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How self-renewal versus differentiation of neural progenitor cells is temporally controlled during early de-
velopment remains ill-defined. We show that mouse Lin41 (mLin41) is highly expressed in neural progenitor cells
and its expression declines during neural differentiation. Loss of mLin41 function in mice causes reduced
proliferation and premature differentiation of embryonic neural progenitor cells. mLin41 was recently implicated
as the E3 ubiquitin ligase that mediates degradation of Argonaute 2 (AGO2), a key effector of the microRNA
pathway. However, our mechanistic studies of neural progenitor cells indicate mLin41 is not required for AGO2
ubiquitination or stability. Instead, mLin41-deficient neural progenitors exhibit hyposensitivity for fibroblast
growth factor (FGF) signaling. We show that mLin41 promotes FGF signaling by directly binding to and enhancing
the stability of Shc SH2-binding protein 1 (SHCBP1) and that SHCBP1 is an important component of FGF signaling
in neural progenitor cells. Thus, mLin41 acts as a temporal regulator to promote neural progenitor cell
maintenance, not via the regulation of AGO2 stability, but through FGF signaling.
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The mammalian CNS arises from a single layer of neural
progenitor cells named neuroepithelial cells. During early
neural development, neuroepithelial cells line the lumen
of the ventricles and undergo rapid symmetric cell division
to expand neural progenitor cell populations as the neural
tube grows (Gotz and Huttner 2005). As development
proceeds, neurogenesis is initiated as neural progenitor
cells begin asymmetric cell divisions, exit the cell cycle,
and migrate away from the lumen, giving rise to post-
mitotic cells that differentiate into distinct neurons, as-
trocytes, and oligodendrocytes. Distinct aspects of neu-
rogenesis have been extensively studied, including cell
cycle regulation (Ohnuma and Harris 2003), cell migra-
tion (Bielas et al. 2004; Ayala et al. 2007), and neural
differentiation (Guillemot 2005). However, it remains
undefined how neuroepithelial cells undergo rapid sym-
metric cell division and simultaneously maintain an un-
differentiated state before the onset of neurogenesis in
early development.

Fibroblast growth factor (FGF) signaling plays a crucial
role in the regulation of neural progenitor cell proliferation

and differentiation (Mason 2007). FGF signaling promotes
proliferation of neural progenitor cells as well as represses
premature neural differentiation (Kang et al. 2009), and the
onset of neuronal differentiation requires the attenuation
of FGF signaling (Diez del Corral et al. 2002). Despite the
connection between FGF signaling and the maintenance of
neural progenitor cells, it is ill-defined how the mainte-
nance of neural progenitor cells is controlled in a spatio-
temporal manner by FGF signaling and how that control is
released and FGF signaling is attenuated to allow neural
differentiation.

Mouse Lin41 (mLin41) is a member of the TRIM-NHL
protein family and the target of let-7, a founding member of
the microRNA (miRNA) family (Slack et al. 2000; Schulman
et al. 2005; Kanamoto et al. 2006). Although recent studies
in cultured cells suggest that mLin41 mediates Argonaute 2
(AGO2) degradation through an ubiquitination-dependent
process (Rybak et al. 2009), whether mLin41 functions as
an AGO2 regulator in vivo remains unknown. Mouse
genetic data underscore the importance of mLin41 in
embryonic development and neural tube closure (Maller
Schulman et al. 2008). However, the cellular functions
and underlying mechanisms of mLin41 action during
development have not been studied. In the present study,
we identify mLin41 as a temporal regulator of neural
progenitor cell maintenance, and it acts by regulating
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FGF signaling. Mechanistically, mLin41 does not func-
tion as an E3 ubiquitin ligase to regulate AGO2 stability
in neural progenitor cells. Instead, mLin41 interacts with
and ubiquitinates Shc SH2-binding protein 1 (SHCBP1)
and promotes SHCBP1 protein stability. Moreover, SHCBP1
regulates FGF signaling in neural progenitor cells. Together
our data indicate that mLin41 and SHCBP1 provide tem-
poral control of FGF signaling in neural progenitor cells.

Results

mLin41 expression declines during neuroepithelial
cell differentiation

To identify the genes and mechanisms underlying neuro-
epithelial cell maintenance, we screened the develop-
mental expression patterns of genes that, when disrupted,
cause neural tube closure defects (data not shown). We
reasoned that genes that specifically regulate neural pro-
genitor cell function might exhibit decreased expression
levels as neuroepithelial cells undergo differentiation.
Among the genes examined, mLin41 was highly expressed
in neuroepithelial cells, and its expression declined as
neurogenesis proceeded, as revealed by Western blot
(Fig. 1A, complementary pattern to neural differentiation
marker TuJ1) and in situ hybridization analyses (Fig. 1B,C).
The temporal expression pattern of mLin41 was confirmed
by X-gal staining of embryos from mLin41lacZ/+ mice in
which b-galactosidase expression is reflective of the en-
dogenous mLin41 expression pattern (Fig. 1D–G). These
results raise the possibility that mLin41 is a temporal
regulator of neural progenitor cell function.

mLin41 is required for neural tube growth

To assess mLin41 function in neural progenitor cells, we
generated mLin41 mutant mice using gene trap embry-
onic stem (ES) cells in which the function of mLin41 has
been disrupted by the insertion of a b-geo reporter. mLin41
is comprised of one ring finger domain, two B-box domains,
one coiled-coil domain, one filamin, and six NHL domains
(Fig. 2A). The insertion site was mapped to the intronic

region flanked by exons 1 and 2 of mLin41. Western blot
analyses confirmed the absence of mLin41 protein in
homozygous mutant embryos (mLin41lacZ/lacZ) (Fig. 2B).

mLin41 heterozygous mice were viable, fertile, and
morphologically indistinguishable from their wild-type
littermates. Analyses of litters derived from crosses of
heterozygous mice showed no morphological difference
between homozygous mutant and wild-type embryos at
embryonic day 8.5 (E8.5) (data not shown). However,
mutant embryos showed failure of cranial neural tube
closure at E9.5 (also described in Maller Schulman et al.
2008) but otherwise were morphologically similar to
their wild-type littermate. The Mendelian frequency of
mLin41 homozygotes decreased by E10.5, and no viable
mLin41lacZ/lacZ embryos were recovered at E13.5 (Fig. 2C). In
addition to the cranial neural tube defects (NTDs), there was
also a pronounced growth retardation of the neural tissue in
100% of E10.5 mLin41lacZ/lacZ embryos (Fig. 2D–F). At
E10.5, 92% of the mLin41lacZ/lacZ mutants were slightly
smaller (80%–90%) than their somite-matched wild-type
control littermates (Fig. 2E). A small percentage of E10.5
mutant embryos (8%) had the expected number of so-
mites, but the embryos were extremely small with NTDs
(Fig. 2F). Together, these data show that mLin41 is
required for proper neural tube growth and survival
around mid-gestation.

