
Methylseleninic acid suppresses pancreatic cancer growth 
involving multiple pathways

Lei Wang1, Hongbo Hu1,2, Zhe Wang1,3, Hua Xiong1, Yan Cheng1, Joshua Dezhong Liao1, 
Yibin Deng1,*, Junxuan Lü4,*

1Hormel Institute University of Minnesota, 801 16th Ave NE, Austin, MN 55912

2Current address: College of Food Science and Nutritional Engineering, China Agricultural 
University, Beijing, China.

3Current address: Department of Pathology, Fourth Military Medical University, Xian, China.

4Department of Biomedical Sciences, TTUHSC School of Pharmacy, 1300 S. Coulter, Amarillo, 
TX 79106

Abstract

As a potential novel agent for treating pancreatic cancer, methylseleninic acid (MSeA) was 

evaluated in cell culture and xenograft models. Results showed that MSeA induced G1 cell cycle 

arrest and apoptosis in a majority of human and mouse pancreatic cancer cell lines, but G2 arrest in 

human PANC-1 and PANC-28 cell lines. In contrast to our previous finding in human prostate 

cancer LNCaP cells having a lack of P53 activation by MSeA, induction of G2 arrest in PANC-1 

cells was accompanied by increased mutant P53 Ser15 phosphorylation, upregulation of P53-

targets P21Cip1 and GADD45 and G2 checkpoint kinase (Chk2) activation, suggestive of DNA 

damage responses. A rapid inhibition of AKT phosphorylation was followed by reduced mTOR 

signaling and increased autophagy in PANC-1 cells attenuating caspase-mediated apoptosis 

execution. Furthermore, daily oral treatment with MSeA (3 mg Se/kg body weight) significantly 

suppressed growth of subcutaneously inoculated PANC-1 xenograft in SCID mice. 

Immunohistochemical analyses detected increased p-Ser15 P53, P21Cip1, pS139-H2AX (DNA 

damage responses) and caspase-3 cleavage and decreased pSer473AKT and Ki67 proliferative 

index and reduced intratumor vascular density in MSeA-treated xenograft. These results provide 

impetus for further research of MSeA in the therapy and/or chemoprevention of pancreatic cancer.
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Introduction

Pancreatic cancer is the deadliest form of cancer in Western countries and is the fourth 

leading cause of cancer death in the United States [1]. Unfortunately, at the time of 

diagnosis, only 10% to 20% of pancreatic cancers are resectable. Because of the advanced 

stage at diagnosis, the median survival is less than 6 months and the 5-year survival rate is 

less than 5% [2]. One major reason for the poor prognosis for the patients is the insensitivity 

of pancreatic cancer to most therapies such as chemotherapy, radiotherapy and 

immunotherapy[3]. Therefore, novel agents for pancreatic cancer therapy are urgently 

needed.

In spite of the failures of selenomethionine (SeMet) supplement in men 50 years of age and 

older to lower their risk for prostate cancer in the SELECT study [4] and to prevent 

conversion of high-grade prostatic intraepithelial neoplasia to cancer in a Phase III trial [5], 

many preclinical studies, including ours, have suggested that selenium forms other than 

SeMet, especially putative methylselenol precursors such as methylseleninic acid (MSeA), 

have the potential to inhibit the genesis of solid cancers in different organ sites [6] [7] [8] 

[9]. Methylselenol has been considered an in vivo active anti-cancer metabolite [6] [7]. The 

overall efficacy of Se supplementation depends on a number of factors, such as the chemical 

form and the dosage administered, their systemic and tissue specific metabolism, and the 

etiology and stage of the neoplastic disease process [6] [7]. In contrast, cell culture and 

preclinical models have not shown anti-cancer activity of SeMet or selenized yeast 

(consisting mostly of SeMet), most probably because this seleno-amino acid is incorporated 

into general proteins in the place of methionine and does not efficiently produce 

methylselenol or related active anti-cancer metabolites [6] [7] [8].

Our cell culture studies have shown that MSeA inhibits the proliferation of angiogenically-

stimulated vascular endothelial cells, human prostate carcinoma DU145 and PC-3 cells and 

androgen-dependent human prostate carcinoma LNCaP cells in vitro with G1 cell cycle 

arrest and caspase-mediated apoptosis [10] [11; 12] [13] [14]. Consistent with our in vitro 
findings, we demonstrated that MSeA suppressed tumor growth of DU145 and PC-3 

xenograft in nude mice [8] and prostate primary carcinogenesis in the TRAMP mouse model 

[9; 15]. In addition, our previous results indicated that MSeA enhanced the apoptotic cell 

death induced by diverse classes of chemotherapeutic drugs [16] in part through down-

regulating anti-apoptotic survival proteins such as survivin and Bcl-xL [17], highlighting a 

potential for MSeA as a therapeutic modality alone or in combination with other drugs.

