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HIV-1 primarily infects activated CD4+ T cells and macrophages.
Quiescent CD4+ T cells, however, possess cellular factors that limit
HIV-1 infection at different postentry steps of the viral life cycle.
Here, we show that the previously reported immune regulator
monocyte chemotactic protein-induced protein 1 (MCPIP1) restricts
HIV-1 production in CD4+ T cells. While the ectopic expression of
MCPIP1 in cell lines abolished the production of HIV-1, silencing of
MCPIP1 enhanced HIV-1 production. Subsequent analysis indicated
that MCPIP1 imposes its restriction by decreasing the steady levels
of viral mRNA species through its RNase domain. Remarkably,
common T-cell stimuli induced the rapid degradation of MCPIP1
in both T-cell lines and quiescent human CD4+ T cells. Lastly,
blocking the proteosomal degradation of MCPIP1 by MG132 abro-
gated HIV-1 production in phorbol 12-myristate 13-acetate/iono-
mycin-stimulated human CD4+ T cells isolated from healthy
donors. Overall, MCPIP1 poses a potent barrier against HIV-1 in-
fection at a posttranscriptional stage. Although the observed HIV
restriction conferred by MCPIP1 does not seem to be overcome by
any viral protein, it is removed during cellular stimulation. These
findings provide insights into the mechanisms of cellular activa-
tion-mediated HIV-1 production in CD4+ T cells.

restriction factor | antiviral immunity

Infection by HIV-1 is restricted in cell- and species-specific
manners by multiple host factors, such as APOBEC3G, TRIM5α,

Tetherin, and SAM domain and HD domain-containing protein
1 (SAMHD1) (1–9). As the primary targets of HIV-1 in vivo,
activated and cycling CD4+ T lymphocytes are more permis-
sive to infection than quiescent CD4+ T cells (10–19). The
molecular mechanisms underlying this phenomenon are not
fully understood. Ex vivo, CD4+ T cells isolated from periphery
blood mononuclear cells (PBMCs) are capable of robustly pro-
ducing HIV-1 when cultured in the presence of mitogenic
stimuli or cytokines, because under such conditions, quiescent
CD4+ T cells progress through the cell cycle, proliferate, and
thus, stimulate HIV replication and production. An additional
possibility is that cell activation may remove unknown blocks to
HIV production from CD4+ T cells.
Monocyte chemotactic protein-induced protein 1 (MCPIP1),

also known as Zc3h12a or regnase-1, is a critical regulator of
the inflammatory response and immune homeostasis (20–24).
MCPIP1 belongs to a novel CCCH zinc-finger family of four
proteins (MCPIP1–4 or 12A–D), with expression that is highly
enriched in immune tissues. Using the KO mouse model, we
previously showed that MCPIP1 down-regulates LPS- and cy-
tokine-induced JNK and NF-κB signaling in macrophages by
deubiquitinating TNF receptor-associated factors (21). Mat-
sushita et al. (24, 25) reported that Zc3h12a/MCPIP1 acts as
an RNase to promote the mRNA degradation of several inflam-
matory cytokines.
Here, we show that MCPIP1 potently inhibits HIV-1 infec-

tion in human CD4+ T cells. Although MCPIP1 decreases the

steady levels of HIV-1 mRNA species, the inhibition is re-
moved on activation of CD4+ T cells through rapid degradation
of MCPIP1.