Loss of mLin41 reduces proliferation
in neuroepithelial cells

A role for mLin41 in neural tube closure was also reported
by Maller Schulman et al. (2008), but the underlying
cellular and mechanistic deficits were not defined. The
failure of cranial neural tube closure and reduced size of
the early neural tissue (Fig. 2D–F) suggested a defect of the
neuroepithelial cells in mLin41 mutant embryos. This
could be due to deficiency of neural progenitor cell pro-
liferation (number and/or length of cell cycles), cell fate
changes (fate specification or premature differentiation),
defects in patterning or cell survival, or any combination
of these factors. To determine whether mLin41 is involved

Figure 1. mLin41 expression declines during
neural differentiation. (A) Western blot analyses
of the protein expression of mLin41 and neural
markers in cranial neuroepithelium at different
embryonic stages as indicated (represented by ‘‘E’’
for days post-coitum). b-Actin serves as a loading
control. (B,C) In situ hybridization analyses of
mLin41 mRNA expression in sections of E9.5
and E12.5 embryos. Bars, 0.1 mM. (D–G) Whole-
mount X-gal-stained embryos at E7.5 (D), E8.5
(E), E9.5 (F), and E10.5 (G). Red arrows indicate
the absence of mLin41 expression in the heart at
E9.5 and E10.5. Bars, 0.5 mM.
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in specification of neural progenitor cells, we examined
the expression of Hes5, a neural progenitor specification
marker (Ohtsuka et al. 1999). In situ hybridization analy-
ses at E8.5 showed appropriate expression of Hes5 in
mutant embryos, indicating that neural progenitor cell
fate is properly specified in mLin41lacZ/lacZ mutants
(Supplemental Fig. 1A).

Programmed cell death occurs during normal CNS de-
velopment (Kuan et al. 2000), and the reduced neural tube
size could be due to increased apoptotic cell death in
mutant embryos. TUNEL staining of comparable coronal
sections through wild-type and mutant neural tubes at
E9.5 or E10.5 showed no significant increase in cell death
in mutant embryos (Supplemental Fig. 1B–D), although
by E11.5, there was increased cell death in the mutant
hindbrain compared with wild type (Supplemental Fig.
1E,F). These studies suggest that the reduction in neuro-
epithelial cells in mLin41 mutants at the time of neural
tube closure (E9.5) cannot be explained by increased cell
death.

Bone morphogenetic protein (BMP) and Sonic hedgehog
(SHH) signaling regulate transcriptional networks to pat-

tern the neural tube along the dorsal–ventral (DV) axis
(Jessell and Dodd 1990; Briscoe et al. 2000), and disrup-
tion of this process can lead to NTDs (Copp et al. 2003).
To assess whether the NTDs in mLin41lacZ/lacZ mutants
result from DV patterning defects, we examined the ex-
pression of markers reflective of the neural progenitor
positions along the DV axis of the neural tube. In E9.5
mutant embryos, the spatial distribution of neural pro-
genitor markers resembled that in somite-matched con-
trol embryos: Msx1/2, Pax3, Pax6, Nkx2.2, and Shh for
dorsal, intermediate, and ventral neural tube, respectively
(Supplemental Fig. 2). Furthermore, Western blot analyses
showed appropriate expression levels of phospho-Smad1/
5/8, reflective of BMP signaling in mutant neuroepithe-
lium (p-Smad1,5,8 expression in Fig. 6A,B). Together,
these results suggest that DV patterning is not dis-
rupted in mLin41 mutant neural tubes and the neural
tube closure defects in mLin41 mutants are not due to
DV patterning defects.

To examine whether the reduction in neuroepithelium
in mutant embryos resulted from decreased mitotic rates,
we used phospho-histone H3 (p-H3) antibody to label

Figure 2. mLin41 is required for neural tube
growth. (A) Genomic structure of mLin41

locus on mouse chromosome 9, and the
gene trap vector pGT1lxf (BayGenomics) is
inserted between exons 1 and 2. Wild-type
mLin41 protein is ;94 kDa, whereas the
mutant protein arising from the fusion
between the mLin41 N terminus (271 amino
acids) and b-geo is ;172 kDa. (B) Western
blot analyses of mLin41 protein expression in
cranial neuroepithelium of E9.5 wild-type,
heterozygous, and mLin41lacZ/lacZ mutant
embryos using an antibody that recognizes
the C terminus of mLin41. b-Actin as loading
control. (C) Number of wild-type (WT/WT),
heterozygous (mLin41WT/lacZ), and mutant
(mLin41lacZ/lacZ) embryos recovered alive
from litters dissected at the indicated embry-
onic stages. (D) H&E staining of transverse
sections from E10.5 wild-type and mutant
neural tubes at comparable rostral–caudal
levels. Black dots outline neural tubes, and
small insets indicate the whole sections.
Bar, 35 mm. (E) Ninety-two percent of E10.5
mutant embryos exhibit open neural tube
(white arrow) and reduced neural tissue
growth (red arrowhead) compared with lit-
termate control embryos. Bar, 0.5 mM. (F)
Eight percent of E10.5 mutants show dra-
matic growth retardation compared with
littermate control embryos. Bar, 0.5 mM.
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mitotic cells. In E9.5 wild-type embryos, p-H3-positive
neural progenitor cells form a nearly continuous outline
around the ventricular surface of the neuroepithelium
(Fig. 3A). mLin41 mutant embryos exhibit a reduction of
p-H3-positive cells (Fig. 3A), confirmed by quantitation
of p-H3-positive cells in the neuroepithelium (n = 6 wild-
type and mutant embryos) (Fig. 3B) and Western blot

analyses (n = 3 wild-type and mutant embryos) (Fig. 3C).
Interestingly, some p-H3-positive cells appear on the lateral
sides of the mutant neuroepithelium (Fig. 3A, white
arrowheads), which is rarely observed in wild type, indicat-
ing that some p-H3-positive cells are mislocalized in the
mutants. Since p-H3 only labels cells in M phase, we
examined cells in S phase by performing bromodeoxyuri-

