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Abstract

During central nervous system (CNS) development, genetic programs establish neural

stem cells and drive both stem and daughter cell proliferation. However, the prominent ante-
G OPEN ACCESS rior expansion of the CNS implies anterior—posterior (A—P) modulation of these programs. In
Gitation: Bahrampour S, Jonsson C, Thor S (2019) Drosophila, a set of neural stem cell factors acts along the entire A—P axis to establish neural
Brain expansion promoted by polycomb-mediated  Stem cells. Brain expansion results from enhanced stem and daughter cell proliferation, pro-

anterior enhancement of a neural stem cell moted by a Polycomb Group (PcG)->Homeobox (Hox) homeotic network. But how does
proliferation program. PLoS Biol 17(2): €3000163.

, , , PcG->Hox modulate neural-stem-cell—factor activity along the A—P axis? We find that the
https://doi.org/10.1371/journal.pbio.3000163

PcG->Hox network creates an A—P expression gradient of neural stem cell factors, thereby
driving a gradient of proliferation. PcG mutants can be rescued by misexpression of the neu-
ral stem cell factors or by mutation of one single Hox gene. Hence, brain expansion results
from anterior enhancement of core neural-stem-cell-factor expression, mediated by PcG
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ensuring elevated expression of neural stem cell factors in the brain. Strikingly, mutants of
the Polycomb Group Complex can be rescued by mutation of one single Hox gene, dem-
onstrating that the primary role of the Polycomb Group Complex is indeed Hox repres-
sion. This study advances our understanding of how neural stem cell programs operate at
different axial levels of the central nervous system and may have implications also for
stem cell and organoid biology.

Introduction

During central nervous system (CNS) development, neural progenitor cells undergo repetitive
rounds of asymmetric cell divisions, renewing themselves and generating daughter cells. After
a certain number of cell divisions, neural progenitors subsequently exit the cell cycle. Daughter
cells, in turn, may directly differentiate into neurons or glia or divide one or many times to
expand any given lineage. Thus, lineage size depends upon two fundamental proliferation
decisions: how many times should each progenitor divide, and how many times should its
daughter cells divide? Studies have revealed profound differences in both progenitor and
daughter cell proliferation behavior when comparing along the anterior-posterior (A-P) axis
and over developmental time [1-7]. Such differences can result in striking alterations in line-
age size when comparing between different progenitors, from a few to several hundred cells
generated from one progenitor [8-13]. Modulation of lineage size can influence CNS regional
size and contribute to the prominent anterior expansion of the CNS [3, 7, 14]. However, how
neural progenitor and daughter cell proliferation is modified along the A-P axis and over
developmental time to thereby result in changes in lineage and ultimately regional CNS size is
still poorly understood.

The developing Drosophila CNS is a powerful model system for addressing these issues
[15]. The Drosophila CNS, subdivided into the brain and the nerve cord, is formed by approxi-
mately 1,200 bilateral neuroblasts (NBs) and a smaller number of midline NBs, all of which
form in the neuroectoderm during early-to-mid embryogenesis (Fig 1A) [10, 12, 13, 16-18].
After delaminating from the neuroectoderm, NBs undergo a series of asymmetric cell divi-
sions, renewing themselves while budding off daughter cells with reduced proliferative poten-
tial. The majority of NBs initially generate daughters that divide once to make two neurons/
glia, denoted Type I proliferation mode [9]. Subsequently, after a stereotyped number of NB
divisions, many NBs in the nerve cord switch to budding off daughter cells that differentiate
directly, denoted Type 0 mode, and hence they undergo a programmed Type I->0 daughter
cell proliferation switch [19]. Finally, the majority of NBs in the brain and nerve cord appear
to exit the cell cycle after a programmed number of divisions, unique to each NB subtype (Fig
1B). The Type I->0 daughter cell proliferation switch and NB exit occurs in a graded fashion
along the CNS, and the majority of brain NBs appear to stay in the Type I mode throughout
embryogenesis. This results in striking differences in the average lineage size along the CNS
A-P axis (Fig 1B) [3, 7].

In the nerve cord, NB cell-cycle exit and the Type I->0 daughter cell proliferation switch
are under the control of an elaborate program of proliferation “drivers” and “stoppers.” These
include all members of the so-called temporal gene cascade: Hb->Kr->Nubbin/POU domain
2 (Nub/Pdm?2; collectively referred to as Pdm)->Castor (Cas)->Grainy head (Grh), playing
out in the majority of embryonic NBs (reviewed in [20]). The temporal cascade controls NB
competence and governs the generation of specific glia and neurons at distinct stages of lineage
progression [20]. However, the temporal genes also control proliferation, with the early
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. (A) Schematic of Drosophila embryos, showing early delaminating NBs in the neuroectoderm at
St11 and development of the CNS at St14 and St16. (B) The majority of NB lineages initially progress in the Type I mode, generating
daughter cells that divide once. In the nerve cord, at a programmed stage of lineage progression, many NBs switch to generating neurons
directly (Type 0 mode). After a stereotyped number of divisions, different for each NB lineage, NBs exit the cell cycle, and most brain and
thoracic NBs enter quiescence, while most abdominal NBs undergo apoptosis. The apparent lack of the Type I->0 switch in the brain and
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the longer phase of NB proliferation therein, as well as a gradient of the switch and NB exit in the nerve cord, results in profound differences
in the average lineage sizes generated at different A-P levels. (C) Staining for pan-neural and temporal factors in brain (B1-B2) and posterior
nerve cord (A8-A10) segments at St14. (D) Graphs summarizing the expression of EF in the different regions of the CNS, at the different
stages examined (see S1 Fig for details). The numerical data underlying this figure are included in S1 Data. Genotypes: (C-D) OregonR. A-P,
anterior—posterior; Ase, Asense; CNS, central nervous system; Dpn, Deadpan; EF, Early Factor; Hb, Hunchback; Kr, Kruppel; NB,
neuroblast; Pdm, POU domain; SoxN, SoxNeuro; St, Stage; Wor, Worniou.

https://doi.org/10.1371/journal.pbio.3000163.g001

temporal factors Hb, Kr, and Pdm acting in a pro-proliferative manner and the late temporal
factors Cas and Grh acting in an antiproliferative manner [19, 21]. In addition to the temporal
factors, the pan-NB factors of the sex determining region Y-box B (SoxB) family (SoxNeuro
[SoxN] and Dichaete [D]), the Snail family (Snail, Worniou [Wor], and Escargot), and the
basic helix-loop-helix (bHLH) factor Asense (Ase) also control NB generation and develop-
ment [21-29] and play key roles in driving proliferation [21, 23, 30]. While most, if not all,
NBs express one or several of each pan-NB factor family member [23-28, 30-33], detailed
expression analysis revealed that their expression is down-regulated during embryonic neuro-
genesis [21]. Herein, we refer collectively to the three early temporal factors and the pan-NB
factors as Early Factors (EFs). The EFs are necessary and partly sufficient for several aspects of
the NB program, including asymmetric cell division [23, 30], the Type I daughter cell prolifera-
tion mode, and continuing NB proliferation [21]. By a complex regulatory temporal interplay,
EFs are gradually and precisely replaced by the late factors Cas and Grh, which triggers the
Type I->0 daughter cell proliferation switch and, ultimately, NB exit [19, 21]. In addition to
this temporal program, there is critical control of NB and daughter cell proliferation mediated
by A-P cues [4, 5]. These cues are provided by the Hox homeotic genes, which are activated
late in nerve cord NBs and act with Cas and Grh to trigger the Type I->0 switch and NB exit
[3, 19, 34]. Anteriorly, the Polycomb Group (PcG) complex, in particular Polycomb Repressor
Complex 2 (PRC2), acts to keep the brain free of Hox homeotic gene expression, thereby pre-
venting the Type I->0 daughter cell proliferation switch and promoting an extended phase of
NB proliferation [7]. However, these studies raise the question of how the PcG->Hox program
modulates EF activity along the A-P axis to promote the gradient in NB and daughter cell
proliferation.

We find that EF expression is elevated and extended in brain NBs when compared to the
nerve cord. EFs are necessary for brain proliferation, and EF co-misexpression overrides Type
I->0 switches and NB exit, both in the nerve cord and brain, resulting in a striking increase in
overall CNS size. Elevated EF levels in the brain and graded EF expression along the nerve
cord are both gated by the PcG->Hox network. Strikingly, the effects of PRC2 mutation—
including the nondetectable levels of Histone 3 K27 trimethylation (H3K27me3), the “inva-
sion” of Hox gene expression into the brain, the reduction of EF expression, and the accompa-
nied reduction of proliferation—can be rescued by mutation in the Hox gene Abd-B or by
transgenic expression of EFs. These results demonstrate that the PcG->Hox network modu-
lates a temporal neural stem cell program along the A-P axis, thereby allowing for the wedge-
like development of the CNS, with its prominent anterior expansion.

Results
Gradient of EF expression in the CNS

We previously focused on thoracic segments T2-T3, finding that the three pan-neural factors
Wor, SoxN, and Ase, as well as the three early temporal factors Hb, Kr, and Pdm, are expressed
in early NBs but down-regulated during lineage progression [21]. This down-regulation is nec-
essary for the Type I->0 daughter cell proliferation switch and the final NB cell-cycle exit. To
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address whether the expression levels of these six factors, collectively referred to herein as EFs,
correlate with the gradient of the Type I->0 switch and NB exit observed in the developing
Drosophila CNS, we analyzed EF expression levels in NBs in the brain (B1-B2) and thorax
(T2-T3), as well as two abdominal regions (A5 and A8-A10) (Fig 1A and 1C). We analyzed
three stages: Stage (St)11, St14, and St16, chosen because they represent the gradual accentua-
tion of A-P proliferation differences [3, 7, 19, 21]. Specifically, at St11, there are only minor
differences in NB and daughter cell proliferation along the A-P axis, with most NBs and
daughter cells proliferating (Type I). At St14, many NBs in the A8-A10 region have stopped
dividing, daughter cells are mostly nondividing (Type 0), and many T2-T3 NBs have under-
gone the Type I->0 switch. At St16, proliferation of NBs and daughter cells in both abdomen
and thorax have largely ceased, while many NBs and daughter cells in the B1-B2 region con-
tinue dividing.

