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Transcriptional regulation of APOBEC3 antiviral
immunity through the CBF-b/RUNX axis

Brett D. Anderson and Reuben S. Harris*
A diverse set of innate immune mechanisms protects cells from viral infections. The APOBEC3 family of DNA cytosine
deaminases is an integral part of these defenses. For instance, APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H
would have the potential to destroy HIV-1 complementary DNA replication intermediates if not for neutralization by a
proteasomal degradation mechanism directed by the viral protein Vif. At the core of this complex, Vif heterodimerizes
with the transcription cofactor CBF-b, which results in fewer transcription complexes between CBF-b and its normal
RUNX partners. Recent studies have shown that the Vif/CBF-b interaction is specific to the primate lentiviruses HIV-1
and SIV (simian immunodeficiency virus), although related nonprimate lentiviruses still require a Vif-dependent mech-
anism for protection from host species’ APOBEC3 enzymes. We provide a molecular explanation for this evolutionary
conundrum by showing that CBF-b is required for expression of the aforementioned HIV-1–restrictive APOBEC3 gene
repertoire. Knockdown and knockout studies demonstrate that CBF-b is required for APOBEC3 mRNA expression in
the nonpermissive T cell line H9 and in primary CD4+ T lymphocytes. Complementation experiments using CBF-b
separation-of-function alleles show that the interaction with RUNX transcription factors is required for APOBEC3 tran-
scriptional regulation. Accordingly, the infectivity of Vif-deficient HIV-1 increases in cells lacking CBF-b, demonstrating
the importance of CBF-b/RUNX–mediated transcription in establishing the APOBEC3 antiviral state. These findings
demonstrate a major layer of APOBEC3 gene regulation in lymphocytes and suggest that primate lentiviruses evolved
to hijack CBF-b in order to simultaneously suppress this potent antiviral defense system at both transcriptional and
posttranslational levels.
INTRODUCTION

The overall innate immune response is composed of sensors, transducers,
and effectors (1). Sensors bind to pathogen-associated molecular patterns
and relay signals to effector proteins in order to mediate the clearance of
sensed pathogens. The APOBEC3 family of DNA cytosine deaminases are
vital innate immune effector proteins because they can be up-regulated
by type I interferons and they afford protection against a wide range of
DNA-based parasites including retroviruses, endogenous retrotranspo-
sons, and a variety of DNA viruses (2–5). Human cells can express up
to seven distinct APOBEC3 enzymes (A/B/C/D/F/G/H), as well as
more distantly related family members APOBEC1, AID, APOBEC2,
and APOBEC4. The hallmark activity of most members of this family
is single-stranded DNA cytosine-to-uracil deamination.

The AIDS virus HIV-1 is the most-studied APOBEC3-susceptible
pathogen. A large number of studies using various model systems, in-
cluding T cell lines and primary CD4+ T lymphocytes, have combined
to show that APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H
have the potential to suppress HIV-1 replication [see recent publica-
tions (6–9) and references therein]. These enzymes block virus replica-
tion by interfering with reverse transcription and deaminating viral
complementary DNA (cDNA) cytosines to uracils, which manifest as
genomic strand guanine-to-adenine mutations. However, this potent
antiviral mechanism is subverted by the viral infectivity factor (Vif),
which nucleates the formation of an E3 ubiquitin ligase complex to pro-
mote their degradation [reviewed by (2–5)].

