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Abstract

The polyamines putrescine, spermidine and spermine are intimately involved in the regulation of 

cellular growth and viability. Transduction of HEK293T cells with an adenovirus (AdSAT1) 

encoding a key polyamine catabolic enzyme, spermidine/spermine N1-acetyltransferase1 (SAT1), 

leads to a rapid depletion of spermidine and spermine, arrest in cell growth and a decline in cell 

viability. Annexin V/ propidium iodide Fluorescent Activated Cell Sorter (FACS) analyses, 

Terminal Uridine Nucleotide End- Labeling (TUNEL) and caspase 3 assays showed a clear 

indication of apoptosis in AdSAT1 transduced cells (at 24–72 h), but not in cells transduced with 

GFP-encoding adenovirus (AdGFP). Apoptosis in the polyamine-depleted cells occurs by the 

mitochondrial intrinsic pathway, as evidenced by loss of mitochondrial membrane potential, 

increase in proapoptotic Bax, decrease in anti-apoptotic Bcl-xl, Bcl2, and Mcl-1 and release of 

cytochrome c from mitochondria, upon transduction with AdSAT1. Moreover, transmission 

electron microscopy images of AdSAT1-transduced cells revealed morphological changes 

commonly associated with apoptosis, including cell shrinkage, nuclear fragmentation, 

mitochondrial alteration, vacuolization and membrane blebbing. The apoptosis appears to result 

largely from depletion of the polyamines, spermidine and spermine, as polyamine analogs, α-

methylspermidine and N1,N12-dimethylspermine that are not substrates for SAT1 could partially 

restore growth and prevent apoptosis of AdSAT1-transduced cells. Inhibition of polyamine 

oxidases did not restore the growth of AdSAT1-transduced cells or block apoptosis, suggesting 

that the growth arrest and apoptosis were not induced by oxidative stress resulting from 

accelerated polyamine catabolism. Taken together, these data provide strong evidence that the 

depletion of polyamines spermidine and spermine leads to mitochondria-mediated apoptosis.
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INTRODUCTION

The polyamines, putrescine, spermidine and spermine, are essential cellular constituents that 

are important in cell proliferation, transformation, differentiation, regulation of ion channels 

and the stabilization of important cellular components such as cell membranes and 

chromatin structures [1–4]. Cellular polyamine homeostasis is tightly maintained by intricate 

regulation at multiple levels, i.e. biosynthesis, catabolism and transport. Deregulation of 

polyamine metabolism is associated with various pathological conditions, including cancer. 

The polyamine pathways have been explored as targets for cancer chemotherapy and 

chemoprevention [5–7]. One well defined function of polyamines in eukaryotes is the 

requirement of spermidine as a precursor for hypusine modification in eukaryotic translation 

initiation factor, eIF5A (see a review, [8]. Independent of this role, the polyamines 

spermidine and spermine, as polycations, are required for protein synthesis and proliferation 

in mammalian cells [1–4, 9]

Polyamines have been implicated in apoptotic cell death in numerous reports in which the 

cellular polyamines were altered either by overexpression or by inhibition of biosynthetic 

enzymes (see a review [10]) and from studies with cells or animals genetically modified in 

polyamine pathways. Either excessive accumulation, or depletion, of cellular polyamines is 

deleterious to mammalian cells and can lead to cell death. Polyamines may act as facilitating 

or impeding factors of apoptosis depending on the concentration and the specific system. 

Concerning the potential mechanisms of their anti-apoptotic effects, it has been reported that 

polyamine binding to DNA protects against DNA cleavage from ionizing radiation [11] or 

that polyamines act as scavengers of reactive oxygen radicals [12]. On the other hand, 

excessive polyamines or activation of amine oxidation [by diamine oxidase, 

acetylpolyamine oxidase (APAO) or spermine oxidase (SMO)] can also cause oxidative 

stress and apoptosis by generation of H2O2 and reactive aldehydes intracellularly or 

extracellularly [2, 13, 14].

α-Difluoromethylornithine (DFMO), an irreversible inhibitor of ornithine decarboxylase 

(ODC), has been most widely used as a tool to elucidate polyamine function and also to 

control aberrant cell growth in cancer therapy and chemoprevention [5, 6]. Reduction of 

cellular polyamines, using DFMO, alone or in combination with other inhibitors of 

polyamine biosynthesis, induced apoptosis in a number of mammalian cell lines [15–18]. 

However, DFMO depletes cellular putrescine and spermidine, but not spermine, and the 

effects of DFMO are variable in different systems. In rat intestinal epithelial cells and the 

IEC-6 cell line, DFMO protected cells from apoptosis induced by tumour necrosis factor-α 

(TNF-α or camptothecin [19–21]. In this regard, major inconsistences exist in the literature 

regarding the role of polyamines in apoptosis, due to the complexities of polyamine actions 

and of apoptotic processes.
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The cellular functions of polyamines have also been assessed by induction of the polyamine 

catabolic enzyme, SAT1 [22]. It catalyzes acetylation of spermidine or spermine to generate 

N1-acetylspermidine, N1-acetylspermine or N1, N12-diacetylspermine, which, in turn, are 

oxidatively degraded by acetylpolyamine oxidase (APAO) to N-acetylaminopropanal and a 

lower polyamine. However, previous attempts to deplete polyamines by overexpressing 

SAT1 [23–26] often did not achieve extensive depletion of spermidine and spermine, nor 

total inhibition of cell growth [7]. Very effective depletion of cellular polyamines has been 

accomplished by the use of bis-ethylated polyamine analogs, such as N1, N11-

bis(ethyl)norspermine (BENSpm) [2]. This analog strongly induces SAT1 and SMO while 

suppressing polyamine biosynthetic enzymes ODC and adenosylmethionine decarboxylase 

(AdoMetDC), thereby it replaces natural polyamines putrescine, spermidine and spermine. 

