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Zou T, Rao JN, Liu L, Xiao L, Cui YH, Jiang Z, Ouyang M,
Donahue JM, Wang JY. Polyamines inhibit the assembly of stress
granules in normal intestinal epithelial cells regulating apoptosis. Am
J Physiol Cell Physiol 303: C102—-C111, 2012. First published May 2,
2012; doi:10.1152/ajpcell.00009.2012.—Polyamines regulate multi-
ple signaling pathways and are implicated in many aspects of
cellular functions, but the exact molecular processes governed by
polyamines remain largely unknown. In response to environmental
stress, repression of translation is associated with the assembly of
stress granules (SGs) that contain a fraction of arrested mRNAs
and are thought to function as mRNA storage. Here we show that
polyamines modulate the assembly of SGs in normal intestinal
epithelial cells (IECs) and that induced SGs following polyamine
depletion are implicated in the protection of IECs against apopto-
sis. Increasing the levels of cellular polyamines by ectopic over-
expression of the ornithine decarboxylase gene decreased cytoplas-
mic levels of SG-signature constituent proteins eukaryotic initia-
tion factor 3b and T-cell intracellular antigen-1 (TIA-1)-related
protein and repressed the assembly of SGs induced by exposure to
arsenite-induced oxidative stress. In contrast, depletion of cellular
polyamines by inhibiting ornithine decarboxylase with a-difluoro-
methylornithine increased cytoplasmic eukaryotic initiation factor
3b and TIA-1 related protein abundance and enhanced arsenite-
induced SG assembly. Polyamine-deficient cells also exhibited an
increase in resistance to tumor necrosis factor-a/cycloheximide-
induced apoptosis, which was prevented by inhibiting SG forma-
tion with silencing SG resident proteins Sortl and TIA-1. These
results indicate that the elevation of cellular polyamines represses
the assembly of SGs in normal IECs and that increased SGs in
polyamine-deficient cells are crucial for increased resistance to
apoptosis.

ornithine decarboxylase; intestinal epithelial homeostasis; ribonucleic
acid-binding proteins; processing bodies; mitochondrial ribonucleic
acid degradation; posttranscriptional regulation

IN RESPONSE TO environmental stress, eukaryotic cells reprogram
their translation patterns to conserve anabolic energy for the
repair of stress-induced damage (2). The expression of proteins
responsible for damage repair is increased, whereas translation
of mRNAs encoding for “housekeeping” functions is repressed
by redirection of these mRNAs from polysomes to discrete
cytoplasmic foci known as stress granules (SGs) and process-
ing bodies (PBs) for storage and degradation (2, 4). SGs and
PBs are visible as phase-dense particles that are functional
by-products of mRNA metabolism, sharing substrate mRNA,
dynamic properties, and many proteins but also housing sepa-
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rate components and performing independent function. Several
proteins, including eukaryotic initiation factor (elF)3, elF4,
poly(A)-binding protein, T-cell intracellular antigen-1 (TIA-1),
and TIA-1-related protein (TTAR), are involved in SG assem-
bly, and this process also requires elF2a phosphorylation
through protein kinase R and other kinases (3, 26, 41). The
elF2a phosphorylation decreases the assembly of the active
ternary preinitiation complex eIF2/GTP/tRNA™" and inhibits
translation initiation and polysome assembly (1, 2, 4, 6, 25),
and TIA-1 and TIAR bind to these inactive translation initia-
tion complexes and promote the assembly of SGs (11, 12). PBs
are observed side by side with SGs after exposure to stress, but
PBs and SGs differ in size, shape, and functions and in the
mechanisms of their assembly (1, 4, 35). PB contains compo-
nents of the 5'-3" mRNA degradation pathway and microRNA-
dependent silencing protein GW182 (34), and its formation
does not require elF2a phosphorylation (5, 16). The positions
of SGs are relatively fixed, but PBs are highly motile (2, 16,
35). SGs store nontranslated mRNAs and deliver them to
associated PBs for degradation.

