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Abstract
APOBEC3 (A3) proteins are virus restriction factors that provide intrinsic immunity against
infections by viruses like HIV-1 and MMTV. A3 proteins are inducible by inflammatory stimuli
such as LPS and IFNα via mechanisms that are not yet fully defined. Using genetic and
pharmacological studies on C57BL/6 mice and cells, we show that IFNα and LPS induce A3 via
different pathways independent of each other. IFNα positively regulates mA3 mRNA expression
through IFNαR•PKC•STAT1 and negatively regulates mA3 mRNA expression via
IFNαR•MAPKs signaling pathways. Interestingly, LPS shows some variation in its regulatory
behavior. While LPS mediated positive regulation of mA3 mRNA occurs through
TLR4•TRIF•IRF3•PKC, it negatively modulates mA3 mRNA via TLR4•MyD88•MAPK signaling
pathways. Additional studies on human PBMCs reveal that PKC differentially regulates IFNα and
LPS induction of human A3A, A3F, and A3G mRNA expression. In summary, we have identified
important signaling targets downstream of IFNαR and TLR4 that mediate A3 mRNA induction by
both LPS and IFNα. Our results provide new insights into the signaling targets that could be
manipulated to enhance intracellular store of A3 and potentially enhance A3 anti-viral function in
the host.
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Introduction
APOBEC3 (A3) family of proteins is cellular DNA cytidine deaminases that function to
inhibit the replication of different viruses, such as retrotransposons, DNA viruses, and
retroviruses (1–9). Different vertebrate hosts species have varying number of A3 proteins.
The mouse and the human A3 proteins are the most studied with the mouse genome
encoding 1 A3 gene (mA3), while the human genome encodes 7 A3 (A3A, A3B, A3C,
A3D/E, A3F, A3G, and A3H) genes (10). Amongst all the human A3s, A3F and A3G are
the most potent anti-HIV-1 proteins and the most studied. Although A3F and A3G prevent
efficient HIV-1 replication, the HIV-1 viral infectivity factor protein (Vif) recruits host
cellular partners such as Cullin5-containing E3 ubiquitin ligase to degrade these proteins
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through a proteasome-dependent mechanism (11–17). Thus, Vif prevents A3F and A3G
incorporation into virions, leading to productive HIV infection. However, in the absence of
Vif, A3F and A3G are incorporated into viral core and upon infection of new target cells,
deaminate deoxycytidines to deoxyuridines in single-stranded viral cDNA during reverse
transcription. This process results in hypermutation of the viral genome and attenuation of
virus replication (18–22).

A3 proteins are expressed in many cell types, and expression is induced by hormones (23),
and cytokines particularly interferon alpha (24–32) and cytokine inducers, such as the
bacterial lipopolysaccharide (LPS) (29). Interferons represent a group of pleiotropic
cytokines that exhibit different biological activities, including antiviral activities on host
cells and tissues (33). Type I (IFNα and IFNβ) and type II Interferon (IFNγ) constitute the
major factors that shape the host’s antiviral response. While IFNγ signals through the IFNγ
receptor complex, (33), all the Type-I IFNs mediate their effects through the type I IFN
receptor (IFNαR). Upon ligand binding, the two Janus kinases, TYK2 and JAK1 are
activated (34), followed by phosphorylation and activation of Signal Transducers and
Activators of Transcription STAT1 and STAT2 (35). Phosphorylated STAT1 and STAT2
associate with IRF9 to form the interferon-stimulated gene factor-3 (ISGF3) complex.
ISGF3 binds specifically to the IFNα-stimulated response element (ISRE), resulting in gene
transcription (36), followed by trans-activation of a plethora of interferon-stimulated genes
such as A3. Like the IFNαR, Toll-like receptor 4 (TLR4) is a pattern-recognition receptor
(PRRs) that triggers innate immune responses (37).

TLR4 is essential for potent LPS signaling. LPS is a well-known pathogen-associated
molecular pattern (38). Binding of LPS to its receptor complex (TLR4/MD-2) activates two
distinct adapters namely MyD88 and TRIF pathways (39), orchestrating a signaling cascade
that results in the activation and nuclear translocation of interferon regulatory factor 3
(IRF3) and nuclear factor kappa B (NF-κB). These events lead to the production of
cytokines such as IFNβ, TNFα (40) and the induction of antiviral genes. Interestingly,
activation of IRF3 pathway has been implicated in restricting murine herpes virus
replication (41). Indeed, LPS-mediated dimerization of TLR4 results in the recruitment of
MyD88 which in turn mediates activation of ERK, p38, and JNK (42).

While IFNα and LPS activate the JAK-STAT and TLR4 pathways, other pathways such as
the Mitogen-activated protein kinase (MAPK) are also essential for IFNα and/or LPS-
dependent biological responses. Indeed, MAPK pathways are differentially activated by
IFNα (43–46) and LPS (47–49). Activation of MAPK pathways has been reported to
contribute to some human diseases (49–50) and regulation of gene expression (51–52).
Included in the MAPK signaling pathways are ERK, JNK, and p38 MAPK; all of which are
activated by IFNα and LPS and could play a role in A3 regulation. Up-regulation of A3
mRNA could be achieved by stimulation with LPS (29) and IFNα (26,53). The mechanistic
details involved in this A3 up-regulation have not yet been well defined. IFNα has been
shown to induce human Apobec3G (hA3G) in STAT1 dependent (54) or independent (25)
manners. Here we query the pathways of IFNα and LPS induction of mA3 and investigate
whether LPS induced mA3 is dependent on IFNα. We show that both IFNα and LPS induce
mA3 via different signaling pathways independent of each other.

Material and Methods
Ethics statement

All experiments involving mice were performed in accordance to NIH guidelines, the
Animal Welfare Act, and US federal law. The experiments were approved by the University
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of Iowa Animal Care and Use Committee (IACUC). Mice were housed according to the
policies of the Institutional Animal Care and Use Committee of the University of Iowa.

Animals
C57BL/6 mice were purchased from Jackson laboratory. IFNAR−/− mice were generously
provided by Dr. John Harty, University of Iowa and maintained in our colony.

Cell lines
Raw cells were obtained from ATCC. TLR4−/−, MyD88−/− TRIF−/−, and IRF3−/−
immortalized macrophages and their wild-type counterparts were kindly provided by Dr.
Jerrold Weiss of University of Iowa and Dr. Kate Fitzgerald of University of Massachusetts
and have been previously described (55). Briefly, splenic macrophages derived from
TLR4−/−, MyD88−/−, TRIF−/−, IRF3−/−, and WT mice on C57/BL6 background were
cloned in soft-agar cultures in the presence of M-CSF. Single cell colony was picked and
grown in M-CSF containing medium. Supernatants obtained from NIH-3T3 fibroblasts
infected with J2 recombinant retrovirus were used to infect the macrophages overnight.
Infected macrophages were washed and grown in fresh media containing M-CSF.

Cell cultures
Generation of bone marrow derived MΦs and DCs were previously described (29,56).
Briefly, mature macrophages and DCs were obtained from bone marrow stem cells of
C57BL/6 mice after 7 days in ex vivo culture at 37°C with 5% CO2 in RPMI 1640 media
supplemented with 10% fetal bovine serum, 100U/ml penicillin, 100ug/ml streptomycin and
0.05mM 2-mercaptoethanol along-with either 20ng/ml of recombinant M-CSF for MΦs or
GM-CSF for DCs. TLR4, MyD88, TRIF null macrophages, and their wild-type counterparts
were grown in DMEM media containing 10% fetal bovine serum, 100ug/ml of sodium
pyruvate and in some cases 10ug/ml of ciprofloxacin at 37°C with 5% CO2. Raw cells were
grown in RPMI media containing 10% fetal bovine serum, 100U/ml penicillin and 100ug/ml
streptomycin.

Isolation of murine PBMCs
Murine PBMCs were obtained from whole blood following treatment of blood with red
blood cell (RBC) lysis buffer (Sigma Aldrich). Briefly, PBMCs were treated with RBC lysis
buffer for 5 minutes at room temperature. Cells were washed with PBS using centrifugation
speeds of 1500 rpm for 10 minutes before culturing in RPMI 1640 media containing 10%
fetal bovine serum, 100U/ml penicillin and 100ug/ml streptomycin at 37°C with 5% CO2.

Isolation of human PBMCs
Peripheral blood received from healthy donor was diluted in PBS and subjected to
centrifugation at 2000 rpm on Ficoll gradient for 20 min at room temperature. Mononuclear
cell layer was separated from the gradient and washed with PBS. Isolated PBMCs were then
cultured in RPMI containing 10% fetal bovine serum, 100U/ml of penicillin, 100ug/ml of
streptomycin for up to 24 hours at 37°C with 5% CO2.