At St11, as anticipated from the minor differences in proliferation along the A-P axis at this
stage, we observed that only four out of the six EFs showed a higher expression level in B1-B2
when compared to A8-A10 (S1A Fig). Wor, SoxN, and Kr furthermore displayed higher levels
in B1-B2 also when compared to T2-T3 and/or A5. In contrast, Ase, Hb, and Pdm2 showed a
more complex picture, with Ase and Pdm?2 being highest in T2-T3, and Hb highest in A8-
A10 (S1A Fig). At St14, in line with the accentuated A-P proliferation differences, levels of all
six EFs were significantly higher in B1-B2 than A5 and A8-A10, with five of six also signifi-
cantly higher in B1-B2 than T2-T3 (S1B Fig). At St16, similarly, all six EFs were significantly
higher in B1-B2 when compared to one or several nerve cord regions (S1C Fig). A peculiar
exception observed pertains to Pdm2 levels, which showed a gradient from B1-B2 to T2-T3
and on to A5 but was then elevated in A8-A10 (S1C Fig). To address EF expression over time,
we analyzed St11, St14, and St16 on the same slide and focused on the levels in B1-B2. This
revealed that all six EFs were significantly down-regulated between St11 versus St14 and/or
St16 and St14 versus St16 (S1D Fig). Kr differed between St11 and St16 and St14 and St16 but
not between St11 and St14 (S1D Fig). Setting the expression levels at St11 in B1-B2 as 100%
and normalizing against this allowed for the generation of 3D graphs that illustrate the EF
expression landscape over time and along the A-P axis (Fig 1D). The most salient feature was
that during early stages, EFs were robustly expressed in NBs at all axial levels. As development
progressed and A-P differences in NB and daughter proliferation play out, EFs were generally
down-regulated in a graded manner in the nerve cord but maintained for longer in the brain.

Early mutants show reduced NB and daughter cell proliferation

Previous studies focused on the role of EFs in the thoracic segments T2-T3, revealing that
they promote NB and daughter cell proliferation [21]. To determine if they play similar roles
throughout the CNS, we analyzed brain segments B1-B2, as well as the nerve cord abdominal
segments Al, A5, and A8-A10.

To analyze NB and daughter cell proliferation in the developing CNS, we used Prospero
(Pros), Deadpan (Dpn), and phosphorylated Ser10 on Histone-H3 (PH3) as markers. This
approach relies on the fact that dividing NBs are PH3+, Pros-cortical asymmetric, and Dpn+,
while dividing daughter cells are PH3+, Pros cytoplasmic, and Dpn negative (S2A Fig) [19].
We analyzed proliferation at St14 in the EF mutants wor, SoxN, ase, hb, Kr, and nub,pdm2 (the
function of the adjacent nub and pdm2 genes was addressed simultaneously by using a geno-
mic deletion for both genes, referred to as nub,pdm?2). We observed significantly reduced NB
proliferation in B1-B2 in all mutants except SoxN (S2B-S2D Fig). In abdominal segments, all
mutants showed reduced proliferation, with the exception of SoxN in Al and nub,pdm?2 in all
segments (52D Fig).
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With respect to daughter cell proliferation, there was significantly reduced proliferation in
B1-B2 in all mutants except nub,pdm2 (S2E Fig). The effects were generally weaker in the
abdominal segments, with only wor and ase showing significant effects in A1, none of the
genes showing effects in A5, and with wor, ase, and Kr showing effects in A8-A10 (S2E Fig).
The role of hb could not be addressed in A8-A10 because of a loss of these segments in the
compound mutant used herein.

We conclude that all of the six EFs are important for NB and/or daughter cell proliferation
in the brain. With the exception of nub,pdm?2, they are also important for NB proliferation in
the abdominal segments, while their involvement in abdominal daughter cell proliferation is
less pronounced.

EF overexpression blocks daughter cell switches and NB exit

We previously demonstrated that the brain is “hyperproliferative” when compared to the
nerve cord, displaying an apparent lack of the Type I->0 daughter cell proliferation switch and
an extended NB proliferation phase [7]. Herein, we observed elevated and extended EF expres-
sion in the brain and the importance of EFs for NB and daughter cell proliferation in the
brain. In combination, these findings suggested that elevated and extended EF expression
could be a contributing factor to the enhanced proliferation normally observed in the brain.
To address this notion, we co-misexpressed all six factors (upstream activating sequence
[UAS]-6xEF) during CNS development, using the inscuteable-Galactose4 (insc-Gal4) driver
(S3A-S3Z Fig).

In control animals, at late embryogenesis stage (air-filled trachea [AFT]), PH3 staining was
typically observed in only a few lineages in the brain and occasional cells in the nerve cord (Fig
2A and 2G). In contrast, in insc-Gal4/UAS-6xEF animals, we observed a striking increase in
proliferation, with extensive numbers of PH3 cells in both the brain and nerve cord (Fig 2C
and 2G). Previous studies demonstrated that the EFs regulate a number of key cell-cycle factors
[21, 23, 30]. Therefore, we wished to compare the UAS-6xEF effects to that of direct misexpres-
sion of key cell-cycle genes. To this end, we co-misexpressed the four cell-cycle genes Cyclin E
(CycE), Cyclin dependent kinase 2 (Cdk2), E2F transcription factor 1 (E2fI), and Dimerization
partner (Dp) (denoted UAS-4xCC herein) that previous studies have shown to be critical for
Drosophila embryonic CNS proliferation [19, 35]. This co-misexpression (insc-Gal4/UAS-
4xCC) also resulted in significantly increased proliferation, but strikingly, to a lesser degree
than UAS-6xEF (Fig 2B and 2G). We furthermore noticed that the ectopic proliferation evi-
dent in the stage AFT nerve cord involved both dividing NBs and daughter cells (Fig 2A'-2C").

To address the effects of misexpression on CNS size, we used 4',6-diamidino-2-phenylin-
dole (DAPI) nuclear staining to quantify total nuclear (cellular) volume. This revealed striking
increase in CNS volume for UAS-6xEF and a trend upwards for UAS-4xCC, albeit not a signifi-
cant one (Fig 2D-2F and 2H). Quantifying the nerve cord and brain separately, as anticipated
for UAS-6xEF co-misexpression, we observed cellular volume expansion in the nerve cord (Fig
2I). Somewhat surprisingly, the expansion was even more pronounced for the brain (Fig 2J).
UAS-4xCC showed an upwards trend in volume both in the nerve cord and the brain, but this
was not significant (Fig 2I and 2J). Hence, both with respect to proliferation and CNS volume,
6xEF co-misexpression is more potent than 4xCC co-misexpression.

Focusing further on the UAS-6xEF co-misexpression, the presence of dividing NBs and
daughter cells indicated that both the NB exit and the Type I->0 daughter cell proliferation
switch was over-ridden by co-misexpression (Fig 2C’). To further address this notion, we
turned to single-NB-lineage analysis, using the NB5-6 specific lbe(K)-Gal4 driver [36].

NB5-6 NBs are generated by late St8 [12, 13] and commence proliferating in the Type I mode
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Fig 2. EF co-misexpression overrides the Type I->0 switch and NB exit. (A-F) Whole CNS, AFT stage, stained for PH3 (A-C) or
DAPI (D-F). (A) In control, a small number of dividing cells is observed in the brain and an occasional division in the nerve cord.
(B) In insc-Gal4/UAS-4xCC, aberrant cell divisions are observed in both the brain and nerve cord. (C) In insc-Gal4/UAS-6xEF,
aberrant divisions are even more frequent. (A’-C’) Close-up of dividing NBs and daughter cells, identified by PH3, Dpn, and Pros.
(G) Quantification of proliferation in the brain and nerve cord. Both UAS-4xCC and UAS-6xEF CNSs show significantly more
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proliferation than control, and UAS-6xEF significantly more than UAS-4xCC (*p < 0.05, **p < 0.01, ***p < 0.001, Student two-tailed
t test; n = 10 CNSs; +£SD). (H-]) Quantification of DAPI cell volume, in the entire CNS (H), the nerve cord (I), and the brain (J). In
the CNS and brain, UAS-6xEF shows significantly larger cell volume than both control and UAS-4xCC. In the nerve cord, UAS-6xEF
is only significantly larger than control. UAS-4xCC is not significantly larger than control in any measurement (*p < 0.05, **p < 0.01,
***p < 0.001, Student two-tailed ¢ test; n = 10 CNSs; +SD). (K-L) NB5-6T lineages at larvae stage L1 in control and lbe(K)-Gal4/UAS-
6xEF dissected CNSs. Boxed regions are magnified to the right. In control, no divisions are observed in NB5-6, neither in T nor A
segments. In 6xEF co-misexpression, dividing NBs and daughter cells can be observed in both T and A segments, and the lineage is
larger. (M) Quantification of the number of cells in NB5-6T at stage L1 (*p < 0.05, **p < 0.01, ***p < 0.001, Student two-tailed ¢ test;
n = 40 lineages; +SD). (N) Cartoon depicting the NB5-6T lineage in control and in lbe(K)-Gal4/UAS-6xEF. The numerical data
underlying this figure are included in S1 Data. Genotypes: (A, D, G-J) insc-Gal4/+. (B, E, G-]) insc-Gal4/UAS-4xCC. (C, F, G-J) insc-
Gal4/UAS-6xEF. (K, M) lbe(K)-Gal4, UAS-nls-myc-EGFP/+. (L-M) Ibe(K)-Gal4, UAS-nls-myc-EGFP/UAS-6xEF. A, abdominal; AFT,
air-filled trachea; CNS, central nervous system; DAPI, 4',6-diamidino-2-phenylindole; DC, daughter cell; Dpn, Deadpan; EF, Early
Factor; EGFP, Enhanced Green Fluorescent Protein; Gald, Galactosed; insc, inscuteable; Ibe(K), ladybird early gene fragment K; myc, C-
myc epitope tag; NB, neuroblast; nls, nuclear localization signal; PH3, phosphorylated Ser10 on Histone-H3; Pros, Prospero; T,
thoracic; UAS, upstream activating sequence.

https://doi.org/10.1371/journal.pbio.3000163.g002

[3, 19, 36]; they then switch to Type 0 proliferation for several rounds until the NB exits

the cell cycle and undergoes apoptosis (Fig 2N). In abdominal segments, Hox genes of the
Bithorax Complex (BX-C) trigger an earlier Type I->0 switch and NB exit, resulting in smaller
abdominal NB5-6 lineages (Fig 2K) [3, 12, 13, 34]. By St15, both thoracic and abdominal NB5-
6 NBs have exited the cell cycle and undergone apoptosis. Hence, from St16 and onwards into
AFT and L1 larval stages, there are no cell divisions observed in this lineage (Fig 2K, S4A Fig).
In contrast, in Ibe(K)-Gal4/UAS-6xEF, we observed ectopic NB and daughter cell divisions
both at AFT and L1 (Fig 2L, S4B Fig). This resulted in a greatly expanded lineage size (Fig 2M,
S4C Fig). These experiments demonstrate that EF co-misexpression can override both the
Type I->0 switch and NB exit and drive aberrant continuing lineage progression (Fig 2N).

