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Soluble CPG15 expressed during early development 
rescues cortical progenitors from apoptosis
Ulrich Putz1,2, Corey Harwell1,2 & Elly Nedivi1

The balance between proliferation and apoptosis is critical for proper development of the nervous system. Yet, little is known 
about molecules that regulate apoptosis of proliferative neurons. Here we identify a soluble, secreted form of CPG15 expressed in 
embryonic rat brain regions undergoing rapid proliferation and apoptosis, and show that it protects cultured cortical neurons from 
apoptosis by preventing activation of caspase 3. Using a lentivirus-delivered small hairpin RNA, we demonstrate that endogenous 
CPG15 is essential for the survival of undifferentiated cortical progenitors in vitro and in vivo. We further show that CPG15 
overexpression in vivo expands the progenitor pool by preventing apoptosis, resulting in an enlarged, indented cortical plate 
and cellular heterotopias within the ventricular zone, similar to the phenotypes of mutant mice with supernumerary forebrain 
progenitors. CPG15 expressed during mammalian forebrain morphogenesis may help balance neuronal number by countering 
apoptosis in specific neuroblasts subpopulations, thus influencing final brain size and shape.

During mammalian evolution, the cerebral cortex has greatly expanded 
through a tremendous increase in the number of cortical neurons. The 
surface of the cortical plate has extended and become indented and con-
voluted as a result of neuron addition in columnar radial units1. At the 
onset of cortical neurogenesis, the proliferative population of founder 
cells is confined to the ventricular zone of the embryonic cerebral wall2. 
Even modest alterations in the size of this progenitor population during 
its early exponential growth phase can markedly affect final neuronal 
numbers1,3. Thus, it has been proposed that  cellular mechanisms that 
influence founder cell number may underlie the telencephalic expansion 
and sculpting that are characteristic of mammalian forebrain develop-
ment and evolution1. Apoptosis within the founder  population is one 
putative mechanism for influencing eventual brain size and shape4,5.

It has recently been recognized that the role of apoptosis in brain 
development extends beyond matching of neuronal populations with 
their appropriate target fields, as specified in the ‘neurotrophic hypoth-
esis’5,6. Caspase 3, a key enzyme in the mammalian apoptotic pathway, 
is expressed at high levels in the mouse cerebral wall around embryonic 
day 12 (E12)7, when dying cells are prevalent in proliferative zones 
of the cerebral cortex8–10. Consistent with these observations, mutant 
mice deficient in the pro-apoptotic genes Casp3, Casp9 and Apaf1 show 
gross nervous system malformations resulting from improper expan-
sion of specific neural progenitor populations11–15. The excess neurons 
in some of these mutants are added as extra radial units, expanding 
the surface of the cortical plate, rather than influencing its thickness. 
The cortical plate, with increased size, forms convolutions resembling 
the gyri and sulci of the primate brain. In addition, later generated 
cells accumulate below the cortical plate, forming heterotopic cell 
masses within the ventricles11,12. Despite the essential role of the core 

apoptotic pathway in brain morphogenesis, little is known about the 
signals regulating  apoptosis of proliferative neurons. Identification of 
the  molecules involved is vital to understanding the complex morpho-
genetic  processes that shape the mammalian brain.

cpg15 (also known as Nrn1) was identified in a screen for  activity-
 regulated genes involved in synaptic plasticity16,17 and encodes a 
small, highly conserved protein18-19 (also termed neuritin-1). In a 
 membrane-bound form attached by a glycosylphosphatidylinositol 
(GPI) link, CPG15 has been shown to function non–cell autonomously 
to  coordinately regulate growth of apposing dendritic and axonal 
arbors, and to promote synaptic maturation19,20. As cpg15 is an activity-
 regulated gene, late cpg15 expression is contemporaneous with critical 
periods for activity-dependent plasticity and requires action potential 
activity. However, cpg15 is also expressed in an activity-independent 
manner during early brain development before circuit formation and 
maturation21,22, suggesting that it may have a different role at this stage. 
We hypothesized that, like the neurotrophic factors, CPG15 has multiple 
roles during nervous system development. In addition to its previously 
characterized role as a growth and differentiation factor that affects 
 process outgrowth and synaptic maturation, CPG15 may also function 
as a survival factor during early brain development. Here we describe 
the identification of a soluble CPG15 expressed in the embryonic brain 
that regulates survival of cortical progenitors by preventing caspase-
mediated apoptosis.

RESULTS
cpg15 is expressed in embryonic proliferative zones
To examine localization of early, activity-independent cpg15  expression, 
we performed in situ hybridizations on sections from embryonic rat 
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brains. At the earliest times tested, embryonic days 14 (E14) and 15 
(E15), cpg15 mRNA is present in the cortical plate, in the  ventricular 
zone of the dorsal thalamus and in retinal ganglion cells (Fig. 1a–f). 
At E17–E19, cpg15 is expressed in the telencephalic and dorsal 
 diencephalic subventricular zones (Fig. 1g–l), is expressed in the 
 hippocampal  primordia (Fig. 1i–j), and at postnatal day 7 (P7) 
appears in the external granular layer of the cerebellum (Fig. 1m). 
In all these regions early cpg15 expression is temporally correlated 
with  expansion of the  progenitor pool and apoptotic elimination of 
superfluous  neuroblasts10. cpg15 is not expressed in all proliferative 
zones and is markedly absent from the olfactory epithelium and gan-
glionic eminence (Fig. 1a,b,e,f,i,j),  suggesting that its function may 
be cell type specific. cpg15 is also expressed when target-derived tro-
phic support is crucial for protection from apoptosis used to match 
neuron number with target size. From E19 to P7, cpg15 mRNA is 
present in the  trigeminal ganglia, sensory thalamus and various 
brainstem nuclei (Fig. 1i,j,m), at times of afferent ingrowth, tar-
get selection and synaptogenesis in these  structures. From P0, cpg15 
expression in the cerebral cortex is downregulated to  undetectable 
levels22, coincident with cessation of apoptosis in this region8,9. At 
P14, cpg15 mRNA re-appears, not in the ventricular or subventricular 
zones, but in the differentiated cortical layers (Fig. 1n), where activ-
ity-dependent plasticity is thought to occur postnatally. cpg15 mRNA 
patterns are thus consistent with an early role as a survival factor 

during brain morphogenesis, and a later 
role in structural remodeling and  synaptic 
 maturation  associated with developmental 
and adult plasticity.

