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ABSTRACT OF THE THESIS 

 

5alpha-Androstane-3alpha,17beta-diol (3alpha-diol) regulates  

amino PTHrP in human non-small cell lung carcinomas 
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Lung cancer has one of the highest death rates of all human cancers with non-

small cell lung carcinomas (NSCLC) making up the majority of diagnoses. NSCLC 

tumor products include parathyroid hormone-related protein (PTHrP), an oncoprotein 

known to cause hypercalcemia and other cancer side effects. The full length PTHrP 



 
 

x 
 

protein is capable of being cleaved into several daughter peptides, including the portion 

resembling parathyroid hormone, amino PTHrP 1-34. The amino PTHrP peptide is a 

negative prognostic indicator; patients have shorter survival if their tumors express higher 

levels of it or its cognate receptor, PTH1R. Amino PTHrP expression has been 

discovered to be less frequent in tumors of male NSCLC patients compared to females, 

but the reasons are unknown. It was our hypothesis that androgens negatively regulated 

amino PTHrP, explaining the lower expression in males. To test this, we treated BEN 

human squamous lung carcinoma cells, both with and without transfected androgen 

receptor (AR), with exogenous testosterone, dihydrotestosterone, and R1881, then 

measured amino PTHrP 1-34 by ELISA.  None of the three androgens significantly 

affected BEN cell amino PTHrP.  However, 5α-Androstane-3α,17β-diol (3α-diol), a 

metabolite of dihydrotestosterone that is produced robustly by lung cancer cells, caused 

significant time- and dose-dependent decreases in amino PTHrP levels. These effects 

were independent of ectopic overexpression of AR and were enhanced when enzymes 

regulating 3α-diol levels were inhibited. These results show that 3α-diol is capable of 

lowering the expression of amino PTHrP 1-34 by AR independent pathways in NSCLC. 
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Introduction 

 Ideally, a person’s cells will carry out normal functions for the span of their life, 

maintaining homeostasis and allowing the person to thrive. But things can go wrong and 

occasionally cells can turn on the host organism. Cancer is characterized by unrestrained 

cell growth, the ability to invade other tissues, and the potential to metastasize. When 

cancer develops, cells lose the normal controls regulating growth and location and 

progress to form tumors. Lung cancer typically results from tobacco smoke exposure and 

is the leading cause of cancer-related deaths in both men and women. It has one of the 

highest death rates of all cancers with a 5 year survival rate less than 15% due to early 

metastasis and late diagnosis (Jemal et al., 2004). The most common form of lung cancer, 

non-small cell lung carcinoma (NSCLC), makes up 85% of diagnosed lung cancers 

(American Cancer Society, 2011). Unlike other malignancies, such as breast or prostate, 

lung cancer has not seen death rates improve substantially over the last 20 years. 

 Cancer cells frequently produce proteins that are not normally expressed by the 

progenitor normal cells and these oncoproteins can contribute to tumor progression or to 

side effects related to cancer. Parathyroid hormone-related protein (PTHrP) is a common 

oncoprotein in NSCLC, occurring in approximately two-thirds of carcinomas in humans 

(Hastings et al., 2006). It was first discovered as a tumor product that caused 

hypercalcemia, a rise in blood calcium levels (Strewler, 2000). The amino-terminal 

residue 1-34 portion of PTHrP shares similar structure and function to the residue 1-34 

portion of parathyroid hormone (PTH). As a consequence, it behaves similarly to PTH 

with regard to activating the G-Protein coupled parathyroid hormone 1 receptor (PTH1R) 
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(Abou-Samra et al., 1992).   PTHrP mediates humoral hypercalcemia of malignancy 

through its ability to bind the PTH1R (Suva et al., 1987) 

In humans, the PTHrP gene codes for three isoforms derived from alternative 

mRNA splicing. They include PTHrP 1-139, PTHrP 1-141 and PTHrP 1-173.  The first 

139 amino acids are identical in all three isoforms (Yang and Stewart, 1996) and have the 

potential to act through PTH1R.  PTHrP 1-34 activates PTH1R in vitro, but the main 

amino form in vivo appears to be PTHrP 1-36.  PTHrP undergoes post-translational 

processing when being shuttled through the Golgi apparatus (Hook et al., 2001). The 

proteases responsible for processing the full length protein to PTHrP 1-36 have not been 

identified, but PTHrP is a substrate for various enzymes such as prohormone convertases, 

cysteine proteases, and serine proteases (Hastings et al., 2012). The affinity of this 

peptide toward PTH1R depends on its entire sequence, and peptides smaller than PTHrP 

1-34 have reduced activity. Prostate-specific antigen, a serine protease also known as 

kallikrein 3, will cleave amino PTHrP at residue 22, and cathepsin L also targets the 

peptide (Hook et al., 2001), but they have not been linked definitively to clearing amino 

PTHrP in vivo . 

