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Abstract

GLI1 is one of three transcription factors (GLI1, GLI2 and GLI3) that mediate the Hedgehog 

signal transduction pathway and play important roles in normal development. GLI1 and GLI2 

form a positive-feedback loop and function as human oncogenes. The mouse and human GLI1 

genes have untranslated 5′ exons and large introns 5′ of the translational start. Here we show 

that Sonic Hedgehog (SHH) stimulates occupancy in the introns by H3K27ac, H3K4me3 and the 

histone reader protein BRD4. H3K27ac and H3K4me3 occupancy is not significantly changed by 

removing BRD4 from the human intron and transcription start site (TSS) region. We identified 

six GLI binding sites (GBS) in the first intron of the human GLI1 gene that are in regions 

of high sequence conservation among mammals. GLI1 and GLI2 bind all of the GBS in vitro. 

Elimination of GBS1 and 4 attenuates transcriptional activation by GLI1. Elimination of GBS1, 

2, and 4 attenuates transcriptional activation by GLI2. Eliminating all sites essentially eliminates 

reporter gene activation. Further, GLI1 binds the histone variant H2A.Z. These results suggest 

that GLI1 and GLI2 can regulate GLI1 expression through protein-protein interactions involving 

complexes of transcription factors, histone variants, and reader proteins in the regulatory intron of 

the GLI1 gene. GLI1 acting in trans on the GLI1 intron provides a mechanism for GLI1 positive 

feedback and auto-regulation. Understanding the combinatorial protein landscape in this locus 

will be important to interrupting the GLI positive feedback loop and providing new therapeutic 

approaches to cancers associated with GLI1 overexpression.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/).
*Corresponding authors. drobbins@med.miami.edu (D.J. Robbins), pmi@northwestern.edu (P. Iannaccone).
1These authors contributed equally to the work.
2Present address: Athira Pharma, Inc., 4000 Mason Rd., Seattle, WA, 98105, USA.
3Present address: ALK, Bøge Allé 6–8, DK-2970 Hørsholm, Denmark.

Conflict of interest
There are no actual or perceived conflicts of interest on the part of any author.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.dnarep.2019.04.011.

HHS Public Access
Author manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2019 July 01.

Published in final edited form as:
DNA Repair (Amst). 2019 July ; 79: 10–21. doi:10.1016/j.dnarep.2019.04.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.dnarep.2019.04.011


Keywords

Hedgehog signaling pathway; Oncogene; Transcription factor; Epigenetic; DNA-protein 
interaction

1. Introduction

The Sonic Hedgehog/Patched/GLI pathway is important for normal development, cancer and 

congenital anomalies [1-3]. It is a complex signal transduction pathway involving reversal 

of negative regulation of a seven span transmembrane protein, Smoothened (SMO) by the 

receptor Patched (PTCH) following stimulation by the ligand Sonic Hedgehog (SHH). SHH 

signaling is mediated by three transcription factors, GLI1, GLI2 and GLI3. Without SHH 

ligand transcriptional activity of these factors is repressed by Suppressor of Fused (SuFu). 

SuFu binds the GLI factors preventing them from moving to the nucleus. SHH signaling 

activity is located in the primary cilium of the cell where the presence of SHH ligand 

causes PTCH to be endocytosed internalizing the SHH/PTCH complex and preventing 

PTCH from sequestering SMO intracellularly. PTCH then does not inhibit SMO, induces 

SMO to localize in the base of the primary cilium, and represses SuFu. SHH signaling, 

through PTCH/SMO, recruits GLI/SuFu to the ciliary tip where they are rapidly dissociated 

[4]. This promotes nuclear localization of the GLI transcription factors allowing target 

gene regulation [5-7]. SuFu may also act as a chaperon to the GLI transcription factors, 

participating in chromatin complexes and facilitating import and export of GLI factors from 

the nucleus [8].

A significant disease burden is associated with mis-regulation of this signal transduction 

pathway [1]. Constitutive signaling activity is associated with cancers or birth defects while 

decreased signaling activity is associated with birth defects. GLI1 is a human oncogene and 

constitutive activation, either as a result of canonical pathway activation or non-canonical 

activation, of GLI1 is associated with many human cancers [9-11]. Clinical trials have been 

conducted to establish the efficacy of down-regulating the pathway in patients by interfering 

with SMO [12,13]. Unfortunately this approach may not be effective in many patients 

because of non-canonical signaling, which directly activates GLI1 and bypasses the block at 

the level of SMO. Thus there is a need to target GLI1 to more effectively block the pathway 

and optimize the chance for therapeutic efficacy. In order to ameliorate the disease burden 

associated with this gene pathway and thereby improve the public health, we need to more 

fully understand how GLI1 regulates transcription and what regulates GLI1 expression.

GLI1 is transcriptionally activated by GLI2, and non-canonical signaling, independent of 

SHH, PTCH and SMO, has been observed through several pathways (KRAS, TGFbeta, 

WNT) and with transcription factors, including c-MYC and EWSR1-FLI1, that directly 

activate transcription of GLI1 [14-18]. Importantly GLI1 expression feeds forward inducing 

GLI1 expression [19]. Negative regulation of the feedback loop can be provided by GLI3, 

translational repression or by the repressive effects of the lncRNA, GLI1as (GLI1 antisense 

long noncoding RNA) [20].
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The interplay of chromatin landscape and transcription factors is key to regulation of gene 

expression. It is well established that epigenetic modification of histones correlates with 

transcriptional activity. In particular H3K27ac and H3K4me3 are present at sites of active 

transcription [21]. Altered histones are believed to be “sensed” by a class of proteins 

known collectively as reader proteins [22,23]. These include bromodomain proteins that 

recognize acetylation marks on histones. Their role in transcriptional regulation remains 

to be fully elucidated but their ability to bind modified histones is sufficiently important 

to transcriptional regulation to motivate the development of small molecule inhibitors to 

modulate activity in cancers [24]. A particularly important bromodomain reader protein, 

BRD4, binds histone H3 and H4 acetylated tails as well as histone methylases [25]. BRD4 is 

an important regulator of gene activity in several cancers [26-28].

Given the widespread association of GLI1 with many human cancers including 

glioblastoma, basal cell carcinoma, lung cancer, GI cancers, prostate cancer [1], 

medulloblastoma [11,29,30] and rhabdomyosarcoma [31-33], it is important to understand 

key elements of the regulation of GLI1 expression. Here we show that the intronic region 5′ 
of the GLI1 translational start is a regulatory region with chromatin features of an enhancer. 

The first intron in the human locus contains numerous cis elements, and is associated 

with H3K27ac marks and DNase hypersensitivity clusters. We show that SHH stimulates 

occupancy in this region by H3K27ac, H3K4me3 and the reader protein BRD4 and that 

BRD4 can be removed from the human intron and TSS region without resulting in lower 

H3K27ac and H3K4me3 occupancy. Our sequencing a number of years ago and public 

reference sequence data show six conserved GLI binding sites (GBS) in the large first intron 

of the human GLI1 gene. We show that these six GBS in the first intron of the human 

GLI1 gene are in regions of high sequence conservation among mammals. Elimination of 

GBS1 and 4 attenuates transcriptional activation by GLI1. Elimination of GBS1, 2, and 4 

attenuates transcriptional activation by GLI2. Deletions of combinations of the GBS indicate 

a hierarchy of importance of the sites. Eliminating all sites eliminates target gene activation. 

GLI1 and GLI2 bind the sites and GLI1 binds the histone variant H2A.Z. The results suggest 

that GLI1 expression can be auto-regulated by the GLI genes GLI1 and GLI2 through 

protein complex binding to this region of the GLI1 gene. Elucidating the combinatorial 

protein-protein interactions that regulate GLI1 expression will provide new therapeutic 

approaches to GLI1 induced cancers overcoming the shortfall of upstream inhibitors whose 

efficacy is limited by non-canonical signaling.

2. Results

2.1. The first intron of human GLI1 has the characteristics of an enhancer and contains 
conserved putative GLI binding sites (GBS)

The first exon of the human GLI1 gene is non-coding and the ATG translational start 

is at the 5′ end of the second exon [34]. The first intron of the human GLI1 gene is 

highly conserved among mammals (Fig. 1). The region has several DNase hypersensitivity 

clusters, indicating open chromatin, and H3K27ac marks in multiple cell lines. Transcription 

Factor ChIP-seq from ENCODE identified 161 factors in this region and Chromatin State 

Segmentation by HMM demonstrated the human intron is a regulatory region in nine cell 
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lines. Histone modifications by ChIP-seq from ENCODE showed areas of high signal from 

CTCF, H3Kme1 and H3K27ac in human stem cells (H1) and in CML cells (K562) (Fig. 1, 

and Fig. 1 in Supplemental materials).

