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Background: Rac GTPase functions to promote survival in primary cerebellar granule neurons.

Results: Rac GTPase inhibition induces STATS activation, recruitment of STATS to the Bcl-xL
promoter, and STATS-dependent apoptosis.

Conclusion: A novel pro-apoptotic JAK/STATS pathway is activated downstream of Rac GTPase
inhibition in neurons.

Significance: This is the first study to implicate STATS as a pro-apoptotic factor in neurons.

SUMMARY



In several neuronal cell types, the small GTPase Rac is essential for survival. We have

previously shown that the Rho family GTPase inhibitor, Clostridium difficile toxin B (ToxB)',
induces apoptosis in primary rat cerebellar granule neurons (CGNs) princi-pally via inhibition of
Rac GTPase function. In the present study, incubation with ToxB activated a pro-apoptotic Janus
kinase (JAK)/signal transducer and activator of transcription (STAT) pathway and a pan-JAK
inhibitor protected CGNs from Rac inhibition. STAT1 expression was induced by ToxB; however,
CGNs from STAT1 knock-out mice succumbed to ToxB-induced apoptosis as readily as wild-type
CGNs. STATS3 displayed enhanced tyrosine phosphorylation following treatment with ToxB and a
reputed inhibitor of STAT3, cucurbitacin (JSI-124), reduced CGN apoptosis. Unexpectedly, JSI-
124 failed to block STAT3 phosphorylation and CGNs were not protected from ToxB by other
known STAT3 inhibitors. In contrast, STATSA tyrosine phosphorylation induced by ToxB was
suppressed by JSI-124. In addition, roscovitine similarly inhibited STATSA phosphorylation and
protected CGNs from ToxB-induced apoptosis. Consistent with these results, adenoviral infection
with a dominant negative STATS mutant, but not wild type STATS, significantly decreased ToxB-
induced apoptosis of CGNs. Finally, chromatin immunoprecipitation with a STATS antibody
revealed increased STATS binding to the promoter region of pro-survival Bel-xL. STATS was
recruited to the Bcl-xL. promoter region in a ToxB-dependent manner and this DNA binding
preceded Bcl-xL downregulation, suggesting transcription-al repression. These data indicate that a
novel JAK/STATS pro-apoptotic pathway significantly contributes to neuronal apoptosis induced
by the inhibition of Rac GTPase.
Rho family GTPases are important mediators of cellular development, survival, and death. The most well
characterized members of the family are RhoA, Racl, and Cdc42. Although best known for regulating
actin cytoskeletal dynamics, Rho GTPases also play important roles in cell cycle progression (1), gene
transcription (2), and cell-cell or cell-matrix adhesion (3,4). In recent years, the role of Rho GTPases in
neuronal survival has begun to be investigated. For example, inhibitors of 3-HMG-CoA reductase
(statins) decrease the localization of Rho GTPases to the plasma membrane and induce apoptosis in rat
cortical neurons (5). We have previously shown that the function of Rac is essential for the survival of
CGNs as inhibition of Rac with either large Clostridial cytotoxins or overexpression of a dominant-
negative Rac mutant induces mitochondrial-dependent apoptosis of these cells (6). In a similar manner,
either dominant negative Rac or siRNA against the Rac guanine-nucleotide exchange factor (GEF) alsin
(ALS2) results in apoptosis of primary cultured spinal motor neurons (7). The critical role of Rac in
neuronal survival is further evidenced by the finding that ALS2 is mutated in juvenile onset ALS.
Although changes in Rac activity in patients harboring disease-causing ALS2 mutations have not been
directly evaluated, disruption of Rac function as a possible underlying cause of neurodegenerative disease
is suggested by the fact that alsin mediates Rac-dependent pro-survival signaling in primary motor
neurons (7). Collectively, these findings implicate Rac as a crucial mediator of neuronal survival and
suggest that disruption of Rac activity may contribute to the progression of neuro-degenerative disorders.

We have previously reported that inhibition of Rho GTPases with ToxB, and in particular inhibition
of Rac, leads to the derepression of an as yet undefined, pro-apoptotic JAK/STAT pathway (8). The
JAK/STAT pathway has been shown to play a critical role in cytokine signaling and JAK activation can
turn on an array of downstream effects including cell proliferation, differentiation, and apoptosis (9). An
important feature of the JAK/STAT signaling cascade is that it can exert either a pro-survival or pro-
apoptotic effect depending upon the stimulus and cell type. For example, cytoprotective signals are
transmitted from the gp130 receptor to a pro-survival JAK/STAT3 pathway in cardiac myocytes (10).
Moreover, data implicate constitutive activation of STAT1 and STAT3 proteins in breast cancer cells
(11). Conversely, more recent data have emerged to suggest that the JAK/STAT pathway may also
induce apoptosis under certain cellular conditions. For instance, STAT1 has been shown to mediate IFN-
v induced apoptosis in liver cells treated with the heptatotoxic compound galactosamine (12). In addition,
chromatin immunoprecipitation experiments performed in thymocytes suggest that glucocorticoids induce
apoptosis through repression of pro-survival Bcl-xL in a STATS-dependent manner (13). While it is clear
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that JAK/STAT activation can induce apoptosis in diverse non-neuronal cell types, the significant
involvement of this signaling pathway in neuronal apoptosis has only recently been recognized.

In a previous study, we showed that inhibition of Rac induces CGN apoptosis by inactivating a pro-
survival p2l-activated kinase (PAK)/MAP kinase kinase (MEK)/extracellular signal-regulated kinase
(ERK) cascade. Although we have demonstrated that disruption of this pathway results in the
derepression of a pro-apoptotic JAK/STAT pathway, we have yet to identify which particular STAT
family members mediate neuronal apoptosis in response to ToxB (8). Thus, the current study focuses on
identifying the STAT family members involved and the consequences of STAT activation downstream of
Rac inhibition in CGNs. These primary neuronal cultures are extremely homogeneous and have been
used extensively to examine molecular mechanisms involved in neuronal apoptosis (6,14-16). While we
show that Rac inhibition leads to the upregulation of STATI1 expression and enhanced tyrosine
phosphorylation of STAT3, we report that these transcription factors are not responsible for inducing
apoptosis in ToxB-treated CGNs. Instead, we demonstrate that STATS is activated and subsequently
translocates into the nucleus to transcriptionally repress pro-survival Becl-xL in Rac-inhibited CGNs. To
our knowledge, these results are the first to identify a pro-apoptotic function for STATS5 in primary
neurons.

