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The induction of neurite outgrowth by NGF is a transcription-dependent process in PC12 cells, but the
transcription factors that mediate this process are not known. Here we show that the bHLH transcriptional
repressor HES-1 is a mediator of this process. Inactivation of endogenous HES-1 by forced expression of a
dominant-negative protein induces neurite outgrowth in the absence of NGF and increases response to NGF.
In contrast, expression of additional wild-type HES-1 protein represses and delays response to NGF.
Endogenous HES-1 DNA-binding activity is post-translationally inhibited during NGF signaling in vivo, and
phosphorylation of PKC consensus sites in the HES-1 DNA-binding domain inhibits DNA binding by purified
HES-1 in vitro. Mutation of these sites generates a constitutively active protein that strongly and persistently
blocks response to NGF. These results suggest that post-translational inhibition of HES-1 is both essential for

and partially mediates the induction of neurite outgrowth by NGF signaling.
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Basic helix-loop-helix (bHLH) genes control cell fate de-
cisions, such as neurogenesis and myogenesis, in both
vertebrates and invertebrates (Campuzano and Modolell
1992; Campos-Ortega 1993; Edmondson and Olson 1993;
Jan and Jan 1993; Weintraub 1993). In Drosophila, neu-
rogenesis is controlled by two distinct groups of geneti-
cally defined bHLH activator and repressor genes. The
activators are the “proneural’” genes such as the achaete
and scute genes of the achaete-scute Complex (Jan and
Jan 1990; Campuzano and Modolell 1992). The repres-
sors are the “Hairy-related’” genes such as hairy and En-
hancer of Split (Rushlow et al. 1989; Delidakis and Ar-
tavanis-Tsakonas 1992; Knust et al. 1992). In addition to
their distinct genetic functions as activators or repres-
sors of neurogenesis, these two groups also have distinct
DNA-binding and transcriptional regulation properties.
The activators all bind to one class of DNA sites (class A
sites) (Dang et al. 1992; Ohsako et al. 1994), whereas the
repressors bind to different sites (class C or class B sites)
(Sasai et al. 1992; Tietze et al. 1992; Ohsako et al. 1994;
Van Doren et al. 1994). In addition, the genetic activators
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function as transcriptional activators in cellular tran-
scription assays, whereas the genetic repressors function
as transcriptional repressors (Oellers et al. 1994; Ohsako
et al. 1994; Van Doren et al. 1994). These activator and
repressor classes and their functional properties have
been highly conserved. For example, MASH1, a mamma-
lian achaete-scute homolog (Johnson et al. 1990; Guille-
mot et al. 1993) and HES-1, a Hairy and Enhancer of Split
homolog, are conserved activator and repressor proteins,
respectively (Sasai et al. 1992; Feder et al. 1993; Ishibashi
et al. 1995).

Hairy-related proteins, such as HES-1, are defined by
the presence of two distinct functional domains that
confer transcriptional repressor activity to them. A
repressor-specific class of basic region, containing a pro-
line at a characteristic position, is a DNA-binding do-
main that binds to repressor-specific DNA sites (class C
sites; Tietze et al. 1992; Ohsako et al. 1994; Van Doren et
al. 1994). The other conserved feature is a 4-amino-acid
domain, WRPW (Trp-Arg-Pro-Trp), located at the car-
boxyl terminus of each of these proteins, which func-
tions as a transcriptional repression domain by recruit-
ing a non-DNA-binding transcriptional corepressor
called Groucho in Drosophila, or Transducin-like En-
hancer of Split (TLE) in mammals (Paroush et al. 1994;
Fisher et al. 1996; Grbavec and Stifani 1996). By virtue of
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these proline bHLH and WRPW domains, all Hairy-re-
lated proteins have the potential to function as DNA-
binding, active transcriptional repressor proteins (Fisher
et al. 1996) and function as repressors of differentiation
(Ohsako et al. 1994). For example, HES-1 is a DNA-bind-
ing transcriptional repressor in mammalian cells (Sasai
et al. 1992; Fisher et al. 1996), and it represses neuronal
differentiation when expressed ectopically in the mam-
malian central nervous system (CNS) or chick retinal
cells during development (Ishibashi et al. 1994; Tomita
et al. 1996). Furthermore, HES-1 null mice have fewer
than normal neuronal cells, attributable to premature
differentiation of neuroblasts (Ishibashi et al. 1995).

HES-1, also called Rat Hairy-Like (RHL), is transcribed
in the rat PC12 cell line before and during differentiation
(Feder et al. 1993). PC12 cells are a pheochromocytoma
tumor cell line that has been used widely as a model for
neurotrophin signaling because they exhibit neurite out-
growth and sympathetic neuron-like differentiation after
treatment with the neurotrophin nerve growth factor
(NGF) (Greene and Tischler 1976). The NGF signaling
pathway in PC12 cells has been studied extensively, and
involves several kinase pathways including a Ras/mito-
gen-activated protein kinase (MAPK) pathway, a PI-3 ki-
nase pathway, and a phospholipase C vy (PLCv)/protein
kinase C a (PKCa) pathway. These pathways are acti-
vated upon binding of NGF to the Trk A NGF receptor
(for review, see Kaplan and Stephens 1994; Segal and
Greenberg 1996). Recent analysis has shown that in ad-
dition to conventional cytoplasmic PKCs, a variety of
conventional and nonconventional PKCs are activated or
localized to the membrane or nucleus in PC12 cells dur-
ing NGF signaling (Wooten 1992; Coleman and Wooten
1994; Borgatti et al. 1996). Other kinases, including
pp90~SKs (Nakajima et al. 1996; Xing et al. 1996), also are
activated during NGF signaling.

The induction by NGF of neurite outgrowth and neu-
ronal marker gene expression in PC12 cells is known to
be a transcription-dependent process and several nuclear
targets for NGF have been identified. However, these
have been general transcription factors such as Fos
(Greenberg et al. 1985) and Nur77 (Yoon and Lau 1994),
which do not appear to mediate the neurite outgrowth
and differentiation response to NGF. Although expres-
sion of either activated Ras or activated MAPKK (MEK)
is sufficient to induce neurite outgrowth in the absence
of NGF (Bar-Sagi and Feramisco 1985; Cowley et al.
1994), such inductive properties have not been shown for
the known transcription factor targets of NGF signaling.

Given that HES-1 is a defined repressor of neuronal
differentiation, it is unclear why HES-1 mRNA, if trans-
lated into active protein, should be expressed during
NGF signaling (Feder et al. 1993). We show here that
endogenous HES-1 protein is expressed in uninduced
PC12 cells, where it acts to inhibit differentiation, but
that HES-1 DNA-binding activity is inhibited post-trans-
lationally during NGF signaling, thereby allowing differ-
entiation to occur. Furthermore, increasing or decreasing
the level of functional HES-1 protein by expression of
additional wild-type HES-1 or dominant-negative HES-1

NGF signaling through inhibition of HES-1

decreases or increases response to NGF, respectively, in-
dicating that endogenous HES-1 is a component of the
NGF signaling pathway. In addition, expression of a con-
stitutively active HES-1 protein lacking consensus PKC
phosphorylation sites in the DNA-binding domain per-
sistently blocks NGF response, suggesting that inhibi-
tion of HES-1 DNA-binding activity is necessary for the
induction of neurite outgrowth by NGF. Together, these
results indicate that inhibition of endogenous HES-1
contributes to the induction of neurite outgrowth by
NGF signaling.