HIV-1 Vif forms an APOBEC3 ubiquitin ligase complex by hijack-
ing the transcriptional cofactor CBF-b to form a scaffold for the re-
cruitment of a cullin-RING ligase complex consisting of CUL5, ELOB,
ELOC, and RBX2 (10, 11). Vif itself forms the substrate recognition
component that directly binds cellular APOBEC3 enzymes and targets
them for polyubiquitination and degradation. The requirement for
CBF-b is conserved for Vif function among different HIV-1 subtypes
and simian immunodeficiency virus (SIV) isolates, which are primate-
specific pathogens, but CBF-b is dispensable for nonprimate lentiviral
Vif proteins to degrade the APOBEC3 enzymes of their host species
(that is, BIV, MVV, CAEV, and FIV Vif do not require CBF-b for
degradation of bovine, ovine, caprine, and feline APOBEC3 proteins)
(12–16). The essential nature of the primate lentiviral Vif/CBF-b in-
teraction is highlighted by the extensive interface evident in a recent
crystal structure (4800 Å2) (17). CBF-b functions canonically as a co-
factor to the RUNX family of transcription factor proteins to regulate the
expression of a battery of genes involved in hematopoietic and bone cell
development (18, 19). The virus may therefore also exploit the Vif/CBF-b
interaction to manipulate the T cell transcription program to somehow
benefit virus replication. In support of this general idea, HIV-1 Vif
overexpression in the APOBEC3-low Jurkat cell line has been shown to
alter the expression of dozens of cellular genes that exhibit significant
RUNX1 enrichment near their putative transcriptional start sites (20).

Surprisingly, during the course of interrogating CBF-b function in
T cells, we discovered that this protein is actually a positive regulator
of transcription of the restrictive APOBEC3 genes themselves. Both
knockdown and knockout experiments demonstrate that CBF-b is re-
quired for APOBEC3 gene expression. Complementation experiments
with previously characterized CBF-b separation-of-function alleles
show that the CBF-b interaction with RUNX proteins is required for
APOBEC3 transcription. These results suggest that Vif may hijack
CBF-b for two major reasons: to form the canonical APOBEC3 degra-
dation complex and to down-regulate the expression of the APOBEC3
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genes. In support of this idea, Vif-proficient HIV-1 replication is virtu-
ally unimpeded and Vif-deficient HIV-1 is partly recovered in CBF-b–
depleted T cells, in both instances because the endogenous APOBEC3
genes are now poorly expressed. This molecular “double whammy” is
the first example to our knowledge whereby a viral protein hijacks a
single host protein to leverage two distinct mechanisms to overcome
a potent and multifaceted antiviral defense system.
RESULTS

CBF-b depletion in T cells results in down-regulation of
multiple APOBEC3 genes
To study the role of CBF-b in T cells, we transduced the H9 T cell line
with a short hairpin RNA (shRNA) construct to knock down CBF-b
or with a nonspecific shRNA as a negative control. As expected from
our previous studies, this procedure reduced CBF-b mRNA levels by
>90% and caused a corresponding reduction in CBF-b protein levels
(Fig. 1, A and B) (10, 12, 21). However, unexpectedly, CBF-b depletion
Anderson and Harris Sci. Adv. 2015;1:e1500296 18 September 2015
also resulted in a strong reduction in endogenous APOBEC3F and
APOBEC3G protein levels (Fig. 1B and fig. S1A). The RT-qPCR
analyses revealed a corresponding decline in APOBEC3G mRNA
levels, as well as large decreases in APOBEC3C, APOBEC3D, APO-
BEC3F, and APOBEC3H mRNA levels (Fig. 1C). CBF-b knockdown
in primary human CD4+ T cells also caused reduced APOBEC3D,
APOBEC3F, and APOBEC3G mRNA levels, as well as those of a pos-
itive control (TBX21) (fig. S2) (20).

To rule out potential off-target effects of the shRNA-mediated
knockdown approach, we used CRISPR/Cas9 (22) to disrupt exon 2
of the CBF-b gene (Fig. 1D). CBF-b disruption did not appear to
adversely affect the H9 T cell line, evidenced by high targeting fre-
quencies (>30%) and by parental and null lines showing similar
growth kinetics. CBF-b–null H9 derivatives also showed large re-
ductions in APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G,
and APOBEC3H mRNA and APOBEC3F and APOBEC3G protein
levels in comparison to the parental cell line (Fig. 1, E and F, and
fig. S1B). Thus, both knockdown and knockout results combined to
strongly implicate CBF-b as a positive transcriptional factor for
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Fig. 1. CBF-b knockdown and deletion decreases expression of APOBEC3 mRNAs and proteins. (A) CBF-b mRNA levels relative to TBP in H9 and
knockdown derivatives by real-time quantitative polymerase chain reaction (RT-qPCR) (n = 3 with mean ± SD shown). (B) Representative immunoblots of

