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Background: The molecular mechanisms mediating the oncogenic activity of the transcription factor GLI1 remain elusive.
Results: GLI1 interacts with SMAD factors and PCAF to regulate TGFB-induced gene expression.

Conclusion: These results define a novel epigenetic mechanism underlying the role of GLI1 as an oncogene.

Significance: This study increases our understanding of gene expression regulation in cancer cells and its potential impact in

tumor development.

The biological role of the transcription factor GLI1 in the reg-
ulation of tumor growth is well established; however, the molec-
ular events modulating this phenomenon remain elusive. Here,
we demonstrate a novel mechanism underlying the role of GLI1
as an effector of TGF signaling in the regulation of gene
expression in cancer cells. TGF 3 stimulates GLI1 activity in can-
cer cells and requires its transcriptional activity to induce BCL2
expression. Analysis of the mechanism regulating this interplay
identified a new transcriptional complex including GLI1 and the
TGEFB-regulated transcription factor, SMAD4. We demonstrate
that SMAD4 physically interacts with GLI1 for concerted regu-
lation of gene expression and cellular survival. Activation of the
TGEFB pathway induces GLI1-SMAD4 complex binding to the
BCL2 promoter whereas disruption of the complex through
SMAD4 RNAIi depletion impairs GLI1-mediated transcription
of BCL2 and cellular survival. Further characterization demon-
strated that SMAD?2 and the histone acetyltransferase, PCAF,
participate in this regulatory mechanism. Both proteins bind to
the BCL2 promoter and are required for TGFf3- and GLI1-stim-
ulated gene expression. Moreover, SMAD2/4 RNAi experi-
ments showed that these factors are required for the recruit-
ment of GLI1 to the BCL2 promoter. Finally, we determined
whether this novel GLI1 transcriptional pathway could regulate
other TGF targets. We found that two additional TGFf3-stim-
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ulated genes, INTERLEUKIN-7 and CYCLIN D1, are dependent
upon the intact GLI1-SMAD-PCAF complex for transcriptional
activation. Collectively, these results define a novel epigenetic
mechanism that uses the transcription factor GLI1 and its asso-
ciated complex as a central effector to regulate gene expression
in cancer cells.

GLI1 is a C,-H,-type zinc finger transcription factor that
belongs to the GLI family of transcription factors (1). This fam-
ily consists of three different members (GLI1, 2, and 3), which
are involved in the regulation of tissue patterning, size, and
shape by integrating multiple signaling inputs. GLI1, a potent
inducer of cellular transformation (1, 2), was originally identi-
fied by Kinzler and colleagues in 1987 as an amplified gene in
malignant glioma (3). GLI1 was found to be overexpressed in
these tumors and its derived cell lines. In addition to gliomas,
GLII is highly expressed in multiple neoplasms such as small
cell lung, pancreatic, stomach, and prostate cancer where its
expression is in general associated with unfavorable overall
patient survival (4—8). Numerous reports have demonstrated
that the sole overexpression of GLI1 is sufficient to induce
transformation ixn vitro and in vivo (9, 10). For instance, trans-
genic overexpression of GLI1 in epithelial cells generates
hyperplastic lesions and tumor development (9, 10). These
findings support the notion that increased expression of GLI1 is
sufficient for the development of a subset of tumors. GLI1 activ-
ity is regulated by different oncogenic cascades, including the
HEDGEHOG, EGEFR, RAS, and TGFf pathways (1, 11-20). It
has been demonstrated that malignant transformation induced
by some of these cascades requires an intact GLI1 transcrip-
tional activity (17, 20, 21). Knowledge of the molecular mecha-
nisms underlying the biological role of GLI1 during carcinogen-
esis will be important for the understanding of gene regulation
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as well as development of future therapeutic approaches for
tumors with an active GLI1 pathway.

Here, we provide evidence of a novel mechanism regulating
the activity of GLI1 in cancer cells. We demonstrate a physical
and functional interaction between GLI1 and SMAD4, a down-
stream effector of the TGFB pathway. In addition, we show that
this novel complex requires the histone acetyltransferase,
PCAF,” to modulate gene expression. Finally, we provide evi-
dence that GLI1 and its cofactors are recruited to the BCL2
promoter upon TGFf3 signaling and are required by the TGFf3
signaling pathway to control gene expression in tumoral cells.
These findings define a new mechanism underlying the role of
GLI1 during tumorigenesis and expand the repertoire of epige-
netic pathways controlling gene expression in cancer cells.