Although BENSpm has been a valuable tool for the study of polyamine function and also as 

a potential anticancer agent, the fact that this analog could exert side effects as a polyamine 

agonist as well as an anti-agonist complicates the interpretation of its cellular effects. Thus, 

addressing the precise mechanisms of polyamine actions in cell growth and death has been 

hampered, partly because of the lack of effective means of depleting both polyamines 

spermidine and spermine, without introducing a polyamine analog.

Recently, the use of a SAT1 adenovirus enabled us to effectively and extensively deplete 

both spermidine and spermine in HEK293T cells [9] and to examine the primary effects of 

polyamine depletion on various cellular processes. Notably, depletion of these cellular 

polyamines resulted in a striking inhibition of translation initiation and cell growth. In the 

present study, we further investigated the effects of polyamine depletion on cell survival and 

apoptosis in AdSAT1-transduced 293T cells. Our results suggest that the depletion of both 

spermidine and spermine leads to apoptotic cell death in mammalian cells via the intrinsic 

mitochondrial pathway, as indicated by the changes in biochemical parameters, including 

loss of mitochondrial membrane potential, increase in pro-apototic Bax, decrease in anti-

apoptotic Bcl-2, Bcl-xl and Mcl-1, and release of cytochrome c leading to caspase 3 

activation and PARP cleavage. The morphological changes shown in the transmission 

electron microscopy (TEM) images, including nuclear fragmentation, cell shrinkage, 

vacuolization, mitochondrial alteration and membrane blebbing further illustrate apoptotic 

cell death upon depletion of cellular polyamines. Growth arrest and apoptosis of AdSAT1-

transduced cells could be reversed by the addition of the stable polyamine analogs, α-

methylspermidine (α-MeSpd), and N1,N12-dimethylspermine (Me2Spm), that are not 

substrates for SAT1, supporting the notion that depletion of spermidine and spermine leads 

to apoptotic cell death.

EXPERIMENTAL

Materials

Precast NuPAGE (bisTris) gels and associated buffers, Click-iT TUNEL kit, Alexa Flour 

488 secondary antibody, Prolong gold antifade reagent, LIVE/DEAD cell imaging kit and 

Annexin-V FITC/propidium iodide were purchased from Life Technologies. Cell counting 

kit (CCK-8) was purchased from Dojindo laboratories, Japan. The SAT1 antibody was 

purchased from Santa Cruz Biotechnology, Inc. Cleaved PARP, Bcl-2, Bcl-xl, Mcl-1, Bax 
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antibodies were from Cell Signaling. JC-1 (5,5′,6,6′-Tetrachloro-1,1′3,3′-tetraethyl-

imidacarbocyanine iodide) kit and eIF5A antibody were procured from BD Biosciences. 

Formaldehyde, 4′, 6′-diamidino-2-phenylindole (DAPI), MDL 72527 (N1, N4-Bis(2,3-

butadienyl)-1,4-butanediamine hydrochloride), cycloheximide and N-Acetyl-L-cysteine 

(NAC) were from Sigma-Aldrich. Cytochrome c antibody and cell fractionation kit was 

from Abcam. Enzchek caspase 3 assay kit was purchased from Molecular Probes. AdGFP 

and custom synthesized AdSAT1 viruses were procured from Signagen Laboratories. N1, 

N11-bis(ethyl)norspermine (BENSpm) was kindly provided by Dr. Patrick Woster 

(University of Medicine South Carolina) and α-methyl spermidine (α-MeSpd) and N1,N12-

dimethylspermine (Me2Spm) were kindly provided by Drs. Tuomo A. Keinänen (University 

of Eastern Finland, Kuopio, Finland) and Alex R. Khomutov (Russian Academy of 

Sciences, Moscow, Russia). A rabbit polyclonal antibody specific for hypusinated form of 

eIF5A [27] was a generous gift from Dr. Raghavendra Mirmira (Indiana University).

Methods

Cell Culture and Adenoviral Transduction—HEK293T (or 293T) cells were cultured 

in DMEM supplemented with 10% heat-inactivated FBS. For transduction, cells were 

trypsinized and resuspended (2 × 105 cells/ml) in DMEM media containing 10% FBS. 

AdGFP or AdSAT1 virus was added to the cell suspension at the multiplicity of infection 

(MOI) of 20. After mixing the cells with virus for 30 min, they were seeded in tissue culture 

dishes.

Determination of Cellular Polyamine Contents—HEK293T cells (six-well plate) 

were washed with ice cold PBS twice, harvested, and precipitated with 0.1 ml cold 10% 

(vol/vol) TCA. 50 μl of the TCA supernatant was used for polyamine analysis by ion 

exchange chromatographic system as described [28]. TCA precipitate was dissolved in 0.05 

ml of 0.1 N NaOH and an aliquot was used for protein determination using Bradford Assay.