Results

To determine whether endogenous HES-1 acts as a re-
pressor in PC12 cells and how it functions during NGF
signaling, we have expressed three different forms of
HES-1 in stably and transiently transfected P12 cells:
wild-type (WT HES-1), dominant-negative (DN HES-1),
and a constitutively active serine mutant HES-1 (SM
HES-1). Proteins were expressed from either a low-ex-
pression level promoter [uninduced, basal mouse mam-
mary tumor virus (MMTV)] or high-expression level pro-
moter cytomegalovirus (CMV), and all proteins carried
an HA1/T7 double epitope tag fused at the amino termi-
nus (see Materials and Methods). Except for the experi-
ments noted for DN HES-1, all of the experiments de-
scribed used cell lines transfected with MMTYV expres-
sion constructs. Higher level expression of WT HES-1 (or
SM HES-1) appears to be toxic, as transfection attempts
repeatedly failed to generate any stably transfected CMV
WT HES-1 cells. Low-level expression of proteins in
clones stably transfected with MMTV vectors was fur-
ther indicated by immunocytochemical analysis. It was
necessary to use a combination of antibodies against
both the HA and T7 epitopes to visualize protein expres-
sion in cells, because neither antibody proved sufficient
to detect epitope-tagged protein when used individually
(see Materials and Methods). Inadequate sensitivity of
the epitope antibodies also prevented us from visualizing
the epitope-tagged exogenously expressed protein by
Western blot analysis, although we have also confirmed
expression of stably transfected genes by reverse tran-
scriptase—polymerase chain reaction (RT-PCR) (see Ma-
terials and Methods).

Induction of neurite outgrowth in the absence of NGF
by expression of a DN HES-1 protein

To generate a DNA-binding defective, dominant-nega-
tive form of HES-1 (DN HES-1), 3 amino acids in the
basic region were mutated such that the mutant protein
cannot bind to DNA, although it can still dimerize with
endogenous WT HES-1 to form a non-DNA-binding het-
erodimer complex (data not shown). Expression of DN
HES-1 in stably transfected cells resulted in a flatter cell
morphology with the induction of numerous short neu-
ritic projections (1- to 2-cell diameters), together with a
greatly potentiated response to NGF. In addition, [110%
of the clones isolated from each of four separate trans-
fections exhibited a marked extension of neurites (2- to
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10-cell diameters in length) in the absence of NGF (Fig.
1A). This more extreme phenotype was stable for several
months of continuous culture, although it generally di-
minished over time. In contrast, cells transfected with a
control expression plasmid were never observed to ex-
tend neurites (Fig. 2A,D). The DN HES-1 transfected
cells also showed an increased expression of the endog-
enous neuronal marker genes neurofilament 160 (NF
160), peripherin, and GAP-43 (Fig. 1B,C,D), compared to
controls. Thus, the DN HES-1 cells exhibited neurite
outgrowth and neuronal marker gene expression in the
absence of NGF, suggesting that inactivation of HES-1
results in at least partial differentiation of PC12 cells.
To confirm the functional activity of the expressed
DN HES-1 protein, nuclear extracts from DN HES-1
cells were tested for the inhibition of binding of endog-
enous HES-1 protein to a labeled repressor-specific class
C site in a gel-retardation assay. Nuclear extracts from
control cells contained a single endogenous class C bind-
ing complex (Fig. 1E, lane 1). In contrast, nuclear extracts
from cells expressing DN HES-1 exhibited a significantly
reduced level of class C binding activity relative to the
control cells in a gel-retardation assay (Fig. 1E, lane 2).
To verify that the endogenous class C binding complex
contains HES-1, nuclear extracts were incubated with a
biotin-conjugated class C DNA site and the DNA-bound
complex was purified with streptavidin-conjugated
beads. Western blot analysis of the purified protein com-
plex using affinity purified anti-HES-1 antibodies (Chen
et al. 1997) showed that it contained an anti-HES-1 re-
active band that comigrated with endogenous HES-1 pro-

Figure 1. Induction of neurite outgrowth

in the absence of NGF by cells expressing

DN HES-1. (A) Phase-contrast micrograph

of cells from a stably transfected DN HES-1 A
clone. In contrast to control cells (Fig. 2D)
many DN HES-1-expressing cells extend
neurites in the absence of NGF. (B-D) West-

ern blot analysis comparing neuronal
marker protein expression in equal
amounts of total protein from control and

DN HES-1 expressing cells; (B) neurofila-
ment 160 kD (NF 160), (C) peripherin, (D) .
GAP-43. (E) Gel-retardation assay compar- B Prcnmmnl)
ing the level of endogenous repressor-spe-

cific (class C) DNA-binding activity in

nuclear extracts from control cells to DN c
HES-1 cells, normalized to total protein. (F)
Confirmation that the endogenous class C- D
binding complex contains HES-1. Class C

binding proteins in PC12 nuclear extracts n\
(N.E.) were affinity purified using a biotin- xh -:;,r'-“
ylated Class C DNA probe; Western blot a{" A
analysis of the DNA-purified protein using
an anti-HES-1 antibody (kindly provided by
Drs. J. Feder and Y.N. Jan) revealed a band

tein from nuclear extracts (Fig. 1F, lanes 1,3). The same
anti-HES-1 antibodies, but not control antibodies, also
partially disrupted DNA binding by the endogenous
class C binding complex, further indicating that it con-
tains HES-1 (data not shown).

Modulation of NGF signaling by expression of DN
HES-1 or WT HES-1 proteins

To test whether DN HES-1 protein expression increased
response to NGF, DN HES-1 and WT HES-1 stably trans-
fected clones were isolated and specific expression and
nuclear localization of epitope-tagged protein was con-
firmed (Fig. 2D-F). DN HES-1-transfected cells were
treated with relatively low amounts of NGF (1 or 5 ng/
ml, where 10 ng/ml is normally necessary for full re-
sponse). DN HES-1 cells showed a significant quantita-
tive increase in the percentage of cells with neurites rela-
tive to control cells (Fig. 2A). Moreover, the response of
these cells was also greatly increased with respect to the
length of neurites compared to the control cells (Fig.
2B,C). Thus, inactivation of endogenous HES-1 by DN
HES-1 results in a significantly enhanced response to NGF
both with respect to the number and the length of neurites.

In contrast, two stable clones expressing (WT HES-1)
exhibited almost no morphological response to NGF af-
ter 48 hr of treatment (Fig. 3A,E), and a third clone
showed an intermediate phenotype (not shown). A con-
trol clone exhibited a normal response to NGF, showing
increased neurite outgrowth with increasing NGF, up to
a saturation point of (110 ng/ml of NGF (Fig. 3A,C). Al-
though WT HES-1 expression strongly represses the neu-
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(indicated by lower arrow on left side, lane 1) that comigrated with the anti-HES-1-labeled band present in nuclear extracts (indicated
by arrow, lane 3). A DNA-purification positive control, using bacterially expressed GST HES-1 fusion protein in a parallel reaction, is
evident as a higher molecular mass band (indicated by upper arrow on left side, lane 2) with characteristically observed degradation
products. The upper band in lanes 1 and 2 (indicated by asterix) and not present in lane 3, is probably streptavidin protein eluted from

the streptavidin beads during the purification.
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Figure 2. Increased response to NGF in DN HES-1-expressing cells. (A) Three stable DN HES-1 clones (1-3) show increased response
to low amounts of NGF (1 or 5 ng/ml for 24 hr) relative to control cells. This is a representative graph from a triplicate experiment
that was repeated five times. The error is the standard deviation of the mean. (B,C) DN HES-1-expressing cells (C) also showed a much
greater length of neurites than did the control cells (B) when exposed to NGF. (D-F) Clones from both the DN HES-1 (E) and WT HES-1
(F) transfected cells showed HA/T7 epitope-tagged protein expression and nuclear localization, whereas no staining was evident in

control cells (D).

rite outgrowth response after 48 hr of NGF treatment,
when these cells are cultured in NGF for longer periods
they do respond; however, that response is greatly inhib-
ited and delayed relative to control cells (shown in Fig. 9,
below). Thus, WT HES-1 expression is sufficient to
strongly inhibit and delay NGF signaling.

