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" The human oncogene SCL/TAL1 interrupting locus (Stil) is highly conserved in vertebrate species.

: Here, we report new findings of Stil in the regulation of toxic susceptibility in mammalian
dopaminergic (DA)-like PC12 cells. RNAi-mediated knockdown of Stil expression did not affect the

. survival of proliferating PC12 cells but caused a significant amount of cell death in differentiated

: neurons after toxic drug treatment. In contrast, overexpression of Stil increased toxic susceptibility

. only in proliferating cells but produced no effect in mature neurons. Exogenetic inactivation or

© activation of the Sonic hedgehog (Shh) signaling transduction mimicked the effect of Stil knockdown
. or overexpression in regulation of PC12 cell toxic susceptibility, suggesting that Stil exerts its role

. through the Shh pathway. Together, the data provide evidence for novel functions of the human

. oncogene Stil in neural toxic susceptibility.

. STIL is a ubiquitous-expressed protein in many different cell types and it contains a STAN motif that is
- similar to the C-terminus of TGF-3'7. STIL is highly conserved in vertebrate species where it functions
. as a cell-cycle checkpoint protein that regulates the G2/M transition for mitotic entry and spindle pole
* organization*”. In mice, deletion of Stil loci results in abnormal development of body axes, and the
. animals die during late embryonic stages®. Previous studies have demonstrated that STIL functions in
* the Shh pathway, i.e., STIL binds cytoplasmic SUFU protein, which frees GLI1 from SUFU repression
. for translocation to the nucleus and for target gene transcription®'’. In vivo studies using the zebrafish
© mutants (csp™S, which is a homolog of Stil) indicated that STIL is required for spindle pole organization
. during cell proliferation'!. In human cancer cells, STIL localizes to the pericentriolar region in centro-
© somes during metaphase. This is essential for its additional roles in spindle pole positioning as well as
: centriole formation and duplication'*!4.

: Recent studies have shown that Stil also plays important roles in nerve system development and
© survival. In zebrafish mutants (e.g., nbb%"), for example, down-regulation of Stil expression interrupted
. cell proliferation and caused dopaminergic (DA) amacrine cell degeneration'>'s. However, such defects
© can be rescued by up-regulating Shh signaling transduction (e.g., inhibition of SUFU expression)'”!%.
. In mammalian DA-like PC12 cells, the expression of Stil is required for cell proliferation. For example,
. shRNA-mediated knockdown of Stil expression decreased the rate of cell proliferation, whereas overex-
: pression of Stil mRNA increased PC12 cell proliferation'®. Considering the conserved expression of Stil
. in different species and cell types, the role of Stil in cell proliferation and neural degeneration, and the
* function of Shh signaling in regulation of drug sensitivity, it is conceivable to hypothesize that Stil plays
. arole in the regulation of DA cell toxic susceptibility.

: In this study, we investigate the role of STIL expression in PC12 cells in response to assaults by neu-
: rotoxins. We demonstrate that the effects of Stil on PC12 cell survival and apoptosis are mediated by Shh
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Figure 1. Effects of Stil expression on PC12 cell’s toxic susceptibility. (A) In proliferating PC12 cells,
both the control and Stil-knockdown cells showed dose-dependent decreases in cell survival in response
to 6-OHDA treatment. No significant differences in cell survival were detected between the treatment
and control cells. (B) In NGF-induced mature cells, knockdown of Stil expression decreased the rate of
cell survival after 6-OHDA treatment, especially when treated with high concentrations of 6-OHDA.

(C) In proliferating cells, overexpression of Stil decreased the rate of cell survival as compared to control
cells, especially when tested with high concentrations of 6-OHDA. (D) In NGF-induced mature cells,
overexpression of Stil produced no effect on cell survival as compared to control cells. Data represent the
Means =+ SE, n=6; *p < 0.01.

and Caspase-3 mediated signal transduction pathways. These findings provide evidence of differential
effect of Stil expression in proliferating and differentiated cells, and reveal a novel function for Stil in
neural protection.

