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CBEFB Enhances De Novo Protein Biosynthesis of Its Binding Partners
HIV-1 Vif and RUNXI1 and Potentiates the Vif-Induced Degradation
of APOBEC3G
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Laboratory of Molecular Microbiology, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland, USA

ABSTRACT

Vif is a lentiviral accessory protein that regulates viral infectivity in part by inducing proteasomal degradation of APOBEC3G
(A3G). Recently, CBFf3 was found to facilitate Vif-dependent degradation of A3G. However, the exact role of CBFf3 remains un-
clear. Several studies noted reduced Vif expression in CBF knockdown cells while others saw no significant impact of CBFf3 on
Vif stability. Here, we confirmed that CBFf} increases Vif steady-state levels. CBFf} affected expression of neither viral Gag nor
Vpu protein, indicating that CBFf} regulates Vif expression posttranscriptionally. Kinetic studies revealed effects of CBFf3 on
both metabolic stability and the rate of Vif biosynthesis. These effects were dependent on the ability of CBFf} to interact with Vif.
Importantly, at comparable Vif levels, CBF( further enhanced A3G degradation, suggesting that CBFf facilitates A3G degrada-
tion by increasing the levels of Vif and by independently augmenting the ability of Vif to target A3G for degradation. CBFf} also
increased expression of RUNX1 by enhancing RUNX1 biosynthesis. Unlike Vif, however, CBF3 had no detectable effect on
RUNXI1 metabolic stability. We propose that CBFf} acts as a chaperone to stabilize Vif during and after synthesis and to facilitate
interaction of Vif with cellular cofactors required for the efficient degradation of A3G.

IMPORTANCE

In this study, we show that CBF has a profound effect on the expression of the HIV-1 infectivity factor Vif and the cellular tran-
scription factor RUNX1, two proteins that physically interact with CBF. Kinetic studies revealed that CBFf} increases the rate
of Vif and RUNXI1 biosynthesis at the level of translation. Mutants of Vif unable to physically interact with CBFf3 were nonre-
sponsive to CBEf. Our data suggest that CBFf} exerts a chaperone-like activity (i) to minimize the production of defective ribo-

somal products (DRiPs) by binding to nascent protein to prevent premature termination and (ii) to stabilize mature protein
conformation to ensure proper function of Vif and RUNXI1. Thus, we identified a novel mechanism of protein regulation that
affects both viral and cellular factors and thus has broad implications beyond the immediate HIV field.

he human immunodeficiency virus type 1 (HIV-1) accessory

protein Vif plays an important role in regulating virus infec-
tivity. The primary function of Vif is to counteract the antiviral
activity of several human cytidine deaminases, including
APOBEC3G (A3G), APOBEC3F, APOBEC3DE, and APOBEC3H
(reviewed in references 1 and 2). A3G and the other members of
the APOBEC3 (A3) family are cytidine deaminases that when
packaged into HIV-1 virions can severely inhibit viral infectivity
by editing the viral genome during cDNA synthesis. Deamination
of deoxycytidine on single-stranded DNA produces deoxyuridine
that leads to guanidine-to-adenosine changes upon second-strand
synthesis (reviewed in reference 3). The presence of deoxyuridine
in single-stranded DNA may also lead to activation of a cellular
DNA excision repair machinery that in the case of single-stranded
viral cDNA can cause fragmentation and degradation of the viral
genome (4).

The antiviral activity of A3G is dependent on its encapsida-
tion into the core of retroviral particles (reviewed in reference
1). This is accomplished by the association of A3G with viral or
cellular RNAs (5-15). Vif inhibits encapsidation of A3G in part
by inducing its ubiquitination and subsequent degradation by
the cellular proteasome machinery (16-22). The mechanism of
Vif-induced A3G degradation has been extensively studied (for
a review, see reference 23). Vif does not have enzymatic or
catalytic activity but functions as a molecular adapter that con-
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nects A3G to a Cullin 5 (Cul5)-dependent E3 ubiquitin ligase
complex, resulting in ubiquitination and subsequent degrada-
tion of A3G. The interaction domains of Vifand A3G have been
mapped to the N-terminal region in Vif as well as to regions in
the N-terminal half of A3G (24-32). A conserved HCCH motif
in the C-terminal half of Vif has been shown to be critical for
the interaction with Cul5 (33-36).

Using coimmunoprecipitation (co-IP) assays in combination
with mass spectrometry, CBF@ was recently identified as a novel
Vif-interacting protein (37, 38). CBFB has previously been de-
scribed in the literature as a transcriptional cofactor of RUNX.
The RUNX/CBF@ complex can either activate or repress the ex-
pression of genes important for cell growth, differentiation, and
cancer development (reviewed in reference 39). CBFR itself does
not bind DNA but increases the DNA binding affinity of RUNX
proteins and stabilizes RUNX, presumably by forming a RUNX/
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CBEFpB complex. CBFf is ubiquitously expressed and exists in two
isoforms, both of which can bind to Vif (40, 41). Binding of CBFf3
to Vifis required for efficient A3G degradation and production of
infectious virus (37, 38, 40, 42). Mutational analyses identified
regions in the N-terminal halves of Vif and CBFf that are impor-
tant for the interaction of the two proteins (38, 42—45). However,
the mechanism by which CBF facilitates Vif-induced degrada-
tion of A3G is not fully understood. CBE by itself interacts with
neither A3G nor Cul5 (37, 38). Instead, CBFf binding to Vif was
found to be important for the assembly of a Vif-Cul5 (Cul5) com-
plex possibly by stabilizing a favorable conformation of Vif (38,
46). This is supported by the observation that under certain in
vitro assembly conditions, the Vif/EloB/EloC complex was found
to interact with Cul5/Rbx even in the absence of CBFB (43). In
vitro, CBFp binding to Vif reduces Vif sensitivity to chymotrypsin
digestion, further suggesting a conformational stabilization of Vif
by CBEp (43).

Several reports found that knockdown of CBFf resulted in
reduced steady-state levels of Vif (37, 40) while others found that
CBEB could facilitate Vif-induced A3G degradation without ap-
parent effect on Vif stability (38, 44). Neither the cause underlying
the reduced steady-state levels of Vif in the absence of CBF3 nor
the reason for the discrepant observations regarding the effects of
CBEB on Vif expression is currently understood. Here, we report
that CBFB indeed affects the steady-state expression of Vif.
Knockdown of CBF in HeLa cells through a short hairpin RNA
(shRNA) resulted in the reduction of Viflevels. Vif expression was
restored by ectopic expression of CBFp. Kinetic studies revealed
that CBFp significantly enhanced the rate of Vif de novo biosyn-
thesis and, to a more limited extent, increased the metabolic sta-
bility of Vif. Deletions in the N-terminal region of Vif resulted in
loss of CBFp responsiveness. Independent from its effects on Vif
expression, CBFf3 also enhanced the Vif-mediated degradation of
A3G, in agreement with reports that observed CBF-enhanced
degradation of A3G without an effect on Vif expression (38, 44).
Taken together, our data suggest that CBFf functions as a molec-
ular chaperone to enhance Vif biosynthesis, to stabilize mature Vif
protein, and to facilitate the assembly of an A3G-Vif-Cul5 E3
ligase complex that, overall, results in more efficient degradation
of A3G.

