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NT2 cells are a human teratocarcinoma cell line that, upon treatment with retinoic acid (RA), begin differentiat-
ing into a neuronal phenotype. The transformation of undifferentiated NT2 cells into hNT neurons presents an
opportunity to investigate the mechanisms involved in neurogenesis because a key component is cell apoptosis,
which is essential for building neural networks. Protein kinase Cδ (PKCδ) plays an important role as a mediator
of cellular apoptosis in response to various stimuli. PKCδ (δI) is proteolytically cleaved at its hinge region (V3)
by caspase 3 and the catalytic fragment is sufficient to induce apoptosis in various cell types. Mouse PKCδII is
rendered caspase resistant due to an insertion of 78 bp within the caspase recognition site in its V3 domain. No
functional role has been attributed to these alternatively spliced variants of PKCδ. We sought to find a correlation
between the onset of apoptosis, neurogenesis, and the expression of PKCδ isoforms. Our results indicate that
RA regulates the expression of PKCδ alternative splicing variants in NT2 cells. Further, overexpression of
PKCδI promotes apoptosis while PKCδII overexpression shields the cells from apoptosis. This is the first report
to attribute physiological function to PKCδI and -δII isoforms. Next we demonstrated that mouse embryonic
stem cells differentiate in vitro into dopaminergic neurons upon stimulation with RA and ciliary neurotrophic
factor. These cells showed a simultaneous increase in tyrosine hydroxylase and PKCδII expression. We suggest
that the molecular mechanisms regulating differentiation and apoptosis could be understood by alternative ex-
pression of PKCδ isoforms.
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INTRODUCTION inflammation. In apoptosis, a biochemical cascade
activates proteases that destroy molecules required
for cell survival and others that mediate a program ofApoptosis, or programmed cell death, is an integral

part of the cell cycle. It reflects the ability to elimi- cell death (14,18,19). Thus, regulation of apoptosis
is a complex event involving activation of multiplenate surplus cells and promote specific cells as re-

quired for development and differentiation at various signaling cascades culminating in cell death.
In the developing nervous system, elimination ofsteps of life. Apoptosis, as a mechanism in generating

different cell populations during development, is sig- neurons by apoptosis helps to restructure the neuronal
network (29). The surviving neurons retain their abil-nificantly different from necrosis, in which the cause

of cell death may be injury, infarction, infection, or ity to undergo apoptosis in adulthood as part of the
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aging process as well as in neurodegenerative dis- pathway (35). In human neutrophils, PKCδ plays a
role in antiapoptotic effects of TNF-α (21). PKCδeases. Ntera-2 or NT2 cells, a human teratocarcinoma

cell line, differentiate into hNT neurons (also called antiapoptotic effects are also documented in glioma
cells infected with a virulent strain of Sindbis virusNT2-N neurons) when treated with all-trans retinoic

acid (RA) and represents a potentially important (48). Thus, PKCδ has been shown to have dual ef-
fects—mediator of apoptosis and antiapoptosis ef-source of cells to treat neurodegenerative diseases

(25). RA not only activates the expression of genes fector—and therefore represents a switch that deter-
mines cell survival and fate.necessary for neuronal differentiation, but also trig-

gers apoptotic signals for early development of ner- Recently, an alternatively spliced variant of PKCδ
has been reported in the mouse (PKCδII, GenBankvous system (1,16). This model mimics neuronal dif-

ferentiation in vivo and represents early stages of Accession No. AB011812), which has an insertion of
78 bp (corresponding to 26 amino acids) in the cas-progenitor cells. Because neurogenesis is a fine bal-

ance between differentiation, apoptosis, and cell sur- pase 3 recognition sequence of the V3 region of
PKCδ (δI), thus rendering PKCδII caspase insensi-vival, the transformation of undifferentiated NT2

cells into hNT neurons by RA presents an opportu- tive (39). This caspase-resistant isoform of PKCδ
sheds light to the two opposite effects of PKCδ, in-nity to investigate the molecular mechanisms in-

volved in the early onset of apoptosis. ducing apoptosis or protecting cells from apoptosis.
The caspase-resistant PKCδII isoform is not constitu-Protein kinase C (PKC), a serine/threonine kinase

family, consists of 11 isoforms involved in the regu- tively present in all cell types. The molecular mecha-
nisms regulating the differentiation and protection oflation of cellular differentiation, growth, and apopto-