Results

Mammalian PCI12 cells display dose-dependent toxic responses to treatment with neurotoxins, such as
6-hydroxydopamine (6-OHDA)*-22. Up- or down-regulation of Stil expression differentially regulates
the toxic susceptibility of PC12 cells depending on the status of the cells, i.e., if the cells are under pro-
liferation or already differentiated. In proliferating PC12 cells, knockdown of Stil expression (by trans-
fection with pSIREN-Stil-shRNA plasmid) produced no effect on cell survival in response to 6-OHDA
treatment. Under all tested concentrations (6-OHDA applied at 0, 25, 50, 75 and 100 pM), the rate of cell
survival was similar in Stil-knockdown cells and control cells (transfected with scramble sequence plas-
mid) (Fig. 1A). However, in nerve growth factor (NGF)-induced differentiated PC12 cells, knockdown
of Stil expression resulted in significant increases in drug toxicity. For example, in response to 50, 75,
and 100pM 6-OHDA treatment, the survival rates of Stil-knockdown cells (60.1+ 4.8, 36.7+ 5.2, and
12.8 = 4.1%) were significantly lower than the survival rates in control cells (73.2+2.7, 55.1+4.6, and
25.8+4.9%) (Fig. 1B).

Overexpression of Stil (by transfection with full-length human Stil sequence using pCS2+Flh-Stil
plasmid) increased the toxic susceptibility of PC12 cells but only in proliferating cells. For example,
when tested using 50, 75 and 100pM 6-OHDA, the survival rate of Stil-overexpression proliferating
cells was 72.1.1 5.1, 55.8 4.9, and 45.0 £ 5.2%, respectively, whereas in control cells (transfected with
scramble sequence plasmid), the survival rate was 89.8 £5.3, 70.7+ 6.2, and 64.7+5.1% (Fig. 1C). In
NGF-induced PC12 cells, overexpression of Stil produced no effect on toxic susceptibility and the cell
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survival rates in all tested concentrations (6-OHDA applied at 0, 25, 50, 75 and 100 pM) were similar in
Stil-overexpression cells and control cells (Fig. 1D).

Previous studies have demonstrated that Stil functions in the Shh pathway in DA neurons”!. To
investigate if the effect of Stil in regulation of PC12 cell toxic susceptibility is mediated by Shh signaling
transduction, we measured PC12 cell survival in response to 6-OHDA treatment while the transduction
of the Shh signals was modified by knockdown/overexpression of the Stil transcript or by inhibition/
activation of Smo receptors which function in the Shh pathway**-%*. In proliferating PC12 cells, transfec-
tion with pSIREN-Stil-shRNA or pCS2+-Flh-Stil altered the level of STIL protein expression (Fig. 2A,D).
Inhibition or activation of Smo receptors (by treatment with Smo receptor antagonist cyclopamine or
receptor agonist purmorphamine) not only altered Shh signaling transduction (i.e., Glil transcription),
but also modified the expression of STIL proteins. In response to cyclopamine treatment (10 and 20 M),
for example, the expression of GLI1 was decreased to levels that were 71.8+9.8 and 11.0+7.2% of the
control cells, and the expression of STIL was increased to levels approximately 4-5 folds higher than con-
trols (Fig. 2B,E). In purmorphamine (5 and 10p.M) treated cells, the expression of Glil was increased by
3-4 folds as compared to control cells but the expression STIL proteins was decreased, i.e., to 90.3 % 3.6
and 65.1 4 9.5% of the control level (Fig. 2C,F).

In proliferating PC12 cells, inhibition of Shh signaling transduction (i.e., by cyclopamine treatment)
produced no obvious effect on cell's drug susceptibility to 6-OHDA (Fig. 2G). However, when the Shh
signaling in cyclopamine-treated cells was factitiously elevated, i.e., by overexpression of Stil transcripts
(transfected with pCS2+Flh-Stil plasmid), the toxic susceptibility of PC12 cells to 6-OHDA was increased.
For example, in response to 6-OHDA treatment (75uM), the survival rate of cyclopamine-treated and
plasmid-transfected cells was decreased to 64.9+ 8.7% of the control level (Fig. 2G). Activation of Shh
signaling transduction (by treatment with purmorphamine) increased the toxic drug susceptibility of
proliferating PC12 cells, but this could be reversed by factitious down-regulation of Shh signaling trans-
duction. In purmorphamine-treated cells, for example, in response to 6-OHDA treatment (75pM) the
survival rate was decreased to 56.8 & 10.3% of the control level (Fig. 2G). Down-regulation of Stil expres-
sion (by transfection with pSIREN-Stil-shRNA plasmid) in purmorphamine-treated cells blocked the
effect of Smo receptor-initiated Shh signaling on drug toxicity, i.e., in response to 6-OHDA treatment
the survival rate of the cell was increased to the control level (Fig. 2G).