Cell viability and proliferation Assays—Cell death was assessed using the LIVE/

DEAD cell imaging kit, according to manufacturer’s instructions. Briefly, untransduced or 

transduced cells were plated in 96-well plates (0.5 × 104 cells per well in 0.1 ml medium) 

and treated as indicated. At 24, 48 and 72 h, cells were stained by adding 0.1 ml of live-

green and dead-red dye mixture (2X) and incubated for 20 min at 25 °C. The media was 

removed and live imaging solution was added and images were taken using an Axiophot 

epiflourescence microscope (Zeiss). Cell proliferation was measured using Cell Counting 

Kit-8 (CCK-8), a sensitive colorimetric assay kit to determine levels of cell viability. Cells, 

untransduced or transduced with adenovirus, were seeded in 96-well plates (0.3 × 104 cells 

per well). At the indicated time points, 10 μl of the Cell Counting Kit-8 solution containing 

water-soluble tetrazolium salt (WST-8) was added to each well and cells were incubated at 

37 °C for 2 h. Cell numbers were estimated by measuring the absorbance at a wavelength of 

450 nm in a 96-well format plate reader (Microplate Reader, Perkin Elmer).

Annexin V and propidium iodide (PI) Fluorescent Activated Cell Sorter (FACS) 
analyses—Cells were analyzed for phosphatidylserine exposure by the annexin-V FITC/

propidium iodide double-staining method according to the manufacturer’s instructions. 293T 
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cells, untransduced or transduced with AdSAT1 or treated with cycloheximide (1 μg/ml) for 

the indicated periods, were washed with PBS, harvested by gentle trypsinization, (combined 

with floating cells washed with PBS) and resuspended in annexin-binding buffer at ~1 × 106 

cells/ml. 5 μl of Alexa Fluor® 488 annexin V (Component A) and 1 μl of propidium iodide 

solution (100 μg/ml in annexin-binding buffer) were added to 100 μl of cell suspension and 

cells were incubated at room temperature for 15 minutes. Then 400 μl of annexin-binding 

buffer was added and the samples were kept on ice prior to flow cytometry (Fortessa).

Terminal Uridine Nucleotide End Labeling (TUNEL) assay—TUNEL assay was 

performed using the Click-iT® TUNEL Alexa Fluor® 594 Imaging Assay kit, according to 

the manufacturer’s instructions. Briefly, cells untreated, or transduced with AdGFP or 

AdSAT1 were washed with PBS and fixed in 4% formaldehyde for 15 min followed by 

permeabilization in 0.25% Triton X-100 for 20 min. Then fluorescent labeling was 

performed by the addition of the Click-IT reaction mixtures. For counter-immuno-staining, 

the cells, after TUNEL assay, were incubated with primary anti-SAT1 antibody followed by 

the Alexa fluor 488 secondary antibody.

Measurement of Caspase 3 Activity—The cellular activity of caspase 3-like proteases 

was determined using Enzchek caspase 3 assay kit according to the manufacturer’s protocol 

with minor modifications. Each cell sample (1 × 106 cells) was resuspended in 50 μl of cell 

lysis buffer and the mixture was incubated on ice for 30 min and vortexed for 10 min. After 

centrifugation (5000 ×g, 4° C, 5 min), 50 μl of the supernatant fluid were added into the 

wells of a 96-well plate and 50 μl working solution was added to each well and incubated at 

room temperature for 30 minutes. Fluorescence was measured at 342 nm (excitation) and at 

441 nm (emission) using a SPECTRAmax® 190 microplate photometer (Molecular 

Devices).

Analysis of mitochondrial integrity using JC-1 dye—Mitochondrial membrane 

potential in untransduced and AdSAT1-transduced HEK 293T cells was estimated using the 

flow cytometry analysis method for JC-1 probe. Briefly, 1 × 106 cells were suspended in 

500 μl of 1X JC-1 solution (10 μg/ml) and incubated at 37°C for 15 min. Cells were then 

centrifuged at 1000 ×g for 5 min and washed twice with 1 X assay buffer and analyzed 

immediately using a flow cytometer (Fortessa). Data was collected using 488-nm excitation 

with 530nm and 590 nm emission filters.

Separation of the mitochondrial fraction—Cytosolic and mitochondrial fractions 

were separated using a cell fractionation kit (Abcam) according to manufacturer’s 

instructions.

Transmission Electron Microscopy (TEM)—TEM was performed by the NCI 

Frederick core facility and adherent cultured cells in 6-well plate were embedded and 

processed by the in situ method described previously [29].
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RESULTS

SAT1 overexpression causes depletion of spermidine and spermine and reduces viability 
in HEK293T cells

The polyamine content of AdSAT1-transduced cells compared with those of untransduced 

or AdGFP-transduced cells (Table 1) shows that the levels of spermidine and spermine were 

reduced to less than 10 % of the control level (those in untransduced cells) by 24 h of 

AdSAT1 transduction and decreased further upon prolonged incubation (24–72 h). The 

polyamine content in AdGFP-transduced cells was similar to those in untransduced cells. 

Time-dependent, high accumulation of N1-acetylspermidine and putrescine, the products of 

SAT1- and APAO-mediated polyamine catabolism, was observed in AdSAT1-transduced 

cells, but not in untransduced or AdGFP-transduced cells (Table 1). The sum of the 

accumulated products of polyamine oxidation, putrescine and N1-acetylspermidine, in 

AdSAT1-transduced cells exceeded the sum of spermidine and spermine in control cells, 

probably due to the continued supply of SAT1 substrates, i.e. newly synthesized spermidine 

and spermine, in these cells.

