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The DNA binding activity of NF-�B is critical for
VCAM-1 expression during inflammation. DNA-dependent
protein kinase (DNA-PK) is thought to be involved in
NF-�B activation. Here we show that DNA-PK is required
for VCAM-1 expression in response to TNF. The phosphor-
ylation and subsequent degradation of I-�B� as well as the
serine 536 phosphorylation and nuclear translocation of p65
NF-�B were insufficient for VCAM-1 expression in response
to TNF. The requirement for p50 NF-�B in TNF-induced
VCAM-1 expression may be associated with its interaction
with and phosphorylation by DNA-PK, which appears to be
dominant over the requirement for p65 NF-�B activation. p50
NF-�B binding to its consensus sequence increased its suscep-
tibility to phosphorylation by DNA-PK. Additionally, DNA-PK
activity appeared to increase the association between p50/p50
and p50/p65 NF-�B dimers upon binding to DNA and after
binding of p50 NF-�B to the VCAM-1 promoter. Analyses of
the p50 NF-�B protein sequence revealed that both serine 20
and serine 227 at the amino terminus of the protein are puta-
tive sites for phosphorylation by DNA-PK. Mutation of serine
20 completely eliminated phosphorylation of p50 NF-�B by
DNA-PK, suggesting that serine 20 is the only site in p50
NF-�B for phosphorylation by DNA-PK. Re-establishing wild-
type p50 NF-�B, but not its serine 20/alanine mutant, in p50
NF-�B�/� fibroblasts reversed VCAM-1 expression after TNF
treatment, demonstrating the importance of the serine 20
phosphorylation site in the induction of VCAM-1 expression.
Together, these results elucidate a novel mechanism for the
involvement of DNA-PK in the positive regulation of p50
NF-�B to drive VCAM-1 expression.

Expression of VCAM-12 on the surface of structural and
inflammatory cells, as well as endothelial cells, is critical for
the initiation and progression of inflammatory diseases, such
as asthma and arthrosclerosis (1, 2), as well as cancer (3). The
role of VCAM-1 expression in structural cells is believed to
facilitate transmigration, accumulation of leukocytes, and
cell-cell interactions at inflammatory sites (4–6). The expres-
sion of VCAM-1 and other adhesion molecules plays an im-
portant role in both the recruitment of Th2 cells and the ac-
cumulation of eosinophils in allergic inflammatory foci (7, 8).
Similarly, VCAM-1 is a determining factor in early lesion es-
tablishment during atherogenesis (9). Under these pathologi-
cal conditions, the expression of adhesion molecules like
VCAM-1 is induced by cytokines, such as TNF and IL-1�,
which are produced by a number of immune and structural
cells (1, 10).
DNA-PK is an important factor for repairing double-

stranded DNA breaks caused by DNA-damaging agents, such
as oxidative stress. DNA-PK is composed of two DNA-bind-
ing subunits (Ku70 and Ku86) and one 450-kDa catalytic sub-
unit (DNA-PKcs). Activated DNA-PKcs is a serine/threonine
kinase that has been shown to phosphorylate a number of
proteins in vitro, including p53, transcription factors, RNA
polymerase, and Ku70-Ku86. However, a very limited number
of reports have associated such phosphorylation events with
actual, functional outcomes (11). Elevated levels of DNA-PK
were observed in human atherosclerotic plaques (12), and
there is growing evidence demonstrating that DNA damage is
extremely important in the pathogenesis of atherosclerosis
(13).
NF-�B regulates many genes involved in mammalian im-

mune and inflammatory responses, apoptosis, cell prolifera-
tion, and differentiation. Activated NF-�B unmasks the nu-
clear translocation and binding of NF-�B to specific �B
consensus sequences in the chromatin as well as the activa-
tion of specific subsets of genes. p50 NF-�B is produced as an
inactive p105 precursor protein that lacks transactivation do-
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mains. Activated NF-�B is generally composed of p50/p65 or
p50/c-Rel heterodimers, whereas homodimeric complexes of
p50 or p52 are associated with transcriptional repression. The
decisive mechanisms that govern whether p50 NF-�B func-
tions as a suppressor or an activator of NF-�B-dependent
genes remain elusive (14).
VCAM-1 is a member of the immunoglobulin gene super-

family that is very important in the human immune system;
VCAM-1 also plays a dominant role in the initiation of ather-
osclerosis and asthma (6, 15). The VCAM-1 promoter har-
bors two putative �B sites that are required for induction by
TNF (16, 17). Many of the studies investigating the role of
NF-�B in VCAM-1 expression have focused on the function
of the p65 subunit. Studies addressing the mechanism by
which p50 NF-�B influences VCAM-1 gene expression are
lacking. Accordingly, such a mechanism remains to be eluci-
dated. The objective of the current study was to determine
the relationship between DNA-PK and VCAM-1, specifically
the involvement of p50 NF-�B in the expression of VCAM-1.

