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Abstract

HIV-I tat targets a variety of host cell proteins to facilitate viral transcription and disrupts host
cellular immunity by inducing lymphocyte apoptosis, but whether it influences humoral immunity
remains unclear. Previously, our group demonstrated that tat depresses expression of DNA-PKcs,
a critical component of the non-homologous end joining pathway (NHEJ) of DNA double-strand
breaks repair, immunoglobulin class switch recombination (CSR) and V(D)) recombination, and
sensitizes cells to ionizing radiation. In this study, we demonstrated that HIV-1 Tat down-regulates
DNA-PKcs expression by directly binding to the core promoter sequence. In addition, Tat in-
teracts with and activates the kinase activity of DNA-PKcs in a dose-dependent and DNA inde-
pendent manner. Furthermore, Tat inhibits class switch recombination (CSR) at low concentra-
tions (<4 pg/ml) and stimulates CSR at high concentrations (28 pg/ml). On the other hand, low
protein level and high kinase activity of DNA-PKcs promotes HIV-I transcription, while high
protein level and low kinase activity inhibit HIV-1 transcription. Co-immunoprecipitation results
revealed that DNA-PKcs forms a large complex comprised of Cyclin T1, CDK9 and Tat via direct
interacting with CDK9 and Tat but not Cyclin T1. Taken together, our results provide new clues
that Tat regulates host humoral immunity via both transcriptional depression and kinase activation
of DNA-PKcs. We also raise the possibility that inhibitors and interventions directed towards
DNA-PKcs may inhibit HIV-1 transcription in AIDS patients.
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Introduction

Tat, an 86- to 101-amino acid regulatory protein
encoded by HIV-1, plays a very important role in the

T1, to initiate and maintain efficient viral transcription
[1-3]. Tat is secreted by infected cells and can enter

efficient transcription and replication of the HIV vi-
rus. It binds to the trans-activating region (TAR) and
forms a complex with positive transcription elonga-
tion factor b (P-TEFb), along with CDK9 and Cyclin

into bystander cells where it acts as a paracrine mol-
ecule. Tat impairs a series of signal pathways by tar-
geting different host-cell proteins. For example, our
previous work demonstrated that Tat impairs the cell
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cycle by targeting Plk1, Cyclin B1 and Tip60 [4].

DNA-dependent protein kinase, a holoenzyme
comprised of Ku70, Ku80 and the catalytic subunit
DNA-PKcs, is a critical component of the
non-homologous end joining pathway (NHEJ) and is
responsible for the repair of DNA double-strand
breaks [5-7]. When there is a break in the DNA double
strand, Ku first binds to the ends of the broken DNA
strands. DNA-PKcs is then recruited to the break site
in a Ku-dependent manner and is activated via au-
to-phosphorylation [8, 9]. Following activation,
DNA-PKcs phosphorylates a host of downstream
targets that function in double-strand break (DSB)
repair and DNA damage response (DDR). Moreover,
DNA-PKcs also plays an important role in immuno-
globulin class switch recombination (CSR) [10-12] and
V(D)] recombination, which are a part of the DSB
event [13-15]. DNA-PKcs has also been shown to
function in regulating mitotic progression and spindle
stability in response to DNA damage. Dysfunction of
DNA-PKcs could result in mitotic catastrophe of the
cell.

Accumulating evidence continues to indicate
that AIDS patients with cancer are much more sensi-
tive to radiotherapy than HIV-negative cancer pa-
tients. Previously, our group demonstrated that Tat
sensitizes cells to radiation by depressing the expres-
sion of DN A-PKcs, but the exact mechanism remained
elusive [16]. To delineate the mechanism, we con-
ducted a series of in vitro and in vivo assays and
demonstrated that Tat depresses DNA-PKcs expres-
sion by directly binding to its core promoter region. In
addition, Tat also interacts with the FAT domain of
DNA-PKcs and activates its kinase activity in a
DNA-independent manner. Furthermore, Tat modu-
lates CSR via its dual role in relation to DNA-PKcs.
On the converse, DNA-PKcs modulates Tat-mediated
HIV transcription by forming a quaternary complex
with Tat, Cyclin T1, and CDK9 and also through its
kinase activity.

Materials and Methods

Cell lines

The human T-lymphotropic virus type-1-
transformed T-cell line MT2 was kindly provided by
Dr. Lin Li (Beijing Institute of Microbiology and Epi-
demiology). CH12F3 cells were kindly provided by
Dr. Hua-Dong Pei (Beijing Proteome Research Cen-
ter). The MT2 and CH12F3 cells were grown in RPMI
1640 medium supplemented with 10% fetal bovine
serum and antibiotics. HEK293T and Hela cells were
grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum.