EXPERIMENTAL PROCEDURES

Cell Lines and TGFB1 Treatment—PANCI cells were obtained
from American Type Culture Collection (ATCC) and cultured
in DMEM (Invitrogen) supplemented with 10% fetal bovine
serum (FBS; SAFC BioScience). RMS13 cells were from ATCC
and cultured in RPMI 1640 medium with 10% FBS. Smad2~'~
and Smad3~'~ mouse embryonic fibroblast (MEF) cell lines
were a gift from Dr. Hawse (Mayo Clinic, Rochester, MN) and
cultured in DMEM supplemented with 10% FBS. For TGEf3
treatment, 5 ng/ml TGF 1 recombinant ligand (R&D Systems)
was added to cells in serum-free medium. Samples were col-
lected 24 h after treatment.

Plasmids—Full-length human GLI1 cDNA was cloned in
pCMV-3XFLAG vector (Sigma-Aldrich) to make FLAG-GLI1
and into pcDNA 3.1/HisC vector (Invitrogen) to make His-
GLI1 using standard recombinant DNA methodology (22). The
HA-GLI1 plasmid was a gift from Dr. Cheng (Igen Interna-
tional, Gaithersburg, MD). The FLAG-SMAD2 and FLAG-
SMAD4 constructs were generous gifts from Dr. Leof (Mayo
Clinic, Rochester, MN). GFP-SMAD4 (epB-Bsd-CAG-EGFP-
hSMAD4) and untagged SMAD2 (epB-Puro-CAG-mSMAD?2)
constructs were from Dr. Brivanlou (The Rockefeller Univer-
sity, New York, NY) (23). The FLAG-PCAF expression con-
struct was kindly provided by Dr. Faubion (Mayo Clinic, Roch-
ester, MN). The BCL2 promoter-luciferase construct was a gift
from Dr. Boxer (Center of Molecular Biology in Medicine,
Veterans Affairs Palo Alto Health Care System, Palo Alto,
CA) (24). The GLI-luciferase reporter (GLI-Luc) was pro-
vided by Dr. Hui (University of Toronto, Toronto, ON, Canada)
(25). The FLAG-BCL2 construct was purchased from Addgene
(Cambridge, MA). The shRNAs targeting human GLI1 (NM_
005269.1-2761s1cl, and NM_005269.1-3414s1cl), PCAF
(NM_020005.1-950s1c1 and NM_020005.1-962s1c1) and the
nontargeting control (NT-SHCO016) were obtained from Sigma.
The shRNAs targeting SMAD4 (TG309253-5 and TG309253-
7), SMAD2 (TG309255C and TG309255D), and Scramble con-
trol (TR30013) were from Origene (Rockville, MD). siRNA for
GLI1 and SMAD?2, and nontargeting control (NT) was pur-
chased from Qiagen (Valencia, CA).

3 The abbreviations used are: PCAF, p300/CREB-binding protein-associated
factor; Luc, luciferase; MEF, mouse embryonic fibroblast; NT, nontargeting.
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Transfections—Cells were transfected with Lipofectamine
(Invitrogen) as described previously (26), with X-tremeGENE
HP (Roche Applied Sciences) or Oligofectamine (Invitrogen)
according to manufacturers’ instructions. For luciferase reporter
assays, 1 X 10 cells were plated into 6-well plates and trans-
fected 24 h later. For each condition 0.3 ug of BCL2 promoter-
luciferase reporter or GLI-luciferase reporter was used, along
with 3 ug of GLI1, SMAD4, or empty vectors. For transfections
of multiple constructs, equal amounts of the expression vectors
were used. For expression experiments, 1 X 10° cells were
plated in 10-cm dishes and transfected 24 h later with 10 ug of
DNA. In each set of experiments, equal amounts of plasmid
were used by adding empty vectors. Cells were harvested 24 —48 h
after transfection for overexpression studies or siRNA treatments
and 72 h after transfection when performing shRNA knockdown
assays. For chromatin immunoprecipitation (ChIP) experiments,
1.8 X 10° cells were plated in 150-mm dishes and transfected 24 h
later with 30 ug of DNA.

Luciferase Reporter Assay—Cells were grown and transfected
as indicated above. For luciferase reporter assays, cells were
plated in triplicate into 6-well plates in medium containing 10%
FBS. Samples were harvested and prepared in accordance with
the manufacturer’s protocol (Promega). To control for inter-
sample variations in transfection efficiency, the total protein of
samples in each well was quantitated (Bio-Rad), and luciferase
readouts were normalized to protein content. Relative lucifer-
ase activity represents luciferase readouts/protein concentra-
tions normalized to control cells within each experiment.