In NGF-induced PC12 cells, inhibition of Shh signaling transduction (by cyclopamine) increased
PC12 cell’s toxic susceptibility, thereby decreasing the rate of cell survival (i.e., to 55.0+10.8% of the
control level) (Fig. 2H). A complete rescue in cell survival could be achieved by increasing STIL expres-
sion (by transfection with pCS2+Flh-Stil plasmid) (Fig. 2H). Activation of the Shh pathway (by pur-
morphamine) produced no effect on drug susceptibility in differentiated PC12 cells (Fig. 2H). However,
when the expression of Stil was factitiously inhibited (transfection with pSIREN-Stil-shRNA plasmid),
the survival rate of purmorphamine-treated cells was decreased (i.e., to 60.3 £ 10.2% of the control level)
(Fig. 2H). In this case, although the early signaling events in the Shh pathway were promoted, the pro-
duction of STIL was inhibited by shRNA and thereby the transcription of Glil was inhibited.

The decrease of cell survival of PC12 cells after 6-OHDA treatment is due to the increase of
caspase-mediated cell death. This was verified by analyzing cleaved Caspase-3 protein expression, caspase
activation, and by using the TUNEL assay. Western blot revealed significant increases in the expression
of cleaved Caspase-3 proteins in proliferating PC12 cells in response to 6-OHDA treatment when the
expression of Stil was elevated (i.e., in cells transfected with pCS2+Flh-Stil plasmid) (Fig. 3A). Caspase
activation assays also revealed an increase (1.8 4= 0.2 folds) of caspase activity in Stil-overexpression cells
as compared to control cells in response to 6-OHDA treatment (Fig. 3C). In contrast, in proliferating
PC12 cells knockdown of Stil expression (by transfecting the cells with pSIREN-Stil-shRNA plasmid)
produced no obvious effects on Caspase-3 expression and caspase activity after 6-OHDA treatment as
compared to control cells (transfected with scramble sequence plasmid) (Fig. 3A,C). The increase of
caspase activity led to increased apoptotic cell death revealed by the TUNEL assay. For example, in pro-
liferating PC12 cells, in response to 6-OHDA treatment, the amount of cell death in Stil overexpression
cells was 3.1+0.1 folds higher than the rate of cell death in control cells (Fig. 3E). In NGF-induced
PC12 cells, in response to 6-OHDA treatment increases in cleaved Caspase-3 expression and caspase
activation were seen in Stil-knockdown cells, but not in Stil-overexpression cells (Fig. 3B,D). Increases
in apoptotic cell death were seen in Stil-knockdown cells when treated with 6-OHDA as revealed by the
TUNEL assay (Fig. 3F).

Discussion

In vertebrates, STIL is expressed in different cell types where it regulates the process of cell proliferation.
In a recent study, we examined the role of STIL in neural degeneration and regeneration in zebrafish
models and mammalian PC12 cells. In zebrafish retinas, functional expression of STIL is required for
DA cell regeneration after drug-induced degeneration!”!®. In mammalian PC12 cells, the expression of
STIL is required for cell proliferation but not neural differentiation’’.

In this research, we examined the function of STIL in PC12 cell survival in response to treatment
with neurotoxin 6-OHDA. RNAi-mediated knockdown of Stil mRNA expression efficiently diminished
the expression of STIL proteins, whereas overexpression of the full-length human Stil sequence promoted
STIL expression'®. In addition, we manipulated the Shh signaling transduction using pharmacological
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Figure 2. Effects of Shh signaling on Stil expression and PC12 cell survival in response to toxic

drug treatment. (A) Western blot of STIL proteins in PC12 cells after transfection with pSIREN-Stil-
shRNA (knockdown) or pCS2+-Flh-Stil plasmid (overexpression). The gels have been run under the same
experimental conditions. (B,C) Western blot of STIL and GLII proteins in PC12 cells after treatment
with Smo receptor agonist cyclopamine or Smo receptor antagonist purmorphamine. Treatment with
cyclopamine decreased GLI1 expression but resulted in the accumulation of STIL proteins. Treatment with
purmorphamine promoted Shh signaling but caused a decrease in STIL protein expression. All the gels
have been run under the same experimental conditions. (D) RT-PCR analyses of Stil mRNA expression
in PCI12 cells transfected with pSIREN-Stil-shRNA or pCS2+Flh-Stil plasmid. Note the alterations in Stil
mRNA expression in response to plasmid transfection. (E,F) RT-PCR analyses of Stil and Glil expression
in response to cyclopamine or purmorphamine treatment in PC12 cells. Treatment with either compound
resulted in significant changes in the expression of Stil or Glil mRNA. (G,H) Cell survival in response