In general, amino PTHrP has pro-malignant effects on cancer phenotypes and this 

principle appears to hold in lung carcinoma. Monego et al. found amino PTHrP and the 

PTH1R to be negative prognosticators in lung adenocarcinoma. In other words, tumor 

expression of amino PTHrP and PTH1R was linked to shorter survival in patients. In 

addition, lung cancers expressing amino PTHrP and PTH1R had the fastest metastasis 

rates and the lowest overall survival rates (Monego et al., 2010). To verify these findings, 

Hastings et al. probed lung carcinomas with the same antibody against amino PTHrP that 
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the Monego team had used.  Similar results were obtained with significantly shorter 

survival at 54 ± 4 months in patients with tumors expressing amino PTHrP versus 65.3 

months in patients with amino PTHrP negative tumors (Hastings et al., 2012). 

Interestingly Hastings and colleagues found a sex difference in the frequency with 

which human lung carcinomas expressed amino PTHrP. Approximately 50% of males 

tested positive for amino PTHrP compared to 64% of the females (Figure 1, P < 0.01) 

(Hastings, 2012).  On the other hand, a carboxyl epitope in the PTHrP 109-141 region 

was present in 70% of tumors in both males and females. 

 

 

Figure 1) Incidence of amino PTHrP varies with sex. A) Women more frequently 

expressed amino PTHrP 1-34 than did males. B) Carboxyl PTHrP does not vary in 

expression between the two sexes. Reprinted from Hastings et al., 2012 
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Hastings' group has also found sex differences in amino PTHrP expression in 

mouse models of lung carcinoma. When orthotopic lung carcinomas were implanted in 

athymic mice, tumors in female mice had PTHrP protein levels that were up to 3 times 

higher than those in male mice (Montgrain et al. 2007) (Fig. 2). 

 

Figure 2) Mouse orthotopic lung carcinoma PTHrP protein content in female mice 

exceeded that in males by approximately 3-fold. Reprinted from Montgrain et al., 2007.  

 

Phenotypic differences between males and females can result from genetic, 

hormonal, behavioral, or environmental mechanisms. A genetic effect is observed most 

commonly for X-linked genes.  Environmental influences come into play because men 

and women may have different occupational exposures, a factor that has been 

diminishing in modern times.  Behavioral differences are important in lung cancer in 

terms of smoking habits.  Men are more likely to develop peripheral, tobacco-induced 

lung carcinomas than women because they tend to inhale more deeply, delivering 

carcinogens to more peripheral lung regions (Stabile and Siegfried, 2003).  Hormonal 

influences can lead to sex differences in cancer because non-gonadal tissues also express 
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receptors for androgens and estrogens.   For example, AR is present in lung cells and as 

many as 200 transcripts are increased when it is activated (Mikkonen et al., 2010). The 

human lung carcinoma line A549 expresses AR and has been used for the testing of 

androgen metabolism in lung carcinomas (Provost et al., 2000). Lung carcinoma cells 

have been shown to produce the enzymes necessary for androgen metabolism.  Thus, 

A549 cells express high levels of aldo-keto reductase R1C2, an enzyme with great 3α-

diol reductase activity, and they rapidly convert dihydrotestosterone to 3-  diol, a 

metabolite with low androgenic activity (Provost et al., 2000). Lung cancer cells also 

express estrogen receptor, but the transcriptional activity of estrogen-receptor complexes 

appeared to be regulated at a low levels in male NSCLC cell lines (Dougherty, 2006). 

In reviewing the human and animal data collected by the Hastings laboratory, 

hormonal mechanisms seemed more likely than the others to mediate sex-dependent 

differences in amino PTHrP expression.  We discounted the likelihood of genetic effects 

because of the mouse experiments, where the orthotopic BEN cell lung carcinomas had a 

male genotype derived from the BEN cells regardless of whether they were placed in 

male or female mice.  Environmental conditions are uniform for laboratory mice and 

unlikely to be important and behavioral effects also seemed unlikely. 

PTHrP expression can be regulated by either androgens or estrogens (Kaiser et al. 