Together the WT HES-1 and DN HES-1 results show
that increased or decreased levels of functional HES-1
protein levels decrease or increase response to NGF, re-
spectively, suggesting that endogenous HES-1 is a func-
tional component of the NGF signaling pathway.

Post-translational inhibition of endogenous HES-1
DNA-binding activity during NGF signaling

To determine whether DNA-binding activity of endog-
enous HES-1 protein is inhibited during NGF signaling
in vivo, we compared the level of HES-specific class C
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DNA-binding activity present in nuclear extracts from
untreated control cells with that in extracts from cells
treated for 24 hr with NGF. We observed that the level of
endogenous binding activity decreased significantly after
24 hr of NGF treatment relative to the level in untreated
cells (Fig. 4A, lanes 1,2). In contrast to the decrease in
endogenous HES-1 DNA-binding activity, Western blot
analysis of HES-1 protein levels in the same nuclear ex-
tracts showed no decrease in level of protein between
control and 24-hr NGF-treated cells (Fig. 4B, lanes 1,2),
thereby indicating that endogenous HES-1 is inhibited
post-translationally with respect to DNA-binding activ-
ity during NGF signaling.

Inhibition of HES-1 DNA-binding activity in vitro by
phosphorylation by PKC

We have observed that there are two adjacent serine resi-

Figure 3. Decreased response to NGF in
WT HES-1-expressing cells. (A) NGF re-
sponse is greatly repressed in cells express-
ing WT HES-1 (A and O, two WT HES-1
stable clones) compared to stable control
cells (@) after 48 hr of treatment with NGF
<100 ng/ml. This is a representative graph
from triplicate experiments that were re-
peated four times. The error is the standard
deviation of the mean. (B) Control PC12
stable cells without NGF. (C) Control
PC12 stable cells treated with 100 ng/ml of
NGF for 48 hr extend neurites. (D) HES-1
expressing stable PC12 cells without NGF.
(E) HES-1 expressing stable PC12 cells

control

WT HES-1

treated with 100 ng/ml of NGF for 48 hr do
not significantly respond to NGF.
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Figure 4. Post-translational inhibition of HES-1 DNA binding
activity in vivo and in vitro. (A,B) Post-translational inhibition
of endogenous HES-1 DNA binding during NGF signaling. (A)
HES-1 DNA-binding activity in nuclear extracts from control
PC12 cells (lane 1) and PC12 cells treated with 100 ng/ml of
NGF for 24 hr (lane 2). (B) Anti-HES-1 Western blot analysis of
the same PC12 nuclear extracts, showing that the level of en-
dogenous HES-1 protein in PC12 cell nuclear extracts (lane 1) is
not decreased after 24 hr of NGF treatment (lane 2). (C) Se-
guence alignment of the DNA-binding domains (basic regions)
from the human, rat and Xenopus HES-1 homologs, together
with Drosophila hairy. The HES-1 homologs each contain two
adjacent serines within PKC consensus phosphorylation sites
(*) in the basic region. (D) Inhibition of purified HES-1 protein
DNA-binding activity by PKC in vitro. (Lanes 1-4) Incubation of
purified, bacterially expressed and HES-1 bHLH domain with
PKC results in inactivation of HES-1 DN- binding activity in a
phosphotidyl serine (PS)-dependent manner. (Lanes 5,6) Subse-
guent addition of lambda protein phosphatase (lane 6) restores
DNA-binding activity to PKC-treated HES-1 (lane 5). (Lanes 7—
10) Treatment of SM HES-1 with PKC does not inhibit DNA-
binding activity (cf. lane 7 with lane 8), whereas PKC does in-
hibit WT HES-1 DNA-binding activity (cf. lane 9 with lane 10).
SM HES-1 protein migrates differently than WT HES-1 on na-
tive gels (lanes 7,9), despite being identical to the WT HES-1
with the exception of the two basic region serine residues; both
migrate identically on SDS-PAGE. Also, phosphorylation of an
additional PKC site present in the loop region of HES-1 appar-
ently makes SM HES-1 protein run faster than unphosphory-
lated protein (lane 8).

dues in the HES-1 DNA-binding domain, which are both
consensus phosphorylation sites for PKC and that these
sites are conserved in the Xenopus, rat, and human
HES-1 homologs (Fig. 4C). To test whether HES-1 can be
phosphorylated by PKC and if so, whether this inhibits
DNA-binding activity in vitro, the WT HES-1 bHLH do-
main (bHLH HES-1) was expressed in bacteria as a fusion
protein containing a poly-histidine leader and purified by
metal chelate chromatography. Bacterially expressed
HES-1, which is not phosphorylated, binds well to a class
C DNA site as a homodimer (Fig. 4D, lanes 1,9). How-
ever, incubation with purified PKC completely inhibited
the HES-1 DNA-binding activity in a phosphatidyl ser-
ine (PS) (Fig. 4D, lanes 1-4) and ATP-dependent manner
(not shown). This inhibition was reversible by the sub-
sequent addition of \ protein phosphatase (Fig. 4D, lanes
5,6). To test whether the inhibition of binding was at-
tributable to phosphorylation of the two serine residues
in the basic region, the codons for those residues were
mutated to encode nonphosphorylatable residues and
the serine mutant protein SM HES-1 was expressed in
bacteria and purified as above. In contrast to the wild-
type bHLH HES-1 protein, which is inhibited with re-
spect to DNA-binding activity, the DNA-binding activ-
ity of the SM HES-1 protein was not inhibited by treat-
ment with PKC. This protein bound as well after PKC
treatment as did untreated protein (Fig. 4D, lanes 7,8),
although phosphorylation of an additional site, probably
a PKC consensus site present in the loop region, caused
the protein—-DNA complex to run faster in the gel than
the untreated protein.
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Together these results indicate that phosphorylation
of HES-1 by PKC inhibits HES-1 DNA-binding activity,
and that this is attributable to phosphorylation of the
PKC consensus sites in the HES-1 DNA-binding domain.

TPA induced restoration of NGF response to WT
HES-1-expressing cells

Previous studies have shown that various cytoplasmic
and nuclear PKCs are activated or localized during NGF
signaling in PC12 cells (Wooten 1992; Coleman and
Wooten 1994; Borgatti et al. 1996). To determine
whether activation of endogenous PKCs had an effect on
the repression of neurite outgrowth observed in the WT
HES-1-expressing cells, these cells were exposed to the



phorbol ester PKC activator, TPA. Remarkably, treat-
ment of WT HES-1 cells with TPA (150 nm TPA for 24
hr) completely restored the response of WT HES-1-ex-
pressing cells to NGF (Fig. 5C,D), although the cells
showed essentially no response to NGF or TPA alone
(Fig. 5A,B). (Control experiments showed that the WT
HES-1 protein levels do not decrease after NGF, TPA, or
NGF + TPA treatment; see Fig. 6B, below.) These results
show that activation of endogenous PKCs by TPA is suf-
ficient to substantially inhibit the functional repression
activity of exogenously expressed WT HES-1 protein. In-
terestingly, previous studies have shown that exposure
of wild-type PC12 cells to TPA modestly increases the
response to NGF (Burstein et al. 1982).