MATERIALS AND METHODS

Transfections. For transfection, cells were grown in 25-cm? flasks to
about 80% confluence (~3 X 10° cells). Cells were transfected using
Lipofectamine Plus (Invitrogen Corp., Carlsbad, CA) or TransIT (Mirus
Bio LLC, Madison, WI) following the manufacturer’s recommendations.
Where appropriate, empty vector DNA was used to adjust total DNA
amounts.

Generation of stable CBF3 knockdown HelLa cells. A HeLa CBF3
knockdown cell line (HeLa-KD) was established using a GIPZ Lentiviral
shRNA system (catalog number VGH5526; Thermo Fisher Scientific,
Rockford, IL) according to the supplier’s instructions. A cell line trans-
duced with nonspecific shRNA (catalog number RHS4348; Thermo
Fisher Scientific, Rockford, IL) was created as a reference. Stable cell lines
expressing the sShRNAs were selected by addition of 3 wg/ml puromycin.
Successful knockdown of CBFf was assessed by immunoblotting. Cells
were then maintained in Dulbecco’s modified Eagle’s medium (DMEM)
without puromycin.

Antibodies. A rabbit polyclonal antibody to CBF (catalog number
PA1-317; Thermo Fisher Scientific, Rockford, IL) was used for immuno-
blot analyses. A mouse monoclonal antibody to Vif (antibody 319) was a
generous gift of Michael Malim and was used for immunoblot analyses.
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For immunoprecipitation of Vif, a rabbit polyclonal antibody raised
against recombinant Vif (Vif93) was used (47). Production of an
APOBEC3G-specific peptide antibody (ApoC17) was reported previously
(48). This antibody is also available through the NIH Research and Ref-
erence Reagent Program (catalog number 10082). HIV-1 Gag was identi-
fied using pooled HIV Ig (catalog number 3957; NIH Research and Ref-
erence Reagent Program). A Vpu-specific antibody was produced by
immunizing rabbits with purified recombinant protein corresponding to
the Vpu cytoplasmic domain. This antibody is freely available through the
NIH Research and Reference Reagent Program (catalog number 969). A
mouse monoclonal antibody to alpha-tubulin, polyclonal antibody to ac-
tin, and a polyclonal antibody to RUNX1 were purchased from Sigma-
Aldrich, Inc. (catalog numbers T9026, A5060, and R9528, respectively; St.
Louis, MO). For coimmunoprecipitation studies, c-Myc agarose affinity
gel was used (catalog number A7470; Sigma-Aldrich, Inc., St. Louis, MO).
For immunoblot analysis of RUNX1-hemagglutinin (HA), mouse anti-
HA antibodies were used (H3663; Sigma-Aldrich, Inc., St. Louis, MO).
RUNZX1 and enhanced green fluorescent protein (eGFP) were immuno-
precipitated using HA antibody-conjugated agarose beads (A2095;
Sigma-Aldrich, Inc., St. Louis, MO). A polyclonal antibody to GFP (cat-
alog number 632592; Clontech Laboratories, Inc., Mountain View, CA)
was used to detect eGFP expression.

Plasmids. Human CBFB (GenBank NM_001755.2) was cloned by
reverse transcription-PCR (RT-PCR) from HeLa cell poly(A)* mRNA
using primers 5'-AATACTCGAGAAGATGCCGCGCGTCGTGCCCG
ACCA and 5'-AATAGGTACCCTAGGGTCTTGTTGTCTTCTITGCC.
The RT-PCR was performed using a SuperScript III One-step RT-PCR kit
(catalog number 12574-026; Invitrogen Corp., Carlsbad, CA) according
to the manufacturer’s instructions. PCR products were digested with
Xhol and KpnlI and cloned into pcDNA3.1(—) (Invitrogen Corp., Carls-
bad, CA). Vif was expressed either from a cytomegalovirus (CMV) pro-
moter-driven codon-optimized vector, pcDNA-human Vif (hVif) (49),
or from the full-length molecular clone pNL4-3 (50). The Vif-HA expres-
sion vector for the expression of C-terminally HA-tagged HXB2 Vif was a
gift of Xiao-Fang Yu (17). A vector for the expression of untagged human
APOBECS3G has been reported previously (16). Construction of Vif dele-
tion mutants was previously reported (51). A vif-defective variant of the
full-length molecular clone NL4-3, NL4-3/Vif(—), was reported else-
where (47). N-terminally HA-tagged RUNX1 was constructed by PCR
amplification of RUNXI1 (52) using the forward primer 5'-GGCCATGG
AGGCCATGGCTTCAGACAGCATATTTGAG and reverse primer 5'-C
TCGAGTCAGTAGGGCCTCCACACGGCCT and TaKaRa LA Taq poly-
merase (Clontech, Mountain View, CA) as per the manufacturer’s
recommendation. Resulting PCR fragments were cloned into the Sfil and
Xhol sites of pPCMV-HA (Clontech, Mountain View, CA). The HA-eGFP
vector was obtained from Genecopoeia, Inc. (catalog number Ex-eGFP-
MO06; Rockville, MD).

Immunoblotting. For immunoblot analysis of cell-associated pro-
teins, whole-cell lysates were prepared as follows. Cells were washed once
with phosphate-buffered saline (PBS), suspended in PBS, and mixed with
an equal volume of sample buffer (4% sodium dodecyl sulfate, 125 mM
Tris-HCI, pH 6.8, 10% glycerol, and 0.002% bromophenol blue). Proteins
were solubilized by heating 10 to 15 min at 95°C with occasional vortex-
ing. Cell lysates were subjected to SDS-PAGE; proteins were transferred
to polyvinylidene difluoride (PVDF) membranes and reacted with appro-
priate antibodies as described in the text. Membranes were then incu-
bated with horseradish peroxidase-conjugated secondary antibodies (GE
Healthcare, Piscataway, NJ), and proteins were visualized by enhanced
chemiluminescence (GE Healthcare, Piscataway, NJ).

