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Forkhead factors are important regulators of animal develop-
ment and homeostasis. They are among the earliest to bind qui-
escent genes, which they activate in conjunction with other tran-
scription factors. Many liver-specific genes are under the
control of FoxA2, a liver-enriched forkhead protein. Here we
confirmed by chromatin immunoprecipitation that FoxA2 is
one of the factors bound to the promoter-proximal enhancer of
the gene encoding apolipoprotein Al (a component of high den-
sity lipoprotein) and that it functions in synergy with the nuclear
receptor hepatocyte nuclear factor-4a«. Furthermore, toward
identifying additional cofactors that could potentially regulate
FoxA2 activity, we identified DNA-dependent protein kinase
(DNA-PK) as a FoxA2-associated factor upon affinity purifica-
tion of epitope-tagged FoxA2. We show that FoxA2, found to be
a phosphoprotein in vivo, is also an efficient substrate for DNA-
PK, which targets serine 283. This residue is contained within a
conserved serine-glutamine phosphorylation signal for DNA-
PK, located within the C-terminal third of the polypeptide, just
distal to its winged-helix DNA binding domain. We establish
that this residue is critical for FoxA2 function because FoxA2
bearing a mutation at this site is severely compromised in its
ability to activate a reporter gene under the control of its cog-
nate DNA-binding site (apoAl site B). Complementary experi-
ments rule out that this mutation compromises the ability of
FoxA2 to either translocate to the nucleus or to bind site B. We
therefore conclude that DNA-PK-dependent phosphorylation
of FoxA2 plays a critical role in its transcriptional activation
function per se.

Transcriptional control of mRNA genes is achieved through
multiprotein complexes that are targeted to promoter and
enhancer regions of these genes by regulatory factors that rec-
ognize specific DNA sequences. Typically, several such factors,
or transcriptional activators, each respond to a particular signal
but act together in a synergistic fashion to control the expres-
sion of the target gene. Thus, the unique temporal and spatial

* This work was supported, in whole or in part, by National Institutes of Health
Grant RO1 DK060764 (to S. M.).

" Present address: Centre de Medicina Regenerativa de Barcelona, c¢/Dr.
Aiguader, 88 E-08003 Barcelona, Spain.

2To whom correspondence should be addressed: Laboratory of Biochem-
istry and Molecular Biology, Rockefeller University, 1230 York Ave., New
York, NY 10065. Tel.: 212-327-7623; Fax: 212-327-7949; E-mail: maliks@
rockefeller.edu.

JULY 24, 2009-VOLUME 284+NUMBER 30

expression program of a given gene is hard-wired into the reg-
ulatory sequences contained within its enhancer and promoter
regions (1, 2).

Transcriptional activators recruit different classes of coacti-
vators, which function broadly on at least two levels (3, 4). Some
coactivators function at the earliest stage of gene activation by
acting on the chromatin template to make it more amenable to
the action of factors that enter later in the process. Many of
these coactivators possess enzymatic activities whose effects
range from ATP-dependent nucleosome remodeling to cova-
lent modifications of histones that include acetylation, methy-
lation, and ubiquitylation (2, 5). The role of the other class of
coactivators, exemplified by the Mediator complex (6), is to
nucleate the preinitiation complex, the RNA polymerase II-
containing multiprotein entity that is ultimately responsible for
the actual RNA synthesis (7).

Apolipoprotein Al (apoAl)? is the major protein component
of high density lipoprotein, blood plasma levels of which are
inversely correlated with incidence of atherosclerosis. The gene
encoding this protein is expressed predominantly in liver and
intestine (8, 9). Its expression is primarily driven by the orphan
nuclear receptor HNF-4«a, which, like its target genes is also
expressed in liver, intestine, and related endoderm-derived tis-
sues (10). However, HNF-4« functions maximally in the con-
text of other activators that also bind to the apoAl gene
enhancer. Among these, FoxA2 (previously known as HNF-3)
appears to play a major role (11, 12). Interestingly, consistent
with the determinative role of HNF-4« and FoxA2 in shaping
the liver- and intestine-specific gene expression program,
numerous genes expressed in these tissues display this joint
dependence on the two activators (13). Thus, elucidating the
underlying mechanisms by which each of these factors works is
critical toward an understanding of tissue-specific gene expres-
sion. However, although the mechanisms by which nuclear
receptors, including HNF-4«, have been extensively studied,
and a fairly detailed picture of how they nucleate coactivator
cascades has begun to emerge (14, 15), the corresponding
mechanisms for FoxA2 remain relatively unclear.

FoxA2 and the closely related FoxAl are members of the
large family of “forkhead” factors that have been shown to reg-

3The abbreviations used are: apoAl, apolipoprotein Al; HNF, hepatocyte
nuclear factor; ChIP, chromatin immunoprecipitation; EMSA, electro-
phoretic mobility shift assay; cs, catalytic subunit; DNA-PK, DNA-depend-
ent protein kinase; GST, glutathione S-transferase.
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ulate a wide range of genes (16 —18). The forkhead factors are
characterized by the presence of a “winged-helix” DNA binding
domain that shows a high degree of homology with the linker
histone H5 (19, 20). Consistent with this link to compacted
chromatin, FoxA1l has been shown to occupy a linker histone
site on the nucleosomes surrounding the transcriptional regu-
latory region of a target gene (21). Furthermore, binding of
FoxA1 to compacted chromatin can in fact result in a somewhat
more “open” nucleosome configuration of the targeted region
(22). Most recently, it has also been realized that proximity of
FoxA1-binding sites is a major determinant in regulating which
of its numerous target sites a given nuclear receptor (estrogen
receptor) would interact (23).

Taken together, and consistent with the role of forkhead pro-
teins as “pioneer” factors in development pathways, these
observations lead to a hypothetical framework for describing
FoxA factor function in which a key role of the FoxA factors is
to penetrate compacted chromatin, which is a hallmark of qui-
escent genes. Entry of other factors (which in turn recruit var-
ious coactivators) is thus predicted to be facilitated following
this breach in the chromatin barrier.

Although a role for additional coactivator-like factors that
work with FoxA2 in the initial decompaction of chromatin in
the above pathway can be envisioned, none have been described
to date. As part of our ongoing effort to understand how
HNF-4« activates the apoAl gene in conjunction with other
factors, our strategy has been to focus on cataloguing and bio-
chemically characterizing the relevant coactivators. Given the
close association with FoxA2, and a long term view toward
understanding the basis of this synergy, we have focused on
identifying factors that associate with FoxA2 and potentially
contribute to its transcriptional activity. Here we identify DNA-
dependent protein kinase (DNA-PK) as a FoxA2-associating
protein and demonstrate that it utilizes FoxA2 as a substrate.
Furthermore, we show that phosphorylation of FoxA2 by
DNA-PK modulates its transcriptional activation potential.
Our results thus implicate DNA-PK as a FoxA2 cofactor.

