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Abstract

Treatment with sigmal receptor (Sigmal) ligands can inhibit cell proliferation in vitro and tumor
growth in vivo. However, the cellular pathways engaged in response to Sigmal ligand treatment
that contribute to these outcomes remain largely undefined. Here, we show that treatment with
putative antagonists of Sigmal decreases cell mass. This effect corresponds with repressed cap-
dependent translation initiation in multiple breast and prostate cancer cell lines. Sigmal antagonist
treatment suppresses phosphorylation of translational regulator proteins p70S6K, S6, and 4E-BP1.
RNAi-mediated knockdown of Sigmal also results in translational repression, consistent with the
effects of antagonist treatment. Sigmal antagonist mediated translational repression and decreased
cell size are both reversible. Together, these data reveal a role for Sigmal in tumor cell protein
synthesis, and demonstrate that small molecule Sigmal ligands can be used as modulators of
protein translation.
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Introduction

The sigmal receptor (Sigmal) is a unique 26-kilodalton integral membrane protein
[1,2,3,4,5] that has been detected in the endoplasmic reticulum (ER), mitochondrion, nuclear
membrane, and plasma membrane of various cell types in a range of tissue [1,5,6,7]. Initially
thought to be an opioid receptor [8], Sigmal is now considered a distinct protein unrelated
to any traditional receptor [9]. Indeed, emerging evidence suggests that Sigmal may
function as a molecular chaperone [7]. A range of structurally diverse small molecule
compounds binds Sigmal with high affinity [10]. Many of these Sigmal ligands have been
categorized as antagonists and agonists based primarily on behavioral pharmacology assays
[10]. However, at the cellular level, the signaling actions of Sigmal antagonists versus
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agonists have not been clearly defined. Sigmal is highly expressed in various tumor cell
types, including breast and prostate tumor cell lines [11,12,13]. However, the role of Sigmal
in tumor cell biology remains unclear. Interestingly, some Sigmal putative antagonists, but
not putative agonists, inhibit tumor cell proliferation in vitro and inhibit tumor growth in
mouse tumor xenograft experiments. Protracted antagonist treatment can lead to apoptotic
cell death [13,14,15]. However, the intracellular signaling pathways activated in response to
Sigmal antagonist treatment, prior to apoptosis, remain largely unmapped.

The increased demand for protein synthesis associated with proliferation, growth (i.e., cell
biomass), and survival render tumor cells particularly dependent on translation initiation
[16,17,18,19]. In many cancers, tumorigenesis and tumor progression are driven by
mutations in the growth control apparatus that produce aberrant levels or activity of factors
involved in the highly regulated process of translation initiation, making components of this
process attractive targets for chemotherapy [16,17,18,19].

While evaluating the cell growth inhibiting properties of Sigmal ligands, we observed that
treatment of several tumor cell lines with some Sigmal ligands visibly diminished cell size.
Based on these observations, we investigated whether translational repression through the
inhibition of translation initiation contributes to the modulation of cell size in response to
treatment with Sigmal ligands.

Materials and Methods

Chemicals and cell lines

Sigmal ligands IPAG (1-(4-lodophenyl)-3-(2-adamantyl)guanidine), haloperidol, PRE084
(2-(4-Morpholinethyl) 1-phenylcyclohexanecarboxylate hydrochloride), and (+)SKF-10047
([2S-(2a,6a,11R*]-1,2,3,4,5,6-hexahydro-6,11-dimethyl-3- (2-propenyl)-2,6-methano-3-
benzazocin-8-ol hydrochloride), were purchased from Tocris. All chemical compounds were
dissolved in DMSO (dimethyl sulfoxide).

All cell lines were obtained from ATCC. LNCaP cells were maintained in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (CellGro). All
other cell lines were maintained in a 1:1 mixture of DMEM:F-12 with 4.5g/liter glucose,
10% FBS and penicillin/streptomycin.