CBF-b and APOBEC3G protein levels in the parental H9 T cell line and shRNA-transduced pools. Tubulin (TUB) is a loading control. (C) RT-qPCR of APOBEC3
mRNA levels relative to TBP in cells transduced with a control shRNA or a CBF-b–specific shRNA (n = 3 with mean ± SD shown; N.D., not detected).
(D) Schematic of CRISPR/Cas9 disruption of CBF-b exon 2. (E) Representative immunoblots of CBF-b and APOBEC3G protein levels in H9 cells and a CBF-b
knockout derivative. (F) RT-qPCR of APOBEC3 mRNA levels relative to TBP in H9 cells and a CBF-b knockout derivative (n = 3 with mean ± SD shown).
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APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H
expression in T cells.

The CBF-b/RUNX interaction is required for APOBEC3
transcriptional regulation
We next used CBF-b separation-of-function mutants (21, 23) and
focused on APOBEC3G expression as a phenotypic readout to deter-
mine whether regulation of APOBEC3 transcription is mediated
through the canonical CBF-b/RUNX pathway. Specifically, we used
CBF-b N104K, which disrupts the interaction with RUNX proteins
but not Vif, and CBF-b F68D, which disrupts the interaction with
Vif but not RUNX proteins (Fig. 2, A to C). To confirm the mono-
functionality of each of these mutants, we showed that N104K blocks
RUNX1-dependent transcriptional activation of a FOXP3 luciferase
reporter construct but is still fully competent for Vif-mediated degra-
dation of APOBEC3G (Fig. 2, B and C) (21). In contrast, F68D still
retains the full capacity to promote RUNX1-dependent transcription
but has compromised Vif degradation function (Fig. 2, B and C).

Each CBF-b separation-of-function mutant was then used in a series
of complementation experiments. Only CBF-b F68D, which still inter-
acts with RUNX proteins, was able to complement the CBF-b knock-
down and cause a restoration in cellular APOBEC3G protein levels
(Fig. 2D). The CBF-b N104K mutant, which is defective for both
physical and functional interactions with RUNX proteins, failed to res-
cue APOBEC3G expression levels (Fig. 2D). Together, these results
demonstrate that CBF-b regulation of APOBEC3G expression requires
a functional interaction with at least one RUNX transcription factor.

CBF-b depletion renders H9 cells permissive for HIV-1
replication independent of Vif function
All current models for HIV-1 Vif function predict that CBF-b deple-
tion should lead to Vif instability and degradation, compromised Vif-E3
ubiquitin ligase function, and a diminished ability to counteract restric-
tion by APOBEC3G and related APOBEC3 restriction factors (2–5). In
contrast, HIV-1 particles produced in CBF-b–depleted cells were not
restricted and showed slightly higher infectivity in spreading infections
in comparison to the same virus replicating in parallel in the H9 paren-
tal cell line (fig. S3). The CBF-b knockdown was durable through the
entire duration of two independent experiments as judged by immu-
noblotting. This counterintuitive phenotype was even clearer for Vif-
deficient viral particles produced in CBF-b–depleted cells because
these retained about 60% of Vif-proficient HIV-1 infectivity (Fig. 3,
A and B). In contrast and as expected from many previous studies,
Vif-deficient particles were poorly infectious after production in the
multi-APOBEC3–expressing H9 cell line with endogenous CBF-b in-
tact (Fig. 3B). These observations are supported by immunoblots of
cellular and viral particles showing, as above, that CBF-b is required
to maintain endogenous APOBEC3G expression and that Vif expres-
sion is diminished when CBF-b is depleted (Fig. 3C).
DISCUSSION

