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Abstract

Manganese (Mn) is a trace element essential for normal human development and is required for
the proper functioning of a variety of physiological processes. Chronic exposure to Mn can cause
manganism, a neurodegenerative disorder resembling idiopathic Parkinson’s disease (PD). Mn(Il)
neurotoxicity is characterized by astrocytic impairment both in the expression and activity of
glutamine (GlIn) transporters. Because protein kinase C (PKC) activation leads to the
downregulation of a number of neurotransmitter transporters and Mn(ll) increases PKC activity,
we hypothesized that the PKC signaling pathway contributes to the Mn(l11)-mediated disruption of
GlIn turnover. Our results have shown that Mn exposure increases the phosphorylation of both the
PKCa and PKCS isoforms. PKC activity was also shown to be increased in response to Mn(ll)
treatment. Corroborating our earlier observations, Mn(ll) also caused a decrease in GIn uptake.
This effect was blocked by PKC inhibitors. Notably, PKC activation caused a decrease in GIn
uptake mediated by systems ASC and N, but had no effect on the activities of systems A and L.
Exposure to a-phorbol 12-myristate 13-acetate significantly decreased SNAT3 (system N) and
ASCT2 (system ASC) protein levels. Additionally, a co-immunoprecipitation study demonstrated
the association of SNAT3 and ASCT2 with the PKCS isoform, and Western blotting revealed the
Mn(l1)-mediated activation of PKCS8 by proteolytic cleavage. PKC activation was also found to
increase SNAT3 and ubiquitin ligase Nedd4-2 binding and to induce hyperubiquitination. Taken
together, these findings demonstrate that the Mn(I1)-induced dysregulation of GIn homeostasis in
astrocytes involves PKCS signaling accompanied by an increase in ubiquitin-mediated proteolysis.
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INTRODUCTION

L-Glutamine (GIn) serves a multitude of roles in the central nervous system (CNS); it is a
precursor of glutamic acid (Glu) and -y-aminobutyric acid (GABA) neurotransmitters and an
essential component of intermediary metabolism (Hamberger et al., 1979; Norenberg and
Martinez-Hernandez, 1979; Sonnewald et al., 1993). The passage of GIn across astrocytic
and neuronal plasma membranes is mediated by specific transporting proteins and is a key
factor in the Glu-GIn-GABA cycle (Daikhin and Yudkoff, 2000). The bi-directionally acting
systems N and ASC transporters are expressed in astrocytes, whereas the GIn uptake-
promoting system A transporter, SNAT2, and system L transporter, LAT2, are expressed
both in neurons and astrocytes, with the higher expression levels in neurons when compared
with astrocytes (Broer and Brookes, 2001; Mackenzie and Erickson, 2003). In astrocytes, at
control conditions, Gln uptake is mediated mainly by systems ASC and N, in 50% and 30%,
respectively, with a lesser contribution by systems A and L (for both systems in 10%)
(Sidoryk-Wegrzynowicz et al., 2009). GIn transport in the CNS is essential for the Glu-GlIn-
GABA cycle, and the deregulation of this cycle has been implicated in response to
manganese (Mn) exposure (Lee et al., 2009; Milatovic et al., 2007; Sidoryk-Wegrzynowicz
et al., 2009, 2010). Primary cultures of astrocytes treated with Mn(Il) displayed a significant
reduction in the protein levels of SNAT3 (system N), SNAT2 (system A), LAT2 (system L),
and ASCT?2 (system ASC). The Mn(Il)-induced disruption of GlIn transporter expression was
associated with Gln transport alteration (Sidoryk-Wegrzynowicz et al., 2009) . Recently, we
also showed that the Mn-induced downregulation of the astroglial GIn transporter, SNAT3,
involves the ubiquitin-mediated proteolytic system (Sidoryk-Wegrzynowicz et al., 2010);
however, the source of initiation and the specific regulatory mechanism(s) of this process
have yet to be fully elucidated. It is well known that Mn(lIl) at excessive levels is toxic to the
CNS. Pathological Mn(lI1) concentrations lead to a neurological disorder, called manganism,
which is characterized by early psychotic symptoms, and frequently followed by chronic
symptoms similar to idiopathic Parkinson’s disease (PD) (Barbeau, 1984; Mena et al., 1967,
Racette et al., 2001). At the histopathological level, manganism results in neurodegeneration
and gliosis in the substantia nigra, the globus pallidus, and the striatum (Erikson and
Aschner, 2003; Pal et al., 1999). Mn exposure causes membrane translocation and the
subsequent activation of protein kinase C (PKC) (Liao et al., 2007), resulting in the
downregulation of a number neurotransmitter transporters, including those for dopamine,
norepinephrine, serotonin, GABA, glycine, and glutamate (Apparsundaram et al., 1998;
Beckman et al., 1999; Fang et al., 2002; Gomeza et al., 1995; Melikian and Buckley, 1999;
Zhang et al., 1997). Accordingly, we hypothesized that PKC signaling contributes to the
Mn(I1)-mediated disruption of astrocytic GIn carrier expression and function.