Inhibition of endogenous HES-1 DNA-binding activity
by a PKC-like kinase during NGF signaling

To further determine whether the decrease in endog-
enous HES-1 DNA-binding activity observed after NGF
treatment is attributable to phosphorylation by an en-

WT HES-1 PC12 cells

D (24hr) Om

405

2

30

£

203

o

103
NGF TPA NGF
TPA

Figure 5. TPA induced restoration of NGF response to WT
HES-1-expressing cells by activation of endogenous PKCs. (A)
WT HES-1-expressing cells do not extend neurites after 24 hr of
exposure to 100 ng/ml of NGF. (B) WT HES-1-expressing cells
do not extend neurites after 24 hr of exposure to TPA. (C) TPA
cotreatment for 24 hr restores a normal NGF response to WT
HES-1-expressing cells. (D) Quantitation of the degree of neurite
outgrowth observed in the NGF, TPA, and NGF+TPA treated
WT HES-1-expressing cells. This is a representative graph of a
triplicate experiment that was repeated five times. The error is
the standard deviation of the mean. Although not shown, the
percentage of HES-1 cells with neurites at the 24-hr +NGF time
point was 3.6% + 0.9%, significantly less than the control cell
value of 23.1% * 1.6%. Also, the control cells exhibited a po-
tentiated response to TPA plus NGF, which can be seen in
Figure 8, A and B.

NGF signaling through inhibition of HES-1
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Figure 6. Inhibition of endogenous HES-1 DNA binding during
NGF- and PKC-dependent signaling. Gel-shift analysis of PC12
nuclear extracts, using a C class DNA probe, reveals that en-
dogenous HES-1 DNA-binding activity is strongly inhibited af-
ter a 24-hr treatment with the PKC activator TPA (A, lane 3),
relative to equal amounts of untreated control extract (A, lane
1). The NGF-induced decrease in HES-1 DNA binding (A, lane
2), is blocked by coaddition of the PKC inhibitor bisindolylma-
leimide (A, lane 4). Western blot analysis of PC12 nuclear ex-
tracts blotted with anti-HES-1 antibody (B) reveals that, as in
the case for NGF (lane 2, also see Fig. 4B), the loss of HES-1
DNA binding is not attributable to a reduction in protein levels
after treatment with TPA (lane 3), or TPA plus NGF (lane 4).

dogenous PKC or PKC-like kinase, we treated control
PC12 cells with the classic PKC activator TPA. After
TPA treatment for 24 hr in the absence of NGF, extracts
from treated cells showed a strong decrease in endog-
enous HES-1-binding activity (Fig. 6, lanes 1,3) analogous
to that observed during NGF signaling (Fig. 6A, lane 2),
although protein levels did not decrease after treatment
with NGF and/or TPA (Fig. 6B, lanes 1-4). This decrease
in DNA-binding activity occurred in the absence of NGF
(Fig. 6, lane 3), indicating that activation of endogenous
PKCs or PKC-like kinases can mimic the effect of NGF
signaling on HES-1 activity. Moreover, treatment of cells
with the general PKC inhibitor bisindolylmaleimide,
which competes with ATP for the ATP-binding site in
the various PKCs, blocked the NGF-induced decrease
completely (Fig. 6A, lane 4).

Thus, the NGF-induced decrease in HES-1 DNA bind-
ing activity in vivo is dependent on activation of an en-
dogenous PKC or PKC-like kinase, which may phos-
phorylate directly the PKC sites present in HES-1 DNA-
binding domain.

DN HES-1 expression restores NGF response to cells
inhibited by the PKC inhibitor bisindolylmaleimide

Given that the PKC inhibitor bisindolylmaleimide
blocked the post-translational inhibition of endogenous
HES-1 DNA-binding activity observed during NGF sig-
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naling (Fig. 6A, lane 4), we then asked whether this PKC
inhibitor blocks NGF-induced neurite outgrowth, and if
so, whether expression of DN HES-1 could bypass this
blockage. Although the NGF-induced neurite outgrowth
response of control PC12 cells is strongly reduced by
bisindolylmalmeimide (Fig. 7A-C), the neurite out-
growth response of a DN HES-1-expressing clone is still
robust in the presence of an equivalent amount of the
PKC inhibitor (Fig. 7A,D,E). Thus, DN HES-1 expression
makes the NGF-induced neurite outgrowth response of
the cells independent of PKC activation, suggesting that
HES-1 functions downstream of PKC in the NGF signal-
ing pathway. These results are quantitated in the graph
shown in Figure 7A.

Requirement of the basic region serine residues for
TPA-induced restoration of NGF response in HES-1
overexpressing cells

We then wished to determine whether the TPA-induced
restoration of NGF response in WT HES-1-expressing
cells (see Fig. 5) is attributable to phosphorylation of the
PKC consensus sites in the HES-1 DNA-binding domain.
Cells stably transfected with expression plasmids encod-
ing full-length WT HES-1 or SM HES-1 were compared
for the ability of TPA to restore NGF responsiveness (Fig.
8A,C,D). The wild-type and mutant plasmids were iden-
tical except for the 2-amino-acid codons encoding the
PKC phosphorylation sites in the basic region. Whereas
WT HES-1-expressing cells responded to NGF nearly as
well as control cells after TPA treatment (Fig. 8A-C),
cells expressing SM HES-1 showed little response to
NGF even after TPA treatment (Fig. 8A,D). Thus, muta-
tion of the PKC sites in the HES-1 basic region generates
a protein that is insensitive to inhibition by TPA-in-
duced activation of PKC.

To control against artifacts that might arise during
generation and selection of stable cell lines, transient
transfection experiments were performed with the same
WT HES-1 and SM HES-1 expression plasmids and the

% MNGF treated cells
with neurites -

results shown in Figure 8E. The percentage of the trans-
fected cells (which were B-galactosidase positive) that
extended neurites was determined and the percent neu-
rite repression in WT HES-1 versus SM HES-1-expressing
cells, relative to the corresponding control cell response,
was then calculated (Fig. 8E, also see legend). The per-
cent repression of neurite outgrowth by SM HES-1 was
unchanged by the addition of TPA to the medium (Fig.
8E, column 3 versus column 4). In contrast, for WT
HES-1 the level of repression was reduced significantly
by the addition of TPA (Fig. 8E, column 1 versus column
2).
Thus, the results of both the transient and stable trans-
fection experiments show that WT HES-1 neurite repres-
sion activity is inhibited upon activation of endogenous
PKC by TPA, and this inhibition is at least partially de-
pendent on the PKC phosphorylation sites in the HES-1
DNA-binding domain. Mutation of these sites makes
SM HES-1 insensitive to inhibition by TPA, suggesting
that this mutant protein functions as a constitutively
active DNA-binding repressor.

Requirement of the basic region serine residues for
NGF response in HES-1-expressing cells

The transient transfection results shown in Figure 8E
also suggest that the neurite repression activity of the
WT HES-1 protein is inhibited during normal NGF sig-
naling (i.e., in the absence of TPA). The reduced repres-
sion by WT HES-1 relative to SM HES-1 (27% vs. 50%,
respectively; Fig. 8E, columns 1,3) may be attributable to
post-translational inhibition of the HES-1 DNA-binding
domain by endogenous PKC activated during normal
NGF signaling.

