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BMPs inhibit neurogenesis by a
mechanism involving degradation
of a transcription factor

Jianyong Shou, Peter C. Rim and Anne L. Calof

Department of Anatomy & Neurobiology and the Developmental Biology Center, 364 Med Surge 11, University of California Irvine,

College of Medicine, Irvine, California 92697-1275, USA
Correspondence should be addressed to A.L.C. (alcalof@uci.edu)

Bone morphogenetic proteins (BMPs), negative regulators of neural determination in the early
embryo, were found to be potent inhibitors of neurogenesis in olfactory epithelium (OE) cultures.
BMPs 2, 4 or 7 decreased the number of proliferating progenitor cells and blocked production of
olfactory receptor neurons (ORNS). Experiments suggested that this effect was due to an action of
BMPs on an early-stage progenitor in the ORN lineage. Further analysis revealed that progenitors
exposed to BMPs rapidly (< 2 h) lost MASH1, a transcription factor known to be required for the pro-
duction of ORNs. This disappearance was due to proteolysis of existing MASH1 protein, but new
gene expression was required to trigger it. The data suggest a novel mechanism of BMP action,
whereby the induced degradation of an essential transcription factor results in premature

termination of a neuronal lineage.

Neurogenesis—the process whereby neuronal progenitor cells
proliferate and differentiate into postmitotic neurons—is tightly
regulated in the vertebratel. Although many studies have focused
on molecular signals that stimulate neurogenesis?, signaling mol-
ecules that inhibit it are just as likely to be important in regulat-
ing neuron number. Strong evidence for regulation of
neurogenesis through inhibitory signals has come from studies
of the rodent olfactory epithelium. If olfactory receptor neurons
of the OE are killed, neuronal progenitors proliferate and gener-
ate new ORNSs3-5, a response that tissue culture studies suggest
is due to loss of an ORN-derived inhibitory signal that normally
suppresses neurogenesisé. Similar ‘feedback regulation’ of neu-
ron production has also been reported in larval Xenopus retina’.

The bone morphogenetic proteins (BMPs) are good candi-
dates for molecules that act as negative regulators of neurogene-
sis. Indeed, BMPs seem to function as inhibitory signals from the
earliest stages of vertebrate neural development: during embry-
onic neural induction, endogenous BMP4 promotes acquisition
of epidermal fate and suppresses neural fate in developing ecto-
derm®9. In cultures of embryonic brain, BMPs have also been
shown to inhibit proliferation®1! and to induce apoptosis!0-12
of progenitor cells.

A powerful general approach for exploring molecular mech-
anisms underlying the regulation of neurogenesis is offered by
tissue culture assays of mouse OE3. For example, we have
exploited such assays not only to demonstrate that fibroblast
growth factors are positive regulators of neurogenesis, but also
to identify the lineage stages at which they and other positive reg-
ulators (such as the transcription factor MASH1) exert their
effects®6.14.15 Because BMPs and their receptors are expressed
in embryonic OE and/or olfactory placode!6-19 (J.S. & A.L.C.,
unpublished results), we were prompted to test BMPs for possi-
ble effects on OE neurogenesis. Our findings indicate that BMPs
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2,4 and 7 strongly inhibit OE neurogenesis, and that they exert
this inhibitory action on neuronal progenitor cells at a specific
stage in the ORN lineage. In addition, we report a novel mecha-
nism of BMP action, whereby ligand binding to target cells
induces proteolytic degradation of a transcription factor whose
activity is known to be required for neuronal development.

REsuLTS

To assess BMP effects on neurogenesis, we first used a neuronal
colony-forming assay. When purified OE neuronal progenitor
cells are cultured at clonal density on feeder layers of mitotically
inactivated fibroblasts for over six days, colonies containing both
undifferentiated neuronal progenitors and differentiated ORNSs
develop®. Addition of BMP4 (10 ng per ml) at the time of cell
plating completely blocked development of such neuronal
colonies (Table 1). Interestingly, BMP4 had no significant effect
on any of the other (non-neuronal) colony types that develop in
these assays, indicating that the observed inhibitory effect of
BMP4 on neuronal colony development was not due to toxicity
of the added protein. Equivalent effects were obtained with
BMP?2, a close homologue?® of BMP4 (Table 1). We also tested
BMP7, a member of the 60A subfamily of BMPs and hence more
distantly related? to BMP4. In embryonic brain development,
BMP7 has been reported to have a stimulatory, rather than an
inhibitory, effect on progenitor cell proliferation1®21, However, in
our OE neuronal colony-forming assays, BMP7 was equivalent
to BMPs 2 and 4 in its inhibitory effects (Table 1).