Results
MCPIP1 Potently Inhibits HIV-1 in Both Transfection and Infection
Systems. We first found that coexpression of MCPIP1/Zc3h12a,
but not other numbers from the MCPIP family, with an HIV-1
proviral clone (pNL4.3) in HEK293T inhibited HIV-1 produc-
tion, which was determined by measuring extracellular p24 levels
in the culture supernatant by ELISA and infectious virus pro-
duction in supernatants determined by TZM-bl assay (Fig. 1 A
and B). CEM-SS, a human T-cell line that is highly permissive to
HIV-1 infection, acquired resistance to HIV-1 infection when
MCPIP1 was ectopically expressed (Fig. 1C). By contrast, the in-
hibition was not observed in HSV-1 infection (Fig. S1). MCPIP1-
mediated HIV-1 inhibition was also observed in both T- and
M-tropic prototype viruses (89.6, NL4.3, NL4.3 with Env from
AD8, and LAI.2) as well as human T-cell lines (MT2 and MT4),
in which the MCPIP1 expression was regulated by doxycycline
(Fig. 1 D and E). Additionally, MCPIP1 inhibited DENV2, en-
cephalomyocarditis virus (EMCV), Yellow fever virus-vaccine
strain 17D (YFV-17D), and the human coronavirus OC43 (HCoV-
OC43), but it had a marginal effect or no effect on VSV, HSV-1,
and new castle diseases virus (NDV) (Figs. S2, S3, S4, S5, and
S6). Thus, MCPIP1-mediated restriction seems to be selectively
dependent on the virus. To confirm the physiologic relevance of
MCPIP1-mediated restriction, endogenous MCPIP1 was knocked
down in CEM-SS cells by transfection with siRNA targeting
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human MCPIP1. As a result of the knockdown, the production
of infectious HIV-1 increased (Fig. 1F). A similar observation
was made when the knockdown was achieved on exogenously
expressed GFP-tagged MCPIP1 in HIV-1 provirus-transfected
HEK293 cells (Fig. S7).

MCPIP1 Inhibits HIV-1 at a Posttranscription Step. To identify the
stage of the viral life cycle during which MCPIP1 restricts HIV-1,
we generated CEM-SS– and HEK293-stable clones that express
MCPIP1 in a doxycycline-inducible manner. When doxycycline
was added to the cells, the production of infectious virus dras-
tically decreased (Fig. 2 A and B). The levels of intracellular viral
proteins, including Gag, Env, and Nef, also decreased accord-
ingly (Fig. 2C). However, the copy numbers of provirus DNA did
not change in the MCPIP1- expressing cells (Fig. 2D). Addi-
tionally, MCPIP1 expression did not suppress the transcriptional
activity from the HIV-1 LTR (Fig. 2E), suggesting that MCPIP1
is unlikely to inhibit early steps of HIV life, such as uncoating,
reverse transcription, integration, and LTR-driven viral RNA
transcription. Rather, MCPIP1 seems to impose its restriction at
a late stage after viral RNA transcription. To corroborate this
notion, we preinfected CEM-SS with HIV-1 or transfected HEK
cells with the proviral construct, pNL4.3, to bypass the steps until
integration, and then, we induced the expression of MCPIP1.
The production of HIV was nearly abolished after MCPIP1 in-
duction in the HIV preinfected CEM-SS cells and the pNL4.3-
transfected HEK cells (Fig. 2 F and G). Altogether, these data
indicate that MCPIP1 inhibits HIV-1 at a posttranscription step.

RNase Activity of MCPIP1/ZC3H12A Is Required for Its Anti-HIV Activity.
Because MCPIP1 possesses RNase activity, we subsequently mea-
sured the steady level of unspliced, singly spliced, and multiply
splicedHIV-1 RNAs from infected CEM cells by Northern blotting.
Fig. 3A shows that there was a significant decrease in all detected
HIV-1 RNA species when MCPIP1 was induced in these cells,
suggesting that MCPIP1 decreases the abundance of HIV-1 RNA
species. In support, knockdown of MCPIP1 by siRNA increased
cellular levels of HIV-1 gag (unspliced), vif (singly spliced), and tat-
ref (multiply spliced) mRNA (Fig. 3B). Previously, MCPIP1 (20–23,
25) was shown to be an RNase that degrades cytokine mRNAs (24,
25) and cleaves precursor microRNAs (26). Notably, mutations that
abolish the RNase activities of MCPIP1 also nullify its anti-HIV
activity (Fig. 3C), indicating thatMCPIP1 exerts its function through
the RNase activity; additionally, the deletion of the zinc-finger do-
main of MCPIP1 has a similar effect (Fig. 3D), suggesting that the
recognition of viral RNA is important. Altogether, these data sup-
port the notion that the RNase activity of MCPIP1 degrades HIV-1
RNA species. Similarly, MCPIP1 was recently reported to inhibit
Japanese encephalitis virus replication (27). Because MCPIP1 is
known to localize to GW bodies, where RNAs are stored and var-
ious regulations take place (28), it is possible that MCPIP1 may
affect both RNA stability and the translation of viral proteins.