Plasmids and the recombinant Tat protein

Myc-Tat and flag-Tat were created as described
in our previous study [4]. pEYFP-DNA-PKcs was
gifted by Dr. David Chen (Southwestern Medical
Center). The luciferase reporter plasmid pGL3-DPKPF
and its truncation mutants were constructed by in-
serting the full-length DNA-PKcs promoter or its
mutants into the pGL3-basic vector using the Mlu I
and Bgl II restriction sites. The full-length DNA pro-
moter sequence was amplified from Hela-cell ge-
nomic DNA using the primers DPKPFF (5'CAGAC
GCGTCGGACGTTCCCGTCGGCTCCGY, Mlu I is
underlined) and DPKPFR (5’GGAAGATCTGCC
CCTACGCGCGGAGGCGGY Bgl II is underlined).
The recombinant Tat protein was expressed and puri-
fied as described in our previous study [17].

In vitro DNA-PKcs kinase assay

The in vitro DNA-PKcs kinase activity was
measured using the SignaTECT® DNA-Dependent
Protein Kinase Assay System (Promega) according to
the manufacturer’s protocol. Reactions (25 ul) con-
taining purified MT2-cell nuclear extract, DNA-PK
activation buffer, reaction buffer, a DNA-PK bioti-
nylated p53-derived peptide substrate, 0.5 pCi [y-32P]
ATP (10 mCi/ml), double-stranded oligonucleotide
(50 bp) and recombinant Tat protein, at the concen-
trations indicated in the Figure 4, were incubated at
30°C for 5 min. A termination buffer was then added,
and 10 pl of each reaction mixture was spotted onto
SAM2® capture membranes. After washing with 2 M
NaC(l, the membranes were dried, and the 32P incor-
poration was measured using autoradiography.

CSR analysis

The CH12F3 cells were maintained in vitro, and
CSR assays were performed as previously
described[18]. Briefly, the cells were maintained in
RPMI 1640 supplemented with 10% FBS, 10 mM
2-ME, and 5% NCTC-109 (Invitrogen). For the CSR
assay, the cells were stimulated with 250 ng/ml of
recombinant murine CD40L (PeproTech), 10 ng/ml of
recombinant murine IL-4 (R&D Systems), and 1
ng/ml of recombinant human TGF-f3 (R&D Systems)
(CIT) for 72 h and were then analyzed by flow cy-
tometry.

To analyze the CSR from IgM (IgM+/IgA-) to
IgA (IgM-/IgA+), CH12F3 cells were intracellularly
stained with PE-conjugated anti-murine IgA clone
1144-2 (12-5994-82; eBioscience) and were assessed for
membrane IgM expression using FITC-conjugated
anti-murine IgM (11-5890-82; eBioscience). The cells
were then analyzed on a Cytomics (Beckman Coulter),
and the data were analyzed using CXP software.
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Co-immunoprecipitation

For the co-immunoprecipitation, 293T cells were
transfected with the plasmids described above. Thir-
ty-six hours after the transfection, the cells were col-
lected and lysed with lysis buffer (50 mM TRIS-HCl;
150 mM NaCl; 1% Nonidet P-40; 0.1% SDS; 1 mM
DTT, pH 7.5) containing protease inhibitor cocktail
(Roche) at 4°C for 1 h. After centrifugation at 13,000
rpm for 10 min, the supernatant was subjected to
immunoprecipitation by incubating with the indicat-
ed antibody and was then bound to Protein
A/G-agarose beads for 2 h at 4°C. The beads were
washed with lysis buffer three times, boiled in
Laemmli buffer and analyzed by western blot.

GST pull-down

Tat cDNA was inserted into the pGEX-4T vector
and expressed as GST fusion proteins in E. coli Ro-
setta-gami B(DE3). In preparation, Glutathione
(GST)-Sepharose beads were prewashed with TEN100
buffer (20 mM Tris, pH 7.4; 0.1 mM EDTA; and 100
mM NaCl) three times and then equilibrated in the
TEN100 buffer. The GST or GST-fusion proteins were
then rotated with the GST-Sepharose beads (Pharma-
cia) at 4°C for 1 h (for immobilization). Next,
whole-cell extracts or purified proteins containing the
immobilized GST or GST-fusion proteins were rotated
at 4°C for 1 h. For the whole-cell extracts, the beads
were washed four times with NETN buffer (0.5%
Nonidet P-40; 0.1 mM EDTA; 20 mM Tris, pH 7.4; and
300 mM NacCl). The protein-bound beads were boiled
in Laemmli sample buffer, and the proteins were ver-
ified by western blot.