CPG15 is primarily expressed in a 
soluble, secreted form
To generate CPG15 for testing in a survival 
assay, we cloned full-length CPG15 tagged with 
a Flag epitope into a vector containing an inter-
nal ribosomal entry site (IRES) for enhanced 
green fluorescent protein (EGFP) coexpression 
(pIRES-EGFP-CPG15-FLAG, Fig. 2a) and 
expressed it in HEK293T cells. The Flag tag 
allowed detection and subsequent affinity 
purification of the CPG15 protein, whereas 
EGFP marked transfected cells. Consistent with 
CPG15’s GPI link to the cell surface18,19, immuno-
histochemistry with a monoclonal antibody 
to Flag (anti-Flag) showed membrane staining 
of transfected cells (data not shown). Notably, 
we observed CPG15 staining in untransfected 
EGFP- negative cells,  suggesting intercellular 
transfer of CPG15 from transfected cells to 
their untransfected neighbors. To test whether 
cell-to-cell contact is necessary for intercellular 
transfer of CPG15, we  cocultured transfected 
and untransfected HEK293T cells on the same 
coverslip but in distinct locations without physi-
cal contact (Fig. 2b). Anti-Flag immunohisto-
chemistry showed CPG15 membrane staining 
of all untransfected cells (Fig. 2c), suggest-
ing that a soluble form of CPG15 can diffuse 
between isolated cells. Cells cocultured with cells 
expressing vector alone (data not shown) or a 
control Flag-tagged cytoplasmic protein showed 
no membrane staining (Fig. 2d).

We verified the presence of soluble CPG15 in supernatants from 
CPG15-transfected HEK293T cells by western blot analysis (Fig. 2e). 
Anti-Flag staining showed two CPG15-specific bands of distinct molec-
ular weights in whole-cell extracts. The lower-molecular-weight protein 
was also present in the supernatant fraction. Treatment of CPG15-
transfected cells with phospholipase C (to promote cleavage of GPI 
anchors and release GPI-anchored proteins from the cell surface23) 
resulted in a disappearance of the higher molecular weight protein 
from the cell extracts and its concurrent appearance in the superna-
tant fraction (Fig. 2e). The lower-molecular-weight protein remained 
unaffected by phospholipase C treatment. These results suggest that 
the higher-molecular-weight protein represents membrane-bound 
GPI-linked CPG15 and that the smaller protein is a soluble form of 
CPG15.

To determine whether both CPG15 forms are expressed in vivo and at 
what developmental times, we prepared membrane and soluble protein 
fractions from brains of E14, E18 and adult rats and examined them by 
western blot analysis using an antibody against CPG1519. In both embry-
onic brains and adult cortex, CPG15 was detected predominantly in the 
soluble protein fractions, with low levels of the membrane-bound protein 
detected only in the adult (Fig. 2f). As the prevalent form of CPG15 in vivo 
is soluble, this form is likely the primary mediator of CPG15’s early role 
during embryonic brain development and possibly of its later role as an 
activity-regulated growth and differentiation factor19,20.

Figure 1  cpg15 mRNA expression is biphasic. (a–n) cpg15 in situ hybridizations on (a–l) coronal 
sections through the telencephalon during prenatal development, and (m,n) on saggital sections 
through postnatal brains (ages designated at left). Dark-field photomicrographs of embryonic times 
are shown in left column; on the right are bright-field photomicrographs of the same sections 
counterstained with toluidine blue and overlaid with their dark-field views. Marked are the third 
ventricle (3V), dorsal thalamus (DT), lateral ventricle (LV), retina (RET), olfactory epithelium (OE), 
cortical plate (CP), subventricular zone (SVZ), ganglionic eminence (GE), trigeminal ganglion (TG), 
hippocampus (HI), neocortex (CTX), sensory thalamus (sTH), external granular layer (EGL), inferior 
colliculus (IC) and superior colliculus (SC). Scale bars: a,b,e–j, 0.5 mm; c,d,k,l, 150 µm; m,n, 1 mm.
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CPG15 rescues cultured cortical neurons from apoptosis
The presence of soluble CPG15 in brain extracts at early developmental times 
and the localization of its mRNA to specific proliferative  populations and to 
neurons at their target selection phase led us to test whether it may serve as 
a survival factor that protects against apoptosis. We examined whether solu-
ble CPG15, affinity purified from supernatants of CPG15-Flag–transfected 
HEK293T cells, was capable of preventing cultured cortical neurons from 
undergoing apoptosis. Using Hoechst 33324 staining to identify cells with 
fragmented nuclei, we counted the number of apoptotic neurons in untreated 
cortical cultures and in cultures after growth factor deprivation (starvation), 
with or  without addition of purified CPG15 (Fig. 3a–c). Growth factor depriva-
tion more than  doubled the percentage of apoptotic neurons in the  cultures, 
from approximately 15% to 40%. The increased apoptosis could be completely 
 prevented by addition of soluble CPG15, but not by addition of affinity column 
elution buffer (Fig. 3d). To confirm that CPG15 was rescuing neurons from 
 apoptotic rather than necrotic cell death, the treated 
and control cultures were  immunostained with an 
antibody specific to the p17 subunit of  activated 
caspase 3, a key component of the apoptotic path-
way in brain development11. All neurons contain-
ing pyknotic nuclei visualized by Hoechst staining 
also stained positive for the p17 cleavage product of 
activated caspase 3 (Fig. 3e–j). Independent quanti-