EFs and Hox genes regulate each other

Previous studies addressing the interplay between EF and Hox genes focused on the thorax
and the Antennapedia (Antp) Hox gene [21]. This revealed that EFs and Antp regulate each
other. Here, we addressed the interplay between EFs and the BX-C Hox genes Ultrabithorax
(Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B) by analyzing EF and BX-C mutants
for EF and BX-C expression. Expression in NBs was quantified in the pertinent segment for
each mutant (Fig 3A-3L). Of the 36 analyses performed, no fewer than 22 showed significant
effects on protein expression (Fig 3L). The most clear-cut interplay was between Abd-B and
the EFs, in which Abd-B acted as a repressor of all six EFs. This interaction fits well with A8—
A10 displaying the earliest Type I->0 daughter cell proliferation switch and earliest NB exit
[7], with the strong antiproliferative role of Abd-B [3], and with A8-A10 showing the lowest
levels of EFs along the A-P axis of the CNS (Fig 1D). In contrast, three of the EFs were activa-
tors of Abd-B. We also observed that wor and nub,pdm2 repressed Ubx, and that wor, ase, and
nub,pdm?2 repressed Abd-A. In contrast, hb and SoxN activated Ubx, and surprisingly, abd-A
activated Wor, Ase, and Pdm?2.

In summary, combined with the previous study of EF-Antp interactions [21], we find that
out of the 48 possible interactions between EFs and Antp/BX-C, we find 29 interactions (Fig
3M). The majority of these (16) are repressive and fit with the general theme of EFs repressing
Hox genes and vice versa. Surprisingly, 13 interactions involved EF activation of Hox factors
and vice versa, perhaps pointing to negative feedback.

Previous studies, using Chromatin immunopurification-sequencing (ChIP-seq) and DNA
adenine methyltransferase identification-sequencing (Dam-ID-seq), reveal that several of the
EF and Hox factors bind to each other’s genes [22, 37-39] (www.modencode.org) (S1 Table).
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Fig 3. EFs and Hox genes regulate each other. (A-K') Expression of Hox factors and EFs in control as well as in Hox and EF mutants. (L) Quantification
of staining intensity of Hox factors and EFs in NBs in control and in EF and Hox mutants (see Materials and methods for details). St13 for Hox levels, St12
for SoxN levels, and St14 for the other five EF levels. Segments A1 for Ubx levels and Ubx mutants, A5 for Abd-A levels and abd-A mutants, and A8-A10
for Abd-B levels and Abd-B mutants (*p < 0.05, "*p < 0.01, ***p < 0.001, Student two-tailed ¢ test; n = 3 CNSs; £SD). (M) Cartoon summarizing the
identified cross-regulation between Hox genes and EFs, based upon data herein and previous studies [21]. The numerical data underlying this figure are
included in S1 Data. Genotypes: Control = OregonR. Ubx = Ubx'/ Df(3R)Ubx109/Dp(3;3)P5. abd-A = abd-AM*". Abd-B = Abd-BP". ase = Df(1)ase-1.
SoxN = SoxNV!/Df(21)Exel7040. wor = wor®/Df(2L)ED1054. hb = hb"", hb™. Kr = Kr', KrP. nub, pdm2 = Df(21)ED773. abd-A, abdominal-A; Abd-B,
Abdominal-B; Ase, Asense; CNS, central nervous system; Ct, Control; Dpn, Deadpan; EF, Early Factor; Hb, Hunchback; Hox, Homeobox; Kr, Kruppel;
NB, neuroblast; Pdm, POU domain; PRC2, Polycomb Repressor Complex 2; SoxN, SoxNeuro; St, Stage; Ubx, Ultrabithorax; Wor, Worniou.

https://doi.org/10.1371/journal.pbio.3000163.9003
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These findings suggest that the cross-regulation observed herein may result from direct tran-
scriptional regulation.

Elevated EF expression in the brain depends upon PRC2

The Drosophila embryonic brain (B1-B2) does not express any of the Hox homeotic genes [7,
40]. A key regulatory system ensuring the repression of Hox genes in the brain is the PcG com-
plex, and in particular the PRC2 [7, 41-44]. PRC2 is the key epigenetic complex responsible
for adding the repressive H3K27me3 mark upon histone H3 [45, 46], and PRC2 is critical for
the apparent lack of any Type I->0 daughter cell proliferation switches and the prolonged
phase of NB proliferation observed in the brain [7]. To address the possible effect of PRC2
mutation on the elevated expression of EFs observed in the brain, we analyzed maternal and
zygotic extra sex combs mutants (esc; mammalian Embryonic Ectoderm Development [EED]).
Esc/EED is a key PRC2 component [45, 46], and esc maternal/zygotic mutants display nonde-
tectable levels of H3K27me3 in the developing embryo accompanied by ectopic expression of
Antp and BX-C in the entire brain (S5A-S5] Fig) [7]. As previously observed [7], in wild-type
embryos, the brain showed stronger staining for the H3K27me3 mark (S5A Fig). In esc mater-
nal/zygotic mutants, verified by nondetectable levels of H3K27me3 staining and ectopic Abd-
B expression in the B1-B2 region (S5F and S5] Fig), we observed that all six EFs were signifi-
cantly down-regulated in NBs (Fig 4A-4L).

EF expression rescues PRC2 mutants

Having found that EFs are down-regulated in esc mutants, we wanted to test whether EFs
transgenic expression could cross-rescue esc mutants. To this end, we co-misexpressed all
six EFs, driven from the insc-Gal4 driver, in an esc maternal/zygotic mutant background.

|_Contro| c 5 Control
A

Kl r

0-Ctrl esc

0-Ctrl esc

Fig 4. EF expression is reduced in PRC2 mutants. (A-L) Expression of EFs in B1-B2 NBs in control and esc
maternal/zygotic mutants, St14. Dashed circles outline NBs, detected by Dpn. (Graphs to the right) Quantification of
EF staining intensity in NBs, in control and esc maternal/zygotic mutants (*p < 0.05, **p < 0.01, ***p < 0.001, Student
two-tailed ¢ test; n = 3 CNSs: n > 300 NBs; £SD). All six EFs are significantly down-regulated in esc mutants. The
numerical data underlying this figure are included in S1 Data. Genotypes: (A, C, E, G, I, K) OregonR. (B, D, F, H, ], L)
esc® or esc?! over esc”™” (Df(2L)Exel6030). esc’/esc®! females crossed to esc” males. Ase, Asense; CNS, central nervous
system; Ctrl, control; Dpn, Deadpan; EF, Early Factor; esc, extra sex combs; Hb, Hunchback; Kr, Kruppel; NB,
neuroblast; Pdm, POU domain; PRC2, Polycomb Repressor Complex 2; SoxN, SoxNeuro; St, Stage; Wor, Worniou.

https://doi.org/10.1371/journal.pbio.3000163.g004
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Strikingly, we found that transgenic 6xEF coexpression could completely override the reduced
NB and daughter cell proliferation observed in esc mutants (Fig 5A-5C, 5G and 5H). Hence,
the strong antiproliferative effect of PRC2 upon brain development could be over-ridden by
6xEF transgenic coexpression.

Mutation of Abd-B rescues PRC2 mutants

The Type I->0 daughter cell proliferation switch and NB exit both occur first in the A8-A10
region, and Abd-B plays a prominent role in triggering these events [3]. The repressive role of
Abd-B on all six EFs (Fig 3M) and the extension of Abd-B expression into B1-B2 in esc mutants
(S5E and S5] Fig) [7], prompted us to address the extent to which reduced proliferation in esc
mutants result from ectopic brain expression of Abd-B.

First, we addressed the potency of Abd-B in triggering the Type I->0 switch and the NB
exit in the wild-type background by misexpressing it in the developing brain using insc-Gal4.
We observed striking reduction of both NB and daughter cell proliferation in the B1-B3 seg-
ments (Fig 5E, 51 and 5]). This demonstrates that Abd-B is sufficient, at least in part, to impose
a posterior nerve cord proliferation behavior on the brain. Next, we addressed the role of Abd-
B in an esc mutant background by generating maternal and zygotic homozygous esc mutants
simultaneously zygotically homozygous for Abd-B (esc; Abd-B). Strikingly, we found that the
reduction of NB and daughter cell proliferation observed in esc mutants was rescued by Abd-B
homozygosity (Fig 5F, 5I and 5]). In fact, surprisingly, Abd-B homozygosity restored NB and
daughter cell proliferation back to wild-type levels (Fig 5I and 5]).

Discussion

Gradient of EF expression promotes anterior CNS expansion

The nerve cord, specifically T1-A10, shows a gradient of NB proliferation and Type I->0
daughter cell proliferation switches [3, 4]. This is controlled by the graded expression of Hox
genes and the increasingly antiproliferative role of posteriorly expressed Hox genes [3, 7]. In
contrast, the brain is “hyperproliferative,” with prolonged NB proliferation and an apparent
absence of the Type I->0 switch [7]. Here, we find significant differences when comparing EF
levels along the A-P axis, with elevated and extended expression in the brain and a gradient
along the nerve cord. Together with the mutant and misexpression data (herein; [21]), this
supports a model in which graded EF levels are key for generating graded proliferation along
the CNS A-P axis and, at elevated levels, drives brain-type proliferation (Fig 6).

The Type I->0 daughter cell proliferation switch and the precise NB cell-cycle exit depend
upon balanced levels of four key cell-cycle genes: Cyclin E (CycE), string (stg; mammalian
Cdc25a/b/c), E2f1, and dacapo (dap; Cdknla/b/c) [19, 35]. Previous studies of EFs, Hox
genes, and PRC2 demonstrated regulatory links to these cell-cycle genes [3, 7, 19, 21, 23, 30].
This regulation results in both temporal and spatial changes in cell-cycle gene expression.
Hence, cell-cycle “drivers” (CycE, E2f1, Stg) are elevated in early NBs when compared to late
and elevated in brain when compared to nerve cord, while “stoppers” (Dap) show the inverse
profile [7, 19]. Surprisingly, the co-misexpression of CycE, Cdk2, Dp, and E2f1 (UAS-4xCC)
gave considerably weaker effects than that of 6xEF co-misexpression. One explanation for
this weaker effect may be that EFs are involved in also regulating stg (“driver”) and dap
(“stopper”) [21, 23, 30], which were not simultaneously misexpressed/mutated in these
experiments.