The mechanisms regulating the APOBEC3 antiviral state in T lympho-
cytes have remained poorly defined, despite extensive literature docu-
menting the potent restriction activities of these enzymes [reviewed by
(2–5)]. At the transcriptional level, it is clear that type I interferons can
stimulate APOBEC3 transcription, but this is strongly cell type–dependent.
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For instance,APOBEC3A is strongly up-regulated by interferon treatment
of myeloid lineage cells but not T cells, and APOBEC3G has a strong
interferon response in primary hepatocytes but minimal responsiveness
in T lymphocytes (24–29). Additionally, overexpression of the tran-
scription factors NFAT and IRF4 can induce APOBEC3G mRNA and
protein expression in cell culture experiments, though the importance
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Fig. 2. RUNX interaction is necessary to restore APOBEC3G expression
in CBF-b–depleted cells. (A) Schematic depicting established phenotypes

of CBF-b separation-of-function mutants. Residue N104 is required for CBF-
b transcription function with RUNX proteins, whereas F68 is required for
Vif-E3 ligase-mediated degradation of APOBEC3 enzymes. (B) Histogram re-
porting FOXP3 promoter activity as measured by firefly luciferase levels re-
lative to a Renilla luciferase cotransfection control. The indicated CBF-b
expression construct, RUNX1 expression construct, and appropriate empty
vector controls were cotransfected with luciferase vectors into CBF-b knock-
down 293T cells 48 hours before luciferase activity measurement (n = 3;
mean ± SD shown). Representative immunoblots from a single experimen-
tal replicate are shown below. (C) Representative immunoblots showing Vif
functionality [APOBEC3G-HA (hemagglutinin) degradation activity] in the
presence of the indicated FLAG–CBF-b constructs 48 hours after transfection
into CBF-b knockdown 293T cells. (D) Immunoblots showing the results of a
representative complementationexperiment usingCBF-b knockdownH9 cells
and the indicated HA–CBF-b expression constructs or controls. APOBEC3G
levels are low in the absence of CBF-b or in the presence of CBF-b N104K (even
with higher expression levels relative to the other constructs). In contrast, APO-
BEC3G levels are restored by expressing wild-type CBF-b or the F68D mutant.
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of these transcription factors in endogenous APOBEC3G regulation or
in regulating other family members has not been addressed (30). Re-
cent work has also demonstrated specific up-regulation of APOBEC3B
in multiple distinct human cancers, and the underlying mechanisms have
yet to be defined except for human papillomavirus (HPV)–positive cancers
where the virus itself promotes APOBEC3B transcriptional up-regulation
and induces genomic mutagenesis as collateral damage (31–35). Despite
obvious complexities with both specialized and general APOBEC3 gene
expression programs, a full understanding of these processes is likely to
be important for future antiviral and anticancer strategies.

Here, we show that the transcription cofactor CBF-b is a strong
positive regulator of multiple APOBEC3 genes in CD4+ T cells and
that this regulation and the overall antiviral state are dependent on
a functional interaction between CBF-b and the RUNX proteins
(Fig. 4A). CBF-b depletion renders H9 cells permissive to Vif-deficient
HIV-1 infection, demonstrating that CBF-b is critical for maintaining
the overall APOBEC3 antiviral state in T lymphocytes. Our results
suggest a model for virus-infected cells in which Vif hijacks CBF-b
to counteract the APOBEC3 antiviral defense through a polyubiquitina-
tion mechanism while simultaneously down-regulating transcription of
the APOBEC3 genes themselves by precluding CBF-b/RUNX complex
formation (Fig. 4B). This model provides a parsimonious and evolu-
tionarily attractive explanation for why the earliest primate lentivirus,
likely a simian tropic ancestor to modern HIV-1, adapted Vif to bind
CBF-b from among a large pool of other cellular scaffolding possibil-
ities. One can only imagine that the expanded APOBEC3 protein
repertoire of higher primates posed too great of a restrictive barrier
for an ancient lentiviral zoonosis, until the Vif protein adapted to use
CBF-b and down-regulate this restriction mechanism at both the tran-
scriptional and posttranslational levels. Because the APOBEC3 restric-
tion factors are at least as ancient as placental mammals, all modern
lentiviruses have a Vif protein to counteract restriction by cellular
APOBEC3 enzymes (36). It is likely that the ancestral APOBEC3
counteraction mechanism was CBF-b–independent and that adaption
to bind CBF-b was necessary for lentiviral invasion of the primate
branches of the mammalian phylogenetic tree. This scenario is con-
cordant with recent data demonstrating that the Vif proteins of
nonprimate lentiviruses—FIV, BIV, MVV, and CAEV—function
independently of CBF-b (13–16) and with the fact that the mammalian
hosts of these viruses have simpler APOBEC3 repertoires (4). It is
supported by the existence of many canonical RUNX-binding sites
throughout the human APOBEC3 locus (fig. S4) and also by a previous
study showing that Vif overexpression in the Jurkat T cell line could
affect the transcriptional activity of dozens of RUNX-regulated genes
(although APOBEC3 expression was not altered possibly because basal
mRNA levels are already too low in Jurkat) (20).