EXPERIMENTAL PROCEDURES

Epitope Tagging and Protein Purification from Mammalian
Cells—Rat FoxA2 cDNA was subcloned into VP5 (24), a pIRES-
neo-1-derived (Clontech) vector, which allows expression as a
FLAG-fused protein (f:FoxA2). Following transfection into
HeLaS cells, G418-resistant clones were selected and amplified.
Nuclear extract from a f:FoxA2-expressing clone was subjected
to affinity purification over M2-agarose, as described previ-
ously (24). For identification of FoxA2-associated polypeptides,
eluates were resolved by SDS-PAGE, and the gel was stained
with colloidal Coomassie, and bands of interest were excised
and subjected to mass spectrometric analysis.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were performed essentially as described previously (15, 25)
except that quantitative (real time) PCR was used for the final
readout. Briefly, upon reaching confluence in 150-mm plates,
cells (HeLa, 293T, and HepG2), which were maintained in Dul-
becco’s modified Eagle’s medium containing 10% fetal bovine
serum, were fixed with formaldehyde. Following cell lysis, and
chromatin shearing by sonication, the extracts were subjected
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to immunoprecipitation. The cross-links in the precipitated
material were reversed by heating, and after deproteinization,
samples were analyzed by real time PCR amplification using
SYBR green probes (Applied Biosystems) and primer sets that
either spanned the apoAl promoter region from —336 to —149
relative to the transcription start site (26) or a more distal
region from +2645 to +2708. Raw data from each immunopre-
cipitate (done in triplicate) were first expressed as a fraction of
the input and then normalized to the signal from the corre-
sponding control IgG to obtain relative enrichment.

ChIP assays were also performed on extracts of 293T cells
that had been cross-linked with formaldehyde 48 h after trans-
fection with the B3XALLUC reporter and vectors expressing
FoxA2 derivatives (see below). Immunoprecipitate cross-links
were reversed, and the promoter region on the reporter tem-
plate was amplified by standard PCR as described previously
(15).

Transient Transfection Reporter Assay—Cells were trans-
fected with the indicated plasmids using FUGENE 6 (Roche
Applied Science). Luciferase activity was measured after 24 h
using the Dual-Luciferase Reporter® assay kit from Promega. A
Renilla-expressing plasmid was used to normalize for transfec-
tion efficiency.

The reporter plasmid B3XALLUC was constructed by sub-
cloning three copies of the apoAl site B sequence (synthetic
oligonucleotides) upstream of the ALLUC plasmid that con-
tains core promoter elements (TATA and initiator) from the
apoAl gene upstream of the luciferase sequence in a pGL3basic
backbone (Promega).

Electrophoretic Mobility Shift Assay—Reaction and electro-
phoresis conditions were essentially as described before (15)
except that an end-labeled probe containing site B (corre-
sponding to positions -148 to -178) from the promoter-proxi-
mal enhancer of the apoAI gene was used. All components were
typically mixed on ice at initial times and incubated for 30 min
at 30 °C prior to electrophoresis.

Expression and Purification of Recombinant Proteins—Re-
combinant FoxA2 and derivatives were expressed as histidine-
tagged proteins (subcloned into pET11d-6His) in Escherichia
coli BL21 pLysS (24). Following induction, lysis, and chroma-
tography over nickel-nitrilotriacetic acid-agarose, the full-
length proteins (FoxA2 WT and FoxA2(T280A,S283A) (see
below)) were additionally purified over SP-Sepharose. Trun-
cated FoxA2 derivatives FoxA2-N, FoxA2-WH, FoxA2-C, cor-
responding to amino acid residues 1-128, 129 -275, and 276 —
458, respectively, were also expressed in bacteria following
subcloning of their corresponding cDNAs into the pET11d-
6His vector. The deletion mutant FoxA2-CA (in which residues
276-286 were deleted) and the point mutants (FoxA2-C
S283A, FoxA2-C T280A, and FoxA2-C(T280A,S283A), in
which the indicated residues were converted to alanine) were
derived from the FoxA2-C domain using standard PCR-based
techniques. The full-length FoxA2 mutant (FoxA2(T280A,
S283A)) was also similarly constructed using a mutagenic
primer set that introduced the appropriate changes.

For GST-pulldown assays (below), full-length FoxA2 and
derivatives were subcloned into pGEX vectors and expressed in
E. coli.
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Protein-Protein Interactions—Standard GST pulldown
assays were performed with 10 ug of the various FoxA2 deriv-
atives that were immobilized onto glutathione-Sepharose
beads. The beads were incubated for 4 h at 25 °C with HeLa
nuclear extract (Dignam et al. (27); 5 mg of total protein) or a
derived chromatographic fraction, in buffer (BC100) contain-
ing 20 mm Tris-HCI, pH 7.4, 100 mm KCl, 0.1 mm EDTA, 20%
glycerol supplemented with 0.1% Nonidet P-40. The beads were
washed three times in the same buffer, once with the same
buffer containing 0.5 pug/ml ethidium bromide, plus three addi-
tional washes in the original buffer. Bound proteins were eluted
in Laemmli sample buffer and following SDS-PAGE were ana-
lyzed by Western blotting with specified antibodies.

HeLa cell nuclear extract was chromatographed over phos-
phocellulose P11 (Whatman), as described (24). DNA-PK was
immunologically detected in high salt-eluting fractions. The 0.5
M step eluate was spectrophotometrically analyzed for nucleic
acid content (A ¢/ A g <1.0) prior to use in the GST-pulldown
assay.

For the coimmunoprecipitation assays, whole cell extracts
from HepG2 and 293T were prepared in lysis buffer containing
0.5 M NaCl and 1% Nonidet P-40 as described previously (24).
Extracts were diluted to 0.15 M salt and 0.1% Nonidet P-40 and
incubated overnight (4 °C) with 5 ug of either anti-FoxA2
(Santa Cruz Biotechnology, sc-9187) or a control goat IgG anti-
body. Protein-G-Sepharose beads were added and incubated
for 4 h at 4 °C. Beads were washed extensively in BC150 buffer
(plus 0.1% Nonidet P-40), and proteins were eluted in Laemmli
sample buffer. Samples were analyzed by SDS-PAGE, followed
by Western blotting.

Mass Spectrometric Identification of Phosphorylated Re-
sidues—The VP5-FoxA2 plasmid was transfected into 293T
cells using FUGENE. After 48 h, whole cell extracts were made
as above, and f:FoxA2 was purified by chromatography on
M2-agarose. The samples were then processed for nano-liquid
chromatography/tandem mass spectrometry as described (28).
Briefly, the sample was reduced and digested with Lys-C
followed by trypsin or, separately, with Glu-C. Nano-liquid
chromatography/tandem mass spectrometry analyses were
performed on an LTQ-Orbitrap mass spectrometer (Thermo-
Fisher Scientific) using a slightly modified version of a previ-
ously described setup (29). Peptides and proteins were identi-
fied by means of automated data base searching using Mascot
version 2.2 (Matrix Science, London, UK) against UniProt/
SwissProt release 57.0 with a precursor mass tolerance of 3
ppm, a fragment ion mass tolerance of 0.8 Da, and strict trypsin
specificity or combined trypsin/Glu-C specificity allowing for
up to two missed cleavages. Cysteine carbamidomethylation
was set as a fixed modification, and methionine oxidation and
phosphorylation of serine, threonine, and tyrosine were
allowed as variable modifications. Peptides were considered
identified if the Mascot score was over the 99% confidence limit
based on the “identity” score of each peptide and at least three
successive y or b ions with two and more y, b, and/or precursor
origin neutral loss ions were observed. Phosphorylated sites
were unambiguously determined when the post-translational
modification site scores were more than 0.75 (30).
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In Vitro Kinase Assays—Typical 100-ul kinase reactions con-
tained 300 ng of the substrate polypeptide, 12.5 units of DNA-
PKcs (catalytic subunit; Promega), and 2.5 uCi of [y-**P]ATP in
reaction buffer consisting of 20 mm HEPES-KOH, pH 8.2, 4 mm
MgCl,, 60 mMm KCI, 0.12 mM EDTA, and 12% glycerol. Reactions
were assembled on ice and then incubated for 1 h at 30 °C.
Samples were precipitated by trichloroacetic acid and resolved
by SDS-PAGE. Gels were fixed, stained with Coomassie Blue,
and autoradiographed.