In addition to Type I and Type 0, a third type of embryonic NB behavior was recently iden-
tified: Type II NBs [1, 6]. These NBs generate daughter cells that divide multiple times. Of the
1,200 NBs in the embryo, and 228 in the brain (B1-B3), only 16—eight in each Bl segment—
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Fig 5. 6xEF expression or Abd-B mutation rescues PRC2 mutants. (A-F) PH3 (proliferation) and H3K27me3 staining, as well as
Abd-B (F) expression, in control, esc, and esc with 6xEF cross-rescue, as well as Abd-B misexpression and esc;Abd-B double
mutants, at St14 in segments B1-B3. (G-]) Quantification of dividing NBs and daughter cells, segments B1-B3, at St14 (*p < 0.05,
**p <0.01, ***p < 0.001, Student two-tailed ¢ test; n = 10 embryos; +SD). The numerical data underlying this figure are included
in S1 Data. Genotypes: (A) OregonR. (B) esc® or esc? over esc” (Df(2L)Exel6030). (C) insc-Gal4/UAS-6xEF. (D) esc® or esc?! over
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Repressor Complex 2; St, Stage; UAS, upstream activating sequence.

https://doi.org/10.1371/journal.pbio.3000163.9005

have been identified. Strikingly, recent analysis reveal that Type II NBs do not express several
of the EFs studied herein, e.g., Ase, Hb, and Kr, while they do express Pdm, Cas, Grh, and
Pointed-P1 [1, 6]. This suggests that while Type I NB identity (including switching to Type 0
in the nerve cord) is specified by a common EF program, the Type II NBs are specified by a
partly nonoverlapping genetic program.
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https://doi.org/10.1371/journal.pbio.3000163.9006

A PcG->Hox->EF program promoting brain expansion

The graded proliferation observed along the A-P axis of the CNS is controlled by graded Hox
input in the nerve cord and an absence of Hox expression in the brain (B1-B2) 3, 4, 7, 19, 34].
The graded proliferation is mediated by graded EF expression, also under the influence of
graded Hox gene expression. All three components—i.e., graded proliferation, Hox expres-
sion, and EF expression—are controlled by PRC2 (this work; [3, 7, 21]). To begin addressing
this interplay, we conducted two types of cross-rescue experiments. First, we found that we
could rescue esc by transgenic re-elevation of 6xEFs, demonstrating that in spite of nondetect-
able levels of the H3K27me3 mark and aberrant Hox expression in the brain, EFs can still
restore brain-type proliferation. Second, we found that we could rescue the reduced brain pro-
liferation in esc mutants by merely removing one Hox gene: Abd-B. While this second finding
may at first glance be surprising, given the many possible roles of PRC2 and the ectopic expres-
sion of Hox genes in esc mutant brains, the rescue fits with several observations. First, of the
four nerve cord Hox genes, Abd-B has the most prominent effect on proliferation in the nerve
cord, explaining why A8-A10 display the earliest Type I->0 switch and NB exit, and hence the
smallest lineages [3]. Second, Abd-B has strongly repressing effects on all six EFs, and, logically,
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EF expression is at its lowest in A8—A10. Third, in esc mutants, Abd-B is robustly expressed
throughout the brain. Fourth, Abd-B misexpression in the brain results in reduced prolifera-
tion. Fifth, in the mouse, the posteriormost Hox gene in the B cluster, Hoxb13 (an Abd-B
orthologue), has strong effects on spinal cord proliferation [47]. Moreover, misexpression of
Hoxb13 in the chick telencephalon also suppressed proliferation and showed stronger effects
than the more anteriorly expressed Hoxb9 gene [7]. In combination, the potency of Abd-B and
perhaps the Abd-B paralog group in general (the most posteriorly expressed Hox group) com-
bine to explain why esc could be rescued by removal of only one Hox gene. In combination,
the regulatory interplay between Hox genes and EFs, the EF cross-rescue of esc, the Abd-B res-
cue of esc, and the PRC2 regulation of EF combine to support the idea that the main role of
PRC2, with regards to promoting brain proliferation, is to repress Hox gene expression in the
brain, thereby allowing for elevated EF expression.

In humans, three of the four main components of PRC2, including EED (Drosophila esc),
EZH?2, and SUZ12, are predicted to be haploinsufficient [48]. In line with this notion, several
related human developmental syndromes, including the Weaver, Weaver-like, Cohen-Gibson,
and Overgrowth and Intellectual Disability syndromes, have been linked to heterozygous, usu-
ally de novo, mutations in EED, EZH2, or SUZ12 [49-60]. In some cases, these mutations were
shown to result in reduced H3K27me3 activity [51, 55]. These syndromes manifest with a
range of peripheral overgrowth phenotypes but also neurological defects, involving delayed
speech and psychomotor development as well as intellectual disability. MRI analysis has
revealed a range of brain morphology anomalies, including polymicrogyria and white matter
volume loss [51, 52]. It is tempting to speculate that our surprising finding that mutation in
one single Hox gene could rescue esc mutants may point to new avenues of investigation for
these syndromes.

Is the PcG->Hox->EF program conserved during evolution?

A defining feature of bilaterians is the condensation of neural cells into a centralized and con-
tiguous tissue: the CNS. In most, if not all, bilaterians a common property of the CNS is that
the anterior part, the brain, is larger than the nerve cord. The brain and the nerve cord express
distinct sets of highly conserved patterning genes, with the brain expressing a number of
“brain-specific” genes and the nerve cord expressing Hox homeotic genes [44, 61-63]. The dis-
tinct patterning gene expression, as well as other aspects of nervous system development and
evolution, has recently prompted the idea of a separate evolutionary origin of these CNS
regions [61, 63-65]. Intriguingly, in arthropods such as Drosophila, the initial development of
the brain and nerve cord is separate, only to merge during subsequent embryogenesis [66].
The finding of distinct proliferation patterns in the Drosophila brain versus nerve cord, with
the brain using Type I and Type II daughter proliferation and extended NB proliferation [1, 6,
7] and the nerve cord displaying the Type I->0 daughter proliferation switch and earlier NB
exit [3, 19], lends further support for the notion of separate evolutionary origins for the brain
and nerve cord.

In parallel to A-P patterning of the developing CNS, neural stem cells are generated along
the entire neuraxis. This study, and others, point to the fact that in Drosophila, there is a com-
mon program for establishing and driving NBs along the entire neuraxis. Studies in mammals
have revealed that a number of the genes involved in the Drosophila neural stem cell program
are evolutionarily conserved. Specifically, SoxN and D (SoxB family members) are orthologues
of mammalian Sox1, -2, and -3, which are critical for CNS development [67]. The wor/sna/esg
orthologue Snaill is important for proliferation of mouse neural stem cells [68] and important
for neural stem cell reprogramming [69]. The ase orthologue Achaete-scute complex homolog 2
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(Ascl2) is critical for adult neurogenesis and proliferation [70, 71]. Herein, we demonstrate
that the EFs, critical activators of the Drosophila neural stem cell program, are expressed in an
A-P gradient along the developing CNS and that this gradient plays a key role in driving the
wedge-like structure of the CNS, with its prominent anterior expansion. What is the evidence
for a similar A-P gradient of the mammalian orthologues of the Drosophila neural stem cell
program? To our knowledge, the A-P aspect of the mammalian neural stem cell program has
not been extensively addressed. However, recent transcriptome analysis of the developing
mouse forebrain versus spinal cord demonstrated elevated anterior levels of Sox1, -2, and -3 in
the forebrain [7]. It is tempting to speculate that the conserved role of the PcG->Hox program
in controlling proliferation [7] also extends into the conserved regulation of graded levels of
an evolutionarily conserved neural stem cell (EF) program, acting to drive the expansion of the
anterior CNS, common to most, if not all bilaterians.

Materials and methods
Fly stocks

Mutants and reporters. wor® (Bloomington Drosophila Stock Center BL #25170). wor™
= Df(2L)ED1054 (BL #24112). SoxN"'* (BL #9938). SoxN™ = Df(2L)Exel7040 (BL #7811).
hb®", hb™ and Kr', Kr“P [72] (provided by Chris Q. Doe, University of Oregon, Eugene, OR,
USA). ase™” = Df(1)ase-1 (BL #104). Df(2L)ED773 (removes both nub and pdm2; BL #7416).
Df(3R)Ubx109/Dp(3;3)P5 (BL #3486). abd-AM*" (BL #3057). Ubx' (BL #2866). Abd-B"'%,
mutant for both m and r isoforms [73] (obtained from Ernesto Sanchez-Herrero, CBM,
Madrid, Spain). Ibe(K)-EGFP [74]. UAS-nis-myc-EGFP (referred to as UAS-nmEGEP) [75]. esc®
(BL #3142). esc®! (BL #3623). esc”’ = Df(21 )Exel6030 (BL #7513). UAS-myr-mRFP (mobilized
version of BL #7119 on the third chr) [35].

UAS transgenes. UAS-E2f, UAS-Dp (BL #4770, BL #4774). UAS-CycE, UAS-cdk2 (previ-
ously available from Bloomington). UAS-6xEF = UAS-hb-myc (22A), UAS-ase-myc (28E),
UAS-Kr-V5 (53B); UAS-wor-FLAG (65B), UAS-nub-HA (68A), UAS-SoxN-V5 (89E) [21].
UAS-Abd-B [3].

Gal4 drivers. insc™?'*%7 (referred to as insc-Gald; BL #8751). Ibe(K)-Gald [36].

Mutants were maintained over GFP- or YFP-marked balancer chromosomes. Staging of
embryos was performed according to Campos-Ortega and Hartenstein [76].

Generation of esc maternal/zygotic mutants

From a cross between esc’ and esc’’ mutants, esc’/esc’’ females were selected. These females

were crossed to esc”’ males (Df(2L)Exel6030) and set for embryo collection. esc homozygous

mutant embryos, i.e., esc’/escDf or esc?/esc™ maternal-zygotic mutant embryos, were identi-
fied by lack of the YFP-marked balancer chromosome.

