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Abstract

Human telomerase reverse transcriptase (hTERT) is the catalytic and limiting component of 

telomerase and also a transcription factor. It is critical to the integrity of the ends of linear 

chromosomes and to the regulation, extent and rate of cell cycle progression in multicellular 

eukaryotes. The level of hTERT expression is essential to a wide range of bodily functions and to 

avoidance of disease conditions, such as cancer, that are mediated in part by aberrant level and 

regulation of cell cycle proliferation. Value of a gene in regulation depends on its ability to both 

receive input from multiple sources and transmit signals to multiple effectors. The expression of 

hTERT and the progression of the cell cycle have been shown to be regulated by an extensive 

network of gene products and signaling pathways, including the PI3K/Akt and TGF-β pathways. 

The PI3K inhibitor PX-866 and the competitive estrogen receptor ligand raloxifene have been 

shown to modify progression of those pathways and, in combination, to decrease proliferation of 

estrogen receptor positive (ER+) MCF-7 breast cancer cells. We found that combinations of 

modulators of those pathways decreased not only hTERT transcription but also transcription of 

additional essential cell cycle regulators such as Cyclin D1. By evaluating known expression 

profile signatures for TGF-β pathway diversions, we confirmed additional genes such as heparin-

binding epidermal growth factor-like growth factor (HB EGF) by which those pathways and their 

perturbations may also modify cell cycle progression.
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INTRODUCTION

The human telomerase reverse transcriptase (hTERT) gene is believed to have evolved with 

non-LTR retrotransposons and from reverse transcriptase genes present when DNA was 

replacing RNA for the maintenance of genomes of eukaryotes and/or their ancestor [1]. 

Accordingly, a TERT gene is present almost universally in eukaryotes, and few genes in 

eukaryotes have had as much time, opportunity or necessity to be shaped by evolution in 

adaptation to changing requirements [1]. Interestingly, few if any human genes have 

regulation as complex as that of hTERT, and the most extensive regulation of hTERT is at 

the level of transcription [2-5].

The human TERT protein hTERT is the catalytic and limiting subunit of the telomerase 

ribonucleoprotein [2] and is required for protection of the ends of linear chromosomes from 

degradation [3-5]. In the absence of telomerase, the finite length of telomeres leads to 

limited numbers of cell divisions and senescence [3-4]. In addition, a growing number of 

genes has been found to be regulated by hTERT as a transcription factor, and as a 

transcription factor it participates in an hTERT expression positive feedback loop [6-9]. 

Different patterns of hTERT transcription are required for functions as different as tissue 

renewal, differentiation, immune cell proliferation and tumor prevention. Accordingly, a 

complex network of regulatory gene products, signaling pathways and expression overrides 

is required for hTERT to accommodate its diverse range of responses to a vast range of 

environmental input [8, 10-12]. Regulation of the cell cycle, cross-linked to regulation of 

hTERT expression as has been noted [8, 13-14], controls a wide range of bodily functions 

and development [8-12, 15], and dysregulation accommodates a wide range of human 

diseases. hTERT is especially valuable as a target for prevention or treatment of the 

unlimited cell cycle progression, immortality, that sustains cancer [2, 4-5]. Our experiments 

were designed to test the composite effects of two agents acting on two regulatory pathways 

as well as the process of selecting relevant pathways based on an understanding of their 

relationships within the comprehensive regulatory network.

The PI3K/Akt pathway increases hTERT expression through multiple mechanisms [8]. 

Activated Akt activates the cell cycle by blocking, through phosphorylation, the interaction 

between MDM2 and p14 (p19) that would prevent ubiquitin-mediated proteolysis of p53 

[16-17] and by the mTOR-mediated degradation of cMYC competitor MAD1 [18-19]. Both 

the canonical and non-canonical NF-κB pathways are activated when Akt phosphorylates 

and activates IkB kinase (IKK), resulting in the phosphorylation and degradation of IκB 

[20-22]. The NF-κB pathway is subject to hormone-mediated suppression in estrogen 

receptor (ER) expressing cells, such as MCF-7, but potentially reversible by antiestrogens, 

aromatase inhibition, and growth factors or cytokines, including tumor necrosis factor α 