Immunofluorescence—293T cells were transiently trans-
fected with either an empty vector control plasmid or plasmids
containing the cDNAs of wild type and the phosphorylation
mutant of FoxA2 (FoxA2(T280A,S283A)) using Trans-IT
transfection reagent (Mirus) according to the manufacturer’s
protocols. Twenty four hours post-transfection, cells were
plated on 4-well chamber slides (Nunc) at a density of 8 X 10*
cells per well. On the following day, cells were fixed in 4%
paraformaldehyde. Standard protocols for indirect immunoflu-
orescence were performed with a goat anti-FoxA2 antibody
(Santa Cruz Biotechnology) and an anti-goat Alexa 488 second-
ary antibody (Invitrogen). Coverslips were mounted with
Vectashield containing 4',6-diamidino-2-phenylindole (Vector
Laboratories). Images were collected using a X40 objective on
an Olympus BX51 epifluorescent microscope and DP-BSW
Olympus image acquisition software.

RESULTS

Synergistic Function of FoxA2 and HNF-4a in apoAl Gene
Transcription—Prominent binding elements within the pro-
moter-proximal enhancer that in large part controls the liver-
specific expression of the apoAl gene include site A and site B,
which have been shown to bind HNF-4« and FoxA2, respec-
tively (as well as other factors (8, 9)). Furthermore, a minimal
enhancer construct containing just these two sites in tandem
was demonstrated to recapitulate at least partial enhancer func-
tion (12). Before undertaking our biochemical analyses, we
began by authenticating a role for HNF-4« and FoxA2 in syn-
ergistically activating the apoAl gene. We first assessed by
chromatin immunoprecipitation (ChIP) experiments using
antibodies against HNF-4« and FoxA2 and whether these fac-
tors are localized to the apoAl enhancer in cell types that
express apoAl. As determined by reverse transcription-PCR
(Fig. 1A), the apoAl mRNA is expressed in hepatocarcinoma-
derived HepG2 cells (lane 3) but not in 293T (lane 1) or HeLa
cells (lane 2). Consistent with this expression pattern, our ChIP
analysis (Fig. 1B) clearly showed that, as compared with a distal
location, HNF-4a and FoxA2 preferentially occupy the apoAl
promoter-proximal region in HepG2 cells but not in 293T or
HelLa cells. These data thus independently confirm and extend
the conclusions of a recent genome-wide study (13).

We also confirmed that following transient transfection into
293T cells (Fig. 1C), FoxA2 and HNF-4«a could synergistically
activate a luciferase reporter construct containing cognate sites
for these activators. Thus, whereas FoxA2 and HNF-4« inde-
pendently activate this reporter 2.7- and 3.9-fold, respectively,
together they activate it more than 13.4-fold. Similar results
were also obtained when these constructs were transfected into
HelLa cells (data not shown). These data are in accord with the
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FIGURE 1.Involvement of HNF-4a. and FoxA2 in apoAl gene transcription.
A, apoAlRNA expression in 293T (lane 1), Hela (lane 2), and HepG2 (lane 3) was
analyzed by reverse transcription-PCR. B-Actin RNA is shown for normaliza-
tion (lanes 4-6). B, ChIP analyses to assess occupancy of the apoAl promoter-
proximal enhancer by HNF-4a and FoxA2. Cells (293T, Hela, or HepG2) were
processed for a standard ChlIP assay, and immunoprecipitates from the indi-
cated antibodies were subjected to real time PCR using amplicon primers that
specifically amplify either the apoAl promoter or a distal (3") region as indi-
cated. For each set, the data are plotted as fold-enrichment of the specific
signal relative to the corresponding IgG control. G, synergistic activation of a
luciferase reporter by HNF-4a and FoxA2. For the transient transfection assay
using a luciferase reporter containing cognate sites for HNF-4a and FoxA2 in
close juxtaposition, 293T cells were transfected with 100 ng of a FoxA2-ex-
pressing plasmid or 50 ng of an HNF-4a-expressing plasmid or a combination
of the two, as indicated.

previously demonstrated synergism between FoxA2 and
HNF-4a (12). Importantly, our data show further that despite
the fact that under their natural circumstances they activate
target genes in a restricted repertoire of cell types (which in all
likelihood is a direct outcome of where they are actually
expressed), these factors retain the intrinsic ability to function
as transcriptional activators in heterotypic cells as well.
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FIGURE 2. Copurification and specific association of FoxA2 and DNA-PK.
A, SDS-PAGE analysis (silver-stained gel is shown) of a FLAG peptide-eluted
preparation obtained after M2-agarose affinity purification of nuclear extract
derived from a cell line that stably expresses f:FoxA2 (lane 2). A corresponding
eluate from a control cell extract that does not express f:FoxA2 was also run
on the gel (lane 7). Molecular mass markers (in kDa) are shown just left of the
column. The f:FoxA2 polypeptide as well as the apparently specifically asso-
ciated polypeptides with molecular masses estimated to be ~100 kDa and
more than 350 kDa are indicated. B, SDS-PAGE analysis (visualized by silver
staining) of the preparation shown in A, lane 2, that was additionally resolved
on a Superose 6 gel filtration column. Every other fraction in the main protein
peak was loaded on the gel. Bands identified as f:FoxA2 and p > 350 are
marked (see also D). G, specificity of association between FoxA2 and DNA-PK.
The eluates shown in A (control, lane 3; f:FoxA2, lane 4) were analyzed by
Western blot using antibodies against DNA-PKcs (upper panel) and FoxA2
(lower panel). Standard unfractionated nuclear extracts from HepG2 (lane 1)
and Hela (lane 2) were also included. Note that HepG2 cells express FoxA2,
but at the sensitivity of the Western shown, the corresponding band is not
visiblein lane 1. D, Superose 6 fractions shown in B were analyzed by Western
blot using antibodies against DNA-PKcs (upper panel) and FoxA2 (lower
panel).