Immunohistochemistry

Immunohistochemistry was conducted as previously described [21]. Primary antibodies
were guinea pig anti-Dpn (1:1,000) and rat anti-Dpn (1:500) [74]; rabbit anti-phospho
H3-Ser10 (PH3) (1:1,000) (cat. no. ab5176, Abcam, Cambridge, UK); rat anti-PH3-ser28
(1:1,000;5 cat. no. ab10543, Abcam, Cambridge, UK); chicken anti-GFP (1:2,000; cat. no.
ab13970, Abcam); rat mAb anti-GsbN (1:10) [77] (provided by Robert Holmgren, North-
western University, Evanston, IL, USA); rabbit anti-Abd-A (1:100) (provided by Maria
Capovila, CNRS, Sophia Antipolis, France); mouse mAb anti-Ubx (1:10), mAb anti-Abd-A
(1:10), mAb anti-Abd-B (1:10), mAb anti-Pros MR1A (1:10) (Developmental Studies
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Hybridoma Bank, Iowa City, IA, US); rabbit anti-Ase (1:1,000; provided by Yuh-Nung Jan,
UCSEF, San Francisco, USA); rabbit anti-SoxN (provided by Steve Russell, Cambridge Uni-
versity, Cambridge, UK); rat anti-Wor (1:1) (provided by Chris Q. Doe, University of Ore-
gon, Eugene, OR, USA); rabbit anti-Hb and anti-Kr (1:500) (provided by Ralf Pflanz, MPI,
Gottingen, Germany); mouse anti-Nub (1:100) (also detects Pdm2; provided by Steve Cohen
and Hector Herranz, Temasek Life Sci, Singapore, Singapore); rat anti-Pdm?2 (1:500; cat. no.
ab201325, Abcam); rabbit anti-H3K27me3 (1:500; cat. no. 9733, Cell Signaling Technology,
Danvers, MA, USA).

Confocal imaging

For fluorescent images, we used Zeiss LSM700 or Zeiss LSM800 confocal microscopes (Zeiss,
Oberkochen, Germany) and merged confocal stacks using LSM software or Fiji software [78].
Images and graphs were compiled using Adobe Illustrator.

Quantification of CNS volume

Embryos were fixed for 20 minutes in 4% PFA. After fixation, immunostaining was performed
as previously described [21]. Embryos were stained with DAPI (cat. no. D9564, Sigma-Aldrich,
Sweden AB, Stockholm, Sweden) at 1 pg/ml together with the secondary antibody incubation.
An Image] language-based semiautomated macro was written and used to quantify the CNS
volume using the Fiji software [78].

Quantification of proliferation

Embryos were dissected at precise stages, and mitotic NBs and daughter cells—as identified by
PH3, Dpn, and Pros—were counted within each segment. An Image] language-based semiau-
tomated macro was written and used for quantification with Fiji software [78].

Protein intensity measurements

Fluorescent images were analyzed using Zeiss LSM800 confocal microscopes, and Fiji software
was used to visualize confocal stacks. To ensure identical staining conditions, control and
mutant/misexpression embryos were dissected on the same slide and scanned using the same
confocal settings. Dpn was used to identify the NBs. The integrated density (mean pixel
intensity x area occupied by the signal) of individual cells was measured using Fiji software,
focusing on a single 1-um-thick confocal layer encompassing the center of the cell. The mean
in control was set to 1, and experimental data were normalized to control.

Statistical analysis

Two-tailed Student ¢ test was performed using Microsoft Excel 2016 or IBM SPSS V25.0 soft-
ware (for specific statistical test used, see text and figures). Significance of p < 0.05 is indicated
with one star (*), p < 0.01 with two stars (**), p < 0.001 with three stars (***), and nonsignifi-
cant with “ns.” Microsoft Excel 2010 was used for data compilation and graphical representa-
tion. Figures and graphs were compiled using Adobe Photoshop and Adobe Illustrator.

Supporting information

S1 Fig. Expression of EFs is higher in the brain. (A-C) Mean intensity of EF protein

levels along A-P axis, adjusted to their expression levels in T2-T3 (*p < 0.05, **p < 0.01,

***p < 0.001, Student two-tailed ¢ test; n = 4 embryos; 32 segments; £SD). (D) Mean intensity
of EF protein levels in B2-B3, adjusted to their expression levels in T2-T3 at St11 (*p < 0.05,
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“*p <0.01, ***p < 0.001, Student two-tailed ¢ test; n = 3 embryos; 6 segments; £SD). For each
factor, dissected embryos were stained on the same slide, and all CNS regions were scanned in
each embryo. The numerical data underlying this figure are included in S1 Data. Genotypes:
(A-D) OregonR. A-P, anterior-posterior; CNS, central nervous system; EF, Early Factor.
(PDF)

S2 Fig. EFs are necessary for NB and daughter cell proliferation. (A) Staining for Pros, Dpn,
and PH3 allows for the identification of dividing NBs (asymmetric Pros, Dpn+, PH3+) and
dividing daughter cells (cytoplasmic Pros, Dpn negative, PH3+). (B-C) Proliferation in control
and ase, at St14 in segment A1, reveals an apparent reduction in dividing cells in ase. (D-E)
Quantification of dividing NBs and daughter cells in control and EF mutants, segments B1-
B2, A1, A5, and A8-A10, at St14. With a few exceptions, proliferation of both NBs and
daughter cells is reduced in EF mutants in both the brain and abdomen (see text for details)
(*p <0.05,**p < 0.01, ***p < 0.001, Student two-tailed ¢ test; n = 10 embryos; 60 segments;
+SD). The numerical data underlying this figure are included in S1 Data. Genotypes: (A-B)
OregonR. (C) ase = Df(1)ase-1. (D-E) ase = Df(1)ase-1. SoxN = SoxN™ C14/Df(2L)Exel7040.

wor = wor’/ Df(2L)ED1054. hb = hb™", hb"™. Kr = Kr', Kr". nub, pdm2 = Df(2L)ED773. Ase,
Asense; Dpn, Deadpan; EF, Early Factor; Hb, Hunchback; Kr, Kruppel; NB, neuroblast; Nub,
Nubbin; Pdm, POU domain; PH3, phosphorylated Ser10 on Histone-H3; Pros, Prospero; St,
Stage; SoxN, SoxNeuro; Wor, Worniou.

(PDF)

S3 Fig. Combinatorial misexpression of the six EFs. (A-N) Embryonic fillets, showing
expression of RFP and the six EFs, in control and insc-Gal4/UAS embryos, at St15. (H) RFP
expression shows that insc-Gal4 drives expression in the entire CNS. (B-G, I-N) insc-Gal4/
UAS-6xEF embryos reveal elevated expression of all six EFs in the CNS. (O-Z) Expression of
the six EFs in control and insc-Gal4/UAS-6xEF embryos, thoracic segment T2, at St15, NB
layer (identified by Dpn staining). insc-Gal4 drives elevated EF expression in NBs. Genotypes:
(A-G, 0-Q, U-W) OregonR. (H-N, R-T, X-Z) insc-Gal4/UAS-6xEF. CNS, central nervous
system; EF, Early Factor; insc-Gal4, XXX; NB, neuroblast; RFP, Red Fluorescent Protein; St,
Stage; UAS, upstream activating sequence.

(PDF)

$4 Fig. EF co-misexpression overrides the Type I->0 switch and NB exit. (A-B) NB5-6T
lineages at stage AFT in control and Ibe(K)-Gal4/UAS-6xEF dissected CNSs. Boxed regions are
magnified to the right. In control, no divisions are observed in NB5-6, neither in T nor A seg-
ments. In 6xEF co-misexpression, dividing NBs and daughter cells can be observed in both T
and A segments, and the lineage is larger. (C) Quantification of the number of cells in NB5-6T
at stage AFT (*p < 0.05, **p < 0.01, ***p < 0.001, Student two-tailed ¢ test; n = 40 lineages;
1SD). The numerical data underlying this figure are included in S1 Data. Genotypes: (A)
Ibe(K)-Gal4, UAS-nls-myc-EGFP/+. (B) Ibe(K)-Gal4, UAS-nls-myc-EGFP/UAS-6xEF. A,
abdominal; AFT, air-filled trachea; EF, Early Factor; EGFP, Enhanced Green Fluorescent Pro-
tein; Gal4, Galactose4; Ibe(K), ladybird early gene fragment K; myc, C-myc epitope tag; NB, neu-
roblast; nls, nuclear localization signal; T, thoracic; UAS, upstream activating sequence.

(PDF)

S5 Fig. PRC2 mutants display nondetectable levels of H3K27me3 and anterior Hox expres-
sion. (A-J) Expression of H3K27me3, Antp, Ubx, Abd-A, and Abd-B in control and esc
maternal/zygotic mutants, St15. Dashed lines outline the CNS. In esc mutants, there are non-
detectable levels of H3K27me3, and all four Hox factors are expressed along the entire A-P
axis, including in the brain. The numerical data underlying this figure are included in S1 Data.
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Genotypes: (A-E) OregonR. (F-]) esc’ or esc’! over esc™” (Df(2L)Exel6030). abd-A, abdominal-
A; Abd-B, Abdominal-B; Antp, Antennapedia; A-P, anterior—posterior; CNS, central nervous
system; esc, extra sex combs; Hox, Homeobox; H3K27me3, Histone 3 K27 trimethylation;
PRC2, Polycomb Repressor Complex 2; St, Stage; Ubx, Ultrabithorax.

(PDF)

S1 Table. Summary of previously published genome-wide DNA binding. Previous studies,
using ChIP-seq and Dam-ID-seq, have revealed binding of EFs to Hox genes and of Ubx to
EF genes [22, 37-39] (www.modencode.org). ChIP-seq, Chromatin immunoprecipitation-
sequencing; Dam-ID-seq, DNA adenine methyltransferase identification-sequencing; EF,
Early Factor; Hox, Homeobox; Ubx, Ultrabithorax.

(XLSX)

S1 Data. Numerical data underlying figures.
(XLSX)

Acknowledgments

We are grateful to Yuh-Nung Jan, Ralf Pflanz, Ernesto Sanchez-Herrero, Steve Cohen, Steve
Russell, Maria Capovila, Robert Holmgren, Hector Herranz, the Developmental Studies
Hybridoma Bank at the University of Iowa, and The Bloomington and Kyoto Stock Centers
for sharing antibodies, fly lines, and DNA. We thank Douglas W. Allan and John B. Thomas
for critically reading the manuscript. Helen Ekman and Annika Starkenberg provided excel-
lent technical assistance.

Author Contributions

Conceptualization: Shahrzad Bahrampour, Stefan Thor.

Data curation: Shahrzad Bahrampour, Carolin Jonsson, Stefan Thor.
Formal analysis: Shahrzad Bahrampour, Carolin Jonsson.

Funding acquisition: Stefan Thor.

Investigation: Shahrzad Bahrampour, Carolin Jonsson, Stefan Thor.
Project administration: Shahrzad Bahrampour, Stefan Thor.
Resources: Stefan Thor.

Supervision: Shahrzad Bahrampour, Stefan Thor.

Writing - original draft: Shahrzad Bahrampour, Stefan Thor.

