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BENDG is a nuclear antagonist of Notch signaling during self-
renewal of neural stem cells
Qi Dai', Celia Andreu-Agullo’, Ryan Insolera?, Li Chin Wong', Song-Hai Shi'? and Eric C. Lai'%*

SUMMARY

The activity of the Notch pathway revolves around a CSL-class transcription factor, which recruits distinct complexes that activate or
repress target gene expression. The co-activator complex is deeply conserved and includes the cleaved Notch intracellular domain
(NICD) and Mastermind. By contrast, numerous CSL co-repressor proteins have been identified, and these are mostly different between
invertebrate and vertebrate systems. In this study, we demonstrate that mammalian BEND6 is a neural BEN-solo factor that shares
many functional attributes with Drosophila Insensitive, a co-repressor for the Drosophila CSL factor. BEND6 binds the mammalian CSL
protein CBF1 and antagonizes Notch-dependent target activation. In addition, its association with Notch- and CBF1-regulated
enhancers is promoted by CBF1 and antagonized by activated Notch. In utero electroporation experiments showed that ectopic
BENDG inhibited Notch-mediated self-renewal of neocortical neural stem cells and promoted neurogenesis. Conversely, knockdown
of BENDG increased NSC self-renewal in wild-type neocortex, and exhibited genetic interactions with gain and loss of Notch pathway
activity. We recapitulated all of these findings in cultured neurospheres, in which overexpression and depletion of BEND6 caused
reciprocal effects on neural stem cell renewal and neurogenesis. These data reveal a novel mammalian CSL co-repressor in the nervous

system, and show that the Notch-inhibitory activity of certain BEN-solo proteins is conserved between flies and mammals.
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INTRODUCTION

The Notch pathway is an ancient cell communication system that is
broadly utilized to determine cell fates and pattern tissues
throughout the Metazoa (Lai, 2004). At its core are the
transmembrane ligand and receptor pair, Delta and Notch,
respectively. Their productive interaction induces Notch cleavage
and nuclear translocation of the Notch intracellular domain (NICD).
There, it functions as a transcriptional co-activator for a member of
the CSL transcription factor family, so-named for human CBF1
(now known as RBPJ), Drosophila Suppressor of Hairless [Su(H)]
and nematode LAG-1. A tripartite complex of NICD, CSL and
Mastermind activates various target genes, often in a setting-specific
manner. However, multiple genes encoding basic helix-loop-helix
(bHLH) repressors figure prominently as conserved effectors of
Notch signaling (Bailey and Posakony, 1995; Jarriault et al., 1995;
Lecourtois and Schweisguth, 1995), and are activated in response to
Notch signaling in diverse developmental settings.

Historically, studies of gene regulation by transcription factors in
signaling pathways focused on targets that are ‘turned on’.
However, growing attention has been paid to the fact that many
signal-regulated transcription factors function as active repressors in
the absence of pathway activity, referred to as ‘default repression’.
Indeed, such dual transcriptional activity has been argued to be a
fundamental attribute of signal-regulated transcription factors
(Barolo and Posakony, 2002). This might serve to heighten the
differential between ‘on’ and ‘off” states of signaling, prevent
spurious target gene activity, and/or help impose temporal precision
on signaling.
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Default repression by members of the conserved CSL
transcription factor family is crucial for proper cell fate decisions
mediated by Notch signaling. However, although many different
CSL-interacting co-repressors have been defined in invertebrate and
vertebrate systems, studies to date have not revealed strikingly
conserved requirements for the various CSL co-repressors (Lai,
2002). For example, whereas Hairless is the major co-repressor for
the Drosophila Su(H), acting as an adaptor protein that recruits both
CtBP and Groucho repressor complexes (Morel et al., 2001; Barolo
etal., 2002), mammalian Hairless proteins have not been identified.
In mammals, SHARP (also known as MINT and SPEN) and CIR1
both bind the mammalian CSL protein CBF1 and recruit
NcoR/SMRT (NcoR2) and histone deacetylase (HDAC) repressor
complexes (Hsieh et al., 1999; Kuroda et al., 2003; Oswald et al.,
2005). However, evidence that invertebrate SHARP and CIR1
proteins mediate substantial aspects of Notch target repression in
vivo is limited. Recently, the histone demethylases KDMS5A/Lid
were reported as conserved members of CBF1-Su(H) co-repressor
complexes that bind directly to these transcription factors (Moshkin
et al., 2009; Liefke et al., 2010), although these chromatin factors
have pleiotropic functions involving diverse DNA-binding partners
such as Rb, Myc (also known as Dm in Drosophila) and PRC2
(Polycomb repressive complex 2) (Fattaey et al., 1993; Secombe et
al., 2007; Pasini et al., 2008).

We recently characterized Drosophila Insensitive, a neural-
specific CSL co-repressor that inhibits Notch and Su(H) target genes
during multiple steps of peripheral neurogenesis (Duan et al., 2011).
Because Insensitive contains a single BEN domain and lacks other
motifs (save for a potential coiled-coil region), we refer to it as a
‘BEN-solo’ factor. This distinguishes it from other BEN-containing
proteins that either have multiple copies of BEN and/or contain
other characterized domains (Abhiman et al., 2008). Here, we
analyzed the properties of the mammalian BEN-solo factor BENDG,
yielding extensive parallels with Drosophila Insensitive. In vitro,
BENDG6 directly binds CBF1, opposes Notch-induced target
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transcriptional activation, inhibits Notch-maintained renewal of
neural stem cells and promotes neural commitment. /n vivo, BEND6
is expressed in a gradient along the embryonic neocortex with
highest levels in differentiated neurons, and associates with Notch-
and CBFIl-regulated enhancers. We present multiple lines of
evidence, using in vitro neurosphere assays and in vivo
overexpression and knockdown manipulations in embryonic
neocortex, that BEND6 is an endogenous inhibitor of Notch
signaling that regulates neural stem cell (NSC) dynamics and neural
differentiation.

MATERIALS AND METHODS

Molecular cloning

The mouse Bend6 (mBend6) open reading frame (ORF) was amplified
and cloned into the EcoRI site of pCAG-IRES-GFP for in utero
electroporation and into the EcoRI site of pMXIE (Hitoshi et al., 2002).
The mBend6 ORF was also cloned into the pD/ENTR vector (Invitrogen)
and transferred into pUAS-Myc using Gateway cloning. mBend6 short
hairpin RNAs (shRNAs) were designed using PSICOLIGOMAKER 1.5.
Annealed oligonucleotides were cloned into the Hpal and Xhol sites of
the Lentiviral vector pLL3.7, which contains a separate CMV>DsRed
marker. mBEND6 shRNA1 and shRNA2 effectively suppressed co-
expressed mBEND6-V5 protein in HEK293T cells. mBEND6 shRNA3
failed to suppress mBENDG6-VS5 expression when used as 1:1 ratio
(shRNA:mBENDG6-V5) and had modest activity when used as 3:1 ratio.
We used this relatively inefficient shRNA as a control in in vitro
neurosphere assays, cell-pair assays and differentiation assays.
Oligonucleotides are listed in supplementary material Table S1 and all
plasmids were confirmed by sequencing.