Generation of a Stable Cell Line Expressing Epitope-tagged
FoxA2 and Isolation of Polypeptides Interacting with FoxA2—
To further dissect FoxA2 mechanisms, we focused on the iden-
tification of proteins that interact with it and potentially func-
tion as coactivators. For this purpose, we generated a HeLa cell
line that stably expresses a FLAG epitope-tagged version of
FoxA2 (f:FoxA2). The derived nuclear extracts from these cells
were subjected to affinity chromatography on M2-agarose, and
bound proteins were analyzed by SDS-PAGE and silver staining
(Fig. 2A). Comparison of the eluted proteins against a compa-
rable isolate from a control HeLa nuclear extract revealed the
presence of several polypeptides that were preferentially asso-
ciated with f:FoxA2 (Fig. 24, lane 2 versus lane I). Among these,
a polypeptide exhibiting an apparent molecular mass exceeding
350 kDa was the most prominent.

To further ascertain that the association of the >350-kDa
polypeptide is specific (and not, for example, a result of a non-
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FIGURE 3. Physical interactions between FoxA2 and DNA-PK. A, for the GST pulldown assay, GST-FoxA2
(lane 3; fl, full-length) or control GST (lane 2) was immobilized on glutathione-Sepharose beads, incubated with
HelLa nuclear extract, washed, and analyzed for retention of the indicated polypeptides by Western blotting.
Input Hela extract (2%) was also loaded on the gel. B, GST pulldown assay was done as in A except that
phosphocellulose P11 0.5 m fraction was used as the input (lane 7). Eluates from control GST (lane 2) or GST-
FoxA2(fl) (lane 3) were probed with anti-DNA-PKcs antibodies. C, Coomassie Blue staining of the GST fusion
proteins used in the pulldown assay shown in D (control GST, lane 1; FoxA2-N, lane 2; FoxA2-WH, lane 3; and
FoxA2-C, lane 4). The proteins were expressed in E. coli, purified over glutathione-Sepharose beads, and
resolved by SDS-PAGE prior to staining. Note that because the FoxA2-C derivative tended to degrade, normal-
ization was based on the full-length products (arrow) rather than total protein amounts. For exact coordinates
of the constructs, see also the schematic of Fig. 58. D, GST pulldown assay was performed as described for A,
except that truncated FoxA2 derivatives were bound to the beads, as indicated. GST alone (lane 2) served as a

control, and 2% of the Hela extract input was also loaded on the gel.

specific association with the resin), we subjected the eluate to
gel filtration chromatography on Superose 6 (Fig. 2B). Upon
fractionation, many polypeptides in the eluate segregated away
from f:FoxA2 (e.g. compare fraction 12 containing the f:FoxA2
peak (see also Fig. 2D) with fraction 14 containing a 66-kDa
polypeptide) indicating that they are not bona fide FoxA2-asso-
ciated polypeptides. By contrast, the elution profile of the
>350-kDa polypeptide was coincident with that of f:Fox2A
(both peaking at fraction 12), consistent with their being bona
fide interacting proteins.

Identification of p350 as DNA-PKcs—The >350-kDa
polypeptide (Fig. 2A) was subjected to mass spectrometry and
identified as the catalytic subunit (cs) of DNA-dependent pro-
tein kinase (DNA-PK). An additional polypeptide (p100), which
also exhibited some degree of specificity in its association with
FoxA2, was identified as kinase anchor protein 8 (also known as
AKAP95). Although a few additional bands appeared to corre-
spond to specific interacting polypeptides, we were unable to
unambiguously identify them because of their very low stoichi-
ometry in the preparation. Only the interaction of DNA-PK
with FoxA2 has been examined further in this study.
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FoxA2 Interactions with DNA-PK

Specificity of Association between
DNA-PK and FoxA2—Having iden-
tified the >350 kDa as DNA-PKcs,
we used Western blotting to further
authenticate the specificity of its
interaction with FoxA2 both in the
one-step f:FoxA2 affinity-selected
preparation and in the fractions col-
lected following gel filtration chro-
matography. In the former situa-
tion, we confirmed that DNA-PKcs
is present only in eluates derived
from the f:FoxA2-expressing
extract and not from a control
extract (Fig. 2C, lane 4 versus lane
3). In the latter case, mirroring the
original silver staining (Fig. 2A4),
FoxA2 and DNA-PKcs elution pro-
files were found to coincide per-
fectly (Fig. 2D).

Mapping of FoxA2 Domain(s)
That Interact with DNA-PK—To
map the FoxA2 domain responsible
for mediating interaction with
DNA-PK, we first established that
the intracellular association of
fFoxA2 and DNA-PK, which
became evident from the combined
epitope tagging and affinity purifi-
cation approach described above,
also takes place in a cell-free con-
text. For this purpose, HeLa cell
nuclear extract was incubated with
beads containing a GST-FoxA2
fusion protein, and following exten-
sive washing, the bound material
was probed for various polypeptides
(Fig. 3A). As expected, DNA-PKcs was specifically retained on
GST-FoxA2 beads but not on control GST beads (Fig. 34, lane
3versus lane 2). By contrast, an unrelated polypeptide (MED13)
showed no detectable binding either to GST-FoxA2 or to con-
trol GST. Given that DNA-PK exists as a trimeric complex that
contains the Ku70 and Ku80 polypeptides, we also probed for
the Ku70 subunit and found that it is specifically retained on the
GST-FoxA2 beads (Fig. 34, lane 3 versus lane 2), indicating that
even though its association with FoxA2 was not evident from
gels that were processed for mass spectroscopy, it is the trimeric
form of DNA-PK that interacts with FoxA2. We also utilized a
chromatographic fraction (see under “Experimental Proce-
dures”) derived from HeLa nuclear extract that was devoid of
nucleic acids as a source of DNA-PK in similar pulldown assays.
The results again showed efficient specific retention of
DNA-PK by GST-FoxA2 (Fig. 3B).

Apart from its centrally located winged-helix DNA binding
domain, FoxA2 also contains multipartite N- and C-terminal
activation domains (18). Therefore, to map the DNA-PK inter-
action domain of FoxA2, we generated appropriate GST deriv-
atives and tested them for their ability to interact with FoxA2

GST-FoxA2-C

i

| GST-FoxA2-WH
GST-FoxA2-C

DNA-PKcs

4

5
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FIGURE 4. Intracellular interactions between FoxA2 and DNA-PK. A, coim-
munoprecipitation assays utilized whole cell extracts (WCE) from 293T (lane 1)
and HepG2 (lane 2) cells. The extracts were incubated with control antibodies
(goat IgG, lanes 3 and 5) or with anti-FoxA2 (lanes 4 and 6) antibodies. After
washing, the precipitates were analyzed by Western blotting with the indi-
cated antibody (top panel, anti-DNA-PKcs; bottom panel, anti-FoxA2). Non-
specific bands in the immunoprecipitates (/P), which likely result from cross-
reactivity toimmunoglobin heavy chains, are marked with asterisks. Note that
whereas immunoblots shown for lanes 3-6 are from the same experiment,
those showing the inputs used for this experiment (lanes 1 and 2) are from a
separate run. B, ChIP analysis to assess occupancy of the apoAl promoter-
proximal enhancer by DNA-PK. HepG2 cells were processed for a standard
ChlIP assay and immunoprecipitated with either control IgG or an anti-Ku70
antibody. The processed samples were subjected to real time PCR using
amplicon primers that specifically amplify either the apoAl promoter or a
distal region as in Fig. 1B. Data are plotted as enrichment of the specific signal
relative to the IgG control for each amplicon.