1996), however, estrogens were unlikely to play a role in either the findings in the 

retrospective human study or in the mouse study.  In the human study, the overwhelming 

majority of female subjects were post-menopausal and unlikely to have significantly 

greater systemic estrogen levels than the male subjects.  The mouse study was conducted 
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with athymic mice, a strain with a defect in the pituitary gonadotropin axis that causes 

female mice to have abnormally low circulating estradiol levels indistinguishable from 

those in males (Kopf_Maier and Mboneko, 1990).  In short, no sex difference in estrogen 

levels would have been likely in either study.  Finally, a prior study from the Hastings' 

laboratory found that estradiol had minimal effect on PTHrP expression (Montgrain et al., 

2007).   

There is evidence that androgens will decrease PTHrP expression in some types 

of cancer.  Rabbani et al. tracked the processing of endogenous PTHrP in rat tumors. 

Their findings showed that PTHrP 1-141 was capable of being post-transcriptionally 

processed into various isoforms including the common in vivo amino form of PTHrP 

(Rabbani et al., 1993). Furthermore, androgens decreased expression of amino PTHrP. 

Human and Rat PTHrP share an 89% homology specifically in the 1-111 region and 

therefore it is likely that human PTHrP processing works by these same mechanisms. 

In summary, the amino PTHrP 1-34 peptide is a negative prognosticator for lung 

cancer survival. Tumors in males tend to have lower levels of amino PTHrP than tumors 

in females, indicating a sex difference in regulation of PTHrP. Androgens can affect 

PTHrP in some types of cells, so hormonal influences could explain the sex difference. It 

is yet to be shown whether androgens can specifically alter the levels of amino PTHrP in 

NSCLC cells either by direct effects or some alternate pathway. If an effect on amino 

PTHrP levels could be directly correlated with androgens and that pathway could be 

mapped out, knowledge of the mechanism lowering amino PTHrP levels would provide a 

rationale for exploring novel treatments to improve lung cancer survival and/or treat 

hypercalcemia of malignancy. 
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Given this background, the goal of this project was to investigate whether 

androgens regulated PTHrP expression in human lung cancer cells.  Our hypothesis was 

that treatment with androgens would show an overall decrease in the expression of amino 

PTHrP in human NSCLC lines. This lowered expression could help explain the 

difference in male and female expression of amino PTHrP. A secondary aim was to 

determine whether androgens regulated PTHrP RNA, protein or daughter peptide levels.  

Hastings’ patient data indicated that females differed from males only in expression of 

amino PTHrP, but not carboxyl PTHrP, suggesting the regulatory effects might apply to 

PTHrP protein rather than mRNA. 
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Materials and Methods 

 

Materials: 4xAndrogen response element (4xARE) plasmid from Deftos Lab; pSG5-AR 

plasmid from Deftos Lab; β-galactosidase (β-Gal) plasmid from Stratagene Products 

were all used for chemiluminescence assays. 1A5 antibody and R1815 antibodies 

designed by Deftos lab for PTHrP 1-34 ELISA (Hastings et al., 2003). 30% Bovine 

serum albumin from Golden West Biologicals for ELISA standards. BCA Protein Assay 

Kit from Pierce for total protein assay. MUG β-gal assay kit from Sigma-Adlrich. 

Testosterone (C19H28O2; mol.wt. 288.43); dihydrotestosterone (C19H30O2; mol.wt. 

290.44); R1881 (C19H24O2; mol.wt. 284.39); 5α-Androstane-3α,17β-diol (C19H32O2; 

mol.wt. 292.46) were all obtained in anhydrous form from Sigma-Aldrich and 

resuspended in dimethylformamide (DMF).  

Cell culture:  BEN and LnCap cells were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). Prior work in the Hastings lab had shown that BEN 

cells were capable of high level PTHrP expression and that the other lines expressed 

PTHrP as well. All lines were grown in a humidified incubator at 37°C in 95% air/5% 

CO2 in RPMI 1640 medium plus 10% fetal bovine serum and L-glutamine. Cells were 

plated in 6- or 12-well plates at 60-80% confluencey. Transfections were performed 

using Lipofectamin2000 and all androgens and androgen metabolites were diluted in 

DMF. For immunoassays both the conditioned media and the cell lysates were collected 

and analyzed.
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PTHrP immunoassay: PTHrP was assayed in conditioned media and lysates of lung 

cancer cells by our own radioimmunoassay’s, using antibodies directed against PTHrP 1-

34. Cells were plated and allowed to adhere for 24 hours before receiving fresh media 

containing the DMF control or treatments. After length of treatment conditioned media 

was collected and the cells were given PBS containing protease inhibitors. The cells were 

scraped from wells and collected with PBS; sonicated for 20 mins in bath; then both 

conditioned media and lysates were frozen in minus 80
o
C overnight. PTHrP 1-34 ELISA 

is three day assay in 96 well plates beginning with 1A5 antibody (.5ug/100uL/well) 

plating on day 1; blocking of antibody (300uL 25%Gelatin/PBS per well) and addition of 

conditioned media and lysates (50uL/well) with Biotinylated R1815 antibody 

(50uL/well) on day 2; final washing and additions of SA β-gal and MUG performed and 

cells read by chemiluminescence assay. Internal total protein control used to correct 

values to a standard. 