to 6-OHDA treatment (75puM) in proliferating and NGF-induced mature cells while the Shh signaling
transduction was modified by plasmid transfection. Data represent the Means =+ SE, n=4; n.s., not
significant, *p < 0.01.
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Figure 3. Caspase-3 mediated apoptotic cell death in PC12 cells in response to 6-OHDA treatment

(75 pM). (A,B) Western blot of cleaved Caspase-3 proteins in proliferating and NGF-induced mature cells in
response to sham or 6-OHDA treatment. Note the increase in cleaved Caspase-3 expression in proliferating
cells after Stil-overexpression and in differentiated cells after Stil-knockdown. The gels have been run under
the same experimental conditions. (C,D) Caspase activity in proliferating and NGF-induced PC12 cells in
transfected cells before and after 6-OHDA treatment. Gray bars indicate the range of caspase activity in control
cells. Note the increase of Caspase activation in proliferating cells in response to Stil overexpression and in
mature cells in response to Stil knockdown after 6-OHDA treatment. (E,F) TUNEL analyses of apoptotic cell
death in PC12 cells. Gray bars indicate the range of cell death in control cells. Note the increase of cell death
in proliferating cells in response to Stil overexpression and in mature cells in response to Stil knockdown after

6-OHDA treatment. Data represent the Means+ SE, n=4; n.s., not significant, *p < 0.01.
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Figure 4. Possible mechanisms of Stil in the Shh pathway in the regulation of PC12 cell toxic
susceptibility. Normally, STIL binds SUFU and free GLI1 for downstream gene transcription. Inactivation of
Smo receptors by cyclopamine inhibits the Shh pathway, but the downstream Glil signaling can be resumed
by overexpression of STIL. Activation of Smo receptors by purmorphamine promotes Shh signaling, but

the effect of purmorphamine can be diminished by down-regulation of STIL expression. In mature cells,

the increase of Glil transcription inhibits the Caspase-3 activity and thereby prevents cell apoptosis. In
proliferating cells, the increase of Glil signaling promotes cell proliferating but may also lose its inhibition to
Caspase-3 or activates other signaling transduction pathways that increase the cell’s drug sensitivity.

approaches. Down-regulation of Shh signaling was achieved by treatment with the steroidal alkaloid
cyclopamine, which functions as an antagonist of the Smo receptor in the Shh pathway®®. Up-regulation
of Shh signaling was achieved by using a small molecule purmorphamine, which is an agonist for Shh
receptor Smo?’. Treatment with cyclopamine or purmorphamine does not induce growth arrest or trigger
cell death in PC12 cells, which thereby provide a tool that allow functional analyses of the effect of STIL
knockdown or overexpression in cell survival in the presence or absence of Shh signaling transduction.
In proliferating PC12 cells, down-regulation of Stil expression produced no obvious effect on cells’ drug
susceptibility. However, increase of Stil expression resulted in increases in drug susceptibility. This is likely
mediated by the Shh signaling transduction pathway. In cyclopamine-treated proliferating PC12 cells, for
example, the activity of the Shh pathway was decreased. However, the same drug treatment resulted in
significant increases of Stil expression (see Fig. 2B). The increase of Stil expression may counter the effect
of cyclopamine treatment, and thereby increase the activity of Shh signaling transduction. Transfection
of cyclopamine-treated PC12 cells with pCS2+Flh-Stil plasmids increases the expression of Stil mRNA,
which in turn, increases Shh transduction, and eventually increases the drug susceptibility of the cell (see
Fig. 2G). In differentiated PC12 cells, Stil exerts its role on cell drug susceptibility in opposite ways, that
is, overexpression of Stil produced no obvious effect on cells’ survival in response to 6-OHDA treatment,
but knockdown of Stil expression increases the rate of cell death after toxic drug insults. In differentiated
mature PC12, the effect of Stil on drug susceptibility is also mediated by the Shh signaling transduction
pathway.