PKC isozymes participate in diverse signaling pathways that play critical roles in regulating
brain function (Battaini, 2001; Govoni et al., 2010). The PKC family of serine/threonine
kinases consists of at least 10 isoforms classified by their activation requirements (Newton,
2001, 2003). Although many neurotransmitters and amino acid transporters have been
documented to be controlled by PKC signaling (Balkrishna et al., 2010; Bode et al., 1998;
Foster et al., 2008), the specific isoform(s) that is involved in this process has not yet been
identified.
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The present study was designed to address the following objectives: (1) to determine which
of the different PKC isoforms is activated after Mn(Il) exposure; (2) to identify the role of

PKC in the Mn(lI1)-mediated disruption of Gln transporter expression and function; and (3)
to examine the involvement of PKC signaling in the ubiquitin-mediated proteolytic system.

MATERIALS AND METHODS

Chemicals, Reagents, Cell-Culture Supplies, and Antibodies

Manganese chloride (MnCl,) and the PKC inhibitor bisindolylmaleimide Il (Bisll) and
activator a-phorbol 12-myristate 13-acetate (PMA), amino acids: Gln, histidine (His),
threonine (Thr), 2-methylaminoisobutyric acid (MeAIB) leucine (Leu) were purchased from
Sigma Chemical Co. (St Louis, MO). Minimal essential medium (MEM) with Earle’s salts,
heat-inactivated horse serum, penicillin, and streptomycin were purchased from Invitrogen
(Carlsbad, CA). Primary antibodies against the following proteins were used: SNAT3,
SNAT2, ASCT2, LAT2 (Santa Cruz Biotechnology, Santa Cruz, CA); Nedd4-2, conjugated
ubiquitin, (Abcam, Cambridge, MA), phospho-PKCp (Thr 642), phosho-PKCa (Thr 638),
phospho-PKC8 (Thr 505) (Invitrogen, Carlshad, CA), PKCp, PKCa, PKC8 (Abcam), and
B-actin (Sigma). Secondary, HRP-conjugated antibodies were purchased from Santa Cruz
Biotechnology: against goat, mouse, and rabbit IgGs, and from Sigma: against mouse 1gG.

Primary Cultures of Astrocytes

Primary cultures of astrocytes were prepared according to previously established protocols
(Aschner et al., 1992). One-day-old Sprague—Dawley rats were decapitated under halothane
anesthesia, and the cerebral cortices were dissected out and digested with bacterial neutral
protease (Dispase, Invitrogen, Eugene, OR). Astrocytes were recovered by the repeated
removal of dissociated cells and plated at a density of 1 x 10° cells/mL. Twenty-four hours
after the initial plating, the medium was changed to preserve the adhering astrocytes and to
remove neurons and oligodendrocytes. The cultures were maintained at 37°C in a 95%
air/5% CO, incubator for 3 weeks in MEM with Earle’s salts supplemented with 10% fetal
bovine serum, 100 U/mL of penicillin, and 100 pg/mL of streptomycin. The medium was
replaced twice per week. The surface-adhering monolayer cultures were >95% positive for
the astrocytic marker, glial fibrillary acidic protein. All experiments were performed 3 weeks
postisolation, when the cultures reached confluency.

Experimental Treatments

The chosen MnCl; concentrations were based on estimates from the literature. The
physiological range of Mn is 75-100 uM; clinical signs increase in frequency and severity
above this level. Cells were exposured to 100 (physiological range) and to 500 UM or 1 mM
MnCly, representing a range of Mn(Il) concentrations considered to be toxic in cultured
astrocytes (Milatovic et al., 2007) as well as in the /7 vivo brain in animals (Suzuki et
al.,1975) and humans models (Tracqui et al., 1995). For the assessment of the involvement
of PKC in Mn(ll)-induced GIn transporters downregulation, cells were treated with specific
activator of PKCs: a, I, Bll, v, 8, , 1, 6-PMA (100 nM), and inhibitor of PKCs-Bis 11 (10

UM).
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RNA Isolation and RT-PCR

For real time polymerized chain reaction (RT-PCR) analysis, total RNA was isolated with
the RNeasy kit (Qiagen, Valencia, CA) from primary cultures of astrocytes followed by
reverse-transcription with a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) according to the manufacturer’s protocols. RT-PCR analyses
were carried out using the following TagMan Gene Expression: GAPDH-Rn99999916 s1;
PKC a-Rn01496144 m1; PKCbheta-Rb01275210_m1 PKC delta Rn01450219 g1 (Applied
Biosystems). The reaction mixtures contained Tagman Universal PCR Mastermix, TagMan®
Gene Expression and 1 ul cDNA in a total volume of 5 ul. Reactions were performed in 384-
well optical reaction plates using an Applied Biosystems 7500 Sequence Detection System.
Expression values obtained from triplicate runs of each cDNA were calculated relative to the
triplicate value for the GAPDH from the same cDNA preparation. Relative quantifications of
MRNA in the samples were performed with the postrun data analysis software (SDS 2.3)
provided by the Cycler system from Applied Biosystems.