Cell Titer 96 MTS growth assay:  Cells were plated at 1,000-7,000 cells/well in 96-well 

plates in growth media for proper cell adherence. Assays were stopped in separate plates 

at 0, 1, and 2 days and cell quantity assessed with the proprietary MTS tetrazolium 

compound (Promega, Madison, WI) for 1h at 37 C.  Reaction occurs when MTS was 

bioreduced by metabolically active cells into a colored formazan product that is soluble 

in tissue culture medium with an absorbance at 490nm. 

Transient transfection: Expression plasmids were complexed with a DNA binding 

agent (PLUS reagent - Life Technologies, Inc.) in serum-free DMEM media for 20 

minutes, followed by addition of polycationic liposomes (DDAB:DOPE lipids or 
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LipofectAMINE - Life Technologies, Inc.) in a minimal volume. The DNA:liposome 

complexes were added to cells plated at 50-60% confluency in 6 or 12 well plates for 24 

hours.  The DNA:liposome complexes were removed and replaced with RPMI containing 

10% FBS. Media removed and lysate buffer added to cells and then collected. 

Quantitative Polymerase Chain Reaction (qPCR): RNA from cultured lung cancer 

cells was isolated with the RNeasy Mini Kit (Qiagen, Valencia CA).  RNA was eluted 

with 50 µl of RNase free water and quantified based on optical density readings.  1 µg of 

total RNA was reverse transcribed in a final volume of 25 µl using 200 units of Moloney 

Murine Leukemia Virus Reverse Transcriptase (Invitrogen, Carlsbad, CA) for 50 min at 

37°C. Forward 5’-CTGACACCTCCACAACGTCG-3’, reverse 5’-

AGAATCCTGCAATATGTCCTTGG-3’ for PTHrP, and forward 5’-

CCGAGGACTTTGATTGCACAT-3’, reverse 5’-TTAGGATGGCAAGGGACTTCC-3’ 

for β-actin.  The cDNA’s were amplified using 0.125 µl of HotGoldStar Taq polymerase 

(Eurogentec, San Diego, CA) for 40 PCR cycles (initial HotGoldStar activation for 10 

min at 95°C, and then 40 cycles of 15 sec at 95°C and 1 min at 60°C) on an ABI Prism 

7000 real time PCR machine.  SYBR green I dye fluorescence was measured and the 

relative cDNA ratios were calculated by the Pfaffl method (24) using the value of 

threshold cycles compared to the reference gene β -actin. 
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Results 

Androgen effects on amino PTHrP 1-34 

 BEN cells showed no decrease in amino PTHrP levels after 24 hours of treatment 

with either 10nM testosterone or DHT (Fig 3).  

 

 

Figure 3) Amino PTHrP 1-34 expression after 24 hour androgen treatment. BEN 

cells were treated with 10nM testosterone and 10nM DHT for 24 hours and analyzed by 

ELISA assay for PTHrP 1-34. Control groups were given DMF. The androgen treatments 

did not lower the amino PTHrP 1-34 levels as expected. Results shown in % expression 

normalized to control. N=3 independent experiments with 6 replicates per experimental 

group.   

 

 The experiment was repeated with a synthetic, non-metabolized testosterone 

called R1881 to test whether androgen metabolism by BEN cells could be limiting the 

effect. Treatment with 10nM R1881 for 24 hours again had no significant impact on 

amino PTHrP levels (Fig 4). R1881 appeared to have mild activity toward AR-dependent 

transcriptional activity in BEN cells, as demonstrated with an ARE-luciferase reporter 
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construct (Fig 5). In cells transfected with the construct, R1881 increased 

chemiluminescence by as much as 70%, which was not statistically significant (P = 0.29). 

LnCaP cells, an androgen-dependent prostate cancer cell line, were used as positive 

controls.  R1881 augmented ARE-luciferase activity by 5-fold in LnCaP cells (Fig 5). 

 

 

Figure 4) Amino PTHrP 1-34 expression after 24 hour R1881 treatment. BEN cells 

treated with 10nM R1881 for 24 hours and analyzed by ELISA assay for PTHrP 1-34. 