MCPIP1 Is Rapidly Degraded on T-Cell Stimulation.MCPIP1 is highly
expressed in tissues, such as thymus, spleen, lung, intestine, and
adipose, and was significantly induced by LPS and other stimuli
in macrophages (22, 23, 29). Interestingly, although the endog-
enous level of MCPIP1 is slightly up-regulated in virus-infected
A549 or HeLa cells, it remained unchanged in CEM-SS cells
infected with HIV-1 (Fig. 4A and Fig. S8). To investigate the
potential mechanism by which HIV-1 evades MCPIP1-mediated
restriction, we examined the changes in MCPIP1 expression and
found that endogenously or exogenously expressed MCPIP1
rapidly disappeared in T-cell lines stimulated with phorbol 12-
myristate 13-acetate (PMA)/ionomycin (PMA/Iono) or anti-
CD3/anti-CD28 (CME-SS and Jurkat) as well as primary human
CD4+ T cells (Fig. 4 B and C and Fig. S9). Moreover, culturing
primary CD4+ T cells in phytohemagglutinin (PHA) and IL-2 also
decreased MCPIP1 at the protein level (Fig. S10). The decrease
ofMCPIP1 on PMA/Iono stimulationwas reversed in the presence
of MG132, suggesting that the observed reduction results from
proteosomal degradation (Fig. 4D). To explore the relationship
between the activation-mediated degradation of MCPIP1 and
permissivity to HIV-1 in stimulated CD4+ T cells, we transfected

Fig. 1. MCPIP1/ZC3H12A potently inhibits HIV-1 in both transfection and
infection systems. (A and B) HIV-1 pNL4.3 proviral construct (0.2 μg) was
cotransfected into 293T cells with 0, 0.1, 0.2, and 0.5 μg indicated plasmids.
At 48 h posttransfection, supernatants were collected for ELISA to determine
the secretion of HIV-1 p24 (capsid protein) or TZM-bl assay to measure the
production of infectious virus (B). (C) Stable cells derived from CEM-SS (a
human T-cell line that is highly permissive to HIV infection) expressing GFP or
GFP-MCPIP1 were inoculated with HIV-1 (NL4.3 strain) at two doses (input
measured as 10 or 20 ng p24) for 2 h. After extensive wash, cells were further
incubated, and supernatants were collected at days 2, 3, 4, and 5 postinfection
before TZM-bl assay. (Inset) Western blot image indicates the expression of
MCPIP1 in stable cells. (D) Similar assays were performed as in A, except that
p89.6 (dual tropic), pNL(AD8) (Mtropic), andpLAI.2 (T tropic) proviralDNAwere
included. A, C, and D are representatives of three independent experiments; B
is an average of five independent experiments. A thymidine kinase promoter-
driven Renilla luciferase reporter construct was included in all transfection
experiments to control for transfection efficiency. (E) MT2 and MT4 human
T-cell lines were induced to express GFP-MCPIP1 and then infected by NL4.3
virus. At 48 h postinfection, supernatants were collected for determination
of the production of infectious virus and the release of p24. (F) CEM-SS cells
were transfectedwith (Upper) three siRNAs (A, B, and C) by electroporation to
knock down the endogenous MCPIP1 (Western blot). The production of in-
fectious HIV-1 from the cells was measured by TZM-bl assays. RLU, relative
light unit.
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human CD4+ T cells with the pNL4.3 proviral construct and then
stimulated the cells with PMA/Iono to allow the release of HIV-1
p24 into supernatants. As expected, the addition of MG132, which
prevents the degradation of MCPIP1, ablated the release of HIV
p24 from the cells stimulated with PMA/Iono (Fig. 4E).