(TNF α) [23-26]. Additional mechanisms downstream of Akt result in degradation of 

SMAD4, p53 and p27 [27-30].
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In the canonical TGF-β pathway, a complex involving TGF-β, ligand-activated TGF-β 

receptors, p107, SMAD3, SMAD4 and either E2F-4 or E2F-5 can bind to the cMYC 
promoter to block transcription [31]. The TGF-β pathway may be inhibited by p107 

phosphorylation by complexes of cyclin and cyclin-dependent kinase (cdk) or sustained by 

cdk inhibitors p27 or p21 [31-33]. Estrogen receptor α (ERα), bound to an estrogen response 

element (ERE) in the upstream regulatory region of the hTERT promoter and activated by 17 

β-estradiol (E2) as a ligand, blocks TGF-β pathway-mediated repression [31, 34-35]. 

Estrogen has also been reported to block the TGF-β pathway by binding a receptor in the 

cytoplasm [36].

To inhibit the PI3K/Akt pathway, we used the wortmannin derivative PX-866, specific for 

PI3K component p110α and currently in Phase II clinical trials [37]. To up-regulate the 

activity of the TGF-β pathway, we used the selective estrogen receptor modulator (SERM) 

raloxifene, a competitive ligand for ERα [38-39].

To explore, analyze and screen for potential involvement of treatment-associated and/or cell 

type-associated mechanisms related to fidelity or diversion from proliferation-limiting 

canonical TGF-β pathway processing, alternative divergent non-canonical transcription 

signatures were also examined by real-time PCR. Transcription signatures have proved 

valuable in associating disease conditions, perturbations and molecular mechanisms [40]. 

One reported signature of TGF-β pathway misdirection includes Interleukin 11 (IL-11), 
Cyclin D1 and Axin2 as genes with transcription levels most divergent from normal [41]. 

Another includes Leukemia inhibitory factor (LIF), HB EGF and ERα with most divergent 

transcription levels [42].

MATERIALS AND METHODS

Cell cultures, reagents and procedures

Human cells were obtained from American Type Culture Collection (ATCC, Manassas, VA) 

and included ER(+) MCF-7 and ER(−) MDA-MB-231 breast cancer epithelial cells, control 

non-tumorigenic MCF10A breast epithelial cells and, for contrasting unrelated cells 

sensitive to proliferation regulated by distinctly different signaling, Jurkat, Clone E6-1, T 

cell leukemia lymphoblasts. MCF-7 and MDA-MB-231 cells were grown in Dulbecco’s 

modified Eagle’s medium (DMEM) (Mediatech, Manassas, VA) supplemented with 10% 

fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA) and 10% APS 

(amphotericin B, penicillin and streptomycin) (Mediatech) [2]. Before the culture plates 

were sufficiently confluent (60%) for treatment with harvest assured prior to full confluence, 

the media for MCF-7 cells was changed to phenol red-free DMEM (Mediatech) 

supplemented with 0.01 μM β-estradiol (E2) (Sigma-Aldrich, St. Louis, MO) as well as FBS 

and APS [34]. MCF10A cells were grown in DMEM/F12 medium (Mediatech) 

supplemented with 5% horse serum, 10 μg/mL insulin, 0.02 μg/mL epidermal growth factor, 

100 μg/mL hydrocortisone, 0.001 μg/mL Cholera toxin and 50 μg/mL penicillin-

streptomycin. Jurkat cells were grown in RPMI 1640 medium (Invitrogen) supplemented 

with 10% FBS and 1% penicillin-streptomycin (Mediatech). All cell lines were incubated at 

37° C in a humidified environment of 5% CO2 and 95% air.
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The MCF-7 cells were treated on three days consecutively, with daily media replenishment, 

and harvested 18 h following the third treatment. Cells in 10 mL culture plates were 

individually treated with raloxifene, PX-866, both raloxifene and PX-866 or only 21 μL/10 

mL dimethylsulfoxide (DMSO), the statistical median volume in treated plates, as vehicle. 