Control groups were treated with DMF vehicle. The non-metabolizable R1881 treatment 

did not lower the amino PTHrP 1-34 levels. Results shown in % expression normalized to 

control. N=2 
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Figure 5) AR Luciferase activity after 24 hour R1881 treatment. BEN and LnCap 

cells transfected with 4xARE & β-galactosidase were given 10nM R1881 for 24 hours. 

Control group received the DMF vehicle. Chemiluminescent assay revealed that R1881 

had a mild effect on the androgen response element construct in BEN cells, but 5 times 

that response in the highly androgen-dependent LnCap prostate carcinoma cells. Data 

were normalized by -galactosidase staining levels and expressed normalized to control 

DMF levels. N=2 experiments (P = 0.29) 

 

 The next set of experiments considered the possibility that androgens generated 

too low a level of transcriptional activity in wild type BEN cells to alter amino PTHrP.  

Therefore, BEN cells were transiently transfected with pSG5-AR, a plasmid that drives 

ectopic overexpression of active AR. In addition, the length of androgen exposure was 

extended to 48 hours to optimize the androgen effect as much as possible. AR activation 

in the BEN cells transfected with pSG5-AR was nearly 40 times higher than in non-

transfected cells treated with R1881 (Fig 6). However, even with that high level of AR 

activation the amino PTHrP levels did not change significantly from the control levels 

(Fig 7). 
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Figure 6) AR Luciferase activity after 48 hour R1881 treatment with pSG5-AR 

plasmid. BEN cells transfected with 4xARE & the constitutively active pSG5-AR and 

given 10nM R1881 treatment for 48 hours. Control group received DMF. 

Chemiluminesence assay revealed R1881 treatment with the pSG5-AR activated AR 

transcription 40 times more than any other treatment. N=2 ( P < .001) 
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Figure 7) Amino PTHrP 1-34 expression after 24 hour R1881 treatment with pSG5-

AR plasmid. BEN cells transfected with 4xARE & the constitutively active pSG5-AR 

and given 10nM R1881 treatment for 48 hours. Control group received DMF. Even with 

the highly optimized conditions for exposure time and AR activity, amino PTHrP 1-34 

was note lowered by the androgen. N=2 

 

3α-diol effects on amino PTHrP 1-34 

 Although the primary male androgens, had little to no effect on amino PTHrP, 

lung cancer cells robustly metabolize DHT to metabolites with little activity at the 

androgen receptor but with independent biologic activity. 5α-Androstane-3α,17β-diol 

(3α-diol), a downstream product of testosterone metabolism has been shown to act 

independently of the AR and can even exhibit effects in AR-null cells (Yang et al., 2008).  

Thus, the possibility remained that androgen metabolites could act on PTHrP independent 

of the AR.  

 We tested 10nM 3 -diol using the same procedures followed for 24 and 48 hour 

exposure to androgens. At 24 hours no significant difference was observed between 3 -
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diol and control groups. However, at 48 hours amino PTHrP in cells treated with 10nM 

3α-diol showed a significant drop in amino PTHrP. Amino PTHrP measurements 

decreased by over 15% compared to the DMF control cells (Fig 8). 

 
Figure 8) Time dependence for 3α-diol treatment to create inhibition of amino 

PTHrP. BEN cells were treated with 10nM 3α-diol for 24 & 48 hours. Control groups 

were given DMF. At 24 hours the effect was inconsistent at 24 hours, but significant 

inhibition of amino PTHrP followed at 48 hours, indicating a time-dependent action 

between 24 and 48 hours. N=3 ( P < 0.05) 
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Figure 9) 48 hour 3α-diol treatment dose response. Ben cells were given treatments at 

2nM 3α-diol, 10nM 3α-diol, 50nM 3α-diol, 250nM 3α-diol, and 500nM 3α-diol for 48 

hours. Control group received DMF. Amino PTHrP levels showed an inverse relationship 

with the concentration of applied 3α-diol. N=3 ( P <0 .05, P < 0.01) 

 

The next step was to test the dose response from 3α-diol treatment. BEN cells 

were treated for 48 hours at 2nM, 10nM, 50nM, 250nM, and 500nM concentrations of 

3α-diol. In a typical dose response, s-curve fashion, 3α-diol lowered amino PTHrP levels 

from around 95% of control levels at 2nM 3α-diol to around 70% of control levels at 

250nM 3α-diol.  The inhibitor effect appeared to level off at higher doses (Fig 9). 

