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A First-in-Class NAE Inhibitor, MLN4924, Blocks Lentiviral Infection
in Myeloid Cells by Disrupting Neddylation-Dependent Vpx-Mediated
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MLN4924 is a first-in-class cancer drug that inhibits the Nedd8-activating enzyme (NAE). Herein, we report that MLN4924 in-
hibits Vpx/Vpr-induced SAMHD1 degradation by inhibiting the neddylation of E3 ubiquitin ligase and blocks macaque simian
immunodeficiency virus (SIVmac) replication in myeloid cells. SAMHDI] is required for MLN4924-mediated SIVmac inhibition.
Our findings indicate the potential efficacy of inhibiting neddylation as an antiretroviral strategy and identify the readily avail-
able anticancer drug MLN4924 as a candidate agent for that purpose.

Cullin-Ring E3 ubiquitin ligases (CRLs), the most prominent
class of E3 ubiquitin ligases, are essential for the turnover of a
large number of proteins in mammalian cells and are critical for
maintaining cellular protein homeostasis (1). The ubiqutin-like
protein NEDD8 has a dedicated El-activating enzyme (NAE) and
E2-conjugating enzymes (UBE2M and UBE2F), and it plays an
important role in the enzymatic activity of the CRL E3 ligase fam-
ily through direct conjugation to the Cullin scaffold. MLN4924, a
novel small-molecule NAE inhibitor (2), has entered phase 1 trials
and has demonstrated significant therapeutic benefit in cancer
therapy (Fig. 1A). Preclinical studies in a range of cancer models
have demonstrated that MLN4924 inhibits diverse CRL E3 func-
tions in cancer cells and causes an accumulation of their sub-
strates, thus inducing cell cycle arrest and apoptosis (2).

The HIV-1 and HIV-2 infections that have led to a worldwide
epidemic remain without a cure or broadly effective prophylaxis.
In recent years, studies of host-virus interactions have revealed the
presence of naturally occurring restriction factors that could po-
tentially inhibit the replication of HIV and the closely related sim-
ian immunodeficiency virus (SIV). HIV has overcome the poten-
tial effects of these restriction factors by expressing virally encoded
accessory proteins, such as Vif, Vpu, and Vpx, which interact,
respectively, with the restriction factors APOBECS3, tetherin, and
the recently identified SAMHDI1 (3-8). Interestingly, all these vi-
ral proteins load their targets onto hijacked CRL E3 ligases for
ubiquitination-dependent degradation. Drugs and mutations of
viral proteins restore the accumulation of these restriction factors
and dramatically inhibit viral infection and replication (3-6, 9).
Because of the role of neddylation in the enzymatic activity of the
CRL E3 ligases, it is important to understand what role this pro-
cess plays in the degradation of CRL ligases that have been hi-
jacked by viral proteins. A better understanding of this role might
lead to the identification of new targets for antiretroviral drug and
vaccine development.

MLN4924 impairs the macaque SIVmac239 Vpx-mediated
degradation of SAMHD1. The CRL4(DCAF1) E3 ligase has been
shown to be essential for DNA replication, cell cycle regulation,
and embryonic development (10-12). Its ubiquitination capacity
was found to be usurped by different proteins of diverse viruses
(13, 14). So far, there is little direct proof for the importance of
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neddylation to cellular and virally hijacked CRL4(DCAF1).
Therefore, we examined the ability of MLN4924 to inhibit the
neddylation of the Vpx-CRL4(DCAF1) E3 complex (Fig. 1A).

In monocytes, lentiviral Vpx hijacks CRL4(DCAF1) E3 and
mediates the proteasome-dependent degradation of SAMHDI,
thereby permitting viral replication (9, 15-19). However, the cel-
lular regulation of this SAMHD]1 degradation is still unclear, and
even the evidence for the neddylation of Cullin4 is not straight-
forward. To evaluate the role of neddylation in the function of
the Vpx-CRL4(DCAF1) E3 ligase complex, we tested the effects
of MLN4924 on Vpx-mediated SAMHDI1 degradation.
HEK293T cells were transfected with pSAMHDI1-HA and/or
PHA-VPX,,.230. Twenty-four hours later, 300 nM MLN4924
was added to the cell culture. After another 24 h, the cells were
harvested for immunoblotting with an antihemagglutinin (an-
ti-HA) antibody to detect HA-tagged SAMHDI1. The results
showed that MLN4924 strongly impaired the ability of Vpx to
induce SAMHD1 degradation; it functioned as well as the spe-
cific proteasome inhibitor MG132 (Fig. 1B). Further analysis
showed that MLN4924 restored over 60% of the expression of
SAMHDI in the presence of Vpx (Fig. 1C).