Discussion
Numerous cellular factors have been implicated in restricting
HIV-1 in quiescent CD4+ T cells. For example, a primary block
has long been noted to limit the reverse transcription of in-
coming virions (13, 14). The most recently identified deoxy-
nucleoside triphosphate triphosphohydrolase, SAMHD1 (1, 6,
8), seems to be the long-sought cellular factor accounting for this
restriction, because SAMHD1 is abundantly expressed in resting
CD4+ T cells and prevents the reverse transcription of HIV-1
RNA in these cells (18, 30). However, knocking down SAMHD1
in resting CD4+ T cells only allowed more effective integration
of HIV-1, whereas the production of infectious virus remained
impaired (18), implicating additional barriers at later stages of
HIV replication. Additionally, although SAMHD1 can be de-
graded by an HIV-2–encoded protein named Vpx, its expression
was shown to be equally abundant in resting and activated CD4+
T cells (18). Therefore, it is not difficult to envision that there is

an SAMHD1-independent mechanism that accounts for the ob-
served restriction in resting CD4+ T cells and that the restriction is
likely to be overcome in activated CD4+ T cells. Our findings
now shed light on solving the mystery. We previously showed
that MCPIP1 deficiency results in a fatal inflammatory pheno-
type in mice. MCPIP1 KO in mice results in severe T- and B-cell
defects (21, 24, 26). Here, we show that, in addition to regulating
inflammation, MCPIP1 plays an intriguing role in restricting HIV-
1 production in CD4+ T cells by decreasing the abundance of HIV
RNA species. MCPIP1-mediated HIV-1 inhibition resembles that
conferred by zinc-finger antiviral protein in the resistance both
factors decrease viral mRNA species (31, 32). MCPIP1 harbors
RNase activity, whereas zinc-finger antiviral protein seems to re-
cruit cellular decapping complex to selectively degrade targeted
viral mRNA. Whether MCPIP1 directly recognizes and binds viral
RNA and thus, degrades viral RNA requires future investigation.
Interestingly, MCPIP1-mediated HIV-1 inhibition is alleviated

not by viral factors but by cellular stimulation. A very recent study
of regnase-1 (MCPIP1) in KO mice reported that mouse MCPIP1
was rapidly cleaved in activated T cells by a paracaspase termed
mucosa-associated lymphoid-tissue lymphoma-translocation gene 1
(MALT1), which has activity that is critically important for
activation of T and B lymphocytes (33). Indeed, although the