sis. The primary amino acid structure of PKCs can cells from apoptosis could be understood by alterna-
tive expression of PKCδ isoforms.be divided into conserved regions (C1–C4) separated

by the variable regions (V1–V5). All PKCs have an In this study we examined the expression of PKCδ
isoforms in human NT2 cells in the early stages ofN-terminal regulatory domain and a C-terminal cata-

lytic domain separated by the V3 hinge region. The differentiation into neurons upon RA treatment and
their correlation to onset of apoptosis. Overexpres-protein kinase C family is subdivided into three

groups based upon their activation by calcium, phos- sion of PKCδI and -δII alternatively spliced isoforms
shed light on their physiological roles for the firstphatidyl serine, diacyl glycerol, or phorbol esters:

classical or conventional PKCs (α, βI, βII, and γ), time. We further extended our study to mouse embry-
onic stem (mES) cells because they possess the ca-novel PKCs (δ, ε, η, and θ), and atypical PKCs (ζ,

λ/ι). PKCs are also activated by proteolytic cleavage pacity of self-renewal and the ability to differentiate
into practically any cell type. We show that mES cellsat the V3 hinge region by calpain I, II or caspase 3

to generate a constitutively active catalytic domain of can differentiate into dopaminergic neurons upon treat-
ment with RA and ciliary neurotrophic factor (CNTF)PKC (26,28,30).

Protein kinase Cδ (PKCδ), a member of the novel and relate it to the expression of PKCδII isoform.
PKC (nPKC) subfamily, plays an important role in
the regulation of cell apoptosis. On one hand, PKCδ
regulates the expression and function of apoptotic MATERIALS AND METHODS
proteins such as p73β (37), DNA-dependent protein

Cell Culture
kinase (DNA-PK) (5), Rad9 (22), phospholipid
scramblase 1 and 3 (12), and nuclear lamin B (9); on NTERA-2 cl.D1 (NT2/D1) or NT2 cells, a human

teratocarcinoma cell line, was purchased from ATCCthe other hand, PKCδ is itself a target for caspases. In
response to apoptotic stimuli, PKCδ is proteolytically (CRL-1973). NT2 cells were plated at a density of

106 and maintained in Dulbecco’s modified Eagle’scleaved at its hinge region (V3) by caspase 3. The
release of the catalytic fragment of PKCδ (or PKCδI) medium (DMEM) with 4 mM L-glutamine (modified

by ATCC), supplemented with 10% fetal bovine se-is sufficient to induce nuclear fragmentation and apo-
ptosis (6). Furthermore, inhibition of the catalytic rum (FBS), and maintained at 37°C in a humidified

5% CO2, 95% air atmosphere in six-well plates. Thefragment of PKCδ abrogates caspase-induced apopto-
sis (38). PKCδ is also known to induce caspase ex- cells were replated and medium changed every 3 days.

Mouse embryonic stem cells, ES-D3, were derivedpression, thus forming a positive feedback loop in
cells marked for apoptosis. Although most studies in- from a strain of 129/Sv+C/+P mouse blastocyst, and

purchased from ATCC (CRL-1934). ES-D3 cellsdicate a proapoptotic role of PKCδ, a few studies im-
plicate PKCδ in cell survival and antiapoptotic ef- were grown in DMEM with 4 mM L-glutamine (mod-

ified by ATCC), supplemented with 0.1 mM 2-mercap-fects. Granulosa and PC12 cell apoptosis is prevented
by basic fibroblast growth factor (bFGF) via PKCδ toethanol, 10% FBS, and 10 ng/ml of leukemia inhib-
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itory factor (LIF). The cells were harvested when Proteins were electrophoretically transferred to nitro-
cellulose membranes, blocked with Tris-buffered sa-they grew to confluence. To differentiate the cells in

vitro, six-well plates were treated overnight with line/0.1% Tween 20 containing 5% nonfat dried milk,
washed, and incubated with either a polyclonal anti-0.1% polyethylenimine (PEI). After washing the plates

with PBS, 20,000 cells/cm2 in neurobasal medium body against PARP (from Upstate), PKCδ C-terminal
antibody (Biosource International, Inc.), or an anti-supplemented with 4% FBS were added per well. Re-

tinoic acid (RA; 5 µM), 10 ng/ml brain-derived neu- body raised against the hinge region of mouse PKC
δII. PKCδII-specific polyclonal antibody was raisedrotrophic factor (BDNF), 10 ng/ml epidermal growth

factor (EGF), or 10 ng/ml ciliary neurotrophic factor in rabbits by Bio-Synthesis, Inc. (Lewisville, TX) to
the synthetic peptide NH2-GEAGSHISLKLSFP-COOH(CNTF) was added. Medium was replaced every 3

days. (977–1110, V3 hinge domain). The antibody was
characterized alongside unreactive preimmune anti-