With respect to pancreatic carcinogenesis, several studies have been performed on the role of 

selenium in rats and Syrian Golden hamsters between 1980 and 1990 [18; 19]. These 

previous reports showed that selenium might reduce or enhance pancreatic tumorigenesis 

depending on the form, dose, and frequency of application and duration. In later studies with 

sodium selenite, the incidence of azaserine-induced preneoplastic acinar lesions of the rat 

pancreas was decreased by sodium selenite but not by vitamin E [20]; whereas selenite 

altered tumor differentiation but not incidence or latency of pancreatic adenocarcinomas in 

Ela-TGFa p53+/− mice [21]. Our earlier work has extensively documented significant 

differences between selenite and methylselenol precursors in vitro in terms of genotoxicity 
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and their in vivo efficacy against prostate xenograft models [8; 22; 23]. MSeA is a superior 

anti-cancer selenium form over sodium selenite in multiple organ sites and is expected to be 

so in pancreas as well.

Since very little work has been done to evaluate the potential for the next-generation 

selenium compounds for pancreatic cancer therapy, we initiated experiments using cell 

culture and pancreatic cancer xenograft models to inform such applications of MSeA to 

begin filling in the knowledge gap. We used 5 human pancreatic cancer cell lines (PANC-1, 

Colo357, Bxpc-3, HPAC, PANC-28) [24] and one mouse pancreatic cancer cell line (Ela-

myc-1) [25] in this study. We found that MSeA induced G1 arrest and caspase-mediated 

apoptosis in most pancreatic cancer cell lines, while manifested a rapid G2 arrest in the 

PANC-1 and PANC-28 cell lines. We therefore investigated the molecular changes 

associated with this novel type of cellular action of MSeA within the context of daily dietary 

Se supplement regimen of clinical trials. In addition, our results showed an induction of 

autophagy by MSeA in the PANC-1 cells attenuating caspase-mediated apoptosis. Moreover, 

our animal data showed a significant tumor inhibitory efficacy of daily single oral 

administration of MSeA on PANC-1 tumor xenografts in SCID mice and concordance of a 

number of pharmacodynamic targets with in vitro results

Materials and methods

Chemicals

Methaneseleninic acid (same as MSeA, >95%, white powder) was purchased from Sigma 

Chemical Company (St. Louis, MO). Pan caspase inhibitor (z-VAD-fmk) was purchased 

from MP-Biomedical (Aurora, OH).

Cell culture and treatment

The cell lines used were provided by co-author Liao, who originally obtained them from the 

American Type Culture Collection (ATCC). PANC-1, HPAC, PANC-28 and Ela-myc-1 cells 

were cultured in DMEM, whereas Colo357 and Bxpc-3 cells were cultured in RPMI-1640, 

all supplemented with 10% FBS and 5% CO2 without antibiotics. At 24 hours after plating, 

the medium was changed before starting the treatment with MSeA or the other agents.

Cell growth evaluation

Cells were seeded in 6- or 12-well plates. Triplicate wells were used for each test 

concentration of MSeA. For the evaluation of the overall inhibitory effect of MSeA on cell 

number, the cells were treated daily with MSeA in fresh medium. After treatment, the 

culture medium was removed and the cells were fixed in 1% glutaraldehyde solution in PBS 

for 15 min and stained with 0.02% aqueous solution of crystal violet for 30 min as described 

before [16]. After washing with PBS, the cell-retained dye was solubilized with 70% 

ethanol. The absorbance at 570 nm with the reference filter 405 nm was evaluated using a 

micro plate reader (Beckman Coulter, Inc., Fullerton, CA) to estimate relative cell number.
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Cell cycle and cell death/apoptosis

Cell cycle analyses were carried out with propidium iodide (PI) staining according to 

Krishan’s protocol [26] using a FACS Calibur flowcytometer (Becton Dickinson, San Jose, 

CA). Cell death was detected by either an ELISA kit for nucleosomal DNA fragmentation 

purchased from Roche Diagnostics Corp. (Indianapolis, IN) [27], or by an immunoblot 

analysis of the caspase-mediated cleavage of poly(ADP-ribose) polymerase (PARP) as 

described previously [10].

Caspase activity assay

The enzymatic activity of caspase-3 and 6 was assessed via a fluorescent or luminescent 

assay utilizing specific substrates, a caspase-specific peptide that is conjugated to the 

fluorescent reporter molecule 7-amino-4-trifluoromethyl coumarin (AFC) or luminogenic, 

Z-VDVAD-Glo™, respectively. The kits were purchased from R&D and Promega, 

respectively. All the procedures were performed following the manufacturers’ manuals and 

as described [27].