EXPERIMENTAL PROCEDURES

Cell Culture, Treatment Protocols, and Indirect
Immunofluorescence—293T cells as well as mouse embryonic
fibroblast (MEF) 3T3 and p50�/� NF-�B cells (18) were
maintained in DMEM supplemented with 10% fetal bovine
serum (FBS). M059K (DNA-PK-proficient) and M059J (DNA-
PK-deficient) cells were maintained in DMEM/F12 (1:1) me-
dium supplemented with 10% FBS, 1 mM L-glutamine, and 1%
nonessential amino acids. All culture supplies were purchased
from Invitrogen. Prior to treatment with TNF (10 ng/ml)
(Roche Applied Science, Mannheim, Germany) or IL-1� (2 or
10 ng/ml) (Sigma-Aldrich) for the indicated times, cells at
50–80% confluence were starved by incubation in medium
with 0.5% cell culture-tested BSA (Sigma-Aldrich) for 5 h. For
immunofluorescence, cells grown on chamber slides, treated
as indicated in the Fig. 2 legend, were then fixed with 3.7%
paraformaldehyde in PBS. Cells were permeabilized and sub-
jected to immunofluorescence as described (19) with antibod-
ies to p50 or p65 NF-�B.
Immunoblot Analysis, Nuclear Extract Preparations, EMSA,

and Conventional RT-PCR—After treatment with the indi-
cated reagents, cells were subjected to immunoblot analysis
essentially as described (20) with antibodies to I-�B�, VCAM,
p65 NF-�B, actin (Santa Cruz Biotechnology, Santa Cruz,
CA), DNA-PKcs, p50 NF-�B (Abcam, Cambridge, UK),
GAPDH, or GST (Novus Biologicals, Littleton, CO), as well as
antibodies to the phosphorylated forms (serine residues 32
and 36) of I-�B� (p-I-�B�) (Cell Signaling Technology, Dan-
vers, MA) or of p65 NF-�B at serine 536 (Abcam). The use of
antibodies against actin or GAPDH was related to the avail-
ability of the antibodies. Immune complexes were detected
with the appropriate secondary antibodies and chemilumines-
cence reagents (PerkinElmer Life Sciences). The preparation
of nuclear extracts was performed using a commercial kit
(Active Motif, Carlsbad, CA) according to the manufacturer’s
instructions. EMSA analysis of DNA binding activity in pre-
pared nuclear extracts was performed as described (21) using
a radiolabeled oligonucleotide containing the NF-�B consen-

sus sequence 5�-TCGACAGAGGGGACTTTCCGAGAG-
GCTCGA-3� (Promega, Madison, WI). For RT-PCR, total
RNA was extracted from cells using the RNeasy Plus micro kit
(Qiagen, Valencia, CA). One microgram of total RNA was
used as a template to make first-strand cDNA by random
priming using the iScript cDNA synthesis kit (Bio-Rad). Oli-
gonucleotide primers (Integrated DNA Technologies, San
Jose, CA) to specifically amplify a fragment of VCAM-1 or
�-actin were as follows: VCAM-1, forward primer, 5�-
TAAAATGCCTGGGAAGATGG-3�; reverse primer, 5�-
AGTTTTATGGCCTCCTCCTGA-3�; and �-actin, forward
primer, 5�-ACCGTGAAAAGATGACCCAGATC-3�; reverse
primer, 5�-TAGTTTCATGGATGCCACAGG-3�. The ampli-
fication program was as follows: 5 min at 94 °C, 30 s at 94 °C,
45 s at 60 °C, and 45 s at 72 °C. The cycle numbers were opti-
mized for each primer pair. The PCR products were then in-
cubated for 15 min at 72 °C. The resulting PCR products were
subjected to electrophoresis in a 2% agarose gel and stained
with ethidium bromide.
Construction ofWild-type GST-p50 NF-�B andMutant GST-

p50 NF-�B Plasmids, Transfections, and Electroporation—
For the construction of the GST-p50 NF-�B expression vec-
tor, the p50 NF-�B cDNA was cloned into the Gateway entry
vector pENTR/SD/D-TOPO (Invitrogen). The accuracy of the
construct was verified by sequence analysis. The expression
clone was generated by performing an LR recombination re-
action between the entry clone and the destination vector
GST-pDEST27 (Invitrogen). Phosphorylation prediction soft-
ware, NetPhosK 1.0 and NetPhos 2.0, was used to locate pos-
sible DNA-PK phosphorylation sites on p50 NF-�B. p50
NF-�B site-directed mutants were prepared using the Gen-
eTailor site-directed mutagenesis system (Invitrogen). All
sequences were confirmed by sequencing. 293T cells were
transiently transfected with the GST-p50 NF-�B vector using
Lipofectamine LTX (Invitrogen). MEF p50�/� NF-�B cells
were transfected using the Amaxa MEF1 Nucleofector kit
(Lonza, Walkersville, MD). The transfections were performed
according to the manufacturer’s specifications and
instructions.
Short Interfering RNA (siRNA) and Short Hairpin RNA

(shRNA)—Knockdown of DNA-PKcs expression in DNA-PK-
proficient M059K cells was achieved using DNA-PKcs siRNA
(sc-35200, Santa Cruz Biotechnology) or DNA-PKcs shRNA
(sc-35200-V, Santa Cruz Biotechnology). Both transfection
and transduction were performed according to the manufac-
turer’s specifications.
GST Pulldown and Immunoprecipitation—293T cells were

transiently transfected with the GST-p50 NF-�B vector or its
mutants using Lipofectamine LTX (Invitrogen). GST-p50
NF-�B was pulled down using glutathione-SepharoseTM 4 fast
flow (GE Healthcare). Immunoprecipitation was conducted
using nuclear extracts essentially as described (21).
In Vitro Kinase Assay—Purified recombinant wild-type