fication of immunostained neurons expressing cleaved caspase 3 showed that 
starvation more than doubled their number. CPG15 provision completely pre-
vented the increased caspase 3 activation induced by starvation (Fig. 3k). We 
conclude that soluble CPG15 protects cortical neurons from apoptosis by pre-
venting activation of caspase pathways induced by growth factor deprivation.

Figure 2  CPG15 is predominantly expressed in a soluble secreted form. 
(a) Schematic of CPG15-FLAG-IRES-EGFP construct. The Flag peptide 
sequence (gray) was inserted between the secretion signal (SS) and the 
CPG15 core domain. Tagged, full-length CPG15 was then cloned upstream 
of an internal ribosome entry site (IRES) and EGFP. (b) HEK293T cells 
transfected with CPG15-FLAG-IRES-EGFP (green) were cocultured with 
untransfected cells (white) for 2 d. (c) Untransfected cells (outlined by 
square in b) show CPG15 immunoreactivity (white arrow). Scale bar, 
10 µm. (d) HEK293T cells cocultured with cells transfected with a Flag-
tagged control protein show no membrane staining. (e) Western blots of 
cell extracts and supernatants from CPG15-FLAG-IRES-EGFP transfected 
HEK293T cells either untreated or treated with phospholipase C (PLC). 
(f) Western blots of membrane and soluble fractions from E14 and E18 
brains, and adult cortices, probed with antibody against CPG15. Staining 
for the transferrin receptor (Tf-rec.) and the enzyme Akt serve as membrane- 
and soluble-fraction controls, respectively. Ponceau staining (Pon.) serves 
as a loading control.
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Figure 3  Soluble CPG15 rescues cortical 
neurons from apoptosis induced by growth 
factor deprivation (starvation). (a,b) Starvation 
increased the number of fragmented nuclei 
seen with Hoechst staining (marked by arrows). 
(c) CPG15 addition prevented this increase. 
(d) Quantification of a–c. Starvation significantly 
increased the percentage of apoptotic neurons 
(*P < 0.002). CPG15 application prevented 
this increase (** P < 0.003). (e,f) Starvation 
induces apoptosis, as seen by increased 
numbers of neurons immunopositive for cleaved 
caspase 3. (g) Purified CPG15 prevented the 
starvation-induced increase in cleaved caspase 3 
immunoreactivity. (h–j) Overlay of a and e, b and 
f, and c and g shows that cells with fragmented 
nuclei scored by Hoechst staining contain 
activated caspase 3. (k) Quantification of e–g. 
Starvation significantly increased the percentage 
of cleaved caspase 3–immunopositive neurons 
(* P < 0.001). CPG15 application prevented this 
increase (**P < 0.002). Scale bar, 10 µm.
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Lentivirus-delivered cpg15 shRNA reduces CPG15 levels
To test whether CPG15 also promotes survival of cortical progeni-
tors, we used lentivirus delivery24,25 combined with RNA interference 
(RNAi)26 to knock down CPG15 expression in vitro and in vivo. We 
generated lentiviruses expressing CPG15-Flag, a cpg15 shRNA (small 
hairpin RNA), and a control scrambled cpg15 shRNA with four of the 
hairpin nucleotides inverted (Fig. 4a). shRNAs are processed to small 
interfering RNAs (siRNAs) that guide the specific cleavage and elimi-
nation of their cognate mRNAs. When primary cortical cultures were 
coinfected with the cpg15-FLAG and cpg15 shRNA lentiviruses, both 
the exogenous cpg15-FLAG and the endogenous cpg15 mRNAs were 

severely reduced as detected by northern blotting (Fig. 4b), but they 
were unaffected by coinfection with the scrambled cpg15 shRNA control 
virus. The cpg15 shRNA lentivirus was also effective in knocking down 
cellular levels of the CPG15 protein as detected by immunocytochem-
istry (Fig. 4c–f) and by western blotting (Fig. 4g).