The ORN lineage is complex, with at least two stages of prog-
enitor cells interposed between neuronal stem cells and post-
mitotic ORNs. The neuronal colony-forming cell is hypothesized
to be the neuronal stem cell®22, When cultured on feeder cell lay-
ers, this cell can continue to produce downstream progenitors
and ORNs for up to two weeks2324, However, in OE explant cul-
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tures grown in defined medium, neuronal
stem cells initially give rise to downstream
progenitor cells but subsequently become
undetectable. Stem cells may die or simply
cease dividing, as factors such as fibroblast
growth factors are known to be necessary for
their survival and/or proliferation. The prog-
eny of the stem cell is thought to be the
MASH1* neuronal progenitor, which under-
goes one to two rounds of division to give rise
to MASH1-negative immediate neuronal pre-
cursors® (INPs). INPs divide one to two times
in vitro (cell cycle length, ~17 h), quantitatively
giving rise to post-mitotic ORNs1425,

Table 1. Inhibition of neuronal colony formation by BMPs.

Number of neuronal colonies  Number of non-neuronal colonies
(% control value) (% control value)

BMP4 (n = 4) 0 77.6 +25.7 (s.d.)
BMP2 (n = 2) 0 67.6 +6.4 (s.d)
BMP7 (n = 2) 0 96.6 +20.1 (s.d.)

Neuronal colony-forming assays were done with progenitor cells plated in the absence (control) or
presence of BMP4 (10 ng per ml), BMP2 (10 ng per ml) or BMP7 (10 ng per ml) for the entire culture
period. Neuronal and non-neuronal colonies were counted in each condition, for a minimum of two
independent experiments (n). Numbers of colonies were expressed as a percentage of the control
value for the same experiment, and percentages averaged for all experiments in a given condition (s.d.,
standard deviation). No neuronal colonies were observed when BMPs were added. Actual numbers of
colonies under control conditions: BMP4 experiments, neuronal, 26.3 + 19.9 (s.d.); non-neuronal,
71.8 £ 33.3 (s.d.). BMP2 experiments, neuronal, 15.5 + 2.1 (s.d.); non-neuronal, 48.5 + 7.8 (s.d.); BMP7

Because development of cells at each stage experiments: neuronal, 57 + 32.5 (s.d.); non-neuronal, 177 + 50.9 (s.d.).

in the ORN developmental pathway is regu-

lated®614.15.26 it was important to know at

which stage(s) BMPs exert their inhibitory effect. To address this,
we used neuronal colony-forming assays with BMP4 added at dif-
ferent times following cell plating, grew the cultures a total of six
days and then counted neuronal colonies. When BMP4 was added
early (0-2 days after plating), neuronal colonies were greatly
decreased in number (Fig. 1a). However, addition of BMP4 at
three days or later after initiation of the cultures produced no sig-
nificant effect. Because early addition of BMP4 was required for
inhibition of neuronal colony formation, we asked how rapidly
BMP4 acts. To accomplish this, we added BMP4 for the first 24
hours in vitro; then cultures were washed and allowed to grow for
the remaining five days of the assay. Exposure of cultures to BMP4
for only 24 hours following plating was sufficient to dramatically
inhibit neuronal colony development (Fig. 1b). Thus, the effect
of BMP4 on neurogenesis is very rapid. Moreover, its effect is likely
to be exerted on neuronal progenitors rather than post-mitotic
ORNs, because ORNs are detectable in colonies only after about
four days in vitro, when progenitor cells have had sufficient time
to undergo several divisions and generate neurons®. Potential tar-
gets of BMP4 action thus included the neuronal colony-forming
cell or the cell type thought to be its progeny, the MASH1-express-
ing progenitor, or the progeny of the MASH1™* progenitor, the
immediate neuronal precursor of ORNS.