GST-p50, GST-p50 mutants, or His-tagged p50 NF-�B (Pro-
mega, Madison, WI or Axxora, San Diego, CA) and DNA-PK
kinase (Promega) were incubated in kinase reaction buffer
containing 4 mM ATP and 10 �Ci of [�-32P]ATP
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(PerkinElmer Life Sciences). The samples were resolved using
SDS-PAGE followed by autoradiography.
Chromatin Immunoprecipitation Assay (ChIP)—Cells were

treated as described in the Fig. 3 and 5 legends and fixed with
formaldehyde to cross-link the chromatin and nuclear pro-
teins. The ChIP assay was conducted using a kit (Active Mo-
tif) according to the manufacturer’s instructions. Briefly, after
enzymatic shearing, antibodies against p50 NF-�B were added
to precipitate the sheared chromatin. After cross-linking re-
versal, DNA was isolated. One-tenth of the final precipitated
DNA was used in each reaction. The following primers were
used. To target one �B site on the human VCAM-1 promoter,
5�-CCAATGGGGGAGATAGACCT-3� and 5�-ACCG-
CAAACCCAGTTAAAAA-3� were used to target the �1015
to �775 region, or to target one site on the murine VCAM-1
promoter, 5�-GAACGGCCATAGGAAAATCA-3� and 5�-
TAATTGCCTGCCTAACTTGGCATCCATTTCTGC-3�
were used to target the �296 to �53 region.

Data Analysis—All data are expressed as the means � S.E.
PRISM software (GraphPad, San Diego, CA) was used to ana-
lyze the differences between experimental groups by two-way
analysis of variance followed by Bonferroni post tests to com-
pare replicate means by row.

RESULTS

DNA-PK Is Required for VCAM-1 Expression in Response to
TNF Treatment—We took advantage of DNA-PK-proficient
(M059K) and -deficient (M059J) cells isolated from the same
glioblastoma (Fig. 1A) to test whether DNA-PK is critical for
VCAM-1 expression in response to TNF. Fig. 1B shows that
TNF treatment induced time-dependent expression of VCAM-1
protein in the DNA-PK-proficient (M059K) cells and that such
an expression pattern was absent in the DNA-PK-deficient
(M059J) cells. This clearly suggests that DNA-PK is required for
the expression of VCAM-1 in response to TNF. The require-
ment of DNA-PK for VCAM-1 expression does not appear to be

FIGURE 1. DNA-PK is required for VCAM-1 expression in response to TNF treatment. A, immunoblot analysis of extracts from untreated M059K (DNA-
PK-proficient) or M059J (DNA-PK-deficient) cells with antibodies to human DNA-PKcs or GAPDH. B, M059K and M059J cells were stimulated with TNF for
different times, after which protein extracts were subjected to immunoblot analysis with antibodies to VCAM-1 or GAPDH. Con, control. C, M059K and
M059J cells were stimulated with 2 or 10 ng/ml IL-1� for 18 h, after which protein extracts were subjected to immunoblot analysis with antibodies to
VCAM-1 or GAPDH. D and E, cells were treated with TNF for 6 h, after which total RNA was prepared and subjected to cDNA generation followed by conven-
tional (D) or quantitative (E) PCR with primers specific to human VCAM-1 or �-actin. *, different from respective untreated cells; #, different from TNF-treated
M059K cells; p � 0.01. F, M059K cells were treated with different doses of DNA-PKcs siRNA; 48 h later, protein extracts were prepared and subjected to im-
munoblot analysis with antibodies to DNA-PKcs or GAPDH. G, M059K cells were treated with siRNA against DNA-PKcs or control siRNA; 48 h later, cells were
treated with TNF for 18 h. Protein extracts were subjected to immunoblot analysis with antibodies to VCAM-1 or GAPDH. H, M059K cells were transduced
with a lentiviral vector (Santa Cruz Biotechnology) expressing either control shRNA or an shRNA targeting DNA-PKcs. Forty-eight hours later, cells were
treated with TNF for 18 h, and the resulting protein extracts were subjected to immunoblot analysis with antibodies to DNA-PKcs, VCAM-1, or GAPDH.
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limited to TNF as the DNA-PK-deficientM059J cells failed to
efficiently induce the adhesionmolecule in response to IL-1�
(Fig. 1C). The requirement of DNA-PK is likely at the mRNA
level as assessed by conventional (Fig. 1D) or quantitative PCR
(Fig. 1E), suggesting an important role for DNA-PK in the tran-
scription of VCAM-1.Moreover, DNA-PK appears to be re-
quired for the transcription of a great number of additional NF-
�B-dependent genes in response to TNF, such as inducible
nitric-oxide synthase, BCL3, CD40, IL-8, IL-10, TLR7, and TLR9
among others (see supplemental Fig. S1).
To confirm that the observed dependence of VCAM-1 ex-

pression on DNA-PK was due to DNA-PK and not to any dif-
ference that might have developed between the two cell lines
over time, we examined the effects of DNA-PK knockdown
with specific siRNAs (Fig. 1F) on the expression of VCAM-1
following TNF treatment. Indeed, knockdown of DNA-PKcs
severely reduced VCAM-1 expression in TNF-treated M059K
cells when compared with cells that were transfected with
control siRNA (Fig. 1G). This was further confirmed using a
lentiviral vector-expressing shRNA, targeting DNA-PKcs (Fig.
1H). Together, these results establish a strong relationship
between the expression of DNA-PK and VCAM-1 in response
to TNF. The next question to answer was how DNA-PK influ-
ences transcription of VCAM-1 upon TNF stimulation.