Glutathione s-transferase (GST) pulldown assays

Constructs used in the GST-pulldown assay were amplified from
Drosophila insv and human BEND6 (hBEND6) cDNAs with primers
containing EcoRI and Xhol restriction sites (supplementary material Table
S1), and cloned into the corresponding sites of pGEX5X-2. In vitro
translation was performed using pET-His-Su(H) (gift of James Posakony,
University of California, San Diego) or pCMV-SPORT6-CBF1 (ATCC-
10437626).

GST and GST fusion proteins were expressed in Escherichia coli BL21
cells and purified on glutathione Sepharose beads (Sigma). 3*S-labeled
proteins were translated in vitro with TnT coupled reticulocyte lysate
(Promega) and pre-cleared with GST-Sepharose (GE Healthcare). They
were then incubated with GST-fusion proteins on GST Sepharose in NETN
buffer (20 mM Tris pH 8.0, 100 mM NacCl, 1 mM EDTA, 0.5% NP40) for
1 hour. Sepharose beads were collected and washed four times in NETN
before elution by boiling in loading buffer. Proteins were separated on 10%
polyacrylamide-SDS, stained with Coomassie Blue, vacuum dried at 80°C,
and exposed to a phosphorimager (Molecular Dynamics).

Luciferase assays

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (GIBCO)
containing 10% fetal calf serum, 50 IU/ml penicillin and 50 pg/ml
streptomycin. Transfections were performed in 96-well plates using
Lipofectamine 2000 reagent (Invitrogen). For each well, 100 pl cells at
2x10°/ml density were seeded 24 hours before transfection. The following
DNA combinations were used: 40 ng 8xCBF1 firefly luciferase reporter
(Zhou et al., 2000), 80 ng of pMXIE-Notch1ICD (Hitoshi et al., 2002) or
pMXIE empty vector, 320 ng of pPCMV-SPORT6-hBEND6 (American Type
Culture Collection, MGC-30132) or 320 ng pBluescript plasmid for
compensating the total amount of DNA. Renilla luciferase construct (10
ng) was used as internal control. Transfected cells were cultured for 24 hours
before harvest. Luciferase activity was measured in cell lysates using Dual
Luciferase Assays (Promega), and promoter activity was defined as the ratio
between the firefly and Renilla luciferase activities.

Drosophila genetics
UAS-Myc-mBend6 was generated using standard P transformation
(BestGene, Chino Hills). Other stocks used in rescue experiments were sca-

Gal4, Hairless[E31] (from James Posakony), and UAS-Insv (Duan et al.,
2011). Flies were cultured at 25°C.

Chromatin immunoprecipitation (ChIP)-qPCR

Dissected embryonic day (E)13.5 mouse heads, HEK293T cells (with or
without mBEND6-V5), or OT11 (Chf1 knockout) cells transfected with CBF1
and/or mBEND6-V5, were homogenized and fixed in 1.8% formaldehyde.
Chromatin in lysis buffer containing 0.1% SDS was sheared to ~0.5 kb, then
treated overnight with anti-mBENDG6 antibody or pre-immune serum for
E13.5 material, and with anti-V5 (Invitrogen) or mouse IgG (Jackson
ImmunoResearch) for HEK293T cells and OT11 cells. For each
immunoprecipitation, 0.5 ml supernatant containing sheared chromatin was
pre-cleared overnight with 40 pul Gammabind G agarose (GE Healthcare)
coated with BSA to remove background, then treated overnight with anti-
BENDG antibody or pre-immune serum. Precipitated complexes were washed
and eluted, and cross-links were reversed overnight at 65°C. After treatment
with proteinase K, DNA was purified using QIAprep Spin columns (Qiagen)
and recovered in 50 pl elution buffer containing RNase A.

Real-time PCR was performed on a BIO-RAD CFX96 using Power
SYBR Green (Applied Biosystems) using primers listed in supplementary
material Table S1. PCR was performed on 1 pl template DNA in triplicate
samples, and immunoprecipitated DNA was compared against standard
curves from serial dilutions of input DNA. Values were plotted as fold
enrichment normalized to pre-immune reference samples, with standard
deviation of triplicate samples indicated.

Mice and in utero electroporation

We generated mouse BEND6 constructs in pCAG-IRES-GFP or pCAG-
IRES-DsRed (Matsuda and Cepko, 2004) and sh-mBENDG6 constructs in
pl13.7-IRES-DsRed (Rubinson et al., 2003). Previously described plasmids
included Notch-ICD (Weng et al., 2003), DN-MAML (Maillard et al., 2004)
and Hes5>DsRed (Mizutani et al., 2007). In utero electroporation into CD-
1 mice was performed as described (Saito and Nakatsuji, 2001; Saito, 2006).

Briefly, timed pregnant CD-1 mice with E13.5 embryos were anesthetized
using isofluorane and the uterine horns were exposed. We microinjected ~1
ul of plasmid DNA (1-3 pg/ul) spiked with Fast Green (Sigma) into the lateral
ventricles of embryos using beveled and polished glass micropipettes
(Drummond Scientific). Five 50-msecond pulses of 40-45 mV with 950-
msecond intervals were delivered across the uterus with two 9-mm electrode
paddles positioned on either side of the embryo head, with the negative paddle
upon the ventricle containing injected DNA (BTX, ECM830). The embryos
were kept moist by constant bathing with 37°C PBS (pH 7.4). As standard
procedure, the uterus was placed back in the abdominal cavity, the wound
surgically sutured and wound clips were placed covering the incision. The
animals were placed in a 28°C incubator until they recovered and visibly
resumed normal activity, and we monitored their health at 24 and 48 hours
post-surgery. All animal procedures were approved by MSKCC Institutional
Animal Care and Usage Committee (IACUC #09-04-005).

At appropriate time points, embryos were transcardially perfused with
saline PBS followed by 4% paraformaldehyde (PFA). The perfused brains
were dissected, fixed overnight and sectioned coronally (80-100 um) using
a vibratome (Leica Microsystems).

Immunochemistry and confocal imaging

Mouse brain sections were incubated for 1 hour at room temperature in
blocking solution [10% fetal bovine serum (FBS), 0.3% Triton X-100], then
in primary antibodies at 4°C overnight. Sections were washed three times
for 20 minutes each in 0.3% Triton X-100 in PBS, then incubated with
fluorophore-conjugated secondary antibodies for 2 hours at room
temperature. Incubation with DAPI for 5 minutes and three 20-minute 0.1%
Triton X-100 washes followed. Primary antibodies were: rabbit anti-
mBENDG (1:500; custom made by Strategic Diagnostics), rabbit anti-PAX6
(1:200; Covance), rabbit anti-TBR2 (1:200; Abcam), mouse anti-TUJ1
(1:200; Covance), chicken anti-GFAP (1:500; Millipore) and goat anti-
SOX2 (1:150; R&D Systems). Secondary antibodies were: donkey anti-
rabbit Alexa Fluor 488 (1:500; Invitrogen), donkey anti-goat Dylight 549
(1:1000; Jackson ImmunoResearch), donkey anti-chicken Dylight 649
(1:1000; Jackson ImmunoResearch) and donkey anti-mouse Dylight 549
(1:1000; Jackson ImmunoResearch).
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Neural stem cell culture, self-renewal and differentiation assays
Mouse embryonic cortices were dissected and dissociated into single cell
suspensions using a fire-polished Pasteur pipette. Cells were maintained in
proliferation media (STEMCELL Technologies) supplemented with 20 ng/ml
epidermal growth factor (EGF; Sigma) and 10 ng/ml fibroblast growth factor
(FGF; Invitrogen), and transfected using Amaxa nucleofection. For self-
renewal assays, neurospheres were dissociated using Accutase (Sigma) and
seeded at very low density (0.5 cell/ul) in 96-well plates. After 4 days,
neurospheres were quantified, then dissociated and re-plated at 0.5 cell/pl for
the second passage; this was repeated for a third passage.

