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Cortex glia in Drosophila central nervous system form a niche around neural cells for necessary signals to establish cross talk with their
surroundings. These cells grow and expand their thin processes around neural cell bodies. Although essential for the development and
function of the nervous system, how these cells make extensive and intricate connected networks remains largely unknown. In this study,
we show that Cut, a homeodomain transcription factor, directly regulates the fate of the cortex glia, impacting neural stem cell (NSC)
homeostasis. Focusing on the thoracic ventral nerve cord, we found that Cut is required for the normal growth and development of cor-
tex glia and timely increase in DNA content through endocycle to later divide via acytokinetic mitosis. Knockdown of Cut in cortex glia
significantly reduces the growth of cellular processes, the network around NSCs, and their progeny’s cell bodies. Conversely, overex-
pression of Cut induces overall growth of the main processes at the expense of side ones. Whereas the Cut knockdown slows down
the timely increase of DNA, the Cut overexpression results in a significant increase in nuclear size and volume and a 3-fold increase
in DNA content of cortex glia. Further, we note that constitutively high Cut also interfered with nuclei separation during acytokinetic mi-
tosis. Since the cortex glia form syncytial networks around neural cells, the finding identifies Cut as a novel regulator of glial growth and

variant cell cycles to support a functional nervous system.
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Introduction

Glial cells play a crucial role in maintaining and protecting the
nervous system by promoting neural growth, facilitating commu-
nication, and providing nourishment and support for the overall
homeostasis of neural stem cells (NSCs) and their progeny
(Xiong and Montell 1995; Booth et al. 2000; Barres 2008; Trapp
and Nave 2008; Stork et al. 2012). In addition, these cells form
the blood-brain barrier and compartmentalize the central ner-
vous system (CNS) into specialized domains in several inverte-
brates and vertebrates such as elasmobranch fishes (Oland and
Tolbert 2003; Abbott 2005; Awasaki et al. 2008). It is particularly
interesting to understand how glial cells form a dynamic environ-
ment around NSCs and their offspring during normal develop-
ment and disease prospects. The mammalian and Drosophila
glial cells are comparable and classified into functional groups
based on morphology and molecular functions (Stork et al.
2012). In Drosophila, the 3 major classes of glia types based on
morphology are surface, cortex, and neuropile-associated glia
(Ito et al. 1995; Stork et al. 2012).

Cortex glia cells in Drosophila nervous system are born during
the mid-embryonic stage. Their cell bodies are irregular and
grow in multiple directions making massive networks around in-
dividual neural cell bodies for trophic and metabolic support (Ito
etal. 1995; Dumstrei et al. 2003; Pereanu et al. 2005). In the ventral
nerve cord (VNC) of the Drosophila larval nervous system, cortex

glia are primarily located on the ventral and lateral sides. It is in-
teresting to note that during the growth and remodeling period,
the cortex glia nuclei adopt variant cell cycle processes to increase
their DNA content and later divide through acytokinetic mitosis to
form syncytium (Rujano et al 2022). These cells closely interact
with neural cells and regulate their fate (Ito et al. 1995; Read et
al. 2009; Dong et al. 2021). Similar to cortex glia, mammalian as-
trocytes also extend their processes toward the outer surface of
synaptic neuropils (reviewed in Zhou et al. 2019). In order for glial
processes to grow, insulin and PI3K signaling must be activated
through the intake of nutrients (Spéder and Brand 2018; Yuan et
al. 2020). In addition, Hippo, EGFR, and FGF signaling pathways
also regulate cortex glia growth and remodeling (Read et al.
2009; Witte et al. 2009; Reddy and Irvine 2011; Avet-Rochex et al.
2012; Spéder and Brand 2018; Dong et al. 2021). Investigations con-
tinue how fine processes grow from the cortex glia cell body and
find their correct path. We discovered that Cut, a homeodomain
transcription factor, is critical in this process and plays multiple
roles in the developmental growth of cortex glia to form a niche
around neural cell bodies.