Immunoblotting

Cell lysate preparation and immunoblotting were as described previously [10; 28]. Antibody 

for CDC-2/Cdk1, Cyclin B1, survivin, p-AKT, c-PARP, P21Cip1, P27Kip1, GADD45, Bcl-

xl, p-chk2, LC-3, Beclin1, p60S6k, mammalian target of rapamycin (mTOR), p-4EBP1 and 

secondary rabbit or mouse antibody were purchased from Cell Signaling Technologies, 

Beverly, MA.

siRNA

Specific siRNAs targeted to Beclin-1 were purchased from Santa Cruz Biotechnologies with 

control siRNA. The cells were transfected with 20 nmol/L siRNAs using INTERFERin 

transfection reagent (Polyplus-Transfection, Inc.) for 24 h and then were used for subsequent 

experiments with MSeA treatment. The cells were treated for 48 h with 5 μM MSeA before 

immunoblotting.

Flow cytometric analysis of Ser10-phosphorylated histone H3

Phosphorylation of histone H3 on Ser10 is a sensitive marker for mitotic cells, in that it 

increases in prophase, peaks in metaphase, and declines in anaphase [29]. The PANC-1 cells 

were treated for 12 or 24 h with 5μM MSeA, fixed in methanol at 4°C, suspended in 1 mL of 

0.25% Triton X-100 in PBS, and then suspended in 100 μL of PBS containing a polyclonal 

anti–phosphor-(Ser10)-histone H3 antibody, and FITC-conjugated goat anti-rabbit antibody 

(1:50 dilution in PBS containing 1% BSA). Cellular fluorescence was measured using a 

FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA).

Xenograft experiment

The animal study was approved by the Institutional Animal Care and Use Committee 

(IACUC) of University of Minnesota. Subcutaneous inoculation of 7.5×105 PANC-1 cells in 

80 μL PBS was carried out in 13-week-old SCID mice. The day after inoculation, mice were 

treated daily (Mon. to Fri.) with water (control) or MSeA at 3 mg Se/kg body weight by oral 
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delivery as used in previous studies [8; 9]. All mice were euthanized at 20 weeks of age for 

collection of xenograft tumors and biomarker analyses.

Immunohistochemical Analyses

PANC-1 xenograft tumors were dissected and fixed in 10% (v/v) neutral-buffer formalin for 

24 hours and then transferred into 70% ethanol until further processing. The fixed tissues 

were dehydrated in ascending grades of ethanol and xylene, and then embedded in paraffin 

wax. Sections (4 μm) were cut with microtome and mounted on superfrost®/plus 

microscope slides. Immunostaining was performed by using antibodies for the proliferation 

marker protein (Ki67) (Thermo Scientific 1:150), p-AKT (Cell Signaling 1:100), c-

Caspase83 (Cell Signaling 1:100), P21 (Santa Cruz 1:100), p-H2AX (ser139, Millipore) or 

CD34 antibody (Abcam 1:50). The biotinylated secondary antibody was goat anti-rabbit and 

rat antibody IgG (1:200 in 10% normal rabbit serum; Vector Laboratories). The slides were 

developed in diaminobenzidine (DAB) and counter stained with hematoxylin. The stained 

slides were dehydrated and mounted in permount. Images were captured and analyzed by 

Image-pro-plus V 6.2 software.

Statistical Analysis

Numerical results are expressed as mean ± SEM. Treatment effects were compared by 

ANOVA or Student’s t-test (when only 2 groups) and differences between means were 

considered to be significant when P < 0.05.

Results

MSeA suppressed growth of pancreatic cancer cell lines and induced apoptosis with 
variable efficacy in vitro

Daily treatment with MSeA decreased the cell number in a concentration-dependent manner 

of both the human pancreatic cancer cell line PANC-1 and mouse pancreatic cancer Ela-

myc-1 cell line (Fig. 1A). We estimated the MSeA concentration that exerted 50% inhibition 

on cell growth (IC50) to be 2.6 μM at 5 days in PANC-1 cells and 3.2 μM at 3 days in Ela-

myc-1 cells. Strong suppression efficacy of MSeA was also observed in other pancreatic 

cancer cell lines (Supplemental Fig. S1).

Acute MSeA exposure changed the human PANC-1 cancer cell morphology in a 

concentration-dependent manner, prominently displaying shiny rounded cells (Fig. 1B 

shows 24 h). On the other hand, MSeA-treated mouse Ela-myc-1 cells detached from the 

culture ware surface whereas the remaining adherent cells assumed elongated shapes (Fig. 

1B shows 24 h). To determine whether the cellular morphology changes were differentially 

associated with apoptosis, we analyzed DNA nucleosomal fragmentation in PANC-1 cells 

and in Ela-myc1 cells after 24 h of MSeA treatment. As shown in Fig. 1C, 7.5 μM MSeA 

induced a modest 2.2-fold of apoptotic fragmentation in PANC-1 cells compared to control, 

but the same treatment induced more than 20-fold increase for the Ela-myc1 cells. 