For differentiation assays, we dissociated neurospheres and plated 75,000
cells on Matrigel. These were cultured in media with FGF for 2 days (to
permit neuronal survival), followed by 5 days in 2% FBS (to promote
astrocyte maturation). Cells were then fixed for immunostaining and
quantification. For the cell pair assay, cells overexpressing the different
constructs were plated at 25 cells/ul in 24-well plates. Twenty-four hours
later, cells were fixed in 4% PFA for 15 minutes. We performed
immunostaining using anti-PAX6 (1:250; Covance), anti-TUJ1 (1:600;
Covance) and anti-GFP (1:600; Abcam).

RESULTS

BENDG is a conserved direct co-repressor for the
Notch transcription factor CBF1

Based on our recent observation that the Drosophila BEN-solo
factor Insensitive (Insv) is a direct co-repressor for Su(H) (Duan et
al., 2011), we investigated whether any mammalian factor might
serve a similar function. BEN proteins are not very well conserved
(Abhiman et al., 2008), which obscures potential orthology
relationships. For example, mammalian BEND6 and Insv bear only
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6.7% overall identity, with their BEN domains exhibiting 33%
identity. However, as BENDG has a similar organization to Insv, i.e.
it has a C-terminal BEN domain and a predicted N-terminal coiled-
coil region (Fig. 1A), we investigated its properties further. Human
and mouse BENDG are 84% identical and we performed assays with
both constructs in this study; their activities proved very similar.

We prepared a GST fusion to the BEN domain of human BENDG6,
and tested for interaction with 3*S-labeled hCBF1, the human Notch
transcription factor. We detected specific pulldown by comparison
with GST alone (Fig. 1B), suggesting that BEND6 is an Insv
homolog. This was bolstered by cross-species interactions amongst
metazoan BEN-solo proteins and CSL-class Notch transcription
factors: the BEN domain of Insv could pull down both Drosophila
Su(H) and human CBF1, and the BEN domain of hBEND6
performed similarly (Fig. 1B). These findings prompted functional
tests of hBENDG6. We utilized an 8xCBFI-luc reporter that was
induced by Notch1-ICD (subsequently referred to as NICD) when
transfected in HEK293T cells. Activation by NICD was diminished
by co-transfection of an hBEND6 construct (Fig. 1C), indicating
that BENDG6 opposes the function of activated Notch.

Finally, we performed a strict test of the functional equivalence
of Insv and BENDG6 using an in vivo rescue assay. Among the many
developmental settings of Notch signaling, one that is very sensitive
is asymmetric division of the mechanosensory organ plIA cell,
which generates socket and shaft cells that are visible on the fly
cuticle (Lai and Orgogozo, 2004). Heterozygosity of the major
Drosophila Su(H) co-repressor encoded by Hairless results in a
mild Notch gain-of-function phenotype (Bang et al., 1991),
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Fig. 2. Preferential expression of BEND6
expression in differentiating neurons in mouse
embryonic neocortex. (A-C") Images of E13.5
cortices immunostained with the antibodies
against mBENDG (A) and SOX2 (A"), or against
mBENDS (B) and TUJ1 (B"). Higher magnification
images of MBEND6 and TUJ1 stainings in the VZ are
shown in C-C". A"-C" show merged images with
both markers and DAPI. Dashed lines indicate the
luminal surface of the VZ. Scale bars: 50 um in A-B”;
10 umin C-C".

including socket-to-shaft transformations in mechanosensory organs
that are particularly evident amongst head macrochaetes (Fig.
1D,E). This was rescued using sca-Gal4 to drive expression of Insv
in the peripheral nervous system (Fig. 1F). We generated an
inducible transgene of mouse Bend6, and observed that it similarly
rescued H/+ double-socketed organs (Fig. 1G, quantified in 1H).

These biochemical, molecular and genetic tests suggest that,
despite modest overall sequence similarity, mammalian BENDG6 is
a functional ortholog of Drosophila Insensitive and shares activity
as a CSL co-repressor.

Mouse BENDG is a nuclear protein with neural-
restricted expression

We generated a rabbit mBEND6 antibody and used it to assess
mBENDG expression. Peak periods of neocortical neurogenesis occur
at E13-E14. During this time, radial glial cells (RGCs) predominantly
divide asymmetrically to allow self-renewal and produce either a
neuron or an intermediate progenitor cell (IPC); IPCs divide
symmetrically to generate neurons (Malatesta and Gotz, 2013).
Neural stem cells (NSCs) and IPCs are located in the ventricular zone
(VZ) and sub-VZ (SVZ), as revealed by expression of SOX2 (both
NSCs and IPCs), PAX6 (NSCs) and TBR2 (EOMES — Mouse
Genome Informatics) (IPCs). Neurons, as labeled by TUJ1 (TUBB3
— Mouse Genome Informatics), migrate radially from the VZ/SVZ,
passing through the intermediate zone (IZ), ultimately to the cortical
plate (CP).

We observed that mBENDG is nuclear and expressed in a gradient
along E13.5 neocortex, with lowest expression in the stem cell
layers and highest expression in the differentiating neural layers
towards the cortical plate (Fig. 2A). This gradient is opposite to
SOX2 expression and to Notch activity, both of which are highest
in the VZ and lowest in the CP (Fig. 2A-A"). Cells that express
higher levels of mBENDG in the IZ and CP were co-stained with the
neuronal marker TUJ1 (Fig. 2B), suggesting their committed
neuronal fate. Interestingly, a small population of VZ cells strongly

co-stain for mBENDG6 and TUJ1 (Fig. 2C). As these cells are likely
to be neuronal daughter cells produced from RGC division,
upregulation of mBEND6 might be an early marker for neural
commitment. Notably, this characteristic also applies to Insensitive,
which initiates early in the sensory organ precursor lineage and
persists specifically in the cell destined to become the postmitotic
neuron (Duan et al., 2011). Therefore, BEND6 not only shares
molecular and functional properties with Insensitive, but it is
deployed in an analogous spatial fashion.

We extended our assessment to E10, E18, postnatal day (P)10
and adult brains (supplementary material Fig. S1). Consistently,
BENDG6" cells co-labeled with TUJ1 throughout all these stages,
although not all TUJ1* cells expressed mBEND6 protein. However,
BEND6 was not co-expressed with GFAP, a typical astrocyte
marker (supplementary material Fig. S1). Therefore, BEND6
appears to be restricted to a neuronal subpopulation and is not
expressed in astrocytes.