Antibodies and other reagents
Anti-Interferon alpha and beta antibodies were from Abcam. Endotoxin-free recombinant
IFNα and IFNβ were purchased from Miltenyi Biotech. Bacterial LPS, Rottlerin,
actinomycin-D, cycloheximide, polymyxin-B and ciprofloxacin were purchased from Sigma
Aldrich. TAK-242 or CLI-095 was from Invivogen. M-CSF and GM-CSF were from R&D
systems. SYBR green reagent is from (Qiagen) and TaqMan reagent is from ABI. RNALater
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was obtained from Ambion. SB 203580 and PD 98059 were CalBiochem while SP 600125
was from EMDMillipore.

Gamma irradiation and adoptive transfer
Irradiation and adoptive transfers were carried out as previously described (23). Briefly, 5-
week old IFNαR−/− and IFNαR+/+ mice on C57Bl/6 background (n=5) were irradiated
with 9-Gy (total impairment of bone marrow function) at the Radiation and Free Radical
Research Core (University of Iowa). Four hours after irradiation, mice were injected sub-
retinally with 106bone marrow cells. Chimeric mice were examined for bone marrow
reconstitution after 4 weeks later by flow cytometry and genotyping.

Administration of LPS and IFNα/IFNβ to mice
LPS (200μg), endotoxin-free recombinant IFNα (10,000U) and endotoxin-free recombinant
IFNβ (14,100U) were administered to mice in a total volume of 200 μl via the intra-
peritoneal (IP) route.

Chemical Inhibitors, LPS, IFNα/β, and antibody neutralization experiments
Raw cells were treated with LPS (1 μg/ml) or IFNα (1000 units/ml) for 6 or 4hrs
respectively followed by addition of fresh media with or without actinomycin-D (1 μg/ml)
for up to 15 hours. For inhibition of protein synthesis, raw cells were treated with 10 μg/ml
of cycloheximide for 30 minutes at 37°C before adding LPS (1 μg/ml) or IFNα (1000 units/
ml) for up to indicated time periods. Treatment of cell with Polymyxin was carried out by
treating cells with polymyxin B (50 μg/ml) or TAK-242 (1 μg/ml) for 10 minutes at 37’C
before addition of LPS (1 μg/ml) or IFNα for indicated period of time. Inhibition of PKC
activity was achieved by pre-treating cells with Rottlerin (0.5 up to 50 μM) as indicated on
the figure for 1 hour at 37°C before addition of LPS (1ug/ml) or IFNα (1000 units/ml) for
indicated period of time. IFNα neutralizing antibody was used at a concentration of 1ug
while IFNβ neutralizing antibody was used at 0.1 to 5μg depending on experiments. Cells
treated with neutralizing antibody were incubated for 24 hours followed by stimulation with
the appropriate stimulant. Inhibitors of ERK (10μM), JNK (90 nM), and P38 (50 nM), were
added to cells and incubated for 15 minutes followed by the addition of the appropriate
stimulant as indicated on the figures.

Nucleic acid isolation and PCR
Total RNA was isolated from cells using RNeasy Mini Kit (Qiagen, Inc.). For cDNA
synthesis, equal micrograms of RNA were reverse-transcribed with high capacity cDNA
reverse transcription Kit (Applied Biosystems, ABI) using Veriti 96-well thermal cycler
(ABI). Real-time PCR was performed with the cDNA using ABI 7500 FAST thermal cycler
(ABI). The following TaqMan assays were from ABI: A3A (Hs 00377444), A3B (Hs
00358981), A3C (Hs 00826074), A3D/E (Hs 00537163), A3F (Hs 00736570), A3G (Hs
00222415), A3H (Hs 00419665), Human GAPDH (Hs 99999905), and Rodent GAPDH
(4308313). The following primer pairs were used: mSTAT1(57), mSTAT2(58),
GAPDH(59–60), mA3(2–3,23,29,61–62), mIFNα(63), and mIFNβ(64).

Statistical analysis
Statistical analysis was done to determine significance between the experimental groups
using paired two-tailed Student’s t test, and a p value less than 0.05 was considered
significant. Error bars represent standard errors.
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Results
Different inflammatory mediators enhance mA3 mRNA in Dendritic cells and Macrophages

Various inflammatory mediators have been shown to induce both human and mouse A3
mRNA (26,29,53). To set the stage for our study, we examined the ability of IFNα and LPS
to induce mA3 in RAW 264.7 cells, bone marrow derived DCs (BMDCs), and bone marrow
derived macrophages, MΦs (BMDM). Following 24 hour stimulation of cells with PBS,
IFNα or LPS, cells were collected and examined for mA3 mRNA by qPCR. Results show
that upon stimulation with IFNα or LPS, mA3 mRNA significantly increased (Figures 1A to
1D). The increase in mA3 was seen in each cell type with each stimulus. These results are in
agreement with previous published work which showed that IFNα and LPS upregulated
mA3 mRNA (29).

IFNα and LPS induce mA3 mRNA with similar kinetics in Macrophages
To assess the kinetics of IFNα and LPS-mediated mA3 mRNA induction, we stimulated
RAW cells or BMDM with IFNα or LPS and collected cells at the times indicated on the
figure for RNA extraction and mA3 mRNA analysis by qPCR. With the extended presence
of IFNα (Figures 1E and 1F) or LPS (Figures 1G and 1H) in culture medium, mA3 mRNA
levels in RAW cells significantly increased. Induction with both stimulants was maximal
between 4 and 6 hours, and remained elevated over baseline for at least 24 hours. Similar
time-dependent induction of mA3 mRNA expression by IFNα and LPS was seen in each
cell type examined (Figures 1E to 1H).

In vivo induction of mA3 mRNA by IFNα
While IFNα enhances mA3 mRNA in cultured cells, mA3 mRNA induction by IFNα has
not been demonstrated in vivo. Previously, we showed that LPS enhances the expression of
mA3 mRNA in vivo with a resultant lower virus load (29). Here, we show that both IFNα
and LPS enhance mA3 mRNA levels in vivo. Intraperitoneal administration of IFNα or LPS
increased the transcription of mA3 gene in PBMCs 5 to 7 fold compared to control mice that
received PBS (Figure 2A). This result is the first demonstration that administration of
exogenous IFNα to mice increases the level of endogenous APOBEC3 mRNA and supports
our previous finding that LPS induced mA3 mRNA in vivo.

IFNα receptor-deficient cells and mice express reduced levels of mA3 mRNA and do not
support mA3 mRNA induction by IFNα

As IFNα efficiently induces mA3 in vivo, we predicted that mice lacking IFNα receptor
(IFNαR−/−) would express less mA3 mRNA than their wild type counterparts. To test this,
PBMCs from IFNAR−/− and wild-type (WT) mice were subjected to mA3 mRNA analysis
by qPCR following RNA extraction and cDNA synthesis. Basal level of mA3 mRNA was
significantly lower in IFNAR−/− mice compared to WT controls (Figure 2B), indicating that
some level of IFNα signaling via the receptor is required to maintain basal mA3 mRNA in
vivo. We further examined if IFNAR−/− mice will respond to IFNα or IFNβ-mediated mA3
mRNA induction. IFNAR−/− or WT mice were stimulated with IFNα (Figure 2C) or IFNβ
(Figure 2D) and their PBMCs examined for mA3 mRNA expression. Whereas IFNα or
IFNβ enhanced mA3 mRNA in WT mice, mA3 mRNA level did not increase above basal
level in the absence of IFNαR (Figures 2C and 2D), suggesting that IFNαR is required to
regulate IFNα/β-dependent mA3 mRNA induction in vivo.

Next, we used adoptive transfer experiments (Figure 2E) to further examine the requirement
for IFNαR signaling in mediating mA3 mRNA expression and induction. We adoptively
transferred bone marrow stem cells obtained from WT mice into lethally gamma irradiated
IFNAR−/− hosts. Similarly bone marrow stem cells derived from IFNAR−/− mice were
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adoptively introduced into lethally gamma irradiated WT hosts (Figure 2E). Four weeks
later, mice were bled to obtain PBMCs. A portion of PBMCs and corresponding tail snips
from mice were used to determine PBMC and host genotypes. Results show that the host
genotype (tail genotype) is different from the PBMCs genotype in recipient mice while
donor tail and PBMCs genotypes are similar (Figure 2F); confirming that the adoptive
transfer experiment worked. PBMCs from these mice were stimulated with IFNα or PBS for
24 hours. Upon examination of mA3 mRNA levels, we observed lower level of mA3 mRNA
in PBS treated IFNAR−/− compared to WT control mice and no enhancement in IFNα
treated IFNAR−/− compared to WT treated control mice (Figure 2G). However, there was
significant enhancement of mA3 mRNA by IFNα in IFNAR−/− mice that received stem
cells from WT mice (Figure 2H – orange bar) compared to WT mice that received stem cells
from IFNAR−/− mice (Figure 2H – blue bar), indicating that mA3 mRNA induction by
IFNα partially requires both cell-intrinsic IFNAR and environmental signals.