2.2. Epigenetic markers of gene activation and GLI2 binding are stimulated in the mouse 
GLI1 second intron (equivalent to human first intron) by SHH signaling

In order to interrogate the occupancy of the region by activating epigenetic histone marks 

and their response to SHH we utilized mouse LIGHT2 (LT2) [36] cells because of their 

known, well-characterized response to SHH in the presence of intact SHH/GLI1 signaling. 

The mouse GLI1 sequence previously described by us includes an additional exon relative 

to the human sequence with a short first intron, making the mouse second intron equivalent 

to the human first intron [34]. SHH activates GLI1 expression [35]. Indications that the 

intronic region is an active regulatory region led us to look for evidence that SHH increases 

transcriptional activation through the proximal promoter and intronic region of GLI1 in 

human and mouse cells (Fig. 2).

LT2 [36] cells demonstrated stimulation of occupancy of the TSS region and introns by 

BRD4, H3K27ac and H3K4me3 with recombinant SHH. We then wished to determine if 

this SHH responsiveness was dependent on GLI and to accomplish this we used GLI2/3 

(−/−) mouse embryonic fibroblasts (MEF). BRD4, H3K27ac and H3K4me3 occupied this 

region in the absence of GLI2 and GLI3, however, SHH stimulation of occupancy was not 

seen in cells lacking GLI2 and GLI3 (Fig. 3).

The highest occupancy by BRD4, H3K27ac and H3K4me3 occur around the TSS and 

the 5′ end of the mouse first and second intron (Figs. 2, 3). In order to establish if the 

SHH responsiveness could be upstream of SMO we stimulated LT2 cells (that have intact 

SMO/GLI signaling) with SMO agonist. H3K4me3 occupancy in the TSS region and in the 

introns was increased with SMO agonist (SAG). Further, GLI2 occupancy was increased by 

SAG in the region of the TSS (Fig. 4).

Because inhibition of BRD4 binding by I-BET151 in mouse cells reduced GLI1 expression 

and is a candidate cancer therapy [28] we wished to determine the effect of I-BET151 on 

BRD4 and activating histone marks in human tumor cells with an intact SHH signal pathway 

but SHH autonomy to avoid potentially confounding effects of SHH. Activated histone 

marks are present in the human first intron and TSS region along with BRD4 occupancy. 

BRD4 occupied the human GLI1 promoter and first intron and could be driven off by the 

inhibitor I-BET151 as shown in Fig. 5. As in mouse cells, I-BET151 significantly reduced 

GLI1 expression in human tumor cells (Fig. 2in Supplemental materials). However, the 

levels of H3K27ac and H3K4me3 occupancy were not significantly changed by I-BET151 

treatment, suggesting that occupancy is SHH dependent but not BRD4 dependent.

2.3. Putative GBS in human and mouse GLI1 5′ introns

In addition to the public data our sequencing previously identified six highly conserved 

GLI putative binding sites (GBS, Fig. 1) with 8/9 nt matching the consensus sequence 

(GACCACCCA). The GBS sequences lined up with peaks of sequence conservation in 

this region (Fig. 1). Starting with the human sequence as the reference there was greater 
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than 80% sequence identity between human, mouse, rat, dog and cow in the region of five 

of the six GBS (GBS 1–5) and greater than 70% sequence identity in the region of the 

sixth GBS between human, dog and cow. Conservation did not extend beyond mammals 

(data not shown). The structure of the mouse GLI1 gene differs in that there is a second 

untranslated exon [34] and the second intron shows four putative GBS with 8/9 nt matching 

the consensus sequence in the conserved regions. When the conservation plot compared 

mouse to human with the mouse sequence as the reference the GBS sequences line up with 

peaks of maximum conservation (Fig. 3 in Supplemental materials). Importantly the precise 

GBS sequences in the mouse were the same as those in the human including the mismatched 

nt. (Table 1 in Supplemental materials).

2.4. GLI1 and GLI2 can bind consensus sequences found in the intron

We determined that both human GLI1 and GLI2 protein bind all six of the conserved GBS 

by gel shift analysis (Fig. 6). Purified human GLI1 protein (aa 211-1106) or purified GLI2 

(aa. 84-355) partial proteins were incubated with the probes. Retarded bands were observed 

for all six conserved sites (arrow, Fig. 6).

2.5. Human GLI1 intron promotes transcriptional regulation of expression reporters by 
GLI1 and GLI2

We then determined whether the first intron of the human GLI1 locus is competent to 

activate transcriptional activity through GLI1 or GLI2 binding to the GBS by cloning the 

full sequence of the intron into luciferase activity reporter vectors (Fig. 7A) utilizing HeLa 

human cells because they have no base line GLI1 expression and have been used extensively 

by us and others for plasmid based transduction allowing facile introduction and analysis 

of GLI expression and deletion constructs. In the presence of both human GLI1 and human 

GLI2 expression constructs, no activity above background was observed in either the basic 

vector or a vector designed to mimic promoter activity (pGL3:empty). However, in a vector 

designed to simulate enhancer activity (pGL3:in1A), both hGLI1 and hGLI2 stimulated 

transcription of the luciferase reporter gene (Fig. 7B,C). We deleted GBS individually to 

determine their contribution to GLI activity in the luciferase system. When hGLI1 was 

added we found that deletion of GBS1 (D1) or GBS4 (D4) (Fig. 7B) significantly reduced 

transcriptional activity. When hGLI2 was added GBS2 (D2) as well as GBS1 and GBS4 

significantly reduced activity (Fig. 7C). We next deleted combinations of elements to expose 

groups of elements that may act in combination to promote transcriptional activity. When 

all GBS elements were deleted in a single construct (D11), almost all transcriptional activity 

was lost. When stimulated with hGLI1, we found that D8, which deleted GBS elements 4–6, 

but not D7, which deleted GBS elements 1–3, had significantly reduced activity indicating 

that GBS1 was less effective than GBS4. In contrast, when hGLI2 was added the reporter 

stimulation was significantly reduced in combination deletions D7 and D9 that removed 

GBS1, GBS2 and GBS4. However, D8 and D10 did not alter expression indicating that 

GBS4 was less effective. Thus we conclude that hGLI1 primarily acted through GBS1 and 

GBS4 while hGLI2 primarily acted through GBS1, GBS2 and GBS4.
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2.6. Mass spectroscopy, proximity ligation assays and co-immunoprecipitation identify 
histone variant H2A.Z as a GLI1 binding partner

A GLI1-GFP construct was produced and activates transcription (data not shown) following 

transfection into HeLa cells. Proteins were isolated with GFP trap beads and separated on 

SDS PAGE gels and mass spectrometric analysis performed. In two independent isolations 

histone variant H2A.Z demonstrated high LFQ (label-free quantification) and high LFQ 

ratio between the GLI1-GFP and control plasmid pull down (Supplemental materials Fig. 

4). The analysis also identified GLI1 (since that was the pull down antibody), SuFu (known 

to bind GLI1), and interestingly, SUV39H1, a histone methyltransferase considered to be a 

histone editor [37].

The interaction between GLI1 and histone H2A.Z was confirmed with proximity ligation 

assays (PLA; Fig. 8) utilizing Rh30 because of very high levels of GLI1 expression and 

protein levels, maximizing the opportunity to see the protein-protein interaction with a 

favorable signal to noise ratio. PLA is performed using primary antibodies from different 

species directed to the molecules of interest. The secondary antibodies are labeled with a 

DNA bar code and this is then recognized by circle forming DNA oligos. When the proteins 

are closer than 40 nm the oligos can be ligated and amplified by rolling circle amplification. 

The interaction is then visualized utilizing fluorescently labeled oligos that hybridize the 

circularized amplicon. This will result in hundreds fold amplification of signal and allows 

localization of the interaction. This allows the identification of protein-protein interactions 

without overexpression or use of exogenous labeled proteins or plasmids, and the method 

is highly sensitive and very specific. Cells were treated with antibodies to GLI1 and to 

H2A.Z. Using confocal microscopy PLA signal indicating binding of GLI1 and H2A.Z was 

observed in Rh30 cells (human rhabdomyosarcoma with amplified GLI1) illustrated in Fig. 

8A and B. HeLa cells, which do not have detectable GLI1, did not display PLA signal (Fig. 

8C and D). Co-immunoprecipitation confirmed the interaction between GLI1 and H2A.Z 

(Fig. 9). GLI1 antibody, but not normal rabbit IgG, pulled down H2A.Z identified with 

western blot analysis.

Public ChIP seq data showed multiple peaks of H2A.Z reads in the human GLI1 first intron 

in trophoblast, hES cells, mesenchymal stem cells derived from hES, neural progenitor 

cells derived from hES cells, HeLa, A549, HepG2 cells and a variety of others (Fig. 5, 

Supplemental materials). The H2A.Z read probability was maximal in the regions containing 

at least four of the six human GBS sequences in the GLI1 first intron.

3. Discussion

Here we show that the first intron of the human GLI1 gene is a regulatory region. 