Immunoblots and antibodies

Cells were seeded approximately 24 hours prior to the start of drug treatment in most assays.
Treated cells were lysed and proteins extracted in a modified RIPA buffer (25 mM Tris-HCI
pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS) supplemented
with 10% glycerol (volume/volume), Complete protease inhibitor cocktail (Roche), and Halt
phosphatase inhibitor cocktail (Pierce). Approximately 10-20p.g of detergent soluble protein
were resolved on NOVEX 10% or 10-20% polyacrylamide Tris-glycine gels (Invitrogen)
and subsequently immunoblotted onto PVDF membrane. Immunoblots were performed in a
20 mM Tris-buffered 137 mM saline solution (pH 7.6) containing 0.1% Tween-20
(polyoxyethylene (20) sorbitan monolaurate) and 5% (weight/volume) blotting grade non-fat
dry milk (Bio Rad). All washes were performed in the same buffer without the milk. The
anti-phospho-threonine 389-p70S6K, anti-phospho-serine 235/236-ribosomal S6, anti-
phospho-serine 65-4E-BP1, anti-4E-BP1, and anti-elFAE antibodies were all purchased from
Cell Signaling Technology. The mouse anti-p-actin antibody was purchased from Santa
Cruz Biotechnology. The rabbit polyclonal Sigmal antibody against a peptide corresponding
to murine Sigmal residues 137-159 (KEGTTKSEVFYPGETVVHGPGEA) was generated
in our laboratory in collaboration with the Memorial Sloan-Kettering Monoclonal Antibody
Core Facility. The Lumigen PS-3 enhanced chemiluminescence kit (GE Healthcare) or
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Illumina enhanced chemiluminescence kit (Millipore) was used to reveal immunoblotted
proteins.

Cap binding assay

To evaluate changes in cap-dependent translation initiation we performed a pull-down assay
using m’GTP-sepharose beads (GE Healthcare) that mimic 5° mRNA cap and thus can be
used to isolate 5* cap bound protein complexes [20]. Following 24 hour treatment with
Sigmal ligands, we collected and lysed treated cells in the modified RIPA buffer described
above, and incubated the detergent soluble fraction for 3 hours with pre-washed m’GTP-
sepharose beads (GE Healthcare) at 4°C with constant rotation, washed 3 times with the
same modified RIPA buffer, and bound proteins were eluted from the beads by heating 5
minutes at 95°C.

Cell size determinations and flow cytometry based cell size assays

Cell size was quantified by flow cytometry using a Becton Dickinson FACS Calibur flow
cytometer with Cell Quest software. Forward scatter height (FSC-H) was used as an
indicator of cell size as described [21,22]. For cell size experiments, cells were seeded onto
10 cm tissue culture plates at 108 cells/plate and treated 24 hours later with 10M Sigmal
ligand. Cells were harvested for flow cytometry at the indicated times. To harvest cells,
plates were washed once with PBS without magnesium and calcium, and then incubated at
room temperature for 5 min in 3 mL of PBS/EDTA (2.5 mM), and gently detached from the
plates, transferred to 15 mL conical tubes. The cell pellets were washed once in PBS
containing 1% FBS, and resuspended in 0.5 mL of PBS, and fixed by adding 5 mL of 88%
ethanol (80% final) dropwise, while gently vortexing. Prior to flow cytometry, the fixed
cells were washed once with PBS/1% FBS, and then incubated at 37°C for 30 min in
propidium iodide/RNase A solution (10 pg/mL propidium iodide in 0.76 mM sodium citrate
at pH 7.0; 250 pg/mL RNase A in 10 mM Tris-HCI, 15 mM NaCl at pH 7.5) diluted into
PBS/1% FBS. The mean forward scatter height (FSC-H) of the G1-phase population was
determined as a measure of relative cell size. Single cells were gated away from aggregated
cells using an FL2-width versus FL-2 area dot plot. Mean FSC-H + S.E. was calculated from
at least 4 independent determinations. For each FSC-H determination, FACS analysis was
performed on 10,000 single cells.

siRNA mediated knockdown of Sigmal

For most cell lines, 10 nmoles of human Sigmal siRNA (Santa Cruz Biotechnology) per
100,000 cells was transfected with INTERFERIn transfection reagent (PolyPlus), and 48
hours later, cells were reseeded, allowed to attach and recover for 16 hours and transfected
again. Twenty-four hours following the second transfection of Sigmal siRNA, cells were
treated with Sigmal ligand for 16 hours. Transfection of Control-A siRNA (Santa Cruz
Biotechnology) was performed in parallel, using the conditions described above.