The results presented here are also encouraging from a drug devel-
opment perspective because primate lentiviruses may be fully addicted
to cellular CBF-b. In support of this idea, primate lentiviruses are
largely confined to cell types of the hematopoietic compartment such
as CD4+ T lymphocytes that express this cellular protein. Moreover,
an obligate relationship between Vif and CBF-b is evidenced by the
extensive heterodimer interface (4800 Å2), which would constrain
Vif physically and evolutionarily and block it from interacting with
many other cellular proteins. This is an attractive drug target because
small molecules that disrupt the Vif/CBF-b interaction may preserve
high levels of APOBEC3 gene expression and correspondingly high
levels of APOBEC3-mediated antiviral immunity. Because the APOBEC3
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enzymes directly mutate viral cDNA and can do so at lethal levels,
reactivating this potent antiviral response may be able to suppress
virus replication indefinitely.
MATERIALS AND METHODS

Human cell lines
H9 and derivative cell lines weremaintained in RPMI (HyClone) supple-
mented with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/
streptomycin. 293T andderivative cell linesweremaintained inDulbecco’s
modified Eagle’s medium (HyClone) supplemented with 10% FBS
(Gibco) and 1% penicillin/streptomycin.

Human primary CD4+ T cells
HumanprimaryCD4+T cells were isolated from same-day-drawperiph-
eral whole blood (Memorial Blood Center, Saint Paul, MN). Peripheral
blood mononuclear cells were enriched by whole-blood fractionation
over a Ficoll-Paque (GEHealthcare) gradient, and naïve CD4+ T cells were
subsequently purified by negative selection (CD4+ T Cell Isolation Kit
II,Miltenyi Biotec). CD4+ T cells were stimulatedwith phytohemagglutinin
(10 mg/ml) and interleukin-2 (IL-2) (20 U/ml) and maintained in RPMI
medium supplemented with 10% FBS, 1% penicillin/streptomycin, and
IL-2 (20 U/ml).

Plasmid DNA transfection experiments
293Tcellswere transfectedusingTransit LTI (Mirus) according to theman-
ufacturer’s protocol. All downstream analyses were performed 48 hours
after transfection.

Knockdown experiments
TheCBF-b shRNAwas derived by subcloning the short hairpin sequence
from the pGIPZ-based Open Biosystems catalog no. RHS4430-
99161432 into the pLKO.1 puro vector (Addgene 8453) by direct liga-
tion using Age I and Eco RI restriction sites (pGIPZ-based vectors
showed poor infectivity in T cell lines). The shControl construct was
obtained from Open Biosystems (catalog no. RHS4346). shRNA-
expressing lentiviruses were prepared as described by Jager et al. (10).
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CRISPR/Cas9-mediated knockouts
Guide RNA sequences identical to CBF-b exon 2 were ligated into the
lentiCRISPRv1 vector (Addgene 49535) according to accompanying
Zhang laboratory protocols (37). Knockout derivative cell lines were
generated by targeting the 5′-GGCCGTCGCGGCAGGCGTTC-3′ site
in exon 2 of the CBF-b gene. This targeting construct was generated
by annealing oligos 5′-CACCGGCCGTCGCGGCAGGCGTTCG-3′
and 5′-AAACGAACGCCTGCCGCGACGGCC-3′ and ligating the
resulting double-stranded DNA into Bsm BI–digested lentiCRISPRv1.
The transducing vector was produced by transfecting 293 cells with
the lentiCRISPRv1-targeting construct along with pD-NRF (HIV-1
gag, pol, rev, tat genes) and pMDG (VSV-G) expression vectors.
Virus-containing culture supernatants were filtered (0.45 mm) and con-
centrated by centrifugation (22,000g, 2 hours, 10°C), and viral pellets
were resuspended in complete RPMI. H9 cells were incubated with
Cas9/CRISPR-encoding lentiviruses for 48 hours and then placed under
drug selection (puromycin, 1 mg/ml). Clones were generated by limiting
dilution in 96-well U-bottom plates, followed by outgrowth and screen-
ing by immunoblotting and target DNA sequencing.