The Cut protein family is abundantly expressed in the develop-
ing CNS of both Drosophila and mammals, playing a crucial role in
regulating neural identity and proper patterning. (Arya et al. 2019;
Weiss et al. 2019). From an evolutionary and functional perspec-
tive, Cut is one of the most conserved proteins among all metazo-
ans. Itis known as CUX1 in humans and CUX1/2 in mice (Neufeld
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et al. 1992; Valarche et al. 1993; Yoon and Chikaraishi 1994;
Quaggin et al. 1996; Tavares et al. 2000). Cut protein is well known
forits diverse functions in determining cell specificity and identity
in Drosophila and mammals and is expressed in multiple tissues
(Liu et al. 1991; Andres et al. 1992; Liu and Jack 1992; Ludlow et
al. 1996; Nepveu 2001; Zhai et al. 2012; Pitsouli and Perrimon
2013). It influences cell proliferation, migration, and response to
DNA damage in various tissues (Coqueret et al. 1998; Michl et al.
2005; Cadieux et al. 2009; Vadnais et al. 2012; Pitsouli and
Perrimon 2013) The protein Cut has multiple DNA-binding do-
mains, resulting in various transcription factor isoforms
(Bodmer et al. 1987; Blochlinger et al. 1988; Liu et al. 1991). Its iso-
forms have a single homeodomain and one or multiple Cut
DNA-binding repeat domains. Depending on its interacting part-
ners, Cut acts as a transcriptional activator or repressor of several
genes during development (Yoon and Chikaraishi 1994; van
Wijnen et al. 1996).

Consistent withits role as a gene regulator, Cutis also identified
as a selector gene in several mammalian disorders, including can-
cer (Zhai et al. 2012). Loss of function mutations in Cut/CUX1 has
been identified in several cancer types. At the same time, in-
creases in CUX1 gene copy number and overexpression are also
common in many cancers (Sansregret and Nepveu 2008;
Ramdzan and Nepveu 2014). In the mouse, the CUX1 overexpres-
sion leads to multiorgan hyperplasia and tumor development
after a long latency period (Ledford et al. 2002; vanden Heuvel et
al. 2005). Since Cut performs a diverse function in several cellular
processes and gene regulation, the detailed molecular under-
standing of its functional diversity is an area of active research.

This research reports that the Cut homeodomain transcription
factor is crucial in regulating the growth and formation of the cortex
glia network around NSCs and their progeny in the Drosophila CNS.
Cut guides the cortex glia development in several ways. Cut levels af-
fect the complex network of glial processes. Loss of Cut does not allow
the cortex glia nuclei to timely increase their ploidy, which is needed
for syncytium formation. On the other hand, continued high Cut ex-
pression in cortex glia increases their DNA ploidy to multifold, yet it
also interferes with the normal acytokinetic mitosis by not allowing
the nuclei to divide indicating a gain of function for Cut. It is the first
report highlighting a novel role of Cut in regulating the growth and
branching of cortex glia via controlling variant cell cycles.

Materials and methods
Fly stocks and genotypes

Drosophila melanogaster was reared at 22°C, and RNAI crosses were
done at 29°C on a standard food medium containing sugar, agar,
maize powder, and yeast. Appropriate fly crosses were set up fol-
lowing standard methods to obtain the progeny of desired geno-
types. The following fly stocks are used in the experiments:
Oregon R" as wild-type, Repo-GAL4 (BL 7415), Cut-RNAI (BL 33967,
strong), Cut-RNAI (BL29625, weak), UAS-Cut (II, referred in text as
Cut-OE) (Norbert Perrimon, Harvard Medical School, MA, USA),
Cyp4g15-GAL4 (39103), UAS-eGFP(Il) (BL-5431), R54H02-GAL4
(BL-45784), R46H12-GAL4 (BL-50285), NP577-GAL4 (Awasaki et al.
2008), mCD8RFP (BL-27398), and Fly-FUCCI (BL-55121). The follow-
ing genotype combinations are generated in the lab for the study:
UAS-eGFP; Cyp4q15-GAL4, UAS-FUCCI; Cyp4g15-GAL4, mCD8REP;
Cyp4g15-GAL4, and UAS-eGFP; Cut-RNA.

Survival assay

We used 3 strains (Oregon R, Cyp4g15-GAL4, and Cut-RNAI) reared
on standard agar-cornmeal-sugar-yeast food. We crossed 60

male and 90 virgin fruit flies. The Cyp4g15-GAL4 strain was used
as males, and the Oregon R* and Cut-RNAI strains were used as vir-
gin females. The flies were isolated, fed, and reared for 2 days be-
fore being transferred to a food bottle for mating. We placed 20
males and 30 females in each replicate bottle and allowed them
to mate for a day. After mating, the flies were transferred to a
cage with an agar plate where they laid eggs for 12 h. The agar
plates were changed daily. To analyze survival at the pupariation
stage and eclosion, we collected synchronized first instar larvae
and transferred them to food vials. We examined 11 replicates
of 100 larvae each for the control and Cut-RNAI groups. The per-
centage of pupation and eclosion was calculated as described
earlier (Kharat et al. 2020). At least 3 replicates of 100 larvae
each were examined in each group for the survival assay, with
1-2 day-old imagoes placed in food vials. The recorded data
were analyzed using GraphPad Prism 9 software for statistical
analysis.