Further, the histones present in the mouse and human GLI1 introns carry the active marks 

of H3K27ac and H3K4me3. Both GLI2 occupancy of the regulatory region and active 

epigenetic histone marks are SHH dependent. This SHH effect requires GLI2 and/ or GLI3 

as it is absent in GLI2/GLI3 null cells. The human first intron contained six conserved GBS 

in regions of high sequence conservation that are capable of binding GLI1 and GLI2 in vitro. 

Deletion analysis demonstrates that binding to some but not all of the GBS significantly 

affects gene expression and that overall the elimination of all sites greatly reduces gene 
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reporter expression. We show that SHH drives occupancy of GLI2, H3K27ac and H3K4me3 

in this region and that the human intron can regulate GLI1 expression. The intron contains 

elements capable of activation of GLI1 expression explaining in part GLI1 auto-regulation.

While the epigenetic landscape is consistent with a nucleosome free region our work and 

the public data demonstrate the presence of histones within the intron and indeed our results 

show binding of GLI1 to H2A.Z, a developmentally relevant histone. The region is primed 

for remodeling and the histone reader protein BRD4 is present. H3K27ac and H3K4me3 

occupancy is not significantly changed by removing BRD4 from the human intron and 

transcription start site (TSS) region with the small inhibitory molecule I-BET151 despite the 

fact that I-BET151 reduces GLI1 expression in both mouse [28] and human cells (Fig. 2 in 

Supplemental materials)

Concepts of transcriptional regulation through promoters and enhancers are rapidly evolving 

and the notion of a highly conserved cluster of GBS within the GLI genes themselves offers 

a potential mechanism for self-regulation by a positive feedback (feed forward) loop of the 

principal activating transcription factors in the pathway, GLI1 and GLI2. This region then is 

an ideal location to further study both function and regulation of GLI1. Interruption of the 

feedback loop could be exploited in novel cancer therapy. Additionally, the regulatory region 

has been shown in the public data to bind dozens of other transcription factors. Interestingly 

GBS6 can be seen to line up in ChIP seq with the largest number of transcription factors 

(Fig. 2 in Supplemental materials). Our data using cellular extracts rather than purified 

protein (not shown) reveals that GBS6 does not bind GLI1 or GLI2 in some cellular contexts 

although the purified proteins do bind that site. Elimination of the GBS6 site does not affect 

expression of the reporter gene in the presence of GLI1 or GLI2. It is possible given the 

other protein-protein interactions described here that the ability of that site to bind GLI1 or 

GLI2 is impeded by occupancy of other transcription factors.

Accumulating evidence suggests that transcriptional regulation occurs in a landscape of 

protein complexes designed to not only create a platform for transcriptional machinery but to 

facilitate the formation of elongating RNA. This has led to the concept of transcriptional 

factories [38]. The role of protein-protein interactions in the regions associated with 

transcriptional regulation may be to facilitate movement of the polymerase machinery 

through nucleosome organized DNA or alternatively the movement of DNA through the 

polymerase machinery. While the concept of nucleosome free regions allowing the RNAPol 

II complex to initiate may be overly simplistic, nucleosomes do present a barrier to RNA 

elongation [39]. The presence of histone reader proteins in the region of TSS may facilitate 

the polymerase activity through nucleosomes that remain in a transcriptionally active area or 

in the gene itself [40,41]. Bromodomain and extra terminal domain proteins bind acetylated 

histone tails though the bromodomain, a highly conserved 110 amino acid domain that 

forms alpha helices and breaks through proximal promoter pausing. BRD4 in particular may 

have histone chaperone activity that facilitates progression of RNAPII [42].

The presence of direct GLI1 and histone H2A.Z interaction is surprising. H2A is one 

of the four core histone proteins and is known to have several important variants. The 

H2A.Z variant is required for embryonic development and its knock out is embryonic lethal. 
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Incorporation of H2A.Z into nucleosomes weakens the DNA winding and positioning of 

such nucleosomes around transcriptional start sites affects expression of the associated genes 

[43,44]. H2A.Z variant histones are important in gene activation and silencing and are 

highly conserved among species [45,46]. H2A.Z influences chromatin remodeling, occupies 

extended regions at developmental genes [47] and is an oncogene when over-expressed, 

possibly as a result of enhancing the expression of oncogenes like GLI1 [48-50]. Enrichment 

of H2A.Z is thought to help decrease pausing [51] leading to active transcription [52].

In humans, a significant cancer burden is associated with mis-regulation of the Hedgehog/

Patched/GLI (HH/PTCH/GLI) pathway [1,53]. GLI1 gene targets sustain proliferation [10], 

inhibit apoptosis [10], promote angiogenesis [54] and promote tumor cell migration [55]. 

Wild-type p53 competes with GLI1 for the co-activator TAF9, inhibiting GLI’s oncogenic 

activity [56].

Transcription factors have proven to be difficult therapeutic targets because of specificity, 

selectivity and differential sensitivity [57]. Overcoming those concerns or generating new 

therapeutic approaches for GLI1 will require a better understanding of the biochemical 

mechanisms that regulate GLI1 gene expression and function. While the optimal GLI 

binding sequence is widespread in the genome it is important to realize that nt mismatches 

from the consensus are in many cases important to the functional regulation of gene targets 

[58]. The importance of the base pair differences from the consensus optimal sequence 

in the GBS described here is underscored by their conservation from human to mouse 

suggesting that these differences are more significant than just a relaxed binding domain. 

The cluster of GBS in the proximal intronic region of GLI1 is reminiscent of a similar 

structure in the Drosophila patched gene where it is thought to be part of a fine tuning 

response system and is evolutionarily conserved [59].

Mechanisms of control of GLI1 expression are important because GLI gene transcription 

is auto-regulated. Mouse GLI3 directly binds to the GLI1 promoter and induces GLI1 

transcription in response to SHH.[60] Other experiments suggest that GLI1 is a direct target 

of GLI2 [61]. The results presented here imply that GLI1 can regulate the expression of 

GLI1 itself. Since non-canonical signaling may result in oncogenic expression of GLI1, 

inhibiting upstream molecules like SMO may not be useful for cancer therapy. Molecular 

inhibitors of GLI1 that directly affect its transcription by breaking the feed forward cycle 

may be required for meaningful therapy. A deeper understanding of the elements that 

regulate GLI1 expression will help achieve this goal.

4. Experimental procedures

4.1. Chromatin immunoprecipitation (ChIP)

10 million cells were cross-linked in 1% formaldehyde (Thermo scientific) for 10–15 min 

in room temperature and then blocked by 0.125 mM glycine (Ameresco) for 5 min in room 

temperature. Cell pellets were harvested and washed with pre-chilled PBS twice. Then 350 

μl of lysis buffer was added to lyse cells. Cell lysates were then sonicated (Bioruptor™ 

UCD-200) to yield DNA fragments that have sizes between 300 and 800 base pairs. 

Thereafter, cell lysate were cleared after 10 min at 15,000 xg centrifugation. Supernatants 
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were collected and diluted with ChIP dilution buffer by 10 fold. Diluted lysates were then 

precleared by protein A/G beads (Invitrogen) that had been blocked by BSA (Sigma) and 

salmon sperm DNA (Trevigen). Pre-cleared lysates were then aliquoted and incubated with 

4 μg ChIP antibodies for 1 h. Then pre-blocked A/G beads were added for overnight 

incubation. On the second day, the beads were spun down and washed with low salt wash 

buffer, high salt wash buffer and lithium chloride buffer sequentially. Elution buffer was then 

added to elute protein-DNA complexes from the beads. Then the eluates were subjected to 

reverse crosslinking, RNA digestion (RNAse A: Sigma) and protein digestion (Proteinase K, 

Invitrogen) sequentially. A DNA purification kit (QIAGEN) was employed to purify DNA 

from previous steps. Purified DNAs were then utilized for q-PCR to quantify the abundance 

of associated proteins in specific regions of the gene locus.

4.2. Antibodies

BRD4 (Bethyl lab, Cat # A301-985A50), Rabbit IgG (Abcam, Cat # 46540), H3K27ac 

(Abcam, Cat # ab4729) and H3K4me3 (Abcam, Cat # ab1012), GLI2 (R&D, Cat # 

AF3526), Myc (Covance, Cat # MMS-150 P).

4.3. Cell lines

LIGHT2 (LT2) cells [62], Gli2−/− Gli3−/− MEFs [63], BL1648 cells [14] were used in these 

experiments.

4.4. Buffers

ChIP lysis buffer (1% SDS, 10mM EDTA, 50mM Tris, pH 8.0), ChIP dilution buffer (0.01% 

SDS, 1.2mM EDTA, 16.7mM Tris, 167mM NaCl, 1% Triton X-100), low salt wash buffer 

(0.1% SDS, 1% Triton X-100, 2mM EDTA, 150mM NaCl, 20 mM Tris, pH 8.0), high salt 

wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 500mM NaCl, 20mM Tris, pH 8.0), 

Lithium chloride buffer (0.25M LiC1, 1% NP40, 1% deoxycholic acid, 1mM EDTA, 10mM 

Tris pH 8.0), elution buffer (1% SDS, 100mM NaHCO3).

