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BRIEF. Four variations of the PTHrP promoter were tested to determine which yielded the highest PTHrP expression in order to discern which 
region is most important for Gli2 activation of PTHrP in Tumor-Induced Bone Disease. 

ABSTRACT. Breast cancer is the most common cancer in 
women, accounting for 30% of new cancer cases in women in 
2017 [1]. Breast cancer often metastasizes to bone, causing 
tumor-induced bone disease (TIBD), which is irreversible. In 
TIBD, the transcription factor Gli2 has been shown to induce 
Parathyroid Hormone-Related Protein (PTHrP) expression in 
tumor cells, which causes an increase in osteoclastogenesis, 
resulting in a net bone loss. While much research has been done 
on the role of Gli2 in regulating PTHrP expression, the binding 
site of Gli2 on the PTHrP promoter remains unclear. In the pre- 
sent study, we investigate the potential binding site of Gli2 on 
the PTHrP promoter. Four versions of the PTHrP promoter 
(4.0kb, 1.1kb, P3, P3 smad mu) were transfected into MDA- 
MB-231 breast cancer cells. Cells were stimulated with Gli2 
protein and PTHrP promoter activity was measured by 
luciferase assay. It was found that as regions of the promoter 
were taken out, PTHrP promoter activity decreased. The full 
length promoter (4.0kb) yielded more PTHrP activity than the 
P3 promoter, containing just region P3 of the promoter, 
suggesting that the primary binding site of Gli2 may reside on 
regions P1 or P2. Determining the primary binding site of Gli2 
on the PTHrP promoter would be very helpful in developing 
drugs and therapies to combat TIBD. 
INTRODUCTION.  

Breast cancer is the most common cancer in women, accounting 
for 30% of new cancer cases in women in 2017 [1]. Breast cancer 
also remains the second leading cause of cancer death among 
women, with 14% of all cancer deaths due to breast cancer [1]. 
Breast cancer often metastasizes to bone, where it can cause bone 
destruction or Tumor-Induced Bone Disease (TIBD) [2]. Bone 
destruction leads to hypercalcemia, severe pain, and can heavily 
impact a patient’s quality of life [3]. TIBD is driven by a process 
coined “The Vicious Cycle of Bone Metastasis,” in which tumor 
cells expressing Parathyroid Hormone-Related Protein (PTHrP) 
stimulate receptor activator of nuclear factor kappaB (RANKL) 
signaling in osteoblasts, which causes an increase in osteoclast 
formation, resulting in a net bone loss. Growth factors such as 
Transforming Growth Factor β (TGF-β) are then released from the 
bone matrix, which further promote Gli2 and PTHrP production by 
tumor cells. Gli2, a transcription factor in the Sonic hedgehog 
signaling pathway, has been shown to induce PTHrP expression in 
tumor cells [4]. Furthermore, when Gli2 is inhibited, PTHrP 
expression is significantly decreased. The resulting PTHrP 
inhibition in bone-metastatic tumor cells reduces TIBD, either 
slowing down or stopping the vicious cycle all together [4]. 

However, Gli2’s direct method of regulating PTHrP remains un- 
known. This could be due in part to the complexity of the PTHrP 
promoter and a lack of information regarding Gli2 binding sites on 
the promoter [5]. The PTHrP promoter contains three primary 
binding regions: P1, P2, and P3 (Figure 1). On region P3 resides 
the smad binding element, a downstream mediator of the TGF-β  

 
Figure 1. The PTHrP promoter showing regions P1, P2, and P3. 

pathway which drives Gli2 activation, and may be important in 
regards to PTHrP stimulation by Gli2 [6,7]. 

In order to develop treatments for TIBD, the regulation of PTHrP 
by Gli2 must be understood better. To further study this 
relationship between Gli2 and PTHrP, we need to first determine 
the possible binding sites for Gli2 on the PTHrP promoter. Based 
on previous research by our group and others, we hypothesize that 
the P3 region of the PTHrP promoter will contain the primary 
binding site for Gli2, and is important in Gli2 activation of PTHrP 
[8-10]. 

In this study, four variations of the PTHrP promoter were used 
(4.0kb, 1.1kb, P3, P3 smad mu). The 4.0kb promoter contains the 
full-length promoter. The 1.1kb promoter is missing region P1. The 
P3 and P3 smad mutant promoters are missing both regions P1 and 
P2. Furthermore, the P3 smad mutant contains a deletion of the 
smad binding element located on region P3 of the PTHrP promoter. 
Ideally, as regions of the promoter are taken away, the region that 
is most important for Gli2 binding will become clearer. To test 
PTHrP promoter activity, four variations of the PTHrP promoter 
were cloned out of DNA vectors and placed into new luciferase 
expression vectors containing a mammalian cell inhibitor for 
positive selection of tumor cells containing the vector DNA. 
Differences in luciferase activity between the vectors containing 
the different PTHrP promoters were compared in order to assess 
regions of importance on the PTHrP promoter, which could be 
beneficial in developing drugs and therapies to combat TIBD. 