If BMPs act on neuronal progenitor cells, we reasoned that the
effects of BMPs might involve changes in progenitor cell prolif-
eration. To address this we used explant cultures of OE, in which
the proliferation kinetics of cells are easily quantified'25. OE
explants were cultured for 20 hours in BMP4, with [3H]thymi-
dine added for the last 6 hours of culture to detect cells in S phase.
Addition of BMP4 dramatically decreased the number of neu-
ronal cells incorporating [*H]thymidine (Fig. 2a), indicating that
BMP4 inhibits proliferation of neuronal progenitor cells.

Because late addition of BMP4 to colony-forming assays had
no effect on neuronal colony numbers in our experiments, it
seemed unlikely that BMPs would have adverse effects on the sur-
vival of ORNS. To test this directly, we cultured OE explants for 48
hours, with BMP4 and [3H]thymidine added for the final 24
hours. We focused our analysis on ORNs that had been gener-
ated in the first 24 hours of the culture period; these could be
distinguished by expression of NCAM (a marker for ORNs2%)
and lack of [3H]thymidine labeling, indicating that they were
already post-mitotic at the time of BMP4 addition. This was
important, because effects of BMP4 on ORNSs generated after the
first 24 hours of culture could be secondary to its effects on prog-
enitor cell proliferation (Fig. 2a). The total number of [*H]thymi-
dine-negative ORNSs per OE explant was virtually identical in

340

cultures grown in the presence or absence of BMP4 (Fig. 2b
and ¢), indicating that BMP4 had no effect on neuronal survival.

Apparently, BMPs inhibit olfactory neurogenesis not by
impairing ORN survival, but by decreasing numbers of prolifer-
ating neuronal progenitor cells. Because our previous studies
showed that expression of the transcription factor MASH1 marks
an early stage of neuronal progenitor in the ORN lineage®, and
studies of a targeted mutation in the Mash1 gene showed that
MASHL is essential for both survival of neuronal progenitors and
development of ORNSs in vivo?226:27 we sought to determine if
MASH1-expressing progenitors are affected by BMPs. We cul-
tured OE explants for eight hours (when the number of MASH1-
expressing cells in explant cultures is high®) in the presence or
absence of BMP4. When cultures were stained with an antibody
to MASH128, MASH1 immunoreactivity was virtually abolished
by BMP4: 6.5 + 1.3% (s.e.) of migratory cells exhibited MASH1
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Fig. 1. Inhibition of neuronal colony formation requires early addition
of BMP4. (a) Neuronal colony-forming assays were done as described
for Table 1, except that BMP 4 (10 ng per ml) was added to half the
plates at 0, 1, 2, 3 or 4 days after progenitor cells were plated, and was
present for the rest of the culture period. After six daysin vitro, neuronal
colonies were counted and that value expressed as a percentage of the
control value for the same experiment. Data are plotted as mean +
range for 2-3 independent experiments in each test condition. Asterisks
indicate that no neuronal colonies ever developed under these condi-
tions. (b) Neuronal colony-forming assays were done in the presence or
absence of BMP4 (10 ng per ml). After 24 h, plates were rinsed in cal-
cium- and magnesium-free Hank’s balanced salt solution and re-fed with
growth medium; BMP4 was not replenished in half of the plates to which
it had originally been added (BMP4 0-24 h). After six days in vitro, neu-
ronal colonies were counted and the data expressed as described above.
Error bars indicate the range of values obtained in three independent
experiments; asterisk indicates that no neuronal colonies ever devel-
oped in the BMP4 0-6 days condition.
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Fig. 2. Effects of BMP4 on OE neuronal progenitor cells and ORNS.
(a) OE explants were cultured for a total of 20 h in the presence or
absence of BMP4 (10 ng per ml), with 1.5 puCi per ml [3H]thymidine
added for the final 6 h. The percentage of cells that were [3H]thymi-
dine-positive ([®H]TdR*) was determined as the fraction of total
migratory cells surrounding each explant that had > 5 silver grains
over the nucleus. Approximately 5,000 migratory cells were counted
in each condition. Data are plotted as mean + s.e. (b) OE explants
were cultured for a total of 48 h, with BMP4 (10 ng per ml) added to
half the cultures and [3H]thymidine (0.1 puCi per ml) added to all the
cultures for the last 24 h. Total cell number, the number of cells
expressing neural cell adhesion molecule (NCAM, a marker for post-
mitotic ORNs!425), the number of [3H]thymidine-positive cells, and
the number of cells that were positive for both NCAM and
[3H]thymidine were counted for each explant in both conditions; the
area of the explant body was also measured using NIH Image 1.61.
Cells that were NCAM-positive but [3H]thymidine-negative were
considered to be ORNs that had been generated during or before the
first 24 h of the culture period, before BMP4 addition. The number of
these ORNs was counted for each explant in each condition; for
comparison, these values were normalized to an average explant area
of 25,000 pm? (approximate mean explant area). Approximately
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4,000 migratory cells (> 95% of which were NCAM-positive ORNS) were counted in each condition. Data are plotted as the mean ofvalues obtained
from two independent experiments; error bars indicate root mean square of the standard errors (¢) Fluorescence photomicrographs of OE explants
from the experiments described in (b). Red color indicates NCAM immunostaining. Scale, 50 um.