EXPERIMENTAL PROCEDURES

Reagents - Clostridium difficile toxin B was isolated or prepared as a recombinant protein as previously
described (17). The polyclonal antibodies used for immunoblotting STAT1, STAT3, and phosphorylated
STATS (pSTATS) were from Cell Signaling (Beverly, MA, USA). Horseradish peroxidase-linked
secondary antibodies and reagents for enhanced chemi-luminescence detection were from Amersham
(Piscataway, NIJ, USA). The polyclonal antibody used to detect active caspase-3 by
immunocytochemistry was from Promega (Madison, WI, USA). For western blotting, active caspase-3
was detected with a polyclonal antibody from Abcam (Cambridge, MA, USA). 4,6-Diamidino-2-
phenylindole (DAPI), Hoechst dye 33258, and a monoclonal antibody against B-tubulin were from Sigma
(St Louis, MO, USA). Anti-rat and anti-mouse Cy3- or FITC-conjugated secondary antibodies for
immunofluorescence were from Jackson Immunoresearch Laboratories (West Grove, PA, USA). The
monoclonal antibody against Lap-2 and the polyclonal total STAT1 and total STATS antibodies used for
western blotting were from BD Biosciences (San Diego, CA, USA). Purvalanol A, JSI-124, roscovitine,
mifepristone, JAK3 inhibitor, and the small molecule JAK inhibitor I [2-(1,1-dimethyl)9-fluro-3,6-
dihydro-7H-benz[h]-imidaz{4,5,-f]iso-quinolin-7one; pan-JI] were from Calbiochem (San Diego, CA,
USA). The specific JAK1/2 inhibitor Ruxolitinib was purchased from ChemieTek (Indianapolis, IN,
USA) and the JAK3 inhibitor Tofacitinb was from Selleck Chemicals (Houston, TX, USA).

CGN culture - Rat cerebellar granule neurons (CGNs) were isolated and cultured from 7-day-old
Sprague-Dawley rat pups of both sexes (15-19 g) as previously described (6). Briefly, CGNs were plated
on 35-mm diameter plastic dishes coated with poly-L-lysine at a density of 2.0 x 10° cells/mL in basal
modified Eagle’s medium containing 10% fetal bovine serum, 25 mM KCI, 2 mM L-glutamine, penicillin
(100 units/mL), streptomycin (100ug/mL) (Life technologies, Inc., Gaithersburg, MD). Cytosine
arabinoside (10 pM) was added to the culture medium 24 h after plating to limit the growth of non-
neuronal cells. With this protocol, cultures were approximately 95% pure for granule neurons. In general,
experiments were performed after 6-7 days in culture.

CGN culture from STATI Knockout (KO) mice - STAT1 KO mice and their wild type littermates
were obtained commercially from Taconic (Hudson, NY, USA). CGNs from these mice were isolated
and cultured essentially as described above.

Cell lysis and immunoblotting - After treatment as described in the Results section, CGN whole-cell
lysates or immune complexes of STATSA or STATSB were prepared for Western blotting essentially as
previously described (8). Protein concentrations were determined by a commercially available protein
assay kit (BCA, Thermoscientific, PA, USA) and SDS-polyacrylamide gel electrophoresis was performed
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using equal amounts of protein followed by transfer to polyvinylidene difluoride (PVDF) membranes
(Amersham Biosciences). Non-specific binding sites were blocked in phosphate buffer saline (PBS) (pH
7.4) containing 0.1% Tween 20 (PBS-T), 1% bovine serum albumin (BSA), and 0.01% sodium azide for
1 h at room temperature (25°C). Membranes were incubated for 1 h in primary antibody diluted in
blocking solution. Excess primary antibody was removed by washing the membranes with PBS-T 5
times over 25 min. The membranes were then incubated for 1 h with the appropriate horseradish
peroxidase-conjugated secondary antibodies diluted in PBS-T. Excess secondary antibody was removed
by washing the membranes with PBS-T 5 times over 25 min. Immunoreactive proteins were detected by
enhanced chemiluminescence. Blots shown are representative of a minimum of three independent
experiments.

Quantification of apoptosis - After induction of apoptosis, CGNs were fixed in 4% paraformaldehyde
for 30 min and nuclei were stained with Hoechst dye (8 ug/mL, final concentration) for 30 min. CGNs
containing condensed and/or fragmented nuclei were scored as apoptotic. Typically, approximately 800
cells were quantified from each 35-mm well by randomly counting five 40x fields. Final counts represent
data obtained from at least three independent experiments performed in duplicate.

Immunocytochemistry - CGNs were plated at a density of 2.0 x 10° cells/mL in 35-mm wells. After
ToxB treatment, CGNs were fixed in 4% paraformaldehyde, washed once in PBS, and then permeabilized
and blocked in PBS containing 0.2% Triton X-100 and 5% BSA. Primary antibodies were diluted in 2%
BSA and 0.2% Triton X-100 in PBS and cells were incubated in primary antibody overnight at 4 °C. They
were subsequently washed 5 times in PBS and then incubated for 1 h with DAPI and either Cy3- or FITC-
conjugated secondary antibody diluted in 2% BSA and 0.2% Triton. The cells were washed 5 additional
times with PBS before the addition of anti-quench composed of 0.1% p-phenylenediamine in 75%
glycerol in PBS. Fluorescent images were captured using a 40x water oil immersion objective on a Zeiss
Axioplan 2 microscope with a Cooke Sensicam deep-cooled charge-coupled device (CCD) camera and a
Slidebook software-analysis program for digital deconvolution (Intelligent Imaging Innovations Inc.,
Denver, CO, USA).

Preparation of nuclear and cytosolic extracts from CGNs - Nuclear and cytosolic extracts were
prepared as described by Li et al., (18). Briefly, CGNs were detached from culture dishes by a cell scraper
and centrifuged at 250 x g for 5 min. The cell pellets were washed and homogenized with 15 strokes of a
tight-fitting Dounce homogenizer to release nuclei. Next, the homogenate was centrifuged at 14,000 x g
for 15 sec to pellet the nuclei. The supernatants (cytosolic fractions) were removed, and the pellets were
resuspended in a HEPES:glycerol buffer and nuclear proteins were extracted at 4°C for 45 min. Insoluble
nuclei were precipitated by centrifugation at 14000 xg for 15 min and the supernatants were dialyzed
against a Tris:glycerol buffer for 3 h at 4°C.

Adenovirus preparation and infection -Wild-type STATS and dominant-negative STATS adenoviral
constructs were prepared as described previously (19). CGNs were infected in vitro on day 6 with 100
moi (multiplicity of infection) of adenovirus carrying GFP, wild type STATS, or dominant negative
STATS. At 48 h of infection, cells were treated with 40 ng/mL ToxB. At 72 h of infection, cell lysates
were prepared for immunoblot analysis or cells were fixed for immunocytochemistry, as described above.

Chromatin Immunoprecipitation (ChIP) -

ChIP assays were performed according to the manufacturer’s protocol using the ChIP assay kit from
Active Motif (Carlsbad, CA, USA). CGNs were treated with 40 ng/mL ToxB for O and 8 h. Next, DNA
associated proteins were cross-linked with formaldehyde. Cross-linked chromatin was extracted, sheared
enzymatically, and incubated with a ChIP grade STATS5 antibody overnight at 4°C and protein G-agarose
beads. After washing, immune complexes were eluted from the beads, heated to reverse the cross-links,
and treated with proteinase K and RNase A to remove proteins and any contaminating RNA. DNA was
analyzed by polymerase chain reaction (PCR) using primers provided from SABiosciences that generate a
114-bp product that corresponds to the promoter region of the rat Bcl-xL. gene: forward primer, 5'-
GAAGCTGACACCAGTG AGTGTCCGAACGGTAAATGCCTACGAAGCTGACACCAGTGAGTG-
3'; and reverse primer, 5’ -GTAGGCAT TTACCGTTCGGA-3'. These primers were selected because
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they amplify a sequence of DNA that is near two predicted STATS5 binding sites on the promoter region
of Bcel-xL variant 1 and variant 2. As a negative control, ChIP reactions were performed as described in
the absence of STATS antibody followed by PCR. PCR was performed using the following conditions: 1
cycle of 95 °C for 10 min followed by 40 cycles of 95 °C for 15 sec, and 60 °C for 60 sec.

