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Self-renewal genes maintain stem cells in an undifferentiated state by preventing the commitment to differentiate.
Robust inactivation of self-renewal gene activity following asymmetric stem cell division allows uncommitted stem
cell progeny to exit from an undifferentiated state and initiate the commitment to differentiate. Nonetheless, how
self-renewal gene activity at mRNA and protein levels becomes synchronously terminated in uncommitted stem cell
progeny is unclear. We demonstrate that a multilayered gene regulation system terminates self-renewal gene activity
at all levels in uncommitted stem cell progeny in the fly neural stem cell lineage. We found that the RN A-binding
protein Brain tumor (Brat) targets the transcripts of a self-renewal gene, deadpan (dpn), for decay by recruiting the
deadenylation machinery to the 3’ untranslated region (UTR). Furthermore, we identified a nuclear protein, Insen-
sible, that complements Cullin-mediated proteolysis to robustly inactivate Dpn activity by limiting the level of
active Dpn through protein sequestration. The synergy between post-transcriptional and transcriptional control of
self-renewal genes drives timely exit from the stem cell state in uncommitted progenitors. Our proposed multilayered

gene regulation system could be broadly applicable to the control of exit from stemness in all stem cell lineages.
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Exit from the stem cell state serves as a molecular switch
for uncommitted stem cell progeny to initiate the com-
mitment to differentiate. The mechanisms that drive nor-
mal stem cell progeny to exit from the stem cell state
likely could also promote tumor stem cells to commit
to differentiate and reduce tumor burden (Lan et al.
2017; Park et al. 2017). Thus, insights into the control of
exit from the stem cell state will significantly improve
our understanding of how stem cell progeny choose to re-
main undifferentiated or commit to differentiate in the
normal as well as the tumorigenic state.

Self-renewal genes function to prevent stem cells from
prematurely committing to differentiate. During asym-
metric stem cell division, self-renewal gene products,
including mRNAs and proteins synthesized in proliferat-
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ing stem cells, segregate into uncommitted stem cell prog-
eny and must be post-transcriptionally disposed to allow
for exit from the stem cell state. Failure to dispose in-
herited self-renewal gene products will delay or prevent
uncommitted stem cell progeny from commiting to differ-
entiation. Thus, multiple layers of regulatory mecha-
nisms must be in place to coordinately down-regulate
self-renewal gene activity at post-transcriptional levels
in uncommitted stem cell progeny. Relative to our under-
standing of the transcriptional control, little is known
about how post-transcriptional regulatory mechanisms
terminate self-renewal gene activity during the exit from
the stem cell state.
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The eight type II neuroblast lineages in the fly larval
brain provide an excellent in vivo paradigm for investigat-
ing the termination of self-renewal gene activity due to
the wealth of knowledge about the lineage hierarchy and
the temporal requirement of gene functions (Fig. 1A) as
well as the availability of powerful genetic tools. Asym-
metric type II neuroblast division generates a neuroblast
and an uncommitted intermediate neural progenitor (im-
mature INP), which initiates the commitment to differen-
tiate <60 min after birth (Janssens et al. 2017). In type II
neuroblasts, Notch and its target genes—deadpan (dpn),
Enhancer of splits my [E(spl)my|, and klumpfuss (klu)—
constitute the regulatory network that promotes self-re-
newal by maintaining the master regulator of differentia-
tion earmuff in a poised state (San-Judn and Baonza 2011;
Berger et al. 2012; Xiao et al. 2012; Zacharioudaki et al.
2012, 2016; Zhu et al. 2012; Janssens et al. 2014, 2017).
In the newly born immature INP, the asymmetric inheri-
tance of the Notch inhibitor Numb prevents continued
Notch activation, terminating self-renewal gene tran-
scription (Haenfler et al. 2012). In parallel, the conserved
TRIM-NHL protein Brain tumor (Brat) also asymmetrical-
ly segregates into the newly born immature INP and
down-regulates dpn and klu function (Bowman et al.
2008; Xiao et al. 2012; Janssens et al. 2014). Brat binds
the Brat-responsive element (BRE) in the 3’ untranslated
regions (UTRs) of target transcripts, including dpn and
klu, and represses their expression (Laver et al. 2015; Loe-
dige et al. 2015; Reichardt et al. 2018). The 3’ UTRs of
thousands of transcripts in the fly genome contain multi-
ple BREs (Arvola et al. 2017). However, the specificity by
which Brat recognizes its target mRNAs remains un-
known, and the mechanisms by which Brat represses
self-renewal gene expression are not fully understood.

Because Dpn is the fly homolog of the vertebrate Hesl
protein, post-translational control mechanisms that regu-
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late Hesl activity during vertebrate neurogenesis likely
also contribute to the termination of Dpn activity in the
newly born immature INP. In proliferating mouse neural
stem cells, the Cullin 1 (Cull) ubiquitin E3 ligase complex
promotes proteasome-dependent degradation of Hesl
(Imayoshi and Kageyama 2014; Chen et al. 2017). In differ-
entiating neuronal precursors, the Hesl antagonist Hes6
down-regulates Hesl activity by sequestering Hes1 mono-
mers in inactive complexes (Bae et al. 2000; Gratton et al.
2003). The combined effects of protein sequestration and
Cul-based proteolysis provide an ideal strategy for termi-
nating Dpn activity in newly born immature INPs. Defin-
ing the mechanisms that terminate Dpn activity in the
newly born immature INP will lead to a generalizable
model for multimodal post-translational control of Hes
family proteins in various Notch-regulated developmen-
tal transitions.

Here, we used the regulation of dpn as a paradigm to
demonstrate a multilayered regulatory mechanism in
which the synergy between transcriptional and post-tran-
scriptional control synchronously terminates self-renewal
gene activity in the newly born immature INP. We focused
on post-transcriptional control and showed that Brat se-
lects dpn transcripts for mRNA decay by recognizing the
3’ UTR and recruiting the RNA-binding protein Tisl1
and multiple deadenylases. Furthermore, we identified a
novel incomplete Hes family protein, Insensible (Insb),
that limits the level of active Dpn during asymmetric neu-
roblast division by protein sequestration. Insb-mediated
protein sequestration together with Cull-based proteoly-
sis rapidly terminates Dpn activity. Brat-mediated decay
and the multimodal post-translational regulatory mecha-
nisms function synergistically with transcriptional con-
trol to ensure timely termination of the stem cell
program in the newly born immature INP. Our proposed
multilayered gene regulation system is likely broadly
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applicable to the control of the commitment to differenti-
ate in all stem cell lineages and in the regulation of numer-
ous cell fate decisions during normal development.