Raloxifene (Sigma-Aldrich) stock was kept at room temperature at a concentration of 54.9 

mM. PX-866 (BioVision) stock was maintained in the dark at −20° C at a concentration of 

190 μM. Treatments included control/vehicle; 1.0 μM raloxifene only; 0.4 μM PX-866 only; 

or 1.0 μM raloxifene combined with 0.1, 0.4 or 0.8 μM PX-866. The treatment dosages were 

previously determined to be physiologically relevant and evaluated in previous testing 

[43-45], and they were chosen based on gel-based PCR in our laboratory as effective in 

hTERT reduction. Only the higher raloxifene concentration of 1.0 μM was demonstrated in 

our gel-based PCR to be highly effective (data not shown). The other three cell lines were 

grown in 10 mL culture plates or T25 flasks (Thermo Fisher Scientific) and harvested 

untreated for comparison with untreated MCF-7 cells for assessment of treatment-

independent, cell type-specific gene expression.

Western blot

Protein was extracted during cell culture harvest using RIPA Lysis Buffer (Upstate 

Biotechnology, Charlottesville, VA) according to the manufacturer’s protocol. Equal 

amounts of protein were loaded and electrophoresed using Mini-PROTEAN TGX Precast 

Gels (Bio-Rad Laboratories, Hercules, CA) and with Precision Plus Protein Kaleidoscope 

Standards (Bio-Rad Laboratories) for the molecular weight marker. Transfer was performed 

with the Trans-Blot Turbo Transfer System, as provided by the manufacturer’s protocol 

(Bio-Rad Laboratories). The SNAP i.d. 2.0 Protein Detection System (EMB Millipore 

Corporation, Billerica, MA) was used for blocking and incubation with primary and 

secondary antibodies, according to the manufacturer’s protocol. Primary antibodies included 

p-MDM2 (Ser 166): sc-293105 (Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit 

polyclonal IgG against human MDM2 phosphorylated at Serine 166, p21 (C-19): sc-397-G 

(Santa Cruz Biotechnology), a goat polyclonal IgG against a C-terminal region of human 

p21, IκBα (C-21): sc-371 (Santa Cruz Biotechnology), a rabbit polyclonal IgG against a C-

terminal region of human IκBα and β-actin #4970 (Cell Signaling, Danvers, MA), a rabbit 

monoclonal IgG against human β-actin. Secondary antibodies included sc-2379 against 

rabbit IgG and sc-2350 against goat IgG (Santa Cruz Biotechnology) and were conjugated 

with horseradish peroxidase (HRP). Bio-Rad Clarity Western ECL Substrate (Bio-Rad 

Laboratories) was used for substrate, and images were developed using ChemiDoc XRS+ 

System and Image Lab software (Bio-Rad Laboratories). Images from three or more 

experiments were quantified and normalized using densitometry by ImageJ.

Quantitative real-time PCR

Cultured cells were harvested for total cellular RNA, using RNeasy Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s instructions. cDNA was synthesized using 

iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) in accordance with the 

manufacturer’s protocol. Primer pairs used were as previously reported and included the 

following: hTERT [46]; GAPDH [46]; p21 [47]; cMYC [48]; IL-11 [49]; Cyclin D1 [50]; 

Axin2 [41]; LIF [51]; HB EGF [52]; ERα [53]; SMAD7 [54]; DEC1 [55]. Real-time PCR 
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was performed for three or more experiments for each combination of treatment and 

associated gene expression, using the CFX Connect system (Bio-Rad Laboratories).The 

number of PCR cycles was 40. Annealing temperature was 53° C. Gene expression fold 

change in treated cells relative to control cells was calculated by the Delta-Delta Ct method 

[56] using GAPDH as the reference gene.

Statistical analysis

Statistical significance between treatment and control groups and between cell types was 

evaluated using the relatively conservative ANOVA and Dunnett’s test, which decrease the 

likelihood of a type 1 error, incorrectly rejecting the null hypothesis of equal means, but 

increases the likelihood of a type 2 error. Values were provided for means + SE. Significance 

was determined with p < 0.05 considered significant and p < 0.01 considered highly 

significant. Reference genes for normalization were GAPDH for mRNA evaluated by real-

time PCR and β-actin for protein evaluated by densitometry.