Data analysis - Results represent the mean £ SEM for the number (n) of independent experiments
performed. Statistical differences between the means of unpaired sets of data were evaluated by one-way
analysis of variance with a post hoc Tukey’s test. A p-value of < 0.05 was considered statistically
significant. Images and immunoblots are representative of at least three independent experiments. For the
Ct values reported in Fig. 10A, results represent the mean for four independent experiments and statistical
differences were evaluated by a student’s t-test.

RESULTS

STATI is upregulated in a JAK-dependent manner in CGNs treated with the Rho family GTPase inhibitor
ToxB - To evaluate the involvement of Rac in CGN survival, cultures were incubated with Clostrium
difficile Toxin B. This cytotoxin monoglucosylates a key threonine residue in the switch 1 region of Rho
GTPases, thus preventing any interactions with downstream effectors (17,20). We have previously shown
that inhibition of the Rho family member, Rac, with ToxB elicits the derepression of a pro-apoptotic
JAK/STAT pathway in CGNs (8). However, the specific STAT family protein involved in this pathway
has not yet been elucidated. As STAT] is the most extensively described family member in studies of
apoptosis (21-23), we examined its expression following Rac inhibition. CGNs incubated with ToxB for
24 h exhibited a marked increase in the expression of STAT1 (Fig. 1A). Moreover, co-incubation with a
small molecule pan-JAK inhibitor (pan-JI; structure shown in Fig. 1B) was sufficient to prevent the
induction of STAT1 by ToxB, confirming that the increase in STATI is dependent on JAK activation
(Fig. 1A).

In addition to provoking apoptosis in a variety of diverse cell types (24-26), activated STAT1 has
been shown to play a pro-apoptotic role in neuronal death induced during ischemic brain injury (27). To
determine whether derepression of a JAK/STAT1 pathway exerts a similar pro-apoptotic effect in Rac-
inhibited neurons, we examined the neuroprotective effects of pan-JI in ToxB-treated CGNs.
Examination of nuclei by Hoechst staining revealed increased apoptotic cell death in ToxB-treated CGNs
as evidenced by nuclear fragmentation and/or condensation. The effect of ToxB on the morphology of
CGN nuclei was significantly attenuated by co-treatment with the pan-JI (Fig. 1D, lower panels). As an
additional means of identifying apoptotic cells, we examined caspase-3 activation as cleavage to its active
proteolytic fragments is a hallmark of apoptosis and signifies commitment to cell death (28). CGNs
treated with ToxB alone exhibited increased activation of caspase-3 and this effect was blocked by pan-JI
(Fig. 1D, upper panels). Quantification of apoptosis in CGNs co-incubated with ToxB and pan-JI
revealed that the pan-JI conferred significant neuroprotection and effectively reduced apoptosis to control
levels (Fig. 1C). Taken together, these data suggest that inhibition of Rac with ToxB results in the
activation of a pro-apoptotic JAK/STAT1 signaling pathway in CGNSs.

To elucidate the specific JAK family member(s) that induce STAT activation downstream of Rac
inhibition in CGNs, we evaluated the protective effects of more targeted JAK inhibitors against ToxB.
We found that two specific JAK3 inhibitors (JAK3 Inh and Tofacitinib; Tof) did not confer significant
neuroprotection in ToxB-treated CGNs (Fig. 1E). However, we found that the JAK1/2 inhibitor
(Ruxolitinib; Rux) modestly protected CGNs from ToxB-mediated apoptosis, although this effect did not
quite reach statistical significance. Based on the marked protective effects of the pan-JI (which inhibits
JAK1-3 and Tyk2 with similar potency) and our results showing that more targeted inhibition of specific
JAK family members (JAK1-3) are not overtly protective, these data suggest a possible contribution of
Tyk2 in mediating the apoptosis downstream of ToxB-mediated Rac inhibition in primary CGNs.

STATI is not activated by tyrosine phosphorylation nor does it translocate into the nucleus of ToxB-
treated CGNs - Next, we examined the phosphorylation status and localization of STAT1 in CGNs
exposed to ToxB. In order to translocate into the nucleus and influence gene expression, members of the
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STAT family must be activated via tyrosine phosphorylation (29). Whereas total STAT1 expression
increased in CGNs treated for 24 h with ToxB, time course experiments performed for up to 24 h did not
show significant activation of STAT1 as assessed by tyrosine phosphory-lation (Fig. 2A). Furthermore,
using immuno-staining to examine STAT1 localization, we found that STAT1 remained cytosolic and
perinuclear in CGNs following ToxB treatment (Fig. 2B). These observations are striking in that they
suggest that the observed upregulation of STAT1 expression may not be directly involved in apoptosis
following ToxB-mediated inhibition of Rac.

CGNs from STATI knockout mice are susceptible to ToxB-induced apoptosis - To definitively
establish whether the upregulation of total STATI1 expression, in the absence of enhanced tyrosine
phosphorylation or nuclear translocation, is involved in ToxB-mediated apoptosis, we measured the
effects of ToxB on primary cultures of CGNs isolated from STAT1 knockout (KO) mice versus their wild
type (WT) littermates. CGNs from WT mice demonstrated a marked increase in STAT1 expression
following ToxB treatment, whereas CGNs from STAT1 KO mice did not demonstrate any expression of
STAT]1 in either the absence or presence of ToxB (Fig. 3A), thus confirming effective knock out of
STAT1 expression in these mice. Unexpectedly, CGNs from both WT and STAT1 KO mice equally
succumbed to apoptosis in response to ToxB treatment (Fig. 3B), while inclusion of the pan-JI was
equally neuroprotective for both cell types (Fig. 3C). Collectively, these data indicate that although total
STAT]1 is upregulated, a different member of the STAT family mediates JAK-dependent apoptosis in
Rac-inhibited CGNs.

STAT3 is tyrosine phosphorylated in response to ToxB and this effect is blocked by pan-JI - As our
data demonstrate that STAT1 upregulation does not significantly contribute to apoptosis in Rac-inhibited
CGNs, we next evaluated the involvement of additional members of the STAT family. Recent evidence
suggests that STAT3 mediates B-amyloid-induced apoptosis in mouse cortical neurons (30). To
determine if ToxB-targeted inhibition of Rac acts to ultimately activate a similar pro-apoptotic
JAK/STATS3 pathway, we analyzed the activation of STAT3 in response to ToxB treatment. Time course
experiments demonstrated that STAT3 was tyrosine phosphorylated as early as 6 h after ToxB treatment
(Fig. 4A) and inclusion of pan-JI blocked the phosphorylation of STAT3 at both 6 h and 8 h in ToxB-
treated CGNs (Fig. 4B).