Immunostaining, confocal microscopy,
and documentation

Larvae of the required age [early first instar (ALH 0-3 h), L2 (ALH
24-28 h), early third instar (ALH 48-54 h), mid-third instar (ALH
72 h), third instar (ALH 93-96 h)] and wandering larvae as late
third instar (referred as LL3 throughout the text) from F1 progeny
of respective crosses were selected, and CNSs were dissected in
phosphate buffer (PBS 1x containing NaCl, KCl, Na,HPO,,
KH,PO,, and pH 7.4), fixed in 4% paraformaldehyde for 30 min,
rinsed thrice in 0.1% PBST (1xPBS and 0.1% TritonX-100), and in-
cubated in blocking solution (0.1% TritonX-100, 0.1% BSA, 10%
FCS, 0.1% deoxycholate, and 0.02% thiomersal) for 30 min, at
room temperature. Samples were incubated in the required pri-
mary antibody at 4°C overnight. The antibodies used are mouse
anti-Cut (1:10, Developmental Studies Hybridoma Bank, 2B10),
mouse Anti-Repo (1:50, Developmental Studies Hybridoma
Bank, 8D12), and rabbit anti-GFP antibody (1:200, Invitrogen,
A-11122). For rat anti-Dpn antibody (1:150, ab195173, Abcam),
the samples were kept for 2 consecutive overnights for better sig-
nal. The following day, the samples were rinsed thrice in 0.1%
PBST and incubated with appropriate secondary antibody at
1:200 dilution overnight or for 2 h at room temperature. The sec-
ondary antibodies used are donkey anti-rat Alexa 488
(Invitrogen, A-21208), goat anti-mouse Alexa Fluor 568 (cat. No.
A11004), and chicken anti-rabbit Alexa Fluor 488 (Invitrogen,
A-21441). Following incubation with secondary antibodies, the
samples were washed thrice in 0.1% PBST and counterstained
with DAPI (1 pg/ml, Invitrogen, D1306) at 4°C overnight whenever
needed. After the final washes in 0.1% PBST, the samples were
mounted in DABCO (Sigma, D27802) for further analysis.

Images were acquired at the following confocal microscopes:
Zeiss LSM-510 Meta at the Department of Zoology, Zeiss
LSM-510 at ISLS BHU, and Leica SP8 STED facility at CDC, BHU.
All the images were quantified using the Fiji/Image] software
(NIH, USA). Images were assembled using Adobe Photoshop and
MS PowerPoint softwares.

Image analysis using Fiji/Image] application
Confocal sections of cortex glia of the thoracic VNC (tVNC) were
analyzed using the Fiji/Image] software (NIH) to measure number,
area, and volume. For integrated intensity measurements in a re-
gion of interest, a freehand selection tool was used to mark the
area manually.

The number of glia nuclei and NSCs were counted manually
based on GAL4-driven GFP and Repo staining using the multipoint
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selection tool. To measure the nuclear size of cortex glia, GFP+,
Repo+ was used to outline the area. The area outline was done
using a freehand selection tool around Repo staining, followed
by selecting an analyze-measure option. The chamber size was
measured by outlining the cortex glia processes that are coming
out from the cell body around 1 nucleus and forming a chamber
around progeny using a freehand selection tool, and the size of
the outlined area (um?) was measured using the analyze-measure
option.

For volume analysis of cortex glia, 1 specific threshold was cho-
sen that fits best for the actual staining and was kept constant
throughout the analysis. The thresholding procedure is used in
image processing to select pixels of interest based on the GFP in-
tensity of the pixel values. Thereafter, measure stack plugin was
used to find the fluorescent area (GFP) of each cortex glia section
of tVNC through the analyze-measure option where area, mean
gray value, stack position, and limit to threshold checkboxes
were selected. The area obtained was thus multiplied by the num-
ber of stack intervals (= 2) to find out the volume of cortex glia.
Finally, the area covered was estimated by manually outlining
the area occupied by tVNC.

The density of cortex glia processes was calculated through the
plot profile and the surface profile options. The tools measure the
signal intensities of cortex glia processes along the selected lines.
The gray values indicate the intensities of cortex glia along a line,
and the number of peaks denotes the number of cortex glia
extensions.