A single IFNαR allele is sufficient but not optimal to mediate mA3 mRNA induction by IFNα
To establish the importance of IFNAR in mA3 induction we then proceeded to restore one
allele of the IFNAR (Figure 2I) by generating IFNαR+/− (F1) through mating of WT and
IFNαR−/− mice and asked if one IFNαR allele is capable of mediating mA3 induction.
PBMCs from age-matched IFNαR−/−, IFNαR+/− and WT mice were used to determine
basal mA3 mRNA expression level. We observed a significant increase in basal level of
mA3 mRNA in IFNαR+/−compared to IFNαR−/− (Figure 2J), indicating that restoration of
one copy of IFNαR is sufficient to maintain basal mA3 mRNA level comparable to WT.
Next, we examined mA3 mRNA following a 24 hour PBS or IFNα treatment of PBMCs.
IFNα increased mA3 mRNA level in IFNAR+/− and WT but not in IFNα−/− PBMCs
(Figure 2K). Although, IFNα induced mA3 mRNA in IFNα+/− PBMCs, the level was
lower than that seen in WT PBMCs. These results indicate that IFNαR-mediated mA3
mRNA induction phenotypes as a dominant autosomal allele in F1 progeny. Taken together,
these genetic data strongly suggest that mA3 mRNA expression is dependent on the
presence of at least one copy of the IFNα receptor.

Activation of STAT1 is necessary for IFNα-mediated mA3 induction
Since mA3 induction by IFNα is IFNαR dependent and both STAT1 and STAT2 have been
shown to mediate human A3G induction (25,54), we postulate that activation of STAT1 and/
or STAT2 plays a role in mediating IFNα dependent induction of mA3 mRNA. To test our
postulation, we pretreated immortalized WT BMDM with IFNα neutralizing antibody or
vehicle followed by stimulation with IFNα and examined STAT1, STAT2, and mA3 mRNA
level, as well as STAT1 and STAT2 phosphorylation. Our results show that mA3 mRNA is
induced by IFNα (Figure 3A) and that this induction requires Serine727 phosphorylation of
STAT1 with little or no change in Tyrosine689 phosphorylation of STAT2 (Figure 3B).
Additionally, IFNα neutralizing antibody blocked IFNα-mediated mA3 mRNA induction
(Figure 3A), STAT1 and STAT2 phosphorylation (Figure 3B) as well as their mRNA
induction (Figure 3C). We also show that IFNα enhanced mA3 (Figure 3D), STAT1 (Figure
3E), and STAT2 (Figure 3F) transcripts in WT cells but not in IFNαR−/− cells further
arguing that IFNαR is required for IFNα mediated STAT1/2 dependent mA3 induction.

LPS-mediated IFNβ production induces mA3 mRNA
LPS-mediated TLR4 signaling induces IFNβ production through the activation of IRF3 (65–
66). Because IFNβ is one of the initial cytokines induced by LPS, we sought to determine
the extent to which IFNβ contributes to LPS-induced mA3 expression. We hypothesized that
LPS will mediate mA3 mRNA induction in an IFNβ-dependent and independent manners.
We tested our hypothesis by treating immortalized BMDM cells with LPS or endotoxin-free
recombinant IFNβ and in some experiments, cells were pretreated with IFNβ neutralizing
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antibodies followed by stimulation with LPS. Results show an increase in IFNβ mRNA in
cells stimulated with LPS (Figure 4A). Treatment of cells with IFNβ induced mA3 mRNA
in a dose-dependent manner (Figure 4B) and enhanced STAT1 and STAT2 mRNA
expression (Figure 4C) and phosphorylation (Figure 4D). Pretreatment of cells with IFNβ
neutralizing antibody significantly reduced mA3 mRNA expression level (Figure 4E) in a
dose dependent manner (Figure 4F) and blocked STAT1 and STAT2 mRNA induction
(Figure 4G). Examination of TNFα transcript in the same cells shows that LPS induced
equal levels of TNFα irrespective of anti-IFNβ treatment (Figure 4H). These data
demonstrate that neutralizing IFNβ elicited by LPS blocks LPS-mediated IFNβ-dependent
mA3 mRNA induction (Figure 4E).

IFNαR-independent regulation of mA3 mRNA induction by LPS
Our previous (29) and current data (Figure 2A) show that the TLR4 agonist - LPS induces
mA3 mRNA in vivo. Since TLR4 activation by LPS leads to type I interferon production, it
seemed possible that LPS-induced mA3 was secondary to the induction of type I IFN. To
test this hypothesis, PBMC from IFNαR−/− mice were stimulated with PBS, IFNα, or LPS.
We observed a significant increase in mA3 mRNA induction in IFNαR−/− upon LPS but
not IFNα stimulation (Figure 5A), indicating that LPS-mediated mA3 mRNA is
independent of type I IFN receptor (IFNαR). To further compare the effect of LPS in vivo in
IFNαR−/− and IFNαR+/+ mice, we administered LPS intra-peritoneally to mice. PBMCs
collected from mice 24 hours later were analyzed for mA3 mRNA levels. As expected,
levels of mA3 mRNA were increased by LPS in both genetic backgrounds (Figure 5B).
Although LPS induced mA3 mRNA in IFNαR−/− mice, the magnitude of induction was
greater in mice with functional IFNαR. Thus, the effect of LPS on induction of mA3 mRNA
is both IFNαR-independent and -dependent.

Next, we hypothesized that LPS mediated mA3 mRNA induction is independent of
activation of the IFNαR. PBMCs from WT and IFNαR−/− mice were pre-treated with PBS
or polymyxin B (a compound that blocks TLR4 signaling by binding endotoxin) for 10
minutes followed by addition of LPS. Six hours later, cells were collected and examined for
mA3 mRNA expression levels. LPS enhanced mA3 mRNA in PBMCs from both IFNαR−/−
and WT mice (Figure 5C). The presence of polymyxin B in the PBMC culture blocked LPS
signaling and thus blocked mA3 mRNA induction (Figure 5D). These data confirmed
IFNαR-dependent and – independent induction of mA3 mRNA by LPS.

To determine whether IFNα-dependent mA3 mRNA induction occurs independent of TLR4
mediated signaling, we blocked both ligand-dependent and -independent signaling of TLR4
by pretreating BMDM with the TLR4 signaling inhibitor TAK-242 also known as CLI-095
(67) for 10 minutes followed by stimulation with IFNα or LPS. Results show that while
TAK-242 blocked TLR4-mediated LPS signaling and inhibited mA3 mRNA induction,
IFNα-dependent mA3 mRNA induction is independent of TAK-242 (Figure 5E). To
validate this pharmacological data, BMDM from TLR4−/− and WT mice were stimulated
with IFNα or LPS followed by examination of mA3 transcripts. IFNα enhanced mA3
mRNA in the presence and absence of TLR4 but with better efficiency in WT cells, while
LPS enhanced mA3 mRNA expression only in WT cells (Figure 5F).

Next, we used BMDM obtained from bone marrow stem cells of TLR4-sufficient C3H/HeN
(HeN) and TLR4-defective C3H/HeJ (HeJ) mice to validate TLR4 dependent LPS-mediated
mA3 induction. As observed in figure 4F, IFNα induced mA3 in both HeN and HeJ mice
with slightly better induction in HeN mice (Figure 5G), however, in HeJ but not HeN mice,
LPS did not enhance mA3 mRNA level (Figure 5G). Thus our pharmacological and genetic
data suggest that both IFNαR and TLR4 regulate mA3 mRNA induction, each substantially
independent of the other. It is not clear why mA3 mRNA level is slightly higher in WT cells
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(Figures 5F and 5G); however, studies have shown that IFNα induces the expression of
TLRs 2, 3, 4, 5, 7, 8, and MyD88 in PBMCs and liver cells (68). Additionally, TLR4
activation involves the induction of an autocrine loop resulting in the production and
signaling of endogenous IFNβ. It is therefore possible that in cells with intact TLR4, TLR4
signaling could induce the expression of inflammatory genes including IFNβ and IFNα
response genes by autocrine-acting IFNβ – resulting in higher levels of IFNα response
genes, such as A3 in as shown in Figures 5F and 5G.