Endogenous BENDG is localized to Notch- and
CBF1-target enhancers

Drosophila Insensitive binds many Notch-regulated enhancers
across the Enhancer of split-Complex [E(spl)-C] (Duan et al., 2011),
including multiple bHLH repressor genes that are major conserved
effectors of Notch signaling. We tested whether mouse BEND6
associates with Notch targets, by immunoprecipitating chromatin
from dissected E13.5 heads with mBEND6 or IgG antibodies.
BENDG6 bound in vivo at regions bearing CBF1-binding sites in the
Notch-regulated bHLH repressors Hes !, Hes5 and Hey! (Fig. 3A),
which are conserved Notch effectors (Jarriault et al., 1995; Cau et
al., 2000; Maier and Gessler, 2000). Three control promoters,
including Cpn2 (which is genomically adjacent to Hes!), actin and
Gapdh, were not substantially bound by mBENDG6 (Fig. 3A).
Therefore, bHLH repressors are not only conserved Notch and CSL
targets that execute Notch signaling, but also conserved targets of
neural BEN-solo proteins in flies and mammals. We also observed
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specific binding of BEND6 to the Notch- and CBF1-regulated
enhancer of brain lipid binding protein (Blbp; Fabp7 — Mouse
Genome Informatics) (Vo et al., 2005) (Fig. 3A).

The activity of CBF1 on target genes switches depending on
whether it is associated with co-repressor or co-activator molecules
(Lai, 2004). We tested whether NICD could disrupt binding of
BENDG6 to a CBF1-regulated enhancer using the tissue culture
model. A mouse BENDG6 construct tagged at the C-terminus with
V5 (mBEND6-VS) accumulated in the nucleus of transfected
HEK293T cells (Fig. 3B). We prepared chromatin from V5 and IgG
immunoprecipitates and analyzed them by qPCR for occupancy at
Notch- and CBF1-regulated enhancers of Hes/ and Hes5. We
observed enrichment of mBENDG6-V5 by >100-fold at Hes5 and by
more than sevenfold at Hes! (Fig. 3C). The appropriate subcellular
and chromatin localization of mBENDG6-VS5 indicated that the tag
did not affect BENDG activity. Strikingly, the enrichments at Hes/
and Hes5 were almost completely depleted by co-transfecting NICD
along with mBENDG6-V5 (Fig. 3C). Therefore, activated Notch
displaces BEND6 from CBF1-target enhancers.

Finally, we tested whether CBF1 mediates chromatin localization
of BENDG, using the Chf7 knockout cell line OT11 (Kato et al.,
1997). We compared binding of mBENDG6 to the Hes5 promoter in
OTI11 cells transfected with CBF1 and/or mBEND6-VS5. As
expected, V5 antibody pulled down no DNA, unlike IgG from cells
expressing CBF1 alone, and little binding was observed in OT11
cells transfected with mBEND6-V5. However, in cells expressing
both CBF1 and mBENDG6-V5, the association of mBENDG6 to the
Hes5 promoter increased to 40-fold above background (Fig. 3D).
These data, along with the GST pulldown results, are consistent
with the notion that CBF1 recruits BENDG6 to target promoters for
repression.

Mouse BEND6 inhibits Notch-mediated self-
renewal of NSCs and promotes neurogenesis in
neurospheres

Among its myriad developmental requirements, Notch signaling is
crucial for maintaining the self-renewal of neural stem cells

Fig. 3. Chromatin immunoprecipitation (ChIP) of
BENDG6 to Notch-regulated enhancers. (A) ChIP-
gPCR on E13.5 mouse head extracts show that BEND6
generates substantial signals in the vicinity of
characterized CBF1-binding sites in multiple Notch
targets, compared with control loci (note Cpn2 is the
neighboring gene to HesT). (B) mBEND6-V5
accumulates exclusively in nuclei of transfected
HEK293T cells. (C) ChIP-gPCR of HEK293T cells
transfected with NICD and/or mBEND6-V5. V5
immunoprecipitation was normalized to IgG
immunoprecipitation. Robust ChIP signals in BEND6-
V5-transfected cells were eliminated by introduction
of NICD. (D) ChIP-gPCRs on Cbf1 knockout (-/-) cells
transfected with the indicated CBF1 and/or BEND6-V5
plasmids. As before, the Hes5 amplicon contains the
known CBF1 site, whereas the control amplicon is
located 1 kb upstream from the CBF1 site. Mild
mBEND6-V5 was observed at the Hes5 CBF1-binding
site in cells expressing mMBEND6-V5 alone, but this was
greatly enhanced upon introduction of CBF1. Error
bars represent s.e.m.

Hes5 Control

BENDG-V5 BENDB-V5+CBF1

(Pierfelice et al., 2011). In neuroblasts, Notch signaling is
downregulated, thereby permitting commitment to the neural fate.
We tested whether BENDG6, as a neural inhibitor of the Notch
pathway, was able to influence neural stem cell self-renewal or
differentiation. To do so, we used the mBENDG6-V5 construct to
evaluate several shRNAs for their knockdown capacity in
transfected cells. We identified two shRNAs (shBEND6-1 and -2)
that strongly and specifically suppressed mBENDG6, and we utilized
an ineffective sh-mBENDG6 construct as a control (Fig. 4A).

We isolated stem cell cultures by dissociating mouse embryonic
cortices. Under proliferative conditions, these generate discrete
neurospheres, the number of which provides an estimate of the stem
cell content of the starting population. The capacity of these
progenitor cells for long-term self-renewal can be demonstrated by
serial rounds of dissociating neurospheres into single-cell
suspensions, replating them, and allowing them to regenerate
neurospheres (Fig. 4B). In this model, the loss of self-renewal
factors or blockade of Notch pathway activity impairs the recovery
of neurospheres over successive cycles of dissociation and
regeneration.

We set up self-renewal assays using neurospheres transfected
with control sh-mBENDG6, and established a baseline for
neurosphere self-renewal by plating cell suspensions at 0.5 cells/pl,
and monitoring their self-renewal capacity over three serial rounds.
We used these data to normalize the yield of companion
neurospheres cultures expressing active sh-rmBEND6. Knockdown
of mBENDG6 enhanced neurosphere self-renewal capacity by ~30-
40% relative to the shRNA control (Fig. 4C). We observed these
effects with both on-target sShRNAs, throughout several rounds of
serial passaging. The effects of both sh-mBENDG6 constructs were
reversed by co-expression of a mBENDG6 construct bearing point
mutations that rendered it resistant to the shRNA, demonstrating
specificity of the knockdown (Fig. 4D).

In reciprocal experiments, we analyzed cells derived from in vivo
electroporated brains expressing control or mBEND6 constructs.
We observed strong and progressive loss of their ability to maintain
BENDG6-expressing neurospheres (Fig. 4E), and these cultures were
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nearly extinguished by the third passage (Fig. 4F). The opposite
effects from loss- and gain-of-function manipulations indicate that
BENDG inhibits self-renewal of neural stem cells.