immunoreactivity in control cultures, whereas only 0.41 + 0.19%
(s.e.) of migratory cells did so in BMP4-treated cultures. To test
whether BMP4 causes MASH1* cells to diel®12 we cultured OE
explants for eight hours with or without BMP4 (20 ng per ml)
and processed them for MASH1 immunocytochemistry and
DNA fragmentation in situ (TUNEL assay'®) to detect apoptotic
cells. Death of MASH1-expressing cells was an unlikely explana-
tion for decreased MASH1 immunoreactivity in BMP4-treated
cultures, as very little apoptotic cell death occurred with or with-
out BMP4: 1.97 + 0.91% (s.e.) of migratory cells were TUNEL-
positive in control cultures, and 1.92 £ 0.22% (s.e.) were
TUNEL-positive in BMP4-treated cultures. Furthermore, no
MASH1* cells were TUNEL-positive in either condition.

Further investigation showed that the effect of BMPs on
MASHZ1 expression is very rapid. Exposing explant cultures to
BMP4 for the last two hours of an eight-hour culture period was
sufficient to dramatically decrease MASH1 immunoreactivity in
progenitor cells (Fig. 3a). (BMP2 and BMP7 also abolished
MASH1 immunoreactivity within two hours; data not shown.)
We confirmed that effects on MASH1 expression were due specif-
ically to the action of BMP4 (as opposed to, for instance, a con-
taminant in the recombinant protein preparation) by showing
that the effect could be blocked by the specific BMP antagonist,
noggin2®(Fig. 3a). We also cultured explants for six hours and
then exposed them to BMP4 for varying periods. The number
of MASH1-immunoreactive cells was decreased by 50% after 60
minutes of BMP4 treatment, and the decrease was maximal by
2 hours (Fig. 3b). Photomicrographs of cultures treated for two
hours with BMP4 and then immunostained to detect MASH1
are shown in Fig. 4a.