Transient Transfections of Plasmid DNA sera and was shown to recognize PKCδII in mouse
testis. Following incubation with anti-rabbit IgG-NT2 cells were plated at �106 cells per 35-mm

dish the day prior to the transfections. The pTracer/ HRP, detection was performed using enhanced chem-
iluminesence (PierceTM).CMV PKCδI or -δII expression vectors were trans-

fected in serum-free medium with LipofectamineTM

(from Invitrogen, Life Technologies). The lipofec- DNA Laddering
tamineTM–DNA complex was incubated at room tem-

NT2 cells were lysed with TE lysis buffer, scraped,
perature for 20 min, diluted with the serum-free

and harvested in treatment medium to ensure that all
transfection medium, and added to the cells. The cells

apoptotic cells detached from the plate were included
were incubated at 37°C for 4 h and then incubated in

in the analysis. Apoptotic DNA ladder detection kit
the growth medium at 37°C for 18 h.

(APT151) was bought from Chemicon International
and the protocol performed according to the manu-RT-PCR Analysis
facturer’s instructions. The product (20 µl) was

Total RNA was isolated from cells using RNA-
loaded onto a 1% agarose gel containing 0.5 µg/ml

BeeTM (Tel Test, Inc.) as per manufacturer’s instruc-
ethidium bromide. The gel was visualized by UV

tions. RNA (2 µg) was used to synthesize first-strand
light and image documented using Kodak Image

cDNA using an Oligo(dT) primer and OmniscriptTM

Analysis software.
kit (Qiagen). PCR was performed using 2 µl of RT
reaction and Takara Taq polymerase. The primers

Immunocytochemistry
were: mouse PKCδ sense 5′-CACCATCTTCCAGA
AAGAACG-3′ and antisense 5′-CAACAACGGGA For immunofluorescence, slides with NT2 cells

were carefully washed with fresh cold 0.1 M PBSCCTATGGCAAG-3′; human PKCδ sense 5′-CAC
TATATTCCAGAAAGAACGC-3′ and antisense 5′- and treated for 1 h at room temperature in a mixture

of 10% normal goat serum, 0.03% Triton X-100 inCCCTCCCAGATCTTGCC-3′; huGAPDH 5′-CTTC
ATTGACCTCAACTACATG-3′ and antisense 5′-TGT PBS. Cultures were incubated in primary antibodies

overnight at 4°C with the primary antibody beingCATGGATGACCTTGGCCAG-3′; human nestin sense
5′-CCAGCTACTGGATC-3′ and antisense 5′-AGC omitted from the control slides. The following anti-

bodies were used: nestin (BD Biosciences; 1:150,CAGAAGGCTCAGCA-3′. Following 30 cycles of
amplification in a Biometra T3000 thermocycler (hu- monoclonal), vimentin (Dako; 1:100, monoclonal),

and TuJ1 (Covance; 1:1,500, polyclonal). For mESman PKCδ: 94°C 30 s, 54°C 30 s, and 72°C 1 min;
mouse PKCδ: 94°C 30 s, 56°C 30 s, and 72°C 1 min; cells, rabbit anti-tyrosine hydroxylase (TH), AB151

polyclonal antibody, 1:3000, from Chemicon wasGAPDH: 94°C 30 s; 60°C 30 s, and 72°C 45 s; and
nestin: 94°C 30 s; 55°C 30 s, and 72°C 1 min; for 30 used and counted in 20 fields per dish using Bioquant

software.cycles) 5% of products were resolved on 6% PAGE
gels and detected by silver staining. The PCR reac- After four PBS washes, primary antibodies were

detected using appropriate secondary antibodies (Alexation was optimized for linear range amplification to
allow for quantification of products. Densitometric Fluor 594 goat anti-rabbit, 1:2000; Alexa Fluor 546