Reverse Transcription and Real-time PCR—Total RNA was
extracted from cultured cells using TRIzol reagent (Invitrogen)
following the manufacture’s protocol. Five ug of total RNA was
reverse-transcribed using a high capacity cDNA synthesis kit
(Applied Biosystems). A portion of the total cDNA was ampli-
fied by real-time PCR. Samples were prepared with 1 XIQ SYBR
Green Supermix (Bio-Rad) and the following primers: GLII,
5'-tgccttgtaccctecteccgaa-3’ (forward) and 5'-gegatctgtgatg-
gatgagattccc-3' (reverse); BCL2, 5'-gagccacgacccttcttaaga-
cat-3' (forward) and 5'-caggggtcaattaatccatgacac-3' (reverse);
SMAD4, 5'-ttactgttgatggatacgtggacc-3’ (forward) and 5'-
agtatgcataagcgacgaaggtca-3' (reverse); PCAF, 5'-ctgtcagaggaa-
gagatggacaga-3' (forward) and 5'-tggacgcaggtgaagaggtact-3’
(reverse); SMAD?2, 5'-atgtcgtccatcttgecatte-3' (forward) and
5'-aaccgtcctgttttcttt-3' (reverse); NMYC, 5'-ctcagtacctccg-
gagag-3' (forward) and 5'-ggcatcgtttgaggatc-3’ (reverse); IL6,
5'-ccacacagacagccactcacc-3' (forward) and 5'-ctacatttgccgaa-
gagcectce-3' (reverse); IL7, 5'-cgcaagttgaggcaatttct-3” (forward)
and 5'-ctctttgttggttgggettc-3' (reverse); CYCLIN D1, 5'-gaa-
gatcgtcgecacctg-3’ (forward) and 5'-gacctectectegeacttct-3'
(reverse); and GAPDH, 5'-gacctgacctgccgtctagaaaaa-3’ (for-
ward) and 5'-accaccctgttgetgtagccaaat-3’ (reverse). Amplifica-
tion was performed using the C1000 Thermal Cycler (Bio-Rad)
under the following reaction conditions: 95 °C for 3 min fol-
lowed by 40 cycles of 30 s at 95 °C, 30 s at 60 °C,and 20 s at 72 °C.
Each mRNA level was normalized by comparison with GAPDH
RNA levels in the same sample. The results were calculated
following the 2ACp method.

ChiP Assay—ChIP was conducted using a modification of the
Magna ChIP kit protocol (EMD Millipore) as described previ-
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ously (26). Chromatin was digested with micrococcal nuclease
(2.5 units/ml; New England Biolabs) for 20 min at 37 °C and
then sonicated for 15 min. Aliquots of the sheared chromatin
were subjected to immunoprecipitation using the following
antibodies: GLI1 (Novus Biologicals, Littleton, CO), SMAD4
(Cell Signaling Technology, Danvers, MA), PCAF (Abcam,
Cambridge, MA), and SMAD?2 (Gene Tex, Irvine, CA). Normal
rabbit IgG (EMD Millipore) was used as control. Real-time PCR
of the ChIP products and genomic input DNA were performed
using primers that amplify two areas of the BCL2 promoter
containing consensus GLI binding sites. The sequences of the
primers are the following: area 1 (—481/—200), 5'-tccgcactc-
cgtegtecgeecgge-3' (forward) and 5'-tggegegteecgecgggggcacat-3'
(reverse); and area 2 (—1282/—979), 5'-gctaggggctattcatget-
gatta-3' (forward) and 5’'-gggaaggggtttatcaagggcttt-3' (reverse).
Quantitative SYBR PCR was performed in triplicate for each
sample or control using the C1000 Thermal Cycler. Results are
represented as -fold enrichment, where each antibody signal
was relative to its respective input and then normalized to the
nonimmune IgG control signal.