TRIF regulates LPS•TLR4-mediated mA3 mRNA induction
TLR4 ligation by LPS results in signal transduction events that involve two different sets of
adapter proteins downstream of TLR4 – one includes the myeloid differentiation primary
response gene 88 (MyD88) and the other including Toll-IL-1-receptor domain-containing
adaptor-inducing IFN-β (TRIF). To define the relative roles of these two signaling pathways
in LPS-triggered TLR4-dependent mA3 mRNA expression, WT, MyD88−/−, or TRIF−/−
BMDM were stimulated with PBS, IFNα or LPS. Following stimulation, IFNα-triggered
mA3 mRNA induction was observed both in MyD88−/− and TRIF−/− cells. In addition,
mA3 mRNA induction by LPS is dependent on MyD88, as there was a subtle difference in
mA3 mRNA levels when comparing vehicle and LPS treated MyD88−/− cells (Figure 5H).
A significant difference in LPS-mediated induction of mA3 was observed when LPS-treated
MyD88−/− cells were compared with WT cells (Figure 5J). In contrast, mA3 gene
transcription shows a complete dependence on TRIF. LPS significantly induced mA3
mRNA in WT and MyD88−/− cells (Figure 5J) but not in TRIF−/− cells (Figures 5I and 5J).
As a control, we examined the level of TNFα transcripts and observed that LPS induces
TNFα normally in TRIF−/− cells (Figure 5K) despite lack of mA3 induction (Figures 5I and
5J). Additionally, IFNα induced mA3 mRNA in TRIF−/− cells similar to the level observed
in MyD88−/− cells (Figure 5L) but failed to induce TNFα in these cells (Figure 5K). These
genetic studies demonstrate that induction of mA3 mRNA by LPS requires functional TLR4
and TRIF.

IRF3 is required for LPS but not IFNα mediated mA3 mRNA induction
To further define the signal transduction pathways that regulate mA3 mRNA induction, we
tested whether the transcription factor -IRF3 is necessary for IFNα or LPS mediated mA3
mRNA induction. As shown in Figure 6A, IFNα induces mA3 mRNA in the absence of IRF
since no difference in mA3 mRNA expression was observed in WT and IRF3−/− cells
stimulated with IFNα. In contrast, mA3 mRNA levels increased in WT cells upon LPS
stimulation but LPS treatment of IRF3−/− cells results in significant suppression of mA3
mRNA (Figure 6B). To ensure that IRF3−/− cells are responsive to LPS, we evaluated level
of TNFα present in IFNα and LPS treated cells compared to cells treated with the vehicles.
We show that despite the inability of LPS to induce mA3 mRNA in IRF3−/− cells, LPS but
not IFNα significantly enhanced TNFα mRNA in WT and IRF3−/− cells (Figure 6C).
Indeed, level of TNFα transcript in IRF3−/− cells stimulated with LPS was about 40 fold
higher than the level in WT cells. These data indicate that LPS-mediated induction of mA3
mRNA is dependent on IRF3.

PKC- is a regulator of mA3 gene transcription
Since TRIF and IRF3 mediate mA3 mRNA induction by LPS we further dissected the
mechanisms of mA3 mRNA induction to identify other factors involved in this process.
Previous studies have indicated Protein kinase C α/β as mediators of IFNα induction of
A3G (25,69). PKC is a family of protein kinase enzymes known to play a role in transducing
signals that regulate the function of other proteins. PKCs are divided into 3 subclasses
namely conventional PKCs (cPKC; α, βI, βII, and γ), the novel PKC isoforms (nPKC; δ, ε,
η, and θ), and the atypical PKC isoforms (aPKCs; ζ and ι/λ) (70–71). Thus, we examined
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the effect of PKC on mA3 mRNA induction by stimulating WT BMDM with IFNα or LPS
followed by addition of Rottlerin - a PKC inhibitor (25,72) in the medium in the presence or
absence of IFNα or LPS. Evaluation of mA3 mRNA revealed that Rottlerin was unable to
block mA3 mRNA once mA3 is already induced by IFNα (Figure 7A) or LPS (Figure 7B)
irrespective of continuous or discontinuous stimulation by IFNα or LPS. Previous studies
indicated Rottlerin as a blocker of type I interferon signaling (73) and IFNα-mediated A3G
mRNA in Hep3B liver cells (25). Since inhibition of PKC with Rottlerin is unable to block
mA3 mRNA induction once mRNA synthesis is initiated, we hypothesized that blocking
PKC prior to the addition of IFNα will block mA3 mRNA induction. Hence we pre-treated
WT BMDM with PBS or different doses of Rottlerin followed by IFNα or LPS stimulation.
Interestingly, Rottlerin blocked IFNα and LPS mediated mA3 mRNA in a dose dependent
manner (Figure 7C). Using the 6μM concentration of Rottlerin, we repeated experiment and
showed that Rottlerin greatly diminished IFNα and LPS mediated STAT1 and STAT2
mRNA (Figure 7D) similar to the effect seen on mA3 mRNA (Figure 7E).

Next, we examined the involvement of PKC in regulating mA3 mRNA induction through
IRF3. Rottlerin reduced mA3 mRNA induction by IFNα but not LPS in the absence of IRF3
(Figure 7F). The IRF3 Rottlerin data further suggest that LPS-mediated induction of mA3
requires a different set of signaling molecules than IFNα-mediated induction of mA3
mRNA.

MAPK family members ERK, JNK, and P38 negatively regulates mA3 mRNA expression
The TLR4 ligand LPS activates MAPK family members - including ERK, p38, and JNK
(74). Activation of these MAPKs participates in inflammatory cytokines induction (47,74)
which in turn could induce the expression of anti-viral genes. To identify targets
downstream of TLR4 adaptor proteins – MyD88 and TRIF that are involved in the
regulation of mA3 expression, we used pharmacological inhibitors of the MAPK family of
proteins ERK, JNK, and P38 to pretreat primary BMDM obtained from WT and IFNαR−/−
mice prior to stimulation with IFNα and LPS. Results show that ERK, JNK, and P38 are
negative regulators of IFNα and LPS mediated mA3 mRNA induction (Figures 8A and 8B).
As expected, treatment of BMDM obtained from IFNαR−/− revealed that MAPK-dependent
IFNα-mediated mA3 mRNA induction requires IFNαR (Figure 8C) but MAPK-dependent
LPS-mediated mA3 mRNA induction is independent of the IFNαR (Figure 8D). Indeed,
negative regulation of LPS-dependent mA3 mRNA expression by ERK, JNK, and P38 is
independent of the IFNαR because blocking ERK, JNK, and P38 in IFNαR−/− BMDM
greatly enhanced mA3 mRNA (Figure 8D). Although MAPK inhibitors augmented mA3
mRNA induction by LPS in WT and IFNαR−/− cells, these inhibitors only enhanced LPS-
mediated IFNβ mRNA induction in WT cells (Figure 8E) but not in IFNαR−/−(Figure 8F).
These data further points to IFNαR-independent MAPK-dependent LPS-mediated mA3
mRNA induction.

Since MAPK signaling plays a crucial role in mediating MyD88-dependent induction of
gene expression (47,74–75), we hypothesized that MAPK-dependent regulation of LPS-
mediated mA3 mRNA induction will require MyD88. Hence, we used pharmacological
inhibitors of ERK, JNK, and P38 to pretreat WT and MyD88−/− BMDM prior to
stimulation with LPS. Results show that inhibition of ERK, JNK, or P38 enhanced mA3
mRNA expression following stimulation with LPS in WT cells but not in MyD88−/− cells
(Figure 8G), suggesting that LPS augments mA3 mRNA induction via the MyD88•MAPK
signaling pathway. Although LPS can activate MAPK in MyD88−/− cells with delayed
kinetics (76) we did not observe an increase in LPS-mediated mA3 mRNA expression in
these cells (Figure 8G), perhaps because our experiments were performed within 6 hours of
LPS induction. These genetic and pharmacological data infer that ERK, JNK, and P38 are
negative regulators of IFNα and LPS dependent mA3 mRNA expression in macrophages.
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LPS but not IFNα-mediated induction of mA3 mRNA requires de novo mRNA synthesis
To examine the functional regulation and mechanistic differences between IFNα and LPS-
mediated mA3 induction, we first estimated the half-life of mA3 mRNA by qPCR using
total RNA from IFNα stimulated and ActD treated RAW cells. Raw cells were stimulated
with IFNα for 4 hours and after washing the cells to remove extracellular IFNα, the cells
were further incubated in fresh medium with or without ActD. Cells were collected every
hour for 15 hours followed by analysis of mA3 mRNA level. By inhibiting de novo mRNA
synthesis and degrading existing transcripts, we determined that IFNα-induced mA3
transcripts remained stable and were maintained with similar kinetics compared to cells
treated with IFNα alone where transcription is ongoing (Figure 9A). Indeed, both ActD
treated and ActD naïve transcripts showed minimal drop in mA3 mRNA 8 hours following
treatment with IFNα alone or IFNα and ActD, indicating that once induced by IFNα, mA3
does not require sustained IFNα signal.