Statistical analysis

Statistical significance was determined by one-way ANOVA followed by Bonferroni's post-
test using Prism software (GraphPad).

Results

Treatment with Sigmal putative antagonists diminishes cell mass

While evaluating the anti-proliferative and cytotoxic properties of Sigmal ligands, we
consistently observed that cells treated with Sigmal putative antagonists appeared smaller
than control or Sigmal putative agonist-treated cells. We observed this effect with several
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cell lines that natively express Sigmal, including T47D, MCF7, and MDA-MB-468 breast
adenocarcinoma cells (data shown for T47D in Fig. 1). To quantify apparent differences in
cell size, we performed a widely used flow cytometry based assay that measures the forward
scatter height (FSC-H) of cells as an indicator of size [21,22]. T47D cells were treated for 24
hours with 10 uM IPAG (Sigmal putative antagonist) or 10 .M PREO084 (Sigmal putative
agonist), and subsequently analyzed by flow cytometry. The mean FSC-H of DMSO
(control) and PREO084 treated T47D cells measured 412 £ 5 and 412 + 2, respectively,
whereas the mean FSC-H of IPAG treated cells was 390 + 4 (Fig. 1B). Diminished cell size
corresponded with diminished cell protein content. Protein content, measured as micrograms
(Lg) of protein per 106 cells (counted and isolated following treatment and immediately
prior to protein extraction), of DMSO (control) and PRE084 treated T47D cells measured
135 + 10 and 154 + 22, respectively, whereas IPAG treatment produced a mean of 100 + 8
g per 10 cells (Fig. 1C). These data suggested that decreased cell size correlates with
decreased cell mass.

Finally, we evaluated the cell size modulating activity of another Sigmal antagonist and
agonist. We observed a consistent decrease in cell size when T47D cells were treated with
antagonist (haloperidol), but not agonist ((+)SKF-10047) (Fig. 1D).

Treatment with Sigmal putative antagonists inhibits initiation of cap-dependent

translation

To determine whether translational repression contributes to Sigmal antagonist treatment-
associated decrease in cell mass, we first evaluated protein synthesis by [3°S] metabolic
labeling (Fig. 2A). Subsequent to 24 hour treatment with putative antagonists (IPAG,
haloperidol) we observed a salient decrease in protein synthesis indicated by the amount of
[35S] methionine and cysteine incorporated during the 1 hour [3°S] pulse-label period,
whereas treatment with putative agonists (PRE084, (+)SKF-10047) produced no detectable
change compared to control (DMSO) (Fig. 2A). We confirmed Sigmal antagonist-mediated
translational repression by immunoblots demonstrating decreased levels of phospho-
threonine 389-p70S6Kinase (P-S6K), phospho-serine 235/236-ribosomal S6 (P-S6), and
phospho-serine 65-4E-BP1 (P-4E-BP1) (Fig. 2B). Inhibited phosphorylation of these
downstream targets of AKT signaling is consistent with suppression of cap-dependent
translation [16,17]. To confirm that cap-dependent translation is suppressed by antagonists,
we performed a 5’-cap-binding assay. Dephosphorylation of 4E-BP1 allows it to bind to the
elF4E-mRNA cap complex, which prevents cap-dependent translation [20]. Following
treatment with IPAG and haloperidol, the steady-state levels of elF4E did not change,
however, we observed a salient increase in 4E-BP1 bound to elF4E by m’GTP-sepharose
pull-down assay (Fig. 2C). Together, these data demonstrate that the same treatment
conditions that diminish cell size correspond with inhibition of translation initiation.

We observed IPAG mediated translational repression in several cancer cell lines (Fig. 2D).
Interestingly, IPAG mediated translational repression did not appear to be influenced by
PTEN status, as PTEN null and mutant (MDA468, LNCaP, PC3) cell lines were as
responsive to Sigmal antagonist mediated decrease in phospho-S6K, phospho-S6, and
phospho-4E-BP1 levels as wild-type PTEN expressing P/IK3CA mutant (T47D, MCF7) cell
lines (Fig. 2).