Vpr and Vpx recruit the Cullin4A-containing E3 ubiquitin li-
gase to promote G, arrest and myeloid cell infection (13, 17, 18,
20-25). Vpr but not Vpx has been observed to enhance the ned-
dylation of Cullin4A (13, 18, 22). To evaluate the effect of
MLN4924 on the Cullin4A nedd8 modification in the presence of
Vpx, we exposed HEK293T cells transiently transfected with HA-
Vpx or Myc-Cullin4A to MLN4924. Immunoblotting revealed a
drastic reduction in neddylated Cullin4A after MLN4924 treat-
ment, compared to dimethyl sulfoxide (DMSO)-treated cells (Fig.
1D), suggesting that MLN4924 inhibits Vpx-mediated degrada-
tion of SAMHDI1 by interfering with the neddylation of Cullin4A.

Received 6 September 2013 Accepted 15 October 2013

Published ahead of print 23 October 2013

Address correspondence to Xiao-Fang Yu, xfyu@jhsph.edu.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.02568-13

jviasm.org 745


http://dx.doi.org/10.1128/JVI.02568-13
http://jvi.asm.org

Wei et al.

DMSO MLN4924 MG132
MLN4924
+ + + + + + SAMHD1-HA
- + - + - + SIVmac Vpx
| _— — "| SAMHD1-HA
| — — | HA-Vpx
| | B-actin
Rbx1/2
1 2 3 4 5 6
g 120% CullindA + + 12000000
@ [100% SIVmac Vpx + + £ | 10000000
O | g MLN4924 e + S
5 80% i o 8000000
S Cullin4A-Nedd8 t =
o CullindA | o | & | 6000000
0% =
% ¢ SIVmac Vpx | = — 0] 4000000
1 bl e —x] ©
[0 0% — - 0 )
DMSO MLN4924  MG132 1 2 0d 1d 2d 3d
WsavHDL BSAMHDL + Vpx et Mock == DjysMLN424

FIG 1 MLN4924 inhibits Vpx-induced SAMHDI1 degradation by blocking neddylation activation of Vpx-CRL4(DCAF1) E3 ligase. (A) Schematic diagram
indicating where MLN4924 inhibits NAE at the initial neddylation step. (B) Effects of MLN4924 on Vpx-mediated degradation of SAMHD1. HEK293T cells were
co-transfected with pSAMHD1-HA plus a control vector or Vpx-HFA expression vector. At 36 h after transfection, the cells were DMSO-treated or treated with
MG132/MLN4924 for 24 h. Cell lysates were harvested and analyzed by SDS-PAGE, followed by immunoblotting to detect SAMHD1-HA, with B-actin as the
loading control. (C) Effects of MLN4924 on relative expression of SAMHD1 (100%) with or without Vpx expression. Error bars represent the standard deviation
from three experiments. (D) MLN4924 inhibits the neddylation of Cullin4A in the presence of SIV Vpx. HEK293T cells were first transfected with pMyc-
Cullin4A and pHA-SIVmac Vpx, and 24 h later, cells were treated with DMSO or MLN4924, respectively, for 24 h. The cells were then harvested for immunoblot
analysis with the indicated antibodies. (E) MLN4924 treatment was feeble cytotoxic to the HEK293T cells. HEK293T cells were treated with MLN4924, or with

DMSO as a negative control. Viable cells were counted daily from Day 0 to Day 3.

Treatment with MLN4924 did not affect the proliferation of
HEK293T cells (Fig. 1E), indicating that it did not cause signifi-
cant cytotoxicity under our experimental conditions. These data
indicated that the pharmacological NAE inhibitor MLN4924,
which is already being used in human clinical trials, dramatically
reduced Vpx-downregulated SAMHD1 by directly regulating
Vpx-CRL4(DCAF1) E3 function.

MLN4924 inhibits Vpx-dependent STVmac239 infection in
macrophages. By overcoming the restriction imposed by
SAMHDYI, the virion-packaged Vpx protein plays a critical role in
the early phase of the viral replication cycle, enhancing the lenti-
viral infection of macrophages (5, 6, 25-28). We therefore inves-
tigated the role of MLN4924 in Vpx-dependent viral infection in
phorbol 12-myristate 13-acetate (PMA)-treated macrophage-like
THP-1 cells. The THP-1 cells were cultured in 100 nM PMA for 48
h to promote differentiation and then treated with 300 nM
MLN4924 or DMSO for 12 h. The treated cells were then infected
with the same viral titer of the G protein of vesicular stomatitis
virus (VSV-G)-pseudotyped SIVmac-GFP or SIVmacAVpx-GFP
virus-like particles (VLPs). Compared to control samples,
MILN4924-treated cells showed significantly reduced viral infec-
tion with SIVmac-GFP; the ratio of green fluorescent protein
(GFP)-positive cells decreased by more than 80% (Fig. 2A). As
expected, SIVmacAVpx-GFP infection was inhibited in these cells
(Fig. 2A). STVmac-GFP virus infection of THP-1 cells resulted in
SAMHDI1 degradation (Fig. 2B, lane 3), which was blocked by
MILN4924 treatment (Fig. 2B, lane 4).