promoter

(Fig. 3C). The results (Fig. 3D) clearly show that the DNA-PK
interaction is mediated almost exclusively by the winged-helix
DNA binding domain (lane 4 versus lanes 2, 3, and 5).
Intracellular Association of FoxA2 and DNA-PK—To con-
firm that the interactions between FoxA2 and DNA-PK that we
deduced through use of epitope-tagged derivatives of FoxA2
faithfully reflect the intracellular interactions of the endoge-
nous proteins, we also carried out a coimmunoprecipitation
assay (Fig. 44). Whole cell extracts from HepG2 cells, which
constitutively express both FoxA2 and DNA-PK (Fig. 4A, lane
2), and from 293T cells, which express DNA-PK but not FoxA2
(Fig. 4A, lane 1), were incubated with antibodies against either
FoxA2 or with corresponding control antibodies. The resulting
immunoprecipitates were probed for both DNA-PKcs and
FoxA2. Consistent with the absence of FoxA2 in 293T cells, no
specific FoxA2 signal was seen in immunoprecipitates from
these cells (Fig. 4A, lane 4); furthermore, no signal for DNA-
PKcs was detectable. By contrast, immunoprecipitates from
HepG2 extracts were, as expected, greatly enriched in FoxA2
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TABLE 1

Serine phosphorylation of FoxA2

f:FoxA2 was transiently expressed in 293T cells. Following affinity purification from
whole cell extracts, the sample was analyzed for serine phosphorylation by nano-
liquid chromatography/tandem mass spectrometry. Digested peptides bearing
phosphorylated residues, their coordinates on the rat sequence, and the identified
modified residues are shown.

Coordinates Peptide sequence PhOSps}il& rsylated
209-219 HSLSFNDCFLK Ser-212
290-313 AAGSASETPAGTESPHSSASPCQE Ser-309“
290-313 AAGSASETPAGTESPHSSASPCQE Ser-307,” Ser-309*
290-313 AAGSASETPAGTESPHSSASPCQE Ser-303, Ser-306
290-313 AAGSASETPAGTESPHSSASPCQE Ser-303,“ Ser-306,"

Ser-307“

432-458 AGLDASPLAADTSYYQGVYSRPIMNSS  Ser-458“
432-458 AGLDASPLAADTSYYQGVYSRPIMNSS  Ser-437

“ Ambiguous sites were determined by probabilities from the post-translational
modification scores (30).

(Fig. 4A, lane 6 versus lanes 5 and 4). Most importantly, signif-
icant amounts of DNA-PKcs were specifically brought down by
the FoxA2 antibody from these extracts (lane 6 versus lanes 5
and 4). These data establish that native (untagged) FoxA2 and
DNA-PK indeed physically interact with each other in liver-
derived cells.

We also asked whether DNA-PKis localized to the promoter
region as would be expected for a classical coactivator. We
therefore performed a ChIP assay (Fig. 4B), in which we
exposed formaldehyde cross-linked extracts from HepG2 cells
to an antibody against the Ku70 subunit of DNA-PK. The assay
yielded a modest, but clear, signal for Ku70 at both the pro-
moter and distal regions. Hence, rather than a coactivator
recruitment scenario, these data are more suggestive of mech-
anisms in which FoxA2 encounters DNA-PK, which is perhaps
constitutively distributed across the chromatin, leading to
functional consequences (see under “Discussion”).

Phosphorylation of FoxA2 by DNA-PK—Association of
FoxA2 with a protein kinase prompted us to investigate
whether FoxA2 can be phosphorylated at serine residues, in
vivo. For this purpose, we transiently overexpressed FoxA2 in
293T cells. Following affinity purification, FoxA2 was pro-
cessed for mass spectrometric analysis aimed at identifying dis-
tinct phosphorylated residues (see under “Experimental Proce-
dures”). The data clearly revealed that FoxA2 exists as a
phosphoprotein with residues Ser-212, Ser-303, Ser-306, Ser-
307, Ser-309, Ser-437, and Ser-458 being the most prominent
sites of modification (Table 1).

Because DNA-PK has been shown to utilize several tran-
scription factors as a substrate for its kinase activity, we next
asked if FoxA2 is also a substrate. To this end, we incubated
bacterially expressed FoxA2 with the DNA-PKcs in the pres-
ence of [y->*P]ATP and found that FoxA2 indeed is an efficient
substrate (Fig. 54, lane I). In this assay, we also tested p53, a
previously described DNA-PK substrate (31), which thus
served as a positive control, and we found it to be phosphoryl-
ated albeit at a lower efficiency relative to FoxA2 (data not
shown). Other controls ensured that the observed phosphoryl-
ation in fact results from the action of DNA-PKcs on the bac-
terially expressed FoxA2 polypeptide because DNA-PKcs alone
or the FoxA2 preparation alone did not yield the corresponding
labeled band (data not shown).
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FIGURE 5. Phosphorylation of FoxA2 by DNA-PK. A, full-length bacterially expressed FoxA2 (lane 1, FoxA2
WT) and the corresponding mutant (see text for details) in the mapped DNA-PK phosphorylation site (lane 2,
FoxA2(T280A,5283A)) were incubated with the catalytic subunit of DNA-PK in the presence of [y->?P]ATP. The
reaction products were visualized by autoradiography (autorad, bottom panel). Top panel shows a Western blot
(WB) of the two purified proteins. Arrows indicate full-length FoxA2 in the preparations, which tend to degrade.
B, schematic diagram (adapted from Ref. 18) showing the domain organization of FoxA2, including the central
winged helix DNA binding domain and the N- and C-terminally located activation domains (AD). The amino
acid coordinates of various derivatives used in this study are also indicated. Amino acid sequences (human and
rat) of corresponding linker regions are just adjacent to the winged helix domains that appear to be targeted
by DNA-PK (C and D). The serine residue identified as the DNA-PK target site within FoxA2 lies within a con-
served DNA-PK signal (TQ/SQ) and is circled. Note that in our FoxA2(T280A,5283A) construct, the T280A change
(in addition to the S283A) also eliminates any disparities that may be attributable to differences between the
rat and human sequences. C, identification of the FoxA2 domain that is phosphorylated by DNA-PK phospho-
rylation. FoxA2 derivatives (FoxA2-N, lane 1; FoxA2-WH, lane 2; FoxA2-C, lane 3) were subjected to DNA-PK-
mediated phosphorylation as in A. Reaction products were resolved by SDS-PAGE and visualized by both
Coomassie Blue staining (to ensure that equivalentamounts of the polypeptides were loaded; upper panel) and
by autoradiography (lower panel). Bands corresponding to the test proteins are identified (N, FoxA2-N; WH,
FoxA2-WH; C, FoxA2-C) for the upper panel. Arrows mark the phosphorylated FoxA2-C derivative for the lower
panel. D, mapping of the serine residue in the FoxA2-C domain that is phosphorylated by DNA-PK. The indi-
cated derivatives of the FoxA2-C domain were analyzed for their ability to be phosphorylated by DNA-PK as
described for C. These derivatives include the following: FoxA2-CA (lane 2), which contains an 11-residue
N-terminal deletion that removes the putative DNA-PK sites (TQ/SQ); FoxA2-C(S283A,T280A; lane 3), a double
point mutantin which both the serine and threonine are mutated; and FoxA2-C(5283A; lane 4), a point mutant
in which the serine is mutated to alanine.

consensus sites (TQ/SQ) (31, 32)
were deleted (Fig. 5B). When sub-
jected to the kinase assay, this deriv-
ative failed to serve as a DNA-PK
substrate (Fig. 4D, lane 2 versus lane
1). These results thus allow us to
consider the threonine and serine
residues at positions 280 and 283 as
the major candidates for serving as a
DNA-PK target within the (rat)
FoxA2. Note also that although the
region in which this residue resides
lies within a “linker” between the
winged-helix DNA binding domain
and the C-terminal activation
domain that shows minor phyloge-
netic variation (e.g. at position 280,
rat has a threonine whereas the
human has an alanine), the serine
residue at position 283 (Ser-283) is
nonetheless conserved between rat
and human (Fig. 5B).