Next, we investigated whether de novo mRNA synthesis is required for LPS-induced mA3
mRNA. Raw cells were treated with LPS for 6 hours. Cells were washed to remove
extracellular LPS and further incubated in fresh medium with or without ActD to facilitate
inhibition of de novo mRNA synthesis and degradation of remaining mA3 transcripts. Cells
were collected hourly for 15 hours and subjected to RNA extraction, cDNA synthesis, and
qPCR examination of mA3 mRNA. While LPS-induced mA3 transcript remained relatively
stable for up to 8 hours in the presence of ActD followed by a significant decay, induction of
mA3 mRNA by LPS in ActD naïve cells continued and stayed elevated for about 15 hours
(Figure 9B). This result suggests that similar to IFNα induced mA3 mRNA, LPS induced
mA3 mRNA is stable following DNA transcription arrest for up to 8 hours after
transcription arrest. However, unlike the kinetics of IFNα induction of mA3 mRNA which
is similar between ActD treated and ActD naïve cells (Figure 9A), the kinetics of LPS
induction of mA3 mRNA is different between ActD treated and untreated cells (Figure 9B).
Whereas continuous exposure to IFNα beyond 12 hours (4 hours of IFNα stimulation plus 8
hours of chase) does not result in new mA3 mRNA synthesis (Figure 9A), exposure to LPS
results in new mA3 transcripts being made for up to 21 hours (6 hours of LPS stimulation
plus 15 hours of chase) after LPS addition (Figure 9B).

Together, these data suggest that LPS but not IFNα-induction of mA3 mRNA is sensitive to
disruption of de novo mRNA synthesis, suggesting that these two stimulants mediate mA3
mRNA transcription via two different pathways.

Induction of mA3 mRNA by IFNα is dependent on de novo protein synthesis
To further determine whether different mechanisms are involved in IFNα and LPS mediated
mA3 mRNA induction, we used Cycloheximide (CHX) chase experiments to evaluate if the
synthesis of mA3 mRNA following induction with IFNα requires new protein synthesis.
RAW cells were pretreated with PBS or 10μg/ml of CHX for 30 minutes and then
stimulated with or without IFNα for the times indicated on the figure. A rapid decay of mA3
mRNA was observed within 2 hours of CHX treatment (Figure 9C – top panel), indicating
that mA3 may not be a direct transcriptional target of IFNα because IFNα-induced mA3
expression requires de novo protein synthesis. The rapid decay phase of mA3 in the
presence of CHX was followed by a super-induction phase 24 hours later. In contrast,
examination of transcripts of STAT1 and STAT2 showed that although IFNα enhanced
expression of STAT1 and STAT2 mRNA, their transcripts were super-induced by CHX
(Figure 9C – middle and bottom panels). Together, these results suggest that mA3 is an
IFNα induced delayed early response gene, whose expression requires in addition to STATs
-1 and/or -2 another protein downstream of STATs.
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LPS mediates mA3 mRNA induction independent of de novo protein synthesis
LPS increased the steady state level of mA3 within four hours and remained elevated for 24
hours (Figure 9D – top panel). However, pre-incubation of cells with CHX before
stimulation with LPS increased mA3 mRNA level further by about 4 fold within 10 to 30
minutes (Figure 9D – top panel). The maximal level of mA3 induced by LPS in the presence
of CHX was reached in 30 minutes, followed by a drop 1 hour later, and a significant decay
in 24 hours (Figure 9D – top panel), indicating that mA3 is a LPS early response gene.
Evaluation of mRNA of STAT1 and STAT2 following CHX treatment and LPS stimulation
revealed that CHX had no effect on the transcripts of these genes for at least 5 hours (Figure
9D – middle and bottom panels). These data demonstrate that mA3 is a LPS-induced early
response gene that does not require de novo protein synthesis. The super-induction of mA3
and STATs transcription by IFNα or LPS in the presence of protein synthesis inhibitor may
be as a result of the decay of labile repressors of mRNA transcription. Together these results
further show that different mechanisms are involved in IFNα and LPS-mediated mA3
mRNA regulation.

IFNα and LPS differentially modulate induction of human APOBEC3 genes
Our data so far suggest that IFNα and LPS regulate mA3 gene transcription via different
mechanisms. To further demonstrate this concept, we examined the effect of IFNα or LPS
in regulating all seven human A3 mRNA expressions in human PBMCs. Previous studies
have shown that IFNα induces the expression of different human A3 genes with different
magnitudes (28). Upon IFNα or LPS stimulation of PBMCs obtained from healthy donors,
we observed that induction of A3A, A3F, and A3G transcripts is time-dependent (Figures
10A to 10C – upper panels). Transcripts of A3A, A3F and A3G were induced as early as 6
hours and remained elevated for up to 24 hours after IFNα stimulation of cells (Figures 10A
to 10C - upper panels). IFNα also enhanced mRNA of A3 -B, -C, and –H, but not A3D/E
(Figure 10D). Examination of the effect of LPS on human A3 mRNA showed that like
IFNα, LPS enhanced A3A, A3F, and A3G mRNA levels by 6 hours, but unlike IFNα, this
enhancement was followed by a significant drop in A3F mRNA and suppression in A3A and
A3G mRNAs at later times (Figures 10A to 10C – upper panels). Similarly, LPS enhanced
A3C, A3D/E, and A3H mRNA but suppressed A3B mRNA (Figure 10D).

To further elucidate the differences in IFNα and LPS mechanism of A3 mRNA induction,
we tested whether IFNα-mediated induction of A3A, A3F, and A3G mRNA is dependent on
PKC. While IFNα induction of A3G mRNA has been shown to be sensitive to the PKCα/β
and PKC inhibitor Rottlerin (25,69), the effect of Rottlerin in the transcription of other
human A3 genes has not been demonstrated. We tested whether IFNα-mediated induction of
A3A, A3F, and A3G mRNA is sensitive to Rottlerin. We found a significant time-dependent
suppression of IFNα induced A3A, A3F and A3G mRNA in the presence of Rottlerin
(Figures 10A to 10C middle panels). In contrast, to A3F and A3G, Rottlerin mediated
suppression of A3A mRNA was short live. There was a reduction in the transcription of
A3A mRNA in the presence of Rottlerin 6 hours after Rottlerin addition but by 24 hours
A3A mRNA level increased relative to the 6 hour time point level (Figure 10A middle
panel). This result is in line with published report on the effect of Rottlerin on A3G mRNA
induction. Our result also extends the importance of PKC in IFNα-mediated induction of
A3A and A3F gene transcription.

Next, we examined whether similar signal transduction pathways control LPS-mediated
A3A, A3F, and A3G transcription by testing the sensitivity of LPS induced A3 mRNA to
Rottlerin. Our data show that while LPS-induced A3F mRNA is highly sensitive to Rottlerin
(Figure 10B – bottom panel), induction of A3A and A3G mRNA is less sensitive to
Rottlerin but are significantly induced in a time-dependent manner in the presence of
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Rottlerin (Figures 10A to 10C – bottom panels). Although A3F mRNA is sensitive to
Rottlerin, this sensitivity is also time-dependent since we observed a recovery from
suppression 24 hours later (Figure 10B – lower panel). These data indicate that PKC
mediated signaling events differentially control human A3 mRNA induction by IFNα and
LPS, further suggesting that mechanisms of IFNα and LPS-mediated human A3 gene
transcription may be distinct from each other. Further studies are on the way to dissect these
differences.

Discussion
APOBEC3 (A3) proteins have emerged as new players in innate immunity against viral
infections (1–2). In humans and mouse, A3 mRNAs are expressed at varying levels in
hematopoietic and non-hematopoietic cells (15,23–24,27–28,62,77). Although A3 proteins
are constitutively expressed, the basal levels can be enhanced by various compounds
including steroid hormones (23) and inflammatory stimulants such as IFNα and LPS
(15,23–24,28–29,62,77). Given the importance of A3 proteins in blocking virus replication
(1–2), it is imperative to determine how the expression of these genes are controlled.
Understanding the regulatory events that mediate A3 mRNA induction by different
inflammatory mediators is of fundamental importance in the eventual use of A3 in anti-viral
therapies. Here, we present data demonstrating that the inflammatory mediators IFNα and
LPS enhance A3 mRNA expression using different signaling pathways.

Our studies reveal that exogenous IFNα and IFNβ, or LPS-induced IFNβ mediate mA3
mRNA induction; and that mA3 induction requires a functional IFNαR. In mice deficient in
IFNαR, basal level of mA3 is significantly lower compared to their IFNαR sufficient
counterpart. It is possible that some level of IFNα signaling is necessary for maintenance of
mA3 gene transcription. The important role of IFNαR is further supported by our finding
that both cell intrinsic IFNαR and environmental cues contribute to mA3 mRNA induction.
This is because bone marrow stem cells from IFNαR−/− mice introduced to WT acquired
the ability to respond to IFNα and up-regulate mA3 mRNA. However, when WT mice
received IFNαR−/− cells, mA3 mRNA was up-regulated to a lesser degree. Additionally,
genetic restoration of one IFNαR allele as in IFNαR+/− results in higher basal mA3 mRNA
level and induction of mA3 mRNA by IFNα. Given the fact that IFNα restricts virus
replication (78–80), and induces high levels of mA3 mRNA which in turn inhibits virus
replication (62), our data support the importance of IFNα signaling in activating mA3-based
anti-viral response in the host.