Results

Multiple layers of control mechanisms drive exit from the
neuroblast state in immature INPs

Timely exit from the neuroblast state in newly born
immature INPs necessitates a mechanism that synchro-
nously terminates self-renewal factor activity at all levels
of gene expression. Therefore, we hypothesized that a
mild increase in self-renewal gene transcription and trans-
lation would lead to a higher frequency of immature INPs
reverting to supernumerary neuroblasts than the additive
effect of these manipulations alone. Indeed, increasing
self-renewal gene translation by reducing brat gene dos-
age enhanced the supernumerary neuroblast phenotype
in numb hypomorphic brains, where aberrantly activated
Notch signaling triggers ectopic self-renewal gene tran-
scription in immature INPs (Fig. 1B; Supplemental Fig.
SIA). Similarly, increasing self-renewal gene transcrip-
tion by reducing numb gene dosage enhanced the super-
numerary neuroblast phenotype in brat hypomorphic
brains (Fig. 1C). Thus, multiple layers of control mecha-
nisms coordinately terminate self-renewal gene activity
at transcriptional and post-transcriptional levels for the
timely exit from the neuroblast program in newly born
immature INPs.

Brat functions with mRNA decay machinery to repress
dpn expression

mRNA translation is a key transition in the hierarchical
control of gene expression from DNA to proteins. There-
fore, we took a genetic approach to investigate how mul-
tilayered control mechanisms coordinately terminate
self-renewal gene activity in immature INPs in brat hypo-
morphic brains. The supernumerary neuroblast pheno-
type in brat hypomorphic brain can be suppressed by
reducing dpn or klu gene dosage, providing a sensitive
readout for their activity (Fig. 1D; Xiao et al. 2012). We
used a deficiency collection covering the X, second, and
third chromosomes of the fly genome to screen for loci
that, when heterozygous, alter the supernumerary neuro-
blast phenotype in brat hypomorphic brains (Supplemen-
tal Table 1). We hypothesized that reducing the function
of genes critical for terminating dpn or klu activity should
enhance the supernumerary neuroblast phenotype in brat
hypomorphic brains.

Our genetic screen identified the tis11 locus as a genetic
modifier of the supernumerary neuroblast phenotype in
brat hypomorphic brains (Supplemental Fig. S1B). By us-
ing gene-specific alleles, we confirmed that reduced
tis11 function enhanced the supernumerary neuroblast
phenotype in brat hypomorphic brains in a dosage-depen-
dent manner (Fig. 1D). These results suggest that Tisl1
plays arole in terminating dpn or klu activity in the newly
born immature INP. In further support of this notion, we
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found (1) that reducing dpn dosage suppressed increased
supernumerary neuroblast formation induced by the het-
erozygosity of tis11 in brat hypomorphic brains (Fig. 1D)
and (2) that the newly born immature INPs in tis11-null
brains displayed ectopic Dpn expression (Fig. 1E,F).
Thus, Tisl1 is required for repressing dpn expression in
the newly born immature INP. Because tis11-null brains
did not contain supernumerary neuroblasts (Fig. 1D),
Tis11 likely functions together with Brat to robustly ter-
minate dpn activity in the newly born immature INP.

Tisll and its vertebrate homolog, Tristetraprolin, are
RNA-binding proteins and repress the translation of target
mRNAs by promoting RNA decay (Vindry et al. 2012;
Choietal. 2014). The first step of the RNA decay process is
shortening the poly(A) tails of target mRNAs or deadeny-
lation, which is catalyzed by the evolutionarily conserved
CCR4-NOT and Pan2-Pan3 deadenylase complexes
(Temme et al. 2014; Wolf and Passmore 2014; Yan 2014).
From our screen, we found that reducing the dosage of
genes encoding the core components of the CCR4-NOT
or Pan2-Pan3 complex also enhanced the supernumerary
neuroblast phenotype in brat hypomorphic brains (Fig.
1G; Supplemental Fig. SIC). Similar to tis11, reducing
the function of either complex led to ectopic Dpn expres-
sion in the newly born immature INP (Fig. 1H,I). Further-
more, reducing the level of Me31B, which indirectly
promotes mRNA decay by repressing translation (Gotze
etal.2017; Wanget al. 2017), enhanced the supernumerary
neuroblast phenotype in brat hypomorphic brains (Fig.
1G). Together, these data suggest that Brat functions to-
gether with the mRNA decay machinery to terminate
dpn activity in the newly born immature INP.

To confirm that deadenylase activity is required for ter-
minating dpn activity in the newly born immature INP, we
overexpressed wild-type or enzymatically inactive Pan2 in
brat hypomorphic brains that are pan2 heterozygous. We
found that overexpressing wild-type Pan2, but not enzy-
matically inactive Pan2, rescued increased supernumerary
neuroblast formation induced by the heterozygosity of
pan?2 in brat hypomorphic brains (Fig. 1]J). These data
strongly suggest that Brat terminates dpn activity by pro-
moting mRNA decay in the newly born immature INP.

Brat promotes the decay of dpn transcripts by recognizing
the 3 UTR BRE-ARE (AU-rich element) motif

Brat directly binds the BREs in the 3’ UTRs of multiple
self-renewal gene transcripts, including dpn and klu, and
represses reporter expression controlled by these 3
UTRs (Loedige et al. 2015). Tis11 recognizes the AUUUA
pentamer sequence (ARE) in the 3’ UTRs of target tran-
scripts (Spasic et al. 2012; Vindry et al. 2012). Thus, we hy-
pothesize that Brat and Tis11 physically interact and that
the Brat-Tis11 complex promotes the decay of self-renew-
al gene transcripts in the newly born immature INP by
recognizing the BREs and AREs in their 3 UTRs. We first
tested whether Brat and Tis11 physically interact in Dro-
sophila S2. cells. We overexpressed Myc-tagged Brat and
Flag-tagged Tisl1 in S2 cells and performed coimmuno-
precipitation assays. Indeed, Brat coimmunoprecipitated


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320333.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320333.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320333.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320333.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320333.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.320333.118/-/DC1

with Tisll1 (Fig. 2A; Supplemental Fig. S2B). Because the
B-boxes are required for Brat to terminate self-renewal
gene activity in the newly born immature INP (Komori
et al. 2014b), we tested whether they are required for the
Brat-Tis11 interaction. We found that Brat®5°*¢s fajled
to coimmunoprecipitate with Tisll in S2 cell lysate
(Fig. 2A; Supplemental Fig. S2B). Thus, Brat and Tisl1
physically interact, and the B-boxes are required for their
interaction.