To further address whether HES-1 repression activity
is inhibited through the basic region PKC sites during
normal NGF signaling, the neurite repression activities
of WT HES-1 and SM HES-1 were also compared in the
stably transfected cells treated with NGF for extended
periods of time. As mentioned above (see Fig. 3) and
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Figure 7. NGF response is not inhibited 1
by the PKC inhibitor bisindolylmaleimide B0
(bis) in DN HES-1-expressing PC12 cells.
Response of control cells (B) to 48 hr of
NGF (50 ng/ml) is greatly reduced by ad- 40
dition of bisindolylmaleimide (4 pm) (C),
whereas the NGF response in DN HES-1 3
cells in the presence of bisindolylma-
leimide (E) is only slightly reduced com- 204
pared to that in NGF alone (D). This effect 3
is quantitated in the graph shown in A, 3

which is the average of two independent
experiments with the error as the standard
deviation of the mean.
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Figure 8. TPA restores the NGF response to
WT HES-1 but not SM HES-1-overexpressing
cells. (A) Quantitation of the percentage of
cells from the control, WT HES-1, and SM
HES-1 stably transfected clones that have
neurites after 24 hr of NGF + TPA treatment.
This is a representative graph from triplicate
experiments repeated three times. (B) Re-
sponse of control stably transfected cells to
treatment with NGF + TPA for 24 hr. (C) Re-
sponse of WT HES-1-expressing cells to
NGF + TPA is similar to that of control cells.
(D) SM HES-1-expressing cells do not extend
neurites in response to NGF + TPA treat-
ment. (E) Neurite outgrowth response of
PC12 cells transfected transiently with equal
amounts of the same expression plasmids as
above, plus a B-galactosidase reporter vector,
in the presence of NGF alone or NGF plus
TPA. The percentage of transfected cells
(identified by p-galactosidase activity) with
neurites was determined, from which the per-
cent repression of neurite outgrowth for the
WT HES-1 and SM HES-1 transfected cells
was calculated relative to the corresponding
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control value (taken as 0% repression). The data shown are from two independent sets of triplicate experiments, the error is the
standard deviation of the mean. WT HES-1-transfected cells exhibited a significantly lower repression of NGF-induced neurites in the
presence of TPA ([R7% repression without TPA, [112% with TPA). SM HES-1-transfected cells, in contrast, exhibited nearly identical
percent repression of neurites in both NGF (50%) and NGF + TPA (46%), indicating that SM HES-1 repression activity is insensitive
to TPA induced activation of endogenous PKCs. The SM HES-1 transfected cells also exhibited higher repression of neurites than WT
HES-1-transfected cells in either NGF (50% vs. 27%) or NGF + TPA (46% vs. 12%). The observation that transiently transfected cells
are not all completely repressed at this time point, unlike WT HES-1 stable cells, may relate to the degree and timing of HES-1
expression; in particular the relationship between the timing of transient transfection to the start of NGF treatment and the cell cycle

stages of these cells.

shown in Figure 9, the response of WT HES-1-expressing
cells to NGF is greatly repressed for the first 48 hr of
NGF treatment (Fig. 9A, day 2). However, if these cells
are cultured for longer periods in NGF they do extend
neurites (Fig. 9A, “WT HES #1""), although the response
is still inhibited (Fig. 9B,C). For example, after 5 days of
NGF treatment, the percentage of cells with neurites is
nearly normal; however, those neurites that are present
are markedly reduced in length relative to the neurites
extended by control cells (Fig. 9B,C).

To test whether phosphorylation of the basic region
serines allows WT HES-1-overexpressing cells to respond
eventually to NGF, WT HES-1, and SM HES-1 stably
transfected cells were compared for neurite outgrowth
response to NGF during 5 days of NGF treatment. As for
DN HES-1 and WT HES-1 (see Fig. 2E,F), SM HES-1 was
expressed specifically and localized to the nucleus (Fig.
9F,G). RT-PCR analysis revealed that the stably trans-
fected SM HES-1 and WT HES-1 expression plasmids
were expressed at equivalent levels (Fig. 9E). In contrast
to WT HES-1-expressing cells, three clones of SM HES-
1l-expressing cells examined showed essentially no re-
sponse to NGF even after a 5-day period of exposure (Fig.
9A). In addition, these cells showed a nearly complete
absence of even short processes as compared to the WT
HES-1-expressing cells (Fig. 9C,D).

Thus, mutation of the PKC sites in the HES-1 DNA-
binding domain generates a constitutively active repres-

sor protein that persistently blocks the response to NGF.
These results also suggest that post-translational inhibi-
tion of HES-1 by phosphorylation of PKC sites in its
DNA-binding domain is essential for the induction of
neurite outgrowth by NGF.

Discussion

Post-translational inhibition of HES-1 DNA-binding
activity during NGF signaling

Our results show that endogenous HES-1 is expressed in
uninduced PC12 cells, but that its DNA-binding activity
is inhibited post-translationally during NGF signaling.
This inhibition is dependent on activation of an endog-
enous PKC or PKC-like kinase, but the exact identity of
this kinase and the pathway leading to its activation
have not yet been defined. HES-1 DNA-binding activity
is inhibited in vitro by phosphorylation by PKC of serine
residues in the HES-1 DNA-binding domain. In contrast,
a mutated HES-1 protein (SM HES-1) lacking the serine
residues in the basic region is resistant to post-transla-
tional inhibition by PKC in vitro. Moreover, as discussed
further below, this SM HES-1 protein also behaves in
Vivo as a constitutively active repressor protein that is
insensitive to post-translational inhibition during NGF
signaling. Although we have not shown directly that
phosphorylation of these serine residues occurs in endog-
enous HES-1 during NGF signaling, we have shown that

GENES & DEVELOPMENT 3175



Strom et al.

% MGF treated
. cells with neurites
ﬁ:.sm HES&1 P WT HES#1 A|

PC12 cells following 5 day NGF treatment
' SM HES-1

cont rol WT HES-1

JsMHESSZ [ control
G0 [IsMHESES

50 I o
40 4
1+ N
304 L  E WT SM PF7 2 @%1"
] . 4 HES HES b lpd L
] L
20- 1 +h123"123 e -#.l
g i\‘
R - - A »
— | 1 T o~ [ " i "
10 | fj | Exogenous HES-1_ "+ o~
o | L eES--- ) ’_-}% t’___

2 3 4 5§

days MNGF treated SM  HES-1

G3PDH

Figure 9. Persistent block of NGF response in SM HES-1-, but not WT HES-1-expressing cells. (A) The neurite outgrowth response
of control, WT HES-1, and SM HES-1 cells was analyzed over 5 days of exposure to NGF. WT HES-1 stable cells have essentially no
neurite outgrowth response to 100 ng/ml of NGF at 2 days of exposure (also see Fig. 2), but by 5 days they have regained a similar
response in terms of percent cells with neurites. In contrast, three stable SM HES-1 PC12 clones do not respond substantially to NGF
after 5 days of exposure. This graph shows data from two independent experiments performed in triplicate, the error bars are the
standard deviation of the mean. (B-D) Although the percentage of cells bearing neurites after 5 days of NGF treatment is similar to
that of control cells (B), the extent of the neurites in WT HES-1 cells (C) is substantially reduced. The SM HES-1 cells exhibit
essentially no neurite outgrowth (D). (E) Semiquantitative RT-PCR of glycerol-3-phosphate dehydrogenase (G3PDH) (input control)
and exogenous HES-1 reveals an equivalent level of expression between the WT and SM HES-1 cell lines, indicating that the difference
in response is attributable to mutation of the basic region serines. The numbers above the bands correspond to the clones analyzed in
panel A, the plus sign is a cDNA control. (F,G) Immunohistochemical staining with antibodies against the T7 and HA epitopes on the
exogenous SM HES-1 proteins reveals consistent nuclear expression of these proteins in the SM HES-1 stable PC12 lines (G) and an

absence of staining in the control cells (F).

these serines are essential for NGF induction of neurite
outgrowth in a functional assay. Although indirect, this
functional assay demonstrates the importance of these
residues in HES-1 for NGF signaling in vivo and suggests
that these residues are targets for phosphorylation during
NGF signaling. The simplest interpretation of our re-
sults is that endogenous HES-1 binds to DNA sites in
neuronal target genes and represses their transcription
until it is inhibited post-translationally during NGF sig-
naling by phosphorylation of its DNA-binding domain.
This model for the induction of neurite outgrowth by
derepression of target gene transcription is depicted in
Figure 10.