Writing - review & editing: Shahrzad Bahrampour, Stefan Thor.

References

1. Alvarez JA, Diaz-Benjumea FJ. Origin and specification of type Il neuroblasts in the Drosophila embryo.
Development (Cambridge, England). 2018; 145(7): dev158394. Epub 2018/03/24. https://doi.org/10.
1242/dev.158394 PMID: 29567672.

2. Mclintosh R, Norris J, Clarke JD, Alexandre P. Spatial distribution and characterization of non-apical
progenitors in the zebrafish embryo central nervous system. Open biology. 2017; 7(2): 160312. Epub
2017/02/06. https://doi.org/10.1098/rsob.160312 PMID: 28148823.

3. Monedero Cobeta I, Salmani BY, Thor S. Anterior-Posterior Gradient in Neural Stem and Daughter Cell
Proliferation Governed by Spatial and Temporal Hox Control. Curr Biol. 2017; 27(8):1161-72. Epub
2017/04/11. https://doi.org/10.1016/j.cub.2017.03.023 PMID: 28392108.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000163  February 26, 2019 18/22


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000163.s006
http://www.modencode.org
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000163.s007
https://doi.org/10.1242/dev.158394
https://doi.org/10.1242/dev.158394
http://www.ncbi.nlm.nih.gov/pubmed/29567672
https://doi.org/10.1098/rsob.160312
http://www.ncbi.nlm.nih.gov/pubmed/28148823
https://doi.org/10.1016/j.cub.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28392108
https://doi.org/10.1371/journal.pbio.3000163

@'PLOS ‘ BIOLOGY

PcG-Hox promotes anterior CNS expansion

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Prokop A, Bray S, Harrison E, Technau GM. Homeotic regulation of segment-specific differences in
neuroblast numbers and proliferation in the Drosophila central nervous system. Mechanisms of devel-
opment. 1998; 74(1-2):99-110. PMID: 9651493.

Truman JW, Bate M. Spatial and temporal patterns of neurogenesis in the central nervous system of Dro-
sophila melanogaster. Developmental biology. 1988; 125(1):145-57. Epub 1988/01/01. PMID: 3119399.

Walsh KT, Doe CQ. Drosophila embryonic type Il neuroblasts: origin, temporal patterning, and contribu-
tion to the adult central complex. Development (Cambridge, England). 2017; 144(24):4552—62. Epub
2017/11/22. https://doi.org/10.1242/dev.157826 PMID: 29158446.

Yaghmaeian Salmani B, Monedero Cobeta I, Rakar J, Bauer S, Curt JR, Starkenberg A, et al. Evolution-
arily conserved anterior expansion of the central nervous system promoted by a common PcG-Hox pro-
gram. Development (Cambridge, England). 2018; 145(7): dev160747. Epub 2018/03/14. https://doi.
org/10.1242/dev.160747 PMID: 29530878.

Bello BC, Izergina N, Caussinus E, Reichert H. Amplification of neural stem cell proliferation by interme-
diate progenitor cells in Drosophila brain development. Neural development. 2008; 3:5. https://doi.org/
10.1186/1749-8104-3-5 PMID: 18284664.

Boone JQ, Doe CQ. Identification of Drosophila type Il neuroblast lineages containing transit amplifying
ganglion mother cells. Developmental neurobiology. 2008; 68(9):1185-95. https://doi.org/10.1002/
dneu.20648 PMID: 18548484.

Bossing T, Udolph G, Doe CQ, Technau GM. The embryonic central nervous system lineages of Dro-
sophila melanogaster. |. Neuroblast lineages derived from the ventral half of the neuroectoderm. Devel-
opmental biology. 1996; 179(1):41-64. https://doi.org/10.1006/dbio.1996.0240 PMID: 8873753.

Bowman SK, Rolland V, Betschinger J, Kinsey KA, Emery G, Knoblich JA. The tumor suppressors Brat
and Numb regulate transit-amplifying neuroblast lineages in Drosophila. Developmental cell. 2008; 14
(4):535—46. https://doi.org/10.1016/j.devcel.2008.03.004 PMID: 18342578.

Schmid A, Chiba A, Doe CQ. Clonal analysis of Drosophila embryonic neuroblasts: neural cell types,
axon projections and muscle targets. Development (Cambridge, England). 1999; 126(21):4653—-89.
PMID: 10518486.

Schmidt H, Rickert C, Bossing T, Vef O, Urban J, Technau GM. The embryonic central nervous system
lineages of Drosophila melanogaster. Il. Neuroblast lineages derived from the dorsal part of the neu-
roectoderm. Developmental biology. 1997; 189(2):186—-204. PMID: 9299113.

Kriegstein A, Noctor S, Martinez-Cerdeno V. Patterns of neural stem and progenitor cell division may
underlie evolutionary cortical expansion. Nature reviews Neuroscience. 2006; 7(11):883-90. Epub
2006/10/13. https://doi.org/10.1038/nrn2008 PMID: 17033683.

Skeath JB, Thor S. Genetic control of Drosophila nerve cord development. Current opinion in neurobiol-
ogy. 2003; 13(1):8—15. PMID: 12593977.

Birkholz O, Rickert C, Berger C, Urbach R, Technau GM. Neuroblast pattern and identity in the Dro-
sophila tail region and role of doublesex in the survival of sex-specific precursors. Development (Cam-
bridge, England). 2013; 140(8):1830—42. Epub 2013/03/28. https://doi.org/10.1242/dev.090043 PMID:
23533181.

Wheeler SR, Stagg SB, Crews ST. MidExDB: a database of Drosophila CNS midline cell gene expres-
sion. BMC developmental biology. 2009; 9:56. https://doi.org/10.1186/1471-213X-9-56 PMID: 19903351.

Urbach R, Schnabel R, Technau GM. The pattern of neuroblast formation, mitotic domains and pro-
neural gene expression during early brain development in Drosophila. Development (Cambridge,
England). 2003; 130(16):3589-606. PMID: 12835378.

Baumgardt M, Karlsson D, Salmani BY, Bivik C, MacDonald RB, Gunnar E, et al. Global programmed
switch in neural daughter cell proliferation mode triggered by a temporal gene cascade. Developmental
cell. 2014; 30(2):192-208. Epub 2014/07/30. https://doi.org/10.1016/j.devcel.2014.06.021 PMID:
25073156.

Kohwi M, Doe CQ. Temporal fate specification and neural progenitor competence during development.
Nature reviews Neuroscience. 2013; 14(12):823-38. Epub 2014/01/09. PMID: 24400340.

Bahrampour S, Gunnar E, Jonsson C, Ekman H, Thor S. Neural Lineage Progression Controlled by a
Temporal Proliferation Program. Developmental cell. 2017; 43(3):332—48 e4. Epub 2017/11/08. https://
doi.org/10.1016/j.devcel.2017.10.004 PMID: 29112852.

Aleksic J, Ferrero E, Fischer B, Shen SP, Russell S. The role of Dichaete in transcriptional regulation
during Drosophila embryonic development. BMC genomics. 2013; 14:861. Epub 2013/12/10. https://
doi.org/10.1186/1471-2164-14-861 PMID: 24314314.

Ashraf S, Ip YT. The Snail protein family regulates neuroblast expression of inscuteable and string,
genes involved in asymmetry and cell division in Drosophila. Development (Cambridge, England).
2001; 128(23):4757—67. Epub 2001/12/04. PMID: 11731456.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000163  February 26, 2019 19/22


http://www.ncbi.nlm.nih.gov/pubmed/9651493
http://www.ncbi.nlm.nih.gov/pubmed/3119399
https://doi.org/10.1242/dev.157826
http://www.ncbi.nlm.nih.gov/pubmed/29158446
https://doi.org/10.1242/dev.160747
https://doi.org/10.1242/dev.160747
http://www.ncbi.nlm.nih.gov/pubmed/29530878
https://doi.org/10.1186/1749-8104-3-5
https://doi.org/10.1186/1749-8104-3-5
http://www.ncbi.nlm.nih.gov/pubmed/18284664
https://doi.org/10.1002/dneu.20648
https://doi.org/10.1002/dneu.20648
http://www.ncbi.nlm.nih.gov/pubmed/18548484
https://doi.org/10.1006/dbio.1996.0240
http://www.ncbi.nlm.nih.gov/pubmed/8873753
https://doi.org/10.1016/j.devcel.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18342578
http://www.ncbi.nlm.nih.gov/pubmed/10518486
http://www.ncbi.nlm.nih.gov/pubmed/9299113
https://doi.org/10.1038/nrn2008
http://www.ncbi.nlm.nih.gov/pubmed/17033683
http://www.ncbi.nlm.nih.gov/pubmed/12593977
https://doi.org/10.1242/dev.090043
http://www.ncbi.nlm.nih.gov/pubmed/23533181
https://doi.org/10.1186/1471-213X-9-56
http://www.ncbi.nlm.nih.gov/pubmed/19903351
http://www.ncbi.nlm.nih.gov/pubmed/12835378
https://doi.org/10.1016/j.devcel.2014.06.021
http://www.ncbi.nlm.nih.gov/pubmed/25073156
http://www.ncbi.nlm.nih.gov/pubmed/24400340
https://doi.org/10.1016/j.devcel.2017.10.004
https://doi.org/10.1016/j.devcel.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29112852
https://doi.org/10.1186/1471-2164-14-861
https://doi.org/10.1186/1471-2164-14-861
http://www.ncbi.nlm.nih.gov/pubmed/24314314
http://www.ncbi.nlm.nih.gov/pubmed/11731456
https://doi.org/10.1371/journal.pbio.3000163

@'PLOS ‘ BIOLOGY

PcG-Hox promotes anterior CNS expansion

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Buescher M, Hing FS, Chia W. Formation of neuroblasts in the embryonic central nervous system of
Drosophila melanogaster is controlled by SoxNeuro. Development (Cambridge, England). 2002; 129
(18):4193-203. PMID: 12183372.

Ma, Certel K, Gao Y, Niemitz E, Mosher J, Mukherjee A, et al. Functional interactions between Dro-
sophila bHLH/PAS, Sox, and POU transcription factors regulate CNS midline expression of the slit
gene. J Neurosci. 2000; 20(12):4596—-605. PMID: 10844029.

Nambu PA, Nambu JR. The Drosophila fish-hook gene encodes a HMG domain protein essential for
segmentation and CNS development. Development (Cambridge, England). 1996; 122(11):3467-75.
Epub 1996/11/01. PMID: 8951062.