We next tested whether the BREs and AREs in the dpn
3’ UTR are sufficient for repressing gene expression. We
generated transgenic fly lines carrying reporters driven
by a neuroblast-specific promoter and controlled by vari-
ous 3’ UTRs (Fig. 2B). All of the reporters were highly ex-
pressed in type II neuroblasts (Fig. 2C-F). Reporter
expression controlled by a minimal 3’ UTR containing a
poly(A) tail was not terminated in the newly born imma-
ture INP (Fig. 2C,G). In contrast, reporter expression con-
trolled by a wild-type dpn 3’ UTR was robustly repressed
(Fig. 2D,G). Importantly, mutating all BREs in the dpn 3’
UTR derepressed reporter expression in the newly born
immature INP much more strongly than mutating all
AREs (Fig. 2E-G). Tisll binds tandemly repeated AREs
with high affinity (Spasic et al. 2012). Because AREs in
the dpn 3’ UTR are not tandemly repeated, it is unlikely
that Tis11 binds the dpn 3’ UTR alone (Fig. 2B). We con-
clude that BREs play a major role in repressing the dpn
3’ UTR activity.
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The dpn 3’ UTR contains one predicted BRE (with a
mean score of 6.243) that is ranked in the top 10% of
100 7-mers likely bound by Brat based on the RNAcom-
pete matrix, strongly suggesting that this BRE is a high-af-
finity Brat-binding site (Laver et al. 2015). This putative
BRE is located in tandem with an ARE (Supplemental
Fig. S2A). A similar “BRE-ARE motif,” in which a high-af-
finity Brat-binding site (mean score of 6.096) is located in
tandem with an ARE, is also present in the klu 3 UTR
(Supplemental Fig. S2A). Thus, we hypothesized that the
BRE-ARE motif provides a primary sequence that priori-
tizes gene transcripts for Brat-Tisl1-mediated decay. We
tested this hypothesis by generating transgenic fly lines
carrying reporters driven by a neuroblast-specific promot-
er and controlled by synthetic 3’ UTRs carrying repeated
wild-type or mutant BRE-ARE motifs (Fig. 2H). We con-
firmed that all reporters were highly expressed in type II
neuroblasts (Fig. 2I-M). Reporter expression controlled
by the minimal 3’ UTR containing a poly(A) tail was not
repressed in the newly born immature INP, unlike report-
er expression controlled by the 3’ UTR carrying wild-type
BRE-ARE motifs, which was robustly repressed (Fig. 21,],
M). Importantly, mutating only the BREs in the BRE-
ARE motif derepressed reporter expression in the newly
born immature INP much more strongly than mutating
only the AREs (Fig. 2K-M). These data support our hy-
pothesis that Brat recognizes and targets dpn transcripts
for decay by recruiting Tis11 to their 3’ UTRs.
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tant BREs cannot repress reporter activity
in a newly born immature INP (white arrow-
head). (White arrow) Neuroblast. (G) Quan-
tification of reporter expression shown in
C-F. Relative pixel intensity was deter-
mined by the ratio of reporter expression in
immature INPs relative to neuroblasts. (H)
Destabilized V5-tagged reporters controlled
by a minimal 3’ UTR or a synthetic 3
UTR carrying repeated BRE-ARE motifs.
(I-L) A synthetic 3 UTR carrying wild-
type BRE-ARE motifs was sufficient to re-
press reporter expression in a newly born
immature INP (white arrowhead). Mutating
BREs derepressed reporter expression more
strongly than mutating AREs. (M) Quantifi-
cation of reporter expression shown in I-L.
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creased supernumerary neuroblast formation induced by the heterozygosity of tis11 in brat hypomorphic brains. (O) Schematic showing
that Brat promotes the decay of inherited self-renewal gene transcripts, likely by recruiting multiple deadenylase complexes to their 3’
UTRs. Bars, 10 uM. Bar graphs are represented as mean = standard deviation. (*) P<0.5; (**) P<0.05; (***) P <0.005.
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brat-null brains contain thousands of supernumerary
type II neuroblasts, but tisI1-null brains do not (Fig.
1D). Because Tisl1 can directly recruit the CCR4-NOT
deadenylase complex to target mRNAs (Choi et al.
2014), we hypothesized that the Brat-Tis11 complex con-
currently recruits multiple deadenylases to the dpn 3’
UTR. To test this hypothesis, we generated transgenes
for overexpressing wild-type or mutant Tisll (Sup-
plemental Fig. S2C). Overexpression of RNA-binding-
defective Tisll (Tis11°*N%) which carries a H198Q
mutation disrupting Tis11-RNA contact (Choi et al.
2014), partially rescued increased supernumerary neuro-
blast formation induced by the heterozygosity of tis11 in
brat hypomorphic brains (Fig. 2N). This result is consis-
tent with analyses of reporter expression controlled by
the dpn 3’ UTR and the synthetic 3’ UTR containing mu-
tant AREs and strongly suggests that Tis11 contributes to
the termination of self-renewal gene activity partly
through RNA binding (Fig. 2F,G,L,M). Overexpressing
Notl-binding-defective Tisll (Tis11°N°), which lacks
amino acids 418-422, partially rescued the increased su-
pernumerary neuroblast formation induced by the hetero-
zygosity of tis11 in brat hypomorphic brains (Fig. 2N). This
result suggests that Tisll contributes to Brat-mediated
termination of self-renewal gene activity by recruiting
multiple deadenylases to the 3’ UTR of self-renewal gene
transcripts. A previous study reported that Brat coimmu-
noprecipitates with Not1 in fly embryonic lysate (Temme
et al. 2010). Thus, the Brat-Tis11 complex mechanistical-
ly links mRNA decay to the termination of self-renewal
gene expression in the newly born immature INP by
concurrently recruiting multiple deadenylases to their
3/ UTRs (Fig. 20).