goat anti-mouse 1:1000, Alexa Fluor 488 goat anti-analyses of the bands were done using the Scan Anal-
ysis Software. mouse, 1:800; Molecular Probes, Eugene, OR). The

slides were washed with cold PBS and coverslipped
Western Blot Analysis with 95% glycerol. To visualize cell nuclei, some cul-

tures were coverslipped using Vectashield with DAPINT2 cell lysates (50 mg) were separated on 10%
polyacrylamide gel electrophoresis-SDS (PAGE-SDS). counterstain (Vector Laboratories, Burlingame, CA).
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The sections were observed under epifluorescence in the brain. Morphologically, NT2 neurons, like CNS
neuronal precursors, express a variety of neuronaland photographed on an Olympus BX60 microscope.
phenotypes typical for young and mature neurons. Si-
multaneous studies were performed on NT2 cells
treated with RA to observe its morphological changesRESULTS
and expression of PKCδ isoforms.

Expression of the Alternatively Spliced PKCδ We first demonstrate morphologically that NT2
Isoforms Is Cell Type Specific cells indeed differentiate into neurons upon treatment

with 10 µM of RA. As shown in Figure 2A, NT2Splicing of exon 9 and exon 10 (coding for the
cells are flat with irregular shaped bodies with largehinge region) in PKCδ pre-mRNA generates alterna-
nuclei. Some cells are multinuclei while others aretive products if additional downstream 5′ intronic se-
seen in various stages of mitosis. After 3 weeks ofquence is included between the exons (Fig. 1A). The
treatment with RA (Fig. 2B), the differentiated NT2alternative expression of PKCδ isoforms has not been
cells have smaller, bi- and multipolar cell bodies withextensively reported. Thus, we examined four differ-
extensive neuritic networks. Most NT2 precursorent cell lines representing both differentiated and un-
cells stained for early neural marker, vimentin (red)differentiated cells for PKCδ splice variants. Using
(Fig. 2C). Vimentin was localized in the cytoplasmprimers in PCR that would detect the alternatively
with varying degrees of intensities while Dapi stain-spliced products simultaneously, we observed that
ing (blue) was used to visualize the nucleus. Virtuallyonly PKCδI mRNA was expressed in the L6 rat skel-
every cell coexpressed the early neural marker, vi-etal muscle cells and A10 rat vascular smooth muscle
mentin, as well as TuJ1 (marker to detect healthycells. This was in agreement with earlier observations
neural cells). However, the cells that stained stronger(39) that PKCδI is the predominant isoform in the rat
for TuJ1 showed no vimentin staining (Fig. 2C,while mouse tissues express PKCδI and -δII iso-
arrow).forms. The NIH-3T3-L1 cell line is an important fi-

The signals for NT2 cells to differentiate into neu-broblast line established from disaggregated tissue of
rons are activated within 24–48 hours of RA treat-an albino Swiss mouse embryo. The cell line is pre-
ment (1,13) and hence we looked for the expressionprogrammed for differentiation and is committed to
of PKCδ isoforms in NT2 cells differentiating uponadipocyte lineage (8). We next sought to compare
RA exposure for 1, 2, 3, and 7 days. RT-PCR analy-these differentiated mouse cells with undifferentiated
sis revealed alternatively spliced variants of PKCδcells. Immortalized mouse embryonic fibroblasts (MEF)
whose expression is regulated by RA (Fig. 2D). Theobtained from Dr. Morris Birnbaum (H.H.M.I., U.
369 bp product corresponded to PKCδI and an addi-Penn) were derived from primary mouse fibroblasts
tional splice variant was detected at 462 bp. The ex-established from E13.5 embryos (4). RT-PCR results
pression of the longer splice variant decreased uponshowed the expression of only PKCδI isoform in
RA (10 µM) exposure after 24–48 h and a 90% de-3T3-L1 cells while the MEF expressed both PKCδI
cline was observed after 7 days of RA treatment (seeand -δII isoforms (Fig. 1B). This indicates that the
graph in Fig. 2G). This is the first report of PKCδPKCδII isoform expression correlates to early embry-
alternative splicing and its regulation upon differenti-onic stages of the cell. Once a cell is committed and
ation by RA in human cells. Nestin, an early neuralis differentiated into its adult phenotype, PKCδII ex-
marker, was present in these NT2 cells treated withpression declines.
RA as seen by PCR (Fig. 2E). GAPDH levels served
as an internal control (Fig. 2F).Expression of PKCδ Isoforms in NT2 Cells