Western Blot Analysis

Western blot analyses with anti-SNAT3 (1:400) anti-ASCT2 (1:500), anti-SNAT2 (1:500),
anti-LAT2 (1:500), anti-p-PKCa (1:1,000), anti-p-PKC6 (1:1,000), anti-p-PKCp (1:1,000),
anti-PKCa (1:1,000), anti-PKC5 (1:1,000), anti-PKCp (1:1,000), anticonjugated Ub
(1:1,000), antibeta actin (1:3,000) and secondary antibody anti-rabbit IgG (1:5,000), anti-
goat IgG (1:1,000), or anti-mouse 1gG (1:3,000) were performed as described (Sidoryk-
Wegrzynowicz et al., 2010).

Biotinylation of Cell Surface Protein

Primary astrocyte cultures were treated with PMA (100 nM) for 4, 6, 8, and 24 h, and the
cell surface biotinylation assay was performed using the cell surface protein isolation kit
(Pierce, Rockford, IL), following the manufacturer’s protocol. In brief, astrocytes were
washed twice with ice-cold PBS and biotinylated using EZ-Link Sulfo-NHS-SS biotin in
PBS for 30 min at 4°C on an orbital shaker. The reaction was stopped by adding a quenching
solution (TBS, 25 mM Tris, and 0.15 M sodium chloride; pH 7.2), and cells were scraped
and centrifuged at 500g for 3 min. The pellets were washed with TBS, centrifuged at 500g
for 3 min, and lysed and centrifuged at 10,000 for 2 min at 4°C. The supernatant was added
to a column containing NeutrAvidin™ gel and incubated for 60 min at room temperature
with end-over-end mixing using a rotator. The column was washed three times with TBS,
and the biotinylated proteins adherent to NeutrAvidin were suspended in SDS buffer (62.5
mM Tris—HCI pH 6.8, 1% SDS, and 10% glycerol containing 50 mM dithiothreitol), heated
in a heat block for 5 min at 95°C, and eluted by centrifugation at 1,000g for 2 min. Proteins
in each sample were measured by the BCA method (Pierce), and equal amount of protein
was used for Western blots. Beta-actin, which is not expressed in cell surface membranes,
was also evaluated to assure the purity of the isolated cell surface proteins.

Co-Immunoprecipitation

Co-immunoprecipitation study for SNAT3, ASCT2, SNAT2, LAT2, Nedd4-2, and PKC &
was performed as described (Sidoryk-Wegrzynowicz et al., 2010).
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PKC Activity Assays

Primary astrocyte cultures were treated with 100 uM, 500 uM, and 1 mM Mn for 4, 8, and
24 h and lysed with RIPA buffer-containing protease and phosphatase inhibitors. PKC
activity was measured with a PKC assay kit (Millipore, Temecula, CA) following the
manufacturer’s protocol. In brief, lysates containing 50 pg of protein were mixed with the
PKC substrate cocktail, assay dilution buffer, PKC lipid activator, and Mg2*/ATP cocktail
with 100 UCi of the (y32P)ATP (Perkin Elmer, Waltham, CA). After incubation for 10 min at
30°C, the radiolabeled substrate was transferred onto the center of a phosphocellulose paper
square and immersed into a 50-mL conical tube containing 40 mL 0.75% phosphoric acid.
The assay squares were gently shaken for 5 min on a rotator, washed with acetone for 5 min,
and drained and transferred to the scintillation vial with the LSC cocktail (Fisher Scientific,
Pittsburgh, PA). Radioactivity was measured with a scintillation counter (LS 6500
Beckman), and PKC activity was expressed as a counts per minute/milligram protein.

Analysis of 3H-GIn Uptake

Glutamine (GIn) uptake was measured after incubating the astrocytes for 5 min with 0.25
HCi of L-(G-3H)-GIn per well (specific activity: 49.0 Ci/mmol; Amersham Biosciences,
Piscataway, NJ). Cells grown in 24-well plates were washed three times with 2 mL of fresh
sodium-HEPES buffer consisting of the following: 122 mM NaCl, 3.3 mM KCl, 0.4 mM
MgSOy, 1.3 mM CaCly, 1.2 mM KH,PO,, 10 mM glucose, and 25 mM HEPES adjusted to
a pH of 7.4 with 10 M NaOH and were preincubated for 0.5, 1, 2, 4, 6, 8, and 24 h with this
buffer alone or containing 100 nM PMA at 37°C and 95% air/5% CO». For other uptake
analyses, cells were treated for 4, 8, and 24 h with 500 uM or 1 mM MnCl; in the presence
of 100 nM PMA or 10 uM Bis Il. The role of PKC in regulating the activity of various Gln
transporting systems was analyzed in the presence of system-specific competing amino acids
in the presence or absence of PMA for 4, 6, and 24 h. Competitors included histidine (His)
for the suppression of system N; threonine (Thr) for the suppression of system ASC; MeAIB
for the suppression of system A; and Leu for the suppression of system L. The concentration
of unlabeled GlIn was 0.158 mM; competing amino acids used to differentiate between the
transport systems were added at 32-fold excess (to GlIn). The reaction was stopped after 5
min with ice-cold sodium-HEPES buffer, and cells were lysed by incubation with 1 M
NaOH for 30 min at 37°C. An aliquot of the lysate was transferred to a scintillation vial,
LSC cocktail (Fisher Scientific) was added, and radioactivity was measured in a scintillation
counter (LS 6500 Beckman). The remainder of the lysate was used for protein determination
by the bicinchoninic acid protein assay (Pierce). Uptake of GIn was expressed as nanomole
per minute per milligram of protein.