Several studies reveal that the rapid formation of SGs in the
cytoplasm is an important protective action to prevent damage
of vital cellular processes required for homeostasis (2, 4, 7),
but the exact mechanism by which SG assembly is regulated
remains to be fully investigated. The natural polyamines (sper-
midine, spermine, and their precursor putrescine) are organic
cations found in all eukaryotic cells and are implicated in the
control of multiple signaling pathways and distinct cellular
functions (9, 13). The levels of cellular polyamines are tightly
regulated and depend on the dynamic balance among poly-
amine biosynthesis, degradation, and transport (9, 36, 37).
Cellular polyamine content rapidly increases in cells stimulated
to grow and divide, whereas decreasing cellular polyamines
stops cell cycle progression, resulting in the arrest in the G1
phase. An increasing body of evidence indicates that poly-
amines potently modulate gene expression posttranscription-
ally (24, 39, 40, 44, 46) besides their roles in regulating gene
transcription (10, 28). Increased levels of cellular polyamines
by ectopic overexpression of ornithine decarboxylase (ODC),
the first rate-limiting enzyme in polyamine biosynthesis, in-
hibit the expression of growth-inhibitory genes including p53
(21, 44), nucleophosmin (44, 45), JunD (46), activating tran-
scription factor-2 (ATF2) (40), and TGF-$3 (27) by increasing
the degradation of their mRNAs, thus contributing to the
stimulation of intestinal epithelial cell (IEC) proliferation. In
contrast, polyamine depletion by inhibiting ODC increases
these protein levels through the stabilization of their gene
transcripts, leading to growth arrest. Recently, one study sug-
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gests that the polyamine pathway is also involved in the
assembly of SGs and PBs in certain type of cancer cells such
as human osteosarcoma (U20S) and RDG3 cells (18).

Our previous studies (27, 28, 36, 37) and others (13, 33, 42)
have shown that polyamines are essential for maintaining
normal intestinal epithelial homeostasis, an effect that predom-
inantly relies on their ability to regulate IEC proliferation and
apoptosis. Normal IEC proliferation in the intestinal mucosa is
dependent on the supply of polyamines to the dividing cells in
the crypts, and decreasing cellular polyamines inhibits cell
renewal in vivo as well as in vitro (21, 37, 45). Polyamines also
modulate IEC survival, since depletion of cellular polyamines
decreases apoptosis, whereas increasing cellular polyamines
promotes susceptibility of IECs to cell death (40, 43). In the
current study, we sought to investigate the role of cellular
polyamines in the regulation of SG formation in IECs. The data
presented here indicate that in normal IECs (IEC-6 line),
increased levels of cellular polyamines by ectopic ODC over-
expression repressed SG assembly induced by exposure to
arsenite-induced oxidative stress. In contrast, the depletion of
cellular polyamines by inhibiting ODC enhanced arsenite-
induced SG formation. Polyamine-deficient cells also exhibited
an increase in resistance to tumor necrosis factor-a (TNF-a)/
cycloheximide (CHX)-induced apoptosis, and this protective
effect was prevented by inhibiting SG formation, suggesting
that polyamines regulate apoptosis by altering the assembly of
SGs in IECs.

MATERIALS AND METHODS

Chemicals and supplies. Disposable culture ware was purchased
from Corning Glass Works (Corning, NY). Tissue culture medium
and dialyzed fetal bovine serum were from Invitrogen (Carlsbad,
CA), and biochemicals were from Sigma (St. Louis, MO). The
antibodies recognizing elF3b, TIAR, Sortl, TIA-1, and (-actin
were from Santa Cruz Biotechnology (Santa Cruz, CA), and the
secondary antibody conjugated to horseradish peroxidase was
purchased from Sigma. a-Difluoromethylornithine (DFMO) was
from Genzyme (Cambridge, MA).

Cell culture. The IEC-6 cell line, derived from normal rat intestinal
crypt cells (31), was purchased from the American Type Culture
Collection at passage 13 and used at passages 15-20 (39, 46). Cells
were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 5% heat-inactivated fetal bovine serum, 10 pg/ml insu-
lin, and 50 pg/ml gentamicin. ODC-overexpressing IEC-6 (ODC-
IEC) cells were developed as described in our previous studies (22,
44) and expressed a more stable ODC variant with full enzyme
activity (14).

RNA interference. Expression of Sortl or TIA-1 was silenced by
transfection of specific small interfering RNA (siRNA). The siRNAs
that specifically targets the coding region of Sortl (siSortl) or TIA-1
(siTIA-1) and the corresponding C-siRNA were synthesized and
purchased from Dharmacon. For each 60-mm cell culture dish, 15 pl
of the 20 wM stock duplex siSortl, siTIA-1, or C-siRNA were mixed
with 300 pl of Opti-MEM medium (Invitrogen). This mixture was
gently added to a solution containing 15 wl of Lipofect AMINE 2000
in 300 wl of Opti-MEM. The solution was incubated for 20 min at
room temperature and gently overlaid onto monolayers of cells in 3 ml
of medium, and the cells were harvested for various assays after a
48-h incubation.