NT2 cells, a human teratocarcinoma cell line, dif- Increased Apoptosis in NT2 Cells Upon
ferentiate into hNT neurons (also called NT2-N neu- RA Treatment
rons) when treated with all-trans retinoic acid (RA)
and represent a potentially important source of cells PKCδ splice variants have purported roles in apo-

ptosis, which is an important aspect in differentiatingto treat neurodegenerative diseases (25). The expo-
sure of NT2 precursors to RA not only activates the neurons. We explored the relationship between the

expression of PKCδ isoforms, differentiation intoexpression of genes necessary for neuronal differenti-
ation but also triggers apoptotic signals for early de- neurons, and onset of apoptosis in human NT2 cells.

Poly(ADP-ribose) polymerase (PARP) is differen-velopment of nervous system (1). Hence, NT2 cells
serve as a model to study gene regulation in the cen- tially processed in apoptosis and necrosis and hence

its activity can be used as a means of distinguishingtral nervous system (CNS) because NT2 differentia-
tion is comparable to normal neuronal differentiation the two forms of cell death (36). In apoptotic cells,
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Figure 1. (A) Schematic of alternative splicing of PKCδ isoforms. Schematic indicates the regulatory and catalytic domains of PKCδ
separated by the V3 hinge region, where it is cleaved by caspase 3 to release the catalytic fragment. Alternative 5′ splice site selection in
exon 9 of mouse PKCδ pre-mRNA results in the generation of the PKCδI and PKCδII mRNAs, which differ by 78 bp at their hinge region.
SSI: splice site I; SSII: splice site II. This insertion renders PKCδII caspase resistant. PCR primer positions are indicated by arrows marked
S (sense) and AS (antisense). (B) Total RNA was extracted from rat L6 skeletal muscle cells, rat A10 vascular smooth muscle cells, mouse
NIH-3T3-L1-fibroblasts, and murine embryonic fibroblasts (MEF). RNA (2 µg) was used in RT-PCR analysis using PKCδ sense and
antisense primers. Five percent of products was resolved on 6% PAGE gels and detected by silver staining. The products obtained were δI:
356 bp and δII: 434 bp. Primers for β-actin were used for normalization. The experiments were repeated 2–3 times for each cell type and
similar results were obtained.

PARP is cleaved by caspase 3 into an 85-kDa frag- observation, taken together with data from Figure 2,
implies that in NT2 cells the proportion of cells un-ment that is detected in addition to the 116-kDa frag-

ment using anti-PARP antibody in Western blot anal- dergoing apoptosis or differentiation is seen concur-
rent with increased expression of PKCδI mRNA.ysis. Hence we used PARP cleavage as a means to

monitor apoptosis in NT2 cells. NT2 cells were
treated with RA for 24–72 h and protein lysates were

Overexpression of PKCδII Prevents Apoptosis
collected for Western blot analysis. A faint 85-kDa

in NT2 Cells
fragment is seen in control cells with no RA. Upon
RA treatment for 0 (control)–3 days, an increase in Caspase-induced apoptosis is mediated by PKCδ

in various cell types (15). PKCδI is cleaved by cas-the intensity of this shorter fragment was observed,
implying an ongoing apoptotic process (Fig. 3). This pase 3 at its V3 domain (hinge region) to release the
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Figure 2. (A–C) NT2 cells differentiate into neurons. To evaluate the morphology of NT2 cells (A), the slides were exposed to blue
counterstain (R&D Systems, Minneapolis, MN) for 5 s, washed 10 times in tap water, and coverslipped using 90% glycerol. (B) NT2 cells
stained following 3 weeks of RA exposure. (C) Immunoflorescence studies of NT2 cells following RA treatment for 4 days using vimentin
(early neural marker), TuJI (healthy neural cell), and DAPI (nucleus).

catalytic fragment that is shown to mediate its apo- PKCδII isoform could render protection against apo-
ptosis in NT2 cells. Mouse PKCδI and -δII were ov-ptotic effects (6). PKCδII isoform, which is specu-

lated to have an opposing function to PKCδI, is ren- erexpressed in NT2 cells and the extent of apoptosis
was monitored. PKCδI and -δII pTracer/CMV ex-dered caspase resistant by insertion of 26 amino acids

in the hinge region and consequently is not cleaved pression plasmids were kindly provided by Dr. Haru-
toshi Kizaki (Department of Biochemistry, Tokyointo catalytic and regulatory fragments by caspase 3.