Although, IFNαR is critical for enhancing mA3 mRNA levels by IFNα or IFNβ in vivo,
LPS is capable of enhancing mA3 mRNA in the absence of IFNαR but through TLR4.
Upon TLR4 engagement by LPS, level of mA3 mRNA in IFNαR−/− mice increased albeit
lower than the levels in WT counterparts. The LPS-induced TLR4 activation inhibitor
Polymyxin B blocked mA3 mRNA induction in IFNαR−/− and WT cells, further supporting
that TLR4 engagement is crucial for mA3 transcription in the absence of IFNαR. The
identification of an IFNαR independent pathway of mA3 mRNA induction is of
significance, particularly in the context of viral infection. Most viruses are known to evade
the host immune response by blocking IFNα-mediated anti-viral response (81–84). In this
regard, our finding reveals that mA3 anti-viral response could be activated through a
different pathway other than the IFNαR pathway, such as the TLR4 pathway to restrict virus
replication and contain virus induced pathologies. Additionally, the importance of LPS/
TLR4 mediated mA3 mRNA induction cannot be overemphasized. Endogenous LPS
produced by bacteria in the gut could help in maintaining basal mA3 mRNA in the host,
which in turn could contribute in shaping the host innate anti-viral response.
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We found that the TLR4/TRIF pathway mediates LPS signal and leads to the transcription
of mA3 gene since addition of LPS to TRIF−/− cells failed to induce mA3 mRNA compared
to levels seen in WT cells. Since TRIF is involved in regulating mA3 transcription, it is
possible that TLR3 may also mediate mA3 mRNA induction. Moreover, ligands of TLR3
including viral RNA (85) may equally activate the TLR3-TRIF, RIG-I, or MDA-5 pathway
and induce mA3 transcription to mediate viral clearance. Indeed, different RNA species
have been shown to induce A3G mRNA in A549 cells (86). Although we found complete
dependence of LPS mediated mA3 mRNA induction on the TLR4 adaptor protein TRIF, the
impact of the classical TLR4 adaptor MyD88 cannot be over looked. While loss of TRIF
results in absolute loss of LPS but not IFNα mediated mA3 mRNA induction, loss of
MyD88 had no effect on mA3 mRNA induction by both LPS and IFNα. LPS•TLR4•MyD88
induced mA3 mRNA could be facilitated by pro-inflammatory cytokines, such as TNF-α
and IL1 which have been shown to induce human A3G (87). Indeed, we discovered that the
Mitogen-activated protein kinases (MAPKs) play central role in regulating mA3 mRNA
induction by IFNα and LPS as has been shown for other genes (88–90). Depending on the
cell type, stimulant and the target gene, MAPKs could up-regulate (91–93), down-regulate
(94–96), or have no effect on regulation of gene expression (97–98).

Pharmacological inhibition of MAPK family members ERK, JNK, and P38 augmented
IFNα and LPS-mediated mA3 mRNA expression in BMDM. Although MAPK-dependent
IFNα-mediated augmentation of mA3 mRNA requires IFNαR, LPS enhancement of mA3
mRNA upon inhibition of MAPK is dependent on MyD88 but independent of IFNαR. Our
data is in line with other published reports that showed the importance of MyD88 in MAPK
dependent gene expression (47,74–75). Our finding that inhibition of MAPK family
members – ERK, JNK, and P38 in macrophages enhances mA3 mRNA in this cell type is
significant especially since activating the MAPK genes could lead to cancer (99–101) or
negatively impact the outcome of viral infection, including infection with HIV-1 (102–105).

Downstream of TRIF is the transcription factor IRF3. IRF3 activates host anti-viral
programs including ISG54 and ISG56, in an IFN-dependent and -independent manner (106).
Our finding that induction of mA3 mRNA expression by LPS is dependent on IRF3 adds
mA3 to the list of genes that are regulated by IRF3. Importantly, the fact that IFNα
mediated mA3 mRNA induction does not require IRF3 further demonstrates that IFNα and
LPS use different signaling mechanisms to regulate mA3 expression.

The involvement of TLR4 in host immune response to viral infections and virus-induced
products has been demonstrated. For example, polymorphisms in TLR4 gene have been
implicated in susceptibilities to HIV-1 infection (107). Whether these polymorphisms
modulate A3 mRNA levels in the host is unknown. In addition, it remains to be tested if
mA3 induced by either IFNαR or TLR4 are equally potent in virus restriction. To further
determine how IFNα•IFNαR or LPS•TLR4•TRIF•IRF3 pathways differentially induced
mA3 mRNA; we demonstrated a role for PKC mediated signaling in these pathways. Both
LPS and IFNα-mediated induction of mA3 mRNA is sensitive to PKC inhibition in that the
PKC inhibitor Rottlerin blocked mA3 transcription. In IRF3−/− cells IFNα but not LPS
mediated mA3 gene transcription is PKC dependent, suggesting that IRF3 is upstream of
PKC. Our results indicate that PKC positively regulates both IFNα and LPS-mediated mA3
mRNA induction in WT cells. In other systems, IFNα was shown to up-regulate the
expression of TLR signaling molecules MyD88 (108) and engagement of TLR4 directly
activate STAT1 in a PKC dependent manner (109), leading to the transcription of ISGs.
Down-regulation of PKC leads to decreased activation of NFκB and secretion of TLR-
mediated cytokines (110–111).
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In agreement with previous studies on A3G, PKC has been shown to be involved in A3G
induction (25,69). We therefore extended these findings as we show that IFNα and LPS
differentially regulate mRNA levels of all 7 human A3 genes tested. While PKC may act as
a positive regulator of IFNα induced A3A, A3F, A3G and LPS induced A3F mRNA in a
time-dependent manner, this kinase negatively regulates LPS-induced mRNAs of A3A and
A3G, again in a time-dependent manner. These data further indicates that the induction of
different human A3 proteins is controlled by different signaling events. Undoubtedly,
additional studies are required to establish the precise regulatory signaling molecules and
pathways that regulate expression and anti-viral potency of different A3 proteins.

Natural ligands for TLR4 that may lead to IFNα production include microbial products
(112–117). Elucidation of the molecular mechanisms of IRF3-mediated downstream
signaling events is crucial for understanding TLR mediated biological effects on mA3
mRNA. Whether the IFNαR and TLR4 pathways mediate mA3 mRNA in the host
simultaneously remains to be tested. Synergistic induction of mA3 mRNA using PKC
pathway by both IFNα and TLR4 ligands in vivo may be a more efficient way for the host
to effectively contain viral infection, irrespective of which signaling pathway the virus
activates or represses. Importantly, we identified MAPK family members as a pathway that
could be blocked to enhance mA3 mRNA expression. Our data are consistent with receptor
mediated gene regulation involving IFNαR or TLR4 initiated signaling events. Based on our
data we propose a model (Figure 11) for mA3 mRNA induction via TLR4 and IFNαR. In
bone marrow derived MΦs, IFNα receptor is necessary for optimal expression and IFNα-
mediated induction of mA3 mRNA. IFNα-mediated mA3 mRNA enhancement requires
IFNαR and PKC. Pharmacological inhibition of PKC with Rottlerin suppressed IFNα-
mediated STAT1, STAT2, and mA3 mRNA induction, while specific inhibitors of ERK,
P38, and JNK results in enhancement of IFNαR mediated IFNα induction of mA3 mRNA.
Additionally, ligand-activation of TLR4 induces mA3 mRNA through the TRIF•IRF3•PKC
pathway. In IFNαR sufficient cells, PKC positively regulates LPS mediated mA3 mRNA
induction. Induction of mA3 could also occur through LPS activation of TLR4-mediated
IFNβ production in a paracrine manner. Induction of mA3 by TLR4•LPS is negatively
regulated by pharmacological inhibitors of ERK, P38, and JNK. These MAP kinases
regulate mA3 mRNA induction by LPS via MyD88 independent of IFNαR.

Evidently, our data demonstrate that two different signaling pathways are involved in IFNα
and LPS mediated A3 mRNA induction (Figure 11). Clearly, differences abound in mA3
transcription programs initiated by IFNα or LPS. IFNα-induced mA3 is a delayed-early
gene whose induction requires the synthesis of a new protein product but not mRNA. In
contrast, LPS induced mA3 is an immediate-early gene and induction of mA3 mRNA by
LPS requires de novo mRNA but not protein synthesis. These findings point to mA3 as a
gene that is expressed in both immediate and delayed phases depending on the stimulus. The
ability of mA3 to respond either as immediate or delayed early gene may have bestowed
upon mA3 the ability to rapidly and persistently respond to the presence of viruses or virus
induced inflammatory products.