An implication of these findings is that BEND6 might interfere
with the division mode of progenitor cells, which normally
regenerates a stem cell along with a differentiating cell. We
assessed this using pair-cell assays (Shen et al., 2002; Szulwach et
al., 2010), in which dissociated neurosphere cells are plated at low

Fig. 4. Reciprocal effects of BEND6 gain and
loss of function on neural stem cell self-
renewal and neural differentiation in
neurospheres. (A) Validation of MBEND6
ShRNAs by co-transfection of HEK293T cells at
1:1 and 3:1 ratio with mBEND6-V5. sh-BEND6
constructs #1 and #2 were effective, whereas #3
was relatively inefficient and was subsequently
used as a control. (B) Schematic of long-term
neurosphere self-renewal assay. Red circles
represent stem cells, which can self-renew and
generate new neurospheres following
dissociation. (C) Assays of neurospheres
expressing control or active shRNAs against
mouse Bend6 (n=4 animals/condition) shows
that mBEND6 depletion increases self-renewal.
(D) Effects of sShBEND6-1 and ShBEND6-2 were
rescued by an shRNA-resistant BEND6
construct. (E). Enforced BEND6 expression
induces progressive loss of neurosphere self-
renewal (=3 animals/condition).

(F) Representative images of pMXIE- and
mBENDG6-V5-expressing neurospheres from
passage 3. (G) Pair-cell assays illustrating the
different outcomes of transfected (GFP*, green)
progenitor cells undergoing symmetric or
asymmetric division, as labeled by progenitor
(P) marker PAX6 (blue) or neuronal (N) marker
TUJT (red). (H) Quantification of P-P, P-N and N-
N cell pairs from progenitor cells expressing
shRNA control (196 cells from three animals) or
mMBEND6 shRNAs (201 cells from three animals).
(I) Quantification of daughter cell pairs from
PMXIE (235 cells from three animals) or
mMBENDE-V5 (213 cells from three animals)
expressing progenitor cells. J-L) Neurospheres
expressing control or MBEND6 shRNAs were
differentiated and stained for TUJ1 (green) and
DAPI (blue). (M) Quantification of TUJ17 cells
shows that depletion of mBEND6 reduces
neurogenesis (=3 animals).

(N,0) Differentiation of cells from neurospheres
expressing pMXIE and mBEND6-V5.

(P) Quantification of TUJ1* cells shows that
overexpression of mMBENDG6 increases
neurogenesis (1=3 animals). All data are shown
as meanzxs.e.m. *P<0.05; **P<0.005;
**¥P<(.0005.

density and allowed to undergo at most a single division (24 hours
after plating). At this point, the cultures are fixed and stained for
a progenitor marker (PAX6) and a neural marker (TUJ1) to
identify cell pairs that yield two progenitors, two neurons, or one
of each (Fig. 4G). We observed that both sh-mBEND6 constructs
caused ~50% decrease in neuron-neuron pairs, with concomitant
increase in progenitor-progenitor pairs (Fig. 4H). Conversely,
ectopic BENDG strongly decreased the proportion of progenitor-
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Fig. 5. Reciprocal effects of BEND6 gain and loss of function on neural stem cell self-renewal and neural differentiation in embryonic
neocortex. (A) Schema for in utero electroporation and cellular analysis. Plasmids were in utero electroporated to the embryo neocortex at £13.5, and
brain cortices were processed at E15.5 for staining of PAX6, GFP and DAPI (B,C) or TUJ1, GFP and DAPI (D,E) or at E18.5 for staining of dsRed, SOX2 and
DAPI (G-). (B-E") Expression of BEND6 inhibits neural stem cell self-renewal. Constructs introduced were CAG-IRES-EGFP/CAG-IRES vector as control (B-
B".D-D") or CAG-IRES-EGFP/mBENDS6 (C-C" E-E"). Ectopic expression of BEND6 forces cells to exit the PAX6" VZ layer and leads to an increase in
neuronal production as marked by TUJ1 staining. Asterisks indicate area in the VZ/SVZ where GFP+ cells are reduced in BEND6 overexpression.
Dashed lines indicate the luminal surface of the VZ. (F) Quantification of the percentage of transfected cells that are TUJ1* (control, 2934 cells from
seven animals; BEND®6, 2548 cells from seven animals). (G-1") Knockdown of BEND6 attenuates neurogenesis/neuronal migration. Plasmids injected
were plI3.7-dsRed/CAG-IRES vector as control (G-G"), shBEND6-dsRed/CAG-IRES vector (H-H") or sShBEND6-dsRed/mBENDE rescue (I-I"). Retention of
cells in the SOX2" VZ/SVZ and IZ layers caused by sh-mBEND6 were rescued by co-injection of an shRNA-resistant mBEND6 rescue construct. Asterisks
indicate area in the CP where dsRed+ cells are reduced in BEND6 knockdown. Dashed lines indicate the luminal surface of the VZ. (J) Quantification
of the percentage of dsRed cells in different layers (dsRed/control, 724 cells from three animals; shBEND6/control, 362 cells from three animals;
shBEND6/mBENDG rescue, 747 cells from four animals). Data are shown as mean=+s.e.m.; ns, not significant; *P<0.05; **P<0.005; ***P<0.0001. Scale bars:
100 pm in B-E”; 140 pm in G-I".

progenitor divisions, and increased the proportion of neuron-
neuron pairs by 50% (Fig. 41). These data reflect an endogenous
contribution of mBENDG6 to the control of progenitor division
mode, suppressing progenitor self-renewal and favoring neural
differentiation.

Finally, we analyzed the differentiation capacity of neurospheres
expressing sh-mBEND6 or mBEND6. Consistent with the pair-cell
assays, we observed that expression of either sh-mBEND6 construct

decreased the yield of TUJI" cells by ~50% compared with the
control shRNA (Fig. 4J-L, quantified in 4M). By contrast,
overexpression of mBEND6 doubled the proportion of TUJI*
neurons upon differentiation of neurospheres (Fig. 4N,0, quantified
in 4P). Overall, the reciprocal phenotypes from loss- and gain-of-
function experiments support an endogenous Notch-inhibitory
activity for mBENDG6 that helps restrict NSC self-renewal and
promote neurogenesis.



BENDG6 and Notch signaling

RESEARCH ARTICLE 1899

EGFP DN-MAML-EGFP MBENDG

CP

+mBENDG

CcP

GFP Tbr2 DAPI
N

~
o
2
N

vz

mBENDG-EGFP

o

T~

O »n

Hes5-DsRed + 3

oo

s+

O

-l

%0 30

% 9

48 2

o N

[ =20

@

£ E 0
GFP 8eg

g o
merge

BENDG inhibits NSC self-renewal and promotes
neurogenesis in mouse embryonic neocortex
We sought to extend our findings to a genuine in vivo setting. The
layered temporal progression of neocortical development facilitates
investigation of the neural stem cell lineage. We used in utero
electroporation to deliver control, mBEND6 or sh-mBEND6
plasmids into E13.5 ventricles, then returned these embryos to
develop for additional days Dbefore processing for
immunohistochemistry (Fig. S5A). During peak phases of
neurogenesis at E13 and E14, RGCs in the VZ and intermediate
progenitors in the SVZ divide actively to self-renew and generate
neurons; progenitors in these layers are maintained by Notch activity.
At later stages, progenitor cells are more committed to generate
neuronal daughter cells. As the neocortex continues to develop,
diminishing pools of progenitors and intermediate progenitors lead
to thinning of the VZ/SVZ layers by E18, concomitant with
expansion of the neuronal layers, the IZ and CP. The earlier time
points are better suited for scoring effects on progenitor cell fate,
whereas later time points are more appropriate for testing effects on
neuronal cell fate and/or defects in neuronal migration (Fig. SA).