Consistent with the low level of apoptotic DNA nucleosomal fragmentation in PANC-1 cells 

induced by MSeA, PARP cleavage status of PANC-1 cells at 48 h of MSeA exposure 

showed a slight elevation of c-PARP in a concentration-dependent manner (Fig. 1D). The 
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PARP cleavage (Fig. 1D) and apoptotic DNA fragmentation (not shown) were inhibited by a 

caspase pan inhibitor. These results indicate lower micro-molar MSeA inhibited pancreatic 

cancer cell growth, but induced caspase-mediated apoptosis with variable efficacy depending 

on the cell lines studied.

MSeA induced G2 cell cycle arrest in select pancreatic cancer cell lines, and G1 arrest in 
others

Flow cytometric analyses showed that treatment with MSeA induced G1 arrest at 24 h in a 

concentration-dependent manner in Ela-myc-1 cells (Fig. 2A). Analyses of additional 

pancreatic cancer cell lines showed that MSeA induced G1 arrest in Colo357, Bxpc-3, HPAC 

cells at 12, 24 and 48 h (Table 1), as would be predicted from the G1 arrest effect of MSeA 

in vascular endothelial and many other cancer cell lines [11; 14; 22].

However, rather unexpectedly, MSeA enriched the proportion of PANC-1 cells with 4N 

DNA content of “G2/M” phase in a concentration-dependent manner when examined at 24 h 

of exposure (Fig. 2B). This enrichment of “G2/M”-phase cells could be observed at 12 h in 

PANC-1 cells (Fig. 3A), as well as in PANC-28 cells at 12 and 24 h of MSeA exposure 

(Table 1).

To delineate the nature of the arrest being either G2- or M-phase specific in PANC-1 cells, 

we examined the Ser10 phosphorylation of histone H3 (p-H3) [29] as a sensitive marker for 

mitotic cells. Propidium iodide flow cytometric analysis showed that the taxol-treated 

PANC-1 cells achieved progressive M-arrest, i.e., 44% at 12 h and 79% at 24 h from 14–

21% G2/M in cycling control cells (Fig. 3A), as expected of the microtubule-targeting drug. 

Taxol treatment led to the accumulation of p-H3 (+) M-phase cells (Fig. 3B), accounting for 

approximately half of the “G2/M” population at each time point (Fig. 3C) in comparison to 

3–3.4% M-cells of the 14–21% “G2/M” phase in control groups. In contrast, there were only 

2% and 1.5% of p-H3 (+) M-phase cells with MSeA treatment for 12 and 24 h (Fig. 3B and 

C), in spite of the increased “G2/M” fractions detectable by regular flow cytometry with PI 

staining (Fig. 3A). Together, these data supported an induction of G2 arrest (failure to transit 

G2-M boundary), not M arrest by MSeA in PANC-1 cells.

Effect of MSeA on proteins involved in cell cycle and G2 checkpoint of PANC-1 cells

Due to the unexpected MSeA-induced cell cycle arrest patterns (i.e., G2 arrest) observed for 

some pancreatic cancer cell lines, we next surveyed molecular events affected by MSeA in 

PANC-1 cells. Cognizant of mutant p53 gene (codon 273 CGT→ CAT, i.e., Arg → His) 

[30] in PANC-1 cells, we analyzed mutant P53 protein abundance and its phosphorylation 

(Ser15) indicative of DNA damage response through ATM kinase, G2 checkpoint kinase 

Chk2 (also known to phosphorylate P53 in response to DNA damage) and selected cell cycle 

regulatory and checkpoint proteins, such as P21Cip1 (a known P53 transcriptional target), 

GADD45 (a known P53 transcriptional target), G2 Cyclin B1 and its partner kinase Cdc-2 

(also known as Cdk1), as well as survival proteins Bcl-xL and survivin by immunoblotting. 

In G2 phase, the Cyclin B1/Cdc-2 (Cdk1) complex plays a crucial role to promote G2 

transition to M phase: once the cells have acquired 4N DNA, the Cyclin B1 level promptly 

increases to activate the enzyme complex activity to move into mitosis [31]. GADD45 is 
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known to bind and dissociate the Cdc2 (Cdk1)/Cyclin B complex, whereas P21Cip1 is an 

inhibitor of the Cdc2 (Cdk1)/Cyclin B holoenzyme activity as well as CDK4/6/Cyclin D and 

Cyclin E/CDK2 complexes for G1 progression.

Immunoblot of extracts of PANC-1 cells exposed to MSeA for 24 h showed increased Ser15 

phosphorylation of P53 in a concentration-dependent manner without affecting total P53 

protein level (Fig. 4A). The elevated p-Ser15 P53 was accompanied by increased p-Thr68 

Chk2 for G2 checkpoint activation. MSeA increased P21Cip1 and GADD45 (both 

transcriptional targets of wild type P53) in lock-step manner with p-Ser15 P53, without 

affecting the expression of GADD34 (Fig. 4A) or GADD153 (neither is a known target of 

P53; data not shown).