 Cells were transfected with the pSG5-AR plasmid to investigate whether the 

effect of 3α-diol in lowering of PTHrP 1-34 was independent of the AR. As expected 

there was no significant increase in AR activation when cells were treated with 3α-diol 

with or without ectopic production of AR (Fig 10). Furthermore, ectopic expression of 

active AR had no significant effects on amino PTHrP expression in cells treated with 3α-

diol (Fig 11). 
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Figure 10) AR Luciferase activity after 48 hour 3α-diol treatment with pSG5-AR 

plasmid. BEN cells transfected with 4xARE & the constitutively active pSG5-AR and 

given 10nM 3α-diol treatment for 48 hours. Control group received DMF. Fluorescent 

assay revealed 3α-diol treatment had little ability to activate the AR, even with the pSG5-

AR plasmid present. N=2 
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Figure 11) Amino PTHrP 1-34 expression after 48 hour 3α-diol treatment with 

pSG5-AR plasmid. BEN cells transfected with 4xARE & the pSG5-AR plasmid and 

given 10nM 3α-diol treatment for 48 hours and analyzed by ELISA for PTHrP 1-34. 

Control group received DMF. The presence of the pSG5-AR did little to increase the 

inhibition of amino PTHrP, supporting the AR independent role 3α-diol plays. N=2 

 

Cell viability assays 

Trypan blue staining was performed to verify that the lowered amino PTHrP 

levels were not the result of cell death or injury induced by 3α-diol.  After 48 hours of 

treatment with 100nM 3α-diol, 91.9 ± 1.0 % of BEN cells were Trypan blue negative 

versus 91.2 ± 0.4% of control cells (n = 3, non-significant).  MTS proliferation assays 

were used as an independent test for adverse effects of 3α-diol on the lung cancer cells.   

BEN cells were plated and given the 100nM, and 500nM 3α-diol treatments. Cells were 

enumerated by MTS staining every 24 hours for 2 days, to match the 48 hour treatment 

time used in the other experiments. The data shows that at all concentrations of 3α-diol 
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the cells proliferated at the same rate as control indicating that 3 -diol did not alter cell 

numbers over the time frame of our amino PTHrP measurement experiments (Fig 12). 

 

 

Figure 12) MTS proliferation and trypan blue viability. A) BEN cells were given 

treatments at 100nM 3α-diol, and 500nM 3α-diol for 48 hours. Cell counts were 

performed every 24 hours for 2 days starting at zero when they were plated. The cells did 

not suffer in proliferation rate compared to cells receiving just DMF treatment. 

B) Images of cells taken at 48 hours during the MTS assay. No significant 

differences in cell confluency and morphology are observed. 
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PTHrP mRNA levels after 3α-diol treatment 

 At this point, we had no indication how PTHrP expression was altered by 3 -diol. 

qPCR was used to test whether the metabolite acted by decreasing PTHrP transcripts in 

BEN cells. Lysates were collected and submitted to qPCR for the full length PTHrP 

mRNA sequence. The results showed that with minor fluctuations there were no 

significant changes in full length PTHrP mRNA levels (Fig 13). 

 

Figure 13) PTHrP mRNA for BEN cells treated with 3α-diol for 48hr. BEN cells 

plated and grown for 24 hours before 48 hour treatments with DMF and 3α-diol.  Cell 

RNA was collected and submitted for qPCR for PTHrP and β-actin control. There was no 

overall effect on the PTHrP mRNA levels after 3α-diol treatment. N=1 error bars made 

from upper and lower CI bounds for 6 replicate RNA samples. 
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Blocking the aldo-keto reductase pathways 

 Since aldo-keto reductases can convert DHT to 3 -diol and back in a 

bidirectional manner, it was possible that oxidation of 3 -diol was reducing exposure of 

BEN cells to the metabolite.  To investigate whether this process was limiting the 

inhibitory effects on amino PTHrP, we treated BEN cells with aldo-keto reductase 

inhibitors to interfere with the oxidation. The inhibitors, lithocholic acid, flufenamic acid, 

and indomethacin were given at concentration of 20uM while 3α-diol was given at 

250nM. The results showed that lithocholic acid alone and flufenamic acid alone did not 

significantly alter amino PTHrP while indomethacin alone did reduce amino PTHrP. 