Assay for ODC enzyme activity and polyamine analysis. ODC
activity was determined by radiometric technique in which the amount
of *CO; liberated from L-[1-'*CJornithine was estimated (32). Sam-
ple collection and analysis were carried out as described previously
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(19, 21). Enzymatic activity was expressed as picomoles of CO, per
milligram of protein per hour.

The cellular polyamine content was analyzed by high-performance
liquid chromatography analysis as previously described (19). Briefly,
after 0.5 M perchloric acid was added, the cells were frozen at —80°C
until ready for extraction, dansylation, and high-performance liquid
chromatography analysis. The standard curve encompassed 0.31-10
M. Values that fell >25% below the curve were considered unde-
tectable. The results are expressed as nanomoles of polyamines per
milligram of protein.

Preparation of cytoplsamic proteins and Western blot analysis.
Whole cell lysates were prepared using 2% SDS, sonicated, and
centrifuged (12,000 rpm) at 4°C for 15 min. Cytoplasmic proteins
were prepared using NE-PER Cytoplasmic and Nuclear Extraction
Reagents from Pierce Biotechnology (Rockford, IL), and it was
performed following recommendations by the manufacture. Briefly,
50 wl packed cells were suspended in cytoplasmic extract reagent I
and incubated on ice for 10 min. After an addition of cytoplasmic
extract reagent II and subsequent vortex and incubation, cell lysates
were centrifuged. The supernatant containing cytoplasmic extract was
transferred and stored at —80°C until use. The protein samples were
boiled for 5 min and size fractionated by SDS-PAGE (7.5% acryl-
amide). After the proteins were transferred onto nitrocellulose filters,
the blots were incubated with primary antibodies recognizing elF3b,
TIAR, Sortl, or TIA-1 proteins; following incubations with secondary
antibodies, immunocomplexes were developed by using chemilumi-
nescence.

Immunofluorescence staining. Immunofluorescence was performed
as described (17) with minor changes (39). Cells were fixed using
3.7% formaldehyde, and the rehydrated samples were incubated
overnight at 4°C with primary antibody against elF3b or TIAR diluted
1:500 in blocking buffer and then incubated with secondary antibody
conjugated with Alexa Fluor-633 and Alexa Fluor-488 (Molecular
Probes, Eugene, OR) for 2 h at room temperature. After being rinsed
and mounted, they were viewed through a Zeiss confocal microscope
(model LSM510). Images were processed using PhotoShop software
(Adobe, San Jose, CA).

Determination of apoptosis. After various experimental treat-
ments, cells were photographed with a Nikon inverted microscope
before fixation (40, 43). Annexin-V staining of apoptosis was
carried out by using a commercial apoptosis kit (Clontech, Palo
Alto, CA) and performed according to the protocol recommended
by the manufacturer. Briefly, cells were rinsed with 1X binding
buffer and resuspended in 200 wl of 1X binding buffer. Five
microliters of annexin V were added on a slide and incubated at
room temperature for 10 min in the dark. Annexin-stained cells
were visualized and photographed under fluorescence microscope
using a dual-filter set for FITC and rhodamine, and the percentage
of apoptotic cells was determined.

Statistics. Values are means = SE from six samples. Immunoflu-
orescence staining and immunoblotting results were repeated three
times. The significance of the difference between means was deter-
mined by analysis of variance. The level of significance was deter-
mined using Duncan’s multiple range test (15).

RESULTS

Polyamines represses the formation of SGs in normal IECs
in response to stress. SGs assemble in heat-shocked plant and
mammalian cells exposed to environmental stresses or after
overexpression of some translational repressors; they continu-
ously rearrange with time and with pieces of granules detach-
ing and joining a neighboring granule and inhibit translation
initiation (2, 4). To define the role of cellular polyamines in the
assembly of SGs in the intestinal epithelium, we determined
whether increasing cellular polyamines alter the formation of
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SGs by using two clonal populations of IECs stably expressing
ODC (ODC-IEC) that were recently developed in our labora-
tory (22). As reported previously (39, 44), these ODC-IECs
expressed high levels of ODC protein, exhibited >50-fold
ODC enzyme activity, and had increased cellular polyamines
putrescine (by ~12-fold), spermidine (by ~2-fold), and sperm-
ine (by ~25%) compared with control cells transfected with
the vector lacking ODC cDNA. Because elF3b and TIAR are
the signature constituents of SGs and are linked to SG forma-