Luciferase reporter assay

Full-length and different mutants of the
DNA-PKcs promoter region were cloned upstream of
firefly luciferase in the pGL3-basic plasmid. MT2 cells
were then co-transfected with pGL3 and pRL-CMV
(Renilla luciferase, internal standard) with or without
myc-Tat. The luciferase reporter assay was carried out
using the Dual-Luciferase Reporter Assay System
(Promega, USA).

Electrophoretic mobility shift assay (EMSA)

The EMSA was performed using the EMSA kit
from Beyotime, according to the manufacturer’s in-
structions. The double-stranded synthetic oligonucle-
otide probes used for the competition EMSAs were
prepared by annealing sense and reverse-complement
strands at temperatures ranging from 94°C to room
temperature. A double-stranded oligonucleotide cor-
responding to the -1 to -63 region of the DNA-PKcs
promoter (DPK63) was labeled by filling-in the sticky
ends with T4 Polynucleotide Kinase and [y-32P]dATP

and was used as the DNA probe in the EMSA. In a
dose-dependent experiment, 0.5, 1, and 2 pg of re-
combinant His-tagged Tat protein and the 32P-labeled
DPK63 probe were added. In a specificity competition
experiment, the 32P-labeled DPK63 probe and a
volume equivalent to 100-fold of an unlabeled DPK63
probe were added. In a non-specific competition ex-
periment, the 32P-labeled DPK63 probe and a volume
equivalent to 100-fold of an unlabeled scrambled
probe were added. In a super-shift assay, the
32P-labeled DPK63 probe, 2 pg of Tat protein and 1 pg
of anti-His antibody were added. Following the above
reactions, all of the samples were subjected to 4%
nondenaturing  polyacrylamide gels in 0.5X
Tris-borate-EDTA buffer. The gels were then dried
and visualized by autoradiography.

Results

Identification of the core sequence of the
DNA-PKcs promoter.

In our previous study, we demonstrated that
DNA-PKcs was depressed in HIV-1 Tat-expressing
cells. This down-regulation of PRKDC (encoding
DNA-PKcs) was also confirmed by microarray [16].
However, the detailed mechanism of DNA-PKcs
down-regulation remained, for the most part, unclear.
To confirm that DNA-PKcs is down-regulated directly
by Tat, we treated MT2 cells with recombinant Tat
protein (4 pg/ml), and the cells were harvested at
different time points. As shown in Fig. 1A, Tat dras-
tically down-regulates DNA-PKcs. It is well docu-
mented that PRKDC localizes head to head with
MCM4, though both share a common promoter se-
quence of less than 1 kb, as shown in Fig. 1B. The
common promoter region lacks a TATA box, and
PRKDC has no CAAT box, which is characteristic of
house-keeping genes [19, 20]. To further characterize
the core region of PRKDC, we cloned the sequence
between the PRKDC translation start site and the
MCM4 transcription start site (939 bp) and its mu-
tants, as shown in Fig. 1C, into the luciferase reporter
plasmid pGL3-basic. A dual luciferase assay demon-
strated that the sequences containing the region be-
tween -63 and -1 have strong promoter activity, while
sequences lacking this region have 100-fold lower
activity (Fig. 1D). Our results definitively showed that
the -63 to -1 region is the core sequence of the PRKDC
promoter.

HIV-1 Tat down-regulates DNA-PKcs
expression by directly binding to the core
promoter sequence.

To explore whether Tat regulates PRKDC at the
transcriptional level, HEK293 cells transfected with
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pGL3-DPKPF (containing the full-length PRKDC
promoter) and RL-CMV were co-transfected with a
flag-Tat plasmid or treated with recombinant Tat
protein. As shown in Fig. 2A and B, both gene trans-
fection and administration of the Tat protein were
capable of suppressing the PRKDC promoter activity
in a dosage dependent manner. To further investigate
the Tat-targeted region, we conducted a luciferase
assay using pGL3-DPKPF and its truncation mutants
(Fig. 2D). The results showed that Tat targets the core
promoter region to suppress the PRKDC promoter
(Fig. 2C). Bioinformatics methods predicted that there
are two SP1 binding sites and one NF-xB binding site
in this core region (Fig. 2F), and there is high homol-