Hence, we sought to test if overexpression of the Dental College, Japan). NT2 cells were either trans-
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Figure 2. Continued. (D–G) NT2 cells express PKCδ isoforms. In separate experiments using the same passage of NT2 cells, total RNA
was isolated from NT2 cells treated with RA for 0, 1, 2, 3, and 7 days and 2 µg of RNA was used in RT-PCR using human (D) PKCδ
primers, (E) nestin primers, and (F) GAPDH primers. Five percent of products were resolved on 6% PAGE gels and detected by silver
staining. The experiments were repeated five times to ensure reproducibility. (G) Splicing efficiency was quantified by densitometric scan-
ning of the silver-stained gels from three experiments and represented on the graph. Arbitrary value of 100% splicing efficiency is attached
to 369 bp product (δI) in control (RA 0 day) sample.

fected with pTracer/CMV PKCδI or -δII or mock or -δII or untransfected (control). Overexpression of
PKCδII prevented cleavage of PARP by greater thantransfected (control). Following 36 h of transfections,

NT2 cells were treated with RA for 24–48 h and pro- 85% (Fig. 4B). Some apoptosis is seen due to the
presence of endogenous PKCδI expression. Further,tein lysates were collected. Western blot analysis was

performed using PKCδ C-terminal antibody (Fig. 4A), overexpression of PKCδII was verified using mouse
PKCδII-specific antibody raised against the 26 aminowhich would detect full-length and cleaved C-terminal

catalytic fragment of PKCδ protein. Treatment with acid insertion in the hinge region of PKCδII (Fig. 4C).
Simultaneously, onset of apoptosis was also de-RA resulted in cleavage of PKCδI as observed as an

additional 43-kDa band. Samples with overexpression tected by visualizing high molecular weight DNA
fragmentation of NT2 cells. As established in previ-of PKCδII did not exhibit this cleavage and release of

the catalytic fragment. A faint cleavage fragment was ous studies (44), DNA from NT2 cells is cleaved into
high molecular weight (HMV) 50–300 kb fragmentsseen in PKCδII-transfected cells, which reflect the en-

dogenous levels of PKCδI isoform. but is not cleaved further into smaller nucleotides
(small DNA fragments), yet show typical nuclearOnset of apoptosis was observed by analyzing

PARP cleavage by Western blot analysis in NT2 cells morphological apoptotic changes. Control NT2 cells
and NT2 cells transfected with either pTracer/CMVthat were either transfected with pTracer/CMV PKCδI
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PKCδI or -δII for 48 h were harvested in their treated
medium to study the extent of apoptosis by detecting
DNA fragmentation. Cells transfected with pTracer/
CMV PKCδI showed an increase in HMV DNA frag-
mentation in comparison to untransfected cells or
NT2 cells transfected with pTracer/CMV PKCδII
(Fig. 4D). Etoposide, an inducer of apoptosis, was
used as a control.

Expression of PKCδ Isoforms in Mouse Embryonic
Stem Cells

Mouse embryonic stem (mES) cells are permanent
cell lines established from the inner cell mass of the
developing blastocysts and are widely used to charac-
terize biological systems. Embryonic stem cells differ
from adult stem cells in that they can proliferate with-
out differentiating for long periods of time. Because
our data indicated that PKCδII isoform expression is
predominant at the embryonic stage (Fig. 1), we looked
for its expression in mES cells. Further, the expres-
sion of PKCδ splice variants in embryonic cells is of
interest because they represent a proliferating popula-
tion without differentiating, which is distinct from
NT2 cells. These mES cells have the ability to differ-
entiate into any cell type and have been used by vari-
ous researchers to elucidate the factors governing dif-
ferentiation into specific cells. We used various
differentiation and growth factors to stimulate the
mES cells to differentiate into dopaminergic neurons
in a manner comparable to NT2 cells differentiating
into hNT neurons.