Cull-mediated proteolysis and Brat-mediated mRNA
decay function synergistically to terminate dpn activity
in immature INPs

The termination of Dpn activity in the newly born imma-
ture INP likely requires a multitude of post-translational
control mechanisms similar to the regulation of Hesl ac-
tivity during vertebrate neurogenesis (Kobayashi and
Kageyama 2014). The proteasome system directed by the
Cull-based ubiquitin E3 ligase complex promotes Hesl
degradation in mice and regulates asymmetric fly neuro-
blast division (Li et al. 2014; Chen et al. 2017). To test
whether Cull plays a role in terminating Dpn activity in
the newly born immature INP, we first compared the effi-
ciency of knocking down cull function by expressing an
inducible RNAI transgene with a previously described
cull hypomorphic allele in type II neuroblasts. We found
that knocking down cull function by RNAI led to a stron-
ger supernumerary neuroblast phenotype than the cull
hypomorphic allele (Fig. 3A). Thus, expressing an UAS-
cull-RNAi transgene can efficiently knock down cull
function. We next tested whether knocking down cull
function during asymmetric type II neuroblast division
leads to ectopic Dpn expression in the newly born im-
mature INP. Indeed, knocking down cull function re-
producibly led to ectopic Dpn expression in newly born
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Figure 3. Cull promotes termination of Dpn activity in the
newly born immature INP. (A) Overexpressing a UAS-cullpna;
transgene led to a stronger supernumerary type Il neuroblast phe-
notype than a cull hypomorphic allelic combination (cul1™7°).
The heterozygosity of dpn suppressed supernumerary neuroblast
formation induced by cull knockdown. (Cul1™P°) cul1FY11668/Ex,
(B,C) Knocking down cull function led to mild ectopic Dpn ex-
pression in a newly born immature INP (white arrowheads).
Bar, 10 uM. (White arrows) Type II neuroblast. (D) Knocking
down cull function drastically enhanced the supernumerary neu-
roblast phenotype in brat hypomorphic brains. Bar graphs are rep-
resented as mean = standard deviation. (***) P <0.005.

immature INPs in all type Il neuroblast lineages examined
(Fig. 3B,C). Furthermore, the heterozygosity of dpn com-
pletely suppressed the supernumerary neuroblast pheno-
type induced by cull knockdown (Fig. 3A). Thus, Cull is
required for terminating Dpn activity in the newly born
immature INP.

We next tested whether Cull-mediated proteolysis of
Dpn and Brat-mediated decay of dpn transcripts function
synergistically to drive the timely exit from the stem
cell state in the newly born immature INP. We knocked
down cull function by RNAI in brat hypomorphic brains
and quantified the formation of supernumerary neuro-
blasts. Knockdown of cull or the brat hypomorphic genet-
ic background led to a mild supernumerary neuroblast
phenotype (Fig. 3D). Under identical conditions, the
severity of the supernumerary neuroblast phenotype in-
duced by cull knockdown in brat hypomorphic brains
far exceeded the supernumerary neuroblast phenotype in
either single mutant brains alone (Fig. 3D). Thus, Cull-
mediated proteolysis functions synergistically with Brat-
mediated mRNA decay to terminate dpn activity in the
newly born immature INP.

Insb intrinsically regulates Dpn activity during
asymmetric neuroblast division

Our results strongly suggest that multiple modes of post-
translational control are required for robust termination
of Dpn activity in the newly born immature INP. In our
genetic screen, we identified several deficiency stocks re-
moving the insb locus that, when heterozygous, enhanced
the supernumerary neuroblast phenotype in brat hypo-
morphic brains. By using insb-specific alleles, we con-
firmed that reduced insb function indeed enhanced the
supernumerary neuroblast phenotype in brat hypomor-
phic brains in a dosage-dependent manner (Fig. 4A). Fur-
thermore, a bacterial artificial chromosome transgene
containing the insb locus where the gfp coding sequence
is fused in-frame with the insb-coding sequence (insb::
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gfp(g)) rescued increased supernumerary neuroblast for-
mation induced by the heterozygosity of insb in brat
hypomorphic brains (Fig. 4A). These results suggest that
reduced insb function increases self-renewal gene activi-
ty. Analyses of insb::gfp(g) expression indicated that
Insb is expressed in the nuclei of type II neuroblasts and
newly born immature INPs (Fig. 4B). Thus, Insb likely
antagonizes self-renewal gene activity during asymmet-
ric neuroblast division. Consistent with this hypothesis,
reducing dpn gene dosage suppressed the increased super-
numerary neuroblast formation induced by the heterozy-
gosity of insb in brat hypomorphic brains (Fig. 4A). Thus,
Insb likely down-regulates dpn activity during asymmet-
ric neuroblast division.

Insb appears to be a rapidly evolving nuclear protein
among insect species, and amino acid alignment of Insb
from 12 distinct Drosophila species revealed three highly
conserved regions (Supplemental Fig. S3; Coumailleau
and Schweisguth 2014). To gain insights into how Insb an-
tagonizes dpn activity, we overexpressed a series of UAS
transgenes encoding wild-type Insb or truncated Insb
lacking one of the three conserved motifs (Coumailleau
and Schweisguth 2014). Type II neuroblasts overexpress-
ing wild-type Insb prematurely differentiated, as did type
II neuroblasts overexpressing N-terminally or centrally
truncated Insb transgenic protein (Fig. 4C). In contrast,
type Il neuroblasts overexpressing C-terminally truncated
Insb transgenic protein did not prematurely differentiate
(Fig. 4C). These data indicate that Insb down-regulates
dpn activity through its C terminus. A previous study sug-
gested that Insb inhibits Notch-dependent activation of
gene transcription in the fly peripheral nervous system
(Coumailleau and Schweisguth 2014). To test whether
Insb indirectly antagonizes dpn activity by inhibiting
Notch-mediated gene activation, we overexpressed Insb
in type Il neuroblasts carrying a Notch reporter. Knocking
down Notch function strongly reduced Notch reporter ac-

tivity as compared with the control (Fig. 4D-F). In con-
trast, type II neuroblasts overexpressing Insb displayed a
level of Notch reporter activity similar to that of the con-
trol (Fig. 4D,E,G). Thus, Insb likely directly antagonizes
dpn activity during asymmetric neuroblast division.