Statistical Analysis

Results are expressed as the mean + SD from a minimum of three independent astrocytic
cultures. Statistical analysis was carried out with one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. All analyses were performed with GraphPad Prism 4.02
for Windows (GraphPad Software, San Diego, CA).
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RESULTS

Mn(ll) Exposure Increases PKC Activity in Primary Cultures of Astrocytes

To test the hypothesis that astrocytic PKC activity is induced in response to Mn(I1) exposure,
mRNA and protein levels of the classical isoforms, PKCa and PKCp, as well as the novel
isoform, PKC8, were measured. The quantitative RT-PCR analysis showed no effect on
astrocytic PKCa, PKCB, PKC8 mRNA levels after exposure to Mn(I1) (100 uM, 500 pM,
and 1 mM) for 4, 8, and 24 h (Fig. 1A,C,E). Treatment with 1 mM Mn(ll) for 8 h or
treatment with 500 pM and 1 mM Mn(ll) for 24 h significantly increased pPKCa protein
levels (Fig. 1B). Exposure to 500 pM and 1 mM Mn(Il) for 8 and 24 h significantly
increased pPKCS protein levels (Fig. 1D), while phosphorylation levels of PKCp remained
unchanged under all experimental conditions (Fig. 1F). PKC activity assays revealed a
significant increase in PKC activity after 4 h (2.25 £ 0.7-fold 500 pM Mn(l1) relative to the
control; 3.78 £ 0.8-fold 1 mM Mn(Il) relative to the control), 8 h (2.19 £ 0.6-fold 500 uM
Mn(11) relative to the control; 3.19 £ 0.9-fold 1 mM Mn(11) relative to the control), and 24 h
(3.48 £ 0.8-fold 500 pM Mn(l1) relative to the control; 3.84 £ 0.8-fold 1 mM Mn(ll) relative
to the control) (see Fig. 2). Both the Western blot and PKC assay results strongly support the
hypothesis that Mn upregulates PKC activity.

Activation of PKC Attenuates Gln Uptake in Primary Cultures of Astrocytes

Because Mn(I1) increases PKC activity (see Fig. 2), we next sought to determine whether the
modulation of PKC activity with the PKC-activating phorbol 12-myristate 13-acetate, PMA
(100 nM), interferes with the total astrocytic GIn uptake. As shown in Figure 3A, PKC
stimulation for 0.5, 1, and 2 h did not significantly affect astrocytic GIn uptake. Continued
incubation (=4 h) with PMA decreased the total astrocytic GIn uptake with a maximal effect
after 8 h (49% = 8% of control), which persisted through 24 h (52% = 9% of control) post
exposure (Fig. 3A).

To asses which Gln transporting system(s) is most affected by PKC activation, competition
analyses for the A, N, ASC, and L transport systems were performed. Shorter exposure to
PMA (4 h) caused a small and statistically insignificant decrease in GIn uptake mediated by
the principle Gln transporting systems N and ASC, but not by systems A and L (Fig. 3B).
Longer (>4 h) PKC stimulation caused a significant GIn transport inhibition; in the case of
system N, after exposure to PMA for 8 h, GIn uptake was 57% + 8% of control, and after
exposure for 24 h, GIn uptake was 63% + 5% of control. Uptake mediated by system ASC
decreased to 67% =+ 8% of control after exposure for 8 h and to 62% + 6% after exposure for
24 h,

Notably, our previous study showed a Mn-induced decrease in GlIn uptake, which was
mediated by systems N and ASC (Sidoryk-Wegrzynowicz et al., 2009). Accordingly, we
next sought to determine whether PKC inhibition can block the Mn-mediated disruption of
GlIn transport. Astrocytic Gln transport was not affected by preincubation with 10 uM of the
general PKC inhibitor, Bis Il (Fig. 3C). Interestingly, the inhibition of GIn uptake after
exposure to 500 uM and 1 mM Mn(1l) for 4 and 8 h was abrogated by Bis Il. These results
suggest that the Mn-induced downregulation of GIn transport is mediated by PKC-
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dependent signaling. Bis Il failed to reverse the astrocytic inhibition of GIn uptake after 24 h
of exposure to Mn(1l) (Fig. 3C).