The effects of SAT1 overexpression on growth and viability were examined and compared 

with other samples, including untransduced, cycloheximide- and DFMO-treated samples 

(Fig. 1), using a LIVE/DEAD cell imaging kit. Live cells exhibit a green color due to 

conversion of the non-fluorescent, cell-permeant calcein to the fluorescent calcein by 

intracellular esterase activities. Dying and dead cells exhibit red fluorescence due the DNA 

binding of the dead-red dye, which can enter cells only when the plasma membrane is 

damaged. At all the time points, but especially with increasing time, the fraction of dead/

dying cells was much higher in the AdSAT1-transduced samples than in the untransduced 

samples (Fig. 1). As AdSAT1 transduction can cause a pronounced inhibition of protein 

synthesis [9], we compared the effects of AdSAT1-transduction with those of cycloheximide 

treatment. Cell death was much less in samples treated with cycloheximide (1 μg/ml, the 

concentration that was estimated to inhibit protein synthesis by >80%) than in AdSAT1-

transduced samples. As DFMO depletes cellular putrescine and spermidine but not 

spermine, its effects were also compared. While cell growth was gradually inhibited by 

DFMO treatment, cell death was far less in these samples than in AdSAT1-transduced 

samples. Interestingly, the AdSAT1-transduced cells displayed rounder morphology with 

reduced lamellipodia by 24 h of transduction, consistent with the previous reports [23], but 

such changes in cell attachment or morphology were not observed in the cycloheximide- or 

DFMO-treated cells.

To check the possibility that the high levels of N1-acetylspermidine and putrescine 

accumulated in AdSAT1-transduced cells (Table 1) exert deleterious effects on cells, we 

tested these compounds. However, addition of these compounds (5 mM) to medium, alone 

(Fig. 1) or in combination (not shown), did not cause inhibition of growth or loss of 

viability. We also tested three polyamine analogs, α- MeSpd, Me2Spm and BENSpm, that 

could support protein synthesis in AdSAT1-transduced 293T cells [9] for their ability to 

restore viability. α-MeSpd and Me2Spm increased the number of viable cells and reduced 

cell death, but BENSpm did not.
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Inhibition of growth and loss of viability in AdSAT1-transduced cells is due to depletion of 
spermidine and spermine

We then investigated the underlying mechanism of growth inhibition in SAT1-

overexpressing cells by measuring cell viability and growth using a quantitative colorimetric 

assay (Cell Counting Kit-8) (Fig. 2A–2D). AdSAT1 transduction led to an arrest of growth 

by 24 h and a loss of viable cells during the 24–72 h period (Fig. 2A), whereas AdGFP-

transduction caused a relatively small inhibition of growth. The growth inhibition in DFMO-

treated cells was less pronounced than in AdSAT1-transduced cells, probably because 

cellular spermine is not depleted upon DFMO-treatment (Table 1). As cell death in certain 

cases of SAT1 induction was attributed to oxidative stress resulting from accelerated 

polyamine catabolism, we examined the effects of MDL 72527, an inhibitor of APAO and 

SMO. This compound alone (at 100 and 300 μM) did not restore the growth of AdSAT1-

transduced cells (Fig. 2B). Furthermore, addition of N-Acetyl-cysteine (NAC), a commonly 

used anti-oxidant, at 1–10 mM did not reverse growth inhibition in AdSAT1-transduced 

cells (Fig. 2C), suggesting that the growth inhibition and cell death upon AdSAT1-

transduction are not due to oxidative stress. Then, we wondered whether the growth 

inhibition in AdSAT1-transduced cells could be due to deprivation of acetyl-CoA resulting 

from a polyamine metabolic flux. Metabolic flux was reported to occur in certain 

mammalian cells [24, 30] or a SAT1 transgenic animal [31], when the polyamine 

biosynthetic enzymes, ODC and AdoMetDC, are highly induced to counteract the enhanced 

polyamine catabolism by overexpressed SAT1, thereby setting up a futile cycle of 

biosynthesis and degradation with consumption of two AcCoA and one ATP per cycle. In 

the AdSAT1-transduced cells, SAT1 superinduction was transient (Fig. 2E) and there were 

no significant changes in ODC enzyme level (Fig. 2E). Moreover, growth of AdSAT1-

transduced cells was not restored upon addition of DFMO (Fig. 2B), unlike in the SAT1-

overexpressing LNCaP cells in which DFMO restored cell growth by blocking the 

polyamine futile cycle [24]. These findings suggest that growth arrest in these AdSAT1-

transduced cells is not due to the metabolic flux-related energy deprivation.

The effects of the polyamine analogs α-MeSpd, Me2Spm and BENSpm on cell growth of 

untransduced and AdSAT1-transduced cells were measured (Fig. 2D). Consistent with the 

data from Live/Dead cell imaging in Fig 1, α-MeSpd and Me2Spm partially restored the 

growth, suggesting that the growth arrest in AdSAT1-transduecd cells is attributable to the 

depletion of spermidine and spermine in these cells. Although BENSpm, as a polycation, is 

able to promote protein synthesis [9], it could not restore cell growth (Fig. 2D). This finding 

implies an as yet unknown, critical function of the natural polyamines, in addition to 

hypusine synthesis, that cannot be fulfilled by BENSpm.