Northern blot analysis. Total RNA was prepared using RNeasy Mini
Kits (Qiagen, Valencia, CA). RNA samples were electrophoresed on de-
naturing 1% agarose gels and transferred to nylon membranes by capillary
blotting using a Turbo blotter (Schleicher & Schuell, Inc., Keene, NH).
After UV cross-linking, the membranes were prehybridized with 10 ml of
QuickHyb Hybridization Solution (Stratagene, La Jolla, CA) for 1 h at
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FIG 1 CBF increases steady-state levels of Vif via a posttranscriptional mechanism. (A) HeLa-KD cells were transfected with 1 pug of pcDNA-A3G (lanes 2 to
12) together with 0.1, 0.5, 1, or 2 g of pcDNA-CBEF (lanes 3 to 6) or 0.5, 1.5, or 3 g of pcDNA-hVif in the absence (lanes 7 to 9) or presence (lanes 10 to 12)
of 1 pg of pcDNA-CBF. Total amounts of transfected DNA in each sample were adjusted to 5 ug using empty vector DNA as appropriate. Lane 1 represents a
mock-transfected sample. Cells were harvested 24 h after transfection, and total cell extracts were prepared for immunoblot analysis. Samples were separated by
SDS-PAGE and analyzed with antibodies to A3G, CBF@, Vif (319), or alpha-tubulin (tub) as indicated. (B) Vif-specific bands from the experiment shown in
panel A were quantified by densitometric scanning of the immunoblot, and results are expressed as relative units, with the Vif signal in lane 7 defined as 1. (C)
HeLa-KD cells were either mock transfected (lane 1), transfected with 4 wg of pcDNA-hVif (lane 2) or 1 pg of pcDNA-CBE (lane 3), or cotransfected with 4 pg
of pcDNA-hVifand 1 pg of pcDNA-CBE (lane 4). Total amounts of transfected DNA in all samples were adjusted to 5 pg with empty vector DNA. A portion
of the samples was used for total RNA extraction and Northern blot analysis (mRNA). For that purpose, 20 pg of total RNA was separated by denaturing 1%
agarose gel electrophoresis and transferred to a nylon membrane. The membranes were probed with **P-labeled probes specific for CBF@, Vif, or actin as
indicated. The mRNAs were visualized by autoradiography. The remaining samples were used for protein analysis (protein). Total cell extracts were subjected to
immunoblot analysis using a Vif-specific polyclonal antibody. The same blot was then reprobed with a CBFf-specific polyclonal antibody, followed by probing

with an actin-specific polyclonal antibody as a loading control.

68°C. Probes were labeled with [a-**P]dTTP using a Ladderman random
primer labeling kit (PanVera, Madison, WI). Labeled probes were mixed
with sonicated salmon sperm DNA (Stratagene, La Jolla, CA), heated at
94°C for 3 min, and then chilled on ice. Membranes were incubated for 5
h at 68°C with **P-radiolabeled DNA probes (1 X 10”7 cpm) specific for
CBEB, hVif, or beta-actin. Following hybridization, membranes were
washed twice with wash buffer (2X SSPE, 0.1% SDS) (1X SSPE is 0.18 M
NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7]) for 15 min at room
temperature, followed by one wash in 0.2X SSPE with 0.1% SDS for 15
min at 65°C. To reprobe the blots, membranes were stripped by a 15-min
incubation in 1% SDS at 100°C.

Metabolic labeling and immunoprecipitation. Cells were suspended
in 5 ml of RPMI medium lacking methionine and cysteine (MP Biomed-
ical, Solon, OH) and incubated for 20 min at 37°C to deplete the intracel-
lular methionine/cysteine pool. Labeling was done at 37°C in 200 wl of
methionine-free RPMI medium containing 5% fetal calf serum (FCS)
supplemented with 150 wCi of the *>S protein labeling mix Expre**S*>S
(NEGO072; PerkinElmer, Waltham, MA). For pulse-chase analyses, cells
were pulsed for 10 min (Vif) or 20 min (RUNX1) at 37°C with radioiso-
tope. Cells were then pelleted to remove unincorporated isotope, sus-
pended in 1 ml of complete RPMI medium, and distributed into equal
aliquots, one sample for each chase time point. Samples were collected at
the specified time points; cells were pelleted and stored on dry ice. For
pulse-labeling experiments, the total volume of the reaction mixture was
280 pl. Also, MG132 (catalog number 474791; EMD Millipore, Billerica,
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MA) was added during starvation and labeling (10 M) to inhibit protea-
somal degradation. After the initial starvation period, isotope was added
at room temperature, and the sample was immediately divided into five
equal aliquots (50 pl each). Samples were incubated at 37°C for the times
indicated in the text and then quick-frozen on dry ice to stop the reaction.
Cell lysates were prepared by detergent lysis followed by reextraction of
the detergent-insoluble material with sample buffer, as reported previ-
ously (53). Soluble and detergent-insoluble extracts were pooled prior to
immunoprecipitation.

Coimmunoprecipitation analysis. HeLa CBFf knockdown (KD)
cells were transfected with 1 pg of expression vectors for myc-tagged
CBFp or empty vector and 4 g of Vif expression vectors as indicated in
the text. Cells were harvested at 24 h posttransfection and washed twice
with cold PBS. Cells were lysed in 500 pl of lysis buffer (50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1% [vol/vol] Triton X-100, and complete pro-
tease inhibitor cocktail) at 4°C for 30 min and then clarified by centrifu-
gation at 10,000 X g for 2 min. Five percent of the lysate was used as the
input control, and the remaining lysate was used for immunoprecipita-
tion of Myc-tagged antigens. Precleared cell lysates were mixed with Myc
antibody-conjugated agarose beads (Sigma-Aldrich, Inc., St. Louis, MO)
and incubated at 4°C for 1 h. Samples were then washed three times with
wash buffer (20 mM Tris-HCl [pH 7.5], 100 mM NaCl, 0.1 mM EDTA,
0.05% [vol/vol] Tween 20). Proteins were eluted by boiling beads in sam-
ple buffer and subjected to immunoblot analysis using antibodies to Vif
and CBFp. Coimmunoprecipitation of RUNX1 and CBFP was done es-
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FIG 2 CBEp does not affect translational activity on Vif mRNA. Polysome
analysis was done using a modification of a previously described protocol
(63). Briefly, HeLa-KD cells (9 X 10° in a 75-cm? flask) were transfected
with 12 pug of pcDNA-hVif together with either 3 ug of pcDNA-CBEP or 3
g of empty vector DNA. After 24 h, transfected cells were treated with 100
wg/ml of cycloheximide for 15 min at 37°C. Cells were then washed twice
with ice-cold PBS containing cycloheximide (100 wg/ml), followed by two
washes with solution A (150 mM KCl, 10 mM MgCl,, and 50 mM Tris-HCI,
pH 7.6). Cells were suspended in 500 pl of solution A containing 0.5% NP-40
and lysed on ice for 10 min. Nuclei were removed by low-speed centrifugation
(2,800 X gfor 10 min at 4°C). Supernatants were layered on linear 15% to 50%
sucrose gradients in solution A. The gradients were centrifuged in a SW55
rotor (Beckman Coulter Inc., Indianapolis, IN) at 36,000 rpm for 90 min at
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sentially the same way except that HA-tagged RUNX1 was used for the
precipitation of untagged CBF(.

Viral infectivity assay. Virus-containing supernatants were har-
vested at 24 h after transfection of cells. Cellular debris was removed by
centrifugation (3 min at 1,500 rpm), and clarified supernatants were
filtered (0.45-pm pore size) to remove residual cellular debris. A total
of 150 pl of viral stock was used to infect 5 X 10* TZM-bl cells in a
24-well plate in a total volume of 1.1 ml. Typically, infections were
done in triplicate. Infection was allowed to proceed for 48 h at 37°C.
Medium was removed, and cells were lysed in 300 pl of Promega 1X
reporter lysis buffer (Promega Corp., Madison, WI) and frozen at
—80°C for a minimum of 30 min. To determine the luciferase activity
in the lysates, 5 wl of each lysate was combined with 20 .l of luciferase
substrate (Steady-Glo; Promega Corp., Madison, WI), and light emis-
sion was measured using a Modulus ii microplate reader (Turner Bio-
systems Inc., Sunnyvale, CA).