Based on the results derived from this research, we propose a model for the novel function of the
human oncogene Stil in the regulation of toxic susceptibility of DA or DA-like neurons. It functions
through the Shh signal transduction pathway but the underlying mechanisms are different in mature and
proliferating neurons (Fig. 4). In mature PC12 cells, the expression of Stil is required for cell survival in
response to toxic drug treatment. Overexpression of Stil increases Shh signaling transduction and inhib-
its Caspase-3 activity, and thereby prevents cell death after 6-OHDA treatment. Shh-mediated inhibition
of Caspase-3 activity has been reported in various cell types?®-!. Down-regulation of Stil expression
decreases Glil transcription, which then decreases its inhibition to Caspase-3 and thereby increases cell
death in response to toxic drug treatment. In proliferating PC12 cells, down-regulation of Stil expression
decreases the rate of cell proliferation but produces no effects on cell maturation or survival in response
to neurotoxins. The increase of Stil expression leads to increases in drug susceptibility. This may be
regulated by different mechanisms. One possibility is that excessive Shh signaling activates anti-Shh
signaling pathways, which in turn, diminishes the inhibition of Glilto Caspase-3*.. Another possibility
is that overexpression of Glil activates other yet unknown biochemical pathways that either directly or
indirectly increase the cell’s drug sensitivity*>**. While the underlying mechanisms remain to be further
examined, the data from this study provide evidence for the novel function of the human oncogene Stil
in drug susceptibility in vertebrate neurons.

Methods
Cell culture and NGF induction. Proliferating PCI2 cells were cultured in complete medium

DMEM (4.5g/L glucose, 110 mg/L sodium pyruvate, 25mM HEPES; Hyclone) supplemented with 0.1%
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antibiotic-antimycotic solution (Fisher Scientific), 2mM L-glutamine, 5% fetal bovine serum, and 10%
donor horse serum (Hyclone). Medium was changed every 2 days, and cells were passaged every 3-5
days. For NGF induction, suspension PC12 cells in complete medium were seeded (20,000/cm?) onto
culture plates coated with 10ug/cm? rat tail collagen (Sigma). After attachment (24 hours), medium was
removed and replaced with 2% serum DMEM (0.1% antibiotic-antimycotic solution, 2mM L-glutamine,
1% fetal bovine serum, and 1% donor horse serum) supplemented with 50ng/mL 7S NGF (Sigma).
Medium with NGF was changed every other day. Maximal induction of neurite outgrowth in PC12 cells
was observed after 4-6 days of NGF induction.

Gene transfection. Adherent cells were cultured for 3-5 days (60-70% confluency) in complete
medium, trypsinized, and then passed through a 22-gauge needle in order to obtain singular cells.
Approximately 5 million cells and 10 pg DNA plasmid were used for each transfection using the Cell Line
Nucleofector Kit V (Lonza). For shRNA transfections, cells were seeded for experiments after 72hours.
For overexpression transfections, cells were seeded for experiments after 24 hours. Control transfections
(with scramble sequence) were performed along each experiment. In all cases, data obtained from the
control experiments were normalized to 1.

RT-PCR. Total RNA was extracted from PC12 cells using Trizol (Invitrogen) and reverse-transcribed
by M-MLYV reverse transcriptase (Promega). RT-PCR was performed according to standard protocols,
and the melting curve analysis was performed using IQ5 software (Bio-Rad). Primer sequences: Stil,
forward 5'-TATGGGCTTGCTGCTTGAGATAC-3, reverse 5'-CAGG TTCCTTATGTGTCAATGAA-3';
Glil, forward 5-AGCTCCTGTGTAATTACGTTCAGTC-3', reverse 5'- GGCTCTGACTAACTTGAG
AACCTC-3'; Gapdh, forward 5'- GCACAGTCAA GGCCGAGAAT-3', reverse 5'-GCCTTCTCCATGGT
GGTGAA-3".