Immunoblotting experiments
Cell lysates prepared in 2.5× Laemmli sample buffer were separated by
SDS–polyacrylamide gel electrophoresis and electrophoretically transferred
to PVDF-FL membranes (Millipore). Membranes were blocked in 4%
milk in phosphate-buffered saline (PBS) and incubated with primary
antibodies diluted in 4%milk in PBS + 0.1% Tween 20. Secondary anti-
bodies were diluted in 4% milk in PBS + 0.1% Tween 20 + 0.01% SDS.
Membranes were imaged on a LI-COR Odyssey instrument. Primary
antibodies used in these studies were rabbit anti-APOBEC3G [National
Institutes of Health (NIH) ARRRP 10201 courtesy of J. Lingappa],
rabbit anti-APOBEC3F (NIH ARRRP 11474 courtesy of M. Malim),
rabbit anti–CBF-b (Epitomics), rabbit anti-HA (Cell Signaling), rabbit
anti-FLAG (Sigma F7425), mouse anti–HIV-1 p24/CA (NIH ARRRP
3537 courtesy of B. Chesebro and K. Wehrly), mouse anti–HIV-1 Vif
(NIH ARRRP 6459 courtesy of M. Malim), and mouse anti-tubulin
(Covance). Secondary antibodies used were IRDye 800CW goat anti-
rabbit (LI-COR 827-08365) and Alexa Fluor 680 goat anti-mouse
(Molecular Probes A-21057).
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RNA isolation, cDNA synthesis, and RT-qPCR
RNA was extracted from cell lines and primary cells (RNeasy, Qiagen)
and used as a template for random hexamer-primed cDNA synthesis
(Transcriptor, Roche). Gene expression was analyzed on a Roche
LightCycler 480 instrument as described by Refsland et al. (24).
Primer and probe sequences are listed in table S1.

CBF-b complementation experiments
HA-tagged CBF-b variants were subcloned into the CSU6-IDR2 IRES-
dsRed lentiviral packaging vector (courtesy of W. Sundquist) and co-
transfected into 293 cells along with pD-NRF (HIV-1 gag-pol-rev-tat)
and pMDG (VSV-G) expression vectors. Forty-eight hours after trans-
fection, culture supernatants were filtered (0.45 mm) and concentrated
by centrifugation (22,000g, 2 hours, 10°C). Viral pellets were resuspended
in complete RPMI and used to directly infect H9 cells. Transduced cell
populations were assayed for dsRed expression by flow cytometry and
analyzed by immunoblotting 72 hours after transduction.

Dual luciferase transcription reporter assays
Transcriptional reporter assays were performed in CBF-b knockdown
293 cells using a FOXP3 promoter luciferase reporter construct as
described by Hultquist et al. (21).

HIV-1 single-cycle and spreading infectivity experiments
VSV-G pseudotyped HIV-1 was produced by cotransfecting 293 cells
with HIV-1IIIB A200C molecular clone derivatives (pIIIB or pIIIB
Dvif) and pMDG (VSV-G). Forty-eight hours after transfection, cul-
ture supernatants containing viruses were filtered (0.45 mm) and con-
centrated by centrifugation (22,000g, 2 hours, 10°C). Virus pellets were
resuspended in complete RPMI, and viral titer was determined by
serial dilution on CEM-GFP indicator cells. Viruses were added to
H9 cultures (multiplicity of infection, 0.4), and cells were washed twice
in PBS 12 hours after infection to remove any residual pseudotyped
virus. Forty-eight hours later, cell-free supernatants containing progeny
viruses were used to infect CEM-GFP reporter cells. HIV-1–spreading
infections were performed as described by Hultquist et al. (38).
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