I-�B� Phosphorylation and Its Subsequent Degradation as
Well as p65 NF-�B Phosphorylation and Nuclear Transloca-
tion Are Insufficient for the Induction of VCAM-1 Expression
in Response to TNF Stimulation—To begin examining the
mechanism by which DNA-PK regulates VCAM-1 expres-
sion, we examined the possibility that DNA-PK influences
TNF-induced, NF-�B-dependent signal transduction. Surpris-
ingly, I-�B� phosphorylation and subsequent degradation
were very similar in both TNF-treated DNA-PK-proficient
cells (M059K) and TNF-treated DNA-PK-deficient (M059J)
cells (Fig. 2A), preserving the transient nature of I-�B� phos-
phorylation and degradation. Interestingly, a moderate level
of I-�B� phosphorylation persisted in TNF-treated M059J
cells, which does not explain the complete absence of
VCAM-1 expression. These results strongly suggest that the
NF-�B signal transduction machinery after TNF stimulation
was intact in the DNA-PK-deficient cells and that the defect
may reside in the actual translocation of the transcription fac-
tor to the nucleus rather than in its association with I-�B�.
Fig. 2, B and C, show that DNA-PK deficiency does not in-
duce any noticeable alteration in the translocation patterns of
p65 or p50 NF-�B to the nuclei of TNF-treated cells. A quan-
titative assessment of NF-�B subcellular localization did not
reveal any significant changes between the translocation pat-

FIGURE 2. Effects of DNA-PK deficiency on I-�B� phosphorylation and its subsequent degradation and NF-�B phosphorylation and nuclear translocation
in response to TNF stimulation. A, M059K and M059J cells were treated with TNF for the indicated times, after which protein extracts were subjected to immuno-
blot analysis with antibodies to I-�B�, phosphor(Ser-36)-I-�B� ([p]-I-�B�(S32/36)), or GAPDH. M059K and M059J cells grown in chamber slides were treated with
TNF for the indicated times. Con, control. B and C, cells were then fixed and subjected to immunofluorescence staining with antibodies to p65 (B) or p50 NF-�B (C)
followed by staining with DAPI (nuclei). D, the immunoblots displayed in A were stripped and reprobed with antibodies to the phosphorylated form of p 65 NF-�B
at serine 536 ([p]p65NF-�B(S536)) or to antibodies recognizing full-length p65 NF-�B. Note that the immunoblot for GAPDH is the same as displayed in A.
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terns of NF-�B to the nuclei of M059K and M059J cells upon
TNF treatment (data not shown).
The release of NF-�B from inhibition by I-�B� phosphory-

lation of the p65 subunit at serines 276, 529, and 536 is deci-
sive for its interaction with transcriptional co-activators, such
as CREB-binding protein (CBP)/p300, and for binding to the
�B sequences of target genes (22). TNF induced robust phos-
phorylation of p65 NF-�B at the serine 536 site in DNA-PK-
proficient cells, and the effect was slightly reduced in DNA-
PK-deficient cells (Fig. 2D). Similar to the effects of DNA-PK
deficiency on I-�B� phosphorylation, such modest changes
do not explain the severe reduction of VCAM-1 in TNF-
treated DNA-PK-deficient cells. These results suggest that
DNA-PK does not critically regulate I-�B� phosphorylation
or degradation or p65 NF-�B phosphorylation and nuclear
translocation. Similar results were attained in TNF-treated
M059K cells that were subjected to DNA-PKcs knockdown
(data not shown). These results suggest that the regulatory
step affected by DNA-PK may reside after the actual translo-
cation of the transcription factor to the nuclei of TNF-treated
cells.
Requirement of p50 NF-�B for VCAM-1 Expression in Re-

sponse to TNF Is Dominant over the Requirement for p65
NF-�B Activation and May Be Associated with the Interaction
between p50 NF-�B and DNA-PK and the Requirement of
DNA-PK for Efficient �B Site Occupancy by p50 NF-�B on the
VCAM-1 Promoter—As shown above, DNA-PK deficiency
exerted little effect on p65 NF-�B activation, and what effect

it had did not explain the drastic reduction in VCAM-1 ex-
pression in DNA-PK-deficient cells following TNF treatment.
Accordingly, we surmised that the relationship between the
DNA-PK and VCAM-1 was potentially associated with the
regulation of the p50 NF-�B subunit. Initially, we examined
whether VCAM-1 expression could be affected by p50 NF-�B
deficiency. TNF induced robust VCAM-1 expression in wild-
type MEFs that was severely compromised in p50 NF-�B�/�

cells (Fig. 3A). Such effects were independent of the fate of
I-�B� as the phosphorylation and subsequent degradation of
the inhibitor were very similar in both TNF-treated wild-type
(WT) and TNF-treated p50 NF-�B�/� cells (Fig. 3B). Al-
though p50 NF-�B deficiency promoted a moderate reduction
in the expression of p65 NF-�B, the extent of its phosphoryla-
tion upon TNF treatment was virtually identical to that ob-
served in the WT cells. These results strongly suggest that the
TNF-induced NF-�B signal transduction machinery is not
critically altered by p50 NF-�B deficiency. These results also
suggest that p65 NF-�B activation is insufficient to induce
VCAM-1 expression and that p50 NF-�B may play a domi-
nant role in determining the expression of the adhesion
molecule.
Given that p50 NF-�B is generally regarded as either an

assisting partner of the p65 subunit or a suppressor of tran-
scription when present as a homodimer, we surmised that
DNA-PK might influence p50 NF-�B to function as a gene
expression-promoting factor. Our initial effort was aimed at
determining whether there was a physical interaction between