PKC Activation Decreases GIn Transporter Protein Levels in Primary Cultures of

Astrocytes

Our previous study showed that Mn(l1) decreases SNAT3, SNAT2, ASCT2, and LAT1
transporter protein levels (Sidoryk-Wegrzynowicz et al., 2009). In the current study, we
examined whether PKC signaling influences the expression of Gln transporters. As shown in
Figure 4A,B, PKC activation by the PMA (100 nM) did not alter the protein levels of
SNAT2 and LAT2, but significantly decreased SNAT3 protein levels after 8 h (67% + 4% of
control) and 24 h (58% + 8% of control), and ASCT2 after 6 h (49% + 5% of control), 8 h
(67% £ 7% of control), and 24 h (61% £ 5% of control) (Fig. 4C,D). Additionally, a surface
biotinylation study showed decreased of SNAT3 in the plasma membrane after PMA
exposure for 4 h (15% + 0.9% of control), 6 h (11% + 0.7% of control), 8 h (17% + 0.6% of
control), and 24 h (21% =+ 0.9% of control), decreased of ASCT2 after PMA exposure for 6
h (48% + 5% of control), 8 h (26% = 4% of control), and 24 h (28% * 6% of control), while
had no effect on SNAT?2 and LAT2 levels (Fig. 5A-D).

PKC8 Associates with GIn Transporters in Primary Cultures of Astrocytes

Next, we performed a series of experiments to examine the possible conjugation/
complexation of GIn transporters with different PKC isoforms. We also sought to determine
whether Mn(11) exposure can affect this interaction. Cell lysates were subjected to
immunoprecipitation using antibodies against several GIn transporters: SNAT3, SNAT2,
ASCT2, and LAT2. We found that the PKCS isozyme is present in SNAT3 and ASCT2, but
not in SNAT2 and LAT2 immunoprecipitates. Exposure to 500 uM Mn(11) increased the
interaction of PKCS interaction with ASCT2 with the strongest signal observed at 4 h (5.34
+ 0.7-fold relative to the control) (Fig. 6A). The interaction of PKC8 and SNAT3 was
observed after 2 h of Mn(l1) exposure, but not after longer periods of Mn(l1) exposure (Fig.
6B). Furthermore, no interaction was observed between PKC8& and SNAT2 and LAT2 (Fig.
6C,D). Notably, the co-localization of SNAT3 and ASCT2 transporters with PKC8 was
specific, and there was no interaction between the transporters and the others investigated,
namely the PKCa and PKCp isoforms (data not shown).

Mn has been postulated to activate PKC8 by caspase-3-dependent proteolytic cleavage in
dopaminergic neurons (Latchoumycandane et al., 2005). Because PKC8, among all
investigated isoforms, was the most affected by Mn exposure (Fig. 1D), we examined PKC8&
proteolytic cleavege followed by Mn(I1) exposure. Western blot data revealed that the
exposure of astrocytes to 1 mM Mn(ll) for 4 h (5.25 + 0.6-fold relative to the control), 8 h
(1.51 + 0.3-fold 500 uM Mn(Il) relative to the control; 2.61 + 0.4-fold 1 mM Mn(ll) relative
to the control), and 24 h (1.24 + 0.4-fold 500 uM Mn(l1) relative to the control; 5.12 + 0.6-
fold 1 mM Mn(11) relative to the control) caused a dramatic increase in cleaved bands
staining positive for PKCS, suggesting that Mn(I1) induces proteolytic cleavage-dependent
PKC activation (see Fig. 7).
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PKC Activation Increases the SNAT3 and Nedd4-2 Interaction in Primary Cultures of

Astrocytes

Our previous study (Sidoryk-Wegrzynowicz et al.,2010) demonstrated that, among all
investigated GIn transporters, only SNAT3 interacts with the ubiquitin ligase, Nedd4-2
(neural precursor cells expressed developmentally downregulated 4-2). To determine
whether PKC activation can affect this protein interaction, astrocytes were exposed to PMA
for 1, 2, 4, 6, 8, and 24 h and subjected to co-immunoprecipitation. As shown in Figure 8,
the PMA-dependent activation of PKC increased the interaction of SNAT3 with Nedd4-2
with the strongest signal observed at 8 h (4.32 £ 0.8-fold relative to the control). Moreover,
PKC stimulation failed to induce the interaction of Nedd4-2 with ASCT2, SNAT2, and
LAT2 transporters (data not shown).