A Oh 2h 4h 6h 8h

ogy between the core region and the HIV 5-LTR se-
quence (>45%). It is well known that Tat activates HIV
transcription by targeting SP1. However, the actual
location of physical interaction between Tat and SP1
remains controversial [21, 22]. In addition, Tat binds
to the TAR (Trans-Activating Response) element of its
own RNA, which is encoded by LTRs. Based on the
LTR similarities, we speculated that the core promoter
region could be bound by the Tat protein. Not sur-
prisingly, in vitro EMSA results showed that Tat
binds to the core promoter region of PRKDC (Fig. 2E).
Therefore, Tat depresses PRKDC expression by di-
rectly binding to the core promoter region.

12h 24h  Tat(4pg/ml)

--O—_—‘“

anti:DNA-PKcs

E——

anti:B-actin

-939
B MCM4

AN

Transcription start

C 1 -939

Translation start -

DNA-PKcs

2 - 93 S .53
3 -39 =340

W N U

D 5000+

-435 - Luciferase

-152—— -
-96 I -

-9¢ W -64
-63 . -

4000+

30004

arbitrary unit
N
(=]
3

Uik

8 9

Figure I. Identification of a key region in the DNA-PKcs promoter. A, E. coli HIV-I Tat protein was added into the culture medium of MT2 cells, and DNA-PKcs was
detected at different time points. B, A schematic representation of the divergent MCM4 and DNA-PKcs transcripts in chromosome 8. C, A schematic representation of the
promoter sequence we cloned and its mutants. The longest sequence represents the sequence between the MCM4 transcription start site and the DNA-PKcs translation start
site. All of the sequences were cloned into the firefly luciferase reporter plasmid pGL3-basic using the Mlu | and Bgl Il restriction sites. D, All of the pGL3 luciferase-reporter
constructs were transfected into HEK293 cells to determine their promoter activity. The numbers represent the average and SD from at least 3 replicates of each constructs.

P <0.01.
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Figure 2. HIV-1 Tat down-regulates DNA-PKcs at the transcriptional level. A, The firefly luciferase reporter plasmid pGL3-basic containing the full-length DNA-PKcs
promoter insertion (pGL3-DPKPF, Figure |C, construct number |) was transfected together with or without the renilla luciferase plasmid RL-CMV (internal standard) and
flag-Tat into HEK293 cells. The dual luciferase activity and expression of Tat were assayed 48 h- post-transfection. B, pGL3-DPKPF and RL-CMV were transfected into HEK293
cells and recombinant Tat protein was added 24 h after the transfection. The dual luciferase activity and intracellular levels of Tat were measured 48 h- post-transfection. C,D,
pGL3-DPKPF and its mutants, as indicated, were transfected with or without RL-CMV and flag-tat into HEK293 cells. The dual luciferase activity was assayed 48 h after
transfection. E, A gel shift assay was performed to detect the direct interaction between Tat and the -63 to - | region of the DNA-PKcs promoter. |, Negative control, 32P-labeled
oligo; 2, 32P-labeled oligo+0.5 pg of Tat protein; 3, 32P-labeled oligo+| pg of Tat protein; 4, 32P-labeled oligo+2 pg of Tat (His-tagged) protein; 5, 32P-labeled oligo+2 pg of Tat
protein+100-fold of unlabeled scrambled oligo (nonspecific competitor); 6, 32P-labeled oligo+2 pg of Tat protein+100-fold of unlabeled oligo (specific competitor); 7, 32P-labeled
oligo+2 pg of Tat protein+anti-His antibody. F, Alignment of the HIV-1 5’ LTR 1-63 region and the DNA-PKcs promoter -63 to -1 region. Upper panel: a bioinformatic prediction
of transcription factor binding for the DNA-PKcs promoter -63 to -1 region. G, A model describing Tat protein binding to the core promoter region of DNA-PKcs. Please see
the text for details. In A, B and C, three independent transfection were performed and values were shown with average and SD. *P <0.05, **P <0.01.
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Direct interactions between Tat and
DNA-PKcs