Type II neuroblasts overexpressing wild-type Dpn give
rise to supernumerary neurobalsts instead of immature
INPs (Janssens et al. 2014, 2017). Despite accumulating
an abnormally high level of nuclear Dpn, type II neuro-
blasts overexpressing Insb prematurely differentiate (Fig.
4C,1). Thus, we hypothesized that overexpressed Insb inac-
tivates nuclear Dpn and results in the accumulation of in-
active Dpn in type II neuroblast nuclei. We tested this
hypothesis by overexpressing Insb in larval brains carrying
a Dpn reporter (Janssens et al. 2017). In wild-type brains,
Dpn reporter activity is inhibited by endogenous Dpn in
type II neuroblasts and only becomes activated in imma-
ture INPs following the termination of Dpn activity (Fig.
4H). Insb overexpression robustly derepressed Dpn report-
er activity in the type II neuroblast (Fig. 4I). This result
supports that type Il neuroblasts overexpressing insb aber-
rantly accumulate inactive Dpn in the nuclei and strongly
suggests that Insb functions as a post-translational antago-
nist of Dpn activity. Consistently, removal of insb func-
tion strongly enhanced the supernumerary neuroblast
phenotype in cull hypomorphic brains (Fig. 4]). We con-
clude that Insb and Cull are part of the multimodal post-
translational control of Dpn activity during asymmetric
neuroblast division.

Our data demonstrate that the synergy between Insb-
mediated inactivation of Dpn activity and Brat-mediated
decay of dpn mRNAs promotes the exit from the stem
cell state in the newly born immature INP (Fig. 4A). We
extended our analyses to test whether Insb-mediated
post-translational control functions synergistically with
transcriptional control of dpn expression in the newly
born immature INP. Indeed, reducing insb gene dosage
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enhanced the supernumerary neuroblast phenotype in
numb hypomorphic brains (Fig. 4K). Thus, Insb-mediated
post-translational control of Dpn activity is part of a mul-
tilayered gene regulation system that terminates dpn
function in the newly born immature INP.

Insb antagonizes Dpn activity through protein
sequestration

Our data suggest that Insb antagonizes Dpn activity via di-
rect protein—protein interaction. Therefore, we tested
whether Insb and Dpn physically interact. We overex-
pressed wild-type Insb in brat-null brains, which contain
thousands of supernumerary type II neuroblasts and pro-
vide an enriched source of neuroblast-specific proteins, in-
cluding Dpn (Komori et al. 2014a). We found that Insb and
Dpn coimmunoprecipitated from brain neuroblast lysate
(Fig. 5A). Because the C-terminal 54 amino acids of Insb
are required for inducing premature differentiation in
type II neuroblasts (Fig. 4C), we tested whether the C
terminus of Insb is required for binding to Dpn. Indeed,
the C-terminally truncated Insb failed to coimmuno-
precipitate with Dpn (Fig. 5A). In addition, the 54-amino-
acid C-terminal of Insb alone was sufficient for binding
Dpn in S2 cell lysates (Supplemental Figs. S3, S4). Togeth-
er, these data indicate that Insb binds Dpn through its C
terminus.

We next defined the motif in Dpn that mediates binding
to Insb. We overexpressed wild-type Insb with wild-type

or truncated Dpn in S2 cells and performed coimmuno-
precipitation. We found that the Orange motif of Dpn spe-
cifically mediates binding to Insb (Fig. 5B). This result
suggests that the C terminus of Insb interacts with the Or-
ange motif of Dpn. Because all Hes family proteins have
the Orange motif, we extended our analyses to test wheth-
er Insb physically and functionally interacts with Hesl,
the vertebrate homolog of Dpn. Indeed, overexpressed
wild-type, but not C-terminally truncated, Insb coimmu-
noprecipitated with overexpressed Hesl in HEK293 cell
lysates (Fig. 5C). Furthermore, overexpressed wild-type
Insb antagonized Hes1-mediated repression of reporter ac-
tivity much more potently than C-terminally truncated
Insb in mouse neural stem cells (Fig. 5D). In this assay,
Insb inhibited Hesl function more efficiently than
dnHes1 and Hes6 (Fig. 5D). Together, these data indicate
that the mechanism by which the C terminus of Insb an-
tagonizes Dpn activity can also robustly attenuate Hesl
activity.

To gain mechanistic insight into Insb-mediated inhibi-
tion of Hes protein activity, we used the SWISS-MODEL
Web tool to model the structure of the C terminus of
Insb (Waterhouse et al. 2018). The C terminus of Insb is
predicted to adopt a tertiary structure mimicking the Or-
ange motif of Heyl (Fig. 5E). The crystal structure of the
Heyl Orange motif suggested that Orange motif mono-
mers can dimerize (Protein Data Bank [PDB] file 2DB7)
(Eastwood et al. 2011). Alignment of the C terminus of
Insb to the Orange motifs of multiple Hes family proteins
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Figure 5.

Insb antagonizes Dpn activity by forming inactive dimers through the Orange motifs. (A) Overexpressed wild-type but not C-

terminally truncated Insb coimmunoprecipitates with Dpn in larval brain neuroblast lysate. (B) The Orange motif of Dpn mediates the
Dpn-Insb interaction in S2 cells. (C) Overexpressed wild-type but not C-terminally truncated Insb coimmunoprecipitates with Hesl
in HEK293 cell lysate. (D) Wild-type Insb overexpression alleviates Hesl-mediated repression of the Hes reporter in mouse neural stem
cells. (E) The SWISS-MODEL Web tool predicts that the C terminus of Insb folds into an Orange motif based on the crystal structure
of the Heyl Orange dimer (Protein Data Bank file 2DB7). (F) Alignment of the C terminus of Insb and Hes family proteins. The residues
that likely mediate Orange dimer formation are highlighted. (G) An illustration of key functional motifs in Hes proteins and Insb. “H”
indicates an a helix similar to the second a helix in the basic helix-loop-helix motif of Dpn. (H-I) Overexpressed wild-type Insb prevents
Dpn-Dpn homodimerization and Dpn-E(spl)my heterodimerization. The asterisk indicates IgG.
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revealed significant homology among the residues located
at the interaction interface of Orange monomers (Fig. 5F,
highlighted in green). Furthermore, the central conserved
region of Insb is predicted to adopt an a-helix conformation
resembling the second a helix of the basic helix-loop-helix
motif in Hes proteins (Fig. 5G). The combination of pro-
tein—protein interaction and structural modeling led us
to propose that Insb is a novel incomplete member of the
Hes protein family.