When the acids and the indomethacin where given with the 3α-diol treatment amino 

PTHrP levels were even lower than the controls, averaging around 20% inhibition as 

opposed to the control inhibition of 5 – 15%. The indomethacin with 3α-diol had the 

largest effect by lowering amino PTHrP by nearly 30% from the DMF control (Fig. 14). 
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Figure 14) Effects on amino PTHrP when aldo-keto reductase pathways are 

blocked. BEN cells plated and given treatments 24 hours later. AKR1C2 blockers given 

at same time as 3α-diol treatments. Control given DMF. While the indomethacin alone 

had effects on PTHrP the greatest effects where seen when the AKR1C2 blockers and the 

3α-diol where given together. N = 1 ( P < 0.01) 
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Discussion 

Androgen effects on amino PTHrP 1-34 

 The observation that amino PTHrP 1-34 expression in NSCLC was present less 

frequently in males than in females prompted the research into how androgens might 

affect amino PTHrP. It was our hypothesis that androgens regulated the expression of 

amino PTHrP. However, as the data shows, the male androgens, testosterone and DHT 

had little effect on amino PTHrP content in BEN cells. These androgens were capable of 

activating the AR so it was not a matter of lung cells not containing enough AR for there 

to be interaction. The lack of an observed effect could be explained by rapid metabolism 

of androgens in NSCLC cells (Provost et al., 2000). However, we also tested a non-

metabolizable, androgen, R1881 (Dube et al., 1976). This synthetic androgen is resistant 

to aldo-keto reductase and aromatization (Bonne, 1975 and Doering & Leyra, 1984), but 

still serves as an effective activator of the AR (Joly-pharaboz et al., 1995 and Holterhus 

et al., 2002). R1881 also had no effect on the amino PTHrP levels in BEN cells, 

suggesting that excessive metabolism was unlikely to explain why the naturally occurring 

androgens did not regulate PTHrP.  

We also considered the possibility that the transcriptional potential of the androgen 

receptor in BEN cells was too low to produce much of an effect on PTHrP.  After all, 

ARE-luciferase activity was not even doubled when BEN cells were treated with R1881.  

We excluded this possibility by transfecting BEN cells with pSG5, the androgen receptor 

expression plasmid.  The transfected cells responded to R1881 with AR transcriptional 

activity over 40 times above control levels. Under these conditions, the BEN cells still 
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did not alter amino PTHrP in response to R1881.  We conclude that androgens do not 

exert a genomic, AR-dependent effect on amino PTHrP in BEN cells. 

3α-diol effects on amino PTHrP 1-34 

 Dihydrotestosterone is robustly converted to 3a diol in lung cancer cells (Provost 

et al,. 2000), so we considered the possibility that a metabolite might affect PTHrP.  3α-

diol has been shown to have effects in some cell types independent of the AR (Yang et 

al., 2007). For example, it regulates both Akt and β-catenin pathways in LNCaP cells 

(Yang et al., 2007). Thus, we tested 3α-diol against BEN cell PTHrP at both 24 and 48 

hours. Small decreases were seen in amino PTHrP after 24 hours of treatment with 10 nM 

3α-diol but the effects were too varied among trials to make any substantial claims. 

However, the decreases were greater at 48 hours and statistically significant.  Testing a 

large range of 3 -diol concentrations revealed a greater degree of PTHrP inhibition and a 

significant dose dependence in the response. The inhibition of amino PTHrP increased 

from around 5% with a 2nM 3α-diol treatment to around 30% with 500nM 3α-diol 

treatment. 

 To investigate if this action depended on androgen receptor, we again transfected 

the BEN cells with pSG5 and treated with 3α-diol. The 3α-diol treatment had little effect 

on the ARE-luciferase activity and pSG5 transfection did not result in a greater reduction 

in amino PTHrP.  Thus, the effect of 3α-diol on amino PTHrP appears to be independent 

of androgen receptor. 
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 Yang et al. showed that 3α-diol was capable of exhibiting effects on prostate 

cancer cells even when the AR was not present. The evidence here expands those 

findings to include NSCLC as cells in which 3α-diol exhibits AR independent effects.  

Cell viability assays 

 3α-diol could affect BEN cell PTHrP through a trivial mechanism if it injured 

cells or reduced cell number.  The Trypan blue cell viability results suggest that effects 

are not being misread due to cell death. Even the highest DMF concentration we used did 

not significantly affect cell viability compared to control conditions.  MTS proliferation 

supports these findings as cell numbers showed no significant differences and 

comparable proliferation vs. control groups. These results support the concept that 3α-

diol has specific effects on amino PTHrP, rather than trivial effects due to cell injury, 

inhibition of growth or death of the NSCLC cells.  

PTHrP mRNA levels after 3α-diol treatment 

 Research by other investigators has shown that 3α-diol can exert effects on gene 

expression (Nunlist et al. 2004), so it was important to look at its effects in transcriptional 

activity in NSCLC cells. After 48 hour 3α-diol treatment, BEN cell RNA was submitted 

to qPCR for the common PTHrP coding sequence. The relative abundance for PTHrP 

mRNA was higher in the 3α-diol treated cells than in control cells, in the opposite 

direction than might be expected based on the change in PTHrP peptide level.  Ultimately 

there was no statistical difference between the two groups. The absence of change in 

PTHrP mRNA levels suggests that 3α-diol does not exert its effects on amino PTHrP at 
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the transcriptional level and that other mechanisms, perhaps at the protein level, may be 

responsible.  