Previous studies have demonstrated that NGF signal-
ing induces the activation or localization of both cyto-
plasmic and nuclear PKC isoforms in PC12 and other
cells (Leach et al. 1989; Borgatti et al. 1996), some in a
time period similar to that observed for post-transla-
tional inhibition of endogenous HES-1 (Borgatti et al.
1996). Thus, the “HES kinase” that phosphorylates the
HES-1 basic region directly may be a PKC or PKC-like
kinase possibly localized to, or activated in, the nucleus.
However, it could also be some other kinase dependent
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on the activation of an upstream PKC kinase. It also is
possible that the kinase that directly phosphorylates and
inhibits HES-1 is constitutively active, and that regu-
lated inhibition of a phosphatase during NGF signaling
results in increased phosphorylation of HES-1 and inhi-
bition of DNA binding. In addition, one of the serine
residues in the basic region is not only a canonical PKC
site, but also is a potential phosphorylation site for sev-
eral other kinases including PKA, Cam Kkinases, and ri-
bosomal S6 kinase (RSKs). Preliminary results have
shown that phosphorylation of this serine by PKA can
inhibit, at least partially, HES-1 DNA-binding activity
(P. Castella and M. Caudy, unpubl.). Given that both
PKCs and at least some RSKSs are activated during NGF
signaling (Xing et al. 1996), HES-1 may be a target for
multiple kinases activated or functioning during NGF
signaling.

The expression of WT HES-1 protein in addition to
endogenous HES-1 results in a substantial repression of
response to NGF. This repression is overcome by the
activation of endogenous PKC by TPA, which restores
NGF response to WT HES-1-expressing cells. The de-
layed response observed during normal NGF signaling
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Figure 10. Model for the induction of neurite outgrowth
through NGF through post-translational inhibition of endog-
enous HES-1. (A) In the absence of NGF (-NGF), endogenous
HES-1 binds to class C sites in target neuronal differentiation
genes and actively represses transcription. DNA-bound HES-1
actively represses target gene transcription by recruiting a TLE
corepressor, as shown previously (see Discussion). (B) During
NGF signaling, post-translational inhibition of HES-1 DNA-
binding activity by phosphorylation of the HES-1 basic region
results in derepression of target gene transcription, thus medi-
ating the induction of neurite outgrowth and differentiation.
The phosphorylation of HES-1 during NGF signaling requires
the activation of one or more endogenous PKC or PKC-like
kinase (““PKCs”), which phosphorylates directly or indirectly
the consensus PKC sites in the HES-1 basic region.

(i.e., in the absence of TPA), may be attributable to the
additional time needed to phosphorylate and inhibit the
additional wild-type HES-1 protein. In contrast, SM
HES-1 protein appears to function as a constitutively ac-
tive repressor in vivo. The TPA-induced restoration of
NGF response observed in WT HES-1-overexpressing
cells does not occur in cells expressing the SM HES-1
protein. Moreover, the persistent lack of response to
NGF observed in SM HES-1-expressing cells also sug-
gests that this protein is insensitive to post-translational
inhibition during normal NGF signaling. This constitu-
tive block of NGF response also suggests that post-trans-
lational inhibition of HES-1 is essential for NGF signal-
ing to induce neurite outgrowth in PC12 cells.

An alternative mechanism that could explain some of
our results is that NGF signaling might increase the ex-
pression or activity of a protein inhibitor of HES-1 DNA-
binding activity. For example, a dominant-negative pro-
tein analogous to the Id repressor for bHLH activator
proteins (Benezra et al. 1990) could inhibit endogenous
HES-1 binding. However, if there were such a protein
inhibitor it would seem likely to also inhibit the SM
HES-1 protein, as it has the normal HLH dimerization
domain. This, however, has not been observed.

HES-1 functions as a DNA-binding, active repressor of
neuronal differentiation

Our results are consistent with previous studies that
have shown that HES-1 functions as a repressor of neu-
ronal differentiation during vertebrate embryogenesis
(Ishibashi et al. 1994, 1995; Tomita et al. 1996). Previous
studies have also shown that HES-1 and other Hairy-
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related proteins are DNA-binding, transcriptional repres-
sor proteins that repress target gene transcription (Sasai
et al. 1992; Ohsako et al. 1994; Van Doren et al. 1994;
Fisher et al. 1996) by recruiting a TLE (Groucho homo-
log) corepressor through the WRPW domain at their car-
boxyl termini (Paroush et al. 1994; Fisher et al. 1996;
Grbavec and Stifani 1996; Fisher and Caudy 1998). These
results suggest that the endogenous HES-1 protein,
which is present and active with respect to DNA binding
in uninduced cells, should actively repress target genes
until it is post-translationally inhibited during NGF sig-
naling (Fig. 10).

The ability of DN HES-1 expression to induce neurite
outgrowth in the absence of NGF demonstrates that in-
hibition of endogenous HES-1 DNA binding activity can
be sufficient to induce differentiation, at least partially.
It is unclear why activation of endogenous PKC by TPA,
which strongly inhibits the DNA-binding activity of en-
dogenous HES-1 protein, does not also induce neurite
outgrowth although it greatly potentiates the response to
NGF. It may be that broad activation of PKCs by TPA
has additional actions beyond inhibition of HES-1 that
repress rather than promote neurite outgrowth. In addi-
tion, DN HES-1 expression may result in the titration or
sequestration of additional corepressor factors that nor-
mally interact with endogenous HES-1, such as the TLE
corepressor. Such sequestration, or ‘“‘squelching” of co-
factors involved in repression could lead to further acti-
vation of the differentiation pathway than does only the
inactivation of endogenous HES-1.

HES-1 as a mediator of NGF signaling

Three lines of evidence indicate that HES-1 mediates the
induction of neurite outgrowth functionally by NGF sig-
naling. First, the observation that DN HES-1 expression
increases neurite outgrowth in response to NGF,
whereas WT HES-1 expression decreases it, suggests that
endogenous HES-1 is a functional component of the
NGF signaling pathway. Second, the observation that ex-
pression of SM HES-1 blocks NGF response constitu-
tively suggests that post-translational inhibition of over-
expressed WT HES-1 is necessary before NGF signaling
can induce neurite outgrowth. Third, the finding that
DN HES-1 expression can induce neurite outgrowth in
the absence of NGF indicates that endogenous HES-1 is
actively repressing neurite outgrowth before NGF signal-
ing. These results suggest that the post-translational in-
hibition of endogenous HES-1 actively mediates neurite
outgrowth and differentiation.

The functional targets for repression by HES-1 in PC12
cells and in vivo are not known, but the MASH1 bHLH
activator gene is a likely target for direct repression by
HES-1. Gene disruption studies have shown that
MASHL1 is necessary for sympathoadrenal precursor dif-
ferentiation in mice (Guillemot et al. 1993). MASH1
transcription is activated in PC12 cells 2 days after NGF
treatment (Johnson et al. 1990) and a recent study of
regulation of the HASH1 (human MASH1) promoter in
cultured cells has shown that HES-1 directly binds to the
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promoter of HASH1 and represses HASHL1 transcription
(Chen et al. 1997). In addition, MASHL1 is up-regulated
transcriptionally in HES-1 null mice (Ishibashi et al.
1995). Direct transcriptional repression of MASH1 by
HES-1 would be analogous to the direct transcriptional
repression of the achaete proneural gene by the Hairy
repressor protein in Drosophila (Ohsako et al. 1994; Van
Doren et al. 1994), suggesting that this particular regu-
latory pathway has been conserved.