Western Blotting—Cells were grown and transfected as
described previously. Whole cell extracts were prepared using
lysis buffer (150 mm NacCl, 0.5% Nonidet P-40, 50 mm Tris-HCI,
pH 7.5, 20 mm MgCl,) supplemented with Complete inhibitor
tablets (Roche Applied Science) and incubated for 1 h on ice. To
shear the DNA, samples were passed through a 27 Y2-gauge
needle with a 1-ml syringe. After the lysates were cleared at
15,000 Xg for 30 min, supernatants were collected. Equal
amounts of protein (20 -50 ug/lane) were separated by electro-
phoresis and then transferred to PVDF membrane. Antibodies
against GLI1, SMAD4, phosphorylated and total SMAD3 were
purchased from Cell Signaling; anti-HA antibody was from
Roche Applied Science; anti-PCAF was from Abcam; the tubu-
lin antibody and anti-FLAG were obtained from Sigma. Anti-
Peroxidase-conjugated secondary antibodies were used, and
immunoreactive proteins were detected by chemiluminescence
(GE Healthcare).

Immunoprecipitation—PANCI cells transfected for 48 h or
untransfected RMS13 cells (2—3 confluent 10-cm culture plates
for each immunoprecipitation) were lysed in 50 mm Tris, pH
7.5,300 mm NaCl, 0.5% Nonidet P-40 with Complete inhibitor.
Lysates were passed through a 27 /2-gauge needle five times and
then diluted with 50 mm Tris, pH 7.5, 0.5% Nonidet P-40 to 150
mM NaCl. Samples were centrifuged at 17,000 X g for 10 min.
Supernatants were subjected to immunoprecipitation follow-
ing the Dynabeads Protein G immunoprecipitation kit protocol
(Invitrogen). The following antibodies were cross-linked to
Dynabeads Protein G for 1 h at room temperature: anti-GLI1
(R&D Systems), anti-PCAF, and normal goat and rabbit IgGs
(Santa Cruz Biotechnology). Dynabeads-antibody complexes
and lysates were incubated overnight at 4 °C with rotation. Pro-
teins were eluted by the addition of SDS sample buffer and
incubation at 95 °C for 5 min. These eluates were subjected to
Western blot analysis using primary antibodies as mentioned
above.

Immunofluorescence—PANCI1 cells were fixed in 4% formal-
dehyde for 40 min and permeabilized in 0.1% Triton-X-100 at
4°C for 5 min. The following primary antibodies were used
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at the indicated dilutions: anti-HA (Roche, 1:300), anti-GFP
(Invitrogen; 1:200), and anti-PCAF (1:200). Fluorescent sec-
ondary antibodies were from Invitrogen and used at 1:200.
After staining, cells were mounted in Prolong with DAPI (Invit-
rogen). Microscopy was performed using an Olympus AX70
equipped with a Hamamatsu C4742-95 camera. Images were
captured using MetaMorph (Universal Imaging Corp.).

MTS Colorimetric Assay—Cells were grown and transfected
as indicated above. For MTS assays, 24 h after transfection 5000
cells were plated in 96-well plates in medium containing 10%
FBS. Twenty-four h after plating the cells, a first measurement
was done and this considered as time = 0. Cells were then
cultured under starvation conditions, and the final measure-
ment was performed after 24 h. Samples were harvested and
prepared in accordance with the manufacturer’s protocol (Pro-
mega). Each value was normalized to its time = 0 within each
condition. In some experiments cells were treated with 20 um
BCL2 inhibitor, ABT737 (Selleck Biochemical, Houston, TX),
for 24 h.

Annexin V Binding Assay—Binding of allophycocyanin-con-
jugated annexin V (BD Biosciences) to cells was assessed as
originally described (27, 28). The cells were transfected with
plasmids for GLI1 or BCL2 expression plus GFP and then
serum-starved (0.5% FBS) for 48 h. Cells were then stained with
annexin V (at the concentration suggested by the supplier) and
100 pl of annexin V buffer consisting of 140 mm NaCl, 2.5 mm
CaCl,, and 10 mm HEPES (pH 7.4). After a 15-min incubation,
samples were diluted with 400 ul of annexin V buffer and
immediately subjected to flow cytometry. In all, 20,000 events
were collected from appropriate channels of a FACSCanto flow
cytometer (BD Biosciences). Analysis was performed in double
positive cells (GFP and allophycocyanin annexin V).