4.5. Primers

Mouse GLI1 locus:

PS1 Forward primer: GAGCAGACACCATGACCAAA
Reverse primer: TTGGTTGGCCCAGGTAGTAG

PS2 Forward primer: TCCAGAATTGGAAGGCTCAC
Reverse primer: GCCCAAGGATCTAGCAGTTG

PS3 Forward primer: AAGACCCCAAAGGCTCATCT
Reverse primer: GTGGCAGCTCATCACAGAAA

PS4 Forward primer: ATTCCCAGCAACCACATGAT
Reverse primer: GAGGGCATCAGATCCCATTA

PS5 Forward primer: TAAGTTCGCCAGTGCAATCA
Reverse primer: AGTTGGGGTTTGGGAGAAAG

PS6 Forward primer: AGGAGATGCTCTGACGCCTA
Reverse primer: AGTTCCCTCTACCACGCAGA

PS7 Forward primer: AGGAGATGCTCTGACGCCTA
Reverse primer: TGCAGAGAAAAGAAGGCACA

PS8 Forward primer: AGCTGGGGAGACCTTGTTTT
Reverse primer: GGCCTCTACGGAGTTTCCTT
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PS9 Forward primer: ACCCAGGAATCCAAGGTGTC
Reverse primer: TCCTGAAAGCAGGCAGTAGC

PS10 Forward primer: CGCTGAGAGAGGGAAGAATG
Reverse primer: AAAGGTTTTCTGGGCTGGAT

PS11 Forward primer: GATTTCCCCCAAAACCAAAC
Reverse primer: GTGGAACACACGGAAGGTCT

Human GLI1 locus:

PS12 Forward primer: ACTACAGCCAGGGAGTGTGG
Reverse primer: TGTGTCCTCTGCAACCAGTC

PS13 Forward primer: CAATGTGGTCAAGACGGATG
Reverse primer: TCCCATAGGGGTCAAGTGAG

PS14 Forward primer: GGGGAGGAGGAAGCAGATAG
Reverse primer: CTGGGAAAAACCAGGGAACT

PS15 Forward primer: AACCCACTGACCTTCCACAC
Reverse primer: TTAGATTTGCATTGCCATCG

PS16 Forward primer: CTAGGGAAAGGGGCTTCAGT
Reverse primer: CACCCTTTGGATGGAACTTG

PS17 Forward primer: GGTAACCCCAGGTGTGTGTC
Reverse primer: TCCCCTAAAGCACAAGCATC

PS18 Forward primer: CGGCTGCTATAACCAGCAAC
Reverse primer: CTCCTCCTCTCAGCACATCC

PS19 Forward primer: ACAGCAGCACCTTCTTCCTC
Reverse primer: GGTTCCTGAGGGGAGTCTTC

PS20 Forward primer: CTCTGCCTCTCTGGGACATC
Reverse primer: GGTGCCTGTAATCCCAGCTA

4.6. Deletion mutations

4.6.1. Luciferase transcriptional activity assay—Full-length human GLI1 intron 

(chr12:57,460,202-57,463,664; assembly hg38 from Dec. 2013) was cloned from HeLa 

cell lysate and ligated into pGL3 luciferase expression vectors using Gibson Assembly 

(NEB). Potential GLI binding sites (8/9 consensus bases) were identified using MacVector 

and deleted individually or in groups via inverse PCR. For luciferase assays, plasmids 

were cotransfected into HeLa cell culture using HilyMax (Dojindo) reagent. 30 h post 

transfection, cells were lysed and relative luciferase and renilla signal was detected using the 

Dual-Luciferase Reporter Assay system (Promega) with a Lumat luminometer (Berthold). 

After subtracting baseline noise and normalizing signal against renilla activity, statistical 

significance was determined by ANOVA (R).

Deletion primers:

Target

hGLI1 intron1 Forward Primer: GCCTGGGGTGAGACATTAGA
Reverse Primer: CGCCTGTAATTCCAACGCTT

D1 Forward Primer: TCTGAATCCTCTTTCAGGT
Reverse Primer: AGGAGGGGCCTCGATCCCC

D2 Forward Primer: AAGGCGGGACCGGGAGTAG
Reverse Primer: ACTGGCTGCAGACGGCTCC

D3 Forward Primer: TGTAGCCCCATTTCCTTGG
Reverse Primer: AGGCTAGTAAAAGGAAAATG

D4 Forward Primer: TCCGCACCTCGGTTGGAAAAG
Reverse Primer: GACCTTGGAACTAATGTTG
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D5 Forward Primer: CCGGCCCGCTCCCGGTGG
Reverse Primer: TGGGATTTAGGGTGAGGGC

D6 Forward Primer: ACCCAGGCAAAGCTCCCAC
Reverse Primer: TGTTTTGGACTAATTGTGC

D7 Forward Primer: TGTAGCCCCATTTCCTTGG
Reverse Primer: AGGAGGGGCCTCGATCCCC

D8 Forward Primer: ACCCAGGCAAAGCTCCCAC
Reverse Primer: GACCTTGGAACTAATGTTG

D9 Forward Primer: CCGGCCCGCTCCCGGTGG
Reverse Primer: ACTGGCTGCAGACGGCTCC

D10 Forward Primer: CCGGCCCGCTCCCGGTGG
Reverse Primer: GACCTTGGAACTAATGTTG

D11 Forward Primer: ACCCAGGCAAAGCTCCCAC
Reverse Primer: AGGAGGGGCCTCGATCCCC

4.7. Electrophoretic mobility shift assays (EMSA)

EMSA was performed using DIG gel shift kit (Roche, Mannheim, Germany) or with 32P 

labeled probe and the GLI1 protein preparation was described previously [64]. Preparation 

of GLI2 Protein: 6xHisTag GLI2 protein was produced in Escherichia coli using the 

pETBlue-2 blunt cloning kit (Novagen, Madison, WI). The GLI2 aa 84–355 cDNA was 

prepared by PCR (sense primer:5′- GGAGCAGCTGGCTGACCTCAAG GAA-3′ and 

antisense 5′- CATCTCCACGCCACTGTCATTGTTG-3′) and cloned into the EcoRV site of 

the pETBlue-2 plasmid DNA (Novagen). For protein production, pETBlue-2 GLI2 construct 

was introduced into the Tuner (DE3)pLacI competent cells (Novagen) and GLI2 protein was 

induced with 1–2 mM isopropyl-1-thio-1-D-galactopyranoside (IPTG) for 3–4 h at 37°C. 

Bacteria were then harvested, sonicated, and cleared by centrifugation. The 6xHisTag GLI2 

aa 84–355 in the clear lysate was purified using His-Spin Protein Miniprep kit with (Zymo 

Research, Irvine, CA) with modifications. EMSA was performed using DIG gel shift kit. 1 

μl of GLI2 or control protein was used and the rest of the method is the same with GLI1 

procedure.

5 μl of GLI1 protein (aa 211-1106) or control protein (pinpoint protein) was mixed with 2 

μl of 5X binding buffer (Roche), H2O, and 0 or 1 μl (20 pmol) of unlabeled competitor 

oligonucleotides. The mixture was incubated at 4° C for 10 min. 1 μl (155 fmol) of 

double stranded digoxigenin-labeled probe was added and the mixture was incubated 

at 4°C for 20 min. Probes were designed using MacVector software (MacVector, Inc., 

Cary, NC). Probe sequences are shown, listing the sense sequence (5′→3′) followed 

by the antisense sequence (5′→3′) used to produce the double-stranded probe. We 

used the following probes (GBS sequences are in the Supplemental materials Table 1). 

GBS #1; sense 5′- CTCTGGCTCAGACCACCCTGCCTGCCCTT -3′ and antisense 5′- 

AAGGGCAGGCAGGGTGGTCTGAGCCAGAG -3′

GBS #2; sense 5′- GGCGGCGACTTGGGTGGGCCGAGGAGGCA -3′ and antisense 5′- 

TGCCTCCTCGGCCCACCCAAGTCGCCGCC -3′

GBS #3; sense 5′- AGGGGAGATATGGGTGGGCTGTGGAACGC -3′ and antisense 5′- 

GCGTTCCACAGCCCACCCATATCTCCCCT -3′
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GBS #4; sense 5′- AGCATCCCGGGATCACCCACCGCGCCGGC -3′ and antisense 5′- 

GCCGGCGCGGTGGGTGATCCCGGGATGCT -3′

GBS #5; sense 5′- AAGGTCGAGTTGGGAGGTCTTGGATGCGG -3′ and antisense 5′- 

CCGCATCCAAGACCTCCCAACTCGACCTT -3′

GBS #6; sense 5′- TCTACACACAGACCACACAGGCAAAGCTC -3′ and antisense 5′- 

GAGCTTTGCCTGTGTGGTCTGTGTGTAGA -3′

non-specific competitor; sense 5′- TCTACACACAGACCACACAGGCAAAGCTC -3′ and 

antisense 5′- CGCAGACACACACCTGGGGTTACCTC -3′. The GLI1- DNA complexes 

were separated by 5% TBE gel electrophoresis, transferred onto Zeta-Probe GT membranes 

(Bio-Rad), and the shifted bands were visualized by anti-digoxigenin antibody and 

chemiluminescence reagent (Roche, Mannheim, Germany).