In control electroporated brains, GFP" cells were broadly
distributed amongst the VZ, SVZ and IZ, with slightly greater
accumulation in 1Z (Fig. 5B). However, very few GFP" cells

DN-MAML-EGFP

N o
(=] (=]

Control BEND&-EGFP

Fig. 6. Ectopic BEND6 inhibits neural
stem cell self-renewal via the Notch
pathway. (A-D') Images of mouse
cortices that were electroporated in utero
ok at E13.5 and processed at E15.5 for
immunostaining to detect EGFP (green),
TBR2 (red) and DAPI (blue). Constructs
introduced were EGFP/CAG-IRES vector
(AA"), DN-MAML-EGFP/CAG-IRES vector
(BB"), EGFP/mBENDS (C,C") and DN-
MAML-EGFP/mBENDG (D,D"). Expression
of DN-MAML forces cells to completely
exit the VZ/SVZ into the IZ at this
timeframe, and co-expression of MBEND6
pushes cells further to the CP. Asterisks
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Percentage GFP+ cells

0(\\‘\5 P 00&0 Q"Qh indicate separation of GFP+ cells from the
&Y & &Y P TBR2-labeled SVZ layer in BENDG
& & N4 \,?5’ overexpression. Brackets indicate the CP.
,x\"@ ?\3&“3\ Dashed lines indicate the luminal surface
& & of the VZ. (E) Quantification of the

distribution of EGFP-expressing cells in

the developing neocortex. (control, 4129
* cells from seven animals; MBEND6, 3630
cells from seven animals; DN-MAML-
EGFP/Control, 871 cells from four animals;
DN-MAML-EGFP/mBENDES, 862 cells from

three animals). Data are shown as
‘ meants.e.m, *P<0.05; **P<0.005;
***P<0.0005. (F-G") Images of cortices

that were electroporated in utero at E13.5
and processed at E14.5 to detect GFP
(green) and DsRed (red). Constructs
introduced were Hes5>dsRed and EGFP
(F-F") or Hes5>dsRed and mBEND6-EGFP
(G-G"). (H) Quantification of the
percentage of dsRed cells versus EGFP
cells in the developing neocortex.
(control, 2504 cells from three animals;
MBENDS, 3334 cells from four animals).
Data are shown as mean+s.e.m.; *P<0.05.
Scale bars: 100 um in A-D’; 50 um in F-G".

[

reached the CP by E15.5, 2 days after electroporation. Under these
conditions, a greater fraction of mBENDG6-expressing cells (as
marked by GFP) had exited the PAX6" stem cell layer and were
found in the I1Z and CP (Fig. 5C). Furthermore, ectopic BEND6
promoted neural differentiation, as observed in an increase in
GFP"/mBEND6/TUJ1™ cells relative to control electroporated cells
(Fig. 5SD,E). Quantification indicated that mBENDG6 expression
increased TUJ1" cells by ~20% (Fig. 5F) and reduced GFP* cells in
the VZ/SVZ to half (40% GFP*/TBR2" cells in control compared
with 20% in mBENDG6 electroporations; Fig. 6E). Therefore,
ectopic BEND6 inhibited neural stem cell self-renewal and
promoted neurogenesis, consistent with its activity as a Notch
pathway antagonist.

We investigated next the consequences of BENDG6 loss of
function. We electroporated in utero two shRNAs or vector alone as
control. By E18.5, the majority of dsRed" cells migrate to the CP in
control, but those expressing sh-mBEND6 were mostly retained in
the I1Z (Fig. 5G,H; see also similar results at E16.5 in Fig. 7A,B). We
also observed that the frequency of dsRed”/sh-mBEND6 cells
located in the VZ/SVZ was increased relative to control (Fig. 5G,H).
To confirm that this phenotype was indeed due to knockdown of
mBENDG6, we generated a BENDG6 rescue construct bearing
mutations in the region targeted by sh-mBENDG6. Co-
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electroporation of these constructs showed that sShRNA-resistant
BENDG6 completely rescued defects in the VZ/SVZ and strongly
suppressed the phenotype in the IZ (Fig. 5I). Quantifications of the
sh-mBENDG6 phenotype and its rescue are presented in Fig. 5J. We
conclude that endogenous BENDG6 represses NSC self-renewal and
promotes neuronal differentiation/migration during neocortex
development.

BEND®6 opposes Notch signaling to regulate NSC
self-renewal

We wished to link the phenotypic influence of mBENDG6 during
NSC self-renewal to alteration of Notch signaling. Our tests in
HEK293T cells, neurospheres and neocortex all presented a
consistent picture that elevation of mBENDG6 inhibits Notch
signaling whereas knockdown of mBENDG6 enhances Notch
signaling. The effects of ectopic BEND6 resembled those of
dominant-negative Mastermind-like (DN-MAML) (Maillard et al.,
2004), the full-length counterpart of which is a co-activator for
cleaved Notch. Using TBR2 as an SVZ marker, we observed that
electroporated DN-MAML and mBENDG6 both promoted exit of
cells from the neural stem layer (Fig. 6A-C). Co-electroporation of
mBEND6 and DN-MAML further promoted the differentiation of
neural stem cells (Fig. 6D’, asterisk) and increased cortical
migration of transfected cells, compared with either single
electroporation (compare Fig. 6B’-D’, brackets, and quantification
in 6E). The genetic enhancement of DN-MAML by mBEND6 was
consistent with functional inhibition of Notch signaling by BEND6.

NICD (low)

T
iz
L VZ+8VvZ

Fig. 7. Endogenous BEND6 opposes N
signaling in embryonic neocortex.