RESULTS

GLI1 Mediates TGFB-induced Gene Expression in Cancer
Cells—Previous studies have demonstrated that TGFS can
induce GLI1 transcription activity (18, 29). Here, we investi-
gated whether the GLI1 and TGFB-SMAD pathways interact
and can act as transcriptional effector of the TGFf3 cascade. We
focused on the regulation of BCL2, a known transcriptional
target of GLI1 (30, 31). GLI1 overexpression increased both
mRNA levels (Fig. 14, left) and promoter activity (Fig. 1A, right)
of BCL2 in the TGFB-responsive cell line, PANC1 (30, 31).
Conversely, knockdown of GLI1 using two independent
shRNA constructs decreased BCL2 expression in these cells
(Fig. 1B) and as well as RMS13 (data not shown). We evaluated
whether BCL2 plays a role in the known abilities of GLI1 to
promote cell survival (32—34). We found that BCL2 overexpres-
sion was able to reduce the levels of apoptosis induced by the
knockdown of GLI1 as detected by changes in annexin V stain-
ing (Fig. 1C, left). GLI1 depletion also lowered cell growth, and
this effect was rescued by the overexpression of BCL2 (Fig. 1C,
right). However, pharmacological inhibition of BCL2 blocks
GLI1-mediated survival in PANCI1 cells cultured under starva-
tion conditions (Fig. 1D).

Significantly, TGFS was also able to induce the expression of
BCL2. As shown in Fig. 24, treatment with TGFf1 ligand (5
ng/ml) increased BCL2 mRNA compared with vehicle controls.
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FIGURE 1. BCL2 up-regulation underlies the mechanism of GLI1-mediated survival. A, left, increased BCL2 mRNA expression in PANC1 cells transfected
with a FLAG-tagged GLI1 expression vector compared with vector control as analyzed by real-time PCR. Right, luciferase assay of cells cotransfected with BCL2
promoter reporter vector and either control vector or GLI1, showing that GLI1 increases BCL2 promoter activity. B, decreased BCL2 mRNA expression in PANC1
cells cotransfected with two independent GLIT shRNA (#7 and #2) constructs compared with nontargeting (NT) shRNA control measured by real-time PCR. The
inset includes Western blot analysis to demonstrate the knockdown efficacy. TUBULIN was used as housekeeping control. C, FACS-based detection of annexin
V (left) and MTS assay (right) showing that effects of the knockdown of GLI1 on apoptosis and cell viability can be rescued by the overexpression of BCL2. D, MTS
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GLIT on cell survival. Bar graphs represent average levels in each group = S.E. (error bars) from two or more replicates.

Immunoblotting confirmed activation of the TGF 3 pathway, as
indicated by an increase in SMAD3 phosphorylation in TGF3-
treated cells (Fig. 24, inset). Using an artificial GLI1 luciferase
reporter (GLI-Luc) (25) we showed that TGF1 treatment pro-
moted GLI1 activity (Fig. 2B) although no significant change in
GLI1 protein expression was observed by immunoblotting (Fig.
2B, inset). TGFB activation also increased the binding of endog-
enous GLI1 to a region in the BCL2 promoter spanning from
—481 to —200 bp upstream of the first exon containing canon-
ical GLI1 binding sites (Fig. 2C). No increase in GLI1 binding
induced by TGFB1 was detected in the other area analyzed
(—1282 to —979 bp upstream of the first exon) (Fig. 2C). Next,
we investigated the possibility that TGF requires GLI1 to acti-
vate the BCL2 promoter. Knockdown of GLI1 completely abro-
gated the induction of BCL2 mRNA expression by TGFS1 (Fig.
2D). Noteworthy, this effect was not due to decreased TGFf3-
mediated activation of the pathway in GLI1-depleted cells, as
shown by p-SMAD3 levels in TGEB1-treated cells (Fig. 2D,
inset). Collectively, these data identified GLI1 as a novel effector
molecule for the TGE pathway by increasing BCL2 transcrip-
tion in response to TGFf3 signaling.

SMAD4 Cooperates with GLII to Regulate Gene Expression—
This interplay between TGF and GLI1 suggests the possibility
of an interaction between GLI1 and members of the SMAD
family of transcription factors, known transcriptional effectors
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of TGF B signaling (35). Similar to GLI1, SMAD4 binding to the
—481/—200 area of the BCL2 promoter was induced by TGFf
(Fig. 3A4). Of note, no enrichment of SMAD4 upon TGF stim-
ulation was detected in the upstream —1282/—979 area of the
BCL2 promoter (Fig. 3A). Using the GLI-Luc reporter we
showed a promoting effect of SMAD4 on GLI1-dependent
transcription (Fig. 3B). The combined overexpression of
SMAD4 and GLII resulted in a significant increase of the
reporter activity compared with the control vector or the GLI1-
transfected cells (Fig. 3B, left). Conversely, there was a lack of
effect of SMAD4 overexpression on the GLI-Luc reporter activ-
ity in cells transfected with a shRNA construct targeting GLI1
(Fig. 3B, right). Thus, SMAD4 has no direct effect on this
reporter, but only shows activation activity when GLI1 is
present.