Overton PM, Meadows LA, Urban J, Russell S. Evidence for differential and redundant function of the
Sox genes Dichaete and SoxN during CNS development in Drosophila. Development (Cambridge,
England). 2002; 129(18):4219-28. Epub 2002/08/17. PMID: 12183374.

Soriano NS, Russell S. The Drosophila SOX-domain protein Dichaete is required for the development
of the central nervous system midline. Development (Cambridge, England). 1998; 125(20):3989-96.
Epub 1998/09/15. PMID: 9735360.

Zhao G, Skeath JB. The Sox-domain containing gene Dichaete/fish-hook acts in concert with vnd and
ind to regulate cell fate in the Drosophila neuroectoderm. Development (Cambridge, England). 2002;
129(5):1165-74. PMID: 11874912.

CaiY, Chia W, Yang X. A family of snail-related zinc finger proteins regulates two distinct and parallel
mechanisms that mediate Drosophila neuroblast asymmetric divisions. The EMBO journal. 2001; 20
(7):1704—14. Epub 2001/04/04. https://doi.org/10.1093/emboj/20.7.1704 PMID: 11285234.

Cremazy F, Berta P, Girard F. Sox neuro, a new Drosophila Sox gene expressed in the developing central
nervous system. Mechanisms of development. 2000; 93(1-2):215-9. Epub 2000/04/27. PMID: 10781960.

Brand M, Jarman AP, Jan LY, Jan YN. asense is a Drosophila neural precursor gene and is capable of
initiating sense organ formation. Development (Cambridge, England). 1993; 119(1):1-17. Epub 1993/
09/01. PMID: 8565817.

Dominguez M, Campuzano S. asense, a member of the Drosophila achaete-scute complex, is a pro-
neural and neural differentiation gene. The EMBO journal. 1993; 12(5):2049-60. Epub 1993/05/01.
PMID: 8491195.

Karlsson D, Baumgardt M, Thor S. Segment-specific neuronal subtype specification by the integration
of anteroposterior and temporal cues. PLoS biology. 2010; 8(5):e1000368. https://doi.org/10.1371/
journal.pbio.1000368 PMID: 20485487.

Bivik C, Bahrampour S, Ulvklo C, Nilsson P, Angel A, Fransson F, et al. Novel Genes Involved in Con-
trolling Specification of Drosophila FMRFamide Neuropeptide Cells. Genetics. 2015; 200(4):1229-44.
Epub 2015/06/21. https://doi.org/10.1534/genetics.115.178483 PMID: 26092715.

Baumgardt M, Karlsson D, Terriente J, Diaz-Benjumea FJ, Thor S. Neuronal subtype specification
within a lineage by opposing temporal feed-forward loops. Cell. 2009; 139(5):969-82. https://doi.org/10.
1016/j.cell.2009.10.032 PMID: 19945380.

Choo SW, White R, Russell S. Genome-wide analysis of the binding of the Hox protein Ultrabithorax
and the Hox cofactor Homothorax in Drosophila. PloS one. 2011; 6(4):e14778. Epub 2011/04/13.
https://doi.org/10.1371/journal.pone.0014778 PMID: 21483667

Shlyueva D, Meireles-Filho AC, Pagani M, Stark A. Genome-Wide Ultrabithorax Binding Analysis
Reveals Highly Targeted Genomic Loci at Developmental Regulators and a Potential Connection to
Polycomb-Mediated Regulation. PLoS ONE. 2016; 11(8):e0161997. Epub 2016/08/31. https://doi.org/
10.1371/journal.pone.0161997 PMID: 27575958 Ingelheim (www.boehringer-ingelheim.com). This
does not alter our adherence to PLOS ONE policies on sharing data and materials.

Southall TD, Brand AH. Neural stem cell transcriptional networks highlight genes essential for nervous
system development. The EMBO journal. 2009; 28(24):3799-807. Epub 2009/10/24. https://doi.org/10.
1038/emb0j.2009.309 PMID: 19851284.

Hirth F, Hartmann B, Reichert H. Homeotic gene action in embryonic brain development of Drosophila.
Development (Cambridge, England). 1998; 125(9):1579-89.

Garcia-Fernandez J. The genesis and evolution of homeobox gene clusters. Nature reviews Genetics.
2005; 6(12):881-92. Epub 2005/12/13. https://doi.org/10.1038/nrg1723 PMID: 16341069.

Jung H, Dasen JS. Evolution of patterning systems and circuit elements for locomotion. Developmental
cell. 2015; 32(4):408-22. Epub 2015/02/25. https://doi.org/10.1016/j.devcel.2015.01.008 PMID:
25710528.

Technau GM, Rogulja-Ortmann A, Berger C, Birkholz O, Rickert C. Composition of a Neuromere and
Its Segmental Diversification under the Control of Hox Genes in the Embryonic CNS of Drosophila.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000163  February 26, 2019 20/22


http://www.ncbi.nlm.nih.gov/pubmed/12183372
http://www.ncbi.nlm.nih.gov/pubmed/10844029
http://www.ncbi.nlm.nih.gov/pubmed/8951062
http://www.ncbi.nlm.nih.gov/pubmed/12183374
http://www.ncbi.nlm.nih.gov/pubmed/9735360
http://www.ncbi.nlm.nih.gov/pubmed/11874912
https://doi.org/10.1093/emboj/20.7.1704
http://www.ncbi.nlm.nih.gov/pubmed/11285234
http://www.ncbi.nlm.nih.gov/pubmed/10781960
http://www.ncbi.nlm.nih.gov/pubmed/8565817
http://www.ncbi.nlm.nih.gov/pubmed/8491195
https://doi.org/10.1371/journal.pbio.1000368
https://doi.org/10.1371/journal.pbio.1000368
http://www.ncbi.nlm.nih.gov/pubmed/20485487
https://doi.org/10.1534/genetics.115.178483
http://www.ncbi.nlm.nih.gov/pubmed/26092715
https://doi.org/10.1016/j.cell.2009.10.032
https://doi.org/10.1016/j.cell.2009.10.032
http://www.ncbi.nlm.nih.gov/pubmed/19945380
https://doi.org/10.1371/journal.pone.0014778
http://www.ncbi.nlm.nih.gov/pubmed/21483667
https://doi.org/10.1371/journal.pone.0161997
https://doi.org/10.1371/journal.pone.0161997
http://www.ncbi.nlm.nih.gov/pubmed/27575958
http://www.boehringer-ingelheim.com
https://doi.org/10.1038/emboj.2009.309
https://doi.org/10.1038/emboj.2009.309
http://www.ncbi.nlm.nih.gov/pubmed/19851284
https://doi.org/10.1038/nrg1723
http://www.ncbi.nlm.nih.gov/pubmed/16341069
https://doi.org/10.1016/j.devcel.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25710528
https://doi.org/10.1371/journal.pbio.3000163

@'PLOS ‘ BIOLOGY

PcG-Hox promotes anterior CNS expansion

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Journal of neurogenetics. 2014; 28(3—4):1—10. Epub 2014/06/11. https://doi.org/10.3109/01677063.
2013.868459 PMID: 24913688.

Philippidou P, Dasen JS. Hox genes: choreographers in neural development, architects of circuit orga-
nization. Neuron. 2013; 80(1):12—34. Epub 2013/10/08. https://doi.org/10.1016/j.neuron.2013.09.020
PMID: 24094100.

Piunti A, Shilatifard A. Epigenetic balance of gene expression by Polycomb and COMPASS families.
Science (New York, NY). 2016; 352(6290):aad9780. Epub 2016/06/04. https://doi.org/10.1126/science.
2ad9780 PMID: 27257261.

Steffen PA, Ringrose L. What are memories made of? How Polycomb and Trithorax proteins mediate
epigenetic memory. Nature reviews. 2014; 15(5):340-56. Epub 2014/04/24. https://doi.org/10.1038/
nrm3789 PMID: 24755934,

Economides KD, Zeltser L, Capecchi MR. Hoxb13 mutations cause overgrowth of caudal spinal cord
and tail vertebrae. Developmental biology. 2003; 256(2):317-30. PMID: 12679105.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of protein-coding
genetic variation in 60,706 humans. Nature. 2016; 536(7616):285-91. Epub 2016/08/19. https://doi.org/
10.1038/nature19057 PMID: 27535533.

Cohen AS, Gibson WT. EED-associated overgrowth in a second male patient. J Hum Genet. 2016; 61
(9):831—4. Epub 2016/05/20. https://doi.org/10.1038/jhg.2016.51 PMID: 27193220.

Cohen AS, Tuysuz B, Shen Y, Bhalla SK, Jones SJ, Gibson WT. A novel mutation in EED associated
with overgrowth. J Hum Genet. 2015; 60(6):339—42. Epub 2015/03/20. https://doi.org/10.1038/jhg.
2015.26 PMID: 25787343.

Cohen AS, Yap DB, Lewis ME, Chijiwa C, Ramos-Arroyo MA, Tkachenko N, et al. Weaver Syn-
drome-Associated EZH2 Protein Variants Show Impaired Histone Methyltransferase Function In
Vitro. Hum Mutat. 2016; 37(3):301-7. Epub 2015/12/24. https://doi.org/10.1002/humu.22946 PMID:
26694085.

Cooney E, Bi W, Schlesinger AE, Vinson S, Potocki L. Novel EED mutation in patient with Weaver syn-
drome. Am J Med Genet A. 2017; 173(2):541-5. Epub 2016/11/22. https://doi.org/10.1002/ajmg.a.
38055 PMID: 27868325.

Gibson WT, Hood RL, Zhan SH, Bulman DE, Fejes AP, Moore R, et al. Mutations in EZH2 cause
Weaver syndrome. Am J Hum Genet. 2012; 90(1):110-8. Epub 2011/12/20. https://doi.org/10.1016/j.
ajhg.2011.11.018 PMID: 22177091.

Imagawa E, Albuquerque EVA, Isidor B, Mitsuhashi S, Mizuguchi T, Miyatake S, et al. Novel SUZ12
mutations in Weaver-like syndrome. Clin Genet. 2018; 94(5):461-466. Epub 2018/07/19. https://doi.
org/10.1111/cge. 13415 PMID: 30019515.

Imagawa E, Higashimoto K, Sakai Y, Numakura C, Okamoto N, Matsunaga S, et al. Mutations in genes
encoding polycomb repressive complex 2 subunits cause Weaver syndrome. Hum Mutat. 2017; 38
(6):637—48. Epub 2017/02/24. https://doi.org/10.1002/humu.23200 PMID: 28229514.