Hes family transcription factors, including Dpn and
E(spl), repress target gene transcription by forming homo-
dimers or heterodimers with other Hes proteins (Ross
et al. 2006; Kageyama et al. 2007). Thus, we hypothesized
that Insb antagonizes Dpn activity by sequestering
Dpn monomers and preventing Dpn dimer formation.
We tested this hypothesis by overexpressing Dpn::V5,
Dpn::Flag, and Insb::Myc in S2 cells and performing coim-
munoprecipitation. We easily detected Dpn::Flag-Dpn::
V5 dimers in S2 cell lysates in the absence of Insb::Myc
overexpression (Fig. 5H). In the presence of overexpressed
Insb::Myc, Dpn::Flag-Dpn::V5 dimer formation was dras-
tically reduced, and Dpn::Flag-Insb::Myc dimers were
apparent (Fig. 5H). Under identical conditions, overex-
pressed Insb::Myc abolished Dpn::Flag-E(spl)m::V5 dimer
formation and instead formed Insb::Myc-Dpn::Flag dimers
(Fig. 5I). These results demonstrate that Insb binding per-
turbs Dpn homodimerization and heterodimerization.
Thus, we conclude that Insb limits the level of active
Dpn in asymmetrically dividing neuroblasts by sequester-
ing Dpn monomers in an inactive Insb-Dpn complex
through Orange dimer formation.

Discussion

Self-renewal gene activity needs to be terminated for un-
committed progenitors to exit from the stem cell program
in all stem cell lineages. Our study demonstrates that
transcriptional, translational, and post-translational con-
trols synergize to rapidly terminate the activity of the
self-renewal gene dpn and drive the timely exit from the
stem cell state in the newly born immature INP (Fig. 6).
Many developmental signaling mechanisms must rapidly
and robustly transition from an “on” to an “off” state to
allow for proper patterning, proliferation, and cell identity
specification (Isomura and Kageyama 2014). We believe
that our proposed multilayered gene regulation system
will be broadly applicable to the regulation of numerous
developmental transitions.

mRNA decay terminates self-renewal gene activity
in uncommitted progenitors

Thousands of genes, including housekeeping and self-re-
newal genes, are transcribed during asymmetric type II
neuroblast division (Berger et al. 2012; Carney et al.
2012). Thus, the RNA-binding proteins that recognize
self-renewal gene transcripts and target them for decay
play a central role in driving exit from the stem cell state
in the newly born immature INP. Our data support a mod-
el in which Brat specifies the selection of self-renewal
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Figure 6. Model for multilayered regulation of self-renewal gene
activity during asymmetric type II neuroblast division.

gene transcripts by recognizing the BRE-ARE motif in
their 3 UTRs and assembles RNA decay machinery by
forming a complex with Tisl1 (Fig. 20).

Previous studies identified multiple putative BREs in
the 3’ UTRs of self-renewal gene transcripts dpn and klu,
but the physiological significance of these BREs in Brat-
mediated repression is unknown (Loedige et al. 2015;
Reichardt et al. 2018). By using the RNAcompete matrix
(Laver et al. 2015), we found a single BRE in the dpn 3’
UTR as well as in the klu 3’ UTR that is consistently
ranked in the top 10% of putative Brat-binding 7-mers
and likely has high affinity for Brat binding (Fig. 2B; Supple-
mental Fig. S2A). Importantly, these high-affinity BREs are
located in tandem with AREs and hence constitute BRE~
ARE motifs (Supplemental Fig. S2A). Mutating the BRE
in the synthetic 3’ UTR carrying repeated BRE-ARE mo-
tifs derepressed reporter activity much more strongly
than mutating the ARE (Fig. 2I,M). In addition, overex-
pressed Tis114"NA can substitute for wild-type Tis11 and
function together with Brat to repress self-renewal gene
translation in the newly born immature INP (Fig. 2N).
Thus, Brat binding to the high-affinity BRE within the
BRE-ARE motif, rather than Brat and Tis11 co-occupying
the BRE-ARE motif, likely dictates the selection of self-re-
newal gene transcripts for decay.

Following the recognition of self-renewal gene tran-
scripts, Brat must assemble the RNA decay machinery
that confers robust deadenylase activity on their 3’
UTRs in the newly born immature INP. Tisl1 physically
interacts with Notl and can directly recruit the CCR4-
NOT deadenylase complex to target mRNAs (Choi et al.
2014). Furthermore, overexpressed Tis112N° can substi-
tute wild-type Tisll and function together with Brat to
promote the decay of self-renewal gene transcripts in the
newly born immature INP (Fig. 2N). Hence, Tis11 can in-
teract with multiple deadenylases. A previous study
showed that Brat and Notl coimmunoprecipitate in fly
embryonic lysate (Temme et al. 2010). We propose that
binding of the Brat-Tisll complex to the 3’ UTRs of
self-renewal gene transcripts serves as a platform to con-
currently recruit multiple deadenylases, and Tis11 func-
tions to confer robust deadenylase activity of the Brat-
Tis1l complex. As such, loss of tis11 function alone will
not hinder Brat-mediated decay of self-renewal gene tran-
scripts in the newly born immature INP or lead to super-
numerary neuroblast formation (Fig. 1D). In contrast, loss
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of tis11 function in brat hypomorphic brains simultane-
ously perturbs Brat- and Tisl1-mediated recruitment of
deadenylases to the 3’ UTRs of self-renewal gene tran-
scripts, leading to an enhanced supernumerary neuroblast
phenotype as compared with brat hypomorphic brains
alone (Fig. 1D).