FIGURE 3. Requirement of p50 NF-�B for TNF-induced VCAM-1 expression is dominant over the requirement for p65 NF-�B activation and may be
associated with the interaction between p50 NF-�B and DNA-PK and the requirement for DNA-PK for efficient �B site occupancy on the VCAM-1
promoter by p50 NF-�B. A, MEFs derived from WT or p50�/� NF-�B mice were treated with 10 ng/ml TNF for 18 h. Protein extracts were subjected to im-
munoblot analysis with antibodies to VCAM-1 or GAPDH. Con, control. B, WT and p50�/� NF-�B MEFs were treated with TNF for the indicated times, after
which protein extracts were subjected to immunoblot analysis with antibodies to I-�B�, phospho(Ser-32/36)-I-�B� ([p]-I-�B�(S32/36)), phospho(Ser-536)-
p65 NF-�B ([p]p65 NF-�B (S536)), p65 NF-�B, or actin. C, M059K cells were treated with TNF for 1 h, after which nuclear extracts were prepared and subjected
to immunoprecipitation (IP) with antibodies to DNA-PKcs or with normal IgG. Immunoprecipitates were subjected to immunoblot analysis with antibodies
to DNA-PKcs. Ten percent of the amount used for immunoprecipitation was used as input control (see supplemental Fig. S2 for the original uncropped im-
munoblot). D, M059K or M059J cells were treated with TNF for the indicated times. Cells were then fixed and subjected to ChIP assay using antibodies to
p50 NF-�B. Levels of immunoprecipitated chromatin fragments (�1015 to �775 region) of the human VCAM-1 promoter or input were examined by PCR.
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DNA-PK and p50 NF-�B. Using an immunoprecipitation
strategy with antibodies to DNA-PKcs and nuclei extracts
prepared from TNF-treated cells, we showed that DNA-PK
and p50 NF-�B could interact in the nuclei of TNF-treated
DNA-PK-proficient cells, suggesting a potential direct rela-
tionship (Fig. 3C). These results suggest that a physical inter-
action between DNA-PK and p50 NF-�B may result in the
phosphorylation of p50 NF-�B.
We next examined whether expression of DNA-PK influ-

enced p50 NF-�B occupancy of the �B site on the VCAM-1
promoter using a ChIP assay with antibodies against the tran-
scription factor. Fig. 3D shows that in DNA-PK-proficient
(M059K) cells, TNF treatment induced a rapid and transient
binding of p50 NF-�B to the �1015- to �775-region of the
human VCAM-1 promoter. Such a pattern of �B binding was
largely absent in the DNA-PK-deficient (M059J) cells except
for minimal binding after 10 min of TNF treatment, suggest-
ing that the kinase may influence the binding of the transcrip-
tion factor to the VCAM-1 promoter.
DNA-PK Phosphorylates p50 NF-�B, and Binding of the

Transcription Factor to a �B-containing DNA Sequence
Greatly Enhances Its Susceptibility to Such Phosphorylation—
DNA-PK has been shown to phosphorylate a number of pro-
teins, including itself, p53, several transcription factors, and
RNA polymerase (11). To test the above mentioned possibili-
ties, we utilized a cell-free system using purified recombinant

proteins in a DNA-PK phosphorylation reaction. Fig. 4A
shows that, as expected, DNA-PK phosphorylated its known
substrates, p53 and itself. The affinity of DNA-PK to its sub-
strates, such as p53, is much higher than that to itself, which
explains the reduction in DNA-PK autophosphorylation when
combined with p53. Fig. 4B shows that p50 NF-�B is an excel-
lent substrate for the kinase. The substantially lower levels of
autophosphorylation of DNA-PK are indicative of its higher
affinity toward p50 NF-�B. To further support the finding
that DNA-PK could phosphorylate p50 NF-�B, we subjected
p50 NF-�B to a DNA-PK kinase reaction with non-radioac-
tive ATP. The proteins were then separated by high density
SDS-PAGE followed by immunoblot analysis. The addition of
DNA-PK and sonicated DNA generated a lower mobility
band that was recognized by antibodies against p50 NF-�B
(Fig. 4, C and D), suggestive of a phosphorylated form of the
protein. Altogether, these results demonstrate that p50
NF-�B can be influenced by DNA-PK. However, these data
are insufficient to unequivocally show that such influence
plays a critical role in VCAM-1 expression.
To determine whether p50 NF-�B binding to its consensus

sequence influences its susceptibility to phosphorylation by
DNA-PK, we incubated the transcription factor with either a
500-bp �B-containing dsDNA sequence isolated from the E2F
promoter (23, 24) or a poly(dI-dC) synthetic polynucleotide
prior to the kinase reaction. Fig. 4, E and F, show that incuba-

FIGURE 4. Phosphorylation of p50 NF-�B by DNA-PK, effects of p50 NF-�B binding to a �B-containing DNA sequence on phosphorylation sus-
ceptibility, and consequences of p50 NF-�B phosphorylation on its DNA binding activity. A and B, in vitro kinase assay was performed using
[32P]ATP and purified DNA-PK complex (Promega) with pure recombinant p53 (A), a positive control, or recombinant p50 NF-�B (B). The reactions were
terminated by the addition of sample buffer and subjected to SDS-PAGE followed by autoradiography. [p] indicates phospho. C, the kinase reaction was
repeated with cold ATP, and the reaction was subjected to immunoblot analysis with antibodies to p50 NF-�B; D represents a larger image of the double
band for better visualization. E, recombinant p50 NF-�B was incubated in the presence of either a 500-bp �B-containing fragment of the E2F gene promoter
or synthetic poly(dI-dC) for 15 min before the addition of DNA-PK and [32P]ATP in the kinase reactions. The reactions were terminated and subjected to
SDS-PAGE followed by autoradiography. 32P incorporation in the p50 NF-�B bands was assessed using a Storm PhosphorImager system (GE Healthcare).
pdI-pdC, poly(dI-dC). F, data are the means � S.D. of values from three separate reactions. *, different from p50 NF-�B phosphorylated in a reaction contain-
ing poly(dI-dC); p � 0.01. G, autophosphorylation of DNA-PK in response to activation by either poly(dI-dC) or the 500-bp �B-containing fragment of the
E2F gene promoter. H, p50 NF-�B was incubated in a kinase reaction in the presence or absence of DNA-PK, ATP (cold), and the DNA-PK inhibitor wortman-
nin (WTM) as shown in the figure. All kinase reactions were terminated by the addition of wortmannin. The reactions were then subjected to EMSA with a
32P end-labeled oligonucleotide containing the NF-�B-binding site. Gels were dried and subjected to autoradiography. I, p50 NF-�B was incubated in the
presence or absence of DNA-PK in a kinase reaction. After reaction termination by wortmannin, p65 NF-�B was added prior to incubation with the 32P-la-
beled NF-�B oligonucleotide probe.
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tion of p50 NF-�B with the �B-containing E2F promoter sig-
nificantly increased its phosphorylation by DNA-PK by more
than 3-fold when compared with levels achieved using the
synthetic, nonspecific poly(dI-dC) sequence. Such differences
in p50 NF-�B phosphorylation were not the result of an in-
crease in DNA-PK kinase activity as assessed by autophos-
phorylation in the absence of p50 NF-�B (Fig. 4G).
Phosphorylation of p50 NF-�B by DNA-PK Promotes a