To map more precisely the
DNA-PK phosphorylation site on
FoxA2, we also generated point
mutants within FoxA2-C in which
either Ser-283 or Thr-280 or both
were altered to alanine residues, and
we tested them in the in vitro kinase
assay. The results (Fig. 5D, lane 3,
and data not shown) definitively
identified Ser-283 as the residue in
FoxA2-C that is phosphorylated by
DNA-PK.

The full-length FoxA2 molecule
was then mutated at Thr-280/Ser-
283 to assess how DNA-PK-
dependent phosphorylation of the
intact FoxA2 is affected. The corre-
sponding wild-type and mutant
proteins (hereinafter designated
FoxA2 WT and FoxA2(T280A,

To identify potential amino acid residues in FoxA2 that
are phosphorylated by DNA-PK, we first tested the various
truncated FoxA2 derivatives in the in vitro kinase assay (Fig.
5C). Whereas the N-terminal fragment of FoxA2 also exhib-
ited some tendency to be phosphorylated by DNA-PK (Fig.
5C, lane 1), the C-terminal fragment appeared to be the most
favored domain in this regard (lane 3). Surprisingly, the cen-
tral winged helix DNA binding domain, which interacts most
strongly with DNA-PK, was not phosphorylated (Fig. 5C,
lane 2). These results indicate that this domain could serve
as a stable docking site for the kinase, which can then target
relatively distal site(s) for modification (see under
“Discussion”).

To further map the preferred DNA-PK phosphorylation site
on FoxA2, we generated a derivative (FoxA2-CA) of FoxA2-C
from which 11 N-terminal residues spanning putative DNA-PK
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S283A), respectively) were purified following expression in bac-
teria and tested for their ability to serve as DNA-PK substrates,
as described. The results of the in vitro kinase assay showed a
dramatic reduction in the ability of FoxA2 to be phosphorylated
by DNA-PK (Fig. 54, lane 2 versus lane I). These results thus
identify the Ser-283 residue as the predominant, if not the only,
site that is targeted by DNA-PK within the intact FoxA2 mole-
cule. Interestingly, our mass spectrometric methods did not
identify this site as being phosphorylated at high levels (see
under “Discussion”).

Effect of DNA-PK on the Transactivation Potential of FoxA2—
We next assessed if the observed interaction of DNA-PK with
FoxA2 and the resulting phosphorylation affects the ability of
the latter to transactivate from its target sites. Therefore, we
looked at the ability of FoxA2 to activate a luciferase reporter
construct under the control of apoAl site B, which had been
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FIGURE 6. Effect of DNA-PK on transcriptional activation by FoxA2.
A, B3XALLUC reporter plasmid (100 ng) was transfected into either SCH8
(DNA-PKcs™*, black bars) or SCSV3 cells (DNA-PKcs™’~, gray bars) either
alone or together with 250 ng of a FoxA2-expressing plasmid. For each cell
type, luciferase activity was first normalized using the corresponding Renilla
reading. Taking the normalized activity in the absence of ectopically
expressed FoxA2 as basal (hence, 1.0), the data were expressed as fold-acti-
vation in the context of the indicated cell line. Student’s t test was used to
evaluate the data (p = 0.09; n = 4). B, to authenticate the phenotypes of the
two cell lines, whole cell extracts from SCH8 (lane 7, DNA-PKcs™ ™) or SCSV3
(lane 2, DNA-PKcs /™) were analyzed by Western blotting using either anti-
bodies against DNA-PKcs (upper panel) or TAF100 (lower panel). C, SCSV3
(DNA-PKcs /™) cells contain a kinase that also can phosphorylate the
FoxA2-C derivative. For the in vitro kinase assay purified FoxA2-C (lanes 2 and
4) was incubated with extracts from SCH8 (DNA-PKcs*’™, lanes 1 and 2) or
from SCSV3 (DNA-PKcs /~; lanes 3 and 4) cells in the presence of [y->?P]ATP.
Following the reaction, the samples were purified over nickel-nitrilotriacetic
acid-agarose beads, concentrated by trichloroacetic acid precipitation, and
resolved by SDS-PAGE. Labeled proteins (arrow) were visualized by
autoradiography.

transiently transfected into a genotypically matched pair of cell
lines (33), one of which carries a deletion for the DNA-PKcs
gene (Fig. 6B, lane 2 versus lane I). Although the luciferase data
(Fig. 6A) trended toward a difference (4.7-fold for the DNA-
PKcs™™ cell line (SCHS8) versus 2.8-fold for the DNA-PKcs ™/~
cell line (SCSV3)), statistical analyses suggest that this may
reflect a modest effect at best. This likely is due to the fact that
DNA-PK belongs to a family of ataxia telangiectasia mutated-
like kinases, some with overlapping, if not identical, substrate
specificities (34). Indeed, consistent with the presence of such
redundant kinases, extracts from the DNA-PKcs ™/~ cell line
(SCSV3) were able to phosphorylate the FoxA2-C polypeptide
almost to an extent that was comparable with that with equiv-
alent extracts from the DNA-PKcs*/™ cell line (Fig. 6C, lane 4
versus lane 2). Thus, a direct test of the role of DNA-PK in
cellular assays is complicated by the presence of other kinases,
which could subsume its role, at least in part.
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FIGURE 7. Effect of ablation of the DNA-PK phosphorylation site on tran-
scriptional activation by FoxA2. A, B3XAILUC reporter plasmid (100 ng)
was transfected into HepG2 cells together with the indicated amounts (in
nanograms) of vectors expressing FoxA2 WT or FoxA2(T280A,5283A). Lucif-
erase activity was normalized as described for Fig. 6, and the data are
expressed as fold-activation relative to control transfections with no ectopic
FoxA2. B, luciferase reporter containing binding sites for both HNF-4a and
FoxA2 was transfected into HepG2 cells together with indicated amounts (in
nanograms) of vectors expressing HNF-4a and either FoxA2 WT or
FoxA2(T280A,5283A). Theresults were analyzed as described for A. C, Western
blot analysis of transfected FoxA2 proteins. HepG2 cells were transfected
with the control vector alone (lane 1) or vectors expressing FLAG-tagged
FoxA2 WT (lane 2) or FLAG-tagged FoxA2(T280A,5283A) (lane 3). After 48 h
whole cell lysates from the cells were analyzed by Western blotting using an
anti-FLAG antibody.