Similar to effects seen with the GLI-Luc artificial reporter,
SMAD4 overexpression increases GLI1 activation of BCL2
expression (Fig. 3C). Finally, we demonstrate the requirement
of SMAD4 to regulate BCL2 expression downstream of the
TGEB-GLI1 axis. SMAD4 shRNA knockdown impairs basal
(Fig. 3D), GLI1-induced (Fig. 3E), as well as TGFS-stimulated
expression of BCL2 (Fig. 3F). Of note, the RNAi knockdown of
SMAD4 impairs the induction of the mRNA levels of BCL2
without affecting GLI1 expression or the activation of the path-
way by TGFp1 ligand (Fig. 3, E and F, insets). Finally, we dem-
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onstrate that the GLI1-mediated increase in cell viability
requires SMAD4 because knockdown of this SMAD4 impaired
GLI1-induced survival in PANCI cells (Fig. 3G). Of note,
knockdown of SMAD4 did not affect survival under basal con-
ditions (Control group). Western blot expression controls for
the transfected GLI1 construct as well as the efficiency of
knockdown of SMAD4 are shown in Fig. 3G (inset). Together,
these findings functionally connect SMAD4 with the TGEB-
GLI1 axis in the regulation of gene expression.

GLI1 Physically Interacts with SMAD4—To further define
the mechanism underlying this functional interaction between
GLI1 and SMAD4, we determined whether these transcription
factors function in a complex. Immunoprecipitation of GLI1
from transiently transfected PANC1 cells overexpressing
FLAG-SMAD4 and HA-GLI1 demonstrated that both proteins
occurred in the same protein complex and this interaction is
enhanced by TGEFf (Fig. 44). Next, we examined the colocal-
ization of GLI1 and SMAD4 in PANCI cells. Immunofluores-
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cence of cells transfected with GFP-SMAD4 and HA-GLI1
demonstrated that SMAD4 was mainly cytosolic in the absence
of TGFpB1, whereas GLI1 localization was primarily nuclear.
TGEB1 treatment caused a dramatic increased nuclear pres-
ence of SMAD4 and a smaller but significant shift of GLI1 to
increased nuclear localization (Fig. 4B). Thus, the colocaliza-
tion of these two transcription factors increases upon stimula-
tion with TGFR1, supporting the premise that GLI1-SMAD4
are within the same complex and functioning as coeffectors of
the TGEB pathway.

Because SMAD4 requires the interaction with one of the
R-SMADs (SMAD2 and SMAD3) to modulate gene expression,
we sought to define the role of these R-SMADs in the SMAD4-
dependent regulation of GLI-mediated transcription. We used
Smad2 and Smad3 knock-out MEFs to address this question. In
wild type MEFS (data not shown) and smad3-null MEFS (Fig.
54, left), there is a robust activation of the GLI-Luc reporter by
SMAD4. However, in Smad2-null cells, SMAD4 is not able to
increase the activity of GLI-Luc reporter (Fig. 54, right).

Furthermore, knockdown of SMAD2 in PANCI1 cells impairs
GLI1-induced expression of BCL2 without affecting GLI1
expression (Fig. 5B). Similar to SMAD4, immunolocalization
studies (Fig. 5C) show that SMAD?2 and GLI1 colocalize in the
nucleus upon TGFf stimulation. Further, ChIP assays show
that the treatment with the TGFS1 only promotes the binding
of SMAD?2 to the BCL2 promoter at the same GLI1-SMAD4
binding region (—481/—200) (Fig. 5D).

Finally, we demonstrate that endogenous SMAD2 and
SMAD4 can interact in TGFB-stimulated cells with GLI1 as
shown by coimmunoprecipitation of these proteins by an anti-
body against GLI1 (Fig. 5E). In addition, ChIP assays in cells
depleted of SMAD4 and SMAD2 demonstrated a requirement
for these transcription factors in the maximal binding of GLI1
to the BCL2 promoter induced by TGF1 ligand (Fig. 5F). The
knockdown of SMAD2 impairs the binding of SMAD4 to this
regulatory sequence (Fig. 5G). Taken together, these data sug-
gest that GLI1 and SMAD4 form a functional complex to reg-
ulate transcription and support a functional role for SMAD2 in
this complex.