RESULTS

Combined PX-866 and raloxifene treatment decreases phosphorylated MDM2 in MCF-7 
cells

We used Western blot to evaluate treatment-associated differences in levels of specific 

proteins and modified proteins in MCF-7 ER+ breast cancer cells harvested 18 h after the 

last of three consecutive daily treatments with PX-866 and/or raloxifene or with only 

DMSO, as vehicle. Protein and modified protein values from Western blot images were 

quantified by densitometry using ImageJ and normalized to the reference protein β-actin. To 

assess their effects on MDM2, p53 and p21-mediated regulation of cell cycle proliferation, 

we examined the results of PX-866 and raloxifene treatment on phosphorylated MDM2 

protein and on p21 protein (Figure 1A).

As shown in Figure 1B, phosphorylated MDM2 protein was significantly decreased, to less 

than 40% of control, by treatment with 0.4 μM PX-866 alone or by 1.0 μM raloxifene in 

combination with any tested PX-866 concentration, either 0.1, 0.4 or 0.8 μM. 

Phosphorylated MDM2 was not significantly reduced by treatment with raloxifene alone. 

Expression of p21 protein, expected to be impacted by effects on p21 transcription and the 

upstream effects on MDM2 phosphorylation, was not significantly increased or decreased by 

PX-866 and raloxifene, as shown in Figure 1C. In other Western blot findings, IκBα protein 

was only modestly increased by treatments that included the PI3K inhibitor PX-866 alone or 

in combination with raloxifene [Figure 1D]. This was likely an indication of relatively high 

levels of IκBα and relatively low levels of NFκB pathway activity in the control cells.

PX-866 and raloxifene down-regulate hTERT transcription in MCF-7 cells, with support 
from increased p21 transcription and decreased inhibitory SMAD transcription

As shown in Figure 2A, intervention with PX-866 and raloxifene in two major pathways 

reported to regulate hTERT transcription resulted in decreases of hTERT transcription, as 

expected. Significant transcription decrease resulted from 1.0 μM raloxifene combined with 

either 0.1 or 0.4 μM PX-866 jointly affecting both the TGF-β and PI3K/Akt pathways. No 
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decrease resulted from combined treatment using the highest PX-866 concentration of 0.8 

μM, apparently due to feedback from effects on expression of additional genes. Exhibited 

hTERT down-regulation was 40% and 54%, respectively, of the control cell expression level 

with 0.1 μM and 0.4 μM PX-866 in combination with raloxifene. While hTERT is regulated 

by more than the two pathways of present interest, those pathways also each relay input 

from multiple additional pathways. While the TGF-β and PI3K/Akt pathways do not relay 

all the environmental signals influencing hTERT expression, additional expansion of 

interventions may become increasingly less practical.

Increased transcription of the cdk inhibitor p21 is shown in Figure 2B. Significant increase 

was seen with raloxifene in combination with 0.8 μM PX-866. The effect of p21 
transcription increase, anticipated as a consequence of the substantial upstream decrease of 

phosphorylated MDM2, was modified by the post-transcriptional effects exhibited by 

Western blot in Figure 1C.

Figure 2C shows no decrease in cMYC transcription to demonstrate PX-866 and/or 

raloxifene-associated up-regulation of canonical TGF-β pathway processing. A raloxifene-

associated enhancement of the TGF-β pathway is exhibited by Figure 2D, showing a 

significant reduction of transcription of the inhibitory SMAD, SMAD7 to 58% of control, as 

a result of the use of raloxifene alone in MCF-7 cells.