Cyclin B1 abundance was decreased by MSeA in a concentration-dependent manner (Fig. 

4A) and this effect was not detectable until 24 h (Fig. 4B). In the same time course 

experiment, increased expression of Cdc2/Cdk1 protein was detected at 12 and 24 h of 

MSeA treatment (Fig. 4B), likely reflecting the increased percentage of G2-arrested cells by 

these time points.

The above changes were accompanied by decreased expression of Bcl-xL and survivin (Fig. 

4A), which have been shown by us to be decreased in MSeA-treated prostate cancer cells 

[17]. In contrast to the above concentration-dependent changes across the three MSeA 

exposure levels, an increase of G1 CDK4/6 inhibitor P27Kip1 was only detected at the 

highest tested level of MSeA (Fig. 4A). Taken together, the induction of the P21Cip1/

GADD45 (P53 transcriptional targets) in this mutant P53 carrying cell line, through or with 

the activation of G2 checkpoint responses (e.g., increased p-Thr68 Chk2) and the reduction 

of cyclin B would be expected to slow down G2 transition, leading to increased cells with 

4N DNA content detectable by flow cytometry at 12 and 24 hours.

MSeA inhibited AKT-mammalian target of rapamycin (mTOR) pathway and activated 
autophagy to attenuate caspase-mediated apoptosis in PANC-1 cells

Autophagy is an evolutionarily conserved, lysosomal mediated catabolic response that is 

induced under nutrient-poor conditions and can be induced by inhibition of PI3K 

activity[32]. Since we have reported decreased phosphorylation of PI3K downstream target 

AKT by MSeA in prostate and endothelial cells [11] [13] [22], we examined the time course 

of pAKT in PANC-1 cells after acute MSeA exposure. We observed a rapid suppression of 

AKT Ser473 phosphorylation and subsequent diminishment of the expression of survivin, 

which is also a known AKT downstream target (Fig. 4B). Consistent with the decreased 

pAKT signaling, MSeA treatment of PANC-1 cells decreased mTOR phosphorylation at 

Ser2448, and mTOR downstream target proteins p-4EBP1 and S6K levels (Fig. 5A).

The observed suppression of AKT phosphorylation and mTOR signaling led us to suspect 

that the rather low sensitivity of PANC-1 cells to undergo caspase-mediated apoptosis upon 

MSeA exposure (Fig. 1C) might involve autophagy. The conversion of LC3 to the faster 

migrating lipid modified LC3-II form and their incorporation into autophagosomes have 

been used as indicators of autophagy [33]. Immunoblotting detected an MSeA-induced 

increase of LC3-II protein level in PANC-1 cells treated for 24 h and beyond, in lock step 
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with the increased PARP cleavage (Fig. 5A). MSeA treatment did not alter the level of 

autophagy protein Beclin-1 (Fig. 5A) [34]. The induction of autophagy response by MSeA 

was also observed with selected pancreatic cancer cell lines (MIAPACA-2, HPAC and 

BXPC-3), but not in others (e.g., Colon357, PANC-28) (Supplemental Fig. S2).

To assess the relationship between autophagy and apoptosis induced by MSeA, we knocked 

down Beclin-1 by siRNA. As shown in Fig. 5B, reduction of Beclin-1 attenuated autophagic 

LC3-II level in PANC-1 cells treated with 5μM MSeA for 48h. This was accompanied by 

increased apoptotic PARP cleavage (Fig. 5B) and increased caspase-3 and caspase-6 

activities (Fig. 5C). Therefore, the induction of autophagy by MSeA, likely through 

suppression of AKT/mTOR signaling, attenuated caspase-mediated apoptosis in PANC-1 

cells.

Orally administered MSeA suppressed PANC-1 xenograft tumor growth in SCID mice

A daily single dose of 3 mg Se as MSeA per kg body weight starting the day after the 

inoculation of PANC-1 cells in SCID mice suppressed the growth of xenograft (tumor 

weight) by 46% at termination of experiment (p = 0.0077; Fig. 6A) without any effect on the 

body weight of the mice (33.8 g vs. 33.7 g at termination, P=0.78), as would be predicted 

from our previous studies using this dosing regimen [8; 9; 15; 17]. The results from 

immunohistochemical staining indicated that Ki67 proliferative biomarker was decreased, 

and cleaved (active) caspase-3 as a biomarker for apoptosis was increased in MSeA-treated 

xenograft tissue sections (Fig. 6B). Whereas there was detectable mutant P53 nuclear protein 

staining in virtually all the cancer epithelial cells in the tumor sections of both control and 

MSeA groups, as expected of a highly stabilized mutant P53 protein, p-Ser15 P53 was 

increased in MSeA-treated tumors. As a biomarker of DNA double strand breaks and 

damage response, nuclear staining for H2AX Ser139 phosphorylation was elevated in 

MSeA-treated xenografts. Consistent with in vitro upregulation of P21Cip1 by MSeA, the 

percentage of P21-positive cells (nuclear) was higher in MSeA group than control group.