CPG15 knockdown increases cortical progenitor apoptosis
To address the role of CPG15 in progenitor cell survival, we first 
examined the effect of CPG15 knockdown on cultured cortical 
progenitors that were isolated from E14–E15 embryonic rat cortex 
and plated in the presence of basic fibroblast growth factor (bFGF). 
At plating, cells were infected with cpg15 shRNA, scrambled cpg15 
shRNA or EGFP lentiviruses. After 4 d in culture the vast majority 
of cells in uninfected, EGFP-infected or scrambled hairpin–infected 
control cultures were positive for nestin, a marker of neural progeni-
tors (Fig. 5a,b red staining). In cpg15 shRNA–infected cultures, the 
number of progenitors was greatly reduced, whereas the number of 
differentiated neurons (marked by neurofilament-M (Nf-M) staining, 
blue) was unchanged (Fig. 5c). Quantification of these results shows 
that the decrease in progenitor numbers in cpg15 shRNA–infected 
 cultures is similar to that seen in cultures deprived of bFGF from 
plating (Fig. 5d,e). Progenitor loss in the cpg15 shRNA–infected cul-
tures was accompanied by a marked increase in apoptotic cell death 
identified by Hoechst staining (Fig. 5f). These results demonstrate 
that depletion of endogenous CPG15 results in increased apoptosis 
of neuronal  progenitors, suggesting that CPG15 is required for their 
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Figure 4  A lentivirus-delivered cpg15 small 
hairpin RNA (shRNA) knocks down CPG15 
expression. (a) Schematic representation of short 
hairpin sequences and lentivirus vector used for 
CPG15 knockdown. The shRNA or scrambled 
shRNA sequences connected to the U6 promoter 
were inserted upstream of the ubiquitin-C 
promoter driving EGFP expression (see Methods 
for details). Red boxes mark the inverted region 
in the scrambled shRNA. (b–g) In cultured 
cortical neurons, lentivirus-delivered cpg15 
shRNA, but not the scrambled version, markedly 
reduces cpg15 mRNA assayed by northern 
blotting (b) and reduces protein expression as 
assayed by immunocytochemistry (c–f) or by 
western blotting (g). Neurons were infected with 
CPG15-FLAG-IRES-EGFP lentivirus, alone (b, 
lane 2; c,d; and g, lanes 3–4), together with 
a scrambled cpg15 shRNA control lentivirus 
(b, lane 3) or together with the cpg15 shRNA 
lentivirus (b, lane 4; e,f; and g, lanes 5–6). 
CPG15 immunostaining is red, and EGFP (green) 
marks infected cells. In g, Sup., supernatant; 
cpg15-sh, cpg15 shRNA. Scale bar, 25 µm.

Figure 5  Endogenous CPG15 is required for cortical progenitor survival in 
vitro. (a–d) Cortical progenitor cultures stained with the progenitor marker 
nestin (red), the neuronal marker neurofilament-M (Nf-M) (blue) and 
Hoechst nuclear staining (pseudocolored green). (e) Quantification of a–d 
and an additional EGFP lentivirus control. Comparison of total number of 
cells per field staining positive for nestin or Nf-M (*P < 0.001). Infection 
with the cpg15 shRNA lentivirus (cpg15-sh), but not the scrambled 
control, leads to a marked decrease in the number of neural progenitors. 
(f) Quantification of apoptotic cells in a–d and an additional EGFP 
lentivirus control. Knockdown of CPG15 is accompanied by a significant 
increase in number of apoptotic cells (*P < 0.001). Scale bar, 100 µm.Uninf. EGFP Scram. cpg15-sh No FGF
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in vitro survival. As acute CPG15 loss has no immediate affect on the 
number of Nf-M positive neurons, our results further suggest that 
CPG15 primarily affects progenitor survival.

Our finding that CPG15 is required for survival of cortical 
 progenitors in culture led us to predict that depletion of endogenous 
CPG15 at early developmental times would increase apoptosis and 
reduce survival within the cortical progenitor population in vivo. 
To test this hypothesis, we delivered cpg15 shRNA lentiviruses or 
control lentiviruses into E15 embryonic brains by direct ventricular 
injection. Embryos were harvested at E22 and their brains sectioned. 
Nissl staining showed moderate shrinkage in the size and ventricular 
 volume of cpg15 shRNA lentivirus–infected brains when compared 
with uninfected (data not shown), EGFP lentivirus–infected or 
scrambled shRNA lentivirus–infected brains (Fig. 6a–e), suggest-
ing a decrease in neuronal number. We stained alternate sections by 
TUNEL and quantified apoptotic  neurons in the neocortex, where 
CPG15 is highly expressed during embryonic development, and in 
the diencephalon, where CPG15 expression is low in early develop-
ment (Fig. 1). When compared to uninfected (Fig. 6f), EGFP lenti-
virus–infected (Fig. 6g) and scrambled shRNA lentivirus–infected 
brains (Fig. 6h), the cpg15 shRNA brains (Fig. 6i) showed an increase 
in apoptotic cells in the neocortex. Overlay of TUNEL staining and 
EGFP staining on the same sections (Fig. 6j–m) demonstrated com-
parable infection levels by the different lentiviruses. Quantification 
of TUNEL-stained cells showed that cpg15 shRNA increases apopto-
sis in the neocortex (Fig. 6n) but not in the diencephalon (Fig. 6o). 
These results demonstrate that decreasing endogenous CPG15 levels 
during embryonic development results in increased apoptosis and 

diminished survival of cortical neurons. Reduced neuronal number 
is likely to cause shrinkage of the cortical plate and its contraction 
around the lateral ventricles, as seen in the deformed cpg15 shRNA 
lentivirus–infected brains (Fig. 6a–e). The specific effect of CPG15 
depletion on neocortical neurons suggests that it is not essential 
for survival in all progenitor populations. Alternatively, the RNAi 
intervention may be past the critical time when CPG15 is necessary 
for survival of the diencephalic progenitors. In any case, the lack of 
effect of the cpg15 shRNA lentivirus on apoptosis in the developing 
diencephalon demonstrates that the lentivirus-delivered RNAi has no 
deleterious effect in brain regions surrounding the ventricles.