Fig. 2. MCPIP1 inhibits HIV-1 at a posttranscription step. CEM-SS or HEK293T cells were generated to express GFP-tagged MCPIP1 or GFP alone under the
control of doxycycline (Dox). (A) CEM-SS cells were incubated with 5 ng/mL Dox overnight to induce GFP-MCPIP1 or GFP and then infected with various
amounts of HIV NL4.3; 48 h later, the culture supernatants were analyzed for the infectivity measured by TZM assay. In B, the comparative number of viral
RNA was quantified by real-time RT-PCR. An equivalent amount of HCV was added during RNA extraction for normalization. (C) The viral proteins in whole-
cell lysates were analyzed by immunoblotting against gp120, gag, nef, and the Dox-induced GFP-tagged MCPIP1. (D) 2-LTR circles were comparatively
quantified by real-time PCR. The relative quantification of provirus was performed by Alu-PCR. The level of mtDNA served as a normalization control. (E) The
pGL3 reporter containing LTR or UTR (LTR + PBS + Psi) was transiently cotransfected into HEK293T cells with construct expressing MCPIP1 or control vector.
The TK promoter-driven vector constitutive expressing Renilla luciferase was used as internal control. The Firefly and Renilla luciferase activities were
measured 24 h after transfection. The ratio of Firefly to Renilla is displayed. (F) The CEM-SS cells were inoculated with HIV-1 for 24 h. After being washed, the
cells were induced with various amount of Dox to express GFP-tagged MCPIP1 or GFP. At 48 h postinduction, the infectivity of culture supernatant was
quantified by TZM assay. The corresponding levels of GFP-tagged MCPIP1 were measured by immunoblotting. (G) The same analysis was done with pNL4.3-
transfected 293 cells. HEK293 cells were transiently transfected with pNL4.3. At 24 h posttransfection, cells were induced with various amount of Dox to
express GFP-tagged MCPIP1 or GFP. At 48 h postinduction, the infectivity of culture supernatant was quantified by TZM assay. The corresponding level of GFP-
tagged MCPIP1 was measured by immunoblotting. RLU, relative light unit.
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computational analyses have predicted that there are 12 potential
PEST regions within human MCPIP1, experimental data suggest
that 1 region encompassing residues 96–111 (RQTSPDPCPQLP-
LVPR) is targeted by MALT1, because mutation of residue 111
from arginine to glycine conferred resistance to MALT1 cleav-
age (33). It is foreseeable that, after cleavage, MCPIP1 is prone
to proteosomal degradation, although this process seems to
depend on what type of stimulus is added according to the study.
In principle, MCPIP1 may limit HIV-1 infection in CD4+ T cells
by suppressing the overall cellular activation state through in-
hibiting NF-κB activation and the T cell receptor signaling
pathway. Our results, however, unequivocally reveal a direct anti–
HIV-1 mechanism exerted by MCPIP1 through decreasing the
abundance of viral RNA species. Moreover, this antiviral mech-
anism seems to be shared among fighting several other viruses.

In summary, the loss of MCPIP1 restriction during T-cell ac-
tivation is likely to contribute to HIV-1 evasion and thus, AIDS
pathogenesis. Additional insight into the regulation and con-
sequences of the MCPIP1-imposed restriction in primary CD4+
T cells will illuminate pathways for interfering with immunode-
ficiency in individuals infected with HIV-1.

Materials and Methods
Cells. The human kidney epithelial cell line HEK293 (ATCC CRL-1573), African
greenmonkey kidney epithelial cell lines Vero (ATCC CCL-81) and BSC-1 (ATCC
CCL-26), and the baby hamster kidney fibroblast cell line BHK-21 (ATCC CCL-
10) were purchased from American Type Culture Collection. Lenti-X 293T was
purchased from Clontech. The human T-cell lines CEM-SS, MT-2, MT-4, and
Jurkat T, the HIV-1 indicator cell line TZM-bl, and the HeLa cell line were
obtained from the National Institutes of Health AIDS Research and Reference