Transcription signatures reveal additional mechanisms by which raloxifene and PX-866 
contribute to down-regulation of hTERT and/or cancer cell proliferation

In testing for PX-866 and raloxifene effects on gene expressions associated with diversion 

from the proliferation-limiting character of the TGF-β pathway, we observed no increase in 

treatment-related expression of Axin2. In contrast, we observed (Figure 3A) a slight 

decrease in Axin2 mRNA using 0.4 μM PX-866 alone and a significant decrease, to 33% of 

control cell level, using 1.0 μM raloxifene alone. A significant decrease, to 26% of control 

cell level, was observed with raloxifene in combination with the lowest concentration, 0.1 

μM, of PX-866. No treatment-related Cyclin D1 expression increase was observed, as shown 

in Figure 3B. In contrast to an expression increase, a slight decrease in mRNA expression 

was seen with 0.4 μM PX-866 alone. Significant decreases were also observed for all three 

tested PX-866 concentrations in combination with 1.0 μM raloxifene. Expression levels for 

combinations with 0.1, 0.4 and 0.8 μM PX-866 were 40%, 34% and 36% of control level, 

respectively.

As shown in Figure 4A and B, expression decreases were seen for LIF and HB EGF and 

followed the same pattern observed for Axin2, with slight decreases observed with the use of 

PX-866 alone and significant decreases both with raloxifene alone and with raloxifene in 

combination with 0.1 μM PX-866. For LIF, expression was reduced to 16% of control level 

with raloxifene alone and 28% of control level with the combination having 0.1 μM PX-866. 

For HB EGF, expression was reduced to 34% with raloxifene alone and 37% with the 

combination having 0.1 μM PX-866. For HB EGF, there was also a slight increase observed 

with the highest PX-866 concentration, 0.8 μM, reflecting a generally less significant trend 

seen for several genes at the highest combined treatment level.
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No significant decrease or increase of ERα expression was observed with raloxifene or 

PX-866 alone or in combination (Figure 4C). We also tested for PX-866 and raloxifene 

effects on the transcript level of Differently expressed in chlondrocytes 1 (DEC1) at the 

downstream end of the TGF-β pathway. As shown in Figure 4D, the level of DEC1 was 

significantly increased by the highest PX-866 concentration in combination with raloxifene.

Some examined transcription signature genes were also shown to exhibit significantly 
different cell type-associated expression levels

Significantly altered treatment-associated expression levels are exhibited in Table 1. It 

displays the pattern among transcription signature genes Axin2, LIF and HB EGF 
characterized by significant decreases with raloxifene alone and the combination having the 

lowest PX-866 concentration. It also shows the pattern of higher expression levels associated 

with higher treatment concentration for some genes. While the reduction of hTERT 
expression is exhibited with multiple treatments, individual and combined, the most highly 

significant results are for decreased Cyclin D1 transcription, including a significant decrease 

at the highest treatment concentration.

Table 2 exhibits cell type-associated significantly altered expression levels in three 

cancerous cell lines relative to noncancerous MCF10A cells. Transcription levels were 

measured by real-time PCR in untreated non-tumorigenic but hTERT-expressing MCF10A 

breast epithelial cells, in untreated ER+ MCF-7 breast cancer cells, in untreated ER- MDA-

MB-231 breast cancer cells and in untreated unrelated Jurkat T cell leukemia lymphoblasts. 

Worth noting in Table 2 is that the significant decrease of Cyclin D1 in Jurkat cells appears 

to be balanced by a highly significant decrease in the level of the cdk inhibitor p21. The 

hormone-mediated regulation of cell cycle proliferation in MCF-7 cells appears to be 

reflected in a highly significant increase in ERα expression which was in conjunction with a 

slightly decreased HB EGF (not shown). The gene most significantly expressed differently 

between cancer cells and noncancerous cells is Cyclin D1. The cell line expression of Cyclin 
D1 is shown in Figure 5.

Discussion

We previously reported the highly significant decrease of proliferation of MCF-7 cells after 

three days of treatment with 1.0 μM raloxifene alone or in combination with 0.1, 0.4 or 0.8 

μM PX-866 and the absence of any significant decrease of MCF10A cell proliferation 

following identical treatment [57]. As documented, there are few cellular or intracellular 

functions even remotely related to cell division, growth or cancer that are hTERT-

independent, and this includes gene expression, signaling, survival, mitochondrial function 

and migration [9]. Here we endeavored to determine (1) whether a significant decrease in 

hTERT transcription resulted from the same raloxifene and PX-866 treatments as part of the 

process of proliferation decrease, (2) whether the documented and expected mechanisms of 

hTERT down-regulation [8] were involved and (3) whether any previously undocumented 

mechanisms of down-regulation of hTERT expression and/or cell cycle proliferation were 

involved.
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Slight down-regulation of hTERT transcription was achieved with raloxifene alone and with 

PX-866 alone, and significant decrease was seen with two combinations of raloxifene and 

PX-866. The approach of hTERT transcription down-regulation by direct intervention in two 

relevant complementary pathways as vital and comprehensive as the TGF-β and PI3K/Akt 

pathways is validated. With the continuing discovery of additional hTERT regulators [58], 

more complete down-regulation might yet require an expanded or next-generation 

combination.