Higher Level of Binding to the �B Sequence and an Elevation
in the Formation of p50/p50 and p50/p65 Dimers—We next
investigated the potential consequence(s) of DNA-PK phos-
phorylation of p50 NF-�B by examining the effects of such a
modification on the interaction of p50 NF-�B with its target
�B sequence in vitro. When p50 NF-�B was incubated with
DNA-PK in the presence of ATP, its binding to the �B se-
quence was markedly increased (Fig. 4H). The increase in
DNA binding activity was eliminated by either the absence of
ATP or the addition of the DNA-PK inhibitor wortmannin.
The addition of DNA-PK and ATP also enhanced the binding
of the p50 and p65 NF-�B subunits to the �B sequence (Fig.
4I). These results suggest that DNA-PK-mediated modifica-
tion of p50 NF-�B enhances its binding to its target sequence
as a homodimer or as a heterodimer with p65 NF-�B, which
may indicate a more robust binding to the promoters of target
genes, resulting in more pronounced gene expression.
DNA-PK Phosphorylates a Single Serine Residue, Ser-20, at

the Amino Terminus of p50 NF-�B, and This Phosphorylation
Is Required for TNF-induced VCAM-1 Expression—A critical
issue was to determine the site(s) of DNA-PK-mediated phos-
phorylation of p50 NF-�B. We used NetPhosK 1.0 and Net-
Phos 2.0 software (Center for Biological Sequence Analysis)
(25) to identify the sites at which DNA-PK might phosphory-
late p50 NF-�B. The analysis revealed serines 20 and 227 of
the amino terminus of p50 NF-�B as potential phosphoryla-
tion sites (Fig. 5A). When Ser-20 was substituted with an ala-
nine (S20A), DNA-PK no longer phosphorylated p50 NF-�B
(Fig. 5B), suggesting that this site was the sole site at which
DNA-PK could modify the transcription factor. Mutation of
Ser-227 did not abolish DNA-PK-mediated phosphorylation
(data not shown), strengthening the conclusion that Ser-20 is
the sole phosphorylation site of p50 NF-�B. To determine the
importance of the Ser-20 phosphorylation site in VCAM-1
expression, p50 NF-�B�/� MEFs were transfected with ex-
pression vectors encoding either GST-tagged WT p50 NF-�B
or S20A mutant p50 NF-�B (Fig. 5C). Transfected cells were
then treated with TNF for 18 h, after which total cellular ex-
tracts were subjected to immunoblot analysis with antibodies
against VCAM-1, GST, or GAPDH. Expression of the WT,
but not the S20A mutant, p50 NF-�B induced expression of
VCAM-1 following TNF treatment (Fig. 5D). The expression
levels of the WT and mutant p50 proteins were relatively the
same in the transfected cells. These results demonstrate the
importance of the Ser-20 phosphorylation site on p50 NF-�B
for the expression of VCAM-1 in response to TNF.
To further establish the correlation between Ser-20 phos-

phorylation and p50 NF-�B DNA binding activity, GST-
tagged WT or mutant recombinant proteins were subjected
to a kinase reaction with DNA-PK followed by an assessment

of their respective DNA binding activity by EMSA. Fig. 5E
shows that although incubation of WT p50 NF-�B with
DNA-PK markedly increased its DNA binding activity to the
�B sequence, incubating the mutant protein with the kinase
did not improve its binding activity to the DNA sequence.
These results further exemplify the importance of the Ser-20
site and its phosphorylation by DNA-PK for the DNA binding
activity of p50 NF-�B.