CPG15 overexpression results in an enlarged cortical plate
In a complementary study, we further examined the role of CPG15 
in vivo by overexpressing CPG15-Flag in the developing brain. CPG15-
Flag lentivirus was injected into the ventricles of E15 embryonic 
brains harvested as described above. When compared with control 
EGFP  lentivirus–infected brains, brains overexpressing CPG15 were 
 significantly larger in diameter, with enlarged ventricles but with no 
alteration in cortical thickness (Fig. 7a–e). Closer examination of the 
enlarged brains showed sulcus-like indentations (Fig. 7f–k; boxes in a–c 
are shown at higher magnification in f,h,i, and two additional examples 
from different CPG15-Flag lentivirus–infected brains are shown in j,k), 
consistent with a larger surface area resulting from addition of super-
numerary neurons in radial units4. Sections from control EGFP lenti-
virus–infected brains (Fig. 7l) and from brains overexpressing CPG15 
(Fig. 7m–p) were double-labeled with nestin (blue) and Nf-M (red), 
showing heterotopic cell masses within the proliferative ventricular zone. 
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Figure 6  In vivo knockdown of endogenous CPG15 causes shrinkage of the cortical plate and increased apoptosis of cortical neurons. (a–e) In vivo 
knockdown of endogenous CPG15 results in cortical plate shrinkage. Coronal hemi-sections from (a) brains infected with EGFP lentivirus, (b) scrambled 
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Thus, CPG15 overexpression results in the expansion and  involution 
of the cortical plate, and in heterotopias and discontinuities of the ven-
tricular zone. Malformations of this type are typically seen in mutant 
mice with an increase in forebrain progenitor numbers11,12,27 and are 
consistent with an expansion of the progenitor pool.

CPG15 expands the progenitor pool by reducing apoptosis
To directly measure an affect of CPG15 on progenitor number, we used 
BrdU to label proliferating neurons. Pregnant dams were injected with 
BrdU 3 d after intraventricular injection of the CPG15-Flag  lentivirus 
into embryonic brains. Embryos were harvested 2 or 24 h after BrdU 
injection (Fig. 8a,b), earlier than for previous experiments to avoid 
 confounding secondary effects of the deformed cortical plate. Low-
magnification views showed that 2 h after BrdU injection, the CPG15-
Flag lentivirus–infected brains are indistinguishable from uninfected 
control brains, with normal cellular lamination and cellular distri-
bution within the ventricular and subventricular zones (Fig. 8c,d). 
However, a higher-magnification view showed a small but significant 
increase in BrdU-labeled cells within the ventricular zone of CPG15-
Flag  lentivirus–infected brains, suggesting an increase in progenitor 
number (Fig. 8e–g).

Expansion of the progenitor pool can result from increased mitotic 
rates, a decrease in cell cycle re-entry, decreased cell death or any 
 combination of these factors. To test for changes in mitotic rates of 
dividing progenitors, embryos injected with the CPG15-Flag lentivirus 
and harvested 24 h after BrdU injection at E19 (Fig. 8b) were double 
stained for BrdU, to mark cells in S phase of the cell cycle, and for 

phospho-histone-H3 (p-H3), to mark cells in M phase undergoing 
mitosis (Fig. 8h,i). We found no significant difference between un-
infected control and CPG15-Flag lentivirus–infected brains in the ratio 
of dividing progenitors at M phase to progenitors in S phase (Fig. 8j), 
indicating that CPG15 does not increase mitotic rate. We next tested 
whether CPG15 affects the number of progenitors that re-enter the 
cell cycle rather than progressing towards terminal differentiation. E15 
embryos were injected with the CPG15-Flag lentivirus, followed by 
BrdU injection at E18 (Fig. 8b). Twenty-four hours later, embryos 
were harvested and double-stained for BrdU, to mark cells that were 
dividing at the time of injection, and Ki67, to mark progenitors. We 
identified cells that had exited the cell cycle within the 24 h of BrdU 
labeling as BrdU+ and Ki67– (red) and divided progenitors in the cell 
cycle as BrdU+ and Ki67+ (yellow) (Fig. 8k,l). We found that in the 
CPG15-Flag lentivirus–infected embryos, there was no significant 
change in the proportion of cortical progenitors exiting the cell cycle 
as compared to uninfected controls (Fig. 8m).

Finally, to examine whether CPG15 overexpression decreases 
 progenitor apoptosis, we performed TUNEL staining on E18 brains 
from uninfected control (Fig. 8n) and CPG15-Flag lentivirus–
infected (Fig. 8o) embryos 3 d after viral delivery. Counts of TUNEL-
stained cells in the cortex of CPG15-Flag lentivirus–infected brains 
showed a significant decrease in the numbers of apoptotic cells when 
compared to uninfected control brains (Fig. 8n–p). Together, these 
studies indicate that the observed increase in progenitor pool size and 
the expanded cortices seen in CPG15-Flag lentivirus–infected brains 
are not due to increased progenitor mitotic rates or decreased cell 
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Figure 7  In vivo CPG15 overexpression in the embryonic brain results in an expanded cortical plate and heterotopic cell masses in the ventricular zone. 
(a–e) CPG15 lentivirus–infected brains are larger in diameter and ventricular area. (a–c) Nissl stained coronal sections from EGFP and CPG15 lentivirus–
infected brains. (d) Measurements of brain diameter comparing control and CPG15-overexpressing brains (* P < 0.02). (e) Scatter plot summarizing 
ventricular area of the same brains. Each symbol represents one hemisphere. (f–k) Nissl-stained coronal sections of brains infected with the indicated 
viruses. Boxes in (a–c) are shown at higher magnification in f, h and i, respectively. (l–p) Double labeling for nestin in blue and neurofilament in red on 
EGFP lentivirus–injected (l) and CPG15 lentivirus–injected brains (m–p). Scale bars: a, 1 mm; f, 50 µm; l, 100 µm.
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cycle exit, but rather are likely to be a result of decreased apoptosis 
within the progenitor population.