It has been reported that undifferentiated THP-1 cells cannot
confer resistance to SIVmacAVpx infection. We observed that in-
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fection with SIVmacAVpx-GFP was similar to that with STVmac-
GFP in undifferentiated THP-1 cells (Fig. 2C). Similarly,
MLN4924 did not manifest any antiviral activity in undifferenti-
ated THP-1 cells (Fig. 2C). On the other hand, MLN4924 treat-
ment strongly inhibited the infection of primary macrophages
with SIVmac-GFP (Fig. 2D). These primary macrophages were
refractory to SIVmacAVpx-GFP infection (Fig. 2D). Thus, we
demonstrated that a first-in-class cancer drug targeting the nedd8
modification pathway efficiently blocked Vpx-dependent SIV
replication in macrophages.

SIVmac-GFP virus infection resulted in the depletion of
SAMHDI1 in primary macrophages (Fig. 2E, lane 3), and this effect
was blocked by MLN4924 treatment (lane 4). The impaired deple-
tion of SAMHD1 from MLN4924 -treated macrophages during
SIVmac-GFP virus infection was also associated with a reduction
in Cullin4A nedd8 modification (Fig. 2F, lane 2) compared to
untreated cells (lane 1).

MLN4924-mediated SIV inhibition requires SAMHDI1. We
next examined whether SAMHD1 was required for MLN4924-me-
diated SIV inhibition. U937 cells do not normally express detectable
SAMHDI1. We therefore established SAMHD1-expressing U937 cells
(U937/SAMHD1) by using lentiviral vectors expressing SAMHDI.
In control U937 cells, MLN4924 treatment had no significant effect
on SIVmac-GFP virus infection (Fig. 3A). However, in SAMHD1-
positive U937 cells, MLN4924 significantly inhibited infection with
the SIVmac-GFP virus (Fig. 3A). In repeated experiments, MLN4924
only inhibited SIVmac-GFP virus infection of U937/SAMHDI cells,
and not U937 cells (Fig. 3B). SIVmac-GFP virus infection resulted in
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FIG 2 Inhibition of SIV infection in macrophages by MLN4924. (A) MLN4924 is a highly effective inhibitor of Vpx-dependent SIVmac infection in PMA-treated
THP-1 cells. Human monocytic THP-1 cells were stimulated with PMA (100 ng/ml for 48 h) and then treated with 300 nM MLN4924 or DMSO for 12 h. The
two groups of treated cells were then infected with an equivalent amount of SIVmac239-GFP or SIVmacAVpxGFP VLPs. The percentage of GFP-positive cells
was determined by flow cytometry. Representative flow cytometry data are shown. (B) The rate of SIVmac239-GFP virus infection in the absence of MLN4924
was set to 100%. The bar charts are representative of three independent experiments, and the error bars indicate the standard deviations of three replicates within
one experiment. (C) MLN4924 treatment had little effect on SIVmac infection in undifferentiated THP-1 cells. (D) MLN4924 is a highly effective inhibitor of
SIVmac infection in primary macrophages. Primary macrophages were isolated and infected with SIVmac or SIVmacAVpx viruses as previously described (26).
Virus infection was determined by monitoring GFP-positive cells 2 days after infection. (E) Effect of MLN4924 treatment on SAMHDI expression during
SIVmac infection of primary macrophages. Cell extracts were harvested 2 days after infection and analyzed by SDS-PAGE, followed by immunoblotting with
anti-SAMHDI antibody to detect SAMHD1. B-Actin was used as the loading control. (F) Effect of MLN4924 treatment on Cullin4A expression. Endogenous
Cullin4A from SIVmac virus-infected U937/SAMHDI cells treated with MLN4924 or DMSO was detected with an anti-Cullin4A antibody from Abcam. Tubulin
was used as the loading control.

the depletion of SAMHD1 in U937/SAMHDI1 cells (data not shown),
and this effect was blocked by MLN4924 treatment (data not shown).