The Tat protein localizes predominantly to the
cell nucleus and interacts with a number of nuclear
proteins, including Cyclin T1, CDKO9, Cyclin B1, etc.
[1-3]. DNA-PKcs also resides primarily in the nucleus
to maintain genomic integrity, especially under irra-
diating condition [9]. Based on this evidence, we

presumed that there is a direct interaction between
Tat and DNA-PKcs. To prove this, we performed a
reciprocal co-immunoprecipitation (Co-IP) experi-
ment using MT2 cell lysates containing ectopically
expressed myc-tagged Tat, followed by a subsequent
GST pull-down assay. The results demonstrated that
Tat and DNA-PKcs strongly interact with each other
(Fig. 3A, B).
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Figure 3. Direct interaction between Tat and DNA-PKcs. A, MT2 cells were transfected with a myc-Tat plasmid. The total cell lysates were immunoprecipitated with

normal IgG, anti-myc or anti-DNA-PKcs antibody, and a western blot was performed

using the indicated antibodies. B, GST and GST-Tat proteins were expressed in E. coli

Rosetta-strain cells, conjugated to glutathione beads and incubated with MT2 cell lysates. C, A schematic representation of the major domains of DNA-PKcs. D, The different
DNA-PKcs truncation mutant plasmids with myc-tags were co-transfected with flag-Tat into HEK293 cells. The immunoprecipitation was performed with an anti-myc antibody

and the WB was analyzed with the indicated antibodies.
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To further delineate the interaction domain of
DNA-PKcs, we constructed a series of trunca-
tion-mutant expression vectors of DNA-PKcs. We
co-transfected the myc-tagged truncation mutants
along with flag-tagged Tat into 293T cells to deter-
mine the interacting domains. As shown in Fig. 3D,
Tat strongly binds to the FAT domain of DNA-PKcs,
just upstream of the PI3K domain.

HIV-1 Tat activates DNA-PKcs in a
DNA-independent manner

It is well established that DNA-PKcs plays a
major role in non-homologous end joining, the pri-
mary pathway in mammals for repairing dou-
ble-strand breaks. Following irradiation, DNA-PKcs is
activated and auto-phosphorylates its Ser2056 [9, 23]
near the ends of the double-stranded DNA breaks.
However, the mechanism of DNA-activated au-
to-phosphorylation remains largely unknown. Be-
cause Tat interacts with DNA-PKcs, we questioned if
it also modulates the kinase activity of DNA-PKcs. We
detected the phosphorylation of Ser2056 in cells stably
expressing Tat (TE671-Tat) and in recombinant Tat
protein treated MT2 cells. As shown in Fig. 4A, both
endogenous and exogenous Tat strongly stimulated
DNA-PKcs auto-phosphorylation at Ser2056. To ver-
ify that Tat activates DNA-PKcs by direct interaction
rather that via other signaling pathways, we con-
ducted an in vitro DNA-PKcs kinase assay. The re-
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YH2AxX

52056 12609
P P

DNA-PKcs
—

DAPI

sults showed that in the presence of DNA, Tat acti-
vates DNA-PKcs in a dose-dependent manner. Inter-
estingly, Tat was capable of activating DNA-PKcs
even in the absence of DNA. Immunofluorescence
staining also confirmed that exogenous Tat activates
DNA-PKcs to phosphorylate H2Ax (Fig. 4C). Overall,

our results demonstrated that Tat activates
DNA-PKcs in a DNA-independent and dos-
age-dependent manner.
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Figure 4. HIV-1 Tat activates DNA-PKcs in a DNA-independent manner. A, DNA-PKcs $2056 phosphorylation in TE671, TE67|-Tat (stably expressing Tat), MT2 and
recombinant-Tat-treated MT2 cells was assayed with anti-S2056-p WB analysis. B, The in vitro kinase activity of DNA-PKcs was conducted with a DNA-Dependent Protein
Kinase Assay Kit (Promega). Upper panel: DNA-PKcs activity in the presence of double-stranded DNA; Lower panel: DNA-PKcs activity in the absence of double-stranded DNA.
Different concentrations of recombinant Tat were added as indicated. C, Tat stimulates the phosphorylation of H2Ax. Hela cells were seeded into six-well plates with coverslips
and treated with recombinant Tat protein for 2 h and were then fixed and stained as described in the Materials and Methods. Anti-yH2Ax (red), anti-S2056-p (green) and nuclear
staining by DAPI were performed. D, A model describing how Tat binds to DNA-PKcs and activates it in a DNA-independent manner.
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HIV-1 Tat regulates class switch
recombination

It was reported that DNA-PKcs plays a funda-
mental role in V(D)] recombination [15] and class
switch recombination (CSR) [10]. To determine
whether Tat regulates CSR by targeting DNA-PKcs,
we used CH12F3 cells capable of switching from IgM
to IgA. As shown in Fig. 5A and B, Tat inhibits CSR at
low concentrations (<4 pg/ml) and stimulates CSR at
high concentrations (=8 pg/ml).