The rapidity of BMP4’s effect on MASH1 suggested that
BMPs act directly on MASH1-expressing progenitor cells to
decrease the levels of MASH1 protein within these cells. We did
two types of control experiments to determine if MASH1 pro-
tein levels were decreased in cultures treated for two hours with
BMP4. The first was to test whether the apparent loss of MASH1
immunoreactivity might be an artifact of its redistribution
within the cell. MASH1 protein is normally concentrated in the
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nucleus; if BMPs caused MASH1 translocation into the cyto-
plasm, dilution of the protein might lower the immunofluo-
rescent signal below the limits of detection by eye. Control and
BMP4-treated cultures were therefore processed for MASH1
immunostaining in the normal manner and imaged using a dig-
ital cooled CCD camera. Fluorescence over the entire cell body
(not just the nucleus) was measured for individual, randomly
chosen, migratory neuronal progenitor cells, and cells were
binned according to fluorescence intensity. The resulting fre-
quency histogram (Fig. 4b) shows a small subpopulation of
cells with very high fluorescence intensities (> 45 units per cell)
in control cultures; these cells were also judged by eye to be
MASH1-immunoreactive. In BMP-treated cultures, however,
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Fig. 3. BMP4 causes a rapid decrease in MASH1 immunoreactivity in OE
neuronal progenitors. (a) OE explants were cultured for six hours, then
exposed to vehicle (C; culture medium), BMP4 (B, 20 ng per ml), noggin
(N, 150 ng per ml, a fivefold molar excess) or BMP4 plus noggin (B + N,
20 ng per ml and 150 ng per ml, respectively) for an additional 2 h (total,
8 h in culture). BMP4, noggin, and the mixture were held as 10x stocks
on ice for 1 h before addition. The total number of migratory cells and
the number of these that were MASH1-positive were counted for each
explant, and the percentage of MASH1-positive migratory cells was
expressed on a per-explant basis. Data are plotted as mean + s.e. of val-
ues obtained from a minimum of 20 explants (~3,000 migratory cells) in
each condition. (b) OE explants were cultured for 6 h, then exposed to
BMP4 (10 ng per ml) for 30, 60 or 120 min; control cultures in which
vehicle alone (culture medium) was added were also taken at each time
point. Data are plotted as described in (a).
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Fig. 4. BMP-mediated decrease in MASH1
immunoreactivity is due to loss of MASH1
protein. (a) Fluorescence and phase-con-
trast photomicrographs of explant cultures
grown for a total of eight hours in vitro,
with or without BMP4 (20 ng per ml) added
for the final two hours. In control conditions
(Ctrl), arrow indicates a cluster of migratory
neuronal  progenitor cells  expressing
MASH1; arrowheads indicate examples of
individual MASH1-positive cells. In BMP4
(BMP4), no cells have detectable MASH1
immunofluorescence. Scale, 20 um. (b) OE
explants were grown for a total of eight
hours, with half the cultures exposed to
BMP4 (10 ng per ml) for the final two hours,
and processed for MASH1 immunoreactivity.
Fluorescence intensities of 235 randomly
chosen, migratory neuronal progenitor cells
in each condition were determined. Cells
were binned according to their total fluores-
cence level (expressed in integer units; x-
axis), and the number of cells that fell within
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each bin was graphed as the percentage of total cells imaged for a given growth condition (y-axis). (c) OE suspension cultures were prepared as
described?® and cultured for a total of eight hours, with or without BMP4 (20 ng per ml) for the final two hours. Sample preparation and inmunoblot-
ting procedures are described in Methods. Lanes 1-4 were each loaded with 120 pg of total cellular protein. MASH1 was detected as a doublet of
approximately 33 kD. Densitometric analysis of band intensity using NIH Image 1.61 revealed a substantial reduction (80%) in the amount of MASH1-
immunoreactive protein present in cultures treated with BMP4 (lanes 3 and 4) versus controls (lanes 1 and 2). 70 g of total cellular protein from
CAT77 cells (a rat thyroid C cell line expressing high levels of MASH148) was used as a positive control for MASH1 detection.

this population was absent, indicating that MASH1-immunore-
active protein is indeed lost, and not simply redistributed within
cells. We also assessed levels of MASH1 expression by
immunoblotting. Cultures were lysed, lysates were elec-
trophoresed on SDS-polyacrylamide gels and proteins were
transferred electrophoretically to nitrocellulose membrane and
probed with an anti-MASH1 monoclonal antibody?8. The
results (Fig. 4c) indicate that addition of BMP4 to OE cultures
for two hours caused an 80% reduction in the amount of
MASH1 protein.

These findings, taken together with the rapidity of the BMP
effect (Fig. 3b), suggested that the mechanism of action of BMPs
might be at the level of MASH1 protein degradation. Indeed,
cycloheximide-block experiments supported this idea by showing
that the half-life of MASHL1 protein is sufficiently long (> 4 hours)
in these cells that a complete cessation of Mash1 transcription or
translation could not produce the rapid loss of MASH1 protein
observed after treatment with BMPs. For these experiments, cul-
tures were grown for six hours with cycloheximide (5 pg per ml)
added to half the cultures for an additional two, four or six hours.
On counting the percentage of migratory cells in each condition
that were MASH1-positive, we found that, after 4 hours in cyclo-
heximide, the number of MASH1-positive cells decreased by only
20% (control, 6.40 + 0.67%, mean = s.e.; cycloheximide,
5.16 + 0.53%, mean =+ s.e.