We previously reported that eIF5A could be acetylated and inactivated by SAT1 in vitro 

[32]. In order to determine whether the growth inhibition in AdSAT1-transduced cells could 

be due to a decrease in the level of active eIF5A, hypusinated eIF5A levels were measured, 

using a hypusine-specific antibody [27] that recognizes eIF5A containing hypusine or 

deoxyhypusine, but not the unmodified lysine form nor the acetylhypusinated form (Fig. 

3A). There was no significant reduction in the hypusinated eIF5A level in AdSAT1-

transduced cells up to 72 h (Fig. 3B). Given that eIF5A is an abundant and stable protein 
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with a long half-life, it is not probable that a small reduction in hypusinated eIF5A results in 

the growth arrest of these AdSAT1-transduced cells.

AdSAT1-transduction causes apoptosis by an intrinsic mitochondrial pathway

We employed several methods to determine whether cell death in AdSAT1-transduced cells 

occurs by apoptosis. Annexin V/PI FACS analyses showed a clear rise in early and late 

apoptotic cells after 24–72 h of AdSAT1 transduction compared to untransduced cells (Fig. 

4A). In untransduced samples, the percentages of early apoptotic cells (annexin V positive, 

PI negative, green, right lower block) and late apoptotic cells (annexin V positive, PI 

positive, orange color, right upper block) were low at all the time points. In the AdSAT1-

transduced samples, the early and late apoptotic cells as well as dead cells (annexin V 

negative, PI positive, red color, upper left block) were markedly increased. Reciprocally, the 

percent of healthy cells (black, annexin V negative, PI negative) was much lower in 

AdSAT1-transduced samples (47.3–75.3%) than in untransduced samples (~90%). Addition 

of MDL 72527 did not make a significant difference in apoptosis at 48–72 h of AdSAT1 

transduction (sum of early, late apoptotic and dead cells in Fig. 4A and dead cell proportion 

in Fig. 1). Thus, apoptosis in AdSAT1-transduced cells appears to be largely due to 

depletion of spermidine and spermine, rather than due to oxidative stress. Cycloheximide 

treatment caused relatively small increases in early and late apoptotic cells compared to 

AdSAT1 transduction.

The TUNEL assay also revealed an increase in DNA fragmentation in SAT1-overexpressing 

cells (Fig. 4B, white arrows) at 48 h of AdSAT1 transduction. Increased nuclear 

fragmentation was also detected in these cells by DAPI staining (Fig. 4B, white arrows). 

Caspase 3 activity was significantly increased in AdSAT1-transduced cells, compared to 

untransduced and AdGFP-transduced cells at 24–72 h of transduction (Fig. 4C). In contrast 

to AdSAT1-transduced cells, no or little DNA or nuclear fragmentation was observed in 

AdGFP-transduced cells (Fig. 4B), and there were only small increases in caspase 3 over 

untransduced cells (Fig. 4C), suggesting that the apoptosis is primarily due to SAT1 

overexpression but not due to adenoviral infection.

The mechanism of apoptosis in AdSAT1-transduced cells was investigated by analyzing 

mitochondrial membrane potential, Bcl-2 family proteins and cytochrome c release (Fig 5). 

The electrochemical gradient across the mitochondrial inner membrane is critical for normal 

mitochondrial function. Opening of the permeability transition pore in the inner 

mitochondrial membrane disrupts mitochondrial transmembrane potential (ΔΨm). In order 

to determine whether AdSAT1-induced apoptosis is mitochondria-mediated, we measured 

the mitochondrial membrane potential using JC-1 dye by the flow cytometry analysis. In this 

experiment, mitochondrial depolarization is indicated by a decrease in the ratio of red to 

green fluorescence. 293T cells transduced with AdSAT1 displayed a marked drop in this 

ratio after 24–72 h of transduction (Fig. 5A), suggesting a loss of mitochondrial membrane 

potential, while little change was observed in untransduced cells.

The levels of Bcl-2 family members, proposed regulators of mitochondrial membrane 

potential and permeability [33], were examined by western blotting. In AdSAT1-transduced 

cells, pro-apoptotic Bax level was markedly enhanced, whereas the levels of anti-apoptotic 
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markers, Bcl-2, Bcl-xl and Mcl-1 were much reduced, compared to untransduced or AdGFP-

transduced cells (Fig 5B). Loss of ΔΨm and mitochondrial outer membrane permeabilization 

leads to release of cytochrome c. As expected, we observed the release of cytochrome c 

from mitochondria to cytoplasm concomitant with a decrease in the mitochondrial fraction 

in AdSAT1-transduced cells (Fig. 5C).