REGULATION OF STRESS GRANULE ASSEMBLY BY POLYAMINES

cytoplasmic levels of these two proteins in stable ODC-IECs.
Increasing the levels of cellular polyamines by ODC overex-
pression reduced both total and cytoplasmic elF3b levels, and
it only decreased cytoplasmic TIAR abundance (Fig. 1A).
There were no significant changes in the levels of total TIAR
protein in stable ODC-IECs. To determine the influence of
increased cellular polyamines on the formation of SGs in
response to stress, sodium arsenite (a potent inducer of oxida-
tive stress) was used to elicit SG assembly in this study. There

tion (12, 26), we sought to examine changes in whole cell and  were no visible SG foci in both control and stable ODC-IECs
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Fig. 1. Increasing the cellular polyamines by ornithine decarboxylase (ODC) overexpression represses the assembly of stress granules (SGs). A: levels of
total and cytoplasmic eukaryotic initiation factor 3b (elF3b) and T-cell intracellular antigen-1 (TIA-1)-related protein (TIAR) proteins in stable
ODC-intestinal epithelial cells (ODC-IECs). IEC-6 cells were infected with either the retroviral vector containing the sequence encoding mouse ODC
cDNA or control retroviral vector. The clones resistant to the selection medium were isolated and screened for ODC expression. Whole cell lysates and
cytoplasmic proteins were prepared for Western immunoblotting analysis. Twenty micrograms of total or cytoplasmic proteins were applied to each lane,
and immunoblots were hybridized with the antibody specific for eIF3b or TIAR. After the blot was stripped, actin immunoblotting was performed as an
internal control for equal loading. B: cellular distribution of eIF3b and TIAR as measured by immunofluorescence staining assays in stable ODC-IECs:
cells infected with control vector (a) and clones (C) of cells infected with ODC expression vector (b and ¢). Cells were permeabilized and incubated with
the anti-eIF3b or -TIAR antibody and then with anti-IgG conjugated with Alexa Fluor. eIF3b was shown as red, whereas TIAR was shown as green.
Original magnification, X250. C: changes in arsenite-induced assembly of SGs in cells described in B. After stable ODC-IECs were treated with 0.5 mM
arsenite for 45 min, the formation of SGs was examined by staining eIF3b and TIAR. D: quantification of the percentage of cells containing stress granules
(bottom) and the numbers of stress granules per cell (fop) in cells described in C. Values are means = SE of data from 6 samples. *P < 0.05 compared
with the vector alone.
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before an application of sodium arsenite (Fig. 1B), but treat-
ment with sodium arsenite at the concentration of 0.5 mM for
45 min induced the formation of SGs, as illustrated by the
aggregation of the SG markers, elF3b and TIAR (Fig. 1C).
However, stable ODC-IECs exhibited a significant reduction in
arsenite-induced SGs compared with control populations of
IEC-6 cells (Fig. 1, C and D). The effect of increasing cellular
polyamines by ODC overexpression on arsenite-induced as-
sembly of SGs were not simply due to clonal variation, since
two stable clones, ODC-IEC-C1 and ODC-IEC-C2, showed
identical responses. These results indicate that increasing cel-
lular polyamines not only decreases the cytoplasmic accumu-
lation of elF3b and TIAR proteins but also represses stress-
induced SG assembly.
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To examine changes in the assembly of SGs in the absence
of cellular polyamines, DFMO (a specific inhibitor of ODC)
was used to deplete cellular polyamines in this study. Exposure
of IEC-6 cells to 5 mM DFMO for 6 days completely inhibited
ODC enzyme activity and almost totally depleted cellular
polyamines. The levels of putrescine and spermidine were
undetectable on day 6 after treatment with DFMO, and sperm-
ine was decreased by ~60%. Interestingly, polyamine deple-
tion by DFMO increased total and cytoplasmic elF3b levels
and induced cytoplasmic TIAR abundance (Fig. 2A, right),
although it failed to alter whole cell TIAR protein (Fig. 2A,
left). Putrescine (10 wM) given together with DFMO prevented
the increase in levels of total and cytoplasmic elF3b and
cytoplasmic TIAR; the addition of spermidine (5 wM) had an
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Fig. 2. Polyamine depletion enhances the assembly of SGs. A: levels of total and cytoplasmic elF3b and TIAR proteins in control IEC-6 cells and cells treated
with a-difluoromethylornithine (DFMO; 5 mM) alone or DFMO plus putrescine (Put, 10 uM) for 6 days. B: cellular distribution of eIF3b and TIAR: control
(a), DFMO (b), and DFMO plus Put treatment (c). eIF3b was shown as red, whereas TIAR was shown as green. Original magnification, X250. C: changes in
arsenite-induced assembly of stress granules in cells described in B. Cells were treated with 0.5 mM arsenite for 45 min to induce SG formation before fixation
and staining for eIF3b and TIAR. D: quantification of the percentage of cells containing SGs and the numbers of SGs per cell in cells described in C. Values
are means = SE of data from 6 samples. *P < 0.05 compared with controls and cells treated with DFMO plus Put.
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effect equal to putrescine on elF3b content and TIAR subcel-
lular reorganization when it was added to cultures containing
DFMO (data not shown). We also examined changes in the
levels of elF3b and TIAR proteins in stable ODC-IECs after
exposure to DFMO. Consistent with the findings observed in
parental IEC-6 cells, both total and cytoplasmic eIF3b levels
and cytoplasmic TIAR content significantly increased after
treatment with DFMO, but there were no changes in whole cell
TIAR protein in DFMO-treated ODC-IECs (data not shown).
Decreasing cellular polyamines alone did not directly induce
SG formation without treatment with arsenite (Fig. 2B) or
serum starvation (data not shown). However, the depletion of
cellular polyamines enhanced the assembly of SGs when poly-
amine-deficient cells were exposed to arsenite as indicated by
increases in percentage of cells containing SGs and numbers of
SGs per cell (Fig. 2, C and D). The combined treatment with
putrescine and DFMO prevented the induction in arsenite-
induced SG assembly in polyamine-deficient cells, rendering
the imaging patterns of SGs and the percentage of cells
containing SGs similar to those observed in control cells
exposed to the same dose of arsenite. These results indicate
that decreasing cellular polyamines increase the assembly of
SGs in response to oxidative stress.