Decreased hTERT transcription was indirectly [8] due in part to the significant upstream 

decrease in phosphorylated MDM2, which is phosphorylated by the Akt protein in a process 

subject to inhibition by the PI3K inhibitor PX-866 [16-17]. Phosphorylation of MDM2 by 

Akt protects the role of MDM2 in the degradation of p53, a transcription factor that, among 

other functions, increases the transcription of cdk inhibitor p21 [16-17, 59]. Increases in p21 

transcription resulted indirectly from PX-866 interference with MDM2 phosphorylation by 

Akt.

Excessive accumulation of p21 protein has also been reported to support tumor growth and 

to result from a post-translational mechanism by which Akt promotes p21 protein stability 

[60-61]. Accordingly, exhibited p21 protein levels were limited by the PI3K inhibitor 

PX-866 and Figure 1C showed no increase in p21 protein level despite increased 

transcription. While exhibited effects on p21 mRNA level and p21 protein level might 

appear to be in opposition, together they may represent a degree of moderation and control 

over the excesses of a dysregulated PI3K/Akt pathway.

Canonical TGF-β pathway activity may be confirmed by a decrease in cMYC transcription 

but is not necessarily otherwise ruled out [43]. The status of the TGF-β pathway is here 

exhibited, instead, by a modest decrease in SMAD7 mRNA level resulting from raloxifene 

(Figure 2D), with the decrease limited perhaps due to relatively low levels of NFκB-induced 

SMAD7 [62] in the ER+ control cells, as suggested by the exhibited relative IκBα levels 

which generally move in the opposite direction of NF-κB (Figure 1D). SMAD7 is 

comprehensive in its shutdown of the TGF-β pathway and its downstream effects [62-64]. 

The TGF-β pathway is blocked by the binding of SMAD7 to activated TGF-β receptor R1 at 

the beginning of the TGF-β pathway [62]. Transcription of SMAD7 is increased by NF-

κB/p65 [62], and raloxifene has been shown to decrease NF-κB transcriptional activity by 

limiting NF-κB activation, nuclear translocation and DNA binding [65-66].

The down-regulation of genes or mechanisms up-regulated in association with a pathological 

condition can identify protective mechanisms. At least two transcription signatures have 

been identified in association with diversion of TGF-β pathway signaling. The TGF-β 

pathway and Wnt pathway, which normally function in opposition, may instead function in 

cooperation or synergy in favor of up-regulation of Wnt transcriptional targets, as occurs in 

the event of mutations in any of a number of genes in early Wnt pathway activity [41]. 

Regardless of the exact origin of the mutation responsible for β-catenin dysregulation, the 

associated transcription signature includes an increase in transcription of IL-11, Cyclin D1 
and Axin2 [41].
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We previously reported that IL-11 transcription was significantly decreased by raloxifene in 

combination with PX-866 in MCF-7 cells [57]. Recognized contributions of IL-11 to cancer 

include development, apoptosis evasion, angiogenesis, progression and metastasis in 

multiple cancer cell types [67].