Blocking the aldo-keto reductase pathways 

 As mentioned before, aldo-keto reductase enzymes are very active in NSCLC 

cells, leading to the possibility of oxidation of 3α-diol to DHT (Provost et al., 1990). If 

some quantity of the 3α-diol provided to the cells were metabolized, then inhibiting aldo-

keto reductase enzymes should increase the exposure of cells to 3 -diol and result in a 

greater inhibition of amino PTHrP. We tested 3 different aldo-keto reductase antagonists. 

Lithocholic acid, flufenamic acid, and indomethacin have all been shown to be inhibitors 

of the aldo-keto reductase enzyme family (Ishikura et al,, 2005; Adeniji et al., 2012; and 

Hamid et al., 2013).  

 In fact, combining AKR inhibitors with the 3α-diol treatment did further inhibit 

the expression of amino PTHrP. Indomethacin with 3α-diol had the largest inhibition but 

surprisingly, indomethacin by itself also inhibited amino PTHrP. Indomethacin has been 

shown to be a viable treatment in the prevention of AKR activity in prostate cancers and 

based on this data here it would appear to have beneficial effects in lung cancers too 

(Hamid et al., 2013). Further research is needed to see the exact role indomethacin has in 

helping regulate the levels of amino PTHrP beyond its ability to prevent the degradation 

of 3α-diol.  Indomethacin is a non-specific agent that acts on a wide range of enzymes, so 

some or much of its action on PTHrP could be unrelated to AKR1C2.  Lithocholic acid 

and flufenamic acid are more specific, but these enzymes too could have off-target 
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effects.  Additional studies with specific AKR1C2 inhibition, say with inhibitory RNA 

molecules would be indicated. 

Conclusion 

 Our original hypothesis was disproved by the observation that androgens had no 

major effects on amino PTHrP levels in BEN cells. However, we discovered that 3α-diol, 

an androgen metabolite, was capable of regulating amino PTHrP 1-34 expression despite 

its low affinity for the AR. Significant decreases in amino PTHrP expression were 

witnessed with 3α-diol treatment for 48 hours and these results were supported by a 

strong time- and dose-dependence, as well as amplification of the 3 -diol effect through 

inhibition of enzymes that may eliminate the compound.  Though not an active androgen, 

the fact that 3α-diol is a male androgen metabolite and with these observed effects, it is 

likely the reason for the observed sex dependent difference in amino PTHrP expression. 

However, the mechanisms by which 3α-diol exerts its effects on amino PTHrP 

still remains to be discovered. The lack of a decrease in PTHrP mRNA suggests that 3α-

diol works by regulation of post transcriptional activity. Yang et al. has shown how high 

levels of posttranslational processing can lead to multiple isoforms of the full length 

PTHrP (1994). There is also evidence that proteolysis plays a role in PTHrP processing. 

The enzyme, cathepsin L has been observed to cleave full length PTHrP at multibasic, 

dibasic, and monobasic cleavage sites and can generate active PTHrP-related peptides, 

including the amino PTHrP isoform (Hook et al., 2001). This presents another possibility 

for how 3α-diol can regulate the expression of amino PTHrP, presumably involving 
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stimulation of an enzymatic activity that degrades amino PTHrP or promotes that 

process. 

NSCLCs are the number one killer among the already high fatality lung cancer 

and little has come in years of research to improve the survivability of lung cancer. 

Hypercalcemia of malignancy is one of the side effects that leads to severe health 

problems in lung cancer and PTHrP drives this disease process. Here we have laid the 

ground work for what could develop into novel therapies for the treatment of NSCLC 

patients. It is conceivable that 3α-diol could be used as a therapeutic agent for NSCLC 

patients, possibly with an AKR inhibitor. Alternatively, if a pathway by which 3α-diol 

creates its effects is mapped out then any steps in that pathway could be targeted as well. 

If in some way amino PTHrP could be lowered than its interaction with the PTH1R 

would be lowered, helping increase the survivability of patients with NSCLCs and by 

helping prevent hypercalcemia and paraneoplastic syndrome. 3α-diol has an observable 

effect in lowering amino PTHrP levels in the NSCLC line BEN cells. This helps to 

explain the observation that males had lower levels of amino PTHrP when compared to 

females. Further research is required into the mechanism by which 3α-diol regulates 

amino PTHrP, but ideally one day a beneficial treatment may come from these findings. 
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