TGFB-GLI1 Axis Requires the Histone Acetyltransferase
PCAF to Modulate Gene Expression—Transcription factors
regulate gene expression in part through the interaction of
coregulator molecules that modulate histone post-translational
modifications. These modifications, known as the histone code,
are interpreted by protein complexes (code readers) and trans-
lated into transcriptional activation or repression signals (36).
In the search of potential coregulators cooperating with GLI1
to regulate gene expression we identified the acetyltransferase
PCAF (37) as a mediator of this phenomenon. Knockdown
experiments using two independent targeting shRNA vectors
demonstrated that PCAF is required for both GLI1-induced
(Fig. 6A) and TGFB-induced BCL2 expression (Fig. 6B). Similar
to SMAD proteins, this effect was not due to changes in the
expression of GLI1 or activation of the TGF 3 pathway (Fig. 6, A
and B, insets). Immunoprecipitation of PCAF in cells trans-
fected with FLAG-PCAF and HA-GLI1 demonstrated that
these two proteins form a complex (Fig. 6C). The endogenous
interaction between PCAF and GLI1 was confirmed by immu-
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noprecipitation of GLI1 using an antibody for PCAF (Fig. 6D).

mark known to be regulated by PCAF (37), in the same region
Immunofluorescence studies showed the presence of GLI1 and

occupied by GLI1 and SMAD4 (Fig. 6G, right). In summary,

PCAF in the nucleus of transfected cells and their colocaliza-
tion upon TGEB1 stimulation (Fig. 6E). Next, we assessed by
ChIP assay the requirement of GLI1 for the binding of PCAF to
the BCL2 promoter. RNAi knockdown of GLI1 impaired bind-
ing of PCAF to this regulatory sequence in cells treated with
TGEB1 (Fig. 6F). Finally, ChIP assay demonstrated that TGFS1
induced PCAF binding to the BCL2 promoter (Fig. 6G, left) and
increased acetylation of lysine 14 of the histone 3, a histone

15500 JOURNAL OF BIOLOGICAL CHEMISTRY

these results demonstrate the involvement of the histone
acetyltransferase PCAF in GLI1-dependent transcriptional
activation and provide novel insight into the transcriptional
mechanisms underlying GLI1 regulation of gene expression
downstream of TGFp signaling.

Finally, we examined whether the TGFS-GLI1 axis targets
additional cancer-related genes besides BCL2. Importantly,
expression studies of several known GLI1 and/or TGFf3 target
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genes (1, 2, 10, 11, 17, 38, 39) demonstrated a role for GLI1,
SMAD4, and PCAF in the TGFB-stimulated induction of
INTERLEUKIN-7 (IL7) and CYCLIN D1 (Fig. 7, A, C,and D). In
contrast, GLI1 depletion by shRNA treatment had no effect on
the TGFB-mediated induction of NMYC and INTERLEU-
KIN-6 (IL6) (Fig. 7A). Interestingly, overexpression of SMAD4
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is able to increase the expression of the target genes in the
presence of an active TGFR pathway (Fig. 7B). Further, Real-
time PCR assays show that GLI1 requires an intact PCAF (lef?)
and SMAD4 (right) to modulate the expression of IL7 and
CYCLIN D1 (Fig. 7C), thus, further supporting the role of this
newly identified histone-modifying complex in the regulation
of gene expression downstream of the TGF3 signaling.

DISCUSSION

Several groups have shown a role for GLI1 as an effector of
multiple signaling pathways in different cancer types including
HEDGEHOG, KRAS, MEK, PI3K, and AKT (21, 40, 41). These
pathways modulate GLI1 activity mainly via regulation of the
expression of this transcription factor (1, 11-20). Here, we pro-
vide evidence of a novel regulatory mechanism involving the
interaction of components of the TGFB pathway (SMAD pro-
teins) modulating GLI1 activity in cancer cells. Specifically, we
demonstrate that GLI1 can complex with SMAD4, and this
interaction regulates the activation of a subset of TGF3-induc-
ible target genes, BCL2, IL7, and CYCLIN DI (Fig. 7). In addi-
tion, we show that the histone acetyltransferase, PCAF, and
SMAD?2 are required for this TGF/GLI1-mediated gene acti-
vation (Fig. 8).