Multimodal post-translational control terminates self-
renewual gene activity in uncommitted progenitors

Self-renewal proteins maintain type Il neuroblasts in a un-
differentiated state by poising the activation of the master
regulator of differentiation earmuff (Janssens et al. 2017).
The exit from the neuroblast state transitions earmuff
from a poised state to an active state by steadily excluding
self-renewal proteins Dpn, E(spl)my, and Klu from its cis-
regulatory element. Thus, the post-translational control
of the exit from the stem cell state must include mecha-
nisms that degrade as well as sequester self-renewal pro-
teins. The proteasome system directed by Cul-based
ubiquitin E3 ligase complexes provides a conserved mech-
anism to degrade self-renewal proteins (Chen et al. 2017;
Dubiel et al. 2018). The protein sequestration mecha-
nisms likely play a multifaceted role by limiting active
self-renewal protein levels as well as decommissioning
free self-renewal proteins. We demonstrated that Insb,
an incomplete Hes protein containing the Orange motif
but not the basic helix-loop-helix motif (Fig. 5F), antago-
nizes Dpn activity by forming inactive dimers through the
Orange motifs (Fig. 5G,I). As such, Insb overexpression at-
tenuated the negative feedback autoregulation of Dpn,
leading to continual dpn transcription and aberrant nucle-
ar accumulation of inactive Dpn (Fig. 4H,I). While Insb is
coexpressed with Dpn in the type Il neuroblast, it remains
expressed in the newly born immature INP where Dpn ac-
tivity becomes terminated (Fig. 4B). We propose that Insb
limits the level of Dpn dimer activity and decommissions
Dpn monomers into inactive Orange dimers in the type II
neuroblast and the newly born immature INP. Because
proteins previously shown to antagonize Hes activity, in-
cluding Id/Emc family proteins and Hes6, form inactive
dimers through the basic helix-loop-helix, Orange dimer
formation provides a new and novel strategy for attenuat-
ing Hes activity. Excess active Dpn dimers in insb single
mutants can be cleared by robust Cul-mediated proteoly-
sis (Fig. 4A). However, reduced insb function in brat hypo-
morphic brains where dpn transcripts become ectopically
translated would likely overwhelm Cul-mediated proteol-
ysis. As such, loss of insb function alone did not lead to a
supernumerary neuroblast phenotype but drastically en-
hanced the supernumerary neuroblast phenotype in brat
hypomorphic brains (Fig. 4A).

The role of the Orange motif in eliciting Hes protein
functions in a physiological context remains poorly de-
fined because all previous analyses were performed using
truncated Hes protein lacking the entire Orange motif
(Dawson et al. 1995; Leimeister et al. 2000; Nakatani
et al. 2004; Taelman et al. 2004; Belanger-Jasmin et al.
2007). The amino acid sequence of the Orange motif in
Hes family proteins varies greatly, with the exception of
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the residues located at the dimerization interface (Fig.
5E,F). The Orange motif is required for Insb binding to
Hesl in HEK293 cells, and ectopically expressed Insb po-
tently inhibited Hesl activity in mouse neural stem cells
via an Orange motif-dependent mechanism (Fig. 5C,D).
Functional analyses and structural modeling of Insb sug-
gested that several conserved residues likely mediate Or-
ange dimer formation (Fig. 5F). Insights into Orange
dimer formation will allow us to define the role of this mo-
tif in eliciting the function of Hes family proteins and like-
ly reveal novel conserved strategies to target Hes family
proteins in translationally relevant applications.

Multilayered regulation of gene expression during
developmental transitions

Although transcriptional control undoubtedly plays a
key role in regulating gene expression, translational and
post-translational control are also important for this pro-
cess. As such, a multilayered control of gene expression
provides an ideal strategy for regulating a wide variety of
critical transitions, including the exit from stemness in
uncommitted stem cell progeny, the maternal-to-zygotic
transition, and somitogenesis. Thus, insights into the
multilayered control of self-renewal gene activity during
the exit from the neuroblast state in the newly born im-
mature INP likely will be broadly applicable to many
developmental transitions.

Materials and methods

Fly genetics and transgenes

Bloomington Df kit was used for the genetic screening. The whole
deficiency list is available on the home page of Bloomington
Drosophila Stock Center (https://bdsc.indiana.edu). The follow-
ing stocks were published previously or are available in publich
stock centers: Ase-Gal80, brat'!, bratP¢?310 cul1®* dpn?,
Gbe+Su(H)-lacZ, numb®®, Wor-Gald, cul1¥¥11%%8 Df(1)IE35/Dp
(1,Y)BSC5 (tis117f), Df(2L)Exel8040 (brat®’), Me31B*97,
pan2/00130  popoMBIL505 - 4ig11 G118 TRiP HM05197 (cullgnai),
UAS-lacZ.NZ, P{GSV7}GS22604, numb™F?3%1  and PBac
{SAstopDsRed %1% (not1~). The following transgenic lines
were generated in this study: UAS-insb-myc, UAS-insb*!14-
myc, UAS-insb***1%°-myc, UAS-insb*12517°.myc, UAS-pan2F*-
V5, UAS-pan2P10NEI04Q 5 1JAS-tis11-Flag, UAS-tis114418-424
-Flag, UAS-tis11%1°8CQFlag, and insb::gfp(g). The DNA fragments
were cloned into pattB, p{UAST}attB, or VanGlow-GL gateway
destination vectors. insb::gfp(g) was generated by inserting GFP
sequence in-frame with the insb-coding sequence in the BAC
clone (CH322-168B11). The transgenic fly lines were generated
via ¢C31 integrase-mediated transgenesis. Insh**A*° was generat-
ed by imprecise excision of P{GSV7}GS22604 that was inserted at
a P element juxtaposed to the transcription start site of the insb
gene.

Generation of BRE-ARE reporters

We took anidentical strategy outlined below to generate E(spl)my-
V5-dpn3 UTRBREWLAREWE = p(sp]1)my-V5-dpnd UTRBREWLAREmut
E(spl)my-V5-dpn3 UTRPREmut AREwt E(spl)my-V5-dpn3
UTRBREmutAREmut  po51)my-V5-6xBRE" -4xARE™", E(spl)my-
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V5-6xBRE™"-4xARE™", E(spl)my-V5-6xBRE™"-dxARE™", and E
(spl)my-V5-6xBRE™"*-4xARE™". We showed previously that a
250-base-pair (bp) enhancer [9D112-% mut KI/Dpn/Eplmy) of the ggr-
muff gene is constitutively activated in type Il neuroblasts by the
transcriptional activator PointedP1 (Janssens et al. 2017). We cou-
pled this enhancer to a Drosophila synthetic core promoter to
drive the expression of the E(spl)my::V5 reporter transgene con-
trolled by the dpn 3’ UTR or a synthetic 3’ UTR carrying repeated
BRE-ARE motifs. The E(spljmy::V5 fusion protein was created by
fusing the N-terminal E(spl)my that carries the destruction se-
quence, the basic helix-loop-helix, and the Orange motif in-frame
with a V5 epitope (Almeida and Bray 2005).

dpn reporter

The Dpn reporter (9D112°-GFP::Luc (nls)) was described previ-
ously (Janssens et al. 2017).