Smigiel R, Biernacka A, Biela M, Murcia-Pienkowski V, Szmida E, Gasperowicz P, et al. Novel de novo
mutation affecting two adjacent aminoacids in the EED gene in a patient with Weaver syndrome. J Hum
Genet. 2018; 63(4):517-20. Epub 2018/02/08. https://doi.org/10.1038/s10038-017-0391-x PMID:
29410511.

Tatton-Brown K, Hanks S, Ruark E, Zachariou A, Duarte Sdel V, Ramsay E, et al. Germline mutations
in the oncogene EZH2 cause Weaver syndrome and increased human height. Oncotarget. 2011; 2
(12):1127-33. Epub 2011/12/23. https://doi.org/10.18632/oncotarget.385 PMID: 22190405.

Tatton-Brown K, Loveday C, Yost S, Clarke M, Ramsay E, Zachariou A, et al. Mutations in Epigenetic
Regulation Genes Are a Major Cause of Overgrowth with Intellectual Disability. Am J Hum Genet. 2017;
100(5):725-36. Epub 2017/05/06. https://doi.org/10.1016/j.ajhg.2017.03.010 PMID: 28475857.

Tatton-Brown K, Murray A, Hanks S, Douglas J, Armstrong R, Banka S, et al. Weaver syndrome and
EZH2 mutations: Clarifying the clinical phenotype. Am J Med Genet A. 2013; 161A(12):2972—-80. Epub
2013/11/12. https://doi.org/10.1002/ajmg.a.36229 PMID: 24214728.

Usemann J, Ernst T, Schafer V, Lehmberg K, Seeger K. EZH2 mutation in an adolescent with Weaver
syndrome developing acute myeloid leukemia and secondary hemophagocytic lymphohistiocytosis. Am
J Med Genet A. 2016; 170A(5):1274—7. Epub 2016/01/15. https://doi.org/10.1002/ajmg.a.37562 PMID:
26762561.

Arendt D, Tosches MA, Marlow H. From nerve net to nerve ring, nerve cord and brain—evolution of the
nervous system. Nature reviews Neuroscience. 2016; 17(1):61-72. Epub 2015/12/18. https://doi.org/
10.1038/nrn.2015.15 PMID: 26675821.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000163  February 26, 2019 21/22


https://doi.org/10.3109/01677063.2013.868459
https://doi.org/10.3109/01677063.2013.868459
http://www.ncbi.nlm.nih.gov/pubmed/24913688
https://doi.org/10.1016/j.neuron.2013.09.020
http://www.ncbi.nlm.nih.gov/pubmed/24094100
https://doi.org/10.1126/science.aad9780
https://doi.org/10.1126/science.aad9780
http://www.ncbi.nlm.nih.gov/pubmed/27257261
https://doi.org/10.1038/nrm3789
https://doi.org/10.1038/nrm3789
http://www.ncbi.nlm.nih.gov/pubmed/24755934
http://www.ncbi.nlm.nih.gov/pubmed/12679105
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
http://www.ncbi.nlm.nih.gov/pubmed/27535533
https://doi.org/10.1038/jhg.2016.51
http://www.ncbi.nlm.nih.gov/pubmed/27193220
https://doi.org/10.1038/jhg.2015.26
https://doi.org/10.1038/jhg.2015.26
http://www.ncbi.nlm.nih.gov/pubmed/25787343
https://doi.org/10.1002/humu.22946
http://www.ncbi.nlm.nih.gov/pubmed/26694085
https://doi.org/10.1002/ajmg.a.38055
https://doi.org/10.1002/ajmg.a.38055
http://www.ncbi.nlm.nih.gov/pubmed/27868325
https://doi.org/10.1016/j.ajhg.2011.11.018
https://doi.org/10.1016/j.ajhg.2011.11.018
http://www.ncbi.nlm.nih.gov/pubmed/22177091
https://doi.org/10.1111/cge.13415
https://doi.org/10.1111/cge.13415
http://www.ncbi.nlm.nih.gov/pubmed/30019515
https://doi.org/10.1002/humu.23200
http://www.ncbi.nlm.nih.gov/pubmed/28229514
https://doi.org/10.1038/s10038-017-0391-x
http://www.ncbi.nlm.nih.gov/pubmed/29410511
https://doi.org/10.18632/oncotarget.385
http://www.ncbi.nlm.nih.gov/pubmed/22190405
https://doi.org/10.1016/j.ajhg.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28475857
https://doi.org/10.1002/ajmg.a.36229
http://www.ncbi.nlm.nih.gov/pubmed/24214728
https://doi.org/10.1002/ajmg.a.37562
http://www.ncbi.nlm.nih.gov/pubmed/26762561
https://doi.org/10.1038/nrn.2015.15
https://doi.org/10.1038/nrn.2015.15
http://www.ncbi.nlm.nih.gov/pubmed/26675821
https://doi.org/10.1371/journal.pbio.3000163

@'PLOS ‘ BIOLOGY

PcG-Hox promotes anterior CNS expansion

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Holland LZ, Carvalho JE, Escriva H, Laudet V, Schubert M, Shimeld SM, et al. Evolution of bilaterian
central nervous systems: a single origin? EvoDevo. 2013; 4(1):27. Epub 2013/10/09. https://doi.org/10.
1186/2041-9139-4-27 PMID: 24098981.

Tosches MA, Arendt D. The bilaterian forebrain: an evolutionary chimaera. Current opinion in neurobiol-
ogy. 2013; 23(6):1080-9. Epub 2013/10/02. https://doi.org/10.1016/j.conb.2013.09.005 PMID:
24080363.

Nielsen C. How to make a protostome. Invertebr Syst. 2012; 26(1):25—40. https://doi.org/10.1071/
1S11041

Nielsen C. Larval nervous systems: true larval and precocious adult. Journal of Experimental Biology.
2015; 218(4):629-36. https://doi.org/10.1242/jeb.109603 PMID: 25696826

Hartenstein V, Campos-Ortega JA. Early neurogenesis in wild-type Drosophila melanogaster. Roux’s
Arch Dev Biol. 1984; 193:308—-25.

Reiprich S, Wegner M. From CNS stem cells to neurons and glia: Sox for everyone. Cell and tissue
research. 2015; 359(1):111-24. Epub 2014/06/05. https://doi.org/10.1007/s00441-014-1909-6 PMID:
24894327.

Zander MA, Burns SE, Yang G, Kaplan DR, Miller FD. Snail coordinately regulates downstream path-
ways to control multiple aspects of Mammalian neural precursor development. J Neurosci. 2014; 34
(15):5164—75. Epub 2014/04/11. https://doi.org/10.1523/JNEUROSCI.0370-14.2014 PMID: 24719096.

Unternaehrer JJ, Zhao R, Kim K, Cesana M, Powers JT, Ratanasirintrawoot S, et al. The epithelial-mes-
enchymal transition factor SNAIL paradoxically enhances reprogramming. Stem cell reports. 2014; 3
(5):691-8. Epub 2014/10/16. https://doi.org/10.1016/j.stemcr.2014.09.008 PMID: 25316190.

Andersen J, Urban N, Achimastou A, lto A, Simic M, Ullom K, et al. A transcriptional mechanism inte-
grating inputs from extracellular signals to activate hippocampal stem cells. Neuron. 2014; 83(5):1085—
97. Epub 2014/09/06. https://doi.org/10.1016/j.neuron.2014.08.004 PMID: 25189209.

Urban N, van den Berg DL, Forget A, Andersen J, Demmers JA, Hunt C, et al. Return to quiescence of
mouse neural stem cells by degradation of a proactivation protein. Science (New York, NY). 2016; 353
(6296):292-5. Epub 2016/07/16. https://doi.org/10.1126/science.aaf4802 PMID: 27418510.

Isshiki T, Pearson B, Holbrook S, Doe CQ. Drosophila neuroblasts sequentially express transcription
factors which specify the temporal identity of their neuronal progeny. Cell. 2001; 106(4):511-21. PMID:
11525736.

Hopmann R, Duncan D, Duncan |. Transvection in the iab-5,6,7 region of the bithorax complex of Dro-
sophila: homology independent interactions in trans. Genetics. 1995; 139(2):815-33. PMID: 7713434.

Ulvklo C, Macdonald R, Bivik C, Baumgardt M, Karlsson D, Thor S. Control of neuronal cell fate and
number by integration of distinct daughter cell proliferation modes with temporal progression. Develop-
ment (Cambridge, England). 2012; 139(4):678-89. https://doi.org/10.1242/dev.074500 PMID:
22241838.

Allan DW, Pierre SE, Miguel-Aliaga I, Thor S. Specification of Neuropeptide Cell Identity by the Integra-
tion of Retrograde BMP Signaling and a Combinatorial Transcription Factor Code. Cell. 2003; 113
(1):73-86. PMID: 12679036.

Campos-Ortega JA, Hartenstein V. The embryonic development of Drosophila melanogaster. New
York: Springer-Verlag; 1985.

Buenzow DE, Holmgren R. Expression of the Drosophila gooseberry locus defines a subset of neuro-
blast lineages in the central nervous system. Developmental biology. 1995; 170(2):338—49. https://doi.
org/10.1006/dbio.1995.1219 PMID: 7649367.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nature methods. 2012; 9(7):676—82. Epub 2012/06/30. https://
doi.org/10.1038/nmeth.2019 PMID: 22743772.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000163  February 26, 2019 22/22


https://doi.org/10.1186/2041-9139-4-27
https://doi.org/10.1186/2041-9139-4-27
http://www.ncbi.nlm.nih.gov/pubmed/24098981
https://doi.org/10.1016/j.conb.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24080363
https://doi.org/10.1071/IS11041
https://doi.org/10.1071/IS11041
https://doi.org/10.1242/jeb.109603
http://www.ncbi.nlm.nih.gov/pubmed/25696826
https://doi.org/10.1007/s00441-014-1909-6
http://www.ncbi.nlm.nih.gov/pubmed/24894327
https://doi.org/10.1523/JNEUROSCI.0370-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/24719096
https://doi.org/10.1016/j.stemcr.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25316190
https://doi.org/10.1016/j.neuron.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25189209
https://doi.org/10.1126/science.aaf4802
http://www.ncbi.nlm.nih.gov/pubmed/27418510
http://www.ncbi.nlm.nih.gov/pubmed/11525736
http://www.ncbi.nlm.nih.gov/pubmed/7713434
https://doi.org/10.1242/dev.074500
http://www.ncbi.nlm.nih.gov/pubmed/22241838
http://www.ncbi.nlm.nih.gov/pubmed/12679036
https://doi.org/10.1006/dbio.1995.1219
https://doi.org/10.1006/dbio.1995.1219
http://www.ncbi.nlm.nih.gov/pubmed/7649367
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1371/journal.pbio.3000163