Using the ChIP assay, we next examined whether the
Ser-20 phosphorylation site on p50 NF-�B influenced the oc-
cupancy of the transcription factor of its binding site on the
VCAM-1 promoter in p50 NF-�B�/� MEFs transfected with
either the WT or the S20A mutant p50 NF-�B-encoding plas-
mids. Fig. 5G shows that in p50 NF-�B�/� MEFs transfected
with WT p50-encoding plasmid, TNF treatment induced a
rapid and biphasic binding of p50 NF-�B to the �296- to
�53-region of the mouse VCAM-1 promoter. In p50 NF-

FIGURE 5. Phosphorylation of p50 NF-�B on a single serine residue (ser-
ine 20) at the amino terminus and requirement of this phosphorylation
site for TNF-induced VCAM-1 expression. A, using NetPhosK 1.0 and Net-
Phos 2.0 software, two DNA-PK phosphorylation sites on p50 NF-�B at
serines 20 and 227 were predicted. B, p50 NF-�B-tagged with GST was sub-
jected to site-directed mutagenesis to achieve the substitution of alanine
for serine 20. The generated expression vectors were transiently transfected
into 293T cells. Purified WT or S20A mutant GST-tagged p50 NF-�B proteins
were subjected to immunoblot analysis with antibodies to GST. C, purified
WT or S20A mutant GST-tagged p50 NF-�B proteins were subjected to a
kinase reaction with DNA-PK and [32P]ATP; the reactions were terminated
by the addition of sample buffer and subjected to SDS-PAGE followed by
autoradiography. [p] indicates phospho. D, p50�/� NF-�B MEFs were trans-
fected with plasmids expressing WT or S20A mutant p50 (p50 S20/A) NF-�B
or a control vector (Con) by electroporation. Cells were then treated with
TNF for 18 h. The resulting protein extracts were subjected to immunoblot
analysis with antibodies to VCAM-1, GST, or actin. E, purified WT or S20A
mutant GST-tagged p50 NF-�B proteins were incubated in a kinase reaction
in the presence or absence DNA-PK and ATP (cold). All kinase reactions
were terminated by the addition of wortmannin. The reactions were then
subjected to EMSA with a 32P end-labeled oligonucleotide containing the
NF-�B-binding site. Gels were dried and subjected to autoradiography.
F, p50�/� NF-�B MEFs were transfected with plasmids expressing WT or
S20A mutant p50 NF-�B or a control vector (Con) by electroporation. Pro-
tein extracts from untreated cells were subjected to immunoblot with anti-
bodies to GST or actin. G, a ChIP assay was performed using antibodies to
p50 NF-�B in WT or S20A mutant p50-expressing p50�/� NF-�B MEFs
treated with TNF for the indicated times. Levels of immunoprecipitated
chromatin fragments (the �296 to �53 region) of the mouse VCAM-1 pro-
moter or input were examined by PCR.
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�B�/� MEFs transfected with the S20A mutant p50-encoding
plasmid, TNF treatment induced a short and weak binding of
the mutant p50 NF-�B to the same region of the mouse
VCAM-1 promoter. These results strongly support the im-
portance of the Ser-20 phosphorylation site for the efficient
occupancy of the transcription factor to its binding site on the
VCAM-1 promoter, ultimately affecting the expression of the
adhesion molecule.

DISCUSSION

Expression of VCAM-1 is critical for the initiation and pro-
gression of numerous inflammatory diseases, including ather-
osclerosis and asthma, as well as for the metastasis of a num-
ber of different types of cancer (6, 15, 26). The involvement of
DNA-PK in both inflammation and the regulation of inflam-
matory gene transcription has yet to be addressed. Most stud-
ies that have investigated the potential involvement of
DNA-PK in gene regulation have focused primarily on the
DNA damage response (27–29). In the current study, we
demonstrated that DNA-PK expression is crucial for the ex-
pression of the adhesion molecule VCAM-1 in response to
TNF. We demonstrated that p50 NF-�B is an excellent sub-
strate for DNA-PK and that the consequences of such phos-
phorylation are directly related to the ability of p50 NF-�B to
drive the transcription of VCAM-1 as well as a number of
additional NF-�B-dependent genes. Phosphorylation of p50
NF-�B appears to enhance its binding to DNA as either a ho-
modimer or a heterodimer with p65 NF-�B. DNA-PK expres-
sion appears to be required for the efficient occupancy of the
�B site on the VCAM-1 promoter by p50 NF-�B. The phos-
phorylation of p50 NF-�B on serine 20 to regulate VCAM-1
expression is supported by the finding that re-establishing the
phosphorylation of p50 NF-�B, but not of the serine 20/ala-
nine mutant, allowed p50 NF-�B�/� cells to express VCAM-1
upon TNF treatment. Further, a mutation of this phosphory-
lation site severely hampered �B site occupancy on the pro-
moter of the VCAM-1 gene. The results of the current study
not only present a novel mechanism by which VCAM-1 ex-
pression is regulated but also elucidate a completely new
mechanism by which p50 NF-�B can play a dominant, posi-
tive role in the expression of VCAM-1 and in which the func-
tion of DNA-PK appears to be crucial.
The role of DNA-PK in NF-�B-associated signal transduc-

tion has been addressed by several studies; some of these ana-
lyses have determined that the connection between DNA-PK
and NF-�B is exclusively limited to DNA damage. In fact,
Basu et al. (27) showed that DNA-PK is required for both
NF-�B activation, as assessed by EMSA, and phosphorylation
of I-�B� in response to DNA damage but not in response to
TNF. This positive function of DNA-PK was recently corrob-
orated in a study using the DNA-damaging agent N-benzy-
ladriamycin, a catalytic inhibitor of topoisomerase II (29).
Conversely and interestingly, Liu et al. (28) reported a modu-
lating function of DNA-PK in NF-�B signaling. DNA-PK was
shown to phosphorylate both serine 36 and threonine 273 but
not serine 32 of I-�B�; this modification rendered I-�B� a
more potent inhibitor when compared with the unmodified
protein. These conflicting results demonstrate the complexity