We therefore directly evaluated whether ablation of the tar-
get sites of DNA-PK (and of any related kinases present in var-
ious cell types) impinges on transcription activation function of
FoxAZ2. For this purpose, we compared the ability of transiently
transfected wild-type FoxA2 (FoxA2 WT) and the derivative
(FoxA2(T280A,S283A)) that is no longer phosphorylated by
DNA-PK in vitro (see Fig. 5A) to activate the apoAl site
B-driven luciferase reporter in HepG2 cells (Fig. 7A). Whereas
FoxA2 WT efficiently activated this template in a dose-depend-
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FIGURE 8. Ablation of the DNA-PK phosphorylation site on FoxA2 does not alter its subcellular localization. Representative images of immunostained
293T cells transfected with either vector control, FoxA2 WT, or FoxA2(T280A,5283A) are shown. FoxA2 protein (green) is localized to the nuclei, which were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) (blue). There was no detectable staining of FoxA2 in vector control cells.

ent manner (up to 80-fold relative to basal), corresponding acti-
vation levels for FoxA2(T280A,5283A) were reduced by almost
8-fold. We also confirmed by Western blotting that the two
FoxA2 proteins were expressed at comparable levels under
these conditions (Fig. 7C). We conclude that ablation of the
DNA-PK phosphorylation site on FoxA2 severely compromises
its ability to activate transcription.

Given that FoxA2 rarely functions in a solitary mode, it was
also important to ascertain whether this newly uncovered
DNA-PK-dependent activity of FoxA2 remains relevant when
FoxAz2 is working synergistically with other factors. We there-
fore evaluated the ability of FoxA2(T280A,S283A) to synergize
with HNF-4a by transfecting our reporter construct that is
responsive to both FoxA2 and HNF-4« into HepG2 cells (Fig.
7B). Because HepG2 cells express rather high levels of HNF-4«,
we note first that “basal” expression of this template is quite
high (but is here normalized to 1). The additional effect of
ectopic FoxA2 WT and thus of the apparent synergy with
ectopic HNF-4a is relatively modest but is nonetheless signifi-
cant. Importantly, this additional level of activity is not observed
with FoxA2(T280A,S283A) suggesting that requirement for
DNA-PK-dependent phosphorylation of FoxA2 remains in
effect even when functioning in the synergy mode.

Conserved DNA-PK Site in FoxA2 Is Not Required for Its
Translocation to the Nucleus—It has been shown previously
that FoxA factors can be functionally regulated by AKT family
kinases via mechanisms that control their subcellular localiza-
tion (35, 36). Toward establishing whether or not such a mech-
anism underlies the above-described effect of DNA-PK-
dependent phosphorylation of FoxA2 on its transcriptional
activation function, we determined, by indirect immunofluo-
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rescence, whether the subcellular localization of the
FoxA2(T280A,S283A) was similar to that of FoxA2 WT. For
this purpose, we transiently transfected 293T cells with the
appropriate expression vectors. Both FoxA2 WT and the
FoxA2(T280A,5283A) were almost exclusively localized to
the nuclei, as demarcated by counterstaining with 4',6-dia-
midino-2-phenylindole (Fig. 8, compare upper panels with
lower panels). Control cells, which were transfected with just
the vector, showed no detectable staining for FoxA2, which is
not expressed in 293T cells. These data indicate that phospho-
rylation by DNA-PK does not affect the subcellular localization
of FoxA2.

Mutation of the Conserved DNA-PK Site in FoxA2 Does Not
Impair Its Ability to Bind apoAl Site B—Toward understanding
the basis of the transcriptional defect of FoxA2(T280A,S283A),
we also ruled out that the mutation directed at precluding
DNA-PK-dependent phosphorylation somehow affects the
ability of FoxA2 to bind to its cognate DNA sites. For this
purpose we focused on recombinant FoxA2 WT and
FoxA2(T280A,S283A), each purified from bacteria, and we
evaluated the ability of each to bind site B (Fig. 9). Using a probe
that spans site B from the apoAl promoter-proximal enhancer,
we first established conditions for an electrophoretic mobility
shift assay (EMSA) to generate a specific FoxA2-DNA complex
(Fig. 9A). Specificity of this complex was ascertained by the
following criteria. First, we demonstrated that the complex
could be competed away by a molar excess of unlabeled site B
oligonucleotide but not by an equivalent amount of a DNA
fragment spanning site A, which does not bind FoxA2 (Fig. 94,
compare lane 1 with lanes 5-7). Second, we showed that only
with a specific antibody against FoxA2, but not control IgG (Fig.
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FIGURE 9. DNA binding analysis of FoxA2 to its target site. A, EMSA show-
ing binding of recombinant FoxA2 to a site B probe (lane 1) and its competi-
tion by increasing amount of unlabeled site B oligonucleotide (lanes 2-4) but
not equivalent amount of site A oligonucleotide (lanes 5-7). The molar ratios
of cold competitor over labeled probe were as follows: lanes 2 and 5, 2.5; lanes
3and 6, 10; lanes 4 and 7, 50. B, further validation of the FoxA2 EMSA using an
anti-FoxA2 antibody (/ane 2) to supershift the specific complex (identified by
the arrow). As control, total goat IgG was used (lane 1). C, increasing amounts
of FoxA2 WT (lane 1, 1.6 ng; lane 2, 4 ng; lane 3, 8 ng) or FOxA2(T280A,5283A)
(lane 4,2.8 ng; lane 5,7 ng; lane 6, 14 ng) were incubated with the site B probe
and analyzed by EMSA. D, using the indicated bodies, ChIP assays were per-
formed on extracts of 293T cells that had been cross-linked with formalde-
hyde 48 h after transfection with the B3XAIL.LUC reporter and either the empty
vector (pVP5; top panel), the vector expressing wild-type FoxA2 (middle
panel), or the vector expressing the mutant FoxA2 protein (lower panel).
Immunoprecipitate cross-links were reversed, and the promoter region on
the reporter template was amplified by PCR.

9B, lane 3 versus lane 1), an additional band corresponding to a
supershifted FoxA2-DNA complex could be generated. Next
we incubated the probe with increasing amounts of each of
FoxA2 WT and FoxA2(T280A,5283A) (Fig. 9C). The EMSA
confirmed that both proteins could bind to the probe in a dose-
dependent manner and with comparable efficiencies.

Finally, we also asked if FoxA2(T280A,5283A) similarly
retains the ability to bind to its target sites in the context of the
cell. We transfected wild-type FoxA2 and FoxA2(T280A,
S283A) via expression vectors into 293T cells together with a
reporter plasmid that carries apoAl site B. ChIP analysis (Fig.
9D) of the extracts from these cells using antibodies against
FoxA2 clearly demonstrated that the mutant protein, despite its
inability to be phosphorylated at Ser-283, is efficiently capable
of binding to its target site. Indeed, if anything, our results sug-
gest that, under the conditions of the experiment, the mutant
protein binds more efficiently than the wild type. We further
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conclude that the transcriptional defect exhibited by
FoxA2(T280A,5283A) is unlikely to arise from impairment in
its ability to bind to its target sites. Taken together, the data
presented here allow us to conclude that DNA-PK-dependent
phosphorylation of FoxA2 at Ser-283 contributes to its tran-
scriptional activation function at a step following its recruit-
ment to the target gene.