(A-F") Images of E16.5 mouse cortices
expressing control (pllI37-dsRed/CAG-IRES
vector; AA") and shBEND6-dsRed/CAG-IRES
vector (B,B’), DN-MAML/plI37-dsRed (C,C"),
shBEND6-dsRed/DN-MAML (D,D’), NICD/plI37-
dsRed (E,E") or shBEND6-dsRed/NICD (FF'). (B)
At E16.5, shBEND6 had no effect on
frequencies of cells in the VZ/SVZ, but
increased the proportion of cells retained in
the IZ. (C) DN-MAML forced cells to exit the
VZ/SVZ and migrate to the IZ and CP. (D)
Addition of shBEND6 and DN-MAML strongly
reduced the proportion of cells in the CP. (E) A
low level of NICD (1:10 to control or shBEND6)
did not induce an obvious effect on cell
fate/distribution. (F) The combination of
shBENDG6 and this low level of NICD depleted
cells from the CP nearly completely, and
caused most cells to be located in VZ/SVZ and
|Z. Asterisks indicate area in the CP where
dsRed+ cells are reduced in mBEND6
knockdown alone, or in combination with DN-
MAML or NICD. Dashed lines indicate the
luminal surface of the VZ. Scale bar: 100 pum.
(G) Quantification of the percentage of dsRed
cells in different layers (dsRed/control, 1632
cells from three animals; shBEND6/control,
885 cells from four animals; DN-MAMI/control,
671 cells from five animals; ShBEND6/DN-
MAML, 486 cells from six animals;
NICD/control, 1373 cells from four animals;
shBEND6/NICD, 717 cells from three animals).
Data are shown as mean+s.e.m; ns, not
significant; *P<0.05; **P<0.005; ***P<0.0001.
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We tested this interpretation by analyzing a DsRed reporter under
control of Hes5 regulatory sequences, including its Notch-
responsive CBF1-binding sites (Mizutani et al., 2007). When
electroporated in utero, the activity of Hes5>DsRed is restricted to
the VZ and SVZ, where neural stem cells are actively renewing
under Notch-mediated control. For these experiments, we restricted
the analysis to E14.5, a time at which substantial mBENDG6-
overexpressing cells were still present in the VZ and SVZ where
Hes5>DsRed is active. We observed that co-expression of
mBENDG resulted in a significant decrease in the expression of
Hes5> DsRed, compared with co-expression of control GFP plasmid
(Fig. 6F,G, quantified in 6H). These data support the notion that
ectopic BENDG inhibits NSC self-renewal by inhibiting Notch-
mediated transcriptional activation.

Finally, we assessed mBEND6 knockdown for genetic interactions
with the Notch pathway. As mentioned, expression of sh-mBEND6
delayed the migration of cells to the cortical plate (Fig. 7A,B),
whereas introduction of DN-MAML accelerates this process
concomitant with exit of NSCs from the VZ/SVZ (Fig. 7C). Co-
electroporation in utero showed that sh-rmBENDG6 was unable to
restore  DN-MAML-expressing cells to the VZ/SVZ layers.
Nevertheless, sh-mBEND6 suppressed the ability of cells expressing
DN-MAML to reach the CP, so that almost all cells were maintained
in the 1Z (Fig. 7D). Therefore, depletion of endogenous BEND6
partially counteracted the consequences of expressing DN-MAML.

We also tested for genetic interactions with NICD. Considering
that activated Notch is very powerful molecule, and that NICD could
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displace BENDG6 from chromatin in transfection experiments (Fig.
3C), we titrated the amount of NICD plasmid to 1:10 with control
dsRed or sh-mBEND6. Under this condition, NICD barely changed
cell fate in DsRed control electroporations (Fig. 7E); although some
sections showed a mild increase in VZ/SVZ-retained cells, this was
not significant overall (Fig. 7G). However, co-electroporation of this
low amount of NICD with sh-mBENDG6 had a synergistic effect on
the capacity of cells to be retained as VZ/SVZ neural stem cells or
intermediate progenitors, along with strong depletion of cells from
the cortical plate (Fig. 7F, compare with 7B,E). In other words, NICD
is more potent in cells depleted of BEND6. Quantification of all of
these interactions is shown in Fig. 7G. Altogether, these results
provide compelling evidence that endogenous BEND6 antagonizes
Notch pathway activity during embryonic neurogenesis.

DISCUSSION

Conserved function of neural BEN-solo proteins as
CSL co-repressors

Until recently, the BEN domain was known only as a protein
domain of unknown function. Nevertheless, its presence in several
chromatin factors suggested a role in nuclear gene regulation
(Abhiman et al., 2008). Notably, several BEN-containing proteins
have been characterized as transcriptional repressors, including
Drosophila Mod(mdg4) (Cai and Levine, 1997) and Insensitive
(Duan et al., 2011), and vertebrate BANP (also known as SMAR1)
(Rampalli et al., 2005; Pavithra et al., 2009; Sreenath et al., 2010),
NACI (also known as NACC1) (Korutla et al., 2005; Korutla et
al., 2007) and BEND3 (Sathyan et al.,, 2011). NACI and
Mod(mdg4) proteins also contain a BTB/POZ domain, a protein
interaction motif that in certain cases recruits histone deacetylase
co-repressor complexes (Huynh and Bardwell, 1998; Wong and
Privalsky, 1998; Rampalli et al., 2005). In addition, some BEN
proteins that lack other recognizable domains, including BANP
(which contains a single BEN domain) and BEND3 (which
contains four BEN domains), also recruit histone deacetylases
(Rampalli et al., 2005; Sathyan et al., 2011). Collectively, these
findings indicate general attributes of BEN superfamily proteins
in transcriptional repression.

We recently performed the first in vivo characterization of a
BEN-solo protein, and showed that Drosophila Insensitive is a
new co-repressor for the Notch transcription factor Su(H) (Duan
et al.,, 2011). Our present work identifies striking functional
similarities between Insv and the mammalian BEN-solo factor
BENDG6, despite their limited overall sequence homology.
Working with both human and mouse BENDG6 proteins, we
establish the following shared characteristics of Drosophila and
mammalian neural BEN-solo proteins. (1) They are nuclear
proteins with restricted expression in the nervous system, and are
upregulated specifically in cell types known to have
downregulated Notch signaling. (2) They exhibit cross-species
capacity to interact directly with the CSL transcription factors
Su(H) and CBF1. (3) They share the capacity to inhibit
transcriptional reporters of Notch pathway activity, both in
cultured cell systems and in intact animals. (4) They antagonize
Notch-mediated cell identities in the nervous system and
reciprocally promote neurogenesis. (5) They associate with key
Notch and CSL target genes, and their occupancy of Notch-
regulated enhancers of multiple bHLH-repressor effector genes is
conserved across animals. Altogether, the striking molecular and
functional parallels of Drosophila Insv and mammalian BEND6
contrast with the general observation of molecular divergence in
the well-characterized CSL co-repressors (Lai, 2002).

Endogenous requirement of BENDG6 in the
mammalian central nervous system

As is the case with Drosophila Insv (Duan et al., 2011),
overexpression of BENDG6 in a setting of its endogenous
expression induces phenotypes that suggest decreased Notch
signaling. In vitro, overexpression of mouse BENDG reduced the
self-renewal capacity of neurospheres and promoted neural
differentiation. Using in utero electroporation to deliver
expression constructs into the neocortex, we also observed that
BENDG6 induced the exit of cells from the stem cell layers and
promoted their differentiation into neurons.

We performed reciprocal tests to assess the endogenous
requirement of BEND6 in neurogenesis. Evidence from neurospheres
showed that knockdown of BENDG increased NSC self-renewal,
reduced neural differentiation and suppressed the incidence of neuron-
neuron division mode. Moreover, in vivo knockdown in neocortical
cells increased the proportion of cells in the IZ at the expense of cells
in the CP (by E16.5), and mildly increased the frequency of NSCs in
the VZ/SVZ layers (by E18.5). These phenotypes support the notion
that endogenous BEND6 contributes to NSC cell fate decisions and/or
influences neuronal migration.