Although, we identified some signaling targets that are involved in mA3 mRNA induction
(Figure 11), it is worth noting that other signaling pathways may also exist. In our study, we
used mice and cells genetically modified for different genes to illustrate an absolute
requirement for IFNαR•PKC•STAT1 or TLR4•TRIF•IRF3•PKC mediated positive
regulation and IFNαR•MAPKs or TLR4•MyD88•MAPKs negative regulation of mA3 gene
transcription. The dependency of IFNα and LPS on PKC means that there could be an
overlapping pathway for mA3 induction by these two stimulants. In the absence of IFNαR,
LPS mediated mA3 mRNA induction is independent of PKC. However, in the presence of
IFNαR, LPS mediated mA3 mRNA is PKC dependent.
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Finally, since viruses including HIV-1 (118–119) have the capability to disrupt innate
immune signaling pathways especially that of the IFN system, our study therefore identifies
an alternative pathway that links innate recognition to host restriction factor induction.
Further studies will examine the molecular basis underlying TLR4•TRIF•IRF3•PKC and
TLR4•MyD88•MAPKs regulation of A3. Our findings may therefore have important
implications for the development of new therapeutic strategies that will involve direct
targeting, activation, or inhibition of identified targets to increase the level of intracellular
A3 and enhance inhibition of virus replication.
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Figure 1. Kinetics of mA3 mRNA induction by IFNα and LPS
(A to D) Bone marrow derived macrophages (BMDM), bone marrow derived dendritic cells
(BMDC), and RAW cells were stimulated for 4 hours with recombinant endotoxin-free
IFNα (1000 units/ml), 6 hours with LPS (1μg/ml), or vehicle. RNA was extracted from cells
and reverse transcribed. The resulting cDNA was used to examine level of mA3 transcript
by qPCR. (E to H) RAW cells and BMDM were stimulated with 1000 units/ml IFNα, 1μg/
ml LPS or vehicle. Cells were collected at the times indicated on the figures and used for
RNA extraction and cDNA synthesis followed by qPCR analysis of mA3 mRNA. For all
experiments, data is normalized to GAPDH and presented as fold change relative to vehicle
treated cells. Error bars are standard error, * is significance with p value less than 0.05 and
** is significance with p value less than 0.01. Experiments were repeated at least three
different times with similar results.
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Figure 2. IFNα induces mA3 in a receptor dependent manner in vivo
(A) Age and weight-matched C57BL/6 mice (n=5) were injected with 10,000U of
endotoxin-free recombinant IFNα, 200μg of LPS, or PBS in 200μl volume via the
intraperitoneal (IP) route. Twenty four hours later, mice were bled to obtain PBMCs which
was used for RNA extraction, cDNA synthesis and mA3 mRNA examination by qPCR (B)
Age and weight-matched IFNαR−/− and IFNαR+/+ mice (n=3) on C57BL/6 background
were bled to obtain PBMCs. RNA was extracted from cell followed by cDNA synthesis and
qPCR to measure levels of mA3. (C and D) Age and weight-matched IFNαR−/− and
IFNαR+/+ mice (n=5) on C57BL/6 background were given 10,000 units of endotoxin-free
recombinant IFNα, 14,100U of endotoxin-free recombinant IFNβ, or PBS via the IP route.
Twenty four hours later, mice were bled to obtain PBMCs. PBMCs were used for RNA
extraction and cDNA synthesis, followed by examination of mA3 transcript levels by qPCR.
(E and F) Age and weight-matched IFNαR−/− and IFNαR+/+ mice (n=5) were lethally
irradiated with 9-Gy gamma rays at the Radiation and Free Radical Research Core of the
University of Iowa. Four hours after irradiation, mice were injected sub-retinally with bone
marrow stem cells as follows: IFNαR−/− received stem cells from IFNαR+/+ donors while
IFNαR+/+ were given stem cells from IFNαR−/− donors. Four weeks after reconstitution,
mice were bled for PBMCs. A portion of PBMCs were used for genotyping. In addition,
DNA from tail snips obtained from donor and recipient mice were also subjected to
genotyping PCR. (G and H) PBMCs was obtained donor or recipient IFNαR−/− and IFNαR
+/+ mice described above. Cells were stimulated with 1000U/ml of endotoxin-free
recombinant IFNα for 4 hours or vehicle followed by extraction of RNA, cDNA synthesis
and examination of mA3 mRNA levels. (I) Female IFNαR−/− and male IFNαR+/+ mice on
C57BL/6 background were crossed to obtain the F1 generation (IFNαR+/−). Tail snips from
IFNαR−/−, IFNαR+/+, IFNαR+/− were obtained and used for DNA extraction followed by
genotyping PCR to determine genotype. (J and K) Age and weight-matched IFNαR−/−,
IFNαR+/+, and IFNαR+/− mice (n=5) were given 10,000U of endotoxin-free recombinant
IFNα or vehicle via the IP route. Twenty four hours later, mice were bled to obtain PBMCs
which was used to examine mA3 mRNA levels by qPCR following RNA extraction and
cDNA synthesis. All qPCR data were normalized to GAPDH and presented as fold change
relative to vehicle treated cells. Error bars are standard error, * is significance with p value
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less than 0.05 and ** is significance with p value less than 0.01. Experiments were repeated
at least three different times with similar results.
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Figure 3. STAT activation is required for optimal induction of mA3 by IFNα
Immortalized WT BMDM cells on C57BL/6 background were pre-treated with vehicle or
anti-IFNα neutralizing antibody for 24 hours. Cells were stimulated with IFNα or left
unstimulated for 30 minutes or 4 hours depending on experiment. RNA was extracted from
cells, followed by cDNA synthesis and examination of (A and C) mA3, STAT1, and STAT2
mRNA. The remaining portion was used for Western blot examination of STAT1 and
STAT2 phosphorylation (B). GAPDH was used as loading control. Primary BMDM from
WT and IFNαR−/− mice on C57BL/6 background was left unstimulated or stimulated with
IFNα for 4 hours. Cells were used for RNA extraction, cDNA synthesis, and qPCR
examination of mA3, STAT1, and STAT2 transcripts (D to F). QPCR data were normalized
to GAPDH and presented as fold change relative to vehicle treated cells. Error bars are
standard error, * is significance with p value less than 0.05 and ** is significance with p
value less than 0.01. Experiments were repeated at least three different times with similar
results.
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Figure 4. LPS induces mA3 in Type I IFN dependent and independent manner
Immortalized WT BMDM cells on C57BL/6 background were pre-treated with vehicle or
anti-IFNβ neutralizing antibody for 24 hours. Cells were stimulated with LPS or left
unstimulated for 6 hours followed by RNA extraction and cDNA synthesis or protein
extraction, and examination of (A, B, C, E, F, G, and H) IFNβ, STAT1, STAT2, TNFα,
mA3 mRNA, and (D) STAT1 and STAT2 phosphorylation. Data were normalized to
GAPDH and presented as fold change relative to vehicle treated cells. GAPDH was used as
protein loading control. Error bars are standard error, * is significance with p value less than
0.05 and ** is significance with p value less than 0.01. Experiments were repeated at least
three different times with similar results.
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Figure 5. LPS induces mA3 in an IFNαR-independent but TLR4-dependent manner
(A) PBMCs obtained from IFNαR−/− mice were stimulated with 100 units/ml of endotoxin-
free recombinant IFNα for 4 hours, 1μg/ml LPS for 6 hours, or vehicle. After stimulation,
RNA was extracted from cells followed by cDNA synthesis and examination of mA3
mRNA levels. (B) Age and weight-matched IFNαR−/− and IFNαR+/+ mice (n=5) on
C57BL/6 background were bled to obtain PBMCs for pre-stimulation sample. Mice were
then given 200μg of LPS via the IP route. Twenty four hours later, mice were bled to obtain
PBMCs which was used to examine mRNA expression level by qPCR. (C and D) PBMCs
obtained from age and weight-matched IFNαR−/− and IFNαR+/+ mice were stimulated
with 1μg/ml of LPS or vehicle for 6 hours or pre-treated with polymixin B (50μg/ml) or
vehicle for 10 minutes and stimulated with LPS for 6 hours. After stimulation, cells were
used to evaluate mA3 transcript level by qPCR. (E) Immortalized BMDM from C57BL/6
mice were pre-treated with CLI-095 (1μg/ml) for 10 minutes followed by stimulation with
1000 units/ml of endotoxin-free recombinant IFNα, 1μg/ml LPS, or vehicle for 4 or 6 hours.
Cells were used for RNA extraction, cDNA synthesis and qPCR analysis of mA3 mRNA
expression level. (F) Immortalized BMDM from WT and TLR4−/− mice in C57BL/6
background were stimulated with 1000 units/ml of endotoxin-free recombinant IFNα, 1μg/
ml LPS, or vehicle for 4 or 6 hours followed by RNA extraction. RNA was reverse
transcribed and cDNA used for qPCR analysis of mA3 mRNA levels. (G) Primary BMDM