PKC Involvement in the Ubiquitin-Mediated Proteolytic System in Primary Cultures of

Astrocytes

Our previous study (Sidoryk-Wegrzynowicz et al., 2010) showed that Mn(11) exposure
elevated free ubiquitin (UB) protein levels and total protein ubiquitination. We have
previously posited that the Mn(I1)-mediated downregulation of Gin transporters involves the
ubiquitin-mediated proteolytic system (Sidoryk-Wegrzynowicz et al., 2010). Accordingly, in
the current study, we sought to determine whether PKCS, as a possible downstream enzyme
for Mn(l1) action, can mediate ubiquitination. We assessed overall levels of protein
ubiquitination by Western blotting using an antibody that targets poly- and monoubiqui-
tinated proteins, and we measured the total intensity of the smear produced. Results from
these studies revealed that activating PKC with PMA for 4 h (6.72 + 0.8-fold relative to the
control), 6 h (6.64 £ 0.6-fold relative to the control), 8 h (5.75 £ 0.9-fold relative to the
control), and 24 h (5.66 + 0.7-fold relative to the control) significantly increased
ubiquitination (see Fig. 9). These findings are consistent with the Mn(ll)-mediated
downregulation of Gln transport via PKC activation and the subsequent stimulation of the
ubiquitin-dependent proteolytic system.

DISCUSSION

In the current studies, we have examined whether PKC signaling is involved in the Mn(I1)-
mediated disruption of Gln transporter expression and function. We have demonstrated, for
the first time, that the phosphorylation levels of both the PKCa and PKC6 isozymes (Fig.
1B,D) as well as PKC activity are significantly increased in Mn-treated astrocytes (see Fig.
2). These findings are consistent with earlier observations of Mn(l1)-induced PKC
membrane translocation and activation (Liao et al., 2007).

More recent findings have revealed that PKC activation by phorbol esters for a short period
of time (1 h) failed to influence GIn uptake in primary astrocytes (Balkrishna et al., 2010);
this finding is consistent with our observation (Fig. 3A). Here, we report that the total Gin
uptake was downregulated upon 4, 8, and 24 h of exposure with the specific PKC activator
PMA. Our observations suggest that prolonged (>4 h) PKC stimulation dysregulates ASC
and N system specific-mediated GIn uptake (Fig. 3B). Notably, the general PKC inhibitor,
Bisll, blocked the Mn(l1)-dependent decrease in GIn uptake (Fig. 3C). Accordingly, the
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Mn(l1)-mediated disruption of astrocytic Gln transport, at least in part, was mediated by the
dysregulation of PKC signaling.

Additional studies demonstrated that PKC activation decreases ASCT2 (system ASC) and
SNAT3 (system N) protein levels in whole astrocytic cell lysates and in plasma membranes,
but has no effect on SNAT2 and LAT2 protein levels (Figs. 4 and 5). It has been previously
shown that several PKC-regulated transporters are phosphorylated by this kinase (Foster et
al., 2008; Jayanthi et al., 2004). Both SNAT3 and ASCT2 contain putative PKC
phosphorylation sites that are conserved in the human, rat, and mouse (Balkrishna et al.,
2010; Pawlik et al., 2000). SNAT3 was found to be downregulated by PKC, not by the direct
phosphorylation of the transporter, but in a caveolin-dependent manner (Balkrishna et al.,
2010). On the other hand, recent /n situ study showed that PKC activation induces
phosphorylation and internalization of SNAT3 (Nissen-Meyer et al., 2011) . The exact
mechanism(s) responsible for mediating the downregulation of ASCT2 and SNAT3 by PKC
in the primary cultures of astrocytes has not yet been determined.

Notably, our findings showing that PKC activation downregulates SNAT3 and ASCT2
expression (Fig. 4C,D) are consistent with the uptake study results, where PKC stimulation
inhibited system N- and system ASC-mediated Gln influx (Fig. 3B). PMA is a general PKC
activator; therefore, additional studies with specific inhibitors or gene knockdown will be
necessary to ascertain which of the PKC isoforms is specifically involved in the response
PKC signaling to Mn.

The negative effect of PKC activation on GlIn transporters has been demonstrated for rat
SNAT3 in a Xenopus laevis oocyte expression system (Balkrishna et al., 2010) and for
ASCT2 in human colon carcinoma cells (Pawlik et al., 2000). Additionally, other
transporting proteins, such as the dopamine transporter (DAT) and the glutamate transporter,
GLT1, are downregulated by PKC (Foster et al., 2008; Gonzalez et al., 2005). Contrary to
these findings, a PKC-activating effect on GIn uptake has been demonstrated in Caco-2 cells
(Pan et al., 2002). These observations underscore the complex nature of the regulatory role
of PKC in transmembrane transport, with differing functional effects in various cell types.

In addition, we demonstrated that only PKC8 associates with the Gln transporters, SNAT3
and ASCT?2, in the primary cultures of astrocytes (see Fig. 6). SNAT3 failed to interact with
PKCS after 4 h of Mn(ll) exposure (Fig. 6B). As previously shown, the SNAT3 protein was
completely degraded upon Mn(ll) treatment (Sidoryk-Wegrzynowicz et al., 2009), which
may account for the lack of interaction between SNAT3 and PKC& under this experimental
condition. Notably, exposure to Mn increased PKC6 and ASCT2 binding (Fig. 6A). These
observations may suggest that ASCT2 is a major PKCS target among GlIn transporters after
Mn exposure. PKC signaling was found to be involved in downregulation of neurotransmiter
transporters via different mechanisms, including induction of endocytosis or inhibition of
redistribution of the transporters from a subcellular compartment to the plasma membrane as
well as disruption of transcription and posttranslational modification (Foster et al., 2008;
Gonzalez et al., 2005, Robinson 2002). Further investigations of PKC&-mediated ASCT?2
modification will have to be reconciled with the complex nature of the PKC pathway.