Canonical TGE signaling is initiated by the ligand binding
to paired type Il receptors which recruit type I receptor dimers,
forming a heterotetrameric complex and phosphorylating the
type I receptor. The activated type I receptor then phosphory-
lates receptor-regulated SMADs (R-SMADs), such as SMAD2
and SMAD3. The phosphorylated R-SMADs then associate
with the Co-SMAD, SMAD4, to form activated SMAD com-
plexes, which are able to translocate to the nucleus. Once in the
nucleus they regulate transcription in cooperation with other
transcription factors and coactivators/corepressors (42, 43). In
our studies, we identified GLI1 as an effector of the canonical
TGEB pathway acting as a transcriptional partner of the
SMADs. We have found that SMAD2 and SMAD4 are required
for the GLI1-mediated transcription of BCL2, but SMAD3 is
dispensable for this interplay. In addition to identifying genes
that are regulated by GLI1 and TGEFf, presumably via GLI1/
SMAD interactions, we identified genes (NMYC and IL6) that
are transcriptionally activated by TGF 3 without apparent par-
ticipation of GLI1. These data suggest that different categories
of TGEB-responsive genes are regulated with or without the
involvement of GLI1. We previously showed that TGFS could
stimulate epithelial-to-mesenchymal transition via changes in
gene expression in cells depleted of GLI1, consistent with the
ability of TGEp to alter the expression of some genes via GLI1-
independent mechanisms (44). Thus, our studies increase the
repertoire of mechanisms utilized by the TGE 3 pathway in can-
cer cells by showing that GLI1 can act as a downstream media-
tor of TGEP signaling via cooperation with the SMADs for the
regulation of certain genes.

Our findings also suggest that in cancer cells in which GLI1 is
activated (e.g by HEDGEHOG or KRAS) and TGE signaling is
active, these pathways may interact synergistically by GLI1-
SMAD complex formation to stimulate transcription of key
gene targets. Our studies also have potential translational sig-
nificance for the development of treatments against cancer.
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Many cancer cell types exhibit activation of multiple signal cas-
cades that can interact at the level of GLI1. Thus, treatments
that inhibit a single pathway such as inhibitors of HEDGEHOG
signaling may be insufficient to shut down GLI1 activation
when a second pathway (e.g. TGER) is active. Such targeted
therapies may require multiple drugs directed against different
pathways to inhibit GLI1 activity successfully.

A defining feature of transcription factor complexes is the
requirement for coregulators that control gene expression,
often via modifications in histone amino acids (36, 45). How-
ever, no such histone-modifying partners have been previously
identified for GLI1. We provide evidence that the histone
acetyltransferase PCAF is a partner of GLI1, and we define their
interaction as a key determinant for the regulation of gene
expression downstream of the TGFf signaling. PCAF has been
implicated in global and locus-specific histone acetylation and

15502 JOURNAL OF BIOLOGICAL CHEMISTRY

plays a key role in oncogene-mediated gene transcription, and it
is crucial for cell cycle progression in different cell types (37,
46-48). This histone acetyltransferase has been associated
with chemoresistance, promotion of cell growth, and invasive-
ness in cancer cells. PCAF has been shown to acetylate nucleo-
somal histone 3, lysine 14 residues, a chromatin mark asso-
ciated with gene activation (49, 50). In addition, PCAF is
associated with large, multiprotein complexes, which possess
further histone-modifying capabilities (49). Our findings sug-
gest that GLI1 binding to gene promoters may recruit PCAF,
which then modifies histones, thereby contributing to altera-
tions in chromatin leading to a more active state. During the
revision of our manuscript, two groups independently demon-
strated an interaction between GLI1 and PCAF. One group
supported our findings, showing that GLI1 and PCAF can func-
tion together to positively regulate GLI1 gene target transcrip-
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tion in cancer cells (51). A second group found that PCAF can
acetylate GLI1 under conditions of genotoxic stress, leading to
increased GLI1 proteosomal degradation (52). Thus, our work
confirms and expands these findings by identifying a novel
mechanism in which GLI1 regulates signaling-induced gene
transcription via chromatin-based epigenetic modifications.

In summary, our data demonstrate a novel positive transcrip-
tional cooperativity between GLI1 and the TGER signaling
pathway, which also involves the histone acetyltransferase
PCAF. These novel interactions provide insight into molecular
mechanisms that may lead to tumor progression in cancer types
that have a dependence on GLI1 signaling and an intact TGFB
signaling cascade. The interaction between GLI1 and SMADs
has great potential to be further investigated as a molecular
target for cancer patients.
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