Western blot. Cells were lysed in freshly prepared lysis buffer (50mM Tris-HCl pH 7.4; 150mM
NaCl; 1% nonidet 40; 5mM DTT; 10 pg aprotinin; 10 pg leupeptin; 10 mM PMSEF; 10% glycerol) on ice,
and centrifuged at 12,000 rpm for 15min. The supernatant was saved as whole-cell lysate, and protein
concentrations were measured using the Pierce BCA Assay Kit (Thermo Scientific). For immunoblot-
ting, 50-100pg of protein was separated on a 5% stacking and 8% separating SDS-PAGE gel. Protein
was transferred in Tris-glycine buffer with 20% methanol onto nitrocellulose membranes, and blocked
with 5% non-fat milk in TBST, pH 7.5. After blocking, membranes were incubated overnight at 4°C
with primary antibodies (polyclonal rabbit anti-STIL, 1:200; Santa Cruz Biotechnology; polyclonal rabbit
anti-ACTIN, 1:3,000, Sigma; polyclonal rabbit anti-cleaved Caspase-3, 1:3,000, Abcam) diluted in fresh
blocking solution. The membranes were washed with TBST, and then incubated for 1 hour at room
temperature with secondary antibodies (goat anti-rabbit IgG conjugated with HRP, 1:3000 for STIL,
1:30,000 for ACTIN) diluted in fresh blocking solution. The membranes were washed with TBST, and
protein expression was detected using the Super-Signal West Pico Chemiluminescent Substrate (Thermo
Scientific).

Drug treatment. Cyclopamine (Sigma) was dissolved in ethanol at a concentration of 1mM and
stored in —80°C. Dilutions of 10 or 20pM were made in medium for treatment. Ethanol treatment
(0.1%) was used as a vehicle control. Purmorphamine (Cayman Chemical) was dissolved in DMSO at
a concentration of 1 mM and kept chilled prior to use. Dilutions of 5 or 10pM were made in medium
for treatment. DMSO treatment (0.01%) was used as a vehicle control. Neurotoxin (6-OHDA; Sigma)
was dissolved in 0.15% ascorbic acid (stock concentration: 1 mM; stored in —80°C) and applied to the
culture medium at 0, 25, 50, 75, and 100 uM, respectively. In all cases, the duration of drug treatment
was 24 hours. Drug treatment was applied to both undifferentiated proliferating cell and differentiated
mature cells.

Cell survival and apoptosis assays. The MTT reduction assay was used to examine PC12 cell via-
bility. MTT (Sigma) was dissolved in DPBS at 5.5mg/mL. Cells were seeded in triplicate for each test.
Medium was removed and replaced with 0.5mg/mL MTT in DPBS. Cells were incubated in MTT for
L hour at 37°C in 5% CO,, An equal volume of solvent (acidified isopropanol; 0.1 M HCI with 10% Triton
X-100) was added to lyse the cells via trituration. Absorbance was read at 570nm with background
subtraction at 650 nm.

Caspase-3 activity was determined using a One-Step cellular caspase activity assay with DEVD-AMC
(EMB Chemicals). After 24hours of 6-OHDA treatment, cells were incubated for 1h at 37°C with 3X
One-Step caspase assay buffer (150mM HEPES, pH 7.4, 450mM NaCl, 150mM KCl, 30mM MgCl2,
1.2mM EGTA, 1.5% nonidet P40, 0.3% CHAPS, 30% sucrose) with 150pM DEVD-AMC, 30mM DTT
and 3mM phenylmethane sulphonyl fluoride. Caspase activity was measured using an FLx800 microplate
fluorescence reader (excitation at 360 nm and emission at 460 nm).

The TUNEL assay was performed in according to the manufactory’s protocol (Life Technologies).
At the end of drug treatment, cells were fixed and incubated with a methanol solution containing 0.3%
H,0, and then incubated with the TUNEL reaction mixture for 1hour at 37°C. Using a microscopy,
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TUNEL-positive nuclei were counted in 10 randomly selected fields per cover slip, and converted to
percentage by comparing TUNEL-positive counts with the total cell nuclei counts.

References

1.

2.
3.

11.

12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.

29.
30.

31.

32.

33.

34.

Aplan, P, Lombardi, D. & Kirsch, I. Structural characterization of sil, a gene frequently disrupted in T-cell acute lymphoblastic-
leukemia. Mol. Cell. Biol. 11, 5462-5469 (1991).

Collazo-Garcia, N., Scherer, P. & Aplan, P. Cloning and characterization of a murine SIL gene. Genomics 30, 506-513 (1995).
Stevens, N. R., Dobbelaere, J., Brunk, K., Franz, A. & Raff, ]. W. Drosophila Ana2 is a conserved centriole duplication factor. J.
Cell. Biol. 188, 313-323 (2010).