RESULTS

CBE facilitates Vif-induced A3G degradation and increases
steady-state levels of Vif. We created a stable CBF3 knockdown
cell line (HeLa-KD) as described in Materials and Methods. To
assess the effective down-modulation of CBFf in HeLa-KD cells
and to validate the reported effect of CBF on Vif expression and
A3G expression, we transfected HeLa-KD cells with increasing
amounts of pcDNA-hVif in the presence of constant amounts of
pcDNA-A3G and in the presence or absence of CBEB (Fig. 1A).
Mock-transfected HeLa-KD cells revealed undetectable levels of
A3G, CBFB, and Vif (Fig. 1A, lane 1). Expressing increasing
amounts of CBF in the absence of Vif had no effect on A3G
stability (Fig. 1A, lanes 2 to 6). In contrast, CBFf significantly
increased the steady-state levels of Vif in transfected HeLa-KD
cells (Fig. 1A, lanes 7 to 12, and B). Similar effects of CBF on Vif
stability were seen when Vif was expressed from the full-length
molecular clone NL4-3 (see Fig. 3B below). However, the effect of
CBFB on Vif expression was most pronounced at low levels of Vif
(Fig. 1B, compare bars 7 and 10 to 9 and 12). In the absence of
CBEB, Vif only modestly reduced A3G levels (Fig. 1A, lanes 7t0 9).
In contrast, in the presence of CBFf3, A3G was virtually undetect-
able even at the lowest level of Vif (Fig. 1A, lanes 10 to 12). These
results are in agreement with published reports demonstrating
that CBF facilitates the Vif-induced degradation of A3G and
increases Vif expression (37, 38, 40, 42).

The effect of CBFf3 on Vif expression is posttranscriptional.
To gain insights into the mechanism that leads to reduced Vif
expression in the absence of CBFB, we compared the Vif mRNA
levels in transfected HeLa-KD cells in the presence or absence of
exogenous CBFp (Fig. 1C). We found that CBF{ had little or no
effect on the levels of Vif mRNA, nor did Vif expression affect
CBFB mRNA levels (Fig. 1C, mRNA). In contrast, Vif protein
levels were significantly lower in the absence of CBFB (Fig. 1C,

4°C. Eighteen fractions (250 wl each) were collected from top to bottom. Total
RNA was extracted from each fraction using TRIzol LS reagent (Invitrogen
Corp., Carlsbad, CA) according to the manufacturer’s directions and loaded
on an agarose gel for Northern blot analysis. Prior to Northern blot analysis,
membranes were stained with methylene blue to visualize ribosomal RNAs.
The signal intensity of 18S and 28S ribosomal RNAs in each fraction was
determined by optical scanning. Northern blotting was done on the same
gradient samples using Vif- or actin-specific **P-labeled probes. Vif- or actin-
specific signals were quantified by PhosphorImager analysis. To allow direct
comparison, the highest signal intensity in each gradient was defined as 100
relative units. The shaded area represents the polysome fractions.
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FIG 3 CBEFp independently affects Vif stability and Vif function. (A) HeLa-KD cells were transfected with pcDNA-A3G (1 pg) in the absence (lanes 2 to 6) or
presence (lanes 7 to 12) of pcDNA-CBF (0.5 pg). The amount of pcDNA-hVif varied from 0.1 g to 5.0 pg as indicated. Al DNA amounts were adjusted to 6
g of total transfected DNA using empty vector DNA. Cells were harvested at 24 h posttransfection, and total cell lysates were analyzed by immunoblotting with
antibodies to A3G, Vif (319), CBF, or alpha-tubulin (tub). (B) HeLa-KD cells were transfected with 4 pg of pNL4-3 or pNL4-3/Vif(—) DNA in the presence or
absence of pcDNA-A3G (1 g) and pcDNA-CBE (1 pg) as indicated at the top. Cells and virus-containing supernatants were harvested 24 h later, and total cell
extracts were prepared for immunoblot analysis (cell). A fraction of the cell-free virus (80%) was pelleted through a 20% sucrose cushion and suspended in
sample buffer for immunoblot analysis (virus). Samples were separated by SDS-PAGE and analyzed with antibodies to A3G, CBER, Vif (319), Vpu, or HIV Ig
(Gag) as indicated. (C) A portion of the remaining filtered culture supernatant was normalized for equal reverse transcriptase activity and used for the infection
of TZM-bl cells. HIV-induced activation of luciferase was measured 48 h after infection. Results are shown as a scatter blot of two independent experiments
performed in triplicate infections each. Each dot represents one experimental data point. The mean of the values obtained for NL4-3 in the absence of A3G and

CBEp was defined as 100%.

protein), indicating that the effect of CBFf on Vif expression oc-
curs at a posttranscriptional level. We also performed a polysome
analysis to identify potential differences in the polysome loading
of vif mRNA in the presence or absence of CBF. The polysome
profile of actin mRNA as well as those of 285 and 18S rRNAs were
included for reference. All RNA profiles shown in Fig. 2 derived
from the same gradient. Thus, differences in the relative profiles of
Vif mRNA and actin mRNA or ribosomal RNAs are real and not
due to differences in the gradient centrifugation. The results as
shown in Fig. 2 therefore suggest that CBFf also had no effect on
the translational activity on vif mRNAs (Fig. 2, top).
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CBEFp independently affects Vif stability and function. To
test if the enhanced degradation of A3G by Vif in the presence of
CBFR is simply a consequence of the elevated levels of Vif, we
modulated Vif expression in HeLa-KD cells in the presence of
constant amounts of A3G and in the presence or absence of CBFf3
(Fig. 3A). To achieve comparable expression of Vif, the amounts
of transfected Vif vector ranged from 0.5 to 5 pg in the absence of
CBEFp and from 0.1 to 1 pg in the presence of CBF, as indicated
in Fig. 3A. We found that transfecting 3 pg of pcDNA-hVif in the
absence of CBFp yielded levels of Vif comparable to 0.3 to 0.4 pg
of pcDNA-hVif in the presence of CBFf (Fig. 3A, compare lane 5
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FIG 4 The N-terminal region in Vifis important for interaction with and responsiveness to CBF@. (A) Vif deletion mutants used in this analysis were constructed
on the backbone of pcDNA-hVif and are schematically shown. The positioning of the deletions is roughly to scale. Numbers above the deletions indicate the first
and last residues that are deleted. (B) HeLa-KD cells were transfected with 4 jug each of the indicated Vif expression vector together with 1 ug of empty vector (—)
or 1 pg of pcDNA-CBFB-Myec. Detergent extracts were prepared 24 h later. A portion of the extract was analyzed directly by sequential immunoblotting using
antibodies to Vif, CBE, or tubulin (Input). The remaining samples were immunoprecipitated with c-Myc agarose gel. Precipitated samples were separated by
SDS-PAGE and probed with antibodies to CBF (IP) or Vif (co-IP). WB, Western blotting; o, anti.

to lane 9 or 10). As observed in Fig. 1, Vif induced only modest
degradation of A3G in the absence of CBFf3, while in the presence
of CBFp, comparable levels of Vif resulted in almost quantitative
depletion of A3G. These results indicate that CBFf3 exerts both a
quantitative and a qualitative effect on Vif and Vif-induced A3G
degradation.