Both the highest level of statistical significance and the highest level of clinical significance 

apply to the demonstrated down-regulation of Cyclin D1 transcription. Cyclin D1 binds to 

cyclin dependent kinases CDK4 and CDK6, and both TGF-β pathway down-regulation and 

G1 to S phase cell cycle transition result from the phosphorylation of p107 and Rb [32]. In 

hormone-regulated cells such as MCF-7, transcription of Cyclin E2 requires sufficiently 

elevated Cyclin D1 expression [68]. SMAD3 activity in cell cycle arrest is blocked by CDK4 

and Cyclin D1 in complex [69]. Additional cdk-dependent and cdk-independent effects of 

Cyclin D1 include suppression of p21 transcription and the accommodation of HER2/Neu 

and Ras-driven oncogenesis [70-71]. The expression of Cyclin D1, as the critical upstream 

regulator of pocket protein phosphorylation and E2F transcriptional activity, is a decisive 

determinant of either proliferation or G1-arrest, in a cell type-dependent manner [32, 68, 

71].

Abnormal transcription levels of LIF, HB EGF and ERα are indicated with activation of the 

actin/megakaryoblastic leulemia 1 (MKL1) pathway, and the resulting phenotype with 

decreased ERα and increased HB EGF resembles triple-negative breast cancer, with 

proliferation driven by growth factors rather than hormones [42, 72]. When highly 

expressed, HB EGF binds to epidermal growth factor receptors to promote growth and more 

aggressive and invasive forms of cancer [73, 42]. With almost every expression profile gene 

we examined, the expression level after treatment with PX-866 and/or raloxifene was in 

direct contrast with that in the pathological expression profile.

With the large number of gene expressions altered by combined treatment through these 

pathways, the potential for off-target effects is increased [74]. This may be evidenced in the 

observed dose-dependent changes reflected in the expressions of genes such as LIF, HB 
EGF and hTERT. At the highest treatment level, we observed a significant increase in 

expression of DEC1, a transcription product of TGF-β signaling reported to prevent 

apoptosis and contribute to metastasis [75]. We believe further testing is warranted.

Conclusion

PX-866 and raloxifene down-regulate the PI3K/Akt pathway, up-regulate the TGF-β 

pathway and, by decreasing transcription of hTERT, Cyclin D1 and other associated genes, 

decrease proliferation of MCF-7 breast cancer cells. Previously undisclosed genes and 

mechanisms involved in protective regulation can be discovered from expression signatures 

associated with pathological conditions. Cell type-associated expression level differences 

can also forecast the importance of specific genes to conditions specific to those cells.
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Highlights

• PX-866 and raloxifene affect the PI3K/Akt and TGF-β pathways.

• PX-866 and raloxifene down-regulate genes up-regulated in cancer.

• PX-866 and raloxifene decrease transcription of hTERT and Cyclin D1.

• Pathological transcription signatures can identify new defense mechanisms.
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Figure 1. 
Immunoblotting analysis revealed p21 and IκBα protein and phosphorylated MDM2 protein 

following three consecutive days of treatments with raloxifene and/or PX-866. C, control; 

R1, raloxifene 1.0 μM; PX.1, PX-866 0.1 μM; PX.4, PX-866 0.4 μM; PX.8, PX-866 0.8 μM. 

(A) Western blot images of phosphorylated MDM2, total p21 protein, IκBα and β-actin. 

Images displayed are from blots used to derive densitometry averages presented in B-D and 

are representative of three replicate Western blots. (B) Western blot and densitometry 

showed a significant level of reduction of phosphorylated MDM2 protein, relative to β-actin, 

with each level of PX-866 in combination with raloxifene and also with 0.4 μM PX-866 

alone. No significant change in phosphorylated MDM2 was seen when raloxifene was used 

alone. (C) No significant change in p21 protein relative to β-actin was observed. This was in 

contrast with p21 transcription increases observed, including the significant increase with 

raloxifene and 0.8 μM PX-866. (D) IκBα protein levels were not significantly increased by 

raloxifene and/or PX-866. Values represent averages from 3 independent experiments + 

SEM. * p < 0.05. ** p < 0.01.
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Figure 2. 
Real-time PCR revealed that PX-866 and raloxifene altered some levels of hTERT, p21 and 

SMAD7 following three consecutive days of treatments. (A) Slight reduction of hTERT 
mRNA was observed following treatment with either 1.0 μM raloxifene alone or 0.4 μM 