In agreement with in vitro data, IHC detected decreased p-AKT in MSeA-treated tumor 

sections than the controls (Fig. 6B). Furthermore, IHC staining revealed decreased CD34 

signals as an endothelial specific biomarker for suppressed angiogenesis in the MSeA-

treated tumors (Fig. 6B). Taken together, the in vivo data showed concordance of a number 

of molecular changes with in vitro observations (e.g., decreased pAKT, increased p-Ser15 

P53 increased P21Cip1 and increased caspase activation) and involvement of additional 

cellular processes such as suppressed angiogenesis in in vivo suppression of PANC-1 tumor 

growth.

Discussion

As a point of reference for the concentrations of MSeA evaluated in cell culture, the serum 

total selenium level in mice given an oral administration of MSeA (3 mg Se/kg body 

weight,) rose from baseline of 6 μM to a peak concentration (Cmax) of 12 μM, an increase of 

6 μM [8]. In human trials, daily supplementation of 200 microgram of Se in the form of 

SeMet or selenized yeast resulted in an increase of total plasma Se of approximately 1 μM 

[4; 35]. A first-in-human single dose pharmacokinetic study for MSeC showed mean Se 
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Cmax increment over placebo rose in a dose–response fashion from 22.8 (~0.29 μM) to 30.75 

(~0.39 μM) and 63.2 (~ 0.8 μM) ng/mL for the 400, 800, and 1,200 μg dose subjects, 

respectively [36]. Therefore the concentrations we tested could be achievable at a 

pharmacological intake.

Given that the cellular and molecular effects of MSeA have been studied in prostate, 

mammary cancer cell lines and HUVECs [7] [10] [11; 13; 22], our current investigation with 

pancreatic cancer cell lines confirmed some aspects anticipated from information derived 

from the cancer cells of other organ sites, including caspase-mediated apoptosis, G1 arrest, 

and AKT inactivation. However, our data revealed also several unexpected findings and 

novelty of modes of action of MSeA in pancreatic cancer.

The first aspect of novelty is the observation of MSeA-induced G2 arrest in PANC-1 and 

PANC28 cell lines (Fig. 2 and 3, Table 1) and the molecular changes associated with this 

cellular effect. The G2 checkpoint response (Chk2 phosphorylation) and up-regulation of 

protein abundance of GADD45 and P21Cip1 in PANC-1 cells were in lock-step with 

increased Ser15 phosphorylation of the mutant P53 (273 Arg→ His) while several non P53-

target proteins known to be involved in G1 cell cycle arrest such as GADD34 and P27Kip1 

were either not affected or only at the highest exposure level of MSeA. One reasonable 

explanation would be that MSeA induced a P53-independent up-regulation of GADD45 and 

P21Cip1 on account of the mutant p53 gene in the PANC-1 cell line. Alternatively, we 

speculate that (a) the 273 Arg → His mutant P53 protein (e.g., by mass action ratio due to 

increased stability) may be partially active transcriptionally for these known P53 target 

genes, or (b) MSeA may, through redox or chemical actions, partially restore the P53 

transcriptional activity of the mutant P53 in the PANC-1 cellular context. Resolution of these 

questions will increase our knowledge of how MSeA modifies or interacts with mutant P53 

protein in regulating pancreatic cancer cell growth and survival specifically, and in other 

cancers in general.

The activation of p-H2AX/P53/GADD45/P21Cip1 and G2 checkpoint responses in PANC-1 

cells by MSeA suggested DNA damage and repair responses (e.g., ATM pathway). In 

LNCaP prostate cancer cells with wild type P53, we have shown an absence of reactive 

oxygen species and lack of increased p-Ser15 P53 upon MSeA exposure, whereas the known 

genotoxic selenite induced P53-mediated, caspase-driven apoptosis [23; 27]. In recently 

published work with “normal” lung (MRC-5) and colon (CRL-1790) fibroblasts, prolonged 

MSeA exposure had been shown to activate ATM kinase → H2A.X → P53 → P21Cip1 

DNA damage responses and cellular senescence pathway, but no cellular senescence in 

prostate cancer (PC-3, p53 null) or colon cancer (HT116, p53 wild type) cell lines [37] [38]. 

Whether organ-specific metabolism of MSeA caused such differential biochemical and 

cellular responses should be addressed in the future. Given the functional differences of the 

pancreas with other organs, such speculation may not be inconceivable.