MATERIALS AND METHODS. 

Cells. 

Our lab derived a bone metastatic clone of the human breast cancer 
cell line MDA-MB-231 (American Type Culture Collection, 
Manassas, VA). MDA-MB-231 cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM, Corning, Corning, NY). All 
media was supplemented with 10% FBS (Peak Serum, Colorado, 
USA) and 1% Penicillin streptomycin solution (Mediatech, 
Virginia, USA) [11]. 

PTHrP Promoters. 

 Four variations of the PTHrP promoter were cloned into a Luciferase 
pGL4.1 vector with mammalian cell inhibitors in order to determine 
regions of importance (Figure 2).   

DNA Cloning.     

The PTHrP promoters were first amplified out of Luciferase pGL3b 
vectors through PCR. The primer sequences are as follows: 4.0kb, 
ATCGGTACCAGGATCCCATCAGCTTGATG (sense) and  
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ATCCTCGAGCATCGTCTCCGCTCGCGC (antisense), 1.1 kb, 
ATCGGTACCGGATCCGCCGCGCCGGCAGGA (sense) and 
ATCCTCGAGCATCGTCTCCGCTCGCGC (antisense) and P3, 
ATCGGTACCTAGGGCGCCACCTCTTTGC (sense) and 
ATCCTCGAGAGGCCCTTTCGTTCCAGAG (antisense). The 
following cycling conditions were used: 94°C for 2 minutes, (94°C for 
30 seconds, 58°C for 30 seconds, 72°C for 1 minute per kb) x35 
cycles, 72°C for 5 minutes, and then 4°C until taken out. PCR products 
were purified by gel extraction using the Qiaquick gel extraction kit 
following manufacturer’s instructions.  The purified promoters and 
recipient vectors were then digested using enzymes KpnI-HF and 
XhoI overnight at 37˚C. Promoters were inserted into Luciferase 
pGL4.1 vectors by ligation at a 3:1 molar ratio of promoter to vector 
DNA. 

Transfections. 

The promoter-containing pGL4.1 vectors were transfected into MDA-
MB-231 breast cancer cells in order to measure Luciferase activity. 
Cells were plated on a 24 well plate at a density of 7.5 x 104 cells per 
well the day before transfection. Cells were transfected with 5ng of 
pcDNA, a Gli2 protein expression vector, and the PTHrP promoter-
containing luciferase vector. A renilla luciferase vector, PrLTK, was 
added as a transfection efficiency control. All transfections were done 
using LipofectAMINE Plus (Invitrogen) reagent per manufacturer’s 
instructions.  

Luciferase Assay. 

Forty-eight hours after transfection, cells were harvested to measure 
luciferase expression using the Dual-Luciferase Reporter Assay 
(Promega, Madison, WI). Briefly, 100μl of 1x passive lysis buffer was 
used to lyse the cells. 20μl of cell lysate was added to 100μl of 
Luciferase Assay Reagent II to measure firefly luciferase activity.  
100μl of Stop & Glo reagent was added to measure Renilla luciferase 
activity.  Luciferase expression from the PTHrP promoters was 
calculated by dividing the Firefly luciferase (PTHrP promoter activity) 
by the Renilla luciferase (internal control). 

RESULTS. 

Cloning of the PTHrP Promoters. 

In order to ensure stable transfections further down the line, we cloned 
all four variations of the PTHrP promoter into a pGL4.1 luciferase 
expression vector containing a mammalian cell inhibitor. The 4.0kb, 
1.1kb, P3, and P3 smad mutant promoters were all cloned out of 
Luciferase pGL3 vectors and into Luciferase pGL4.1 vectors. The 
promoter size was read in kilobases on a 1% Agarose gel to confirm  

 

Figure 3. Representative gel 
of digested plasmids. PTHrP 
promoters 4.0kb, 1.1kb, P3, 
and P3 smad mutant were 
cloned out of Luciferase pGL3 
vectors and into Luciferase 
pGL4.1 vectors. The digested 
promoters are representative of 
the original promoters. 

 

the successfulness of the cloning process (Figure 3). The digested 
promoters match the original promoters used for PCR, with no change 
in band size.      
 PTHrP promoter activity from promoter constructs. 

To determine which regions of the promoter are important, 
luciferase expression vectors containing the four variations of our 
PTHrP promoter were transfected into MDA-MB-231 cells. A 
luciferase assay was performed to measure PTHrP promoter 
activity (Figure 4). It was found that as the size of the promoter 
decreases, so does promoter activity. The 4.0kb yielded the highest 
PTHrP promoter activity (p<0.0005 compared to PcDNA), while 
both the P3 and P3 smad mutant promoters yielded the least (not 
significant compared to PcDNA). The 4.0kb promoter had an 
increase in luminescence at a fold change of 50, while the 1.1kb 
promoter had a fold change of about 25, and both the P3 and P3 
smad mutant promoters had a fold change of about 18 compared to 
PcDNA control. 