Because ligand-stimulated targeting of proteins for protea-
some-mediated proteolytic degradation is an important means
of regulating many cellular processes®, we hypothesized that the
proteasome pathway might be involved in the BMP-mediated
loss of MASH1 in OE neuronal progenitors. To test this, we
assayed pharmacological inhibitors of the proteasome pathway
for their ability to abolish BMP-induced MASH1 degradation.
Lactacystin or MG132, both highly selective inhibitors that react
with active sites of the proteasome and block proteolytic cleav-
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age3132, were used. Both inhibitors completely blocked degrada-
tion of MASH1 following two-hour incubation of cultures in
BMP2 (Fig. 5a). Thus, these data indicate that BMPs bind to OE
neuronal progenitor cells and stimulate rapid degradation of
MASHJ1 protein via the proteasome pathway.

It is generally thought, however, that BMPs exert their effects
on target cells at a transcriptional level, because BMP receptor acti-
vation results in phosphorylation of cytoplasmic effector proteins
called Smads that then translocate to the nucleus and initiate new
gene expression33, To test whether the BMP effect on MASH1
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Fig. 5. MASH1 degradation is via proteasome-mediated proteolysis;
downregulation of MASH1 immunoreactivity by BMP4 is dependent on
transcription and translation. (a) OE explants were cultured for a total
of eight hours with BMP2 (BMP, 20 ng per ml) added to half the cultures
for the final two hours. thirty minutes before BMP addition, lactacystin
(L, 10 uM*9), MG132 (M, 10 pM49) or control vehicle (Ctrl, 0.1% DMSO
in culture medium) was added. Data were evaluated and plotted as
described in Fig. 3a. (b) OE explants were grown for six hours in cul-
ture, then exposed to control vehicle (Ctrl, 0.05% ethanol in culture
medium), cycloheximide (CHX, 5 pg per ml) or actinomycin D (AD, 5
ug per ml) for 30 minutes. BMP4 (BMP, 20 ng per ml) was then added to
half the cultures in each condition for an additional 2 h for a total of 8.5
h in vitro. Data were evaluated and plotted as described in Fig. 3a.
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degradation required the induction of new gene expression, we
used pharmacological agents to inhibit RNA and protein synthesis.
Either cycloheximide or actinomycin D (which by themselves had
no effect on MASH1 expression) abolished loss of MASH1 result-
ing from two-hour exposure to BMP4 (Fig. 5b). Thus, although a
major consequence of BMP binding to OE neuronal progenitor
cells is rapid proteolytic degradation of MASH1, new gene expres-
sion is required to trigger this event.

DiscussioN

These results indicate that BMPs 2, 4 and 7 have a potent anti-
neurogenic effect on OE cultures: BMPs markedly decrease the
number of proliferating neuronal progenitor cells by acting on
progenitors at an early stage in the ORN lineage. A transcription-
dependent yet very rapid consequence of BMP action is the pro-
teolytic degradation of the essential transcription factor MASH1
in early-stage progenitors.

These in vitro consequences of BMP action parallel the effects
of loss of MASH1 on the OE in vivo?’ strikingly well. In mice
homozygous for a targeted disruption of the Mash1 gene,
extremely few ORNs arise. Cells that express transcripts from the
(disrupted) Mash1 gene are found in the OE, but the OE is abnor-
mally thin and exhibits an abnormally high rate of apoptosis?226,
No increase in size of any non-neuronal cell population is appar-
ent in the OE26:27  suggesting that the neuronal lineage is simply
terminated by cell death at or after the Mash1-expressing stage.
Consistent with this view, inhibition of apoptosis can rescue neu-
rogenesis in Mash1~~ OE cells to some extent?2,

In a similar manner, when OE cultures are treated with BMPs,
the ORN lineage also apparently terminates. Development of
neuronal colonies is completely inhibited, but there is no increase
in the numbers of any non-neuronal colony type (Table 1), sug-
gesting that neuronal progenitor cells are not driven into a non-
neuronal fate. As in Mash1~~ animals, there is a marked decrease
in the overall number of proliferating progenitor cells (Fig. 2a).
Even the cell death found in the OE of Mash1~~animals is phe-
nocopied by BMP treatment of OE cultures: although short-term
(8 h) exposure to BMPs does not elicit cell death (see Results),
20-h BMP4 exposure results in a substantial (57%) increase in
the number of apoptotic migratory neuronal cells in OE explant
cultures (data not shown).