DISCUSSION
cpg15 expression patterns in the embryonic brain concomitant with 
periods of rapid cell proliferation and apoptosis, and  during cir-
cuit formation and target selection, led us to test whether early in 
development CPG15 might function as a survival factor, similarly 
to neurotrophins. We found that CPG15 is able to rescue cortical 
neurons from starvation-induced apoptosis by preventing caspase 
3 activation and is also crucial for survival of cortical progenitors. 
Consequently, manipulating in vivo CPG15 levels in utero had a 
profound effect on the size and shape of the neocortical plate. 
Decreasing CPG15 levels caused increased apoptosis of cortical pro-
genitors and shrinkage of the cortical plate, whereas overexpression 
resulted in decreased progenitor apoptosis and an expanded and 
convoluted cortical plate.

It is particularly informative to compare the CPG15 overexpression 
phenotype to developmental mutants with similar presentations. In 
the case of mutants in the cell-death cascade, expansion of the cortical 
plate occurs only when the apoptotic pathway is affected in proliferating 

neurons rather than in postmitotic neurons 
and is a direct result of an enlarged progenitor 
pool4,5. Gene-targeting studies have identified 
Bax, Bcl-XL (Bcl2l1), Apaf1, Casp9 and Casp3 as 
key elements in neuronal apoptosis occurring 
during brain development11–15,28,29. By anal-
ogy to their counterparts in Caenorhabditis 

elegans, the proteins are likely to form a linear cell-death cascade, with 
Apaf1 bound to caspase 9, activating caspase 3, and Bcl-XL acting as 
an upstream anti-apoptotic regulator of Apaf1 that can be blocked by 
Bax12,29. Epistatic analysis shows that the upstream components of 
this pathway, Bax and Bcl-XL, are obligatory only in postmitotic neu-
rons, whereas caspase 3 is unique in its effect on apoptosis of neuronal 
founder cells29,30. Global formation of the nervous system is unaffected 
in Bax-deficient embryos31,32, whereas null mutants of Casp3, Casp9 
and Apaf1 show severe forebrain malformations that result from hyper-
plasia and an enlarged neocortical plate11–15. This is consistent with 
the idea that even modest alterations in the size of the progenitor pool 
during its exponential growth phase can drastically effect final cortical 
size and shape1,3. Hyperplasia and an enlarged neocortical plate can 
also be seen when the cortical progenitor pool is expanded for reasons 
other than a decrease in cell death: for example, in β-catenin transgenic 
mice, where cortical progenitors fail to exit the cell cycle after mito-
sis33. The similar phenotype seen with in vivo CPG15 overexpression 
suggests that elevated CPG15 expands the progenitor pool, likely by 
reducing apoptosis. This is supported by results showing that increasing 
amounts of CPG15 during corticogenesis reduce apoptosis and enlarge 
the progenitor pool but have no effect on mitotic rates or cell cycle exit. 

Figure 8  CPG15 overexpression reduces apoptosis 
in the progenitor pool but does not affect mitotic 
index or cell cycle exit. (a) Schematic of BrdU 
labeling experiments shown in c–j. Embryos were 
injected with virus at E15 and then harvested 
at E18 2 h after BrdU injection. (b) Schematic 
of cell cycle exit experiments shown in k–m. 
Embryos were injected with virus at E15 then 
harvested at E19 24 h after BrdU injection. 
(c,d) Low-magnification view of BrdU  labeling 
(green) and propidium iodide nuclear staining 
(red) in uninfected (c) and CPG15 lentivirus–
infected (d) brains. (e,f) Areas outlined in white 
in c,d, respectively shown at higher magnification. 
(g) Quantification of BrdU staining shows a 
significant increase in the percentage of BrdU-
labeled cells in CPG15 lentivirus–infected brains 
(*P = 0.008) as compared to uninfected controls. 
(h,i) Double labeling for BrdU (red) and the mitosis 
marker p-H3 (green). (j) Quantification of mitotic 
rates (ratio of S-phase BrdU-labeled cells to 
M-phase p-H3–labeled cells) showed no significant 
difference between CPG15 lentivirus–infected 
and uninfected brains. (k,l) Double labeling for 
BrdU (red) and the progenitor cell marker Ki-67 
(green). (m) Quantification showed no significant 
difference in the rate of cell cycle exit between 
CPG15 lentivirus–infected and control brains. 
(n,o) TUNEL staining in the ventricular zone of 
uninfected (n) and CPG15 lentivirus–infected 
(o) brains. (p) Quantification of TUNEL-positive 
cells shows a significant decrease in ventricular 
zone apoptosis in CPG15 lentivirus–infected 
brains as compared to uninfected controls 
(*P < 0.001). Scale bars: c, 100 µm; e,h,k,n, 
50 µm.
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Furthermore, an increased number of apoptotic neurons can be seen 
in brains with RNAi-mediated knockdown of endogenous CPG15, and 
in vitro data demonstrates CPG15 function as an anti-apoptotic factor 
for cortical neurons as well as cortical progenitors.