. Izraeli, S., ColaizzoAnas, T., Bertness, V., Mani, K., Aplan, P. & Kirsch, I. Expression of the SIL gene is correlated with growth

induction and cellular proliferation. Cell Growth Differ. 8, 1171-1179 (1997).

. Castiel, A. et al. The stil protein regulates centrosome integrity and mitosis through suppression of chfr. J. Cell Sci. 124, 532-539

(2011).

. Tang, C. C. et al. The human microcephaly protein STIL interacts with CPAP and is required for procentriole formation. EMBO

J. 30, 4790-4804 (2011).

. Arquint, C,, Sonnen, K. E, Stierhof, Y. & Nigg, E. A. Cell-cycle-regulated expression of STIL controls centriole number in human

cells. J. Cell Sci. 125, 1342-1352 (2012).

. Izraeli, S. et al. The SIL gene is required for mouse embryonic axial development and left-right specification. Nature 399, 691-694

(1999).

. Izraeli, S. et al. Genetic evidence that Sil is required for the sonic hedgehog response pathway. Genesis 31, 72-77 (2001).
. Kasai, K., Inaguma, S., Yoneyama, A., Yoshikawa, K. & Ikeda, H. SCL/TALLI interrupting locus derepresses GLI1 from the

negative control of suppressor-of-fused in pancreatic cancer cell. Cancer Res. 68, 7723-7729 (2008).

Pfaff, K. L. et al. The zebra fish cassiopeia mutant reveals that SIL is required for mitotic spindle organization. Mol. Cell Biol. 27,
5887-5897 (2007).

Vulprecht, . et al. STIL is required for centriole duplication in human cells. J. Cell Sci. 125, 1353-1362 (2012).

Kitagawa, D. et al. Spindle positioning in human cells relies on proper centriole formation and on the microcephaly proteins
CPAP and STIL. J. Cell Sci. 124, 3884-3893 (2011).

Erez, A. et al. The SIL gene is essential for mitotic entry and survival of cancer cells. Cancer Res. 67, 4022-4027 (2007).
Gaiano, N., Allende, M., Amsterdam, A., Kawakami, K. & Hopkins, N. Highly efficient germ-line transmission of proviral
insertions in zebrafish. Proc. Natl. Acad. Sci. USA 93, 7777-7782 (1996).

Li, L. & Dowling, J. E. Disruption of the olfactoretinal centrifugal pathway may relate to the visual system defect in night
blindness b mutant zebrafish. J. Neurosci. 20, 1883-1892 (2000).

Li, J. L. et al. Functional expression of SCL/TALI interrupting locus (stil) protects retinal dopaminergic cells from neurotoxin-
induced degeneration. J. Biol. Chem. 288, 886-893 (2013).

Sun, L. et al. The SCL/TALI interruptinglocus (Stil) is required for cell proliferation in adult zebrafish retinas. J. Biol. Chem. 289,
6934-6940 (2014).

Carr, A. L. et al. The human oncogene SCL/TALI interrupting locus is required for mammalian dopaminergic cell proliferation
through the Sonic hedgehog pathway. Cell. Signaling 26, 306-312 (2014).

Greene, L. A. & Tischler, A. S. Establishment of a noradrenergic clonal line of rat adrenal pheochromocytoma cells which
respond to nerve growth-factor. Proc. Natl. Acad. Sci. USA 73, 2424-2428 (1976).

Woodgate, A., MacGibbon, G., Walton, M. & Dragunow, M. The toxicity of 6-hydroxydopamine on PC12 and P19 cells. Brain
Res. Mol. Brain Res. 69, 84-92 (1999).

Takai, N. et al. Involvement of caspase-like proteinases in apoptosis of neuronal PC12 cells and primary cultured microglia
induced by 6-hydroxydopamine. J. Neurosci. Res. 54, 214-222 (1998).

Lauth, M., Bergstrom, A., Shimokawa, T. & Toftgard, R. Inhibition of GLI-mediated transcription and tumor cell growth by
small-molecule antagonists. Proc. Natl. Acad. Sci. USA 104, 8455-8460 (2007).