DNA-PKcs modulates HIV transcription with
its kinase activity and by forming a complex
with CDK9, Cyclin Tl and Tat.

We have proven the interaction between Tat and
DNA-PKcs and the regulation of DNA-PKcs by Tat.
We next asked if DNA-PKcs modulates HIV-1 tran-
scription by binding to Tat. To verify this hypothesis,
we transfected the HIV-LTR reporter RL-CMV to-
gether with myc-Tat, YFP-DNA-PKcs, Si-lacZ or
Si-DPK plasmids into MT2 cells. As shown in Fig. 6A,
the overexpression of DNA-PKcs strongly inhibits
HIV transcription, while knockdown of DNA-PKcs

greatly stimulates HIV transcription. To further de-
termine if the kinase activity of DNA-PKcs is involved
in HIV transcription, we treated MT2 cells transfected
with the HIV-LTR reporter plasmid with NU7026, a
DNA-PKcs-specific inhibitor. The results demon-
strated that inhibition of DNA-PKcs kinase activity
drastically suppresses HIV transcription (Fig. 6B). In
HIV-1-infected T cells, Tat forms a ternary complex
with Cyclin T1 and CDKO9 to initiate transcription
[1-3]. To further investigate if DNA-PKcs forms a
larger complex comprised of Tat, Cyclin T1 and
CDKO9, we performed three immunoprecipitation ex-
periments using anti-DNA-PKcs, anti-Cyclin Bl and
anti-CDK9 antibodies in the presence or absence of
the Tat protein. As shown in Fig. 6C, DNA-PKcs in-
teracts directly with CDK9 but not Cyclin T1, though
Tat does not influence the affinity between DNA-PKcs
and CDK9. Although Cyclin T1 co-localizes with
DNA-PKcs, there is no direct interaction between the
two proteins. These results imply that the DNA-PKcs
protein suppresses HIV transcription by interacting
with Tat and CDK9 and stimulates HIV transcription
via its kinase activity.

A i %Bl. B2 1

107

105

TgA-PE

I=A-PE

10°-

B3 .. i
T10.7%" | 84.
ERCHEE b

e

e

114.3%

1gA-PE
1gA-PE

10%=
B1

112.9%

10:—2

10!

IgA-PE
IgA-PE

10°

IgM FITC

R Ry
O I

WY
S8

PRI

W

1 2 4 5 6 7 8
0 0 2 4 8 16 32 tat(ug/ml)
- + 4+ + 4+ + + +o

B1 2
1247%  [17.2%
104

101—3
= K [

O e
531.7% ]26.4%

‘.‘100. m..‘i‘ol. Hmlol. ‘10.‘3

IgA-PE
12A-PE

TgM-FITC

IgM-FITC
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plasmids, as indicated. B, The plasmids, as indicated, were transfected into MT2 cells and DMSO (control) or NU7026 (DNA-PKcs kinase inhibitor) were added to the cell culture
12 h after transfection. The dual luciferase activity was assayed 48 h after transfection for both A and B. C, After treatment with or without recombinant His-tagged Tat protein
(2 pg/ml) for 4 h, the total cell lysates were immunoprecipitated with normal IgG, anti-DNA-PKcs, anti-Cyclin T or anti-CDK?9 antibody, and a western blot was performed using
the indicated antibodies. D, MT2 cells were seeded into six-well plates with coverslips and transfected with a CFP-Tat plasmid and then fixed and stained as described in the
Materials and Methods. To increase the adherence of the MT2 cells to the coverslips, the coverslips were pretreated with 0.2% gelatin overnight, prior to seeding. An-
ti-DNA-PKcs (red), anti-Cyclin T (green) and nuclear staining by DAPI were performed. E, A model describing the assembly of the DNA-PKcs/Tat/Cyclin T1/CDK9 complex
at the HIV-1 5’ LTR and their mutual interaction and regulation. Please see the text for details. Three independent experimental replicates were performed for each group. **P

<0.01.
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Discussion

Although the DNA-PKcs promoter was identi-
fied 17 years ago [19, 20], there has been very little
research concerning its regulation at the transcrip-
tional level [24]. The reason is most likely ascribed to
its location on the chromosome and its relatively
small promoter when compared with other eukary-
otic genes. PRKDC and MCM4, which are neighbors
on chromosome 8§, are transcribed divergently and
share a small common promoter. There is no TATA or
CAAT box in the promoter region, a common feature
of housekeeping genes. Bioinformatics analysis has
demonstrated that there are a few indicators that
PRKDC is regulated at the transcriptional level. Re-
cent research showed that estrogen receptor-a binds
to the -220 region of the PRKDC promoter to activate
its transcription [24], which was the first demonstra-
tion that DNA-PKcs can be modulated at the tran-
scriptional level. Previous research has shown the
core promoter region to reside between -106 to -3,
with respect to ATG. However, our study further
shortened the core region to -63 to -1.