A reputed STAT3 inhibitor, JSI-124, protects CGNs from ToxB-induced apoptosis - To further define
the potential role of STAT3 in the pro-apoptotic pathway activated downstream of Rac inhibition, we
examined whether or not the reputed STAT3 inhibitor, JSI-124 (31), exerted a protective effect in ToxB-
treated CGNs (Fig. 5A). Following a 24 h incubation period with ToxB alone, many CGNs displayed
condensed and/or fragmented nuclei consistent with apoptosis. In contrast, CGNs co-incubated with JSI-
124 were essentially completely protected from apoptosis and their nuclei were morphologically similar
to control cells (Fig. 5B). Inclusion of JSI-124 reduced CGN apoptosis in the presence of ToxB to
approximately 10% (Fig. 5C). These data support a model in which a pro-apoptotic JAK/STAT3
pathway mediates apoptosis in Rac-inhibited CGNs.

Phosphorylated STAT3 does not translocate into the nucleus of CGNs following treatment with ToxB
and additional STAT3 inhibitors do not protect CGNs from apoptosis induced by ToxB - To further
investigate the role of STAT3 in apoptosis, we examined whether or not pSTAT3 translocates into the
nucleus following ToxB treatment. Nuclear fractionation experi-ments demonstrated that although
STAT3 was tyrosine phosphorylated, pSTAT3 remained cytosolic following ToxB-targeted inhibition of
Rac (Fig. 6A). Furthermore, two additional STAT?3 inhibitors, STA-21 and a STAT3 inhibitory peptide,
did not protect CGNs from ToxB-induced apoptosis (Figs. 6B, C). These results indicate that STAT3
does not directly regulate apoptosis downstream of Rac inhibition. This finding was particularly
surprising as the selective STAT3 inhibitor, JSI-124, exerted a neuroprotective effect in ToxB-treated
CGNs. However, further evaluation of the effects of JSI-124 in CGNs revealed that this compound in
fact had no significant inhibitory effect on ToxB-induced STAT3 phosphorylation (Fig. 6D). These data
suggest that the mechanism by which JSI-124 protects CGNs from apoptosis is unrelated to attenuation of
activated STAT3 and may involve a different member of the STAT family.
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Tyrosine phosphorylation of STATS in response to ToxB in CGNs is blocked by JSI-124 and the
putative STATS inhibitor, Roscovitine - Recent evidence demonstrates a necessary role for STATS in
apoptosis induced by oncostatin M in osteosarcoma cells (32). In addition, both STATS isoforms have
been implicated in the downregulation of the pro-survival Bcl-xL protein in thymocytes (33). Therefore,
we next examined STATS and found that STATS was tyrosine phosphorylated in ToxB-treated CGNSs.
Interestingly, although blotting for total STATS clearly showed the presence of both STATSA (94 kDa)
and STAT5B (92 kDa) in CGNs (Fig. 7A, lower blot), westerns for phospho-STATS only indicated a
single tyrosine phosphorylated isoform in response to ToxB (Fig. 7A, upper blot). Therefore, we next
sought to determine whether STATSA or STATSB was phosphory-lated in response to ToxB. To
establish which STATS isoform was phosphorylated, we compared lysates that were immunoprecipitated
for either STAT5A or STAT5B to whole cell lysates and western blotted for total STATS. Using this
approach, we were able to determine where the STATS5A and STATSB isoforms were detected by
immunoblot (Fig. 7B; left panel). Despite efficient immunoprecipitation of each of the STATS isoforms
from CGNs using isoform-specific antibodies, we were not able to observe tyrosine phosphorylation of
either isoform in response to ToxB. However, in whole cell lysates obtained following 8 h of ToxB
treatment, we observed a pronounced increase in the tyrosine phosphorylation of the higher molecular
weight STATSA isoform, but not STAT5B, using a phospho-specific antibody to STATS (Fig. 7B; right
panel). The inability to observe STATSA tyrosine phosphorylation following immunoprecipitation may
reflect the physical association of STATSA with one or more protein tyrosine phosphatases, anyone of
which may be insensitive to the phosphatase inhibitors present in our lysis buffer, as previously described
(34,35). Our data are consistent with several previous reports demonstrating that STATSA and STATSB
can be individually activated in a stimulus- and cell type-specific manner (36-40)

In addition, co-treatment of CGNs with either JSI-124 or the putative STATS inhibitor, roscovitine
(54), was sufficient to block the tyrosine phosphorylation of STATSA in response to ToxB (Figs. 7A, B).
To further substantiate the involvement of STATS in ToxB-treated CGNs, we examined STATS
phosphorylation and localization by immuno-cytochemistry. In control CGNs, the expression of pSTATS
detected by immunofluoresence was negligible. In contrast, following incubation of CGNs with ToxB
there was a profound increase in the immunoreactivity for pSTATS and this transcription factor was
principally localized to CGN nuclei (Fig. 7C). Collectively, these data indicate that STATS is tyrosine
phosphorylated in response to ToxB and localizes to the nucleus under these conditions to modulate gene
transcription. Moreover, the tyrosine phosphor-ylation of STATS5 appears to be specific for the STATSA
isoform and is sensitive to inhibition by either JSI-124 or roscovitine.

Roscovitine significantly protects CGNs from ToxB-induced apoptosis - Consistent with STATS
playing a key role in ToxB-induced apoptosis, CGNs co-treated with ToxB and roscovitine displayed
healthy, intact nuclei (Fig. 8A). Quantification of these results show that roscovitine significantly
protected CGNs from ToxB-induced apoptosis (Fig. 8B). In addition, ToxB treatment for 24 h resulted in
the cleavage of pro-caspase-3 to its active fragments, an effect largely attenuated by roscovitine (Fig. 8C).
Generally, roscovitine is used to suppress the cell cycle through inhibition of cyclin-dependent kinases
(CDKs) (41). To ensure that the protection conferred by roscovitine was not through CDK suppression,
but was a result of STATS inhibition, CGNs were also treated with ToxB + Purvalanol A, a closely
related CDK inhibitor. Although remarkably similar in structure, Purvalanol A did not protect CGNs
from ToxB-induced apoptosis and in fact, significantly enhanced cell death (Fig. 8D). These results
suggest that the neuroprotective effects of roscovitine are unrelated to CDK suppression and are likely
due to STATS inhibition.

Adenoviral dominant negative STATS protects CGNs from ToxB-induced apoptosis -As a more
specific approach to definitively establish the pro-apoptotic role of STATS5 following disruption of Rac
activity, we examined the neuroprotective effects of a dominant negative mutant of STATS containing a
C-terminal truncation at residue 713 which removes the entire transcriptional activation domain of
STATS (Ad-DN STATS; (42). First, adenovirus expressing either WT STATS or DN STATS were grown
and overexpressed in HEK293AD cells and compared to cells that were infected with the Ad-GFP
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control. Infection with Ad-WT STATS increased expression of full length STATS and Ad-DN STATS
appeared as a lower molecular weight form of STATS (Fig. 9A). Next, we infected CGNs with the Ad-
GFP control, WT-STATS, and DN-STATS and observed similar high level expression of the constructs
(Fig. 9B). Importantly, none of the adenoviral constructs induced any significant increase in basal
apoptosis of CGNs on their own (Fig. 9C). As we have consistently shown, ToxB treatment resulted in
condensed and fragmented nuclei indicative of apoptosis. Not unexpectedly, pre-incubation of CGNs
with WT STATS did not confer neuroprotection from ToxB treatment (Fig. 9E). However, CGNs pre-
incubated with Ad-DN STATS and subsequently treated with ToxB displayed nuclear morphology
strikingly more similar to control CGNs (Fig. 9E). Quantification of apoptosis revealed that inhibiting the
transcriptional activity of endogenous STATS through overexpression of Ad-DN STATS significantly
protected CGNs from ToxB-induced apoptosis (Fig. 9D). The protective effect of Ad-DN STATS5 was
not as complete as the chemical JAK/STAT inhibitors used previously. This was likely a reflection of the
infection efficiency of CGNs which we observed to be approximately 50-60% in cells infected with Ad-
GFP. These data highlight a novel pro-apoptotic function for STAT5 downstream of Rac inhibition in
primary cerebellar neurons.