Dunn, M., Mercola, M. & Moore, D. Cyclopamine, a steroidal alkaloid, disrupts development of cranial neural crest cells in
xenopus. Dev. Dyn. 202, 255-270 (1995).

Sinha, S. & Chen, J. Purmorphamine activates the hedgehog pathway by targeting smoothened. Nat. Chem. Biol. 2, 29-30 (2006).
Lauth, M., Bergstrom, A., Shimokawa, T. & Toftgard, R. Inhibition of GLI-mediated transcription and tumor cell growth by
small-molecule antagonists. Proc. Natl. Acad. Sci. USA 104, 8455-8460 (2007).

Sinha, S. & Chen, J. Purmorphamine activates the hedgehog pathway by targeting smoothened. Nat. Chem. Biol. 2, 29-30 (2006).
Mazumdar, T., Devecchio, J., Agyeman, A., Shi, T. & Houghton, J. A. Blocking Hedgehog survival signaling at the level of the
GLI genes induces DNA damage and extensive cell death in human colon carcinoma cells. Cancer Res. 71, 5904-5914 (2011).
Thibert, C. et al. Inhibition of neuroepithelial patched-induced apoptosis by sonic hedgehog. Science 301, 843-846 (2003).

Liu, Z. et al. A critical role of autocrine sonic hedgehog signaling in human CD138+ myeloma cell survival and drug resistance.
Blood 124, 2061-2071 (2014).

Samarzija, I. & Beard, P. Hedgehog pathway regulators influence cervical cancer cell proliferation, survival and migration.
Biochem. Biophys. Res. Commun. 425, 64-69 (2012).

Argenti, B. et al. Hedgehog antagonist REN(KCTD11) regulates proliferation and apoptosis of developing granule cell progenitors.
J. Neurosci. 25, 8338-8346 (2005).

Zahreddine, H. A. et al. The sonic hedgehog factor GLI1 imparts drug resistance through inducible glucuronidation. Nature 511,
90-93 (2014).

McLean, L. S., Crane, L., Baziard-Mouysset, G. & Edwards, L. P. Antiproliferative effect induced by novel imidazoline $43126 in
PC12 cells is mediated by ROS, stress activated MAPKSs and caspases. Pharmacol. Rep. 66, 937-945 (2014).

Acknowledgements

This work was supported in part by grants from the National Science Foundation (GK12 Fellowship),
Department of Defense (65632-LS-1II), Natural Science Foundation of China (81171066), and Tianjin
Committee of Science and Technology (12]JCZDJC24000).

Author Contributions
AL.C, LS. and L.L. performed the experiments and prepared all the figures, A.D. and J.L. performed
statistical data analyses, Z.R. and L.L wrote the manuscript. All authors reviewed the manuscript.

SCIENTIFIC REPORTS | 5:16513 | DOI: 10.1038/srep16513 8



www.nature.com/scientificreports/

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Li, L. et al. A novel function of the human oncogene Stil: Regulation of PC12
cell toxic susceptibility through the Shh pathway. Sci. Rep. 5, 16513; doi: 10.1038/srep16513 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M i mages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16513 | DOI: 10.1038/srep16513 9


http://creativecommons.org/licenses/by/4.0/

	A novel function of the human oncogene Stil: Regulation of PC12 cell toxic susceptibility through the Shh pathway

	Results

	Discussion

	Methods

	Cell culture and NGF induction. 
	Gene transfection. 
	RT-PCR. 
	Western blot. 
	Drug treatment. 
	Cell survival and apoptosis assays. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Effects of Stil expression on PC12 cell’s toxic susceptibility.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Effects of Shh signaling on Stil expression and PC12 cell survival in response to toxic drug treatment.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Caspase-3 mediated apoptotic cell death in PC12 cells in response to 6-OHDA treatment (75 μM).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Possible mechanisms of Stil in the Shh pathway in the regulation of PC12 cell toxic susceptibility.



 
    
       
          application/pdf
          
             
                A novel function of the human oncogene Stil: Regulation of PC12 cell toxic susceptibility through the Shh pathway
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16513
            
         
          
             
                Lei Li
                Aprell L. Carr
                Lei Sun
                Audrey Drewing
                Jessica Lee
                Zihe Rao
            
         
          doi:10.1038/srep16513
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16513
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16513
            
         
      
       
          
          
          
             
                doi:10.1038/srep16513
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16513
            
         
          
          
      
       
       
          True
      
   