DISCUSSION

The main conclusion from this study is that DNA-PK can
interact with FoxA2 and modulate its transcription activation
potential by phosphorylating a critical serine residue. Given an
emerging role of the superfamily of forkhead transcription fac-
tors as pioneer factors in developmental pathways through
alterations in chromatin configuration, these results have
important implications for how the activity of these factors
might in turn be regulated.

Role for DNA-PK in Transcription—DNA-PK appears to be a
multifunctional protein. It has been most extensively charac-
terized as a key participant in DNA repair pathways in which,
intriguingly, it initiates a repair cascade by phosphorylating the
variant histone H2AX (32, 34, 37). At the same time, numerous
reports have implicated it directly in various aspects of tran-
scription, including via mechanisms such as double-stranded
DNA breaks that may be common to both processes. Thus,
beginning with its initial identification as a kinase for the C-ter-
minal domain of the largest subunit of RNA polymerase II (38),
DNA-PK was shown to phosphorylate other components of the
preinitiation complex (39) as well as to stimulate multiple
rounds of transcription in in vitro transcription systems (40).
DNA-PKcs was also detected as one of the polypeptides associ-
ated with the putative nuclear receptor coactivator TRBP (41).
It has also been implicated as a regulator of many transcrip-
tional activators such as Spl (42) and of the antitumor p53
protein, a transcriptional activator in its own right (31).
DNA-PK was also shown to be a component of the multiprotein
complex nucleated by the estrogen receptor (43). Most
recently, and perhaps of immediate relevance to this study,
DNA-PK was implicated in regulating transcription factor
upstream stimulatory factor-dependent expression of meta-
bolic genes in response to feeding-induced signals (44).
Thus, our demonstration here that DNA-PK binds to and
phosphorylates FoxA2, with significant effects on its ability
to activate its target genes, highlights yet another transcrip-
tion-related role of DNA-PK.

Potential Mechanisms for DNA-PK Vis a Vis FoxA Factors as
Pioneer Factors—Our results allow us to conclude that phos-
phorylation of FoxA2 by DNA-PK at Ser-283 greatly stimulates
its transcriptional activation function. In contrast to what has
been reported for AKT-mediated phosphorylation of FoxA2
(35, 36), our data suggest that the effects mediated through
modification of Ser-283 are unlikely to be realized from control
of subcellular localization of FoxA2. Furthermore, although we
have not yet analyzed effects of the modification on interactions
with chromatin (see below), our comparative analysis of the
specific DNA binding ability of wild-type FoxA2 and FoxA2
bearing a mutation in the DNA-PK phosphorylation site (on
which our conclusions regarding the functional consequences
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of the modification are based) suggests that the mutation does
not have any gross effects on the ability of FoxA2 to bind to its
target site. Thus the evidence presented here is most consistent
with the notion that a main functional consequence of this
modification is realized at a step following the recruitment of
FoxA2 to its target genes.

Recent mechanistic dissection of how forkhead factors exert
their transcriptional activation functions has focused on their
ability to bind higher order chromatin and render it more ame-
nable for additional transcriptional factors to bind in the imme-
diate vicinity (22, 23). As attractive as this idea is with respect to
the function of forkhead factors as pioneer factors and the sim-
ilarity of their DNA binding domains to linker histones, it
remains likely that these factors also function as conventional
transcriptional activators that act in part by recruiting addi-
tional coactivators. Indeed, forkhead factors have long been
known to contain autonomous “activation domains” (18) that
function independently of the winged-helix DNA binding
domain. Thus, these transcription factors can reasonably be
expected to act at multiple levels.

Therefore, a most straightforward mechanism that can be
envisioned on the basis of our data is that DNA-PK-medi-
ated phosphorylation of the C-terminal domain of FoxA2
facilitates interactions of downstream factors necessary for
full activation. In the simplest case these could include fac-
tors responsible for chromatin transactions or interactions
with the general transcription machinery. More intriguingly,
as is emerging for several other transcriptional factors (45—
47), it may be that efficient activation by FoxA2 is coupled to
proteasome-dependent degradation, which serves to “reset”
the transcription complex at each round of transcription to
maintain elevated expression levels. Phosphorylation by
DNA-PK could contribute to the turnover, and apparent
coactivation effects, by marking FoxA2 for degradation. In
this regard, it is worth mentioning that steady-state intracel-
lular concentrations of FoxA2(T280A,S283A), which could
not be phosphorylated, were consistently found to build up
to significantly higher levels as compared with wild-type
FoxA2 (data not shown). Also potentially consistent with the
relatively fleeting lifetime of wild-type FoxA2 is the observa-
tion that mass spectrometry analyses failed to detect FoxA2
species bearing this modification. Regardless of the precise
downstream mechanism, phosphorylation induced by
DNA-PK would initiate a cascade of events that culminate in
the efficient establishment and activity of the preinitiation
complex, the hallmark of an active gene.

Unexpectedly for a coactivator, our ChIP data indicate that
DNA-PK (Ku70) is distributed across the entire apoAl gene
albeit at low levels. This could imply that FoxA2 encounters
DNA-PK, a chromatin-associated protein upon interaction
with its cognate sites within chromatin. Based on the above
discussion, and although this is not simply a passive interac-
tion, important functional outcomes could nevertheless
ensue at the local sites of interaction. Alternatively, given the
recent report that DNA-PK recruitment to upstream stimu-
latory factor is dependent on extracellular signals (insulin)
(44), its full mobilization to the apoAl promoter may also be
dependent on some as-yet-unidentified signal. It also
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remains unclear as to what role, if any, the Ku70 and Ku80
subunits, which in the context of DNA repair are the primary
determinants in guiding DNA-PK to the various lesions (48),
play in the context of transcription.

Indeed, it cannot be ruled out that FoxA2 interaction with
DNA-PK is additionally a means to deliver the latter to the
transcription machinery as a conventional coactivator. The
linker histone H1 has been identified previously as a substrate
for DNA-PK (49) and further that phosphorylation of linker
histones has been linked to gene activation (50, 51). Thus,
DNA-PK, recruited by FoxA2, could also potentially contribute
in this context by phosphorylating the linker histone H1 in tan-
dem with its effects on FoxA2. In the end, although FoxA2
binding to Hl-compacted chromatin, per se, might reflect a
substantial local relief of compaction, additional unfolding may
depend on DNA-PK-mediated phosphorylation of H1. How the
phosphorylation at Ser-283 would tie in with this mode is not
immediately apparent, but scenarios can be imagined in which
this modification is coupled to interactions with the remodeled
chromatin. In this regard, it is interesting to note that whereas
the winged helix domain of FoxA2 serves as the main docking
site for DNA-PK, Ser-283 is located somewhat distally in the
C-terminal region of the molecule suggesting a physical basis
for such a coupled mechanism.

Ongoing studies, which include establishing an in vitro tran-
scription system for FoxA2, along the lines that we have previ-
ously implemented for HNF-4« (15, 24), will allow us to test the
effects of DNA-PK on FoxA2 whether as a bona fide coactivator
or, more generally, as a cofactor.
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