Transmission Electron Microscopy (TEM) of AdSAT1-transduced cells

TEM images (Fig. 6) of untransduced cells (at 48 h) showed intact cells with large nuclei, 

numerous golgi apparatus, many smooth endoplasmic reticulums and mitochondria. Cells 

with certain morphological changes associated with apoptosis [34] increased after 24 h of 

AdSAT1 transduction. At 24–72 h of AdSAT1-transduction, morphological changes, 

including membrane blebbing, nuclear fragmentation, abnormal mitochondria and cell 

shrinkage were seen. These cells also contained a large number of vacuoles and lipid bodies 

in the cytoplasm and the cytoplasm density was lighter than that of the controls. At 72 h of 

AdSAT1 transduction, degenerated or swollen mitochondria with reduced cristae were 

clearly visible. Lipid bodies (LB) could be observed in AdSAT1-transduced cells at 48 and 

72 h of transduction. Lipid bodies were reported to form in apoptotic cells when fatty acid β-

oxidation is inhibited by mitochondrial dysfunction [35]. The AdGFP-transduced cells 

showed an increase in vacuoles at 48 h, but did not show other apoptotic features, suggesting 

that apoptosis in the AdSAT1-transduced cells was mainly caused by an over-expression of 

SAT1 rather than by the adenoviral transduction.

DISCUSSION

The rapid and extensive depletion of spermidine and spermine by AdSAT1 transduction has 

permitted us to examine the direct effects of polyamine depletion and to address the role of 

polyamines in cell growth, viability and apoptosis. The current data demonstrate that the 

depletion of spermidine and spermine leads to apoptosis in 293T cells through the intrinsic 

mitochondrial pathway, as evidenced by various biochemical markers, such as loss of 

mitochondrial membrane potential, changes in Bcl-2 family proteins and release of 

cytochrome c leading to activation of caspase 3 and PARP cleavage. Annexin V and PI 

FACS analyses provided clear indication of apoptosis in AdSAT1-transduced cells and TEM 

images of AdSAT1-transduced cells revealed ultrastructural changes commonly associated 

with apoptosis. As we showed in earlier study [9] that an inhibition of protein synthesis 

accompanied growth inhibition, we wondered whether, or to what extent, the apoptosis in 

these cells is attributable to the inhibition of protein synthesis. Treatment with 

cycloheximide (1 μg/ml) caused only moderate apoptosis in 293T cells (Fig. 1 and 4A) 

compared to AdSAT1 transduction suggesting that apoptosis in AdSAT1-transduced cells is 

largely due to depletion of the polyamines spermidine and spermine.

Our work is distinct from SAT1 overexpression studies by others, in that a transient super-

induction of SAT1 (Fig. 2E) and nearly total depletion of spermidine and spermine are 

achieved within 24 h of AdSAT1 transduction (Table 1). Thus, adenoviral overexpression of 

SAT1 offered us a unique window of opportunity to address the causal relationship between 

depletion of these polyamines and cellular effects. Previous SAT1 overexpression studies 
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involved selection of stable cell clones after transfection with a non-inducible [26] or an 

inducible SAT1 expression vector [23–25]. In these other studies, SAT1 induction was not 

as great nor as rapid as in our study and depletion of spermidine and/or spermine was not 

extensive, because of the compensatory induction of the polyamine biosynthetic enzymes, 

ODC and AdoMetDC, an apparent adaptation response by the cells. Under such 

circumstances, growth inhibition could not be attributed solely to a reduction in cellular 

polyamines. For example, in a LNCaP cell clone harboring an inducible SAT1 vector, 

growth arrest upon induction of SAT1 expression was attributed mainly to AcCoA 

deprivation resulting from futile cycles of biosynthesis and degradation [24, 30]. In contrast, 

polyamine metabolic flux does not appear to be involved in growth inhibition of AdSAT1-

transduced cells, because there was no significant increase of the ODC enzyme level in the 

AdSAT1-transduced cells (Fig. 2E) and because DFMO did not restore cell growth (Fig. 

2B). In our system, in which SAT1 induction is transient (probably due to its short half-life 

and inhibition of new synthesis of SAT1), a futile metabolic cycle dependent on 

maintenance of elevated levels of both biosynthetic and catabolic enzyme activities, could 

not be established.

Activation of the polyamine catabolic pathway has been implicated in tissue damage 

associated with various pathological conditions including cancer, kidney failure, 

inflammation, stroke and diabetes, through generation of H2O2, reactive aldehydes or 

acrolein [36]. For example, SAT1 induction has been associated with ischemia/reperfusion 

injury of kidney, and the tissue damage could be ameliorated by MDL 72527, an inhibitor of 

APAO and SMO [37], suggesting an oxidative stress-mediated mechanism. The same 

mechanism of apoptosis was also inferred in breast cancer cell lines in which growth 

inhibition from a high induction of SAT1 and SMO, by treatment with BENSpm, was 

alleviated by MDL 72527 [38]. We have also considered oxidative stress as a potential 

mechanism of growth inhibition in AdSAT1-transduced cells. However, the polyamine 

oxidase inhibitor, MDL 72527, or an antioxidant, NAC, did not restore growth of AdSAT1-

transduced cells (Fig. 2B and Fig. 2C) and MDL72527 did not significantly reduce apoptosis 

of AdSAT1-transduced cells (Fig. 4A), suggesting that oxidative stress from accelerated 

polyamine catabolism is not responsible for the growth arrest and apoptotic cell death.