Glia. Author manuscript; available in PMC 2020 December 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

SIDORYK-WEGRZYNOWICZ et al. Page 10

In contrast to many other PKC isozymes, which are considered to be prosurvival mediators,
PKCS is a ubiquitously expressed isozyme, which has a proapoptotic isoform (Reyland,
2009). PKCS is activated by a variety of apoptotic stimuli. A putative mechanism of PKC8
activation is proteolytic cleavage, which is mediated by caspase-3. Proteolytically activated
PKC translocates to the nucleus where it mediates DNA fragmentation. Additionally, the
catalytically active PKC8 fragment activates caspase-3 via a feedback activation loop,
causing the effective amplification of apoptosis (Kanthasamy et al., 2003). Notably, PKC8&
expression increases in the aged brain (Goldberg and Steinberg, 1996), and Parkinsonian
neurodegeneration, which shares multiple symptoms with manganism, is strongly associated
with PKCS signaling (Hanrott et al., 2008). In a model of PD, caspase-3 proteolytic cleavage
and PKCS activity were found to be increased (Hanrott et al., 2006). PKC8 was also shown
to be activated by Mn(I1) in dopaminergic neurons via proteolytic cleavage
(Latchoumycandane et al., 2005) Here, we have reported a similar process in cultured
primary astrocytes (see Fig. 7). Therefore, Mn(ll) exposure increases PKCS activity via two
different mechanisms, namely, phosphorylation and proteolytic cleavage. There is no
information in the literature about correlation of these two mechanisms in PKCS activation.
It is possible that those mechanisms are not related, because they are cell compartment-
specific: PKCS activated by phosphorylation is present in cytoplasm or in plasma
membrane, while localization of PKCS activated by proteolytic cleavage is restricted to the
nuclear fraction (DeVries-Seimon et al., 2002; Wang et al., 2010). Therefore, it is possible
that PKC activated by phosphorylation may disrupt Gln transport in different way than PKC
activated by proteolysis, or only one pool of PKCs may affect GIn turnover.

We recently established that the Mn(l1)-mediated downregulation of the astroglial
transporter, SNAT3, involves the ubiquitin-mediated proteolytic system (Sidoryk-
Wegrzynowicz et al., 2010). Ubiquitination precedes the degradation of many receptors,
transporters, and channels (Kamsteeg et al., 2006; Miranda et al., 2005, 2007; Miranda and
Sorkin, 2007). Therefore, we hypothesized that PKC5 plays a role in the Mn-induced
activation of the ubiquitin system. Our results have established that PKC activation causes
significant hyperubiquitination (see Fig. 9) along with reduced GIn uptake (see Fig. 3),
consistent with parallel observations on the increased ubiquitination, decreased expression,
and reduced functionality of GLT1-mediated astrocytic Glu transport (Sheldon et al., 2008).
Moreover, it has been shown that PKC activation results in the ubiquitination of the DAT,
leading to its internalization and degradation (Miranda et al., 2007; Sorkina et al., 2006).
These results clearly demonstrate that PKC activation is involved in the downregulation of
multiple neurotransmitter transporters in an ubiquitin-dependent manner.

The ubiquitin ligase Nedd4-2 belongs to the family of E3 ubiquitin ligases and is involved in
the regulation of numerous receptor and transporter protein levels (Kabra et al., 2008).
Notably, the knockdown of Nedd4-2 results in the dramatic reduction of the PKC-dependent
ubiquitination of the DAT (Sorkina et al., 2006). Our previous study showed that Mn(Il)
exposure increases Nedd4-2 expression and that Nedd4-2 specifically associates with
SNAT3 in astrocytes (Sidoryk-Wegrzynowicz et al., 2010). SNAT3 has been also reported as
a target of Nedd4-2 in a Xenopus laevis oocyte expression system (Boehmer et al., 2003).
Here, we have demonstrated that PKC activation increases the interaction of SNAT3 with
Nedd4-2 (see Fig. 8), but does not induce the interaction of Nedd4-2 with other GIn
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transporters (data not shown). We demonstrated that PMA exposure leads to the
hyperubiquitinization of proteins in general; therefore, more specific study will have to be
reconciled for investigations of PKC-mediated single transporter modification. However, our
findings showing PKC-mediated downregulaltion of SNAT3 in plasma membranes and
whole cell lysates as well ability of PKC to promote the targeting of SNAT3 to Nedd4-2
prompted us to hypothesize that PKC(s) signaling may lead to the SNAT3 ubiquitinization.
In contrast to the SNAT3 proteolysis pathway, Nedd4-2 is not involved in PKC-mediated
ASCT2 downregulation.