Regulation of expression and function of HES-1 by
opposing Notch and NGF cell signaling pathways

The finding that HES-1 mediates NGF signaling is con-
sistent with the emerging view that transcriptional re-
pressor proteins are as important in regulating cell dif-
ferentiation as are transcriptional activator proteins
(Chong et al. 1995; Schoenherr and Anderson 1995).
HES-1 is widely transcribed during embryogenesis (Sasai
et al. 1992), but also is activated transcriptionally by the
Notch signaling pathway during Notch-mediated lateral
inhibition (Jarriault et al. 1995). The post-translational
inhibition of HES-1 described in this study mediates a
different cell signaling pathway, NGF signaling in the
PC12 model cell system. In Notch signaling, the tran-
scriptional activation of HES-1 inhibits neuronal differ-
entiation, whereas in NGF signaling the post-transla-
tional inhibition of HES-1 induces neuronal differentia-
tion by a derepression mechanism.

It is interesting to note that NGF signaling is poten-
tially dominant over Notch signaling during neuronal
differentiation. Although speculation, it may be that one
function of NGF during neuronal differentiation is to
protect a committed precursor from lateral inhibition by
the Notch pathway.

Implications for bHLH proteins as common targets for
cell signaling pathways

The present results have implications both for roles of
HES-1 in additional cell signaling processes and for a
general role of bHLH activator and repressor proteins as
targets for regulation by cell signaling pathways. It
seems likely that post-translational inhibition of HES-1
is a general mechanism for mediating many or all neu-
rotrophin-mediated differentiation pathways, because
the various other neurotrophins, BDNF, NT-3, and NT4/
5, are known to activate similar downstream pathways
as NGF (Kaplan and Stephens 1994; Segal and Greenberg
1996). It is also possible that HES-1 mediates other types
of transcription-dependent signaling events regulated by
NGF or other neurotrophins, such as synaptic plasticity
(Lo 1995).

More generally, HES-1 is one of several members of a
“functional cassette” of bHLH activator and repressor
proteins that work together to provide a precise regula-
tory switch mechanism for controlling cell fate decisions
in Drosophila and mammals (Jan and Jan 1993). Al-
though the known pathways for regulating HLH factors
in Drosophila work at the transcriptional level, it is
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plausible that post-translational regulation of the same
key regulatory factors by cell signaling pathways has
been added to transcriptional regulation. Moreover, al-
though post-translational inhibition of HES-1 DNA-
binding activity is the first example of post-translational
inhibition of any of the neuronal bHLH proteins, a simi-
lar regulation of myogenin by PKC activated by fibro-
blast growth factor (FGF) signaling has been previously
reported (Li et al. 1992). Our working hypothesis is that
given their common role in regulating neuronal and
other cell differentiation pathways in Drosophila and
vertebrates, the cassette or module of bHLH activator
and repressor transcription factors is likely to be the tar-
get for many cell signaling pathways controlling cell dif-
ferentiation.

Materials and methods
Expression constructs

The cDNA for HES-1, kindly provided by Dr. John Feder, has
been described previously (Feder et al. 1993). The HES-1 Pvull-
Xhol fragment (amino acids 4-282) was cloned into pcDNA3
containing a 5° HA/T7 epitope tag to generate pPcDNA3-WT
HES-1. The Sculptor site-directed mutagenesis system (Amer-
sham) was used to mutate the WT HES-1 construct to generate
pcDNA3-DN HES-1 (where amino acids E43, K44, and R47
were each mutated to A) and pcDNA3-SM HES-1 (where amino
acids S37 and S38 were mutated to V37 and M38, derived from
the corresponding position in the Enhancer of split m7 basic
region). The PKC sites were identified using the MacPattern
program (Fuchs 1994). Versions of each construct with the CMV
promoter replaced by an MMTYV promoter derived from pMSG
(Pharmacia) were also made. Details of restriction maps, cloning
sites, and primers are available upon request.

Cell cultures, stable transfections, and neurite analysis

PC12 cells, kindly provided by Moses V. Chao (Cornell Univer-
sity Medical College), were plated on tissue culture dishes
(Corning) and maintained in Dulbecco’s modified essential me-
dium (DMEM) (Cellgro), 5% fetal calf serum (Hyclone), 10%
horse serum (Hyclone), 100 U/ml of penicillin, and 100 pg/ml
of streptomycin (Sigma) at 37°C in 100% humidity and 10%
CO,. Transfections were carried out using DOTAP (Boehringer
Mannheim) or Lipofectamine (GIBCO BRL) reagents according
to the manufacturers’ instructions. Transfectants were selected
using G418 (GIBCO BRL) at 500 pg/ml of G418 (net) and iso-
lated clones maintained with 250 pg/ml of G418. WT HES-1
and SM HES-1 stable clones were generated using the MMTV
promoter construct and DN HES-1 lines with either the MMTV
or CMV promoter construct. Expression was confirmed by RT-
PCR or cell immunostaining (described below), with transgene-
expressing clones representing between 10% and 30% of all
stable lines generated.

Treatment with various reagents was carried out after the
cells were plated out and left to attach for 24 hr. NGF (2.5s
murine NGF, Promega) was used at 100 ng/ml final concentra-
tion except where indicated in the figure legends, TPA (Sigma)
was used at a final concentration of 150 nm, Bisindolylma-
leimide (CalBiochem) at a final concentration of 4 um in di-
methylsulfoxide (DMSO). A neurite was defined as a phase dark
process with a clearly defined growth cone that was at least
1.5-cell diameters in length. Experiments were carried out in



triplicate and repeated at least once in all cases. Error bars are
the standard deviation of the mean, with n = 340 to 1420 cells
counted per data point.

Transient transfections

Transient transfections were performed using Lipofectamine re-
agent (GIBCO BRL) in 35-mm dishes with 0.1 pg of pcDNA3
(CMV)-B-gal and 2 pg of either pcDNA3(MMTV)-WT HES-1,
pcDNA3(MMTV)-SM HES-1, or pcDNA3(MMTYV) (control) ac-
cording to the manufacturer’s instructions. Twelve hours after
transfection, the cells were replated on 100-mm dishes and 50
ng/ml of NGF (2.5s murine NGF, Promega) was added to cells
for a further 48 hr, after which the cells were fixed and stained
for B-galactosidase activity with X-gal according to standard
protocols (Maniatis et al. 1982). The experiments were carried
out in triplicate and repeated at least once, with n = 200 to 725
positive cells counted per data point. The errors are the standard
deviation of the mean.

RT-PCR

To compare transgene expression, total RNA was purified from
cells grown on 100-mm dishes using Tri-Reagent (Molecular
Research Corp.) according to the manufacturer’s protocol. Two
micrograms of total RNA was reversed transcribed with 1 pg
oligonucleotide dT,, (Integrated DNA Technologies, IDT) and
Superscript |l reverse transcriptase (GIBCO BRL) according to
the manufacturer’s protocols in the presence of 20 units of RNa-
sin RNase inhibitor (Promega). Twenty percent of the RT reac-
tion was PCR amplified with either glycerol-3-phosphate dehy-
drogenase (G3PDH) primers (Clontech) or epitope tag 5'/HES-1
3’ transgene-specific primers (IDT, sequences upon request) for
35 (G3PDH) or 40 (exogenous HES-1) cycles using TAQ gold
enzyme and buffers (Perkin Elmer) according to the manufac-
turer’s protocol. PCR products were visualized with Sybr Green
(Molecular Probes) on 3% agarose gels.