In our earlier study, we showed that the inhibition of translation in AdSAT1-transduced cells 

could be reversed by the addition of polyamine analogs, such as BENSpm, α-MeSpd or 

Me2Spm, that are not substrates for SAT1 [9]. α-MeSpd, and Me2Spm have been reported to 

substitute for natural polyamines in supporting long-term growth of certain mammalian cells 

in the presence of DFMO [39], or in the presence of an inhibitor of AdoMetDC [40] and in 

preventing acute pancreatitis in the SAT1 transgenic rat [41]. The ability to sustain long 

term growth in the absence of natural spermidine was attributed to the ability of α-MeSpd to 

act as a substrate for hypusine synthesis [40, 42] and the ability of Me2Spm to be converted 

to α-MeSpd. In accordance with these results, we observed that α-MeSpd and Me2Spm 

could also restore growth (Fig. 2D) and prevent apoptosis of AdSAT1-transduced cells (Fig. 

1) suggesting that, in fact, it is the depletion of spermidine and spermine that causes growth 

arrest and apoptosis. Although BENSpm could support protein synthesis in AdSAT1-

transduced 293T cells [9], nevertheless, unlike α-MeSpd and Me2Spm, it could not restore 

cell growth (Fig. 2D) nor could it prevent apoptosis. This finding suggests that there are 
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other critical processes that are fulfilled by the natural polyamines but not by BENSpm. In 

fact, BENSpm alone can induce apoptosis in various human cancer cell lines in a cell type-

specific manner [38], through induction of SAT1 and SMO1, and down-regulation of the 

polyamine biosynthetic enzymes, ODC and AdoMetDC, or through as yet unknown 

mechanisms. Although a similarly high induction of SAT1 and depletion of polyamines can 

be accomplished using BENSpm, the SAT1 overexpression by AdSAT1 transduction differs 

from BENSpm-induced SAT1 overexpression in that it does not involve side effects of 

BENSpm.

Apoptosis in AdSAT1-transduced 293T cells bears a certain analogy to apoptotic cell death 

and mitochondrial dysfunction of a Sacchromyces cerevisiae mutant (Δspe2) with deletion 

of the gene encoding AdoMetDC, the enzyme required for synthesis of spermidine and 

spermine [43]. This mutant strain has a high level of cellular putrescine but lacks 

endogenous spermidine and spermine and thus depends on a supply of spermidine in the 

medium for growth. The mutant is especially sensitive to oxidative stress [44] and 

undergoes intrinsic mitochondrial apoptotic cell death in the absence of spermidine 

supplementation, suggesting that polyamines are important for the maintenance and stability 

of mitochondrial membranes.

Furthermore, the loss in the mitochondrial membrane potential, changes in Bcl-2 family 

proteins, release of cytochrome c and altered mitochondria ultrastructure in AdSAT1-

transduced cells indicate apoptotic cell death through a mitochondria-mediated pathway. 

Polyamines bind to mitochondrial surface phospholipids, owing to the strong affinity of the 

basic amines for these lipids. The resultant charge neutralization may result in a membrane 

that is less permeable or mechanically stronger [45] and it is known that spermine binding 

inhibits membrane permeability transition in isolated mitochondria [46]. Moreover, 

spermine was reported to prevent cytochrome c release in glucocorticoid-induced apoptosis 

in mouse thymocytes [47]. Taken together, our data provide strong evidence that polyamine 

depletion by AdSAT1 transduction induces apoptosis through the intrinsic pathway 

mediated by mitochondrial alterations. The AdSAT1 virus used in this study exhibits potent 

effects i.e. complete depletion of spermidine and spermine and total arrest in cell growth 

with ensuing apoptotic cell death. Our studies lay a foundation upon which to develop a 

tumor specific, oncolytic virus overexpressing SAT1.

Acknowledgments

We thank Edith C. Wolff [National Institute of Dental and Craniofacial Research (NIDCR) National Institutes of 
Health (NIH)] for helpful suggestions on manuscript. The research was supported by intramural research program 
of NIDCR, NIH.

FUNDING

The research was supported by the intramural program of the National Institute of Dental and Craniofacial 
Research, National Institutes of Health.

Mandal et al. Page 11

Biochem J. Author manuscript; available in PMC 2015 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations used

SAT1 (or an alternate abbreviation, 
SSAT1)

spermidine/spermine-N1-acetyltransferase-1

AdSAT1 SAT1-encoding adenovirus

AdGFP GFP-encoding adenovirus

ODC ornithine decarboxylase

APAO acetylpolyamine oxidase

SMO spermine oxidase

DFMO α-difluoromethylornithine

AdoMetDC adenosylmethionine decarboxylase

GFP green fluorescent protein

eIF5A eukaryotic translation initiation factor 5A

BENSpm N1, N11-bis(ethyl)norspermine

α-MeSpd α-methylspermidine

Me2Spm N1, N12-dimethylspermine

EM electron microscopy

TEM transmission electron microscopy

FACS fluorescent activated cell sorter

PARP Poly ADP ribose polymerase

PI propidium iodide

AcCoA acetyl coenzyme A

NAC N-Acetyl-L-cysteine
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FIGURE 1. Effects of AdSAT1 transduction, cycloheximide, DFMO, putrescine, N1-
acetylspermidine, α-MeSpd, Me2Spm and BENSpm on cell viability
Viability of 293T cells was examined using a Live/dead cell imaging kit at 24, 48 and 72 h 

after seeding with no treatment (control), or AdSAT1 transduction, or treatment with 

cycloheximide (1 μg/ml), or with DFMO (5 mM), putrescine (5 mM) or N1-

acetylspermidine (5 mM) or AdSAT1 transduction with added BENSpm (10 μM), α-MeSpd 