The second aspect of novelty is the induction of autophagy by MSeA in PANC-1 and a 

number of other pancreatic cancer cell lines (Fig. 5, Supplement Fig S2). Whereas we are 

not aware of any report of this activity with MSeA in other cell lines, selenite has been 

reported to induce autophagy in multiple cancer cell lines [39] [40; 41; 42; 43; 44]. In our 
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hands, MSeA-induced autophagy could be detected as increased LC3-II protein level (Fig. 

5) when PANC-1 cells were treated for 24 h or longer. In fact in other pancreatic cancer cell 

lines and PC-3 prostate cancer cell line (data not shown), which is rather refractory to 

MSeA-induction of apoptosis, we found that MSeA increased LC3-II protein level. Since 

our siRNA approach indicated that knocking down beclin-1 protein level decreased LC3-II 

level in PANC-1 cells and increased PARP cleavage (Fig.5B), autophagy induction by 

MSeA appeared to be a survival mechanism in response to MSeA exposure to offset the 

apoptotic action. Such observation suggests that combining MSeA with an autophagy 

inhibitor drug might increase cancer-killing efficacy.

In terms of apoptosis and autophagy signaling mechanisms induced by MSeA, we confirmed 

that MSeA decreased AKT phosphorylation (activity) in PANC-1 cells in vitro and in vivo, 

and decreased survivin and Bcl-xl level, as we have found in prostate cancer cell lines and 

vascular endothelial cells [11; 13; 17; 22]. PI3K/AKT/mTOR pathway plays a critical role in 

controlling cell growth, survival and fate. The mTOR regulates many processes, including 

protein synthesis, ribosome biogenesis, and autophagy [45; 46]. Phosphorylated at Ser2448 

by AKT, the activated mTOR transmits a positive signal to p70S6 kinase and participates in 

the inactivation of the eIF4E inhibitor 4E-BP1 [47]. P70S6 kinase recruits the 40S ribosomal 

subunit into actively translating polysomes, thereby enhancing the translation of mRNAs 

[48]. Phospho-4E-BP1 represses the initiation of protein translation through its association 

with eIF4E, the mRNA cap-binding subunit of the eIF4F complex [49]. Inhibition of mTOR 

stops the protein synthesis machinery by inactivating p70 S6 kinase and activating the 4E-

BP1, and induces autophagy. In our hands, MSeA not only decreased AKT phosphorylation 

(activity) but also inhibited key mTOR targets (Fig 4 and 5) as possible cause for the 

induction of autophagy that attenuated apoptosis execution.

The known AKT downstream target protein survivin is a dual regulator of cell survival and 

mitosis, and is over-expressed in most human tumors but undetectable in most normal adult 

tissues [50]. Survivin binds and inhibits caspase-3, controlling the checkpoint in the G2/M-

phase of the cell cycle through inhibiting apoptosis and promoting cell division [51]. Bcl-xL 

is an important anti-apoptosis factor, preventing apoptosis through two different 

mechanisms: heterodimerization with Bax family of apoptotic proteins, inhibiting their 

apoptotic effect and the formation of mitochondrial outer membrane pores which helps 

maintain a normal membrane state under stressful conditions[52]. Since we observed 

decreased Bcl-xL and survivin levels in MSeA-treated PANC-1 cells, mitochondrial leakage 

was likely triggered for releasing cytochrome C to lead to an activation of the caspase-9/

caspase-3 and 6 intrinsic pathways of apoptosis. As expected, the pan caspase inhibitor 

blocked the cell apoptosis induced by MSeA (Fig. 1D).

More importantly, given the modest apoptosis response of PANC-1 cells to MSeA in cell 

culture, the growth inhibitory activity of MSeA in vivo on this very aggressive pancreatic 

cancer model was remarkable (Fig. 6). The MSeA treatment significantly reduced PANC-1 

xenograft tumor growth in SCID mice with decreased Ki67, p-AKT and increased c-

caspase-3, p-H2AX, p-Ser15 P53 and P21Cip1, consistent with key molecular changes 

observed in vitro. The decreased CD34, an endothelial specific marker for angiogenesis, in 
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the MSeA-treated tumors added further support for anti-angiogenic action of MSeA that we 

were first to report in mammary cancer [53].

In summary, MSeA in the low micromolar range inhibited the proliferation and survival of 

several human pancreatic cancer cell lines and one murine cell line. In addition to the 

expected G1 arrest and caspase-mediated apoptosis informed from results of other cancer 

cell lines, we found that MSeA induced G2 arrest in a couple of human pancreatic cancer 

cell lines. Up-regulation of pH2AX, pSer15 P53 (both being substrates for the DNA damage 

response kinase ATM), and P53-targets GADD45 and P21Cip1 (indicative DNA damage 

responses), activation of G2 checkpoint kinase Chk2 suggest the likelihood of gentotoxic 

events in PANC-1 cells induced by MSeA, leading to G2 arrest. These findings add another 