Induced SGs protect IECs against apoptosis. To define the
biological consequences of inducing SGs in IECs, we exam-
ined its possible implication in regulating apoptosis. Induced
formation of SGs by arsenite failed to directly induce apoptosis
without any challenge of apoptotic stimulators (Fig. 3A, a and
b, left, and B). There were no apparent differences in cell
viability in arsenite-treated cells compared with the control
cells as measured by Trypan blue staining assay. Neither

a. Control

Fig. 3. Effect of arsenite-induced SG formation on the
susceptibility of IECs to apoptosis induced by TNFa in
combination with cycloheximide (CHX). A: images of
apoptotic cell death and ApoAlert annexin-V staining
after treatment with TNFa/CHX for 4 h: control (a) and
cells pretreated with arsenite for 45 min to induce SG

No-TNFa/CHX
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morphological features of apoptosis nor detectable levels of
active caspase-3 (Fig. 3C) were obtained in cells after exposure
to arsenite alone. We further determined whether arsenite-
induced SGs altered the susceptibility of IECs to apoptosis
induced by exposure to TNF-o/CHX. This apoptotic model
was used in this study because TNF-a/CHX-induced apoptosis
is widely accepted as a form of programmed cell death induced
by a biological apoptotic inducer (8, 43). When control cells
were exposed to TNF-a/CHX for 4 h, morphological features
characteristic of apoptosis were observed (Fig. 3A,a, right, and
B); annexin V staining also showed significant phosphatidyl-
serine presence in the cell membrane, a classic indicator of
apoptotic cells (Fig. 3A,a, bottom). These morphological as-
sessments of apoptosis were confirmed by changes in active
caspase-3 (Fig. 3C). Importantly, when cells were pretreated
with arsenite to induce SGs, they exhibited a strong tolerance
to TNF-a/CHX-induced apoptosis. Exposure of arsenite-
treated cells to the same doses of TNF-o/CHX caused no
apoptosis (Fig. 3A,b, right, and C). These results suggest that
induced SGs by exposure to oxidative stress protect IECs
against apoptosis.