The integrated density for DAPI in the cortex glia nuclei was
measured by manually outlining each GFP+, Repo+ DAPI+ nu-
cleus; the area outline was done using the freehand selection
tool around Repo staining. The integrated density of DAPI was
measured in each section of tVNC using the analyze-measure op-
tion. The confocal scanning parameters for each experimental
setup were kept constant for all intensity quantifications.
Controls were analyzed in parallel for each experimental set.

Statistical analysis was done using GraphPad Prism 9 software
where a 2-tailed unpaired t-test was used to evaluate the statistic-
al significance between the mean values of the 2 groups, using as-
terisk as follows: n with P<0.05 (***P < 0.0001, *P <0.001, *P <
0.01, and *P<0.05) considered statistically significant and if P>
0.05 considered nonsignificant.

Results

Cut expresses in glial subtypes and maintains
niche around NSCs

The transcription factor Cut is known to express in the Drosophila
CNS and to regulate the developmental death of NSCs in the ab-
dominal region of VNC (Arya et al. 2019). In addition to NSCs,
Cut is expressed in several other cells in the larval CNS.
Therefore, the larval CNS was stained with a Cut antibody to pro-
file its expression in the glial cells. In this study, we focused on the
tVNC to understand the role of Cut in glial morphogenesis
(Fig. 1a). Since Cut and pan-glia marker Repo antibodies are
both raised in mice and there is no commercial antibody for cortex
glia, we used the UAS-GAL4 system to mark the glia with GFP using
Repo-GAL4 (pan glia) and Cyp4g15-GAL4 (cortex glia) drivers (Fig. 1,
b and c; Supplementary Fig. 1, d-i; Spéder and Brand 2018;
Gonzalez-Gutierrez et al. 2019; Rujano et al. 2022). We counted
the GFP+ and Cut+ nuclei in the tVNC to estimate the glia that ex-
press Cut. In the Repo > GFP tVNC, where GFP marks all the glial
cells, around 55% of total GFP-positive nuclei were Cut positive
(Fig. 1, b and g; Supplementary Fig. 1, d-f). On the other hand,

when the numbers of GFP+ nuclei marking the cortex glia
(Cyp4g15 > GFP) that also express Cut were counted, we found
that all the tVNC cortex glia express Cut in late larval instar
(Fig. 1, c and g; Supplementary Fig. 1, g-i).

The cortex glia networks around neural cells establish the com-
munication between the neural cells and their environment and
are needed for the survival of newborn neurons (Freeman and
Doe 2001; Dumstrei et al. 2003; Spéder and Brand 2018; Rujano
et al. 2022). Selective knockdown of Cut expression in cortex glia
with Cyp4g15-GAL4 driver resulted in substantial disruption of
their cellular processes (compare Fig. 1d’ with Fig. 1, d and f
with the control Fig. 1le). We validated this finding with 2 separate
Cut-RNAI lines (Supplementary Fig. 1, a and b). Since the cortex
glia form a supporting system for the neural cells, the loss of
glia and their network around neural bodies also affects NSCs.
We used Deadpan (Dpn) as an NSC marker and noted that they
were unusually clumped and were lost during development
upon Cut ablation in cortex glia (Fig. 1, h-k). To ensure that the
fewer NSCs observed at the late third instar larvae are not due
to an early defect in their birth, we counted NSCs in the early in-
star stages. The number of NSCs in tVNC of control and Cut ab-
lated cortex glia did not show any significant difference in the
early third instar larvae (Fig. 11). This indicates that NSC number
was normal but declined later, possibly due to loss of the Cut de-
fective cortex glia (Fig. 11). Thus, the Cut defective cortex glia non-
autonomously affects the NSC fate. We used 4 other cortex
glia-specific drivers for the knockdown of Cut—R54H02, R46H12,
and Np577 and found similar, significant nonautonomous loss of
NSCs in tVNC (Supplementary Fig. 1c). We selected
Cyp4g15-GAL4 for further studies. We conclude that Cut is ex-
pressed in all cortex glia and is essential for maintaining the glial
niche around the NSCs and their progeny.