Other extracellular signaling molecules previously shown to regulate 
cerebral cortical size through their effect on the progenitor pool are basic 
fibroblast growth factor34–36, pituitary adenylate cyclase-activating 
polypeptide37 and, more recently, lysophosphatidic acid38. Basic fibro-
blast growth factor and pituitary adenylate cyclase–activating polypep-
tide, respectively, expand or shrink the progenitor pool by acting as 
mitogenic or anti-mitogenic signals. Lysophosphatidic acid expands 
the progenitor pool by increasing terminal mitosis and reducing cas-
pase-mediated cell death, and is thus the only factor other than CPG15 
that has been shown to decrease apoptosis of cortical progenitors38. 
Studies of cultured cortical progenitors suggest that BDNF and NT-3 
can mediate progenitor cell survival in vitro39. Yet direct intrauterine, 
intraventricular application of neurotrophins into the embryonic 
brain does not affect proliferation or apoptosis of cortical progeni-
tors40. Furthermore, classic neurotrophins are absent in most parts 
of the embryonic brain41, and prenatal CNS defects related to neu-
ronal number have not been seen in neurotrophin single- or double-
knockout mice or in animals lacking their receptors42. Thus, CPG15 
is one of few molecules shown to be essential for in vivo survival of 
undifferentiated cortical progenitors. CPG15 expression is specific to 
a subset of progenitor populations in the developing brain and seems 
to be required only in these populations. We propose that by counter-
ing early apoptosis in specific progenitor subpopulations, CPG15 has 
a role in regulating brain size and shape during morphogenesis of the 
mammalian forebrain.

As CPG15 is also expressed in some differentiated neurons during 
target selection and circuit formation and is able to rescue cortical neu-
rons from starvation-induced apoptosis, it is possible that CPG15 may 
also function as a target-derived survival factor for differentiated neu-
rons analogous to neurotrophins. It remains to be examined whether 
CPG15 is required for survival in various populations of differenti-
ated neurons and whether this function of CPG15, as well as its later 
activity-dependent function as a growth and differentiation factor, are 
mediated by the soluble form described here. Another possible future 
direction will be analysis of a cpg15 knockout mouse. As it is techni-
cally difficult to intervene by intrauterine delivery of an shRNA earlier 
than E14–E15, the CPG15 knockdown using RNAi can only affect the 
very last rounds of cortical progenitor division. In the knockout, cpg15 
deletion at an earlier step may result in a more extreme phenotype. 
However, deleting a gene from the onset of embryogenesis could also 
lead to compensation and lack of a discernible phenotype, something 
that can be avoided with an acute knockdown using RNAi at a criti-
cal developmental step43. For example, mice with targeted deletion 
of the doublecortin gene (Dcx) seem to develop a normal neocor-
tex44, whereas electroporation of plasmids encoding shRNA against 
the doublecortin protein in utero disrupts radial migration in the rat 
neocortex, resulting in a malformed cerebral cortex45. In this case, 
acute intervention using RNAi results in a phenotype more similar 
to the double cortex syndrome seen in humans with mutations in the 
Dcx gene46 than is seen with the complete Dcx knockout. Thus, RNAi 
approaches may be complementary to gene knockouts in functional 
studies of genes important for brain development43.

METHODS
All animal work was approved by the Massachusetts Institute of Technology 
Committee on Animal Care and conforms to US National Institutes of Health 
guidelines for the use and care of vertebrate animals.

In situ hybridization. In situ hybridizations were performed as previously 
described22.

CPG15 immunocytochemistry and protein purification. HEK293T cells 
were grown to 80–90% confluence in 100-mm culture dishes containing 
15 ml medium (10% calf serum, 50 U penicillin, 50 µg streptomycin, 4 mM 
L-glutamate in Dulbecco’s Modified Eagles medium (BioWhittaker)) and then 
transfected with 8 µg of the pIRES-EGFP-CPG15-FLAG plasmid (Fig. 2a) using 
Lipofectamine 2000 (Invitrogen). For immunocytochemistry, cells were fixed in 
4% paraformaldehyde and stained with anti-Flag (Sigma). For protein purifica-
tion, the medium was harvested 4 d after transfection and debris removed by 
centrifugation (3,000 rpm, 15 min, 4 °C). The medium was then incubated with 
40 µl anti-Flag coupled to agarose (EZview Red ANTI-FLAG M2 Affinity Gel, 
Sigma) for 12 h at 4 °C on a rotator. The agarose was pelleted by centrifugation 
for 10 min at 2,000 rpm and washed three times with TBS. The tagged CPG15 
protein was eluted from the anti-Flag by incubation for 4 h at 4 °C with 30 µg 
of 3× Flag peptide (Sigma) diluted in 200 µl TBS; it was recovered by centrifu-
gation for 5 min at 2,000 rpm. Protein concentration in the supernatant was 
determined by the Bradford assay.

Preparation of membrane and soluble fractions from brain, and western blot-
ting. Membrane and soluble fractions from brains were prepared as detailed in 
Supplementary Methods online. Western blots were incubated with a polyclonal 
anti-CPG1519, followed by staining for the transferrin receptor (1:1,000, Zymed) 
detected by a goat anti-mouse horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (1:5,000, Sigma), and by staining for protein Akt (1:1,000, Cell 
Signaling Technology) detected by a goat anti-rabbit–HRP secondary antibody 
(1:2,500, Jackson ImmunoResearch).

Growth factor deprivation and apoptosis assays. Primary cortical cultures 
were done essentially as previously described47. After 6 d in vitro, cortical neu-
rons were washed three times with Neurobasal medium without supplements 
and then incubated for 12 h in the unsupplemented medium with or without 
50 ng ml–1 purified CPG15 protein. After an additional 12 h in feeding medium, 
cells were fixed in 4% formaldehyde/PBS for 30 min at 4 °C. Hoechst staining 
and immunocytochemistry were done as described in Supplementary Methods. 
For quantification, fragmented apoptotic nuclei as well as healthy nuclei were 
counted blind to experimental treatment using a fluorescence microscope with a 
UV filter setting for the Hoechst staining (excitation 330–380; emission 420) and 
rhodamine settings for visualizing the antibody to cleaved caspase 3 (excitation 
528–553; emission 600–660). Treatments were repeated in three independent 
experiments with two coverslips per treatment in each experiment. Each data 
point represents the mean of 500–600 cells, counted in 40–50 different fields per 
coverslip. The percentage of apoptotic cells was calculated based on the num-
ber of fragmented nuclei divided by the total number of nuclei. Comparisons 
between groups were analyzed using a Student’s t-test.