Immunocytochemistry

Cells were cultured on tissue culture slides (VWR SuperCell,
Erie Scientific) and fixed and immunostained according to stan-
dard protocols (Harlow and Lane 1988). Anti-HA antibody was
used at 1:80 (2 pg/ml) (Boehringer Mannheim), anti-T7 antibody
was used at 1:3000 (Novagen), secondary antibody (goat anti-
mouse biotin conjugated, Jackson Immunological) was used at
1:1000 and streptavidin—-HRP (Jackson Immunological) at 1:500
(1 pg/ml). Staining was visualized with 0.6 mg/ml of diamino-
benzidine (DAB) (Sigma)/0.03% H,0,.

Western blot analysis

Neuronal markers Cells were lysed in RIPA buffer [150 mm
NaCl, 1% NP40, 0.5% DOC, 0.1% SDS in 50 mm Tris (pH 8.0),
all reagents from Sigma], the cell extracts were spun in a mi-
crofuge for 15 min at 4°C and the supernatant concentrated in a
Centricon 3000 (Amicon) for 2 hr at 6700g. Protein concentra-
tions were determined by Bradford assay (Bio-Rad). Western blot
analysis was performed according to standard protocols (Harlow
and Lane 1988) using 10% SDS-PAGE gels for GAP-43 and pe-
ripherin, 8% SDS-PAGE gels for NF 160. Anti-GAP-43 was used
at 1:2000, anti-NF 160 was used at 1:400, anti-peripherin (rabbit
1gG, kindly provided by Dr. Carol Troy, College of Physicians
and Surgeons, Columbia University, New York, NY) was used
at 1:2000, goat anti-mouse (or goat anti-rabbit) IgG/biotin sec-
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ondary antibody was used at 1:50,000 (Jackson Immunological)
and streptavidin/HRP (Jackson Immunological) tertiary reagent
was used at 1:1000. Antibody binding was visualized using
0.03% (wt/vol) chloronapthol/0.03% H,O,.

HES-1 PC12 cell nuclear extracts were fractionated on 12%
SDS-polyacrylamide gels and blotted onto nitrocellulose (Bio-
Rad) as above. The anti-HES-1 antibodies (kindly provided by
Drs. John Feder, Mercator Genetics Inc., Menlo Park, CA, and
Yuh-Nung Jan, University of California, San Francisco), were
used as an equal mixture of two affinity-purified rabbit poly-
clonals raised to an amino- and a carboxy-terminal peptide se-
quence, respectively at a 1:400 (1:800 each) dilution and visual-
ized with a goat anti-rabbit HRP conjugated secondary antibody
(Jackson Immunological) at 1:50,000, followed by chemilumi-
nescence (Rennaisance, New England Nuclear). All Western
data shown are from autoradiographs (BioMax film, Kodak) in
the linear range of exposure.

Nuclear extracts

Nuclear extracts were prepared basically as to the protocol of
Schreiber et al. (1989) except that PBS was used instead of TBS
and the following inhibitors were added: aprotinin at 10 pg/ml,
leupeptin at 1 pg/ml, 100 um NagvVO,, 1 mm NaPPi, 1 mm NaF,
100 pm Na,MO, (all from Sigma). Nuclear extracts were pre-
pared from 100-mm tissue culture dishes at about 60%-70%
confluency and total protein content was determined by Brad-
ford assay (BioRad). All nuclear extracts for a particular experi-
ment, including controls, were prepared simultaneously.

Electrophoretic mobility-shift assay

For gel-shift assays with nuclear extracts, equal amounts of ex-
tract (typically 5 ug of total protein at (2 mg/ml) were added to
a 29-ul binding reaction containing 3.3 mm DTT, 20 mm HEPES
(pH 7.6), 50 mm NaCl, 0.5 mm EDTA, 5% glycerol, 300 pg/ml
BSA (final concentrations), and 0.25-1.0 pg poly[d(I-C)]. The
poly[d(I-C)] concentration was optimized for each batch of ex-
tracts to minimize nonspecific binding. The gel retardation pro-
tocol was as described previously (Ohsako et al. 1994). The C
class oligonucleotides contain the site CACGCG and are de-
rived either from the Drosophila achaete promoter (Ohsako et
al. 1994) or from the mouse HES-1 promoter (Takebayashi et al.
1994). The sequence for the HES-1 oligonucleotide is 5’-AgCggT
gCCgCG TgTCTTggAgCT-3'. All experiments shown are with
the mammalian probe but indistinguishable results have been
attained with either version.

For gel shifts with purified HES-1 protein, [25 ng of bacteri-
ally expressed and purified HES-1 protein was incubated in the
binding buffer described above. For the PKC phosphorylation
reactions, the protein was preincubated in 1x PKC buffer [20
mm HEPES (pH 7.4), 0.34 mm EDTA, 1.67 mm CaCl,, 1 mm
DTT, 10 mm MgCL,) in a 10-pl volume at room temperature for
50 min with 1 pm ATP (Sigma), 0.6 mg/ml of phosphatidyl
serine (ICN), and 0.02 units of PKC (Promega) as indicated. The
reaction mixture was diluted to 30 pl in the standard binding
reaction and further incubated with radiolabeled class C DNA
probe for 20 min before fractionating on a 5% native gel. For
phosphatase treatment, MnCl, (2 mm final) and 400 units of \
protein phosphatase (New England Biolabs) are added to the
PKC reaction mixture for the final 10 min before initiating the
binding reaction.

All gel shifts shown are from autoradiographs (BioMax film,
Kodak) exposed in the linear range of sensitivity.
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Recombinant protein

The HES-1 proteins used for in vitro DNA binding are PCR-
generated bHLH constructs (primer sequences available upon
request) coding for residues E33 through A98, cloned into pET-
14b (Novagen) and purified from DE3pLysS cells (Novagen) us-
ing the histidine leader according to the manufacturer’s proto-
cols. All constructs were sequenced (Cornell central sequencing
facility) and purification determined to be >90% by Coomassie
staining of SDS-PAGE gels (not shown). Protein quantification
was by Bradford assay (BioRad) and Coomassie staining against
a protein standard titration on SDS-PAGE.

The amino terminal glutathionine S-transferase (GST) full-
length HES-1 fusion protein was generated from pcDNA3-WT
HES-1 (minus the His/HA/T7 tags), with the HES-1 fragment
cloned in-frame into pGEX4T-1 (Pharmacia) and expressed and
purified as described previously (Fisher et al. 1996).

Affinity purification of DNA-binding protein

The C class DNA-binding complex was purified from PC12 cell
nuclear extracts using a top strand 5’-biotin-labeled version of
the C class probe (IDT). The depletion protocol is as described in
Ausubel et al. (1992), using 1 mg of nuclear extract, 100 ng of
biotin-labeled oligonucleotide/50 pl of streptavidin, and 4%
agarose beads (Sigma) in a standard, scaled-up DNA-binding as-
say followed by Western blot analysis of the pellet. In parallel,
(10 ng of GST-HES-1 bacterially expressed fusion protein was
used as a positive binding control. Radiolabeled (bottom strand)
biotinylated probe, which binds identically to the unlabeled oli-
gonucleotide (not shown) was used to determine the efficiency
of depletion ((B0%+, not shown) by gel shift comparison of the
depleted extract to a nondepleted control.
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