STATS transcriptionally represses Bcl-xL during ToxB-induced apoptosis - Recent studies suggest
that under certain conditions, STATS transcriptionally represses pro-survival members of the Bcl-2
family (32,33,43). Disturbances in the ratio of these proteins to their corresponding pro-apoptotic family
members can induce apoptosis. The pro-survival members of the Bcl-2 family have an important and well
documented role in promoting cell survival through binding and inactivating the pro-apoptotic members
of their same family (44). To evaluate if STATS similarly represses Bcl-2 family proteins in Rac-
inhibited CGNs, we isolated and purified DNA with a ChIP-grade antibody to STATS in control CGNs or
those treated with ToxB for 8 h. There was no significant difference between STATS bound to the
promoter region of Bcl-2 in control versus ToxB-treated CGNs (data not shown). In the case of Bcl-xL,
the input levels of Bcl-xL promoter DNA amplified from non-immunoprecipitated control and ToxB-
treated CGNs were not significantly different. However, the cycle threshold (Ct) values obtained for
amplification of the Bcl-xL. promoter from STATS5-ChIP samples were significantly lower for ToxB
treatment compared to the control, indicating a significant increase in STAT5 binding to the Bcl-xL
promoter in Rac-inhibited CGNs (Fig. 10A). Indeed, we report that there was an apparent, though not
statistically significant, 9.5+4.1 (n=4) fold increase in STATS recruitment to the Bcl-xL. promoter in
response to ToxB treatment after 8§ h (Fig. 10B). Consistent with these data, Bcl-xL expression was
downregulated at 16 h and more significantly, at 24 h after ToxB treatment (Fig. 10C). In agreement with
a relatively slow mechanism of death due to the transcriptional repression of Bcl-xL, we report that ToxB
does not induce caspase-3 activation or significant apoptotic morphology until approximately 16 h of
incubation, after STATS is bound to the promoter region of Bcl-xL in CGNs (Figs. 10B, C).

DISCUSSION

Several studies have demonstrated a critical role for Rho GTPases (i.e., Rac, Rho, Cdc42) in
promoting neuronal survival (45-47). Consistent with these findings, we have previously shown that Rac
activity is critical for the survival of primary CGNs (6), and Rac signaling functions to repress a pro-
apoptotic JAK/STAT pathway in these neurons (8). Similarly, studies from other groups support a role
for the activation of a pro-death JAK/STAT pathway in neurons (48,49). For instance, Takagi et al. (27)
reported that STAT1 was phosphorylated on activating tyrosine and serine residues and translocated into
neuronal nuclei following ischemic brain injury in mice. Moreover, STAT1 KO mice displayed a
decrease in the volume of ischemic brain injury and reduced TUNEL staining when compared to WT
mice subjected to middle cerebral artery occlusion. Thus, STAT1 can play a pro-apoptotic role in
neurons exposed to ischemic stress. In a similar manner, cortical neurons cultured from STAT1 KO mice
showed marked resistance to interferon gamma-stimulated neurotoxicity of the HIV-1 proteins gp120 and
Tat (50). A more recent study demonstrated that exposure of SH-SY5Y neuroblastoma cells to interferon
beta induced STAT]1 tyrosine phosphorylation and caspase-dependent apoptosis (51). Both STATI1
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activation and caspase activation were prevented by a JAK inhibitor. Similar to STAT1, STAT3 also has
the potential to have a pro-apoptotic effect in neurons under certain conditions. Wan et al. (30) recently
showed that a pro-apoptotic Tyk2/STAT3 pathway mediates [3-amyloid peptide-induced neuronal death.
Specifically, siRNA knockdown of STAT3 protected PC12 cells from B-amyloid and a STAT3 inhibitory
peptide protected cultured cortical neurons. Finally, cortical neurons isolated from Tyk2 null mice were
significantly less sensitive than WT neurons to -amyloid-induced apoptosis. Collectively, these studies
demonstrate that both STAT1 and STAT3 have the potential of acting as pro-apoptotic mediators in
neurons under specific pathological conditions. In contrast to these previous reports, we find that
although total STATI levels are upregulated and STAT3 is activated via tyrosine phosphorylation in
response to ToxB, neither transcription factor is responsible for the neuronal apoptosis induced in CGNs
by inhibition of Rac function.

Instead, we report that ToxB induces the enhanced tyrosine phosphorylation of STATS which
subsequently translocates into the nucleus of CGNs. Interestingly, we found that the phosphorylation of
STATS was prevented by the reputed STAT3 inhibitor, JSI-124. This finding is perhaps not surprising
given that JSI-124 has been reported to exert effects outside of STAT3 inhibition (52). In fact, this
compound was recently shown to inhibit the neuroprotective effects of growth hormone against
glutamate-induced toxicity in hippocampal neurons, an effect which is dependent on STATS activity (53).
In addition to the neuroprotective effects of JSI-124, we report that roscovitine similarly inhibits STATS
phosphorylation induced by ToxB and protects CGNs against ToxB-targeted Rac inhibition. The effects
of roscovitine were dissociated from its effects as a CDK inhibitor since the similarly structured
compound, Purvalanol A, did not protect CGNs from ToxB. Our data with roscovitine are consistent with
a previous study showing its ability to suppress STATS activation in a leukemia cell line (54). Finally,
we show that adenoviral infection with a dominant negative mutant of STATS, but not WT STATS,
significantly protects CGNs from Rac inhibition with ToxB. To our knowledge, these findings are novel
in that they are the first to identify a pro-apoptotic function for STATS5 in neurons.

Our data indicate that of the two STATS isoforms, only STATSA is activated via phosphorylation in
CGNs exposed to ToxB-mediated Rac blockage. Although the two isoforms are highly homologous, this
is consistent with several previous reports which have revealed isoform-specific STATS activation.
Similar to our results in CGNs, JAK/STAT signaling has been shown to induce caspase-dependent
apoptosis in response to granulocyte-macrophage colony-stimulating factor (GM-CSF) in OCIM2 acute
myeloid leukemia cells (36). However, while GM-CSF has been shown to preferentially activate
STATS5A in human monocytes (37), this factor was shown to induce specific STATSB signaling in
human neutrophils (38). In a similar manner, insulin was demonstrated to activate STAT5B, but not
STATSA, in Kym-1 rhabdomyosarcoma cells (39). Furthermore, targeted gene disruptions of either
STATSA or STATSB in mice have shown functional differences in vivo. For example, deletion of
STATS5A disrupts prolactin-derived mammary gland maturation while disruption of STAT5B diminishes
growth hormone effects on hepatic function and body mass in male mice (40). Thus, our data are
consistent with several previous reports highlighting isoform-specific activation and functions of STATS.