Immunofluorescent staining and antibodies

Larva brains were dissected in PBS and fixed in 100 mM PIPES
(pH6.9), 1 mM EGTA, 0.3% Triton X-100, and 1 mM MgSO, con-
taining 4% formaldehyde for 23 min. Fixed brain samples were
washed with PBST containing PBS and 0.3% Triton X-100. After
removing the fix solution, samples were incubated with primary
antibodies for 3 h at room temperature. Three hours later, sam-
ples were washed with PBST and then incubated with secondary
antibodies overnight at 4°C. On the next day, samples were
washed with PBST and then equilibrated in ProLong Gold anti-
fade mountant (Thermo Fisher Scientific). Antibodies used in
this study included chicken anti-GFP (1:2000; Aves Laboratories),
rabbit anti-Ase (1:400), rabbit anti-B-gal (1:1000; MP Biomedicals),
mouse anti-cMyc (1:200; Sigma), mouse anti-V5 (1:500; Thermo
Fisher Scientific), and rat anti-Dpn (1:2). Secondary antibodies
were from Jackson ImmunoResearch, Inc.. We used rhodamine
phalloidin (Thermo Fisher Scientific) to visualize cortical actin.
The confocal images were acquired on a Leica SP5 scanning con-
focal microscope (Leica Microsystems, Inc). More than 10 brains
per genotype were used to obtain data in each experiment.

Cell lines

Drosophila S2 cell line was cultured in Schneider’s Drosophila
medium (Thermo Fisher Scientific) containing 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin
at 25°C. The HEK293 cell line was cultured in Dulbecco’s
modified Eagle medium (DMEM) (Thermo Fisher Scientific) con-
taining 10% FCS, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin at 37°C with 5% CO,. The mouse neural stem cell line
was established in a previous study (Imayoshi et al. 2013). Neural
stem cells were cultured in DMEM/F12 (Thermo Fisher Scien-
tific) supplemented with N2-Max (R&D Systems) and 20 ng/mL
EGF and FGF (Wako). Culture dishes were coated to let neural
stem cells adhere to the bottom of dish by treating with 2 ng/
mL Laminin (Wako).

Plasmid constructions for cell culture experiments

c¢DNAs of dpn and E(spl)my were inserted into pUAST-attB vec-
tor with Flag or V5 tag fragment for S2 cell experiments. cDNA of
insb was inserted into pcDNA3 or pCI vector for immunoprecip-
itation of HEK293 cells and luciferase assays in mouse neural
stem cells.
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Transfection and luciferase assay

Plasmid DNAs were transfected into cells by lipofection. Trans-
fected cells were cultured for 48 h before luciferase assays and im-
munoprecipitation. Luciferase activities were assayed using the
dual-luciferase assay system (Promega). All assays were per-
formed three times in duplicate, and values are shown as mean
+standard deviation.

Immunoprecipitation and immunoblotting

Expression vectors were transfected into culture cells. Protein
was extracted using lysis buffer containing 25 mM TrisHCI (pH
8.0),0.5 mM EDTA, 1% NP40, and 150 mM Nacl with proteinase
inhibitor cocktail (Roche). For immunoprecipitation, 1 pg of anti-
bodies was incubated with cell lysates for 3 h at 4°C. Samples
were incubated with 15 uL of 50% slurry of Protein G Sepharose
4 Fast Flow (GE Healthcare) for an additional 1 h at 4°C. Immuno-
precipitates were washed with lysis buffer five times and dena-
tured for 5 min at 95°C in 1x SDS loading buffer containing
62.5 mM TrisHCI (pH 7.4), 2% SDS, 10% glycerol, and 0.002%
BPB. Proteins were separated by SDS-PAGE, blotted onto a
PVDF membrane, and then incubated with antibodies specific
for individual proteins. Blots were incubated with HRP-conjugat-
ed secondary antibodies (Thermo Fisher Scientific), and proteins
were detected by Pierce ECL Western blotting substrate (Thermo
Fisher Scientific) according to the manufacturer’s protocol. The
following antibodies were used: mouse anti-Flag, mouse anti-
Myc, mouse anti-V5, rabbit anti-Hes1 (clone D6P2U, Cell Signal-
ing Technology), and rabbit anti-Tis11 (Choi et al. 2014).

RNA extraction and RT-PCR

Total RNA was extracted from pan2°'3° homozygous mutant
adults using TRIzol (Thermo Fisher Scientific), and mRNA was
purified by using RNeasy microkit (Qiagen) according to the
manufacturer’s protocol. First strand cDNA was synthesized us-
ing a first strand cDNA synthesis kit for RT-PCR [AMV] (Roche)
according to the manufacturer’s protocol. cDNA was amplified
by using gene-specific primers. The PCR products were resolved
by electrophoresis on 2% agarose gels and visualized by ethidium
bromide staining. The following individual specific primer sets
were used for quantitative PCR: pan2 (5-CCTCTTCAACATG
CTGGATA-3' and 5-TCTTTGATGTGGTTGGGATAC-3') and
1p49 (5-aTCGGTTACGGATCGAACAA-3' and 5-GACAATC
TCCTTGCGCTTCT-3').

Quantification and statistical analysis

Image] software was used to quantify the expression of the E(spl)
my-V5 reporter proteins. Dpn single-channel confocal images
were used to assign the area of the type Il neuroblast or INP nucle-
us, and the pixel intensities of GFP were assessed in the same op-
tical section.

The number of biological replicates is indicated by n=10 in
each figure legend, and standard deviation among samples is indi-
cated by error bars. All statistical analysis was performed using a
two-tailed Student’s t-test, and P-values of <0.05 (*), <0.005 (**),
and <0.0005 (***) are indicated in the figures.
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