4.8. Mass spectrometric analysis

4.8.1. GFP-GLI1 interaction screen—Adherent HeLa cells were transiently 

transfected with a plasmid encoding either GFP-GLI1 fusion protein or GFP alone under 

constitutive control of the CMV promoter. Expression of recombinant protein was confirmed 

visually via fluorescent microscopy and by western blotting. The fusion protein was shown 

to be functional with a luciferase GBS reporter (data not shown). Cultures were expanded 

to approximately 3.5 × 107 cells and harvested via trypsinization. Cell pellets were then 

lysed with modified RIPA buffer (50mM Tris-HCl pH 7.5, 400mM NaCl, 1mM EDTA, 

1% NP-40) and cleared by centrifugation. Lysates were then incubated with pre-cleared, 

equilibrated GFP-Trap beads (Chromotek) overnight at 4 °C. Next, beads were collected by 

centrifugation and washed with modified RIPA buffer (50mM Tris-HCl pH 7.5, 150mM 

NaCl, 0.1% NP-40, 1mM EDTA). Beads were then heated to 70 °C for 5 min in 

SDS loading buffer to elute proteins from beads. The supernatant was then collected by 

centrifugation and size-separated by SDS-PAGE. After gel fixation, lanes were divided by 

size and subjected to mass spec.

4.8.2. Mass spectrometry—All mass spectrometric experiments were performed on 

a nanoscale UHPLC system connected to an Orbitrap Q-Exactive HF equipped with a 

nanoelectrospray source (all Thermo Fisher Scientific, Bremen, Germany). Each peptide 

fraction was auto-sampled and separated on a 15 cm analytical column (75 μm inner 

diameter) in-house packed with 1.9-μm C18 beads (Reprosil Pur-AQ, Dr. Maisch, Germany) 

using a 1 h gradient ranging from 5% to 40% acetonitrile in 0.5% formic acid at a flow 

rate of 250 nl/min. The effluent from the UHPLC was directly electrosprayed into the 

mass spectrometer. The Q Exactive HF mass spectrometer was operated in data-dependent 

acquisition mode and all samples were analyzed using the previously described ‘fast’ 

acquisition method [65]. All raw data analysis was performed with MaxQuant software suite 

[66] version 1.5.0.0 supported by the Andromeda search engine [67]. Data was searched 

against a concatenated target/decoy (forward and reversed) version [68] of the UniProt 

Human fasta database (downloaded from www.uniprot.org on 2014-01-23). Mass tolerance 

for searches was set to maximum 4.5 ppm for peptide masses and 20 ppm for HCD fragment 

ion masses. Data was searched with carba-midomethylation as a fixed modification. A 
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maximum of three mis-cleavages was allowed while requiring strict trypsin specificity [69], 

and only peptides with a minimum sequence length of seven were considered for further 

data analysis. Peptide assignments were statistically evaluated in a Bayesian model on the 

basis of sequence length and Andromeda score. Only peptides and proteins with a false 

discovery rate (FDR) of less than 1% were accepted, estimated on the basis of the number 

of accepted reverse hits, and FDR values were finally estimated separately for modified 

and unmodified peptides [70]. Protein sequences of common contaminants such as human 

keratins and proteases used were added to the database. For LFQ quantification a minimum 

of two ratio-counts was required.

4.9. Proximity ligation assay (PLA)

PLA was performed as described by the manufacturer (Sigma-Aldrich, St. Louis, MO). 

Rh30 cells (gift from Dr. Peter Houghton, Greehey Children's Cancer Research Institute, 

San Antonio, TX), and HeLa cells (ATCC, Manassas, VA) were interrogated with anti-GLI1 

antibody (R&D Systems, Minneapolis, MN) and/or anti-H2A.Z antibody (Cell Signaling, 

Danvers, MA) for PLA.

PLA labeled cells were imaged on a confocal microscope (Zeiss 510 META, Carl Zeiss, 

Jena, Germany). Z-stacks were acquired to allow for three-dimensional rendering in Volocity 

software (Perkin Elmer, Waltham, MA). DAPI fluorescence images were processed in the 

EBImage package or the R statistical programming environment to better define the nuclear 

boundary. Differential Interference Contrast data from brightfield images were processed in 

Photoshop (Adobe, San Jose, CA) using high pass filtering and median filtering to allow for 

rough visualization of cell boundaries. No processing was done to PLA fluorescence. All 

images were handled equivalently in Volocity, they were rendered in “3D Opacity” mode 

and channel opacity, density and black levels were all set to the same between images. Each 

square in the grid is approximately 22 μm on a side.

4.10. Co-immunoprecipitation assay

The following procedures were carried out at 4°C. Approximately 2 × 10 7 Rh30 cells 

were resuspended and incubated in 1 ml of cell lysis buffer (Cell Signaling Technology) 

for 30 min with gentle rocking. The lysate was then homogenized by passing through a 26 

G needle for several times and cleared by centrifugation for 10 min. at 10,000 rpm. The 

clear lysate was incubated with 20 μl of Anti-GLI1 antibody (Rockland) or control antibody 

(Cell Signaling Technology) for 30 min and then was incubated with 20 μl of protein A/G­

magnetic beads (Thermo Scientific) for 30 min with gentle rocking. GLI1-H2A.Z Immune 

complex was collected by using a magnetic rack for 1 min, washed with lysis buffer, 

and then eluted with low pH IgG elution buffer (Thermo Scientific). The eluate was then 

neutralized with an equal volume of 1 M Tris.Cl (pH 7.6). All the following procedures were 

carried out at room temperature. The GLI1-H2A.Z eluate was separated on a SDS-PAGE 

gel, transferred onto a nitrocellulose membrane and incubated in PBST buffer with 5% milk 

for 30 min. The membrane was washed with PBST buffer, incubated with polyclonal rabbit 

H2A.Z antibody (Active Motif) (1:4000 dilution) in PBST buffer with 5% milk for 1 h. 

The membranes were washed with PBST buffer (1X PBS, 0.3% Tween-20) and incubated 

with secondary antibody conjugated with HRP (Donkey anti Rabbit IgG-HRP, Santa Cruz 
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Biotech) for 1 h (1:8000 dilution in PBST with 5% milk). The membrane was then washed 

3 times with PBST buffer. The H2A.Z protein was visualized using SuperSignal West Pico 

chemiluminescence kit (Thermo Scientific).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported in part by the NIH grant 1R21NS096502 (DR), B*Cured (DR), Novo Nordisk 
Foundation Center for Protein Research and the Novo Nordisk Foundation grant numbers NNF14CC0001 and 
NNF130C0006477 (KS, MN), and the George M. Eisenberg Foundation (PI, DW). The content is solely the 
responsibility of the authors and does not necessarily represent the official views of the National Institutes of 
Health.

References

[1]. Villavicencio EH, Walterhouse DO, Iannaccone PM, The sonic hedgehog-patched-gli pathway 
in human develoμment and disease, Am. J. Hum. Genet. 67 (2000) 1047–1054. [PubMed: 
11001584] 

[2]. Walterhouse DO, Lamm ML, Villavicencio E, Iannaccone PM, Emerging roles for hedgehog­
patched-Gli signal transduction in reproduction, Biol. Reprod. 69 (2003) 8–14. [PubMed: 
12672657] 

[3]. Robbins DJ, Fei DL, Riobo NA, The Hedgehog signal transduction network, Sci. Signal. 5 (2012) 
re6, , 10.1126/scisignal.2002906. [PubMed: 23074268] 

[4]. Tukachinsky H, Lopez LV, Salic A, A mechanism for vertebrate Hedgehog signaling: recruitment 
to cilia and dissociation of SuFu–Gli protein complexes, J. Cell Biol. 191 (2010) 415–428. 
[PubMed: 20956384] 

[5]. Briscoe J, Therond PP, The mechanisms of Hedgehog signalling and its roles in develoμment and 
disease, Nat. Rev. Mol. Cell Biol. 14 (2013) 416–429. [PubMed: 23719536] 

[6]. Hui CC, Angers S, Gli proteins in develoμment and disease, Annu. Rev. Cell Dev. Biol. 27 (2011) 
513–537. [PubMed: 21801010] 