Figure 3. mLin41 deficiency leads to reduced cell proliferation in the neuroepithelium. (A) Confocal microscope images of sections
from hindbrains and spinal cords of E9.5 wild-type and mLin41lacZ/lacZ mutant embryos. Anti-p-H3 antibody visualizes mitotic cells
(red). White arrowheads indicate mislocalized p-H3-positive cells in the mutant neuroepithelium. Hoechst stains nuclei (blue). Bar, 200
mm. (B) Quantitation of p-H3-positive cells from A. Percentage of p-H3-positive cells was calculated as the percentage of p-H3-positive
cells out of the total number of neuroepithelial cells, indicated by Hoechst staining, within the neural tube sections. Error bars indicate
SEM of 12 sections from three independent experiments. P < 0.0001. (C) Western blot analyses of the expression level of p-H3 in E9.5
wild-type and mutant cranial neuroepithelium. b-Actin serves as a loading control. (D) Confocal microscope images of hindbrain and
spinal cord sections from E9.5 wild-type and mutant embryos after 1 h of BrdU labeling. S-phase cells were visualized by anti-BrdU
antibody (red); Hoechst stains nuclei (blue). Bar, 100 mm. (E,F) Quantitation of percentage of BrdU-positive cells per total number of
neuroepithelial cells indicated by Hoechst staining in hindbrain and spinal cord sections. Error bars indicate SEM of 12 sections from
three independent experiments. (G,I) Confocal microscope images of spinal cord sections from E9.5 wild-type and mutant embryos
immunostained with anti-Ki67 antibody (green) to label cycling cells and anti-TuJ1 antibody (red) to label differentiated neurons. I is
high magnification of the areas outlined by white boxes in G. White dots outline the neuroepithelial cells, and the white arrowhead
indicates cells that coexpress Ki67 and TuJ1 in mutants. Bars: G, 200 mm; I, 50 mm. (H) Quantitative measurement of Ki67-positive cells
or TuJ1-positive cells counted from each neural tube section of wild-type and mutant embryos. Error bars indicate SEM of nine sections
from three independent experiments.
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dine (BrdU)-labeling experiments. Loss of mLin41 resulted
in a significant reduction of BrdU-positive cells in mutant
compared with wild-type neuroepithelium (n = 5 wild-type
and mutant embryos) (Fig. 3D–F). Together, these two
markers of the cell cycle indicate reduced proliferation
of neural progenitor cells in the mutant embryos.

To ask whether mutant neural progenitor cells pre-
maturely exit the cell cycle, undergo cell cycle arrest,
or differentiate, we used Ki67 to mark cells in all phases
of the cell cycle except G0 and TuJ1 to label differentiated
neurons. Mutant neural progenitor cells do not prema-
turely exit the cell cycle, as revealed by similar spatial
distribution of Ki67 in the E9.5 mutant neural tubes
compared with wild type (Fig. 3G–I). However, some
mutant cells expressed both Ki67 and TuJ1 markers (white
arrowheads in Fig. 3I), whereas in wild type, these markers
are mutually exclusive, suggesting premature differentia-
tion of mutant neural progenitor cells. Thus, these data
indicate that the decreased proliferation rate but not pre-
mature cell cycle exit of neural progenitor cells causes
reduced neural tube growth in mLin41 mutants.

Loss of mLin41 leads to premature differentiation
of neural progenitor cells

To examine neural differentiation in the mLin41 mutant
neuroepithelium, somite-matched E9.5 wild-type and mu-
tant embryos at comparable anterior–posterior levels within
the hindbrain and spinal cord were analyzed. First, we
examined the expression of markers that define neural
progenitors (Sox2/Nestin) or neurons that have started to
differentiate (Neurofilament/TuJ1). In both the hindbrain
and spinal cord, there was a slight down-regulation of
neural progenitor markers Sox2 and Nestin in mutants
(n = 5 wild-type and mutant embryos) (Fig. 4A,B). In
mutants, there was also a significant increase in cells
expressing Neurofilament and TuJ1, indicating prema-
ture differentiation of neural progenitor cells (n = 5 wild-
type and mutant embryos) (Fig. 4A,B). A number of
transcription factors function as intrinsic regulators of
neural differentiation. Proneural genes such as Mash1,
Math1, and Neurogenin are key regulators of neural
differentiation, whereas Notch signaling negatively regu-
lates neurogenesis by activating the Hairy enhancer of
Split (HES) family of basic helix–loop–helix (bHLH) genes,
Hes-1 and Hes-5 (Bertrand et al. 2002; Yoon and Gaiano
2005). We compared Notch1, Hes5, Mash1, Math1, and
NeuroD expression between wild-type and mutant neuro-
epithelium. In the E9.5 neural tube, NeuroD and Math1
were barely detected in both wild-type and mutant em-
bryos (data not shown), consistent with their later roles in
neural differentiation (Bertrand et al. 2002). However, the
expression of Notch1 and Hes5, repressors of neural differ-
entiation, was significantly reduced in mutants compared
with wild type (n =3 wild-type and mutant embryos; Fig.
4C). Correspondingly, the proneural gene Mash1 was up-
regulated in mutants compared with wild type (n = 3 each)
(Fig. 4C). Together, these data indicate that mLin41 main-
tains a neural progenitor state at least in part by repressing
neural differentiation.