CBFp knockdown affects the ability of Vif to regulate viral
infectivity. We previously reported that the steady-state levels of
Vif expressed from the proviral genome are low and regulated not
only at the level of RNA splicing but also at the level of protein
turnover (53). Indeed, even modest overexpression of Vif was
found to inhibit viral infectivity due to a Vif-induced assembly
defect (54). Thus, while it appears that relatively low levels of Vif
are desired and sufficient to ensure the production of fully infec-
tious virus from A3G-expressing cells, we wondered how the re-
duced levels of Vif expressed in virus-producing CBFf knock-
down cells, combined with the reduced ability of Vif to target A3G,
would affect viral infectivity.

To that end we transfected HeLa-KD cells with wild-type
NL4-3 or its vif-defective NL4-3/Vif(—) variant in the presence or
absence of A3G and exogenously supplied CBFpB (Fig. 3B). Pro-
tein expression in the transfected cells and the presence of vi-
rus-associated proteins in the culture supernatants were as-
sessed by immunoblotting. As expected, endogenous CBFf
was undetectable, and exogenously provided CBFB was effi-
ciently expressed in the transfected cells. Of note, CBF3 was
effectively excluded from cell-free virions. CBFP had no effect
on viral Gag protein synthesis or on the production of cell-free
virions. Also, CBFB had no effect on the expression of Vpu,
which—Ilike Vif—is expressed from a partially spliced mRNA.
In contrast, CBFp significantly increased the steady-state level
of Vif. Thus, of the HIV-1 proteins analyzed, only Vif expres-
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sion was affected by CBFB, further arguing against possible
effects of CBF on HIV-1 transcription, RNA splicing, or RNA
transport. Surprisingly, the increased level of Vif in CBFp-
expressing cells was not paralleled by increased packaging of
Vif into cell-free virions (Fig. 3B, lanes 2 and 3 of cell versus
virus). The reason for this is unclear; however, it is conceivable
that association of Vif with CBFf leads to intracellular seques-
tration of Vif. Such a scenario is consistent with our observa-
tion that expression of Vif can induce cellular redistribution of
CBEFR (65) as well as the recent finding that Vif-CBF com-
plexes are stable enough to interfere with the formation of
heterodimeric RUNX-CBER complexes (43). As to A3G, the
presence of CBF resulted in enhanced degradation of A3G
and more efficient exclusion from virions by Vif. As expected,
CBFp had no significant effect on expression or encapsidation
of A3G in the absence of Vif.

The infectivity of the virions produced in the experiment shown in
Fig. 3B was measured by infection of TZM-bl cells. Resulting lucifer-
ase activity was normalized to wild-type NL4-3 produced in the ab-
sence of A3G and CBEF, which was defined as 100% (Fig. 3C). As
expected, expression of A3G reduced the infectivity of vif-defective
virus by about 10- to 20-fold, irrespective of the presence or absence
of CBFp (Fig. 3C, columns 5 and 6). In contrast, NL4-3 was almost
fully infectious when produced in the presence of CBF@ (Fig. 3C,
column 3). Surprisingly, even in the absence of CBF(, the infectivity
of wild-type NL4-3 was inhibited only about 3-fold (Fig. 3C, column
2). These results suggest that the low levels of Vif produced in CBF3-
depleted cells are sufficient for the production of viruses with only
modestly reduced infectivity.

The N-terminal region in Vif is important for interaction
with and responsiveness to CBFf3. CBEf3 was previously shown
to interact with Vif through N-terminal motifs (38, 42—45). In
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FIG 5 CBEF stabilizes Vif and increases Vif biosynthesis. (A) HeLa-KD cells were transfected with 5 pug of pcDNA-hVif (Vif wt) or pcDNA-hVif-AD (Vif-AD)
in the presence of 1 pg of empty vector [CBFR(—)] or 1 pg of pcDNA-CBFB [CBFB(+)]. One day later, cells were labeled for 10 min with [**S]methionine-
cysteine and chased for up to 60 min, as described in Materials and Methods. Cell lysates were immunoprecipitated with a Vif-specific polyclonal antibody (Vif93)
and separated by SDS-PAGE. Proteins were visualized by fluorography. A representative experiment is shown. (B) Vif-specific protein bands as shown in panel
A were quantified by PhosphorImager analysis. The time-zero value for each sample was defined as 100%, and results are plotted as a function of time. Data
represent means = standard errors of the means from three independent experiments. (C) HeLa-KD cells were transfected with 5 g of pcDNA-hVif (Vif wt) or
pcDNA-hVif-AD (Vif-AD) in the presence of 1 pg of empty vector [CBFB(—)] or 1 pg of pcDNA-CBF@B [CBFB(+)]. One day later, cells were labeled with
[**SImethionine-cysteine for 2 to 10 min as detailed in Materials and Methods. Cell lysates were immunoprecipitated with a Vif polyclonal antibody (Vif93) and
separated by SDS-PAGE. Proteins were visualized by fluorography. (D) Vif-specific protein bands from the experiment shown in panel C were quantified by
PhosphorImager analysis, and results were plotted as a function of time. Time zero was not experimentally determined but was defined as zero for graphical
representation. Amounts of wild-type Vif recovered at the last time point in the absence of CBF (open circles) were defined as 100%. Data represent the means *
standard errors of the means from three independent experiments. (E) CBF@ increases de novo biosynthesis of CBFf binding-competent Vif variants. HeLa-KD
cells were transfected with 5 pug of pcDNA-hVif-AK (Vif-AK), pcDNA-hVif-AH (Vif-AH), or pcDNA-hVif-AC (Vif-AC) in the presence of 1 g of empty vector
(open circles) or 1 g of pcDNA-CBER (filled circles). One day later, cells were labeled with [**S]methionine-cysteine for 2 to 10 min. Cell lysates were
immunoprecipitated with a Vif polyclonal antibody and separated by SDS-PAGE. Vif-specific protein bands were quantified by PhosphorImager analysis, and
results were plotted as a function of time. Amounts of Vif recovered at the last time point in the absence of CBFf were defined as 100%.

particular, the mutations W21A, L64S, and 166S in Vif were found
to reduce or abolish interaction with CBFB (38, 43). We tested
these mutants and found that in our hands all of them still inter-
acted with CBF. The reason for the discrepant results is not clear.
However, previous studies employed C-terminally tagged Vif mu-
tants while we used untagged Vif proteins in our co-IP studies.
Since we were unable to detect interference of point mutants with
CBEp binding, we tested a series of in-frame deletion mutants of
Vif that we had previously created to characterize dominant neg-
ative Vif variants (51). For this experiment, C-terminally myc-
tagged CBFp was used. The Vif mutants employed in the current

May 2014 Volume 88 Number 9

analysis are schematically shown in Fig. 4A, and their expression
in the presence or absence of CBF@ is shown in the top panel of
Fig. 4B. As expected, expression of wild-type Vif (Fig. 4B, WT) was
significantly increased in the presence of CBFpB. In contrast, ex-
pression of Vif-AK, Vif-AD, Vif-AL, and Vif-AG was unaffected
by CBEp. Vif-AH was partially CBFB responsive while Vif-AC
retained full responsiveness to CBFf (Fig. 4B, top panel).