These similarities, taken together with the observation that
BMPs cause rapid disappearance of MASH1 from OE cultures
(Fig. 3b), suggest that the destruction of MASH1 could
account for the anti-neurogenic effect of BMPs. Proof of this
hypothesis would involve demonstrating that blockade of
MASH1 proteolysis renders OE cell resistant to inhibition of
neurogenesis by BMPs. Unfortunately, the only currently avail-
able tools for blocking MASH1 proteolysis are general pro-
teasome inhibitors, and proteosomes also control key elements
in cell cycle progression, such as cyclin levels®?. Not surpris-
ingly, we find that the lowest concentrations of MG132 and
lactacystin that block BMP-induced MASH1 proteolysis also
directly arrest neuronal progenitor cell division in OE cul-
tures, making it impossible to test for a rescue of neurogene-
sis (J.S. & A.L.C., data not shown). Testing whether MASH1
degradation has a causal role in the antineurogenic effect of
BMPs will most likely require other approaches, such as the
identification of mutant forms of MASH1 that fail to become
targeted for degradation by BMPs, and the introduction of
such mutant protein into OE progenitor cells.

Indeed, the question of how MASH1 becomes targeted for
proteolysis by BMPs is an intriguing one. It is widely accepted
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that BMP signaling involves the receptor-mediated phosphory-
lation of Smad proteins, which translocate to the nucleus and
trigger specific gene expression33. Both cycloheximide and actin-
omycin D abolished the effects of BMP4 on MASH1 expression
by OE neuronal progenitor cells (Fig. 5b), strongly suggesting
that new gene expression is required to trigger MASH1 proteol-
ysis. Because degradation of MASHL1 is rapid (50% complete one
hour after BMP addition; Fig. 3b), it is reasonable to speculate
that a gene directly activated by BMP signaling may be the pri-
mary effector of MASH1 proteolysis (for instance, a gene that
encodes an enzyme that post-translationally modifies MASH1,
marking it for destruction). Differences among various cell types
in the genes that are downstream targets of BMP signaling most
likely explain why BMPs can trigger degradation of MASH1 pro-
tein in olfactory neuronal progenitor cells but can actually main-
tain Mash1 expression in some neural crest cells34.

However, little is known about the genes directly activated by
Smads, especially in neuronal progenitor cells, in which most of
the known effects of BMPs (such as induction of apoptosis and/or
changes in cell fate) occur many hours or even days following
BMP exposurel®1234-37 |n several cases, it has been suggested
that BMPs exert their effects through the induction of tran-
scriptional activators, such as the homeobox-containing genes
Msx-1 and Msx-2, which then elicit further changes in gene
expression and alter cell fatel®1238_Qur study indicates, how-
ever, that BMP signaling can lead relatively directly to the loss of
transcriptional activators, and that this may be an important
means of effecting rapid changes in cell function. In this light, it
is interesting that a recent study has shown a role for the post-
translational inactivation (although not destruction) of the helix-
loop-helix transcription factor HES-1 in mediating the actions
of nerve growth factor in neuronal differentiation3®.

The present study provides the first evidence, for any cell type,
that BMP signaling may be mediated via targeting of molecules
to the proteasome pathway. Recently, however, TGF-[3 signaling
was shown to modulate proteasome-mediated proteolysis of
RhoB#0. Furthermore, it is well established that cytokines trig-
ger proteasome-mediated proteolysis of cytoplasmic I-kB, which
then releases NFKB to enter the nucleus and activate gene expres-
sion®1, a process essential for development*243, Proteolytic degra-
dation via the proteasome pathway appears to be a major
mechanism by which [3-catenin levels are regulated in the Wnt
signaling pathway as well*4,

One question not resolved by our work is whether BMPs are
solely or partly responsible for the feedback inhibition of neuroge-
nesis in the OE that we have described in vitro and that is presumed
to occur in vivo®. Current evidence suggests that this inhibition is
mediated by a heat-labile macromolecule(s)23, but whether it is a
BMP that has been detected in the OE (for instance, see J.S., PC.R.
& A.L.C. Soc. Neurosci. Abstr. 23, 120.7, 1997), a novel BMP or an
unrelated molecule remains to be determined.