The reduced proliferation of neural progenitor cells and
increased number and premature differentiation of neu-
rons in mLin41lacZ/lacZ mutants led us to hypothesize
that the prematurely differentiated cells were generated
at the expense of neural precursor cells in the mutant
neuroepithelium. To test this hypothesis, we examined
the generation of motor neurons, which differentiate early
in the ventral spinal cord (Jessell 2000). Olig2 and Isl1/2
expression mark motor neuron progenitors and motor
neurons, respectively (Pfaff et al. 1996; Novitch et al.
2001). In E9.5 mutant spinal cords, the number of Olig2-
positive progenitor cells was significantly reduced, and
correspondingly, Isl1/2-positive motor neurons were in-
creased (n = 3 wild-type and mutant embryos) (Fig. 4D–F),
and this was confirmed by Western blot analyses (n = 3
each) (Fig. 4G,H). This is consistent with the idea that
premature differentiation of motor neurons comes at the
expense of motor neuron progenitors in the mLin41 mutant
neural tubes. Moreover, in E9.5 wild-type spinal cords, there
was a mutually exclusive distribution pattern of Olig2 and
Isl1/2 expression. However in mutant spinal cords, Olig2
and Isl1/2 double-positive cells were detected (white arrows
in Fig. 4I), again indicating that motor neuron precursors
prematurely differentiate in mLin41 mutants. Taken
together, these results support the model that mLin41
is required to maintain proliferation and prevent pre-
mature differentiation of neural progenitor cells. Extending
this logic, during normal neurogenesis, mLin41 is down-
regulated as neural differentiation proceeds, suggesting that
mLin41 functions as a temporal switch between neural
progenitor maintenance and differentiation.

mLin41 is dispensable for the regulation of AGO2
ubiquitination and stability in vitro and in vivo

To explore the underlying mechanisms of mLin41 func-
tion in the neuroepithelium, we first examined mLin41
localization in the NE-4C cell line established from the
cerebral vesicle of E9.0 mouse embryos. NE-4C cells
mimic neural progenitor cell proliferation and differenti-
ation in vitro and express mLin41 (Supplemental Fig. 3A;
Varga et al. 2008). Localization studies following trans-
fection of various mLin41 constructs (Supplemental Fig.
3B) showed that mLin41 is localized to the cytoplasm,
which requires the coiled-coil domain (Supplemental Fig.
3C). Previous studies showed that mLin41 is associated
with AGO2 in the embryonic carcinoma cells (Rybak
et al. 2009). We confirmed the physical interaction
between mLin41 and AGO2 in NE-4C cells (Supplemental
Fig. 3D,E). Using various tagged mLin41 constructs, we
mapped the regions of mLin41 responsible for AGO2
binding (Supplemental Fig. 3F). Together, these findings
suggest that the coiled-coil domain of mLin41 is essen-
tial for its cytoplasmic localization and the association
between mLin41 and AGO2.

Earlier studies in embryonal carcinoma cells implicated
mLin41 as the E3 ubiquitin ligase that regulates AGO2
stability (Rybak et al. 2009). To test whether mLin41
promotes neural progenitor cell maintenance through
the regulation of AGO2 turnover, we first confirmed that
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mLin41 is an E3 ubiquitin ligase with autoubiquitination
activity, and this requires the RING finger domain (Fig.
5A; Rybak et al. 2009). However, Western blot analyses of
transfected 293T cells revealed that AGO2 protein levels
are not significantly changed upon overexpression of
mLin41 (Fig. 5B). Moreover, inhibition of the proteasome
with MG132 showed that AGO2 protein levels are not
increased (Fig. 5B), suggesting that AGO2 is not degraded
by mLin41 in a proteasome-dependent manner. Next we
examined cell lysates prepared from cranial neuroepithe-
lium of E9.5 wild-type and mLin41lacZ/lacZ mutant em-
bryos by Western blot and found that AGO2 protein
levels are comparable in cells with or without mLin41
(Fig. 5C,D), indicating that deletion of mLin41 had no
effects on the stability of AGO2 in neural progenitor cells.
Similarly, there was no significant difference in the ex-
pression of other miRNA pathway components, including

DICER and AGO1, between wild-type and mLin41 mutant
neuroepithelium (Fig. 5C,D). Theses studies suggest that
mLin41 does not mediate AGO2 degradation in a protea-
some-dependent manner in neural progenitor cells.

In addition to tagging proteins for degradation, ubiq-
uitination is recognized as one of the mechanisms that
regulate protein stability, protein–protein interaction,
and cell signaling (Kirkin and Dikic 2007; Sorkin and von
Zastrow 2009). To examine whether mLin41 ubiquiti-
nates AGO2 without causing its degradation, we per-
formed in vitro ubiquitination on AGO2, but these studies
suggest that mLin41 does not enhance AGO2 ubiquitina-
tion (Supplemental Fig. 4A). Furthermore, we performed
ubiquitination assays in NE-4C cells and HEK293T cells.
The level of AGO2 ubiquitination is not increased upon
overexpression of mLin41, and AGO2 ubiquitination is
comparable between overexpression of wild-type mLin41

Figure 4. Loss of mLin41 results in pre-
mature differentiation of neural progenitor
cells. (A,B) Confocal microscope images of
sections from hindbrains and spinal cords
of E9.5 wild-type and mLin41lacZ/lacZ mu-
tant embryos. Bar, 200 mm. (A) Anti-Neuro-
filament antibody (red) marks differentiated
neurons, and anti-Sox2 antibody (green)
labels neural progenitor cells. (B) Anti-
TuJ1 antibody (red) marks differentiated
neurons, and anti-Nestin antibody (green)
labels neural progenitor cells. Note that
there are significantly more Neurofilament-
and TuJ1-positive cells in the mutant neuro-
epithelium compared with littermate con-
trols. (C) In situ hybridization on spinal cord
sections of E9.5 wild-type and mutant em-
bryos with probes for neural progenitor
markers Notch1 and Hes-5 and differen-
tiation marker Mash1. (D,I) Confocal mi-
croscope images of spinal cord sections
from E9.5 wild-type and mutant embryos.
Anti-Olig2 antibody (red) labels motor
neuron precursors, and anti-Isl1/2 anti-
body (green) marks motor neurons. I is high
magnification of the areas outlined by white
boxes in D. White dots in I outline the
neuroepithelial cells, and white arrowheads
indicate Olig2- and Is11/2- double-positive
cells in mutant neuroepithelium. Bars: D,
100 mm; I, 70 mm. (E,F) Quantitative
measurement of Olig2-positive cells (G;
P < 0.005) and Isl1/2-positive cells (H;
P < 0.005) counted from each neural tube
section of wild-type and mutant embryos.
Error bars indicate SEM of 12 sections from
three independent experiments. (G) West-
ern blot analyses of Olig2 and Isl1/2 ex-
pression in cranial neuroepithelium of E9.5
wild-type, heterozygous, and mutant em-
bryos. b-Actin serves as a loading control.
(H) Quantification of Western blot data
using three independent blots.
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or RING finger domain-deleted mutant mLin41 (Fig. 5E,F;
Supplemental Fig. 4B). Next, we examined endogenous
AGO2 ubiquitination levels in E9.5 mLin41 wild-type and
mutant neuroepithelium. Experimental results show that
the pattern and intensity of bands recognized by anti-
ubiquitin antibodies (most likely representing ubiqui-
tin-modified endogenous AGO2) were comparable in
cells with or without mLin41 (Fig. 5G,H; Supplemental
Fig. 4C,D). Together, our in vitro and in vivo results suggest
that mLin41 does not directly mediate AGO2 ubiquitina-
tion or degradation in neural progenitor cells under phys-