Fig. 3. The RNase activity of MCPIP1 is required for its anti-HIV activity. (A) The viral RNA was extracted from HIV-infected CEM-DoxON-GFP-MCPIP1 cells [in
the presence or absence of doxycycline (Dox)] and subjected to Northern blot analysis for detection of viral RNA species. (Top) Unspliced ∼9-kb mRNAs.
(Middle) Singly or incompletely spliced ∼4-kb mRNAs. (Bottom) Multiply spliced ∼1.8-kb mRNAs. The 28S and 18S rRNAs were included as loading controls. (B)
CEM-SS cells were electroporated with siRNA against MCPIP1 (construct B) or scrambled siRNA (si-CTRL) at 100 nM. Two days postelectroporation, cells were
inoculated with HIV NL4.3. After an additional 2 d of incubation, cellular RNA were isolated and subjected to quantitative RT-PCR analysis. Upper shows the
relative fold of change over si-CTRL (HIV Gag, Vif, and Tat-rev mRNA), and Lower shows the knockdown of endogenous MCPIP1. (C, Top) A schematic diagram
for point mutations in the putative functional conserved domains of MCPIP1. D141N mutation abolished both deubiquinating (DUB) and RNase activity; D225/
226A lost RNase activity but maintained DUB activity, whereas C306R mutation at the CCCH region lost the DUB activity (21). (Middle) HEK293T cells were
transiently cotransfected with pNL4.3 and constructs expressing the indicated mutant form of Flag-tagged MCPIP1; 48 h later, the infectivity of the culture
supernatant was measured by TZM assay. (Bottom) CEM-SS cells were also generated to express these mutant forms of MCPIP1 under the control of Dox. After
24 h of incubation with Dox, the cells were infected with HIV; 48 h later, the infectivity of the culture supernatant was measured by TZM assay. (D) The same
experiments were done with domain-deleted forms of MCPIP1 (Middle, HEK293 cells; Bottom, CEM-SS cells). P < 0.005 (n = 3, SD). RLU, relative light unit.
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Reagent Program. T-cell lines were cultured in RPMI-1640, whereas TZM-bl,
HEK293, BHK-21, and Vero were maintained in DMEM supplemented with
5% (vol/vol) penicillin and streptomycin, 1% nonessential amino acids (NEAA),
and 10% (vol/vol) FBS (Gemini Bio-Products). The doxycycline-inducible cell
lines were established using the Retro-X Tet-on 3G-inducible expression
system (Clontech) following the manufacturer’s instructions. The doxycycline-
inducible expressions of GFP- or Flag-MCPIP1 were verified in HEK293,
HeLa, and CEM-SS cells. The cytotoxicity of overexpression of MCPIP1 was
also determined using the CellTiter-Glo Cell Viability Luminescent Assay Kit
according to the manufacturer’s instructions (Promega) (Fig. S11).

Plasmids. Except where specified otherwise, MCPIP1 expression plasmids,
including mutants, have been previously constructed (21). GFP-MCPIP1 was
subcloned between Not I/EcoR I sites in the pQCXIP; or the Tet-On construct
pRetro-TRE3G.

Antibodies and Reagents. The MCPIP1 rabbit polyclonal antibody was pre-
pared against the human recombinant MCPIP1 protein as described
previously (20). Other antibodies used in this study include anti-MCPIP1
(GTX110807; GeneTex), anti–β-actin (4970; Cell Signaling), p24 (ab9071;
Abcam), and anti–HCoV-OC43 N (MAB9013; Chemicon). The following
reagents were obtained through the National Institutes of Health AIDS
Research and Reference Reagent Program: antiserum to HIV-1 gp120 (288;
Env) from Michael Phelan and HIV-1 Nef monoclonal antibody (709; Env)
from James Hoxie. Rabbit anti-YFV NS3 was a gift from Charles Rice (The
Rockefeller University, NewYork). CD3/CD28 antibodieswere purchased from
BD Biosciences. Secondary antibodies are purchased from Jackson Immu-
noResearch Laboratories, Inc. and Molecular Probes (Invitrogen). PHA, phor-
bol 12-myristate 13-acetate, and ionomycin were purchased from Sigma.

Viruses. Experiments were performed with NDV-GFP and DENV2 (Thailand
16681 strain) as described (34, 35). EMCV was purchased from American Type
Culture Collection (VR-1479). VSV-GFP (provided by S. Sarkar, University of
Pittsburgh, Pittsburgh) and HSV1-GFP (gift from Prashant Desai, The Johns
Hopkins University, Baltimore) (36) were propagated on Vero cells. YFV-17D
(NR-115; BEI Resources) and HCoV-OC43 (ATCC VR-1558) were propagated in
Vero E6 and BSC-1 cells, respectively. Viral titers of DENV2 and EMCV were
determined on BHK-21 monolayers by plaque assays. Fifty percent tissue
culture infectious dose (TCID50) was calculated using the Reed and Muench
method. The infectious titers of NDV-GFP, VSV-GFP, and HSV-1 GFP were
measured with similar end-point assays by counting GFP-positive cells. The
infectivity of YFV-17D– and HCoV-OC43–containing samples was determined

by cytopathic effect-based end-point dilution assay on Vero E6 and BSC-1
cells, respectively, and viral titers were expressed by TCID50/mL.