Unlike other transactivators, which only bind to
DNA, HIV-1 Tat can bind to HIV proviral DNA [25],
host cell DNA [26] and viral RNA LTRs and affect
transcription. In the HIV 5-LTR region, there are
multiple SP1 binding sites. However, whether Tat
regulates transcription by interacting with SP1 re-
mains controversial [21, 22]. Interestingly, comparison
between the PRKDC core promoter region and the
HIV-1 5" LTR revealed that they share a high homol-
ogy (>45%). Reporter and EMSA assays clearly
demonstrated that Tat represses PRKDC by directly
binding to its core promoter, most likely by binding to
its SP1 binding sites. Coincidently, our previous work
found that Tat stimulates Cyclin Bl expression by
targeting a region comprised of SP1 binding sites [17].
This implies that targeting SP1 binding sites may be a
commonly used mechanism by Tat to modulate gene
expression, although its up- or down-regulation de-
pends on other endogenous transcription factors.

As one of the most important regulatory proteins
encoded by HIV-1, Tat interacts with hundreds of
host-cell proteins to modulate their function [27, 28].
However, only a few interacting partners of
DNA-PKcs were reported and confirmed, including
Ku [8], c-Abl [29], Lyn tyrosine kinase[30] and KIP
[31], due to its large size. Our research further catego-
rized each partner to its own interacting protein list.
The Tat-interacting region of DNA-PKcs, which is
comprised of a FAT domain (3023-3470aa), is also
targeted by the Ku70/Ku80 heterodimer
(3002-3850aa) [29]. The canonical theory states that
DNA-PKGcs is activated by DNA breaks, via an unclear

mechanism, during NHE], CSR or V(D)] recombina-
tion [6, 8, 9, 32, 33]. When a DNA DSB occurs,
Ku70/Ku80 is recruited to the DSB sites, which fur-
ther recruits DNA-PKcs. DNA-PKcs is then activated
by the DNA ends. In vitro, DNA-PKcs has an intrinsic
affinity for DNA. In low salt buffers (<100 mM NaCl),
it is activated by DNA even in the absence of Ku or
any other regulatory subunits [34]. Interestingly, re-
cent research revealed that DNA-PKcs was activated
by HIV-1 viral integration to initiate apoptosis [35].
However, our results demonstrated a new mechanism
showing that DNA-PKcs can be activated by Tat in the
absence of DNA. This provides a very useful tool for
investigating the mechanism of DNA-PKcs activation.
Nevertheless, we do have observed the dual effect of
Tat on DNA-PKcs, and both are the direct action. We
considered that these are two independent events
produced by Tat, but concordantly facilitate the HIV-1
transcription and infection. On one hand, maintaining
of the kinase activity within a certain low level of
DNA-PKcs could be necessary and sufficient for
HIV-1 transcription (Figure 6A & B). On the other
hand, a deceased DNA-PKcs expression (but not
complete depletion) caused by Tat may play a role in
the immunopathogenesis processing of HIV-1 infec-
tion but without influence on its transcription.

As mentioned above, DNA-PKcs plays a critical
role in V(D)] recombination [15, 36, 37], but its role in
CSR remains controversial [6, 10-12, 38]. In develop-
ing lymphocytes, the Ig- and T-cell-receptor varia-
ble-region exons are assembled from germline varia-
ble (V), diversity (D) and joining (J) gene segments. In
this process, RAG endonuclease introduces DSBs
between V-, D- and J-coding sequences, and the fol-
lowing events are accomplished by members of the
NHE] pathway, including DNA-PKcs. Unlike its role
in V(D)J recombination, there is current debate as to
the role of DNA-PKcs in CSR. Bosma and associates
reported that DNA-PKcs is not required for Ig CSR,
by using Ig-transgenic SCID mice that lacked either
DNA-PKcs kinase activity or the DNA-PKcs protein
[11]. However, other groups have reported that
DNA-PKcs plays an indispensable role in CSR[6, 10,
12], which more closely resembles our own results. As
mentioned in the Results section, Tat paradoxically
down-regulates DNA-PKcs at the transcriptional level
but up-regulates its kinase activity. Interestingly, Tat
also shows opposing effects on CSR. At low concen-
trations, Tat suppresses CSR, while at high concen-
trations, Tat activates CSR. This can be explained by
stating that at low Tat concentrations, the transcrip-
tional-suppression effect of Tat dominates over its
kinase-activation effect, which has a reverse effect at
high Tat concentrations. However, other possibilities
cannot be ruled out. For example, Tat likely regulates
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CSR by targeting other NHE] effectors, including
Ku70, Ku80, Artemis, XRCC4, Lig4 and XLF.