iological conditions. Therefore, our studies do not support
the hypothesis that mLin41 promotes neural progenitor
cell maintenance through the regulation of AGO2 ubiq-
uitination or stability.

mLin41-deficient neuroepithelial cells
are hyposensitive to FGF signaling

mLin41 is an E3 ubiquitin ligase that has autoubiquitina-
tion activities (Fig. 5A), and ubiquitination has emerged as
a mechanism in the control of cell signaling (Kirkin and

Figure 5. mLin41 is dispensable for the regulation of AGO2 ubiquitination and stability in vitro and in vivo. (A) mLin41 is a RING
finger-dependent ubiquitin ligase and is self-ubiquitinated. HA-tagged ubiquitin construct, Flag-tagged mLin41 construct (full-length or
RING finger domain-depleted ½DR�), or both constructs as indicated were transfected into 293T cells. Protein extracts were
immunoprecipitated using anti-Flag beads (IP: a-Flag) followed by Western blotting with anti-HA antibodies (WB: a-HA). (B) mLin41
does not mediate AGO2 degradation in proteasome inhibition assays. 293T cells were transfected with plasmids as indicated. Twenty-
four hours post-transfection, cells from the fourth lane were treated with the proteasome inhibitor MG132 (10 mM) for 12 h before the
Western blot analyses. AGO2 levels were not affected by the expression of mLin41 or the presence of MG132. (C) Western blot analyses
of the expression of AGO2 and other miRNA pathway components as indicated in the cranial neuroepithelium of E9.5 wild-type and
mLin41lacZ/lacZ mutant embryos. b-Actin serves as a loading control. (D) Quantification of Western blot data using three independent
blots from C. (E) In vivo ubiquitination assay of AGO2. Flag-tagged wild-type or RING finger domain-deleted mutants (DR) of mLin41
were expressed in 293T cells along with Myc-AGO2 and HA-ubiquitin (Ub) as indicated. The levels of AGO2 ubiquitylation were
evaluated by the immunoprecipitation of AGO2 using anti-Myc antibodies followed by anti-HA immunoblotting. (F) Quantification of
Western blot data using three independent blots from E. (G) Endogenous AGO2 was immunoprecipitated from the cranial neuro-
epithelium of E9.5 wild-type and mLin41lacZ/lacZ mutant embryos, and immunoprecipitates were immunoblotted with anti-ubiquitin
antibody to detect ubiquitinated AGO2 (top blot) or anti-AGO2 antibody (bottom blot). The left two lanes represent the total
ubiquitination of the lysate. (H) Quantification of Western blot data using three independent blots from G.
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Dikic 2007; Sorkin and von Zastrow 2009). We hypothe-
sized that mLin41 regulates neural progenitor cell main-
tenance through modulating cell signaling. Our analyses of
neural tube patterning indicated that BMP and SHH
signaling are not compromised in mLin41 mutants (Sup-
plemental Fig. 2). FGF signaling plays important roles in
maintaining neural progenitor cell self-renewal and pro-
liferation (Mason 2007), and FGFR1 deficiency leads to
NTDs (Deng et al. 1997). Therefore, we examined mLin41
mutants for changes in FGF signaling. MAPK/ERK1/2 and
PI(3)K/AKT are downstream targets of FGF signaling and
phosphorylation of ERK1/2, and AKT (p-ERK1/2 ½Thr 202/
Thr 204� and p-AKT ½Ser 473�) can be used as readouts of
FGF signaling. Using extracts from E9.5 wild-type, hetero-
zygous, and mutant cranial neuroepithelium, we observed
that total levels of ERK1/2 and AKT were unaffected but
endogenous activity, as indicated by phospho-ERK1/2 and
phospho-AKTexpression, was reduced in mLin41 mutants
(Fig. 6A,B). Immunostaining studies further confirmed the
down-regulation of p-AKT in the mLin41 mutant com-
pared with wild type (Fig. 6C). Consistent with down-

regulation of AKT activity, the downstream substrate of
AKT, GSK3b, as revealed by anti-phospho-GSK3b (Ser9)
antibody, was also significantly decreased, although total
levels of GSK3b in mutants were normal (Fig. 6A,B). To
determine whether the reduction of growth signaling in
mLin41 mutant neuroepithelium was due to the premature
differentiation of neural progenitor cells, we performed
Western blot analyses of p-AKT, p-ERK1/2, and p-GSK-3b

in wild-type cranial neuroepithelium at different develop-
mental stages but detected no significant change as the
cells differentiate (Supplemental Fig. 5). Therefore, these
results suggest that FGF signaling is defective in mLin41
mutants. To explore this further, we examined the response
of neuroepithelium to FGF2 stimulation. As shown by
Western blot analyses (Fig. 6D–F), FGF2 treatment dra-
matically increased p-ERK1/2 and p-AKT levels in wild-
type neuroepithelium. In comparison, p-ERK1/2 and p-AKT
levels were induced in mLin41 mutants but significantly
less so than in wild-type embryos. Together, these results
indicate that mLin41 regulates FGF signaling within neural
progenitor cells and suggest that the decreased prolifer-