siRNA Transfection. Three vials of MCPIP1-specific 27mer siRNA duplexes were
purchased from OriGene Technologies, Inc. with the following sequences: A,
AGCAAGAUGCUUCUUAAUAACCCAC (targeting 3′-UTR); B, CCAAAGAUACU-
GUAGGAUUGGUUCT (targeting 3′-UTR); C, GCCACUCACUUUGGAGCACAG-
GAAG (targeting MCPIP1 coding region); and a universal scrambled negative
control siRNA duplex (SR30004). To transfect the 27mer siRNA duplexes into
CEM-SS cells, 100 nM duplex was mixed with cells at density of 5 × 106/mL and
electroporated using the following settings: 1,230 V, 40 ms, 1 pulse. The
transfection efficiency was nearly 100% under such conditions as monitored
by transfecting a Cy3-labeled 27mer siRNA from OriGene (SR30002).

Human Primary CD4+ T Lymphocytes. Human PBMCs and purified CD4+ T cells
were purchased from HemaCare BioResearch Products and cultured in RPMI-
1640 supplemented with 5% (vol/vol) penicillin and streptomycin, 1% NEAA,
and 10% (vol/vol) FBS. CD4+ T lymphocytes were cultured at a density of 1 ×
106/mL for 3 d in complete RPMI supplemented with 10 μg/mL PHA (Roche).
Afterward, cells were washed and further cultured in complete RPMI sup-
plemented with 50 ng/mL human recombinant IL-2 (BD Bioscience) during all
experimental processes.

Real-Time PCR. Cells were then washed three times with cold PBS (DPBS)
followed by total RNA isolation with TRIzol reagent (Invitrogen). Quantifi-
cation of RNA was conducted using the QuantiFast SYBR Green RT-PCR Kit
(Qiagen) with an in-house developed protocol on a Step One Real-Time PCR
System (Applied Biosystems). Primer sequences for the HCV RNA genome
were forward: 5′-GCCTAGCCATGGCGTTAGTA-3′ and reverse: 5′-CTCCCGG-
GGCACTCGCAAGC-3′. Primer sequences for the housekeeping gene GAPDH
were forward: 5′-AGCCGCATCTTCTTTTGCGTC-3′ and reverse: 5′-GAGGGAT-
CTCGCTCCTGGAAG-3′.

2-LTR Circles and Integrated Proviruses Assay. Quantitation of HIV cDNA in-
tegration by real-time PCR was done by following a published protocol (37).
Reaction mixtures contained Taqman gene expression master mix (Life
Technologies), 300 nM primers, 100 nM probe, and 500 ng genomic DNA in
a 30-μL volume. The PCR conditions were 2 min at 50 °C and 10 min at 95 °C
followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C (1.5 min for Alu PCR).

Quantitation of HIV RNA by Northern Blotting and Quantitative RT-PCR.
Experiments were performed using the CEM-SS cell line, in which MCPIP1
expression was controlled by the addition of doxycycline. Compared with the
cotransfection system, this inducible system allows analysis of MCPIP1 on HIV
RNA degradation in the context of infection but not transfection, which is
more problematic for quantitative real-time PCR analysis. Briefly, an NL4.3
virus-infected CEM-SS cell line was left untreated (Dox−) or was treated with
doxycycline (Dox+) to induce MCPIP1 expression; 48 h postinfection, nuclear,
cytoplasmic, and total RNA were isolated from cells. Northern blotting was
performed according to a published protocol (21). Blots were hybridized
to a 32P-labeled probe generated from the 422-nt XhoI/BamHI restriction
fragment in the 3′-UTR of pNL4-3, which is present in all HIV-1 mRNAs,
following a published protocol (38). On a typical Northern blot, over 40
different HIV-1 primary RNA transcripts, generated by alternative splicing,
are detected as three major bands representing three different size classes:
unspliced, ∼9-kbmRNAs; singly or incompletely spliced, ∼4-kbmRNAs; multiply
spliced, ∼1.8-kb mRNAs (38, 39).