STATS is activated by many diverse cytokines and growth factors and it is well established that this
transcription factor has an important role throughout the body. Although few studies have examined the
role of STATS in the central nervous system, the majority of reports are paradoxical to our present study
and suggest that STATS chiefly exerts a pro-survival effect in neurons. For example, STATS is required
in conjunction with Akt in order to mediate the neurotrophic and neuroprotective effects of both growth
hormone in hippocampal neurons (53) and erythropoietin in differentiated neuroblastoma cells (55).
Furthermore, STATS was shown to elicit a pro-survival effect via induction of Bcl-2 and Bcl-xL in neural
progenitor cells subjected to apoptotic stimulation (56). Thus, the relatively few studies conducted on
STATS in neuronal models indicate that it mainly functions to transmit pro-survival signals. Yet, critical
studies in non-neuronal cells suggest that the downstream effects of STATS are much more complex.
STATS sensitizes osteosarcoma cells to apoptosis following treatment with oncostatin M (32). Moreover,
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in a mouse model of familial ALS, a JAK3 inhibitor was shown to extend the lifespan of mutant mice
when compared to those that did not receive the inhibitor. While the effects of this inhibitor on the
activation of specific STAT family members was not evaluated in this particular study, JAK3 has been
shown to activate STATS on various accounts (57-59). In evaluating various JAK isoform-selective
inhibitors, we did not observe any significant inhibition of ToxB-induced apoptosis in CGNs except with
a pan-J1. Thus, our data suggest a possible contribution of Tyk2 or multiple JAK isoforms in the apoptosis
of neurons subjected to Rac inhibition. In conjunction with our present findings, these previous studies
suggest that STATS functions in a cell-type and stimulus-specific manner and the specific role of
JAK/STATS in the central nervous system and in particular, with respect to neuronal survival, is likely
determined by many factors.

While we have identified Rac as a repressor of a pro-apoptotic JAK/STATS pathway, the mechanism
of STATS activation following Rac inhibition remains incompletely understood. Suppressors of cytokine
signaling (SOCS) exist as endogenous STAT inhibitors (60,61) and previous evidence suggests that
SOCS protein expression can be regulated by ERK (62,63). This is consistent with our previous finding
that a pro-survival MEK/ERK pathway functions downstream of Rac GTPase to actively repress pro-
apoptotic JAK/STAT signaling in healthy CGNs (8). Whether SOCS proteins are indeed mediators of the
Rac-dependent repression of pro-apoptotic JAK/STAT signaling in neurons remains to be investigated.

In agreement with our work identifying a pro-apoptotic JAK/STATS pathway in CGNs, recent
examination of the genetic targets of STATS demonstrate transcriptional regulation of pro-survival
members of the Bcl-2 family. For example, STATS has been shown to negatively regulate the levels of
Bcl-2 in osteosarcoma cells sensitized to undergo apoptosis (32). Similarly, both STATS isoforms were
shown to bind to the promoter region of Bcl-x, a gene which is transcribed into pro-survival Bcl-xL and
pro-apoptotic Bcl-extra short (Bcl-xS) (33,43,64). Therefore, it was of interest to determine if Bcl-2
and/or Bcl-xL were transcriptional targets of STATS in CGNs subjected to Rac inhibition with ToxB. Our
ChIP data show that STATS is recruited to the Bcl-xL. promoter in ToxB-treated CGNs. These results
suggest that STATS may transcriptionally repress Bel-xL to tip the delicate balance between pro-survival
and pro-apoptotic Bcl-2 proteins towards apoptosis. Consistent with this interpretation, we observe
caspase-3 activation and classical apoptotic morphology subsequent to downregulation of Bcl-xL protein
levels. While we show that STATS binding to the promoter region of Bcl-xL increases in response to Rac
inhibition, an alternative mechanism by which STATS may mediate transcriptional repression of Bcl-2
family proteins in the nucleus is through competitive binding to the transcriptional co-activator
p300/CREB binding protein (CBP) (65,66). At the present time, we cannot exclude this as a possible
mechanism of STAT5-dependent transcriptional repression of Bcl-xL during Rac inhibition.

Another potential mechanism by which STATS has been proposed to repress Bcl-xL transcription
involves a cooperative interaction with the glucocorticoid receptor (GR). A recent report found that
glucocorticoid treatment in lymphoid cells inhibited the transcription of Bcl-xL and decreased the ratio of
Bcl-xL to the pro-apoptotic Bcl-xS in a STAT5B-dependent manner to induce apoptosis (13). Conversely,
another report found that the GR can interact with STATS5 to upregulate Bcl-xL as part of a pro-survival
pathway activated by the GR agonist, methylprednisolone, in oligodendro-cytes (67). Given the evidence
suggesting that the GR can act in a cooperative manner with STATS5 to regulate the transcription of Bcl-
xL, we sought to determine whether or not the GR was involved in STATS5A-mediated apoptotic
signaling in CGNs subjected to ToxB treatment. In CGNs exposed to ToxB, the GR antagonist,
mifepristone, provided no significant protection indicating that the STATS-dependent effects on Bcl-xL
transcription are likely GR-independent in this cell system (data not shown).

In summary, we show that ToxB-induced inactivation of Rac GTPase results in the derepression of a
novel pro-apoptotic JAK/ STATS pathway. Although STATI1 was induced and STAT3 was
phosphorylated following ToxB treatment, neither protein was responsible for inducing apoptosis of
CGNs downstream of Rac inhibition. Rather, our data support a model in which ToxB-induced Rac
inhibition in CGNs activates a novel pro-apoptotic JAK/STATS pathway which, following STATSA
phosphory-lation and translocation to the nucleus, results in the transcriptional repression of pro-survival
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Bcl-xL and subsequent activation of caspase-3 and apoptosis. To our knowledge, our findings are novel
in that they are the first to demonstrate a pro-apoptotic function for a JAK/STATS pathway in neurons.
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FOOTNOTES

"The abbreviations used are: CGNs, cerebellar granule neurons; ToxB, Clostridium difficile Toxin B;
JAK, Janus kinase; STAT, signal transducer and activator of transcription; GEF, guanine nucleotide
exchange factor; CHIP; chromatin immunoprecipitation; PAK, p21-activated kinase; MEK, MAP kinase
kinase; ERK, extracellular signal-regulated kinase; KO, knockout; SDS-PAGE, sodium dodecylsulfate-
polyacrylamide gel electrophoresis; PVFD, polyvinylidene difluoride; PBS; phosphate buffered saline;
WT, wild type; pan-JI; pan-JAK inhibitor; pSTAT3, phosphorylated STAT3; pSTATS, phosphorylated
STATS, CDKs, cyclin-dependent kinases; Ad, adenoviral; SOCS, suppressors of cytokine signaling; Con,
control; Cyto, cytosolic; NS, non-specific; IB, immunoblotted; Endo; endogenous; Trunc, truncated; Ct,
cycle threshold; O.D., optical density