Figure 6. FGF signaling is defective in mLin41 mutant neuroepithelium. (A) Western blot analyses of the expression of indicated
proteins in the cranial neuroepithelium of E9.5 wild-type, heterozygous mLin41lacZ/+, and mLin41lacZ/lacZ mutant embryos. b-Actin
serves as a loading control. (B) Quantification of Western blot data from three independent blots in A; (*) P < 0.005. (C) Immunostaining
of p-AKT (red) in spinal cord sections from E9.5 wild-type and mutant embryos grown in culture for 10 min with FGF2. Hoechst stains
nuclei (blue). Bar, 200 mm. Note that fluorescence intensity of p-AKT is stronger in response to FGF2 in wild-type compared with
mutant embryos. (D) Western blot analyses of the expression of p-ERK1/2 and p-AKT in cranial neuroepithelium of E9.5 wild-type and
mutant embryos grown in culture in the presence or absence or FGF2 for 10 min. Total ERK1/2 and total AKT expression serve as
controls. Note the induction of p-ERK1/2 and p-AKT expression in response to FGF2 is strong in wild-type but is significantly less in
mutant embryos. (E,F) Quantification of Western blot data using three independent blots in D.
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ation and premature differentiation of neural progeni-
tors in the mLin41 mutant is at least in part due to
attenuated FGF signaling.

mLin41 enhances the stability of SHCBP1,
an important component of FGF signaling
in neural progenitor cells

To understand further how mLin41 is involved in the
regulation of FGF signaling, we performed a yeast two-
hybrid screen and found that mLin41 interacts with
SHCBP1 (Fig. 7A). SHCBP1 was identified by its interac-
tion with SHC, which is involved in FGF signaling
(Schmandt et al. 1999). Immunoprecipitation studies
confirmed the physical interaction of mLin41/SHCBP1
(Fig. 7B). Given that mLin41 is an E3 ubiquitin ligase (Fig.
5A), our further studies show that mLin41 significantly
promotes SHCBP1 ubiquitination and deletion of the
RING finger domain (mLin41DR) significantly reduces
the ubiquitination levels of SHCBP1 (Fig. 7C). Modifica-
tion by ubiquitin can tag proteins for degradation, pro-
mote protein stability, or regulate protein–protein in-
teractions (Kirkin and Dikic 2007; Sorkin and von
Zastrow 2009). Therefore, we next examined the expres-
sion of different FGF signaling components, including
SHCBP1, in mLin41 knockout embryonic neuroepithelium.
This showed that the SHCBP1 protein level is significantly
decreased in the mLin41 mutant neuroepithelium, but
FGFR1, SHC, and Sprouty2 (Spry2) levels are compara-
ble with wild type (Fig. 7D,E). These studies suggest that
mLin41 positively regulates SHCBP1 protein expression
in neural progenitor cells.

To test whether the E3 ubiquitin ligase activity of
mLin41 is required for the regulation of SHCBP1 protein
expression, we examined the effects of overexpression of
mLin41 with or without the RING finger domain on
SHCBP1 protein levels in HEK293T cells. Consistent
with the in vivo data that mLin41 knockout decreases
SHCBP1 protein levels (Fig. 7D,E), ectopic expression of
mLin41 promotes SHCBP1 protein expression, and de-
pletion of the RING finger domain blunts the degree of
promotion (Fig. 7F,G). To test the possibility that mLin41
promotes SHCBP1 protein levels by affecting its protein
stability, we used cycloheximide (CHX) to block protein
synthesis and examined SHCBP1 degradation. SHCBP1
protein is greatly reduced within 10 h, but mLin41 sig-
nificantly promotes the stability of SHCBP1 (Fig. 7H,I).
Deletion of the RING finger domain results in less
stabilization of SHCBP1 (Fig. 7H,I). These data suggest
that the E3 ubiquitin ligase activity of mLin41 is at
least partially required for the regulation of SHCBP1
stability.

The function of SHCBP1 has not been explored, but its
expression has been noted in proliferating cells, including
cancer cells (Schmandt et al. 1999), and SHCBP1 expres-
sion decreases during neural differentiation (Fig. 7J), con-
sistent with the observation that mLin41 promotes SHCBP1
protein expression and mLin41 expression declines dur-
ing neural differentiation (Fig. 1A). To test whether
SHCBP1 expression is required for FGF signaling in

neural progenitor cells, we knocked down the expres-
sion of SHCBP1 in NE-4C cells and used p-ERK1/2 and
p-AKT as readouts of FGF signaling. This showed that
loss of SHCBP1 expression significantly blunted the re-
sponse of neural progenitor cells to FGF2 treatment
(Fig. 7K,L), indicating that SHCBP1 is necessary for FGF
signaling in neural progenitor cells. Together, these
studies indicate that SHCBP1 is a positive regulator of
FGF signaling and that mLin41 promotes FGF signaling
by enhancing SHCBP1 protein stability in neural progen-
itor cells.

Discussion

Here we identify mLin41 as a temporal regulator of neural
progenitor cell maintenance during early neural develop-
ment. Although mLin41 is an E3 ubiquitin ligase that
associates with the miRNA effector AGO2, our in vitro
and in vivo studies suggest that AGO2 is not the bona fide
substrate of mLin41 and mLin41 does not regulate the
ubiquitination and stability of AGO2 in neural progenitor
cells. Our mechanistic studies indicate that mLin41 pos-
itively regulates FGF signaling through controlling the
stability of SHCBP1, and we show SHCBP1 is necessary
for FGF signaling in neural progenitor cells. These findings
are particularly important in providing new insights into
understanding the temporal regulation of neural progeni-
tor cell maintenance and the spatiotemporal control of
FGF signaling during early development.