The relative mRNA levels of gag (unspliced), vif (singly spliced), and tat-rev
(multiply spliced) were measured by SYBR Green Real-Time PCR in Applied
Biosystems StepOne Plus using the following program: (i) 50 °C for 2 min for
1 cycle; (ii) 95 °C for 10 min for 1 cycle; (iii) 95 °C for 15 s, 60 °C for 30 s, and
72 °C for 30 s for 40 cycles; and (iv) 72 °C for 10 min for 1 cycle. The sequences
of the primers are shown below.

Fig. 4. MCPIP1 is rapidly degraded on T-cell stimulation. (A) CEM-SS cells
were infected with HIV for several days. Endogenous MCPIP1 was detected
by Western blotting. (B) CEM-SS T cells were treated with PMA/Iono or anti-
CD3 and -CD28 antibodies for 1 or 2 d. Endogenous MCPIP1 was detected by
Western blotting. (C) Primary human PBMCs and purified CD4+ T cells were
stimulated with PMA/Iono for 6 or 24 h. (D) CEM-SS cells expressing GFP-
MCPIP1 were cultured in the presence or absence of MG132 for 1 h and then
stimulated with PMA/Iono for 18 h. (E) CD4+ T cells from three donors were
nucleofected with pNL4.3 and then treated with MG132 for 1 h followed by
stimulation of PMA/Iono for 24 h before collection of supernatants. The
amount of released p24 was measured by ELISA.

Name of the primer Sequence

GAG2 forward 5′-GTGTGGAAAATCTCTAGCAGTGG-3′
GAG2 reverse 5′-CGCTCTCGCACCCATCTC-3′
Vif forward 5′-GGCGACTGGGACAGC-3′
Vif reverse 5′-CACACAATCATCACCTGCC-3′
Tat-rev forward 5′-ATGGCAGGAAGAAGCGGAG-3′
Tat-rev reverse 5′-ATTCCTTCGGGCCTGTCG-3′
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HIV-LTR Reporter Gene Assay. Transcription from HIV-1 LTR promoters was
measured by a reporter assay, in which the HIV-1 LTR was subcloned in front
of the firefly luciferase gene. HEK293T cells in 24-well plates were transfected
with 0.2 μg reporter plasmids and 0.2 μg pCMV-MAT-Tag-FLAG-MCPIP1 or
0.2 μg control plasmid together with 0.05 μg pGL4.74[hRluc/TK] using lip-
ofectamine 2000. The Renilla luciferase reporter, pGL4.74[hRluc/TK], was
included to control for transfection efficiency and sample handling. Lucif-
erase activity was measured by the Dual-Luciferase Assay Kit (Promega) us-
ing a Veritas Luminometer (Promega).

Immunoblotting. Cells were grown in six-well plates, and lysates were pre-
pared with RIPA buffer [50 mM Tris·HCl, pH 7.4, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, protease inhibitor mixture
(Sigma), 1 mM sodium orthovanadate]; insoluble material was precipitated
by brief centrifugation. Protein concentration of lysates was determined
by BCA Protein Assay (Thermo Scientific). Lysates containing equal amounts
of protein were loaded onto 4–20% (vol/vol) Tris·HCl gels (Bio-Rad) and
transferred to nitrocellulose membranes. Membranes were blocked in 5%

(vol/vol) nonfat dry milk, probed with the indicated antibodies, and de-
veloped with HRP-conjugated secondary antibodies and chemilumines-
cent substrates (Pierce Biotechnology). Quantification was performed using
Gel-Pro Analyzer software.

Statistical Analysis. All experiments were performed at least three times as
indicated in the figures. Except where specified, bar graphs were plotted to
show mean ± SD. Statistical analyses were performed using Prism 6. A
P value < 0.05 in the Student’s test was considered statistically significant.
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