In summary, the present studies provide direct evidence that Mn(I1) exposure activates PKC.
Our results also indicate that PKC inhibition can block the Mn(1l)-mediated deregulation of
GlIn turnover. Specific interactions of PKC6 with SNAT3 and ASCT?2, as well as the
contrasting role of this isoform in cell survival (comparing to other PKC isoforms),
establish, for the first time, a critical role for PKC8 in mediating the Mn-dependent
disruption of GIn transporter expression and function.
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Effect of Mn on astrocytic PKC isozymes mRNA and protein phosphorylation. Levels of
PKCs mRNA and protein phosphorylation were determined in primary cultures of astrocytes
treated with 100 uM, 500 pM, or 1 mM Mn(ll). Expression of PKCa (A), PKCS (C), and
PKCB (E) mRNA after 4, 8, or 24 h exposure to Mn(ll) was measured by quantitative real-
time PCR and normalized to levels of GAPDH mRNA. Levels of phosphorylated protein
PKCa (B), PKCS? (D), and PKCp (F) after 4, 8, and 24 h exposure to Mn(ll) were
determined by Western blotting and normalized to the levels of total protein PKCa, PKCp,
and PKC&. Data represent the mean + SD from three to four independent sets of cultures.
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Efgfects of Mn on astrocytic PKC activity. PKC activity was determined by measuring
phosphorylation of substrate peptide with radiolabeled ATP. Confluent cultures of astrocytes
were treated with 100 pM, 500 pM, or 1 mM Mn(ll) for 4, 8, and 24 h. Lysates containing
1000 pg of proteins were subjected for PKC activity measurement. Data represent the mean
+ SD from three independent sets of cultures; *~< 0.05, **£< 0.01, and ***P< 0.001
control versus Mn(I1)-exposed cells.
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Fig. 4.

Efgfect of PKC activation on protein levels of Gln transporters in whole astrocyte lysates.
Levels of LAT2 (A), SNAT2 (B), ASCT2 (C), and SNAT3 (D) in primary cultures of
astrocytes treated with PMA (100 nM) for 4, 6, 8, and 24 h in whole cell lysates. Shown are
results from typical Western blots and immunostaining images. For each lane, protein levels
were adjusted to the levels of B-actin. Results are mean + SD from three to five independent
experiments each performed in triplicate; **/P < 0.01 control and ***/P < 0.01 control (0 h)
versus PMA-exposed cells.
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Fig. 5.

Effect of PKC activation on protein levels of astrocytic Gln transporters in plasma
membranes. Levels of LAT2 (A), SNAT2 (B), ASCT2 (C), and SNAT3 (D) were determined
upon PKC activation by 100 nM PMA for 4, 6, 8, and 24 h. All samples were adjusted to
contain the same amount of proteins prior to loading on the gel. B-Actin was evaluated to
assure the purity of cell surface proteins. Results are mean + SD from three independent
experiments each performed in triplicate; **P < 0.01 and ***£< 0.01 control (0 h) versus

PMA-exposed cells.
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Fig. 6.

PKCS interacts with ASCT2 and SNATS3. Cells were exposed to 500 uM Mn(ll) for 2, 4, 6,
8, and 24 h then lysed and subjected to immunoprecipitation with antibodies against ASCT2
(A), SNAT3 (B), LAT2 (C), or SNAT2 (D) and probed for PKCS. In each experiment, an
antibody against control 1gG was additionally used for immunoprecipitation as the control
for nonspecific binding. Similar results were obtained in three independent sets of cultures;
*P < 0.05 and ***P < 0.001 control (0 h) versus Mn(I1)-exposed.
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Fig. 7.

Mgnganese mediates proteolytic cleavage of astrocytic PKCS. Cells were exposed to 1 mM
and 500 uM Mn(lI) for 4, 8, and 24 h. Both native (72 kDa) and cleaved (40 kDa) PKC&
bands were determined by Western blotting. The blot is representative of three independent
experiments; **£< 0.01 and ***P< 0.001 control (0 h) versus Mn(ll)-exposed cells.
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Fig. 8.
PKC stimulation influences astrocytic SNAT3 and Nedd4-2 interaction. Cells were exposure

to 100 nM PMA for 1, 2, 6, 8, and 24 h and subjected to immunoprecipitation using an
antibody against SNAT3 and were then probed for Nedd4-2. In each experiment, an antibody
against control 1gG was additionally used for immunoprecipitation as the control for
nonspecific binding. Similar results were obtained in three to four independent sets of
cultures; *P<0.05, **£<0.01, and ***P < 0.001 control (0 h) versus Mn(ll)-exposed cells.
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Fig. 9.

PI\%IA exposure increases ubiquitination in astrocytes. Levels of protein ubiquitination after
exposure to 100 nM PMA for 2, 4, 6, 8, and 24 h were determined by Western blotting and
normalized to the levels of B-actin protein using an antibody that targets mono- and poly-
ubiquitinated proteins. Data represent the mean + SD from three independent sets of cultures
each performed in triplicate; **£< 0.01 and ***P < 0.001 versus control (0 h) versus PMA-
exposed cells.
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