was obtained from bone marrow stem cells of C3H/HeN and C3H/HeJ mice. Cells were
treated with endotoxin-free recombinant IFNα (1000 units/ml), LPS (1μg/ml), or vehicle for
4 or 6 hours respectively followed by RNA extraction, cDNA synthesis and qPCR analysis
of mA3 mRNA levels. (H to L) Immortalized BMDM obtained from WT, MyD88−/−, and
TRIF−/− mice in C57BL/6 background were stimulated with 1000 units/ml of endotoxin-
free recombinant IFNα, 1μg/ml LPS, or vehicle for 4 or 6 hours followed by RNA
extraction. RNA was reverse transcribed and cDNA used for qPCR analysis of (H, I, J, and
L) mA3 mRNA levels and (K) TNFα transcripts. Data are normalized to GAPDH and
presented as fold change relative to vehicle, LPS, or WT cells. Error bars are standard error,
* is significance with p value less than 0.05 and ** is significance with p value less than
0.01. Experiments were repeated at least three different times with similar results.
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Figure 6. Requirement for IRF3 in LPS mediated mA3 mRNA expression
Immortalized IRF3−/− and WT BMDM on C57BL/6 background were stimulated with 1000
units/ml of endotoxin-free recombinant IFNα for 4 hours, 1μg/ml LPS for 6 hours, or
vehicle. Cells were used for RNA extraction, cDNA synthesis and examination of (A and B)
mA3 mRNA levels (C) TNFα mRNA levels by qPCR. Data were normalized to GAPDH
and presented as fold change relative to vehicle treated cells. Error bars are standard error, *
is significance with p value less than 0.05 and ** is significance with p value less than 0.01.
Experiments were repeated at least three different times with similar results.
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Figure 7. PKC is involved in IFNα and LPS-mediated mA3 induction
(A and B) Immortalized wild-type BMDM on C57BL/6 background were stimulated with
1000 units/ml of endotoxin-free recombinant IFNα for 4 hours, 1μg/ml LPS for 6 hours, or
vehicle. Cells were washed and medium containing 6μM of the PKC inhibitor Rottlerin was
added with or without IFNα or LPS. Cells were cultured for additional 4 or 6 hours and then
used for RNA extraction, cDNA synthesis and examination of mA3 mRNA levels by qPCR.
(C ) Immortalized wild-type BMDM on C57BL/6 background were pre-treated with
different concentrations (0.5, 6, 10, 20, 50 μM) of Rottlerin as indicated on the figure or
vehicle for 1 hour followed by stimulation with 1000 units/ml of endotoxin-free
recombinant IFNα for 4 hours, 1μg/ml LPS for 6 hours, or vehicle. Cells were used for
RNA extraction, cDNA synthesis and qPCR examination of mA3 mRNA levels. (D and E)
Immortalized wild-type BMDM on C57BL/6 background were pre-treated with Rottlerin
(6μM) or vehicle for 1 hour followed by stimulation with 1000 units/ml of endotoxin-free
recombinant IFNα for 4 hours, 1μg/ml LPS for 6 hours, or vehicle. Cells were used for
RNA extraction, cDNA synthesis and qPCR examination of STAT1, STAT2, and mA3
mRNA levels. (F) Immortalized IRF3−/− BMDM on C57BL/6 background were pre-treated
with Rottlerin (6μM) or vehicle for 1 hour followed by stimulation with 1000 units/ml of
endotoxin-free recombinant IFNα for 4 hours, 1μg/ml LPS for 6 hours, or vehicle. Cells
were used for RNA extraction, cDNA synthesis and qPCR examination of mA3 mRNA
levels. Data were normalized to GAPDH and presented as fold change relative to vehicle
treated cells. Error bars are standard error, * is significance with p value less than 0.05 and
** is significance with p value less than 0.01. Experiments were repeated at least three
different times with similar results.
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Figure 8. MAPK family members are negative regulators of mA3 in primary macrophages
(A, B, and E) primary IFNαR WT BMDM (C, D, and F) primary IFNαR−/− BMDM on
C57BL/6 background were left untreated or pre-treated with inhibitors of ERK (10μM),
JNK (90 nM), and P38 (50 nM) for 15 minutes at 37°C followed by stimulation with 1000
units/ml of endotoxin-free recombinant IFNα for 4 hours, 1μg/ml LPS for 6 hours, or
vehicle. Cells were used for RNA extraction, cDNA synthesis and qPCR evaluation of (A,
B, C, and D) mA3 mRNA levels or (E and F) IFNβ mRNA. (G ) Immortalized wild-type
and MyD88−/− BMDM on C57BL/6 background were left untreated or pre-treated with
inhibitors of ERK (10μM), JNK (90 nM), and P38 (50 nM) for 15 minutes at 37°C followed
by stimulation with 1000 units/ml of endotoxin-free recombinant IFNα for 4 hours, 1μg/ml
LPS for 6 hours, or vehicle. Cells were used for RNA extraction, cDNA synthesis and qPCR
examination of mA3 mRNA levels. Data were normalized to GAPDH and presented as fold
change relative to vehicle treated cells. Error bars are standard error, * is significance with p
value less than 0.05 and ** is significance with p value less than 0.01. The numbers on
figure E denote mRNA values. Experiments were repeated at least three different times with
similar results.
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Figure 9. Requirement for de novo mRNA and protein synthesis in mA3 mRNA induction
(A and B) Raw cells were stimulated with 1000 units/ml of endotoxin-free recombinant
IFNα, 1g/ml LPS, or vehicle. Stimulant-containing medium was removed and replaced with
fresh medium with or without 1ug/ml Actinomycin D (ActD). Cells were collected every
hour for 15 hours as indicated on the figures. Total RNA was extracted and used for cDNA
synthesis and cDNA used for examination of level ofmA3 mRNA by qPCR. (C and D) Raw
cells were pre-treated with 10μg/ml CHX for 30 minutes followed by stimulation with 1000
units/ml of endotoxin-free recombinant IFNα, 1μg/ml LPS, or vehicle. Cells were collected
at the time points indicated on the figure for total RNA was extraction and cDNA synthesis.
Level of mA3 transcript was examined by qPCR. In addition, STAT1 and STAT2 mRNA
levels were examined. Data is normalized to GAPDH and presented as fold change relative
to vehicle treated cells. Error bars are standard error. Experiments were repeated at least
three different times with similar results.
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Figure 10. LPS and IFNα differentially induce A3A, A3F and A3G
(A to C – top panels) PBMCs from healthy donors were plated and stimulated with 1000
units/ml of endotoxin-free recombinant human IFNα, 1μg/ml LPS, or vehicle for the times
indicated on the figures. Cells were used for RNA extraction and cDNA synthesis. Using the
cDNA, transcripts of A3A, A3F, and A3G were examined by qPCR. (A to C – middle
panels) PBMCs from healthy donors were plated and pre-treated with Rottlerin (6uM) for 1
hour. Cells were then stimulated with 1000 units/ml of endotoxin-free recombinant human
IFNα for 6 or 24 hours, followed by analysis of A3A, A3F, and A3G mRNA levels. (A to C
– bottom panels) PBMCs from healthy donors were plated and pre-treated with Rottlerin
(6uM) for 1 hour. Cells were then stimulated with 1μg/ml of LPS for 6 or 24 hours,
followed by analysis of A3A, A3F, and A3G mRNA levels by qPCR. (D) PBMCs from
healthy donors were plated and stimulated with 1000 units/ml of endotoxin-free recombinant
human IFNα, 1μg/ml LPS, or vehicle for 24 hours. Cells were used for RNA extraction and
cDNA synthesis followed by examination of A3B, A3C, A3D/E, and A3H transcripts by
qPCR. Data were normalized to GAPDH and presented as fold change relative to vehicle
treated cells. Error bars are standard error, * is significance with p value less than 0.05 and
** is significance with p value less than 0.01. Experiments were repeated four times with
PBMCs from different donor and similar results obtained.
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Figure 11. Diagram illustrating the proposed signaling pathways that lead to IFNα or LPS-
mediated mA3 mRNA induction
In bone marrow derived MΦs, IFNα receptor is necessary for optimal expression and IFNα-
mediated induction of mA3 mRNA. IFNα-mediated mA3 mRNA enhancement requires
IFNαR, PKC and STAT1. Pharmacological inhibition of PKC with Rottlerin suppressed
IFNα-mediated STAT1 and mA3 mRNA induction, while specific inhibitors of ERK, P38,
and JNK results in enhancement of IFNαR mediated IFNα induction of mA3 mRNA.
Additionally, ligand-activation of TLR4 induces mA3 mRNA through the
TLR4•TRIF•IRF3•PKC pathway. In IFNαR sufficient cells, PKC positively regulates LPS
mediated mA3 mRNA induction. Induction of mA3 could also occur through LPS activation
of TLR4-mediated IFNβ production in a paracrine manner. Induction of mA3 by TLR4•LPS
is negatively regulated by pharmacological inhibitors of ERK, P38, and JNK. These MAP
kinases regulate mA3 mRNA induction by LPS via MyD88 independent of IFNαR. PD
98059, SP 600125, SB 203580, and Rottlerin respectively inhibit ERK, JNK, P38, and PKC
in that order.
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