To determine whether inhibiting SG formation alters the
susceptibility to apoptosis, the expression of SG-resident pro-
teins, Sortl and TIA-1, was silenced by transfection with
siRNAs targeting the Sortl (siSortl) or TIA-1 (siTIA-1)
mRNA coding region. As shown in Fig. 4A, transfection with
siSort] and siTIA-1 for 48 h specifically decreased the levels of
Sortl and TIA-1 proteins, respectively, but they did not affect
the expression of other proteins such as elF3b, TIAR, and
human antigen R (HuR). Silencing either Sortl or TIA-1 alone
and silencing both Sortl and TIA-1 also inhibited the forma-

b. Arsenite

No-TNFa/CHX

TNFa/CHX

formation (b). Original magnification, X150. B: per-
centage of apoptotic cells as described in A. Values are
means * SE of data from 6 samples. *P < 0.05
compared with No-TNFa/CHX. C: representative B
Western immunoblots of procaspase-3 and caspase-3 in
cells described in A. Whole cell lysates were harvested
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d. siTIA1 e. siSortl+siTIA1

elF3b

Fig. 4. Effect of silencing Sortl and TIA-1 on arsenite-induced assembly of SGs. A: representative immunoblots of TIA-1, Sortl, eIF3b, TIAR, and human
antigen R (HuR) in TIA-I-silenced or Sortl-silenced IECs. Cells were transfected with a specific TIA-1-directed small interfering (si)RNA (siTIA-1),
Sortl-directed siRNA (siSortl), or control siRNA (C-siRNA), and the levels of various proteins were measured 48 h after the transfection. B: changes in
arsenite-induced assembly of SGs after Sortl or TIA-1 silencing: control (a), cells transfected with C-siRNA (b), cells transfected with siSortl (c), cells
transfected with siTIA-1 (d), and cells cotransfected with both siSortl and siTIA-1 (e). Forty-eight hours after transfection, cells were treated with arsenite for

45 min; the formation of SGs was examined by staining elF3b and TIAR.

tion of SGs when cells were exposed to arsenite (Fig. 4B). In
Sortl- or TIA-1-silenced populations of cells, arsenite-induced
SGs were moderately decreased, but they were completely
prevented when the expression of both Sortl and TIA-1 was
silenced (Fig. 4B,e). Furthermore, inhibition of SG formation
by silencing Sortl and TIA-1 also reduced the protection of
arsenite against TNF-o/CHX-induced apoptosis (Fig. 5). In
normal cells transfected with control siRNA (C-siRNA), pre-
treatment with arsenite totally prevented TNF-a/CHX-induced
apoptosis. There were no differences in morphological features
and percentage of apoptotic cells between cells treated with
arsenite alone and arsenite-treated cells exposed to TNF-o/
CHX. However, the arsenite-induced resistance to TNF-o/
CHX-induced apoptosis was decreased in Sortl- and TIA-1-
silenced cells. Consistently, silencing Sortl or TIA-1 alone just
partially prevented arsenite-induced protection, whereas si-
lencing both Sortl and TIA-1 dramatically decreased this
resistance to apoptosis (Fig. 5A,e and B). These results show
that the inhibition of SG formation increases the susceptibility
of IECs to apoptosis.

Changes in apoptotic response in polyamine-deficient cells
after silencing Sortl and TIA-1. As reported in our previous
studies (38, 40, 43) and others (33), polyamines regulate
apoptosis through multiple signaling pathways and that deple-
tion of cellular polyamines by inhibiting ODC activity with
DFMO induces the resistance to TNF-a/CHX-induced apopto-
sis in IECs. Here we determined whether inhibition of SG
formation by silencing Sortl and TIA-1 altered the polyamine
depletion-mediated resistance to apoptosis. Consistent with our
earlier findings (38, 40, 43), exposure of polyamine-deficient

cells to the same doses of TNF-o/CHX failed to induce
apoptosis; there were no differences in the percentages of
apoptotic cells when comparing cells treated with DFMO alone
and DFMO-treated cells exposed to TNF-o/CHX for 4 h (data
not shown). This increased protection against TNF-o/CHX-
induced apoptosis was not altered when polyamine-deficient
cells were transfected with C-siRNA (Fig. 6A,b), but this
resistance to TNF-o/CHX-induced apoptosis decreased signif-
icantly when either Sortl or TIA-1 expression was silenced
(Fig. 6A, ¢ and d, and B), and it was almost totally lost when
expression of both Sortl and TIA-1 was inhibited (Fig. 6A,e
and B). These results indicate that the elevation in SG assembly
contributes to the increased resistance to apoptosis after poly-
amine depletion.