To address whether CBFf responsiveness is correlated with the
ability of Vif variants to interact with CBE[3, coimmunoprecipita-
tion analyses were performed. Aliquots of the samples indicated in
the top panel of Fig. 4B were immunoprecipitated with Myc-spe-
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cific antibody beads. The precipitates were eluted from the beads,
separated by SDS-PAGE, and probed with antibodies to CBF( or
Vif (Fig. 4B, lower panels). Wild-type Vif and the CBF3-respon-
sive Vif-AH and Vif-AC variants were able to efficiently interact
with CBFB in this coimmunoprecipitation assay. Vif-AK did not
interact with CBF, and only a very weak signal was detectable for
Vif-AD. Expression levels of Vif-AL and Vif-AG were too low to
allow for definitive conclusions regarding CBFf interaction. Nev-
ertheless, our results suggest a correlation of CBFf3 responsiveness
of Vif with the ability of Vif to interact with CBF@, which is in
agreement with previous studies (37, 38, 40, 42).

CBEF affects the turnover of Vif. Vif levels in HIV-infected
cells are lower than those of other viral proteins, presumably due
to the short Vif half-life (53). To see if the reduced expression of
wild-type Vif in the absence of CBF{ is due to more rapid turn-
over of Vif, pulse-chase analyses were performed in transfected
HeLa-KD cells in the presence or absence of exogenous CBFR. For
comparison, the CBFB nonresponsive Vif-AD variant was ana-
lyzed in parallel (Fig. 5A and B). Transfected cells were pulse-
labeled for 10 min and, after removal of unincorporated isotope,
chased for up to 60 min. Cell extracts were immunoprecipitated
with a Vif-specific polyclonal antibody, separated by SDS-PAGE,
and visualized by fluorography (Fig. 5A). Vif-specific bands were
quantified by PhosphorImager analysis, and the results were plot-
ted as a function of time (Fig. 5B). We found that wild-type Vif
was indeed more rapidly degraded in the absence of CBF( than Vif
produced in the presence of CBFf (Fig. 5B). In contrast, the pres-
ence or absence of CBFf had no significant impact on the turn-
over of Vif-AD. The half-life of Vif-AD in the presence or absence
of CBF was similar to that of wild-type Vif expressed in the ab-
sence of CBFp, indicating that binding of CBFp to Vif stabilizes
the protein in HeLa cells. Curiously, the absolute amount of wild-
type Vifrecovered at the pulse time point (0 min) was higher in the
presence of CBFR. This could indicate a lower rate of Vif biosyn-
thesis or cotranslational degradation of Vif in the absence of
CBEFB. Importantly, this phenomenon was not observed for Vif-
AD, where the levels of Vif recovered at the pulse time point were
comparable in the presence and absence of CBFf (Fig. 5A, com-
pare 0-min time points).

CBEFf enhances the rate of Vif biosynthesis. To test if the
increased level of wild-type Vif shown in Fig. 5A at the pulse time
point was due to a difference in the rate of Vif biosynthesis or
caused by cotranslational degradation of Vif in the absence of
CBEp, we measured the kinetics of Vif biosynthesis as described in
Materials and Methods. To prevent cotranslational protein deg-
radation, the experiment was performed in the presence of
MG132 (10 uM). Vif biosynthesis was monitored for 10 min with
samples collected at 2-min intervals. Cell extracts were immuno-
precipitated with a Vif-specific polyclonal antibody; samples were
separated by SDS-PAGE and visualized by fluorography (Fig. 5C).
Vif-specific bands were quantified by PhosphorImager analysis,
and the results were plotted as a function of time (Fig. 5D). We
found that wild-type Vif was synthesized at a higher rate when
CBEFp was present. In contrast, the rate of Vif-AD biosynthesis was
unaffected by the presence or absence of CBFf. Indeed, Vif-AD
synthesis with or without CBF( occurred at a similar rate as wild-
type Vif in the absence of CBF(. These results suggest that CBFf3,
in addition to its effect on Vif degradation, also increased the rate
of de novo synthesis of wild-type Vif but not of Vif-AD. We also
tested Vif mutants Vif-AK, Vif-AH, and Vif-AC and found that
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FIG 6 The increased rate of Vif synthesis in CBFB-positive cells is not due to
differential antibody recognition. (A) Amino acid sequence alignment of hVif
(based on the NL4-3 isolate) and Vif-HA (based on the HXB2 isolate). Amino
acid differences are shown in red. (B) HeLa-KD cells were transfected with 5
wg of pVif-HA in the presence of 1 g of empty vector [CBFB(—)] or 1 pg of
pcDNA-CBEFR [CBFB(+)]. Cells were pulse-labeled in 2-min intervals for up
to 10 min as described in the legend of Fig. 5C. Cell lysates were precipitated
with an HA-specific rat monoclonal antibody (C) or the Vif93 polyclonal
antibody (D). Samples were quantified by PhosphorImager analysis, and Vif
levels were plotted as described for Fig. 5D.

Vif-AH and Vif-AC, both of which interact with CBFR, showed
increased de novo protein biosynthesis in the presence of CBFf3
(Fig. 5E). These results are consistent with the increased steady-
state levels observed in the experiment shown in Fig. 4B. In con-
trast, Vif-AK, which does not interact with CBF3, behaved like
Vif-AD and revealed no change in the rate of protein biosynthesis
in response to CBFf3 expression (Fig. 5E). Thus, the effect of CBF3
on Vif biosynthesis is specific and dependent on the ability of
CBFB to interact with Vif.