Sigmal siRNA knockdown appears to mimic antagonist treatment (Fig. 3A), as SiRNA
mediated knockdown of Sigmal (~70% knockdown) resulted in decreased levels of
phospho-p70S6 kinase and phospho-S6, phospho-4E-BP1 (Fig. 3A). We were unable to
recover viable cells in which Sigmal knockdown was greater than 80%, suggesting that a
certain minimal amount of Sigmal may be necessary for tumor cell survival.
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Antagonist treatment of cells in which Sigmal had been knocked down resulted in nearly
complete suppression of both phospho-S6 and phospho-4E-BP1 levels (Fig. 3B). This
outcome was consistent in three independent determinations. It is possible that IPAG may
act on a subpopulation of Sigmal in the cell, and when Sigmal is knocked down to minimal
levels the remaining available Sigmal are suppressed by antagonist. Consistent with this
notion, treatment with antagonist does not alter Sigmal steady-state protein levels in control
or siRNA-transfected cells (Fig. 3B), suggesting that IPAG mediates its translational
repressor actions by altering the activity of available Sigmal and not by altering Sigmal
protein levels. However, the number of available Sigmal may influence cellular protein
translation capacity.

Sigmal putative antagonist-mediated decrease in cell size and translational repression is

reversible

One question that may provide important information regarding the potential therapeutic use
of these compounds is whether or not the effects of the Sigmal antagonist are reversible.
That is, if the Sigmal antagonist is withdrawn, would translation return to control conditions
or would the treated cells continue to progress irrevocably toward cell death. We examined
this by treating cells for 24 hours and examining the status of cell size and translation arrest
markers following removal of the antagonist (Fig. 4). We refer to the post-drug removal
period as recovery time.

Following 24 hours of treatment with 10pM IPAG, we removed the drug-containing cell
culture medium and washed the treated cells twice with drug-free cell culture medium. Cells
were subsequently cultured in drug-free medium and collected at the indicated times
following medium replacement. After 24 hours, the mean FSC-H of IPAG treated T47D G1
cell cycle population decreased from 390 + 3 to 355 £ 5 (P < 0.01) (Fig. 4B). Continued
treatment with 10p.M IPAG decreased the mean FSC-H to 327 + 1 by 48 hours, and to 308 +
3 by 72 hours of treatment (Fig. 4B). In contrast, the size of DMSO (vehicle control) treated
T47D cells did not change significantly up to 72 hours of treatment with mean G1
population FCS-H of 392 + 2, 389 + 2, and 377 £ 10 after 24, 48, and 72 hours of treatment,
respectively (Fig. 4B). This slight decrease in size by 72 hours also occurred with non-
treated cells, suggesting an intrinsic decrease in T47D cell mass following extended periods
of attachment or as a result of increased monolayer confluency and contact mediated growth
inhibition. However, by removing IPAG from the cell culture medium after 24 hours of
treatment, we observed a return toward control cell size, with mean FSC-H of 375 + 3, 369
+ 2, and 366 * 3 at the 24, 48, and 72 hour recovery time points, respectively (Fig. 4B).

During this time-course, no significant cell death was detected by up to 48 hours of
continuous treatment with IPAG (Fig. 4B). Cell death was clearly detectable with 32 + 3 %
death by 72 hours of continuous treatment and 63 + 9 % death by 96 hours of continuous
treatment (Fig. 4B). This suggested that despite the change in cell mass, cell death pathways
had not been engaged by up to 48 hours of treatment. In contrast, cell cultures in which
IPAG was removed after 24 hours resembled DMSO controls, and no significant cell death
was observed throughout the time-course (Fig. 4B). Here, our question was whether Sigmal
antagonist treatment activates irreversible signaling cascades toward cell death. On the
contrary, we find that continuous, protracted antagonist treatment is required to produce cell
death.