[7]. Wong SY, Reiter JF, The primary cilium at the crossroads of mammalian hedgehog signaling, Curr. 
Top. Dev. Biol. 85 (2008) 225–260. [PubMed: 19147008] 

[8]. Zhang Z, Shen L, Law K, Zhang Z, Liu X, Hua H, Li S, Huang H, Yue S, Hui CC, Cheng 
SY, Suppressor of fused chaperones gli proteins to generate transcriptional responses to sonic 
hedgehog signaling, Mol. Cell. Biol. 37 (2017) e00421–16, , 10.1128/MCB.00421-16. [PubMed: 
27849569] 

[9]. Rajurkar M, Huang H, Cotton JL, Brooks JK, Sicklick J, McMahon AP, Mao J, Distinct 
cellular origin and genetic requirement of Hedgehog-Gli in postnatal rhabdomyosarcoma genesis, 
Oncogene 33 (2014) 5370–5378. [PubMed: 24276242] 

[10]. Yoon JW, Kita Y, Frank DJ, Majewski RR, Konicek BA, Nobrega MA, Jacob H, Walterhouse 
D, Iannaccone P, Gene expression profiling leads to identification of GLI1-binding elements in 
target genes and a role for multiple downstream pathways in GLI1-induced cell transformation, J. 
Biol. Chem. 277 (2002) 5548–5555. [PubMed: 11719506] 

[11]. Yoon JW, Gilbertson R, Iannaccone S, Iannaccone P, Walterhouse D, Defining a role for Sonic 
hedgehog pathway activation in desmoplastic medulloblastoma by identifying GLI1 target genes, 
Int. J. Cancer 124 (2009) 109–119. [PubMed: 18924150] 

[12]. Chahal KK, Parle M, Abagyan R, Hedgehog pathway and smoothened inhibitors in cancer 
theraμles, Anticancer Drugs 29 (2018) 387–401. [PubMed: 29537987] 

[13]. Jain S, Song R, Xie J, Sonidegib: mechanism of action, pharmacology, and clinical utility for 
advanced basal cell carcinomas, OncoTargets Ther. 10 (2017) 1645–1653.

Taylor et al. Page 14

DNA Repair (Amst). Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[14]. Yoon JW, Gallant M, Lamm ML, Iannaccone S, Vieux KF, Proytcheva M, Hyjek E, Iannaccone P, 
Walterhouse D, Non-canonical regulation of the Hedgehog mediator GLI1 by c-MYC in Burkitt 
Lymphoma, Mol. Cancer Res. 11 (2013) 604–615. [PubMed: 23525267] 

[15]. Zwerner JP, Joo J, Warner KL, Christensen L, Hu-Lieskovan S, Triche TJ, May WA, The 
EWS/FLI1 oncogenic transcription factor deregulates GLI1, Oncogene 27 (2008) 3282–3291. 
[PubMed: 18084326] 

[16]. Gu D, Xie J, Non-canonical hh signaling in cancer-current understanding and future directions, 
Cancers 7 (2015) 1684–1698. [PubMed: 26343727] 

[17]. Yuan X, Cao J, He X, Serra R, Qu J, Cao X, Yang S, Ciliary IFT80 balances canonical versus 
non-canonical hedgehog signalling for osteoblast differentiation, Nat. Commun. 7 (2016) 11024. 
[PubMed: 26996322] 

[18]. Beauchamp E, Bulut G, Abaan O, Chen K, Merchant A, Matsui W, Endo Y, Rubin JS, Toretsky 
J, Uren A, GLI1 is a direct transcriptional target of EWS-FLI1 oncoprotein, J. Biol. Chem. 284 
(2009) 9074–9082. [PubMed: 19189974] 

[19]. Regl G, Neill GW, Eichberger T, Kasper M, Ikram MS, Koller J, Hintner H, Quinn AG, Frischauf 
AM, Aberger F, Human GLI2 and GLI1 are part of a positive feedback mechanism in Basal Cell 
Carcinoma, Oncogene 21 (2002) 5529–5539. [PubMed: 12165851] 

[20]. Villegas VE, Rahman MF, Fernandez-Barrena MG, Diao Y, Liaμl E, Sonkoly E, Stahle 
M, Pivarcsi A, Annaratone L, Saμlno A, Ramirez Clavijo S, Burglin TR, Shimokawa T, 
Ramachandran S, Kapranov P, Fernandez-Zaμlco ME, Zaphiropoulos PG, Identification of 
novel non-coding RNA-based negative feedback regulating the expression of the oncogenic 
transcription factor GLI1, Mol. Oncol. 8 (2014) 912–926. [PubMed: 24726458] 

[21]. Calo E, Wysocka J, Modification of enhancer chromatin: what, how and why? Mol. Cell 49 
(2013), https://doi.Org/10.1016/j.molcel.2013.1001.1038.

[22]. Filippakopoulos P, Picaud S, Mangos M, Keates T, Lambert J-P, Barsyte-Lovejoy D, Felletar 
I, Volkmer R, Muller S, Pawson T, Gingras A-C, Cheryl H Arrowsmith, S. Knapp, Histone 
recognition and large-scale structural analysis of the human bromodomain family, Cell 149 
(2012) 214–231. [PubMed: 22464331] 

[23]. Li Y, Wen H, Xi Y, Tanaka K, Wang H, Peng D, Ren Y, Jin Q, Dent Sharon YR, Li W, Li H, Shi 
X, AF9 YEATS domain links histone acetylation to DOT1L-mediated H3K79 methylation, Cell 
159 (2014) 558–571. [PubMed: 25417107] 

[24]. Perez-Salvia M, Esteller M, Bromodomain inhibitors and cancer therapy: from structures to 
applications, Eμlgenetics 12 (2017) 323–339.

[25]. Jung M, Philpott M, Muller S, Schulze J, Badock V, Eberspacher U, Moosmayer D, Bader 
B, Schmees N, Fernandez-Montalvan A, Haendler B, Affinity map of bromodomain protein 4 
(BRD4) interactions with the histone H4 tail and the small molecule inhibitor JQ1, J. Biol. Chem. 
289 (2014) 9304–9319. [PubMed: 24497639] 

[26]. Devaiah BN, Singer DS, Two faces of brd4: mitotic bookmark and transcriptional lynchμln, 
Transcription 4 (2013) 13–17. [PubMed: 23131666] 

[27]. Devaiah BN, Gegonne A, Singer DS, Bromodomain 4: a cellular Swiss army knife, J. Leukoc. 
Biol. 100 (2016) 679–686. [PubMed: 27450555] 

[28]. Long J, Li B, Rodriguez-Bianco J, Pastori C, Volmar CH, Wahlestedt C, Capobianco A, Bai F, 
Pei XH, Ayad NG, Robbins DJ, The BET bromodomain inhibitor I-BET151 acts downstream of 
smoothened protein to abrogate the growth of hedgehog protein-driven cancers, J. Biol. Chem. 
289 (2014) 35494–35502. [PubMed: 25355313] 

[29]. Zurawel RH, Allen C, Chiappa S, Cato W, Biegel J, Cogen P, de Sauvage F, Raffel, Analysis 
of PTCH/SMO/SHH pathway genes in medulloblastoma, Genes Chromosomes Cancer 27 (2000) 
44–51. [PubMed: 10564585] 

[30]. Zurawel RH, Allen C, Wechsler-Reya R, Scott MP, Raffel C, Evidence that haploinsufficiency 
of ptch leads to medulloblastoma in mice [in process citation], Genes Chromosomes Cancer 28 
(2000) 77–81. [PubMed: 10738305] 

[31]. Gerber AN, Wilson CW, Li YJ, Chuang PT, The hedgehog regulated oncogenes Gli1 and Gli2 
block myoblast differentiation by inhibiting MyoD-mediated transcriptional activation, Oncogene 
26 (2007) 1122–1136. [PubMed: 16964293] 

Taylor et al. Page 15

DNA Repair (Amst). Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.Org/10.1016/j.molcel.2013.1001.1038


[32]. Macdonald TJ, Hedgehog pathway in pediatric cancers: they’re not just for brain tumors 
anymore, Am. Soc. Clin. Oncol. Educ. Book (2012) 605–609. [PubMed: 24451804] 

[33]. Srivastava RK, Kaylani SZ, Edrees N, Li C, Talwelkar SS, Xu J, Palle K, Pressey JG, Athar 
M, GLI inhibitor GANT-61 diminishes embryonal and alveolar rhabdomyosarcoma growth by 
inhibiting Shh/AKT-mTOR axis, Oncotarget 5 (2014) 12151–12165. [PubMed: 25432075] 

[34]. Liu CZ, Yang JT, Yoon JW, Villavicencio E, Pfendler K, Walterhouse D, Iannaccone P, 
Characterization of the promoter region and genomic organization of GLI, a member of the 
Sonic hedgehog-Patched signaling pathway, Gene 209 (1998) 1–11. [PubMed: 9524201] 

[35]. Lamm ML, Catbagan WS, Laciak RJ, Barnett DH, Hebner CM, Gaffield W, Walterhouse 
P Iannaccone, W. Bushman, Sonic hedgehog activates mesenchymal Gli1 expression during 
prostate ductal bud formation, Dev. Biol. 249 (2002) 349–366. [PubMed: 12221011] 

[36]. Chen JK, Taipale J, Young KE, Maiti T, Beachy PA, Small molecule modulation of Smoothened 
activity, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 14071–14076. [PubMed: 12391318] 

[37]. Shirai A, Kawaguchi T, Shimojo H, Muramatsu D, Ishida-Yonetani M, Nishimura Y, Kimura 
H, Nakayama JI, Shinkai Y, Impact of nucleic acid and methylated H3K9 binding activities of 
Suv39h1 on its heterochromatin assembly, eLife (2017) 6.