MLN4924 is a broad inhibitor of Vpx/Vpr-mediated
SAMHDI1 degradation. Recent studies of the coevolution of HIV
accessory proteins and host resistance factors have revealed a com-
plex balance between the ability of these interactions to protect the
host and their ability to promote viral adaptation (29, 30). Unlike
HIV-1 Vpr, the Vpr proteins of the ancient lentiviral strains SIVmus
and SIVdeb, which predate SIV Vpx, have been shown to be able to
induce SAMHD1 degradation, suggesting an evolutionary trajec-
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tory for the viral proteins Vpr and Vpx from closely related lenti-
viruses. To determine whether the neddylation-regulated
CRL4(DCAF1) complex is required for the function of these an-
cient Vprs, we examined the SAMHD]1 degradation efficiency of
SIVmus and SIVdeb Vprs, with or without treatment with
MLN4924. MLN4924 distinctly disrupted Vpr-induced degrada-
tion of SAMHD1 by both SIVmus and SIVdeb (Fig. 4A), at a level
equivalent to that observed with control samples treated with
MG132. These results indicated that the ancestral Vpr also utilizes
the same modified ubiquitin-proteasome system to overcome the
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FIG 3 SAMHDI is required for MLN4924-mediated inhibition of SIVmac infection. (A) SAMHD1 was transduced into U937 cells by using lentiviral vectors,
as previously described (35) to generate U937/SAMHDI1 cells. U937 or U937/SAMHDI1 cells were stimulated with PMA (100 ng/ml for 48 h) and then treated
with 300 nM MLN4924 or DMSO for 12 h. The two groups of treated cells were infected with equivalent amounts of SIVmac239-GFP VLPs. The percentage of
GFP-positive cells was determined by flow cytometry 2 days after infection. (B) The rate of SIVmac239-GFP virus infection in the absence of MLN4924 was set
to 100%. The bar charts are representative of three independent experiments, and the error bars indicate the standard deviations of three replicates within one

experiment.

A

SIVmus Vpr SIvdeb Vpr

SAMHD1  + + o+ o+ + 0+ o+ o+ 4+ + + +
Vpr - + - + - + -+ - + = +
SAMHD1 |h—

--.;—-—-fl

DMSO MLN4924 MG132

gy ey S S

DMSO MLN4924 MG132

v || == =T i -4
B-actin | e v—— —dii i iy |
1 2 3 4 5 6 7 8 9 10 11 12
B HIV-24,,,, Vpx HIV-2,,, Vpx
SAMHD1 + o+ o+ o+ o+ + + o+ o+ o+ 4+ +
Vpx -+ -+ - + -+ - + - +

-—\,_,\-ﬂ——/”v--- —__,I‘ls»"l

SAMHD1 |'_
DMSO  MLN4924 MG132 DMSO MLN4924 MG132

i — ]| —— —— )

Vpx |

B-actin

1 2 3 4 5 6 1 2 3 4 5 6

FIG 4 MLN4924 inhibits ancient SIV Vpr- and HIV-2 Vpx-mediated degra-
dation of SAMHDI. (A and B) HEK293T cells were cotransfected with a
SAMHDI-HA expression vector and Vpx or Vpr or their respective control
vector. At 24 h after transfection, the cells were DMSO treated or treated with
MG132/MLN4924 for 24 h. Expression levels of SAMHD1-HA and Vpx-HA
were assessed by immunoblotting with an anti-HA antibody. 3-Actin was used
as the loading control.
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SAMHDI1 protein. We also found that MLN4924 maintained a
strong ability to inhibit the SAMHDI1 degradation induced by
HIV-2,6p and HIV-2,5,,, Vpx (Fig. 4B). These results indicated
that the activation of CRL4(DCAF1) E3 ligase by neddylation is
pivotal for the function of an extended lineage of Vpx/Vpr pro-
teins, which in all cases are susceptible to the ability of MLN4924
to interrupt upstream ubiquitin cascades.

A dominant negative mutant of UBE2M disrupts Vpx func-
tion. We next evaluated the role of neddylation in Vpx’s ability to
counteract the SAMHDI protein. There are two well-known path-
ways for the neddylation system (31): Rbx1-UBE2M and Rbx2-
UBE2F. Interestingly, we found that the expression of the UBE2M
(Ubc12) dominant negative mutant (C111S) in HEK293T cells im-
paired Vpx-induced SAMHD1 degradation in a dose-dependent
manner (Fig. 5A). However, the expression of the UBE2F dominant
negative mutant (C116S) did not affect the function of Vpx (Fig.
5B). Silencing UBE2M with specific small interfering RNA tar-
geted to the UBE2M coding regions also inhibited Vpx-mediated
SAMHDI1 degradation (Fig. 5C). We concluded that the Rbx1/
UBE2M-dependent neddylation system is essential for the activa-
tion of the Vpx-CRL4(DCAF1) E3 ligase complex (Fig. 5D).