It is conceivable that interaction of CBF with Vif affects fold-
ing of Vif, which might affect the relative affinity of our polyclonal
Vif antibody used for immunoprecipitation and thus could be
misconstrued as differences in Vif protein biosynthesis. To rule
out that CBFB-induced protein folding affected the Vif-antibody
interaction, we repeated the experiment shown in Fig. 5C using
pVif-HA (17) in place of pcDNA-hVif (Fig. 6). Of note, pcDNA-
hVifexpresses NL4-3 Vif from a codon-optimized unspliced tran-
script while pVif-HA expresses HA-tagged HXB2 Vif from a non-
codon-optimized spliced transcript (17). Thus, Vif protein
produced from pVif-HA differed from hVif not only in the pres-
ence of a C-terminal HA tag but also in its primary amino acid
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FIG 7 CBFB increases RUNX steady-state levels through a posttranscriptional mechanism. (A) HeLa-KD cells were either mock transfected (lane 1), or
transfected with 0.3 g each of pCMV-HA (lanes 2 and 3), eGFP-HA (lanes 4 and 5), RUNX1-HA (lanes 6 and 7), or RUNX-HA G108R (lanes 8 and 9)
either in the absence of CBFp (lanes 2, 4, 6, and 8) or the presence of 1 pg of pcDNA-CBF@ (lanes 3, 5, 7, and 9). Transfected DNA in all samples was
adjusted to 5 g of total DNA using empty vector DNA. A portion of the samples was used for total RNA extraction and Northern blot analysis (mRNA).
For that purpose, 15 g of total RNA was separated by denaturing 1% agarose gel electrophoresis and transferred to a nylon membrane. The membranes
were probed with *?P-labeled probe specific to RUNX1, eGFP, CBF, or actin, as indicated. The mRNAs were visualized by autoradiography. The
remaining samples were used for protein analysis (protein). Total cell extracts were subjected to immunoblot analysis using an HA-specific polyclonal
antibody (RUNXI1 and eGFP). The same blot was then reprobed with a CBF@-specific polyclonal antibody (CBFB), followed by probing with an
actin-specific polyclonal antibody as a loading control (actin). (B) eGFP or RUNX G108R does not interact with CBF. HeLa-KD cells were transfected
as described in panel A. Detergent extracts were prepared 24 h later. A portion of the extracts was analyzed directly by immunoblotting using polyclonal
antibodies to RUNX1, GFP, CF@, or actin as indicated (input). The remaining samples were immunoprecipitated with HA agarose beads (IP). Samples

were separated by SDS-PAGE and probed with polyclonal antibodies to CBE (IP).

sequence (10% amino acid variation) (Fig. 6A) and in the mode of
expression (spliced versus unspliced transcripts). In addition to
the Vif antibody, we employed a rat monoclonal anti-HA anti-
body for immunoprecipitation (Fig. 6B). Irrespective of the anti-
body used for immunoprecipitation, CBFf increased the rate of
Vif-HA biosynthesis (Fig. 6C and D). These results indicate that
the observed differences in the pulse-labeling experiment shown
in Fig. 5D and E reflect true differences in the rate of Vif biosyn-
thesis and are not due to CBFB-induced differences in antibody
recognition.

CBEf increases RUNX steady-state levels through a post-
transcriptional mechanism. It was previously reported that het-
erodimerization of CBFf with the transcription factor RUNX1
results in stabilization of RUNX1 (55). We verified this observa-
tion by expressing human RUNX1 in HeLa-KD cells without or
with exogenously expressed CBF (Fig. 7A). As a control, we in-
cluded RUNX G108R, a mutant previously reported to lack the
ability of forming heterodimers with CBFB (55, 56). Indeed, ex-
pression of CBF increased the steady-state levels of RUNX1 (Fig.
7A, protein, compare lanes 6 and 7). In contrast, expression of the
CBEFp binding-defective RUNX1 G108R (Fig. 7A, protein, lanes 8
and 9) or an irrelevant control, eGFP (Fig. 7A, protein, lanes 4 and
5), was not affected by the coexpression of CBF@. Northern blot
analysis (Fig. 7A, mRNA) did not reveal any CBFB-induced
changes in RUNX1 or eGFP mRNA level, indicating that consis-
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tent with our observations on Vif (Fig. 1C), CBF affects RUNX1
stability at a posttranscriptional level.

Coimmunoprecipitation studies using HA-tagged eGFP (Fig.
7B, lanes 4 and 5) HA-tagged RUNX1 (Fig. 7B, lanes 6 and 7), or
RUNXI1 G108R (lanes 8 and 9) verified that CBF interacts with
wild-type RUNX1 (Fig. 7B, lane 7, IP) but not with the G108R
mutant (Fig. 7B, lane 9, IP) or the irrelevant eGFP control (Fig. 7B,
lane 5, IP).

CBEF increases RUNX1 biosynthesis. To test if CBF( affects
RUNX1 expression the same way it affects Vif, pulse-chase and pulse-
labeling analyses were done as described for Fig. 5. HeLa-KD cells
were transfected with RUNX1 or RUNX G108R in the presence or
absence of CBFp. For determination of RUNX1 stability, cells were
subjected to pulse-chase analysis using a 20-min pulse and a4-h chase
protocol (Fig. 8A). For determination of differences in the rate of
RUNX1 biosynthesis, cells were subjected to a 20-min pulse-labeling
protocol (Fig. 8B). Interestingly, in contrast to a previous report (55),
we could not detect a significant impact of CBFf on the half-life of
RUNX]1 in our 4-h assay. In fact, the decay profiles of RUNX1 as well
as of RUNX G108R were essentially superimposable (Fig. 8A, graph).
Instead, we saw a clear enhancement of RUNX1 de novo synthesis by
CBEp (Fig. 8B, filled circles). This effect was not observed for the
CBF binding-defective RUNX G108R mutant (Fig. 8B, filled trian-
gles), indicating a dependence on the physical interaction of RUNX1
and CBFp and attesting to the specificity of the effect. Taken together,
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FIG 8 (A) HeLa-KD cells were transfected with 0.3 pg of HA-tagged RUNX1 or RUNX G108R in the absence (—) or presence (+) of 1 g of CBFf expression
vector. Total transfected DNA was adjusted to 5 g in all samples. Cells were harvested 24 h after transfection. Pulse-chase analysis of RUNX1 was performed as
described for Fig. 5A except that the labeling time was 20 min, and the chase time was extended to 4 h. Data represent the means = standard errors of the means
from three independent experiments. (B) For pulse-labeling cells were transfected as described for panel A. To prevent protein degradation, all steps of the
experiment were performed in the presence of MG132 (10 uM). Labeling was done as described for Fig. 5C except that the labeling time was extended to 20 min.
RUNX1 was immunoprecipitated from total cell extracts with HA-specific antibody-conjugated agarose beads, separated by 12.5% PAGE, and visualized by
fluorography. Quantitation of the gels was performed by PhosphorImager analysis as described for Fig. 5B and D. Data represent the means * standard errors

of the means from three independent experiments.

these results suggest that the enhancement of protein biosynthesis by
CBF is not limited to Vif but is seen for the other known CBF
binding partner as well.

DISCUSSION

Regulation of protein expression in mammalian cells occurs at
multiple levels. There is regulation at the level of de novo protein
biosynthesis that includes transcriptional activation and mRNA
splicing. At the other end of the spectrum is the turnover of pro-
teins by proteolytic processes, the rate of which determines a pro-
tein’s half-life. Proteolysis is not limited to mature proteins. In
fact, protein synthesis in itself is imperfect, and up to 50% of
nascent polypeptide chains in a cell may be degraded by processive
proteolysis before reaching full size (57, 58). Thus, the overall
steady-state level of a protein in a cell is derived from a combina-
tion of multiple parameters affecting protein synthesis and pro-
teolytic degradation.