Tyrosine hydroxylase (TH) is the rate-limiting step
Figure 4. Overexpression of PKCδII attenuates apoptosis in NT2in the synthesis of dopamine and hence we used TH
cells. Whole protein lysates were isolated from NT2 cells treatedexpression levels to reflect the extent of mES differ- with RA for 0–48 h and transfected with either pTracer/CMV

entiation. TH-positive cells also express dopamine PKCδI or -δII. Western blot performed using (A) PKCδ C-terminal
antibody, (B) PARP antibody, and (C) mouse PKCδII-specific an-transporter typical of nigral dopaminergic (DA) neu-
tibody. (D) DNA was isolated for DNA fragmentation assay fromrons (47). We simultaneously looked at the expres- NT2 cells treated with RA for 24 h and transfected with either

sion of PKCδ isoforms and TH-positive cells. The pTracer/CMV PKCδI or -δII. Etoposide was used as a control for
apoptosis. The experiment was repeated three times to ensure re-mES cells maintained in minimum media (N5) ex-
producibility.pressed PKCδI isoform predominantly with low

PKCδII expression level (Fig. 5A). Ciliary neuro-
trophic factor (CNTF) is reported to enhance survival

of neurons (11). RA has been shown to promote neu-
ronal differentiation in models such as human NT2
cells. We sought to observe the effect of RA and
CNTF in differentiation of mES cells into dopaminer-
gic neurons and correlate it with the presence of
PKCδ isoforms. CNTF treatment (which includes
RA) increased the total percentage of TH-positive
cells upto 30% (Fig. 5B, C). Interestingly, these cells

Figure 3. NT2 cells undergo apoptosis upon RA treatment. Whole
expressed both the PKCδI and -δII isoforms, con-protein lysates were isolated from NT2 cells treated with RA for

0–3 days. Proteins were separated on SDS-PAGE and Western firming that PKCδII expression was associated with
blot analysis was performed using PARP antibody. An additional neurogenesis. Addition of BDNF (and EGF) did not
cleaved fragment of PARP demonstrating ongoing apoptosis was

change the expression pattern with only PKCδI iso-detected with RA treatment. The experiment was repeated three
times with similar results. form being observed, and less than 1% of the cells
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Figure 5. Mouse embryonic stem cells differentiate into dopaminergic neurons with RA and CNTF treatment. Total RNA was isolated from
mouse embryonic stem cells treated with RA, CNTF and RA, BDNF, or in neurobasal N5 medium. (A) RNA (2 µg) was used in RT-PCR
using mouse PKCδ primers. Five percent of products were resolved on 6% PAGE gels and detected by silver staining. Simultaneously (B)
TH-ir-positive cells were counted as a percent of total cells. (C) Right panel shows TH staining of mES cells on rat striatal bed for 2 weeks.
The left panels show mES cells on rat striatal bed in a medium treated with RA and CNTF for 2 weeks in which the cells show neural
outgrowth. Experiments were repeated twice with similar results.

were TH positive (see graph). This is the first report alternative expression of PKCδ isoforms has not yet
been studied in additional tissues and cell types. Weof CNTF treatment promoting mES cells to differen-

tiate into dopaminergic neurons. pursued the functional roles of the mouse PKCδI
and -δII isoforms and demonstrate for the first time
that PKCδI is proapoptotic while PKCδII is antiapo-

DISCUSSION
ptotic in NT2 cells. PKCδ has long been recognized
as a mediator of apoptosis in various cell types (6).Alternative splicing is an important mechanism in

generating protein diversity as emphasized by se- PKCδ is lethal to normal and neoplastic keratinocytes
(24). Denning and colleagues (40) demonstrated thatquencing of the human genome, which demonstrated

that 25,000–30,000 genes produce over 100,000 pro- 1) overexpression of the catalytic fragment of PKCδ
is sufficient to induce apoptosis in keratinocytes andteins. The physiological significance of a large num-

ber of alternatively spliced variants has not yet been 2) dominant negative PKCδ, in which the hinge re-
gion has been mutated, prevents apoptosis. Further-studied. Alternative splicing of PKCδ producing