 
Figure 4. Cells were transfected with the PTHrP promoters cloned into 
the Luciferase pGL4.1 vector. A Luciferase assay was performed to 
measure PTHrP promoter activity when in the presence of Gli2. Relative 
luminesce is representative of the PTHrP promoter activity. Gli2 
significantly induced PTHrP promoter activity in the PTHrP 4.0 and 
1.1kb promoters (compared to PcDNA), but no significant induction 
was seen in the P3 or P3 smad mu promoters. Data is presented as fold 
change over pcDNA. Error bars represent standard deviation. * p<0.05, 
*** p<0.0005 

 DISCUSSION. 

This study sought to investigate how Gli2 regulates PTHrP 
expression, or more specifically where Gli2 interacts with the 
PTHrP promoter in order for PTHrP expression to occur. Julie 
Sterling et al. (2006) found a link between Gli2 and PTHrP 
expression [4]. More specifically, Gli2 has been shown to drive 
PTHrP expression, as PTHrP expression is greatly reduced in the 

 
Figure 2. All variations of the PTHrP promoter used in the present study. 
The 4.0kb is the full-length promoter, the 1.1kb has only regions P2 and P3, 
and the P3 and P3 smad mutant promoters contain only region P3. The P3 
smad mutant promoter contains a deletion of the smad binding element. 
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absence of Gli2 [4]. This is the first study to further investigate the 
mechanism by which Gli2 and PTHrP interact at the promoter 
level. Knowing how Gli2 and PTHrP interact at the promoter level 
would be greatly benefit efforts in drug development to combat 
TIBD. 

We initially were successful in cloning the four versions of the 
promoter (4.0kb, 1.1kb, P3, P3 smad mutant) into Luciferase 
pGL4.1 vectors (Figure 3). Cloning of the promoters was necessary 
in order to stably transfect them into MDA-MB-231 cells. Our 
observations that the 4.0kb promoter, the full length promoter, 
yielded more PTHrP promoter activity than the 1.1kb, P3, and P3 
smad mutant promoters (Figure 4), can perhaps be due to the 
primary binding site of Gli2 potentially residing on regions P1 or 
P2 on the PTHrP promoter Moreover, as promoter size decreased, 
so did PTHrP promoter activity. The P3 and P3 smad mutant 
promoters both yielded the least amount of PTHrP, suggesting that 
regions P1 and P2 may be important for Gli2 binding, for as we 
add regions P2 and P1, promoter activity increases. However, this 
goes against our original hypothesis that, based on past research 
done by our lab and others, the P3 region will be the most important 
in Gli2 induction of PTHrP expression because of the presence of 
coding regions found within the P3 promoter region, as well as the 
amount of P3 initiated transcripts found in tumor cell lines and 
patient samples [5]. It is possible that some of the untranslated 
regions found in P1 and P2 are important for Gli2 induction of 
PTHrP expression. Furthermore, the smad binding element found 
in the P3 region of the promoter was deleted in the P3 smad mu 
sample.  Since TGF-β signaling has been shown to regulate Gli2 
induction of PTHrP [2]. We hypothesized that deleting the binding 
element for Smad2/3 (a downstream mediator of TGF-β signaling) 
could affect Gli2 induction of PTHrP.  However, the P3 and P3 
smad mutant promoters had the same amount of activity, 
suggesting that the smad binding element that resides on region P3 
is not important for Gli2 to bind to the PTHrP promoter. Finding 
the primary binding site of Gli2 on the PTHrP promoter is crucial 
for understanding the mechanism of TIBD and for discovering 
therapies for combatting bone destruction by breast cancer 
metastasis. 

Due to decreasing luminescence as promoter size decreased, it can 
be concluded that regions P1 and P2 on the PTHrP promoter may 
contain the primary binding site of Gli2.   In addition, the smad 
binding element on region P3 holds no effect on PTHrP expression. 
Many methods can be done to further this research. First, we could 
treat MDA-MB-231 cells with Transforming Growth Factor-β, 
which promotes Gli2 production, 24 hours after transfection in 
order to stimulate further PTHrP expression. Furthermore, further 
sequencing analysis can be done to determine the exact binding 
location of Gli2 onto the PTHrP promoter and any potential 
binding partners. It would be ideal to validate our results in vivo, 
and in cell lines outside of MDA-MB-231 to further support our 
conclusions. If an exact binding location were to be found, it could 
be beneficial in developing drugs and therapies to combat 
metastases in bone and put a stop to bone destruction by breast 
cancer metastasis all together. 
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