PX-866 alone. Significant reduction was observed when raloxifene was combined with 

either 0.1 or 0.4 μM PX-866. No transcription reduction was seen when raloxifene was 

combined with 0.8 μM PX-866. (B) Significantly increased p21 transcript level was 

observed with raloxifene in combination with 0.8 μM PX-866. (C) A significant decrease in 

cMYC transcription, an expected target of canonical TGF-β pathway activity, was not 

exhibited by real-time PCR. No significant change in cMYC mRNA due to raloxifene and/or 

PX-866 was exhibited. (D) The contribution of raloxifene to the TGF-β pathway was 

apparent from a slight reduction of SMAD7 transcription to 58% of control following 

treatment with raloxifene alone. Each value represents mean + SE after three independent 

repetitions of the experiment. * p < 0.05. ** p < 0.01.
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Figure 3. 
Real-time PCR exhibited reductions of Axin2 and Cyclin D1 transcription. (A) Significant 

reduction in Axin2 transcription was observed with raloxifene alone or in combination with 

0.1 μM PX-866. No reduction was observed with highest PX-866 concentration. (B) 

Significant reduction of Cyclin D1 transcription was observed with each PX-866 

concentration in combination with 1.0 μM raloxifene. No decrease in Cyclin D1 was 

observed with raloxifene alone. Values represent averages from 3 independent experiments + 

SEM. * p < 0.05. ** p < 0.01.
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Figure 4. 
PX-866 and raloxifene altered some transcription levels of LIF, HB EGF and DEC1. (A) A 

slight decrease in LIF transcription was observed with 0.4 μM PX-866 alone. A significant 

decrease was seen with 1.0 μM raloxifene either alone or in combination with 0.1 μM 

PX-866. No significant change in LIF was seen with combinations having higher PX-866 

concentrations. (B) Consistent with both Axin2 and LIF expression, the mRNA level of HB 
EGF was slightly reduced by 0.4 μM PX-866 alone and significantly reduced by 1.0 μM 

raloxifene either alone or in combination with 0.1 μM PX-866. No decrease of HB EGF was 

seen with raloxifene in combination with 0.8 μM PX-866. (C) No significant increase or 

decrease of ERα was seen with raloxifene or PX-866, separately or in combination. (D) A 

significant increase in DEC1 transcription was seen with raloxifene in combination with the 

highest PX-866 concentration. Values represent averages from 3 independent experiments + 

SEM. * p < 0.05. ** p < 0.01.

Peek and Tollefsbol Page 19

Exp Cell Res. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figuire 5. 
Cell-line transcription levels of Cyclin D1 differed significantly or highly significantly in 

MCF-7, MDA-MB-231 and Jurkat cells from the level in MCF10A cells. Values represent 

averages from 3 independent experiments + SEM. * p < 0.05. ** p < 0.01.

Peek and Tollefsbol Page 20

Exp Cell Res. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Peek and Tollefsbol Page 21

Table 1

Significant relative levels of mRNA, protein and phosphorylated protein following three days of treatment of 

MCF-7 cells with raloxifene and/or PX-866.

Micromolar
Treatment

TERT p21 Cyc
D1

Axin
2

LIF HB EGF DEC1

Control 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.0 Raloxifene 0.328
*

0.158
*

0.338
*

0.4 PX-866

Raloxifene +
0.1 PX-866

0.396
*

0.398
*

0.260
*

0.283
*

0.370
*

Raloxifene +
0.4 PX-866

0.539
*

0.336
*

Raloxifene +
0.8 PX-866

2.76
*

0.356
*

1.95
*

Micromolar Treatment pMDM2 protein

Control 1.00

1.0 Raloxifene

0.4 PX-866 0.379 *

Raloxifene + 0.1 PX-866 0.395 *

Raloxifene + 0.4 PX-866 0.385 *

Raloxifene + 0.8 PX-866 0.353 *

*
p < 0.5,

**
p < 0.01
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Table 2

Significant relative cell type-specific mRNA expression.

Cell Type TERT p21 Cyclin
D1

ER
alpha

MCF 10A 1.00 1.00 1.00 1.00

MCF-7 6.08
**

64.8
**

MDA-MB-231 3.03
*

Jurkat 3.80
*

.0075
**

.0436
*

*
p < 0.5,

**
p < 0.01
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