DISCUSSION

Polyamines are implicated in many aspects of cellular
physiology, but the exact roles of polyamines at cellular and
molecular levels are not well understood. Recent studies
indicate that polyamines potently modulate the stability and
translation of several mRNAs (24, 38, 39, 44, 46), except
their well-defined roles in the control of gene transcription
(10, 28). Cytoplasmic SGs rapidly appear in cells subjected
to environmental stress and have emerged as important
players in the posttranscriptional regulation of gene expres-
sion (1, 2, 4, 34), but little is known about the role of
cellular polyamines in the regulation of SG assembly. In the
present study, we identified a novel function of polyamines
in the SG assembly in normal IECs and show that increasing
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Fig. 5. Effect of inhibition of SG formation by silencing Sortl and TIA-1 on
apoptotic sensitivity in normal IECs. A: images of apoptotic cell death after
treatment with and without TNFa/CHX for 4 h. After cells were transfected
with C-siRNA, siSortl, or siTIA-1 for 48 h, they were treated with arsenite for
45 min before exposure to TNFa/CHX: cells transfected with C-siRNA (a),
cells transfected with C-siRNA and then exposed to arsenite (b), cells trans-
fected with siSortl and treated with arsenite (c), cells transfected with siTIA-1
and treated with arsenite (d), and cells cotransfected with siSortl and TIA-1
and treated with arsenite (¢). Original magnification, X150. B: percentage of
apoptotic cells as described in A. Values are means = SE of data from 6
samples. *,+P < 0.05 compared with No-TNFa/CHX and cells that were
transfected with C-siRNA and then treated with TNFa/CHX, respectively.
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the levels of cellular polyamines by ectopic ODC overex-
pression represses the formation of SGs in response to
arsenite-induced oxidative stress, whereas a depletion of
cellular polyamines by inhibiting ODC activity with DFMO
enhances SG assembly, thus advancing our understanding of
the biological functions of polyamines. Experiments aimed
at investigating the functional consequences of inducing
SGs further suggest that the induction in SGs protects IECs
against apoptosis and that polyamine depletion-induced in-
crease in SG assembly contributes to the resistance of IECs
to TNF-a/CHX-induced cell death.

Our results indicate that increasing the levels of cellular
polyamines by ODC overexpression decreased the cytoplas-
mic abundance of elF3b and TIAR, whereas depletion of
cellular polyamines by inhibiting ODC increased cytoplas-
mic elF3b and TIAR levels; neither intervention directly
induced formation of SGs without challenge with arsenite.
However, stable ODC-IECs exhibited a significant reduction
in the assembly of SGs when they were exposed to arsenite,
whereas DFMO-treated cells displayed an increase in arsen-
ite-induced SGs. The specificity of these effects in DFMO-
treated cells was demonstrated by the addition of exogenous
putrescine, because it not only completely restored elF3b
levels and TIAR subcellular distribution to normal but also
totally prevented the increase in arsenite-induced SG for-
mation. Recently, Li et al. (18) examined the involvement of
polyamines’ pathway in the assembly of SGs in tumor cells
and found that ODC knockdown by transfection with siRNA
targeting ODC mRNA (siODC) inhibits the assembly of
arsenite-induced SGs in U20S and RDG3 (U20S cells stably
transfected with GFP-G3BP and RFP-DCPla) cells. Al-
though the exact reason for causing the difference in arsen-
ite-induced SG assembly between IEC-6 cells and U20S
cells after polyamine depletion remains unknown, it could
be relevant to the following facts: /) IEC-6 cells represent
normal IECs that are nontumorigenic and retain the charac-
ter of epithelial crypt cells; 2) U20S cells are derived from
human osteosarcoma; and 3) basal levels of cellular poly-
amines between IEC-6 and U20S cells could be significantly
different, since polyamine biosynthesis and content in tumor
cells are much higher than those observed in normal epithe-
lial cells in general (9, 13, 36). In support to this possibility,
our ongoing studies show that a depletion of cellular poly-
amines by DFMO reduced arsenite-induced SG formation in
human colon carcinoma cells (Caco-2 line) (data not pub-
lished).