Tat has been reported to suppress the immune
system, which is closely related to the effect of Tat on
cellular gene expression. Tat up-regulates IL-10 and
inhibits gp120-specific T-cell responses in an
IL-10-dependent manner [39]. In addition, Tat inhibits
interferon-induced nitric oxide synthase activity in
macrophages, which renders the host vulnerable to
infection [40]. The inhibitory effects of Tat on MHC I
expression also suggests another mechanism for the
induction of immune suppression by Tat [41, 42]. Tat
was reported recently to activate T-cell by induction
IL-17[43]. Tat may also play an important role in
CD4+ T-cell apoptosis induced by the up-regulation
of Cyclin B1 [17, 44, 45]. Our results provide new ev-
idence that Tat impairs humoral immunity by target-
ing DNA-PKcs, which plays a vital role in V(D)J and
class-switch recombination. However, the effect of Tat
on V(D)] recombination and its detailed mechanism in
modulating CSR still requires further investigation.

In the prevailing model of HIV transcription, Tat
binds to an RNA stem-loop structure called TAR, lo-
cated at the 5 end of all initiated viral transcripts.
After binding to TAR, Tat recruits the P-TEFb com-
plex, which is composed of cyclin T2 and CDKO [2,
46]. The P-TEFb complex phosphorylates serine resi-
dues in the C-terminal domain of RNA polymerase II
and potentiates the latter to synthesize full-length
HIV transcripts [3, 47, 48]. In addition to transcription
factors, SP1, CREB, elF2a and NF-xB have been re-
ported to be triggered by Tat. Tat promotes SP1
phosphorylation via an unknown mechanism, and
thereby, SP1 binds to the LTRs to up-regulate the HIV
promoter.

On the other hand, DN A-PKcs has been studied
in HIV-1 life cycle, but its role in virus integration
remained controversial [49-51]. Interestingly, HTLV-1
Tax protein, homology of HIV-1 Tat, also modulates
DNA-PKcs by direct binding [52]. Our results showed
that DNA-PKcs forms a large complex with Tat, cyclin
T1, and CDK1, and the over-expression of DNA-PKcs
will inhibit the transcription of HIV. A reasonable
explanation is that DNA-PKcs acts as a scaffold in this
complex and inhibits cyclin T1 or CDK9. However,
the inhibitory effect is not due to its kinase activity
because in vitro phosphorylation assays were unable
to prove that cyclin T1 or CDKO9 could be phosphory-
lated by DNA-PKcs (data not shown). In addition, the
kinase activity of DNA-PKcs is essential for HIV
transcription, as we demonstrated that the
DNA-PKcs-specific kinase inhibitor NU7026 could
drastically decrease HIV transcription. Moreover, SP1
was reported to be phosphorylated by DNA-PKcs
[53]. Based upon these results, we speculate that Tat

activates DNA-PKcs, which phosphorylates SP1, and
then SP1 stimulates HIV transcription. Recently, the
activation of DNA-PKcs was reported to involve in
killing of CD4* T cells during HIV-1 integration, and
inhibition of DNA-PKcs could abolish the cell death
during HIV-1 infection [35]. Taking together, the in-
hibitors or intervention measures directing toward
DNA-PKcs may provide additional strategy and val-
uable candidates for the search and development of
novel drugs of anti-HIV-1 therapeutics.

In conclusion, our study shows the dual effects
of HIV-1 Tat on DNA-PKGcs, i.e. depressing its tran-
scription and activating its kinase activity. The inter-
action of HIV-1 Tat and DNA-PKcs affects the class
switch recombination (CSR) in a Tat concentra-
tion-dependent manner. DNA-PKcs can form a large
complex comprised of Cyclin T1, CDK9 and Tat via
direct interacting with CDK9 and Tat. Our results
provide new mechanistic clues indicating the influ-
ence of Tat protein on the host humoral immunity.
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