of the involvement of DNA-PK in NF-�B signaling. Cellular
responses to DNA damage differ greatly according to the na-
ture of the insult as well as to the type and level of the result-
ing damage, which may explain the discrepancies in the above
mentioned studies. Such results also require the differentia-
tion of various inducers of DNA damage in terms of the role
of DNA-PK activation in the regulation of gene transcription.
In addition to in vitro experiments, our study focused on the
cellular responses to TNF treatment and the involvement of
DNA-PK in the regulation of VCAM-1 expression. It is note-
worthy that upon TNF treatment, the phosphorylation and
subsequent degradation patterns of I-�B� in both DNA-PK-
proficient and DNA-PK-deficient cells were relatively similar,
arguing against the possible involvement of DNA-PK in the
direct phosphorylation of the NF-�B inhibitor in response to
TNF stimulation.
TNF has been shown to increase the production of H2O2 in

treated cells, constituting an oxidant signal and ultimately
causing DNA damage (30, 31). A number of reports, including
those from our laboratory, showed that pyrrolidine dithiocar-
bamate, an iron-chelating agent, could block TNF-induced
VCAM-1 expression, in part, by inhibiting NF-�B activation
(32, 33). Pyrrolidine dithiocarbamate prevents superoxide
formation by chelating the iron required for the Fenton reac-
tion, thereby blocking the generation of DNA breaks.
Whether TNF treatment induces the generation of H2O2 that
causes the DNA damage responsible for the activation of
DNA-PK is unlikely given the observation that DNA-PK-pro-
ficient M059J cells do not express VCAM-1 upon direct treat-
ment with H2O2 (data not shown). Thus, it is unclear what
the triggering factor(s) responsible for both DNA-PK activa-
tion and VCAM-1 expression is in our experimental model.
Currently, we do not know the underlying reason for the fail-
ure of M059K cells to respond to H2O2 treatment. Ko and
Chin (34) reported that DNA-PK could be activated by thy-
roid hormone receptor-binding protein (TRBP) in the ab-
sence of DNA ends. Furthermore, Soutoglou and Misteli (35)
recently showed that activation of the DNA damage response,
including its induction by DNA-PK, could occur in the ab-
sence of DNA damage, suggesting the potential existence of
mechanisms that govern DNA-PK activation without accom-
panying DNA damage. A great deal of experimentation is re-
quired to establish the exact mechanism by which DNA-PK is
activated independently of DNA damage.
The members of the NF-�B family can form, theoretically,

all possible combinations of homo- and heterodimers as
dimerization is an obligatory regimen for DNA binding (36).
The p50/p65 NF-�B complex is present in nearly all cells and
is usually the most abundant. p50 homodimers are weak or
inert gene activators and, in many instances, are considered
suppressors because of competition with the transcriptionally
active p50/p65 heterodimer (36). Our results suggest that the
phosphorylation of p50 NF-�B on serine 20 by DNA-PK af-
fects the formation of p50/p50 NF-�B and p50/p65 NF-�B
dimers. Using p50 NF-�B�/� MEFs, we confirmed the re-
quirement for serine 20 phosphorylation in VCAM-1 expres-
sion. We also showed that this phosphorylation is enhanced
upon the binding of p50 NF-�B to DNA and appears to be a
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determinant for the interaction of NF-�B with and phos-
phorylation by DNA-PK. This observation also suggests that
NF-�B phosphorylation must take place within the nucleus. It
is important to note that these results were achieved using a
cell-free system and that the findings must be confirmed in a
cell culture system. We do know, however, that binding of
p50 NF-�B to the VCAM-1 promoter in a cell culture system
is highly dependent on both DNA-PK expression and the
Ser-20 phosphorylation site of p50 NF-�B as revealed by ChIP
analysis with antibodies to the transcription factor. What ren-
ders p50 NF-�B most susceptible to phosphorylation by
DNA-PK appears to involve structural changes to the protein,
thus rendering the site of phosphorylation more accessible to
DNA-PK.
Taken together, the results of our study present a novel

mechanism for the involvement of NF-�B in the regulation of
VCAM-1 expression such that p50 NF-�B is not only a posi-
tive inducer of gene transcription but plays a dominant role
over that of p65 NF-�B. It is important to mention that p65
NF-�B activation, nuclear translocation, and phosphorylation
at sites that are critical for its activity are not sufficient to in-
duce VCAM-1 expression in the absence of either DNA-PK
or p50 NF-�B. The data from this investigation also support
the possibility that DNA-PK contributes to inflammatory re-
sponses in which TNF or IL-1� is a major player, such as
asthma and atherosclerosis, as well as cancer. Accordingly,
inhibition of DNA-PK kinase activity may represent a novel
approach to block such inflammation.

REFERENCES
1. Braun, M., Pietsch, P., Schrör, K., Baumann, G., and Felix, S. B. (1999)

Cardiovasc Res. 41, 395–401
2. Hughes, J. M., Arthur, C. A., Baracho, S., Carlin, S. M., Hawker, K. M.,

Johnson, P. R., and Armour, C. L. (2000)Mediators Inflamm. 9, 93–99
3. Makrilia, N., Kollias, A., Manolopoulos, L., and Syrigos, K. (2009) Cancer

Invest. 27, 1023–1037
4. Rojas, A. I., and Ahmed, A. R. (1999) Crit. Rev. Oral Biol. Med. 10,

337–358
5. Huo, Y., and Ley, K. (2001) Acta. Physiol. Scand. 173, 35–43
6. Cybulsky, M. I., Iiyama, K., Li, H., Zhu, S., Chen, M., Iiyama, M., Davis,

V., Gutierrez-Ramos, J. C., Connelly, P. W., and Milstone, D. S. (2001)
J. Clin. Invest. 107, 1255–1262

7. Lazaar, A. L., Albelda, S. M., Pilewski, J. M., Brennan, B., Puré, E., and
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