In the case of HIV, all proteins are encoded by a single
mRNA precursor. Consequently, all HIV-encoded proteins are
subject to the same transcriptional control. However, regula-
tion of gene expression is achieved by differential splicing of
the mRNA precursor, which regulates the relative levels of
mRNAs encoding individual HIV proteins. In fact, only Gag
and Gag-Pol precursor proteins are produced from full-length
unspliced HIV-1 mRNAs while all other HIV-encoded proteins
are produced from partially or fully spliced transcripts (59, 60).
Vif is expressed from a partially spliced 5.3-kb mRNA that is
produced in HIV-infected cells at relatively low abundance (59,
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60). In addition, the inherent half-life of Vif is low due to rapid
proteasome-mediated degradation (53). Thus, steady-state
levels of Vif in HIV-infected cells are low compared to those of
other viral proteins such as Gag, Env, and even Vpu. It is likely
that HIV-1 has evolved to operate with low levels of Vif to avoid
the negative impact of high levels of Vif on viral infectivity
caused by interference of Vif with the maturation of the Gag
precursor during virus assembly (54). Yet levels of Vif have to
be sufficiently high to prevent the packaging of A3G into nas-
cent virions. Thus, there is a relatively narrow range of Vif at
which optimal support for virus replication can be achieved.
The recent identification of CBFf as a Vif-interacting cellular pro-
tein exposed a new level of Vif regulation. Indeed, two studies re-
ported reduced expression of Vif upon depletion of CBFf (37, 40), a
phenomenon that, curiously, was not observed in other studies (38,
44). Our own results clearly support the observation that CBF af-
fects Vif expression. The mechanism of how CBF regulates Vif ex-
pression has thus far been obscure. CBFf3 was previously known as a
transcriptional cofactor regulating the DNA binding capacity of
RUNXI1 (61). In addition, RUNX1 and CBFR were found to syner-
gistically inhibit Tat-mediated HIV-1 long terminal repeat (LTR)
transactivation (52). However, our data rule out a role of CBFf in the
transcriptional regulation of Vif expression. First, the effect of CBFf3
is promoter independent and was observed for Vif expressed under
the control of a CMV promoter in the absence of Tat (pcDNA-hVif
and pVif-HA) as well as the Tat-dependent HIV-1 LTR (pNL4-3).
The effect of CBFp is also independent of the RNA sequence since
codon-optimized Vif differs from non-codon-optimized Vif in 68 of
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FIG 9 Model of CBFB-mediated enhancement of Vif biosynthesis, stabilization of Vif protein, and enhancement of A3G degradation. (A) During Vif biosyn-
thesis, CBFf binds to nascent Vif polypeptide chains and inhibits their premature termination and degradation as defective ribosomal products (64) (step 1).
This results in increased levels of newly synthesized Vif. CBF bound to Vif further stabilizes Vif and reduces intrinsic degradation of Vif by cellular proteasomes
(step 2). The result is an increased half-life of Vif. (B) Vif binding to A3G is CBF independent. However, only in the presence of CBF can Vif effectively
assemble a Cul5-based E3 ubiquitin (Ub) ligase complex (step 3) required for ubiquitination and subsequent proteolytic degradation of A3G. Other components

of the Cul5 E3 ubiquitin ligase complex were omitted for simplicity.

576 residues (11.8%). CBFp also did not affect splicing since expres-
sion of Vif from partially (pNL4-3), fully (pVif-HA), and unspliced
(pcDNA-hVif) vectors was equally sensitive to CBE. Finally, poly-
some analyses did not reveal any effects of CBFf on activation of
translation of Vif from pcDNA-hVif, suggesting that CBFf3 affects
steps downstream of translational initiation. Indeed, we demonstrate
for the first time that Vif expression is regulated not only at the level of
proteasomal degradation but also at the level of de novo protein bio-
synthesis. It is difficult to judge which of the two mechanisms con-
tributes more to the changes in Vif steady-state levels. However, our
data strongly indicate that CBF plays an important role in the reg-
ulation of Vif steady-state levels in HIV-infected cells. The effect of
CBFp on protein biosynthesis is not limited to Vif since we noted a
similar effect on the synthesis of RUNX 1. CBFf3 was previously found
to stabilize RUNX1 by inhibiting its proteasomal degradation (55).
Our own data indicate that CBFf3 increases the steady-state expres-
sion of RUNX1 but has only little effect on the half-life of RUNX1 in
a 4-h observation period. The reason for this discrepancy is unclear.
Adjusting our experimental conditions (i.e., labeling, lysis buffer,
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etc.) to those employed by Huang et al. (55) did not affect our results
(data not shown). Alternatively, our studies were performed in
CBFB-knockdown HeLa cells while the studies by Huang et al. (55)
involved mouse P19 cells. It is thus possible that cell-type- or species-
specific differences account for the observed differences. Impor-
tantly, however, CBFf enhanced the de novo protein biosynthesis of
RUNX]I, similar to its effect on Vif. Thus, the effect of CBFf on pro-
tein biosynthesis is not limited to Vif.

Our data support the view that CBFf, in addition to its effect
on Vif expression, potentiates the ability of Vif to target A3G for
degradation. Thus, at comparable levels of Vif, Vif-induced A3G
degradation was significantly more effective when CBF was co-
expressed. This observation is consistent with studies reporting
CBEFpB-facilitated A3G degradation in the absence of measurable
effects on Vif expression (38, 44). Surprisingly, CBF did not have
asimilarly dramatic effect on the production of infectious virus. In
fact, infectivity of virions produced in the absence of CBF3 was
only approximately three times lower in wild-type NL4-3 than in
CBFB-expressing cells (Fig. 3C). The reason for this apparent dis-
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connect between enhancing Vif expression and regulation of viral
infectivity is not completely clear. However, the finding is consis-
tent with our previous observation that the ability of Vif to pro-
duce infectious virus is not directly linked to its ability to effi-
ciently induce A3G degradation, and the current data further
support this notion (62).

How can we explain the seemingly unconnected effects of
CBEB on Vif biosynthesis, Vif stability, and Vif-induced A3G deg-
radation? In fact, all of the effects described here and reported
previously indicate that CBFf has a chaperone-like function. For
instance, a role of CBFp in preventing premature termination of
nascent Vif or RUNX1 polypeptide chains could explain the in-
creased rate of Vif biosynthesis observed in our studies (Fig. 9A,
step 1). This effect would require physical interaction of CBFf3
with the nascent polypeptide chains and would therefore not be
observed for CBFP binding-defective mutants of Vif, consistent
with our pulse-labeling results. Binding of CBFf to Vif protein
may also stabilize its mature conformation and thus reduce intrin-
sic proteolytic degradation (Fig. 9A, step 2). Finally, stabilizing a
mature conformation of Vif would also explain its increased po-
tential to induce degradation of A3G (Fig. 9B), as suggested pre-
viously (37, 38, 40, 43). In the absence of CBFf3, Vif can still bind
to A3G. However, only in the presence of CBFf will Vif assume a
conformation that allows for the efficient assembly of a Cul5-
based E3 ubiquitin ligase complex capable of ubiquitinating A3G
and thus trigger its proteasomal degradation (Fig. 9B, step 3). In
conclusion, all of the effects of CBF described in this study and
reported previously can be explained by a chaperone-like activity
of CBF that involves binding to nascent polypeptide chains of Vif
or RUNXI1 to prevent premature chain termination and/or to sta-
bilize mature protein conformations.
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