This led us to examine whether Sigmal antagonist-induced translational repression would
cause protein synthesis to return to control levels with a similar time-course (Fig. 4C). We
found that protein synthesis markers progressively returned to control levels by 24-t0-48
hours of recovery (Fig. 4C). In contrast, translation markers remained suppressed when
IPAG was not washed-out (Fig. 4D).
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Discussion

The cellular protein synthesis apparatus is a compelling target for therapeutic intervention in
cancer, and considerable effort has been made toward developing agents to inhibit its
components [18,19,23,24,25]. However, redundancies and complex feedback mechanisms
render therapeutic approaches to target growth regulatory pathways susceptible to resistance
[23,24,25]. For example, cross-talk between PI3K-AKT-mTOR and Raf-MEK-ERK
signaling enables mutually compensatory responses to the inhibition of either pathway
individually [23]. The loss of functional PTEN, a key regulator of the PI3K-AKT-mTOR
pathway, results in increased expression and activity of components of the cellular protein
synthesis apparatus required to support increased growth (i.e., increase in biomass) and
proliferation [18,19,23]. Selective inhibition of this signaling pathway can result in
compensatory Raf-MEK-ERK mediated translation initiation by modulating the activity 4E-
BP1 [23]. Recent work demonstrates that these pathways converge on key regulators of
protein translation, including the translational repressor 4E-BP1 [23]. We find that neither
loss of functional PTEN (MDA-MB-468, PC3, LNCaP) nor PIK3CA mutation (T47D,
MCF7) alters IPAG mediated suppression of phospho-4E-BP1 levels, and thus translation
initiation (Fig. 2).

The pharmacological actions of Sigmal ligands have been defined primarily in behavioral
assays to evaluate their actions in the central nervous system [10]. Therefore, the cellular
mechanisms that define Sigmal antagonists and agonists have remained unclear. Our work
reveals that some small molecules with affinity for Sigmal have translational repressor
actions in tumor cell lines. Of the 4 ligands tested, the 2 putative antagonists inhibited
translation and decreased cell size whereas the 2 putative agonists did not alter either
process, under the conditions tested herein. It is unclear how a behaviorally defined putative
antagonist mediates these cellular effects. Structure-activity relationship studies focused on
protein synthesis and processing should provide insight into how small molecules with
affinity for Sigmal may be more appropriately categorized in terms of their mechanisms of
action in tumor cells. It is also noteworthy that the high affinity Sigmal putative agonists,
PRE084 and (+)SKF10047, did not alter antagonist (IPAG) mediated translational
repression (supplementary data). All of the compounds tested here bind to Sigmal with
similarly affinity, however, the precise binding sites for these compounds remain unclear. It
is possible that these putative agonist and antagonists bind to distinct sites on Sigmal.
Another potential explanation is that these compounds bind to different Sigmal populations
within the tumor cells, corresponding to Sigmal in agonist or antagonist conformation.
These essential questions will require further biochemical investigation. Furthermore,
whether translational repression is induced directly by antagonist binding to Sigmal or
whether it is activated downstream of a broader signaling response to Sigmal antagonist
binding remains to be determined. However, our siRNA results demonstrate that these
effects are indeed Sigmal mediated (Fig. 3).

Our data suggest that Sigmal may be a novel component of the protein synthesis and
processing apparatus of tumor cells. We demonstrate translational repressor actions of
Sigmal antagonists and elucidate Sigmal antagonist mediated signaling activity prior to cell
death. A growing number of reports suggest that small molecule compounds targeting
Sigmal may be effective chemotherapeutic agents, however, most have focused on the
cytotoxic properties of these compounds [13,15,26,27]. We demonstrate that Sigmal ligands
may be used as reversible modulators of tumor cell protein synthesis. Thus, our results
demonstrate that Sigmal ligands are not necessarily cytotoxic agents, and may be
considerably more versatile.
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Fig. 1. Sigmal antagonist treatment is associated with diminished cell mass

(A.) Histogram of representative experiment measuring FSC-H of G1 population of T47D
cells treated for 24 hours with DMSO (vehicle control), 10nM IPAG (antagonist), or 10uM
PREOQ84 (agonist). (B.) Cell size data generated from four independent determinations, and
presented as mean FSC-H + S.E. (standard error) of DMSO, 10pM IPAG and 10pM
PREQ84 treated T47D (**£< 0.01). (C.) Cellular protein content was determined by BCA
assay and presented as micrograms (ug) of protein per 10° cells. Data are from four
independent determinations (*P < 0.05). (D.) T47D cells treated for 24 hours with 10nM
antagonist, haloperidol (HPL), or 10,.M agonist, (+)SKF-10047 (SKF). Data are presented
as mean FSC-H + S.E., and are from four independent determinations (**/~ < 0.01).
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Fig. 2. Inhibition of cap-dependent trandlation initiation mediated by Sigmal antagonist