[38]. Papantonis A, Cook PR, Transcription factories: genome organization and gene regulation, 
Chem. Rev. 113 (2013) 8683–8705. [PubMed: 23597155] 

[39]. Bondarenko VA, Steele LM, Ujvari A, Gaykalova DA, Kulaeva OI, Polikanov YS, Luse 
DS, Studitsky VM, Nucleosomes can form a polar barrier to transcript elongation by RNA 
polymerase II, Mol. Cell 24 (2006) 469–479. [PubMed: 17081995] 

[40]. Jimeno-Gonzalez S, Ceballos-Chavez M, Reyes JC, A positioned +1 nucleosome enhances 
promoter-proximal pausing, Nucleic Acids Res. 43 (2015) 3068–3078. [PubMed: 25735750] 

[41]. Kanno T, Kanno Y, LeRoy G, Campos E, Sun HW, Brooks SR, Vahedi G, Heightman TD, Garcia 
BA, Reinberg D, Siebenlist U, O’Shea JJ, Ozato K, BRD4 assists elongation of both coding 
and enhancer RNAs by interacting with acetylated histones, Nat. Struct. Mol. Biol. 21 (2014) 
1047–1057. [PubMed: 25383670] 

[42]. Meloche J, Potus F, Vaillancourt M, Bourgeois A, Johnson IH, Deschamps L, Chabot S, 
Ruffenach GN, Henry S, Breuils-Bonnet S, Tremblay E, Nadeau V, Lambert CM, Paradis R, 
Provencher S, Bonnet S, Bromodomain containing protein-4: the eμlgenetic origin of pulmonary 
arterial hypertension, Circ. Res. 117 (2015) 525–535. [PubMed: 26224795] 

[43]. Bargaje R, Alam MP, Patowary A, Sarkar M, Ali T, Gupta S, Garg M, Singh M, Purkanti R, 
Scaria V, Sivasubbu S, Brahmachari V, Pillai B, Proximity of H2A.Z containing nucleosome to 
the transcription start site influences gene expression levels in the mammalian liver and brain, 
Nucleic Acids Res. 40 (2012) 8965–8978. [PubMed: 22821566] 

[44]. Rangasamy D, Berven L, Ridgway P, Tremethick DJ, Pericentric heterochromatin becomes 
enriched with H2A.Z during early mammalian develoμment, EMBO J. 22 (2003) 1599–1607. 
[PubMed: 12660166] 

[45]. Turinetto V, Giachino C, Histone variants as emerging regulators of embryonic stem cell identity, 
Eμlgenetics 10 (2015) 563–573.

[46]. Melters DP, Nye J, Zhao H, Dalai Y, Chromatin dynamics in vivo: a game of musical chairs, 
Genes 6 (2015) 751–776. [PubMed: 26262644] 

[47]. Creyghton MP, Markoulaki S, Levine SS, Hanna J, Lodato MA, Sha K, Young RA, Jaenisch R, 
Boyer LA, H2AZ is enriched at polycomb complex target genes in ES cells and is necessary for 
lineage commitment, Cell 135 (2008) 649–661. [PubMed: 18992931] 

[48]. Ho L, Crabtree GR, Chromatin remodelling during develoμment, Nature 463 (2010) 474–484. 
[PubMed: 20110991] 

[49]. Domaschenz R, Kurscheid S, Nekrasov M, Han S, Tremethick DJ, The histone variant H2A.Z 
is a master regulator of the eμlthelial-mesenchymal transition, Cell Rep. 21 (2017) 943–952. 
[PubMed: 29069602] 

[50]. Persson J, Ekwall K, Chd1 remodelers maintain open chromatin and regulate the eμlgenetics of 
differentiation, Exp. Cell Res. 316 (2010) 1316–1323. [PubMed: 20211173] 

[51]. Weber CM, Ramachandran S, Henikoff S, Nucleosomes are context-specific, H2A.Z-modulated 
barriers to RNA polymerase, Mol. Cell 53 (2014) 819–830. [PubMed: 24606920] 

Taylor et al. Page 16

DNA Repair (Amst). Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[52]. Jonkers I, Lis JT, Getting up to speed with transcription elongation by RNA polymerase II, Nat. 
Rev. Mol. Cell Biol. 16 (2015) 167–177. [PubMed: 25693130] 

[53]. Rimkus TK, Carpenter RL, Qasem S, Chan M, Lo H-W, Targeting the sonic hedgehog 
signaling pathway: review of smoothened and GLI inhibitors, Cancers 8 (2016) E22, , 10.3390/
cancers8020022. [PubMed: 26891329] 

[54]. Carpenter RL, Paw I, Zhu H, Sirkisoon S, Xing F, Watabe K, Debinski W, Lo HW, The 
gain-of-function GLI1 transcription factor TGLI1 enhances expression of VEGF-C and TEM7 to 
promote glioblastoma angiogenesis, Oncotarget 6 (2015) 22653–22665. [PubMed: 26093087] 

[55]. Xu X, Liu H, Zhang H, Dai W, Guo C, Xie C, Wei S, He S, Xu X, Sonic Hedgehog-GLI family 
zinc finger 1 signaling pathway promotes the growth and migration of pancreatic cancer cells 
by regulating the transcription of eukaryotic translation initiation factor 5A2, Pancreas 44 (2015) 
1252–1258. [PubMed: 26465952] 

[56]. Yoon JW, Lamm M, Iannaccone S, Higashiyama N, Leong KF, Iannaccone P, Walterhouse D, 
p53 modulates the activity of the GLI1 oncogene through interactions with the shared coactivator 
TAF9, DNA Repair 34 (2015) 9–17. [PubMed: 26282181] 

[57]. Mees C, Nemunaitis J, Senzer N, Transcription factors: their potential as targets for an 
individualized therapeutic approach to cancer, Cancer Gene Ther. 16 (2009) 103–112. [PubMed: 
18846113] 

[58]. Ramos AI, Rarolo S, Low-affinity transcription factor binding sites shape morphogen responses 
and enhancer evolution, Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 368 (2013) 20130018. 
[PubMed: 24218631] 

[59]. Lorberbaum DS, Ramos AI, Peterson KA, Carpenter RS, Parker DS, De S, Hillers E, Blake VM, 
Nishi Y, McFarlane MR, Chiang ACY, Kassis JA, Allen BL, McMahon AP, Barolo S, An ancient 
yet flexible cis-regulatory architecture allows localized Hedgehog tuning by patched/Ptch1, eLife 
5 (2016) e13550. [PubMed: 27146892] 

[60]. Dai P, Akimaru H, Tanaka Y, Maekawa T, Nakafuku M, Ishii S, Sonic Hedgehog-induced 
activation of the Gli1 promoter is mediated by GLI3, J. Biol. Chem. 274 (1999) 8143–8152. 
[PubMed: 10075717] 

[61]. Ikram MS, Neill GW, Regl G, Eichberger T, Frischauf AM, Aberger F, Quinn A, Philpott M, 
GLI2 is expressed in normal human eμldermis and BCC and induces GLI1 expression by binding 
to its promoter, J. Invest. Dermatol. 122 (2004) 1503–1509. [PubMed: 15175043] 

[62]. Taipale J, Chen JK, Cooper MK, Wang B, Mann RK, Milenkovic L, Scott MP, Beachy PA, 
Effects of oncogenic mutations in Smoothened and Patched can be reversed by cyclopamine, 
Nature 406 (2000) 1005–1009. [PubMed: 10984056] 

[63]. Liμlnski RJ, Bijlsma MF, Gipp JJ, Podhaizer DJ, Bushman W, Establishment and characterization 
of immortalized Gli-null mouse embryonic fibroblast cell lines, BMC Cell Biol. 9 (2008) 49–49. 
[PubMed: 18789160] 

[64]. Yoon JW, Kita Y, Frank DJ, Majewski RR, Konicek BA, Nobrega MA, Jacob H, Walterhouse 
D, Iannaccone P, Gene expression profiling leads to identification of GLI1-binding elements in 
target genes and a role for multiple downstream pathways in GLI1-induced cell transformation, J. 
Biol. Chem. 277 (2002) 5548–5555. [PubMed: 11719506] 

