observed at low concentrations of these compounds, it is possible that this was caused by the
inhibition of viral fusogenic activity similar to their anti-HIV activity as reported in previous studies. It should be noted here
that the enhanced viral infectivity caused by a higher concentration of these compounds may reveal that the actin network is
more dynamically regulated by HIV than previously thought. Furthermore, the results of this study showed that the Rho
GTPasse family, including EHop-016, CID44216842 and ML-141, greatly enhanced HIV-1 infectivity with a similar pattern in
each. The Rac GTPase inhibitor EHop-016 exhibited increased viral infectivity from a low concentration, whereas the cdc42
inhibitors only showed a great increase of viral infection within a range of 6.25 uM -12.5 uM. Although numerous studies
have attempted to clarify the role of actin dynamics in HIV-1 infection, the roles of the Rho GTPase family, which act
upstream actin dynamics, has been poorly elucidated with regard to HIV infection. Our data demonstrate that the Rho
GTPase family may play critical roles in HIV-1 infection and, furthermore, that the controlled signal from the GTPase family
may inhibit the process of viral infection. An increase in viral infection was also observed following treatment with a high
concentration of T56-LIMK1, an inhibitor for LIMK, which transports Rho GTPase signals to downstream effectors, the
combined our data may suggest that signals from Rho GTPase negatively regulate HIV infection. Conversely, one study
attributed the positive role of LIMK in HIV-1 infection to LIMK activation with okadaic acid, which led to a dramatic increase
of HIV infection in CD4+ T cells (24). However, it is thought that the pan kinase activator used in this study might have raised
the global cell activation linked to improved HIV infection with non-specific.

As the process of HIV-1 infection involves many complex signal cascades with a variety of host cellular factors, defining the

exact roles of the actin network in HIV-1 infection was a complex issue. Additionally, the results from previous studies
sometimes conflicted with or contradicted the results of this study, but it may be the case that some inhibitors of actin
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dynamics used in previous studies exhibited non-specific inhibition targeting other host factors instead of the known target.
Therefore, this study elucidated the exact effects of actin dynamics inhibitors on HIV-1 infection.

In conclusion, the present study has precisely identified several inhibitors of actin dynamics that have a regulatory effect on
HIV-1 infection with no cytotoxicity. It has also confirmed the inhibitory effects of CK-548, and identified the new inhibitory
roles of Chaetoblobosin A and TR-100 in HIV-1 infection and production. Furthermore, this study demonstrates that most
cytochalasins act inversely on HIV infection according to their concentrations, and that some inhibitors of Rho GTPase;
EHop-016, CID44216842 and ML-141, and LIMK significantly increase viral infection within a range of several uM. Taken
together, the results of this study suggest that the newly identified roles of these inhibitors of HIV-1 infection may be helpful
in understanding complicated actin dynamics during HIV-1 infection and provide important information for the development
of potent new anti-HIV drugs targeting the actin network for HIV infection.
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