(A.) T47D cells were treated for 24 hours with 10,LM antagonists (IPAG, haloperidol) or
10pM agonists (PRE084, (+)SKF-10047). Subsequently, cells were pulse-labeled for 1 hour
with 100p.Ci/ml [32S] methionine and cysteine. Protein extracts were resolved by SDS-
PAGE, transferred onto nitrocellulose membrane and exposed to autoradiography film. (B.)
Immunoblots of protein extracts from T47D cells treated for 24 hours with 10nM putative
antagonists (IPAG, haloperidol) or putative agonists (PRE084, (+)SKF-10047). Phospho-
threonine 389-p70S6K (P-S6K), phospho-serine 235/236 S6 (P-S6), and phospho-serine
65-4E-BP1 (P-4E-BP1). (C.) Cell lysates were precipitated with m’GTP-sepharose beads
(pull-down) and subsequently immunoblotted with antibodies against 4E-BP1 and elF4E to
evaluate 4E-BP1 binding to the elF4AE-mRNA cap complex. The upper panel (cell lysates)
demonstrates equivalent input into m’GTP-sepharose binding, as well as Sigma1 ligand
mediated changes in 4E-BP1 phosphorylation profile. (D.) Immunoblots of protein extracts
from breast (MDA468, MCF7) and prostate adenocarcinoma (PC3, LNCaP) cells treated for
24 hours with 10nM IPAG.
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Fig. 3. Trandlational repression associated with SsSRNA mediated knockdown of Sigmal

(A.) Approximately 4.5 days post-transfection, translational control markers phospho-
threonine 389-p70S6K (P-S6K), phospho-serine 235/236 S6 (P-S6), and phospho-serine
65-4E-BP1 (P-4E-BP1) were evaluated in immunoblotted T47D protein extracts. (B.)
Following transfection of control or Sigmal siRNA, T47D cells were treated for 24 hours
with 10nM IPAG and the translational control markers, above, were detected by
immunoblot.
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Fig 4. Reversibility of Sigmal antagonist mediated decrease in cell size and translational
repression

T47D cells were treated with 10uM IPAG, and cell culture medium was changed with drug-
free medium after treatment for 24 hours. Cells in “recovery” were treated as follows: cells
were immediately washed with pre-warmed culture medium to remove residual drug
(washed out). Recovery indicates T47D cell cultures in which drug-containing medium was
removed and replaced with drug-free medium after 24 hour treatment with 10nM of IPAG
(antagonist). Cells were collected and analyzed 24, 48, and 72 hours after removal of drug
from cell culture medium FSC-H was measured at the indicated treatment time. (A.) T47D
cells were either continuously treated with 100M of IPAG (antagonist) for 96 hours (open
square, solid line) and compared to DMSO treated cells (closed circle, solid line), or
compared to cells that were treated with 10.M of IPAG (antagonist) for 24 hours and
subsequently allowed to recover following removal of IPAG from cell culture medium
(open triangle, broken line) (n=3, **F<0.01). The FSC-H of cells at the 48 hour recovery
time point are not significantly different compared to control cells that have been treated for
72 hours with DMSO. Error bars are not shown since they are smaller than the size of the
symbols. (B.) Cell death was monitored by Trypan blue exclusion assay following treatment
with 10nM IPAG for the indicated times (n=3, **/<0.01). (C.) Restored protein synthesis
24 and 48 hours following IPAG wash-out. Protein extracted IPAG (10.M) treated T47D
cells and evaluated for cell death in Figure 4B were resolved by SDS-PAGE and
immunoblotted with antibodies against phospho-threonine 389-p70S6K (P-S6K), phospho-
serine 235/236-S6 (P-S6), and phospho-serine 65-4E-BP1 (P-4EBP1). (D.) Suppressed
protein synthesis following 48 hours of continuous treatment with 10uM IPAG.
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