Loss of mLin41 causes a NTD (Maller Schulman et al.
2008), as also shown here (Fig. 2E,F). However, the un-
derlying basis of the NTD and the mechanisms by which
mLin41 regulates neural development had not been pre-
viously determined. In this study, we found that mLin41
controls the balance of proliferation and differentiation
of neural progenitor cells and disruption of this balance
upon the deletion of mLin41 leads to NTD (Figs. 3, 4).
Furthermore, our in vitro and in vivo studies suggest that
mLin41 regulates neural development through FGF sig-
naling (Figs. 6, 7). Previous studies in embryonal carci-
noma cells reported that mLin41 functions as the E3
ubiquitin ligase to degrade AGO2 (Rybak et al. 2009).
However, we did not detect changes in AGO2 protein
levels in 293T cells upon mLin41overexpression in the
presence or absence of proteasome inhibitors (Fig. 5B).
Moreover, ubiquitination assays failed to show a change
in AGO2 ubiquitination in the presence of mLin41 (Fig.
5E,F; Supplemental Fig. 4A,B). Most importantly, in vivo
analyses showed that AGO2 protein levels are not signif-
icantly changed in the absence of mLin41 (Fig. 5C,D), nor
are the endogenous ubiquitination levels of AGO2 (Fig.
5G,H; Supplemental Figure 4C). Although it is possible
that the regulation of AGO2 by mLin41 is distinct in
different cell types, our in vitro and in vivo studies
suggest that mLin41 does not directly regulate AGO2
ubiquitination or stability in neural progenitor cells
under physiological conditions. It remains an open ques-
tion whether mLin41 functions as an E3 ubiquitin ligase
to regulate other miRNA pathway proteins in early
development.
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Figure 7. mLin41 enhances the stability of SHCBP1, an important component of FGF signaling in neural progenitor cells. (A) mLin41–
SHCBP1 interaction in yeast two-hybrid assay. Yeast cells were cotransfected with the indicated plasmids and plated in medium with (+)
or without (�) histidine (H) and adenine (A). (AD) Activation domain; (DBD) DNA-binding domain; (G4) Gal4; (LAM) lamin. (B) mLin41 is
physically associated with SHCBP1. Protein extracts from HEK293 cells coexpressing Myc-tagged SHCBP1 and Flag-tagged mLin41 were
immunoprecipitated using anti-Myc tag beads (IP Myc) followed by immunoblot with anti-Flag antibody (WB mLin41). (C) mLin41
promotes SHCBP1 ubiquitination. Flag-tagged wild-type or RING finger domain-deleted mutant (DR) mLin41 were expressed in 293T cells
along with Myc-SHCBP1 and HA-ubiquitin (Ub) as indicated. The levels of SHCBP1 ubiquitylation were evaluated by immunoprecip-
itation of SHCBP1 using anti-Myc antibodies followed by anti-HA immunoblotting. (D) Western blot analyses of the expression of FGF
signaling components in the cranial neuroepithelium of E9.5 wild-type and mLin41lacZ/lacZ mutant embryos. b-Actin serves as a loading
control. (E) Quantification of Western blot data from three independent blots in D; (*) P < 0.005. (F) Western blot analyses of endogenous
expression of SHCBP1 upon the overexpression of mLin41 or RING finger domain-deleted mLin41DR in the HEK293T cells. (G)
Quantification of Western blot data from three independent blots in F. (H) mLin41 enhances the stability of SHCBP1. HEK293T cells
transfected with mLin41 or mLin41DR for 24 h were treated with 25 mg/L CHX, and cells were lysed at different times as indicated.
Stability of endogenous of SHCBP1 was determined by Western blot analyses with anti-SHCBP1 antibody. (I) Quantification of Western
blot data from three independent experiments in H. (J) Western blot analyses of the protein expression of SHCBP1, mLin41, and neural
differentiation marker TuJ1 in cranial neuroepithelium at different embryonic stages as indicated. b-Actin serves as a loading control. (K)
Western blot analyses of the expression of p-ERK1/2 and p-AKT in control or Shcbp1 knockdown NE-4C cells in the presence or absence
of FGF2 for 10 min. Total ERK1/2 and total AKT expression serve as controls. Note the induction of p-ERK1/2 and p-AKT expression in
response to FGF2 is significantly reduced in the Shcbp1 knockdown cells compared with control cells. (L) Quantification of Western blot
data using three independent blots in K. (*) P < 0.02; (**) P < 0.001.
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Neural progenitor cells at different stages of development
use distinct self-renewal programs to control their pro-
liferation rate, self-renewal potential, and orientation
of cell division (Gotz and Huttner 2005; Levi and
Morrison 2008). However, the underlying genetic and
mechanistic components that control neural progenitor
cells at early embryonic stages are ill-defined. In this
study, we demonstrate that mLin41 is temporally expressed
in early neural progenitor cells. mLin41 is required to
promote cell proliferation and prevent premature differ-
entiation of neural progenitor cells. The biological signif-
icance of mLin41 action is to maintain this unique self-
renewal program in order to expand neural progenitor cell
pools necessary for neural tube growth. The absence of
mLin41 leads to NTDs in mLin41lacZ/lacZ mutant mice
(Fig. 2E,F; Maller Schulman et al. 2008). While reduced
proliferation within the neuroepithelium is known to
cause NTDs (Copp et al. 2003), it remains largely un-
known how neural progenitor cells achieve spatiotem-
poral control of cell proliferation. Our current results on
the temporal control of neural progenitor proliferation by
mLin41, together with our previous studies on the spatial
control of neural progenitor proliferation (Kim et al.
2007), reveal that neural progenitor cells express distinct
genes in a spatiotemporal manner to precisely control
cell proliferation and neural tube growth.

Signaling through FGF, WNT, Notch, and SHH path-
ways is well known to regulate neural progenitor cell
proliferation (Doe 2008). However, it has been unclear
how neural progenitor cells intrinsically interpret these
signaling events in a spatiotemporal manner. We show
here that mLin41 is a positive temporal regulator of FGF
signaling within neural progenitor cells. Moreover, we
identify SHCBP1 as a protein that interacts with, and is
ubiquitinated by, mLin41 (Fig. 7A–C); mLin41 promotes
SHCBP1 stability (Fig. 7D–I), and SHCBP1 function is
required for FGF signaling in neural progenitor cells (Fig.
7K,L). Overexpression of mLin41 in which the RING
finger domain has been deleted still has substantial activ-
ity, albeit less than full-length mLin41, suggesting that
mLin41 may promote SHCBP1 stability in an E3 ubiquitin
ligase activity-independent manner. It is possible that
mLin41 or mLin41DR could serve as an adaptor protein
to recruit unknown E3 ubiquitin ligases to promote
SHCBP1 protein stability, which could be studied in the
future. As FGF signaling is critical in the regulation of
neuroepithelial proliferation, and FGF signaling is dis-
rupted in mLin41 mutants, this can explain the signif-
icant decrease in proliferation observed in the mLin41
mutant neural tube. FGF signaling also represses neural
differentiation, and signaling must be attenuated for
neurogenesis to proceed (Diez del Corral et al. 2002;
Kang et al. 2009). Our work suggests that the attenua-
tion of FGF signaling is at least in part due to the
temporal decline in expression of mLin41. Together,
mLin41 functions as a temporal and positive regulator
for neural progenitor maintenance. It does so through
enhancing the stability of SHCBP1, an essential com-
ponent of the FGF signaling, therefore promoting FGF
signaling in neural progenitor cells (Fig. 8).