A second question is whether the mechanism underlying anti-
neurogenic action of BMPs in the OE can be generalized to other
parts of the nervous system in which BMPs have been reported to
inhibit cell proliferation!%!! and to stimulate apoptosis’®12, Because
MASHL1 is expressed in several regions of the developing CNS, it
will be interesting to determine whether BMPs cause MASH1
degradation in neural tissues other than the OE. Unlike the OE,
however, most of the CNS does not absolutely require MASHL1 for
neuronal development?’, suggesting that MASH1 functions may
be redundantly carried out by other, related transcriptional activa-
tors®. It will therefore be interesting to learn whether BMPs exert
effects on the levels of these other factors as well.
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METHODS

Purification of OE neuronal progenitor cells from E14.5-15.5 Rosa26
transgenic mice (Jackson Labs) and culture methods for neuronal colony-
forming assays were as described® with two modifications: OE stromal
cell feeder layers (derived from outbred CD-1 embryos) were mitotically
inactivated by y-irradiation (3300 rad), and calcium concentration in
the culture medium was increased to 1.4 mM. Except where noted, cul-
tures were re-fed with fresh medium (with BMPs or other agents, if
appropriate) every other day, then fixed and processed for X-gal stain-
ing after a total of six days. Quantitative analysis of neuronal and non-
neuronal colonies was as described®. OE explant cultures using tissue
purified from E14.5-15.5 CD-1 mice (Charles River) were generated as
described®, and grown on polylysine/merosin-coated coverslips4 in
defined, serum-free low-calcium culture medium containing 5 mg per
ml crystalline bovine serum albumin®® (ICN).

Explant cultures were fixed with 10% formalin in phosphate-buffered
saline containing 5% sucrose for 15-30 minutes. Anti-MASH1 immuno-
cytochemistry® and anti-NCAM immunocytochemistry* were done as
described. For cultures incubated in [*H]thymidine, coverslips were dehy-
drated and dipped in NTB2 emulsion (Kodak) diluted 1:1 in water, then
exposed for 48 h (for proliferation assays) or 7 days (for ORN survival
assays) at —80°C, developed in D-19 developer, and nuclei stained with
Hoechst 33258 (bisbenzimide; 1 pg per ml). TUNEL staining to detect apop-
totic cells was done as described™®.

For quantitative analysis of immunofluorescence, cultures were processed
for MASH1 immunoreactivity and individual cells were imaged under rho-
damine optics. Images for each cell (over the entire cell) were acquired as
raw data files using a cooled CCD digital camera (Diagnostic Instruments
SP100, 1315 x 1035 pixel resolution). Raw data files were imported to Adobe
Photoshop 4.0 for image analysis. Fluorescence intensities of individual cells
were calculated as the sum of the pixel intensities for each cell (with back-
ground pixel intensities subtracted).

For immunoblots, OE suspension cultures were collected by cen-
trifugation (2000 x g, 1 min), lysed in SDS gel loading buffer?é, boiled
for 10 min and centrifuged to remove debris; then urea was added to
8 M. Proteins were separated on 14% SDS-PAGE and transferred to
nitrocellulose membrane using standard procedures*6. The membrane
was incubated in undiluted A42B7 anti-MASH1 hybridoma super-
natant?® overnight at 4°C, washed in phosphate-buffered saline, briefly
blocked with 1% blocking reagent (Boehringer-Mannheim) and incu-
bated with affinity purified rabbit anti-mouse 1gG1 (1:1,000 dilution,
Dako) for 30 min at room temperature. After washing, the blot was
incubated in horseradish peroxidase-conjugated anti-rabbit antibody
(1:5,000, Amersham) for one hour at room temperature. Following
extensive washes in buffer (0.1 M Tris, pH 7.5), the membrane was
dipped in ECL™ chemiluminescence substrate and exposed to Hyper-
film™ (Amersham) for 20 min at room temperature. The blot was then
stripped in 62.5 mM Tris, pH 6.8, 2% SDS, 100 mM B-mercaptoethanol
for 1 h at 55°C, rinsed, and re-probed with a rabbit antiserum to 3-
tubulin®’ to ensure that an equal amount of cellular protein had been
loaded on each lane (data not shown).
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