[65]. Kelstrup CD, Young C, Lavallee R, Nielsen ML, Olsen JV, Optimized fast and sensitive 
acquisition methods for shotgun proteomics on a quadrupole orbitrap mass spectrometer, J. 
Proteome Res. 11 (2012) 3487–3497. [PubMed: 22537090] 

[66]. Cox J, Mann M, MaxQuant enables high peptide identification rates, individualized p.p.b.-range 
mass accuracies and proteome-wide protein quantification, Nat. Biotechnol. 26 (2008) 1367–
1372. [PubMed: 19029910] 

[67]. Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M, Andromeda: a peptide 
search engine integrated into the MaxQuant environment, J. Proteome Res. 10 (2011) 1794–
1805. [PubMed: 21254760] 

[68]. Elias JE, Gygi SP, Target-decoy search strategy for increased confidence in large-scale protein 
identifications by mass spectrometry, Nat. Methods 4 (2007) 207–214. [PubMed: 17327847] 

[69]. Olsen JV, Ong SE, Mann M, Trypsin cleaves exclusively C-terminal to arginine and lysine 
residues, Mol. Cell Proteomics 3 (2004) 608–614. [PubMed: 15034119] 

Taylor et al. Page 17

DNA Repair (Amst). Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[70]. Fu Y, Qian X, Transferred subgroup false discovery rate for rare post-translational modifications 
detected by mass spectrometry, Mol. Cell Proteomics 13 (2014) 1359–1368. [PubMed: 
24200586] 

Taylor et al. Page 18

DNA Repair (Amst). Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
The human GLI1 first intron (outlined with blue dashed lines) has the genomic 

characteristics of an enhancer. Public data and our sequencing reveal six GLI binding 

sites (GBS) with 8/9 consensus nt in regions of very high sequence conservation between 

mammalian species. Red boxes indicate the GBS; conservation peaks with reference to the 

human sequence are shown; salmon indicates > 80% sequence identity in 100 nt windows, 

TSS is the 5′ end of the first exon and the translational start is the 5′ end of the second exon. 

Peaks of H3K27ac and DNase hypersensitivity clusters are shown. Additional analysis and 

transcription factor ChIP seq plots are provided in Supplemental materials Fig. 1.
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Fig. 2. 
Epigenetic marks are present in the second intron of the mouse GLI1 locus upon SHH 

stimulation. BRD4, H3K27ac and H3K4me3 occupancy were analyzed by ChIP-quantitative 

PCR in SHH responsive cells (mouse LT2) treated with 1 μg/μl recombinant SHH-N (C25II 

Substitution) for 24 h. The signals were normalized to a control ChIP performed using rabbit 

IgG. Error bars represent the S.E. of three independent experiments. p values ≤ 0.05 are 

considered statistically significant and indicated by an asterisk. (Below) a schematic of the 

mouse GLI1 locus from −6,000 nt to + 3000 nt, relative to the transcription start sites (TSS) 

is shown. The probes PS1-PS11 are represented as shaded boxes (sequences in Methods 

section). 5′ - > 3′ is left to right. The solid line represents introns, the dashed line represents 

upstream sequence and the colored boxes represent exons. Green lines in the intron represent 

the locations of the mouse GBS.
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Fig. 3. 
Epigenetic marks are not responsive to SHH stimulation in cells that lack GLI2 and 

GLI3 (Gli2−/−;Gli3−/− MEFs). Brd4, H3K27ac and H3K4me3 occupancy in the region 

were analyzed by ChIP-quantitative PCR in Gli2−/−;Gli3−/− MEFs treated with 1 μg/μl 

recombinant SHH-N (C25II Substitution) for 24 h. The signals were normalized to a 

control ChIP performed using rabbit IgG. Error bars represent the S.E. of three independent 

experiments. p values ≤ 0.05 are considered statistically significant and indicated by an 

asterisk. (Below) a schematic of the mouse GLI1 locus from −6,000 nt to + 3000 nt, relative 

to the transcription start sites (TSS) is shown. The probe sets (PS) PS1-PS11 are represented 

as shaded boxes (sequences in Methods section). 5′ - > 3′ is left to right. Green lines in the 

intron represent the locations of the mouse GBS.
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Fig. 4. 
GLI2 and H3K4me3 are enriched in the GLI1 locus with SMO agonist (SAG) stimulation 

in LT2 SHH responsive mouse cells by ChIP-quantitative PCR. The signals were normalized 

to a control ChIP performed using rabbit IgG. Error bars represent the S.E. of three 

independent experiments. p values ≤ 0.05 are considered statistically significant and 

indicated by an asterisk. (Below) a schematic of the mouse GLI1 locus from −6,000 nt 

to + 3000 nt, relative to the transcription start sites (TSS) is shown. The probe sets (PS) 

PS1-PS11 are represented as shaded boxes (sequences in Methods section). 5′ - > 3′ is left 

to right. Green lines in the intron represent the locations of the mouse GBS.
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Fig. 5. 
BRD4 occupancy is reduced with treatment by I-BET151 in the human GLI1 locus. Brd4, 

H3K27ac and H3K4me3 occupancy were analyzed by ChIP-quantitative PCR in BL1648 

(human Burkitt lymphoma cells not dependent on SHH signaling) cells treated with 1μM 

I-BET151 for 24 h. The signals were normalized to a control ChIP performed using rabbit 

IgG. I-BET151 (an inhibitor of bromodomain end terminal protein) reduces BRD4 without 

changing active chromatin mark occupancy in the first intron of the human GLI1 locus. 

Error bars represent the S.E. of three independent experiments, unless otherwise indicated. p 

values ≤ 0.05 are considered statistically significant and indicated by an asterisk. (Below) A 

schematic of the human GLI1 locus from −5,000 nt to + 3700 nt, relative to the transcription 

start site (TSS) is shown. The probe sets (PS) PS12-PS20 are represented as shaded boxes 

(sequences in Methods section). 5′ - > 3′ is left to right. Green lines in the intron represent 

the locations of the human GBS.
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Fig. 6. 
Gel shift assays demonstrate human GLI1 protein binds the putative GLI1 binding 

sites in the intronic region of human GLI1 gene. Labeled DNA probes were 29 mers 

including the 8/9 nt consensus sequence embedded, in the genomic sequence of the 

first intron. Electrophoretic mobility shift assays using purified human GLI1 or GLI2 

protein demonstrate shifted bands (arrows) with specific oligonucleotide DNA probes 

(GBS1-6). The shifted bands are abrogated by > 100 fold molar excess of non-radiolabeled 

oligonucleotide. Control protein or a non-specific oligonucleotide DNA at > 100 fold molar 

excess did not affect the mobility shift, indicating the specificity of GLI-intron interaction. 

The lanes for GBS1, 2, and 3 with GLI1 are from the same gel utilizing the control probe 

shown in the first lane. They were separated in the figure to align with the appropriate lanes 

for GLI2.
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Fig. 7. 
The hGLI1 intron acts as a transcriptional enhancer when stimulated by GLI transcription 

factors. A. Diagram showing 6 GLI binding sites (GBS, red boxes). A series of deletion 

mutants was generated by mutagenic inverse PCR to remove the bracketed sequences. D 

(for deletion) 1–10 remove the GBS individually and in combinations. D11 (not shown) 

removes the entire intron. B and C. Luciferase reporter assays demonstrate the ability of 

hGLI1 (B) and hGLI2 (C) to stimulate transcription with enhancer-like activity following 

transfection into HeLa cells. Luciferase signal is displayed as fold change upon addition of 

GLI transcription factor (open bars) over no transcription factor (closed bars). Error bars 

represent the S.E. of three independent experiments. Statistical significance (* = p < 0.05) 

between full length (FL) and deletion constructs is indicated. TF=transcription factor.
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Fig. 8. 
GLI1 binds H2A.Z. Confocal microscopy images of PLA and co-IP. a and b are Rh30 

human rhabdomyosarcoma cells with high levels of GLI1, c and d are HeLa cells that lack 

GLI1, e and f are no primary antibody controls with Rh30 cells. Blue is DAPI nuclear 

stain, red is PLA signal, and white is processed brightfield data to allow visualization of 

approximate cell boundaries. PLA signal over the nuclei is present in a and b, but not in the 

controls c-f. Additional controls where only one of the primary antibodies is present likewise 

did not have PLA signal.
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Fig. 9. 
Co-immunoprecipitation (CO-IP) assay to detect the interaction between GLI1 and H2A.Z 

in Rh30 cells. GLI1 or control antibody (normal rabbit IgG) were used for CO-IP and 

H2A.Z was visualized following Western Blotting with anti-H2A.Z antibody. A. Heavy 

chain IgG bands show that the equivalent amount of each antibody was used. B. H2A.Z band 

is present in CO-IP lane with GLI1 antibody.
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