Activation of CRL E3 ligases by neddylation has been shown to
change the conformation of the CRL complex and thus facilitate
the movement of substrates closer to E2 for engagement by the
ubiquitin cascade (32). During the first step in neddylation, NAE
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FIG 5 UBE2M is essential for Vpx-mediated SAMHD1 degradation. (A) A UBE2M mutant inhibited Vpx-mediated SAMHDI1 degradation. In HEK293T cells,
SIVmac239 Vpx failed to induce SAMHD1 degradation in the presence of increasing amounts of UBE2M(C111S). Cell lysates were harvested and analyzed by
SDS-PAGE, followed by immunoblotting to detect SAMHD1-HA. 3-Actin was used as the loading control. (B) The UBE2F mutant did not inhibit Vpx-mediated
SAMHDI degradation. (C) Silencing of UBE2M inhibited the Vpx-mediated degradation of SAMHDI. (D) Schematic diagram of Nedd8-activated Vpx-CRL4

E3 ligase to induce SAMHD1 degradation.

exhibits a high selectivity for its cognate Nedd8 and mediates a
cascade that includes Nedd8 maturation and activation (32). In
the present study, we established that the Nedd8-NAE-targeting
cancer drug MLN4924 blocks Vpx-dependent viral replication in
a macrophage cell line, indicating that host neddylation activity is
also critical for the viral protein Vpx’s hijacking of the CRL4 ubiq-
uitin system. In addition, we demonstrated that a dominant neg-
ative mutant of UBE2M, but not of UBE2F, also disrupted Vpx
function, further supporting the contention that the Rbxl-
UBE2M Nedd8 modification pathway is critical for Vpx function
and that cellular regulation of CRL4 function is also important for

the Vpx-bound CRL4(DCAF1) E3 ligase (31). We also concluded
that, although Vpx/Vpr has coevolved with host factors (both in-
hibitors and partners), the core strategy of maintaining the inter-
action with the cellular CRL4 E3 ligase to enhance early viral rep-
lication has been conserved.

A key function of viral accessory proteins is to inactivate host re-
striction factors by binding with Cullin family protein-associated E3
ligases to induce degradation of the restriction factors. Here, we have
demonstrated that MLN4924 affects the function of the Vpx-CRL4
E3 complex and Vpx-dependent viral replication in a macrophage
cell line, suggesting the feasibility of using MLN4924 for antiviral

Vif CRLS5 APOBEC3G
Vpu CRLI1 Tetherin
LIV LY Vpr CRL4 Unknown
RNA Virus Vpx CRL4 SAMHDI1
Simian virus 5 V protein CRL4 STAT
Parainfluenza virus 2 V protein CRL4 STAT
Mumps virus V protein CRL4 STAT
(Hepadnaviruses| HBV HBx CRL4 Unknown
Adenovirus E4orf6/E1IBS5K CRLS 1953}
M-T5 CRL1 P27/Kip-1
Wi M148, M149, M150 CRLI1 Unknown
Poxviridae MO006, M008, M009, M014,
DNA Virus M140 CRL3 Unknown
Vaccinia BI8R CRIEI Unknown
Ectromelia EVM150, EVM167 CRL3 Unknown
Herpesvir[ HCMV UL35 CRL4 Unknown
us KSHV LANA-1 CRLS5 P65

FIG 6 Table of viral proteins that usurp Nedd8-activated CRL E3 ligase to modulate host factors.
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therapy. Coincident with our findings, Stanley et al. recently reported
that MLN4924 restores APOBEC3G accumulation by preventing
Vif-mediated degradation (33). It was equally interesting to deter-
mine whether this first-in-class cancer drug could disrupt other viral
infections, since the Cullin-Ring E3 ubiquitin ligases are required for
the integrated infection of diverse viruses, including hepatitis B virus
X protein (HBx) and the V protein of simian virus 5 (SV5-V), which
use CRL4(DDBI1) to avoid immune activation and enhance viral in-
fection (34) (Fig. 6). Thus, the neddylation of cellular CRL ubiquitin
ligases that is required for HIV and other viral replication may con-
stitute a promising target for new antiviral drug discovery. MLN4924
is a potential candidate for further development as an antiviral inhib-
itor, if its cytotoxic effect can be further reduced. Whether or not that
can be achieved, it is a useful drug, as demonstrated here, for identi-
fying potential targets for therapeutic intervention.
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