Immunocytochemistry of neural progenitor cultures. Cortical progenitor cul-
tures were prepared as previously described in detail48. Immunocytochemistry 
for nestin (1:2,000; Chemicon) and neurofilament M (1:3,000; Chemicon) is 
described in Supplementary Methods. Quantifications were from three inde-
pendent experiments (five random images per treatment). Groups were com-
pared using ANOVA post-hoc analysis with the Bonferroni/Dunn method.

Lentivirus generation and infections. Five different cDNA sequences span-
ning the cpg15 core domain were synthesized, fused to a loop region and then 
annealed to their antisense sequences and cloned separately into pSilencer1.0-U6 
plasmid (Ambion) downstream of the U6 promoter. To test the effectiveness 
of the cpg15 shRNAs in reducing CPG15 levels, HEK293T cells were separately 
cotransfected with each one of the pSilencer-cpg15-shRNA plasmids together 
with the pIRES-EGFP-CPG15-FLAG plasmid at a 40:1 ratio using Lipofectamine 
2000 (Invitrogen). CPG15-IRES-EGFP mRNA knockdown was determined by 
reduced expression of EGFP. The most effective small hairpin sequence (5′-
GGGCTTTTCAGACTGTTTG-3′) was then amplified with its upstream U6 
promoter by PCR and subcloned into the pFUGW lentivirus transfer vector24. 
To generate the scrambled shRNA construct, the small hairpin sequence was 
modified to 5′-GGGCTTGACTTACTGTTTG-3′ (the inverted sequence is 
underlined) and cloned into the pFUGW lentivirus transfer vector as described 
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above. The CPG15-FLAG-IRES-EGFP cDNA was subcloned into pFUGW down-
stream of the ubiquitin promoter. pFUGW lentivirus was used as the EGFP 
control. Lentivirus production, concentration and titer determination were done 
as described24. Typical titers for in vitro experiments were 1 × 106 and for in vivo 
injections, 5 × 106 to 20 × 106.

For viral infection of primary cortical cultures, culture medium was reduced 
to 0.5 ml at 3 d in vitro, and viruses were added for >8 h incubation. The 
medium was then removed and replaced with 0.5 ml saved plating medium 
and 0.5 ml new feeding medium. Cells were fixed and mounted 4 d later. For 
infection of progenitor cultures, the different lentiviruses were added to the 
medium at plating.

In vivo lentivirus injections were performed on timed-pregnant Sprague-
Dawley rats (Taconic). Pregnancies were timed with day of plug detection as E1 
and birth usually occurred on E23. Neurons and progenitors were infected by 
injecting 2–2.5 µl of lentivirus into the lateral ventricle of E15 brains. Surgery 
and injection procedures were as previously described49.

Northern blot hybridization. Northern blot hybridization was performed as 
previously described50.

Histological and immunohistochemical analysis of embryonic brains. 
Animals were euthanized at E18, E19 or E22: 3, 4 or 7 d, respectively, after 
viral injection. Brains were removed and submerged in 4% paraformaldehyde 
in PBS overnight at 4 °C, transferred to 30% sucrose in PBS at 4 °C until they 
sank, and then frozen and sectioned at 20 µm using a cryostat. Every sixth 
section was Nissl stained and used to match sections from different brains. 
Sections at equivalent levels on the anterior-posterior axis were then processed 
for TUNEL. Cryosections were blocked in 10% goat serum, 0.3% Triton X-100 
for 1 h. Primary antibodies against nestin (1:2,000, Chemicon, mouse mono-
clonal) and neurofilament (1:1,000, Chemicon, rabbit polyclonal) were diluted 
in blocking solution. Sections were counterstained with Hoechst 33342 in PBS 
for 10 min to highlight nuclear DNA. Fluorescent secondary antibodies Alexa-
555-conjugated goat anti-mouse (1:200, Molecular Probes) and Alexa-647-
conjugated anti-rabbit (1:200, Molecular Probes) were used for visualization 
as described above.

TUNEL staining on frozen brain sections was performed as described by 
the manufacturer using the Roche In Situ Cell Death Detection Kit, TMR red. 
The total number of TUNEL-positive cells present in the neocortex and the 
diencephalon of uninfected (three each at E18 and E22), EGFP-infected (three 
at E22) and cpg15 shRNA–infected (four at E22) brains was quantified. Six to 
twelve sections were analyzed from each brain. Statistical significance was deter-
mined by Student’s t-test.

To label proliferating cells in the cortex of E18 embryos, BrdU was injected 
intraperitoneally into the mother at 50 mg kg–1 body weight. BrdU and Ki-
67 or p-H3 double labeling was done as previously described for BrdU and 
Ki6733. Primary antibodies used were BrdU (1:200; Harlan, rat monoclonal), 
Ki-67 (1:500; Novocastra, rabbit polyclonal), and p-H3 (1:1,000; Upstate, rabbit 
polyclonal). BrdU-labeled and p-H3–labeled cells were counted from matching 
sections and percentages were compared by unpaired Student’s t-tests. For cell 
cycle exit studies, a similar approach was used: Ki-67 expression was scored in 50 
BrdU-positive cells from each of five randomly chosen fields of view from at least 
three sections per brain (two brains per each experimental group). Statistical 
significance was determined by Student’s t-test.

Note: Supplementary information is available on the Nature Neuroscience website.
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