FIGURE LEGENDS

Figure 1. STAT1 is upregulated in a JAK-dependent manner during CGN apoptosis induced by
the Rho family GTPase inhibitor, ToxB. A. CGNs were incubated for 24 h in complete medium
containing 25 mM KCI and serum (Con medium) + C. difficile ToxinB (ToxB; 40 ng/mL), or ToxB +
pan-JAK inhibitor (pan-JI; 1 uM). Cells were then lysed and proteins were resolved by SDS-PAGE and
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transferred to PVDF membranes. The membrane was probed with an antibody against STAT1. STATI
expression was upregulated when treated with ToxB and this effect was blocked by pan-JI. B. Molecular
structure of pan-JI. C. Quantification of apoptosis in CGNs incubated for 24 h as described in (A). **
p<0.01 compared to Con; § p<0.01 compared to ToxB. D. CGNs were incubated for 24 h as described in
(A). Following incubation, cells were incubated with a polyclonal antibody against active caspase-3
(shown in red), a monoclonal antibody against B-tubulin (shown in green), and nuclei were stained with
DAPI (shown in blue). Lower panels show decolorized DAPI staining of nuclei for clarity. CGNs
incubated with ToxB exhibited many condensed and/or fragmented nuclei and displayed increased
immunoreactivity for active caspase-3. CGNs co-incubated with pan-JI were significantly protected from
apoptosis and displayed nuclear morphology similar to controls. Scale bar = 10 pM. E. CGNs were
incubated for 24 h in con medium * ToxB (40 ng/mL), or ToxB + JAK3 Inhibitor (JAK3 Inh; 100 uM);
Ruxolitinib (Rux; 10 uM); or Tofacitinib (Tof; 10 uM). Following incubation, cells were fixed with 4%
paraformaldehyde and the nuclei were stained with Hoechst dye. Apoptotic cells were scored as those
with condensed and/or fragmented nuclei.

Figure 2. STAT1 does not display increased tyrosine phosphorylation nor does it translocate into
the nucleus of ToxB-treated CGNs. A. A 24 h time course of ToxB treatment (40 ng/mL) was
performed in CGNs. Cell lysates were resolved by SDS-PAGE and proteins transferred to PVDF
membranes. The blots were probed with antibodies against pSTAT1(Y701) and STAT1. Little-to-no
increase in the tyrosine phosphorylation of STAT1 was observed in CGNs subjected to ToxB for up to 24
h. B. CGNs were incubated with Con medium + ToxB (40 ng/mL) for 8 h. Cells were fixed and their
nuclei stained with DAPI. A primary antibody against pSTAT1 (Y701) and a Cy3-conjugated secondary
antibody were used to visualize pSTAT1. Incubation of CGNs with ToxB did not result in translocation
of pSTATT into the nucleus. Scale bar = 10 uM.

Figure 3. CGNs from STAT1 knockout and wild type mice are equally susceptible to ToxB-induced
apoptosis. A. CGNs from wild-type (WT) and STAT1 knock out (KO) mice were treated for 0 h, 24h, or
48 h with ToxB (40 ng/mL). Cell lysates were resolved by SDS-PAGE and proteins were transferred to
PVDF membranes. The blot was probed with a primary antibody against STAT1. Western blot shows
induced expression of STAT1 in WT CGNs after treatment with ToxB. B.WT and STAT1 KO CGNs
were incubated for 48 h in Con medium + ToxB (40 ng/mL), or with ToxB + pan-JI (1 uM). Cells were
fixed and nuclei were stained with Hoechst. Both WT and KO cells treated with ToxB displayed
condensed and/or fragmented nuclear morphology. WT and KO CGNs co-incubated with pan-JI
exhibited nuclear morphologies similar to those of con cells. Scale bar = 10 uM. C. Quantification of
apoptosis in CGNs incubated for 24 h or 48 h with Con medium + ToxB (40 ng/mL), or ToxB + pan-JI (1
uM). STAT1 KO cells succumbed to apoptosis as readily as WT CGNs after treatment with ToxB. When
co-incubated with pan-JI, STAT1 KO and WT CGNs showed similar protection from ToxB. ** p<0.01
compared to Con; 11 p<0.01 compared to ToxB.

Figure 4. STAT3 is tyrosine phosphorylated in response to ToxB in CGNs and this effect is blocked
by pan-JI. A. CGNs were incubated for various periods of time up to 8 h with ToxB in Con medium.
Cells were lysed and proteins were resolved by SDS-PAGE and transferred to PVDF membranes. The
blot was probed with antibodies against pSTAT3 (Y705) or STAT3. The expression of pSTAT3
increased in response to ToxB. B. CGNs were incubated for 6 h or 8 h in Con medium + ToxB (40
ng/mL), or ToxB + pan-JI (1 uM). Cell lysates were resolved by SDS-PAGE and proteins were
transferred to PVDF membranes. The blot was probed with antibodies against pSTAT3 (Y705) or
STAT3. The pan-JI inhibitor blocked ToxB-induced STAT3 phosphorylation.

Figure 5. A reputed STAT3 inhibitor, JSI-124, protects CGNs from ToxB-induced apoptosis. A.

Molecular structure of JSI-124. B. CGNs were incubated for 24 h in Con medium + ToxB (40 ng/mL), or

ToxB + JSI-124 (5 uM). Cells were fixed and their nuclei stained with Hoechst dye. CGNss treated with
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ToxB exhibited significantly more condensed and/or fragmented nuclei than Con CGNs. CGNs co-
incubated with JSI-124 were significantly protected from apoptosis and their nuclei were morphologically
similar to Con cells. Scale bar = 10 uM. C. Quantification of apoptosis in CGNs treated with ToxB or +
JSI-124. Values are mean = SEM. JSI-124 significantly protected CGNs from ToxB-induced apoptosis.
** p<0.01 compared to Con; {1 p<0.01 compared to ToxB.

Figure 6. Phosphorylated STAT3 does not translocate into the nucleus of CGNs following treatment
with ToxB and additional STAT3 inhibitors do not protect CGNs from apoptosis. A. CGNs were
incubated in Con medium + ToxB (40 ng/mL) for 8 h. Following incubation, the cells were fractionated
into nuclear and cytosolic (cyto) fractions as described in the Experimental Procedures. A monoclonal
antibody against pSTAT3 (Y705) was used for Western Blotting. pSTAT?3 did not translocate into the
nucleus following treatment with ToxB. The purity of the nuclear fractions was verified by
immunoblotting for LAP-2. B. CGNs were incubated for 24 h in Con medium + ToxB (40 ng/mL) or
ToxB + STA-21 (20 uM). Cells were fixed and nuclei were stained with Hoechst dye to quantify
apoptosis. STA-21 did not protect CGNs from ToxB-induced apoptosis. Results shown are mean + range
(n=2). C. CGNs were incubated for 24 h in Con medium + ToxB (40 ng/mL) or ToxB + STAT?3
inhibitory peptide (100 pM). Cells were fixed and nuclei were stained with Hoechst dye to quantify
apoptosis. STAT3 inhibitory peptide did not protect CGNs from ToxB-induced apoptosis. Results shown
are mean + range (n=2). D. CGNs were incubated for 24 h in Con medium + ToxB (40 ng/mL), JSI-124
(5 uM), or ToxB + JSI-124. The cells were lysed and proteins were separated by SDS-PAGE and
transferred to PVDF membranes. Blots were probed for pSTAT3 (Y705). ToxB increased the expression
of pSTATS3. This effect was not blocked by co-incubation with JSI-124. NS = non-specific band shown
to indicate equal protein loading.