(100 μM), Me2Spm (100 μM). The concentrations of BENSpm, α-MeSpd and Me2Spm 

were chosen based on previous reports [9, 42]. Cells were stained with calcein and dead-red 

to visualize live and dead cells, respectively. Live cells fluoresce a bright green, whereas 
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dead cells with damaged membranes fluoresce a red color. Representative images from three 

independent experiments are shown.
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FIGURE 2. Effects of various compounds on the growth and the levels of SAT1 and ODC in 
untransduced, AdGFP-transduced and AdSAT1-transduced 293T cells
The compounds were added to the culture medium at the time of seeding and cell growth 

was monitored using Cell Counting Kit-8 (CCK-8) as described under Experimental 

Procedures. Average values from two independent experiments carried out in triplicate were 

plotted. (A) effects of AdGFP transduction, AdSAT1 transduction, or DFMO (5 mM) 

treatment on 293T cell growth. (B) effects of MDL 72527 (100 μM and 300 μM) and 

DFMO(5 mM) on the growth of untransduced or AdSAT1-transduced 293T cells. (C) 
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effects of N-Acetyl-cysteine (NAC) on growth of untransduced and AdSAT1-transduced 

293T cells. D, α-MeSpd (100 μM), Me2Spm (100 μM), or BENSpm (10 μM) on the growth 

of untransduced or AdSAT1-transduced cells. E, The time course of SAT1 and ODC protein 

levels were examined by western blotting.
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FIGURE 3. Specificity of the hypusine-specific eIF5A antibody and effect of SAT1 
overexpression on the hypusinated eIF5A levels
(A) Purified eIF5A proteins of various forms were tested using the hypusine-specific eIF5A 

antibody (top panel) [27] or eIF5A antibody (BD Biosciences) that recognizes all eIF5A 

forms (bottom panel). Lanes 1–3, recombinant human eIF5A containing lysine, 

deoxyhypusine or hypusine at residue 50. Lane 4, purified, acetylated eIF5A obtained by 

acetylation of recombinant human eIF5A(Hpu) using SAT1, lane 5, recombinant human 

eIF5A K50R mutant protein, lane 6, endogenous hypusine- containing eIF5A purified from 

CHO cells. Lane 7, unmodified eIF5A precursor isolated from DFMO-treated CHO cells. 

(B) Cell lysates from untransduced, AdGFP-transduced and AdSAT1-transduced 293T cells 

harvested at indicated times were analyzed using hypusine-specific eIF5A antibody verified 

in A. Abbreviations are: h5A(Lys), human eIF5A containing Lys at 50th residue; h5A(Dhp), 

human eIF5A containing deoxyhypusine; h5A(Hpu), human eIF5A containing hypusine; 

h5A(AcHpu), human eIF5A containing acetylhypusine; h5A(K50R), human eIF5A 

containing Arg at 50th residue.
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FIGURE 4. Annexin V/PI FACS analyses, TUNEL assay and caspase 3 assay of AdSAT1-
transduced and control 293T cells
(A) Apoptosis was measured at 24, 48 and 72 h of treatment by FACS analyses using 

Annexin V-FITC/PI double staining. 100 μM of MDL72527 or 1 μg/ml of cycloheximide 

was added to the sample as indicated. The percentage of apoptotic cells was calculated from 

fluorescence dot plots using quadrant statistics (10,000 cells/experiment). One representative 

experiment is shown. (B) Cells transduced with AdSAT1 or AdGFP were fixed and stained 

for the TUNEL assay at 48 h as described in Experimental Procedures. After the TUNEL 
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assay, SAT1 immunocytochemistry (SAT1-ICC) was performed. The arrows indicate 

TUNEL positive cells which coincide with those with high expression of SAT1 and those 

with nuclear fragmentation upon staining with DAPI. The photomicrographs are 

representative images from three independent experiments. (C) Caspase 3 activity was 

measured as described under “Methods” with cell lysates prepared at 24 h, 48 h and 72 h of 

transduction. Bar graphs show data (mean ± SD) from three independent experiments done 

in duplicate.
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FIGURE 5. Analyses of mitochondrial membrane potential, western blotting of apoptosis 
markers and cytochrome c release
(A) Untransduced and AdSAT1-transduced cells were stained with the mitoprobe JC-1 dye 

as described under Experimental Procedures. Red fluorescence represent cells with normal 

mitochondria membrane potential and green fluorescence represent those with depolarized 

mitochondrial membrane. Experiments were carried out twice in duplicates with 30,000 

cells per analysis. One representative data is shown. (B) changes in the levels of apoptotic 

marker proteins in untransduced, AdGFP- or AdSAT1-transduced cells. (C) Western blot 
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analyses of cytochrome c in the cytosol and mitochondrial fractions at different time points 

after adenoviral transduction. β-actin and Cox-IV were used as markers for cytoplasm and 

mitochondria, respectively.
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FIGURE 6. Transmission electron microscopy of untransduced, AdGFP-transduced and 
AdSAT1-transduced 293T cells
TEM was performed on thin sections of 293T cells, untransduced at 48 h (panel set I), 

AdGFP-transduced at 48 h (Panel set II) or AdSAT1-transduced at 24, 48 and 72 h (panel 

sets III, IV and V, respectively). The images on the right side are at higher magnification. 

Mitochondria are indicated by arrows, nucleus by N, vacuole by V and lipid body by LB. 

Representative images are shown.
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