The insensitive mutant displays only mild Notch gain-of-function
phenotypes on its own, but exhibits strong genetic interactions with
the Notch pathway. For example, simply removing one copy of the
Notch antagonist Hairless from insensitive mutants results in the
complete failure to specify hundreds of shaft cells across the body
surface, concomitant with their transformation into socket cells (Duan
et al., 2011); i.e. a Notch gain-of-function phenotype. Similarly, we
find that phenotypes induced by knockdown of BEND6 showed
strong genetic interactions with manipulations of mammalian Notch
signaling, such that sh-mBENDG6 effectively suppressed the activity
of DN-MAML and strongly enhanced the activity of NICD in
neocortex development. On this basis, we infer that these phenotypes
are at least partly due to enhancement of Notch signaling in BEND6-
depleted cells, consistent with our findings from the various cell
systems.

Along with our observation that mammalian BENDG is able to
rescue the gain-of-function defect seen in Drosophila Hairless/+
bristle lineages, similar to the capacity of Insv (Duan et al., 2011),
the myriad shared properties of Insv and BENDG6 strongly support
the view that neural BEN-solo proteins have conserved roles in
restricting Notch pathway activity. Finally, the high level of BEND6
present in specified neurons deserves consideration. Drosophila
Insensitive is similarly an early marker of neurons in the
mechanosensory lineage, but it is switched off before canonical
neural markers, such as Elav, are expressed. By contrast, mouse
BENDG is maintained at a robust level throughout the cortical layer
and remains co-expressed with canonical neural markers, such as
TUJ1. Therefore, BEND6 might serve some function in neural
differentiation or function. We note that interactions between reelin
and notch were reported to control neuronal migration in cortex
(Hashimoto-Torii et al., 2008), and this might potentially be
influenced by BENDG6. Alternatively, BEND6 might serve a Notch-
independent function in committed neurons. The work described in
this study provides a foundation that motivates the generation and
analysis of Bend6 knockout mice, as well as searches for additional
BEN proteins that might influence Notch signaling and/or
neurogenesis.
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Fig. S1. BEND6 stainings of mouse brain at various developmental stages. (A-A") At E10, BEND6 is expressed in a
population of TUJ1* cells. (B-B") In E18 neocortex, BENDG6 is expressed specifically and throughout the entire cortical plate
(CP). (C-D'"") In P10 cortex (C-C"") and subventricular zone (SVZ; D-D""), BEND6 is observed in TUJ1+ neurons but not in GFAP-
labeled astrocytes. (E-F'"") In adult cortex (E-E"’) and SVZ (F-F'""), BENDG is similarly expressed in a subpopulation of TUJ1*
neurons but not in GFAP* astrocytes. Scale bars: 50 um in A; 280 ym in B; 20 pm in C-F.



Table S1. Oligonucleotide sequences used to generate expression constructs, shRNA constructs and perform

gPCR assays
Name

hBEND6 141RI
hBENDG6 280Xhol
hBENDG6 gtw For3
hBENDG6 gtw Rev
mBENDG6 v5For
mBENDG6 v5Rev
mBENDG6 v5RIFor

pcDNAgtw40 v5RIRev

Bend6shRNAF1
Bend6shRNAR1
Bend6shRNAF2
Bend6shRNAR2
Bend6shRNAF3
Bend6shRNAR3
mBEND6m1F
mBEND6m1R
mBEND6m2F
mBEND6m2R
mmHes1ChIPF1
mmHes1ChIPR1
mmHes5ChIPF1
mmHes5ChIPR1
mmCCND1ChIPF1

mmCCND1ChIPR1

mmBlbpF1
mmBIbpR1
mmHey1F1
mmHey1R1
mmCpn2F1
mmCpn2R1
hBENDG6sRI_F
hBENDG6RI_R
Hey2ChIPF
Hey2ChIPR
HeyLChIPF
HeyLChIPR
Notch1ChIPF
Notch1ChIPR
Notch3ChIPF
Notch3ChIPR
ADAM19ChIPF
ADAM19ChIPR
c-mycChIPF
c-mycChIPR
NFkB2ChIPF
NFkB2ChIPR

Sequence

Accggaattccagattcatttgcctcaac
Ccgctcgagctatttaatatcctgagagttaag
CACCATGTTGTTACCACAAGCAGTCAC
CTATTTAATATCCTGAGAGTTAAG
CACCATGGAGAAGATCTTGCAGACAGATG
GTATTTTAAGATACCATCCTGAGAG
CCGGAATTCCACCATGGAGAAGATCTTGCAGAC
CCGGAATTCACTCAATGGTGATGGTGATGATG

/5Phos/TGAAATTTATTAATGATTTATTCAAGAGATAAATCATTAATAAATTTCTTTTTTC
/5Phos/TCGAGAAAAAAGGAGGAACTTTGTAACAAATCTCTTGAATTTGTTACAAAGTTCCTCCA
/5Phos/TGAAATTTATTAATGATTTATTCAAGAGATAAATCATTAATAAATTTCTTTTTTC
/5Phos/TCGAGAAAAAAGAAATTTATTAATGATTTATCTCTTGAATAAATCATTAATAAATTTCA
/5Phos/TGAATCAGAATGAAGTTCAATTCAAGAGATTGAACTTCATTCTGATTCTTTTTTC
/5Phos/TCGAGAAAAAAGAATCAGAATGAAGTTCAATCTCTTGAATTGAACTTCATTCTGATTCA
AATGGAACTGTCCAAGGAAGAACTTTGTAACAAAATC
GATTTTGTTACAAAGTTCTTCCTTGGACAGTTCCATT
TCAAACCAGCTATGAACCAGAATGAAGTTCAAG
CTTGAACTTCATTCTGGTTCATAGCTGGTTTGA

ACTAAGCAAAGCCCAGAGGA

CCGCTAGGCACAAGGTCT

TTCTAGCTGCGGAGAAGTCA

CTCAACGAAGCCAATCAAGA

AGAAGATGCAGTCGCTGAGA

AGACACGATAGGCTCCTTCC

CCGCTGACTTCCTTTAGAGC

GCTCCAATCCTCCTTGTGAT

CTGTAGGACCCGCCAACTAC

GCTCCTGGTGTGAACCTGTA

TCAGCAAACACAAGAGACTGG

CTAAGAGGCCACCCAGCTAC

ACCGGAATTCACCATGTTGTTACCACAAGCAGTC
ACGGAATTCCTATTTAATATCCTGAGAGTTAAG

AGCTTGATCCAGAAGAGGGA

GAGCGTGTGTGACGTCTAGG

CTCAGCTTGTCGAAGGAGTG

CATGGAGCAGTTTCCATGAG

CAACTGCTGAATGGCTCATC

CAATCGGCTTTGTCCAATAA

TTGGTCCTTGTCTGTCTTGC

CTCGCCGCCTTAGCTTTA

TCTGAGAGTCGCTCTTGCAT

GGCTCACCACAAGAGAACAA

CCGTACAGAAAGGGAAAGGA

AGAGGAGGAGGAGCCTCAG

GAACCCGCCACTTACAGAAT

GAGTCAGATCTTGCGGTCAG
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