PKCδI and -δII isoforms was described by Sakurai et more, a number of studies have also pointed to a role
for PKCδ in cell survival and antiapoptotic responsesal. (39) in mouse thymocytes while Saito et al. identi-

fied the rat PKCδIII mRNA, which results in a trun- in granulosa and PC12 cells (46). Recent studies
show that a caspase-resistant mutant of PKCδ pro-cated protein without the catalytic domain (43). The
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tects keratinocytes from UV-induced apoptosis (10). types, depending on the stimulus, have been a subject
of extensive research recently. We explored the abil-Hence, PKCδ is reported as both an antiapoptotic and

a proapoptotic mediator. Studies in PKCδ−/− (23) mice ity of mouse embryonic stem cells differentiating into
neurons and associated it to the expression of PKCδshow further evidence that PKCδ maintains a delicate

balance between cell proliferation and apoptosis, isoforms. It was interesting to note that PKCδII was
observed in cells treated with CNTF and RA, sug-which is also reviewed (23,42). Although the pres-

ence of PKCδII isoform had been established, its gesting that alternative expression of PKCδII isoform
may be crucial in directing neurogenesis. CNTF hasfunctional importance was left to speculation. We

demonstrated that the expression of PKCδII isoform been shown to regulate the expression of GFAP via
STAT (41), although the mechanism by which CNTFis developmentally regulated because its expression

is observed in embryonic fibroblasts but not in cells and RA can induce the expression of PKCδII is still
under investigation.that are fully differentiated or committed to differen-

tiation. PKCδI isoform is the predominant isoform in There is evidence of alternative splicing of other
protein kinase C (PKC) isoforms. The PKCβ alterna-all adult tissues and it may be assumed that it reflects

the isoform reported by researchers describing the tive splicing is regulated by insulin (7) in multiple
cell types. Insulin regulates PKCβII-specific exon in-proapoptotic effects of PKCδ.

A subtle balance of differentiation and apoptosis is clusion as well as activation of additional 5′ splice
sites (32–34). Other alternatively spliced variants in-crucial in determining cellular fate. As in the case of

human NT2 cells, RA treatment promotes the differ- clude isoforms of PKCθ (27) and PKCζ (31). PKCδ
has two splice variants observed in mouse tissues andentiation into neuronal hNT cells, thus making it a

model system that mirrors normal central nervous a third isoform in rat tissues. We have isolated and
sequenced the long isoform of PKCδ observed in hu-system development. Undifferentiated NT2 cells ex-

press two alternatively spliced products of human man NT2 cells, which is distinct from the previously
described PKCδ isoforms (manuscript in prepara-PKCδ. Treatment with RA results in the decrease of

the long isoform while expression of the short iso- tion). Further work is presently being carried out by
our laboratory to determine the molecular mecha-form (PKCδI) remains constant. This reflects the dif-

ferentiating state of these cells in which increasing nisms involved in RA-regulated alternative splicing
of PKCδ isoforms. A number of studies (13,17,20)apoptosis defines the population of cells committing

to production of neurons. We studied the early events have shown that RA treatment regulates gene expres-
sion of a variety of genes, but our work is amongbecause molecular determinants of apoptosis are trig-

gered immediately following RA treatment. The ini- the first to demonstrate that RA regulates alternative
splicing of PKCδ, thereby promoting the differentia-tial 24–48 h are crucial in determination of cell fate

as this coincides with the first detection of the neu- tion of human NT2 and mouse embryonic stem cells
towards the neuronal phenotype. Regulation of alter-ronal phenotype in NT2 cells (16). Retinoic acid has

been shown to induce apoptosis in NT2 cells and its native splicing by RA may be a cotranscriptional
mechanism involving retinoic acid receptor (RARs orwithdrawal enhances cell survival (45). This agrees

with our data in which RA promotes the splicing of RXRs) binding to its response element on the pro-
moter and recruitment of its cofactors. These coacti-PKCδ to the short form (PKCδI), thereby promoting

apoptosis. vators bind to RNA polymerase II and sequester
splicing factors such as SR proteins, thereby influenc-In view of the fact that PKCδII, the caspase-insen-

sitive mouse isoform, is expressed in undifferentiated ing the alternative splicing of the gene (2,3). This
hypothesis is currently under investigation in our lab-or embryonal cells, we hypothesized that the biologi-

cal function of PKCδII may be opposite to that of oratory. Elucidating the posttranscriptional mecha-
nisms in the regulation of expression of the alterna-PKCδI (which is proapoptotic). To test this, we over-

expressed mouse PKCδI and -δII in NT2 cells and tively spliced PKCδ isoforms in the early phases of
differentiation and neuronal fate could contribute toshowed that indeed the expression of PKCδII isoform

is associated with decreased apoptosis. This is the development of therapeutic agents for treatment of
neurodegenerative diseases.first report to attribute physiological function to the

two alternative spliced variants PKCδI and -δII. The
opposing function of alternatively spliced products of
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