dimension of the biochemical action and cellular consequences of MSeA, which has been 

assumed non-genotoxic based on published data [22; 23]. The suppression of AKT-mTOR 

pathway by MSeA was a likely cause of autophagy, which counter-acted against apoptosis 

execution. These results highlight unique cell cycle and cell fate responses to MSeA 

treatment in the pancreatic cancer cell lines and suggest a combination with anti-autophagy 

drugs might increase therapeutic efficacy of MSeA against PANC-1 and possibly cancer 

cells with like pathogenetic traits. The in vivo efficacy of MSeA to suppress PANC-1 

xenograft growth without detectable adverse effect provided further impetus for exploiting 

its utility for the therapy of pancreatic cancer. In light of the increased risk of type II 

diabetes by SeMet in the SELECT study [4], the risk implication of MSeA for pancreatic 

insulin regulation should not be overlooked in future work, even though MSeA is very 

different from SeMet in metabolism and anti-cancer actions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MSeA treatment inhibited cell growth of pancreatic cancer cell lines with variable 
apoptosis efficacy.
A. Effect of daily MSeA treatment (medium change) on PANC-1 (5 days) and Ela-myc1 (3 

days) cell growth. Data were mean ± SEM of triple wells. Absorbance of control wells were 

set as 100%. B. Representative phase-contrast images of PANC-1 vs. Ela-myc cells after 24 

h treatment with MSeA. C. Concentration-dependent induction of apoptotic DNA 

nucleosomal fragmentation detected by ELISA, after 24 h MSeA exposure, in PANC-1 and 

Ely-myc1 cell lines. D. Western blot detecting cleaved PARP in PANC-1 cells upon MSeA 

treatment for 48 h in the presence or absence of pan-caspase inhibitor, zVAD-fmk.
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Figure 2. MSeA arrested pancreatic cancer cells in different phases of cell cycle.
Cell cycle distribution analyzed by propidium iodide staining and flowcytometry. A. 

Enrichment of G0/1 arrested mouse Ela-myc1 cells after 24 h MSeA treatment. B. 

Enrichment of “G2/M”- phase PANC-1 cells after 24 h MSeA treatment.
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Figure 3. The G2 cell cycle arrest nature in MSeA-treated PANC-1 cells.
A. Comparison of cell cycle distribution patterns (propidium iodide staining) induced by 

MSeA vs. Taxol, an M-arrest inducer. B. Flow cytometric analyses of immune-labeled M 

phase marker phosphor-H3 in PANC-1 cells treated with 5 μM MSeA or 60 nM Taxol for 12 

h and 24 h. C. Paucity of MSeA-arrested cells at M phase vs. taxol-arrested cells at M phase 

by phosphor-H3 labeling.
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Figure 4. Western blot of protein changes involved in G2 cell cycle checkpoint, DNA damage 
response, cell survival and apoptosis in MSeA-treated PANC-1 cells.
A. Concentration-dependent changes of p-Ser15 P53, P21Cip1, GADD45, CyclinB, 

P27Kip1, and p-Thr68 Chk2, and anti-apoptotic proteins Bcl-xL and survivin in PANC-1 

cells treated with MSeA for 24 h. B. Time course of MSeA-induced changes of Cyclin B, 

Cdc2/Cdk1, p-Ser473 AKT and survivin in PANC-1 cells. β-Actin served as loading control.
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Figure 5. Effect of MSeA on mTOR pathway signaling and autophagy in PANC-1 cells.
A. Western blot detection of MSeA-induced changes of proteins or/and their 

phosphorylation of mTOR and its downstream targets and autophagy marker LC-3. B. 

Impact of inhibiting autophagy by knocking down Beclin-1 on MSeA-induced caspase-

mediated apoptosis in PANC-1 cells after 48 h. PANC-1 cells were transiently transfected 

with siRNA for Beclin1. Protein lysates were probed with the antibodies against Beclin 1, 

LC3-II, and c-PARP. β-actin served as loading control. C. The enzymatic activities of 

caspase-3 and 6. Cells were treated with MSeA for 48 h. Results were plotted as mean ± SD 

from three independent experiments. **p<0.01 when compared with control.
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Figure 6. Effect of daily oral-administered MSeA (3 mg Se/kg BW) on growth of subcutaneously 
inoculated PANC-1 xenografts in SCID mice.
A. The gross appearance of xenograft tumors from SCID mice at termination and the final 

tumor weights in control and MSeA-treated group. B. Immunohistochemical (IHC) analyses 

of biomarker changes involved in cell proliferation, apoptosis and angiogenesis in PANC-1 

xenograft tumors. Representative images of IHC staining were shown in the left panel and 

the quantification of the IHC staining was shown in the right panel. Five to 10 pictures were 

randomly taken under microscope for each section and then analyzed by Image pro plus 6.2 

software. For CD34, area in pixels x10−3.
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