Figure 7. STAT5A shows enhanced tyrosine phosphorylation in response to ToxB in CGNs which is
blocked by JSI-124 and the STATS inhibitor, roscovitine. A. CGNs were incubated in Con medium *
ToxB (40 ng/mL) or ToxB + JSI-124 (JSI; 5 uM) for 24 h. Cells were lysed, proteins were resolved by
SDS-PAGE and transferred to PVDF membranes. Blots were probed for pSTATS5 (Y694) and total
STATS. STATS was phosphorylated in response to ToxB and this effect was blocked by JSI-124. B.
CGNs were incubated in Con medium + ToxB (40 ng/mL) or ToxB + roscovitine (Rosc; 30 uM) for 24 h.
Following incubation, cells were lysed and immunoprecipitated (IP; right panel) for either total STATSA
or STATS5B. IP’d proteins and a lane containing the whole cell lysate (WCL) were resolved by SDS-
PAGE and transferred to PVDF membranes. Blots were probed for total STATS. On the left panel,
proteins were lysed following a 24 h incubation period and resolved by SDS-PAGE. Next, proteins were
transferred to PVDF membranes. Blots were probed for pSTATS (Y694) and total STATS. STATS was
phosphorylated in response to ToxB and this effect was blocked by roscovitine. NS = non-specific; band
shown to indicate equal protein loading 5A = STATSA; 5B = STATSB. C. CGNs were incubated in Con
medium + ToxB (40 ng/mL) for 24 h. Cells were fixed and incubated with a polyclonal antibody against
pSTATS (Y694; shown in green). Nuclei were stained with DAPI (shown in blue). pSTATS translocates
into the nucleus in response to ToxB. Scale bar = 10 pM.

Figure 8. Roscovitine significantly protects CGNs from ToxB-induced apoptosis. A. CGNs were
incubated for 24 h in Con medium + ToxB (40 ng/mL) or ToxB + Roscovitine (Rosc; 30 uM). Following
incubation, cells were fixed and the nuclei were stained with Hoechst dye. Scale bar = 10 uM. B.
Quantification of apoptosis in CGNs treated with ToxB alone or co-treated with Roscovitine. Values are
mean *+ SEM (n=5). Roscovitine significantly protected CGNs from ToxB-induced apoptosis. ** p<0.01
compared to Con; 1 p<0.01 compared to ToxB. C. CGNs were as described in (A) and lysed. Proteins
were separated by SDS-PAGE and transferred to PVDF membranes. The membrane was immunoblotted
(IB) for caspase-3. Roscovitine blocked the ToxB-induced processing of caspase-3 to its active
fragments. fl = full length. D. CGNs were incubated for 24 h in Con medium = ToxB (40 ng/mL) or
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ToxB + Purvalanol A (30 uM). Following incubation, cells were fixed with 4% paraformaldehyde and
the nuclei were stained with Hoechst dye. Purvalanol A did not protect CGNs from ToxB-induced
apoptosis.

Figure 9. Adenoviral dominant negative STATS protects CGNs from ToxB-induced apoptosis. A.
HEK 293 AD cells were infected for 48 h with an adenovirus carrying GFP (Ad-GFP), wild type STATS
(Ad-WT STATS), or dominant negative STAT5 (Ad-DN STATS). Cell lysates were separated by SDS-
PAGE, transferred to PVDF membranes, and immunoblotted (IB) for STATS expression. There was a
marked increase in STATS5 expression in HEK cells infected with either Ad-WT or Ad-DN STATS.
Endo, endogenous; trunc; truncated. B. CGNs were infected for 48 h with the same adenoviruses as
described in (A) and cell lysates were probed for STATS expression. C. CGNs were incubated for 48 h
with adenoviruses as described above. The cells were fixed and the nuclei were stained with Hoechst.
Apoptotic cells were scored as those with condensed and/or fragmented nuclei. There was no significant
difference in basal apoptosis in CGNs infected with Ad-GFP, Ad-WT STATS, or Ad-DN STATS. D.
CGNs were infected for 48 h with either Ad-WT STATS or Ad-DN STATS. After the initial 24 h of
incubation, each experimental condition was treated + ToxB (40 ng/mL) for 24 h. At the end of the
incubation, cells were fixed and nuclei were stained with DAPI. Apoptotic cells were scored as those
with condensed and/or fragmented nuclei. The fold change in apoptosis for ToxB-treated cells vs. Con
cells was quantified. CGNs incubated with dominant negative STATS5 were protected from ToxB-
induced apoptosis. Data shown represent the mean + SEM for n=3 experiments. ** p <0.01 vs. WT
STATS. E. CGNs were incubated as describe in (D). Cells were then fixed and nuclei were stained with
Hoechst dye. Images shown are representative of 3 independent experiments. Scale bar = 10 uM.

Figure 10. STATS transcriptionally represses Bcl-xL during ToxB-induced apoptosis. STATS
transcriptionally represses Bcl-xL during ToxB-induced apoptosis. A. CGNs were incubated in Con
medium + ToxB (40 ng/mL) for 8 h. As a control for ChIP experiments (“Input”), ChIP-qPCR was
performed as described under “Experimental Procedures” in the absence of the STATS antibody to
determine the total concentration of input Bcl-xL. promoter DNA. The graph shows the mean + SEM of
the results of four independent experiments. The concentration of input DNA did not differ significantly
between the Con and ToxB samples. ChIP: STATS - CGNs were incubated in Con medium + ToxB (40
ng/mL) for 8 h. The relative binding of STATS to the Bcl-xL promoter was assessed via ChIP-qPCR
analysis as described under “Experimental Procedures.” The graph shows the mean + SEM of the results
for four independent experiments. STATS binding to the Bel-xLL promoter was significantly increased in
response to ToxB treatment for 8 h. *p <0.05 vs. Con evaluated by a two-tailed student’s t-test. B. The
fold enrichment of STATS recruitment to the Bcl-xL promoter was quantified from the Ct Value. STAT5S
binding to the promoter region of Bcl-xL increased 9.5 + 4.1 in response to 8 h ToxB treatment, although
not statistically significant. C. CGNs were incubated for 0, 16, and 24 h with ToxB (40 ng/mL). Cells
were then lysed and proteins were resolved by SDS-PAGE and transferred to PVDF membranes. The
membrane was probed with an antibody against Bcl-xL. Subsequently, the blot was stripped and reprobed
for active caspase-3 and actin (loading control). Bcl-xL expression decreased in response to ToxB and
active caspase-3 expression increased. The values above the Bcl-xL blot represent optical densities (O.D)
of the Bcl-xL expression. The normalized O.D. for the time “0” control was set to 1.0.
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