The results reported here also show that induced SGs in
response to oxidative stress regulate IEC apoptosis, thus play-
ing a role in the control of intestinal epithelial homeostasis.
The epithelium of the intestinal mucosa has the most rapid
turnover rate of any tissue in the body, and its integrity depends
on a dynamic balance of cell proliferation, growth arrest, and
apoptosis (23, 33). Apoptosis occurs in the crypt area, where it
maintains the critical balance in cell number between newly
divided and surviving cells, and at the luminal surface of the
colon and villous tips in the small intestine, where differenti-
ated cells are lost (30). It is now well established that IEC
apoptosis in the crypt area and the luminal surface of the
intestine is tightly regulated by distinct cellular pathways and
that an imbalance between epithelial cell survival and apopto-
sis alters mucosal homeostasis and has significant pathological
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consequences (30, 33). Our current results show that IEC-6
cells pretreated with arsenite to induce SGs exhibited a strong
resistance to TNF-a/CHX-induced apoptosis, and this protec-
tive effect was completely prevented by inhibiting SG forma-
tion through Sortl and TIA-1 silencing. Consistent with our
findings, induced SG formation following ischemia or cellular
hypoxia is also shown to inhibit apoptosis by suppressing
stress-responsive MAPK pathways in COS-7 cells and HEK-
293 cells (7).
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The induced assembly of SGs also plays an important role
in the process of increased resistance of IECs to apoptosis
after polyamine depletion. Polyamines are implicated in the
regulation of apoptosis in different cell types, and their
regulatory effects depend on the cell type and death stimuli
(33). Our previous studies (20, 36, 40, 43) and others (33,
42) have demonstrated that increased levels of cellular
polyamines enhance the susceptibility of IECs to apoptosis,
whereas polyamine depletion promotes the resistance of
IECs to apoptosis. Polyamines modulate apoptosis in IECs
through multiple signaling pathways in the intestinal mu-
cosa. For example, polyamines are shown to downregulate
NF-kB activity in IECs, and the depletion of cellular poly-
amines increases NF-kB nuclear translocation and activates
NF-kB/inhibitor of apoptosis protein signaling pathway,
leading to the inhibition of apoptosis in polyamine-deficient
cells (20, 29). Polyamines also are needed for the inhibition
of Akt, MEK-1, JNK, and ATF2 signals, as polyamine
depletion induces the kinase activities of Akt, MEK-1, and
JNK (33, 38, 43) and increases ATF2 transcriptional activity
(40). The data presented in Fig. 6 further show that in-
creased SG assembly following polyamine depletion con-
tributes to the increased resistance to TNF-a/CHX-induced
apoptosis, since this tolerance in polyamine-deficient cells
was significantly blocked by inhibiting SG formation
through silencing Sortl and TIA-1.

In summary, these results indicate that polyamines are
implicated in the regulation of SG assembly in intestinal
undifferentiated crypt cells. Increasing the levels of cellular
polyamines decreases cytoplasmic abundance of SG resi-
dent proteins elF3b and TIAR and represses SG assembly
after exposure to the oxidative stress. On the other hand,
polyamine depletion increases the levels of cytoplasmic
elF3b and TIAR and enhances SG formation. Our study
further reveals that the rapid formation of SGs in response to
oxidative stress regulates apoptosis in IECs. Increased SG
formation by pretreatment with arsenite protects IECs
against apoptosis, but the inhibition of SG assembly by
silencing Sortl and TIA-1 increases the susceptibility to
apoptotic cell death. In addition, polyamine depletion in-
duces the resistance of IECs to TNF-a/CHX-induced apo-
ptosis at least partially by increasing the formation of SGs.
These findings suggest that SG assembly is critical for cell
survival in the intestinal mucosa in vivo in response to stress
environment and plays an important role in the maintenance
of intestinal epithelial integrity under physiological and
pathological conditions.

Fig. 6. Effect of inhibition of SG formation on apoptotic sensitivity in
polyamine-deficient IECs. A: images of apoptotic cell death after treatment
with and without TNFa/CHX for 4 h. Cells were treated with DFMO for 4
days and then transfected with C-siRNA, siSortl, or siTIA-1 for 48 h in the
presence of DFMO. After cells were treated with arsenite for 45 min, they were
exposed to TNFa/CHX for 4 h: control cells transfected with C-siRNA (a),
DFMO-treated cells transfected with C-siRNA and then exposed to arsenite
(b), DEMO-treated cells transfected with siSortl and treated with arsenite (c),
DFMO-treated cells transfected with siTIA-1 and treated with arsenite (d), and
DFMO-treated cells cotransfected with siSortl and TIA-1 and treated with
arsenite (e). Original magnification, X 150. B: percentage of apoptotic cells as
described in A. Values are means * SE of data from 6 samples. *,+P < 0.05
compared with No-TNFa/CHX and DFMO-treated cells transfected with
C-siRNA and then treated with TNFo/CHX, respectively.
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