Materials and methods

Generation of mLin41lacZ/lacZ mutant mice

The ES cell line XA144, containing lacZ inserted into the mLin41

locus (Fig. 2A), was obtained from BayGenomics and injected into
C57BL/6J blastocysts by the University of North Carolina at
Chapel Hill (UNC-CH) Animal Core Facility. The chimeric off-
spring were mated to 129S1/SvImJ mice for germline transmission,
and the progeny were screened for heterozygous mLin41lacZ/+ mice
using genotyping primer set mLin41F, mLin41R1, and mLin41R2
as described in Supplemental Table 1. Results were obtained from
embryos that were third generation in 129S1/SvImJ.

Analysis of mutant phenotype

Whole-mount and section RNA in situ hybridizations were
performed as described (Zohn et al. 2006; Kim et al. 2007). The
plasmids for mLin41, Shh, Notch1, Hes-5, Mash1, and Math1

probes are available on request. Histological processing, TUNEL
assay, BrdU-labeling experiments, immunofluorescence staining
on cell lines, and immunohistochemical labeling of cryosections
were performed as described (Chen et al. 2008) using primary
antibodies as listed in Supplemental Table 2. Secondary anti-
bodies used were Alexa 488 and Alexa 555 conjugated to specific
IgG types (Invitrogen Molecular Probes).

Plasmid constructs

All plasmids were constructed according to standard molecular
methods. Full-length and RING finger domain-deleted mLin41
were cloned into Flag-pCDNA vector using primers described in
Supplemental Table 1. The serial deletion constructs of mLin41

for immunoprecipitation and Shcbp1 were inserted into Myc-
tagged pCMV-3Tag-4 vector (Stratagene) using the primers de-
scribed in Supplemental Table 1. Flag-tagged Ago2 plasmids were

Figure 8. Schematic model of mLin41 functions and its in-
volvement in FGF signaling in neural progenitor cells. mLin41 is
highly expressed in neural progenitor cells, in which SHCBP1 is
an essential component of FGF signaling. As an E3 ubiquitin
ligase, mLin41 binds and ubiquitinates SHCBP1, which leads to
its stabilization and the promotion of FGF signaling. mLin41
expression declines during neural differentiation, which results
in the reduction of SHCBP1 expression and FGF signaling. Thus,
mLin41 promotes neural progenitor cell maintenance through
enhancing SHCBP protein stability and FGF signaling.
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generous gifts from the Da-zhi Wang laboratory at the Children’s
Hospital of Boston at Harvard Medical School.

Yeast two-hybrid screen

To identify mLin41-interacting proteins, a yeast two-hybrid
screen was conducted according to the Matchmaker Gold yeast
two-hybrid system user manual (BD Clontech, catalog no.
630489). Specifically, mLin41 full-length fused with GAL4 DNA-
binding domain was used as a bait to screen a mouse E11 cDNA
library as described by the manufacturer (BD Clontech, catalog
no. 630478). The prey plasmids were recovered from those poten-
tial interacting clones and then subjected to digestion with Alul or
HaeIII to eliminate duplicate clones before final sequencing.

Cell culture and whole-embryo culture

NE-4C cells were obtained from the American Type Culture
Collection (ATCC) and cultured in a-MEM (Invitrogen) supple-
mented with 10% FBS. To examine the response of neuroepithe-
lium to FGF2, E9.5 wild-type or mLin41 mutant embryos were
dissected and cultured for 10 min with or without 20 ng/mL FGF2
according the whole-embryo culture method described previously
(Pyrgaki et al. 2011). The cranial neuroepithelium were collected
for Western blot analyses.

Proteasome inhibition assay, immunoprecipitation,

and Western blotting

For proteasome inhibition assay, 293T cells were transfected
with plasmids as indicated in Figure 5B. After 24 h post-
transfection, 10 mM MG-132 was added to the treatment in
the fourth lane (Fig. 5B) for 12 h before the sample collection.
Cells were lysed in lysis buffer (50 mM Tris-HCl at pH7.4, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 tablet protease
inhibitor ½Roche� per 10 mL). Cell debris was pelleted at 12,500
rpm for 10 min at 4°C, and the supernatant was incubated with
primary antibodies overnight at 4°C. The lysates were incu-
bated with Protein A or G Sepharose beads for 2 h, followed
by washing of the immunoprecipitates three times with lysis
buffer and elution of bound proteins in SDS-PAGE sampling
buffer for 10 min at 100°C. Western blots were performed as de-
scribed previously (Chen et al. 2006) using primary antibodies as
listed in Supplemental Table 2. Secondary antibodies used were
donkey anti-sheep (713-035-147, Jackson ImmunoResearch),
goat anti-rabbit (172-1019, Bio-Rad), and goat anti-mouse (172-
1011, Bio-Rad).

In vitro ubiquitination assay

mLin41 proteins were purified from HEK293T cells transfected
with Flag-tagged mLin41 using Flag-conjugated beads (Sigma).
The mLin41 proteins and recombinant AGO2 (50683-M07B,
Sino Biological Inc.) were added to 20 mL of ubiquitination
mixture containing 2 mg of ubiquitin (Boston Biochem), 0.5 mg
of E1 (Boston Biochem), 0.5 mg of E2 (Ubch5a), 50 mM Tris (pH
7.5), 1 mM DTT, 5 mM MgCl2, 10 mM ATP, 1 mM ubiquitin
aldehyde (Calbiochem), and 2 mM MG132 (Boston Biochem).
The reaction was incubated for 2 h at 37°C and stopped by the
addition of SDS sample buffer followed by Western blot analysis
with AGO2 antibody.

In vivo ubiquitination assay

NE-4C cells or 293T cells were transfected with various combi-
nations of plasmids as indicated (Fig. 5E; Supplemental Fig. 4B),

along with HA-tagged ubiquitin. After 36 h post-transfection, the
whole-cell extracts prepared by lysis buffer were subjected to
immunoprecipitation of the substrate protein. The analysis of
ubiquitination was carried out by immunoblotting with anti-HA
antibodies.
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