Cut is required for the growth of the cortex glia
processes and their branching

Following the above result that the Cut defective cortex glia can-
not form a niche around the neural cells, we further explored
the role of Cut in these cortex glia for their growth and chamber
formation around neural cell bodies. Cortex glia continue to ex-
pand their cytoplasmic extensions from the late embryonic stage
(Pereanu et al. 2005; Coutinho-Budd et al. 2017; Rujano et al. 2022).
Therefore, as a first step, we checked the expression profile of the
cortex glia GAL4 driver, Cyp4g15-GAL4, and found thatit expresses
from the late embryonic stage (Supplementary Fig. 2,iandi’) and
continues its expression through different larval stages. The GFP
driven with the GAL4 line faithfully marks the glial network
from the early to late developmental stages of larvae
(Supplementary Fig. 2, i and i’ with Repo, Figs. 2a and 3, a-h). As
shownin Fig. 2, a and c (yellow arrowhead in Fig. 2c), several thick
and thin cytoplasmic extensions emerge from cortex glia and
spread their branches in multiple directions making a fine mesh-
work around individual neural cell bodies in the tVNC, known as
trophospongium (Fig. 2c, red arrow). Recently, it has been shown
that cortex glia are syncytial units, and different such units under-
go homotypic fusion to allow an exchange of cytoplasmic proteins
(Coutinho-Budd et al. 2017; Rujano et al. 2022). The Cut knock-
down in the cortex glialeads to a massive loss of these lamelliform
glial processes in the whole CNS (Fig. 2, b and b”; Supplementary
Fig. 2, e and {” for optic lobes and Supplementary Fig. 2, g, h”, and j
for the abdominal region). Unlike the normal cortex glia, which
extends the processes in several directions (Fig. 2c, yellow arrow-
heads), the Cut knockdown in these cortex glia leads to only 1-2
abnormal looking main cytoplasmic extensions (compare Fig. 2,
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Fig. 1. Cut expresses in glial subtypes and maintains a niche around neural stem cells. a) Model of the larval CNS indicating the thoracic region and
abdominal region of VNC. The blue box marks the late thoracic region of VNC (tVNC), shown in b—j). b and c) Single section view and orthogonal sections in
xyz plane, and yxz plane shows the Cut expression (red) in pan glia (Repo > eGFP, b) and cortex glia (Cyp4g15 >eGFP, c). d) Model showing cortex glia (green)
enwrapping NSC (sky blue) and its lineages (yellow) in control and d’) disruption of the cortex glia network in the Cut knockdown. e) Well-developed glial
extensions around NSCs (marked with Dpn in red) in control (Cyp4g15 > eGFP/+). ) Loss of Cut (Cyp4g15 > eGFP, Cut-RNAI) severely disrupts cortex glia and
affects the distribution of NSCs. g) Quantification of the percentage of Cut positive glia nuclei in the control tVNC. h-j) NSC number and distribution (Dpn,
red) in tVNC. h) Control (Repo-GAL4/+), 1) pan glial Cut knockdown (Repo > Cut-RNA1), and j) cortex glia Cut knockdown (Cyp4g15 > Cut-RNAI). k)
Quantification of NSCs loss upon the Cut knockdown with Repo-GAL4 and Cyp4915-GAL4 compared with control. 1) Quantification in ALH 48-54 h and LL3
to estimate the nonautonomous loss of NSCs upon the Cut knockdown in cortex glia. The statistical evaluation of significance based on unpaired t-test is
marked with asterisks, ***P < 0.0001. Scale bar: 50 pm e and f), 20 pm h-j).
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Fig. 2. The Cut is required for cortex glia growth and branching. a and a”) Control (Cyp4g15 > eGFP/+) shows cortex glia niche enwrap the neural cells. b

and b”) Cut defective cortex glia cannot form a niche around the neural cell bodies (green cortex glia, magenta DAPI).

c) In Control (Cyp4g15 > eGFP/+),

individual cortex glia cell body extends thick (yellow arrowheads) and lean processes (red arrows) in multiple directions; the inset is the model. d) Cut
defective cortex glia (Cyp4g15 > eGFP, Cut-RNA1) with minimum extension growth. e and f) Plot profile along a straight line in tVNC showing that peaks and
their intensities are more uniform and closer to each other in the control e) compared with Cut knockdown f), emphasizing the loss of glial network. g)
Evaluation of the volume (pm?) of cortex glia in the LL3 tVNC of control (Cyp4g15 > eGFP/+), and Cut knockdown (Cyp4g15 > eGFP, Cut-RNAI) showing

significantly reduced cortex glia volume upon Cut knockdown. Statistical evaluation of significance, ***P < 0.0001, based on unpaired t-test. Scale bar:

20 pm.

c and d). To further compare the density of cortex glia extensions
in the 2 genotypes, we used the Image] plot analysis tool to evalu-
ate the number of peaks, indicating the number of cortex glia ex-
tensions. The Cut defective cortex glia show far less peaks than

the control. Additionally, the intensities of peaks were also vari-
able, indicating a reduction in cytoplasmic extensions
(Supplementary Fig. 2, c and d). The plot profile along a line
(Supplementary Fig. 2, a and b’) in the tVNC also showed a loss
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of the glial network upon the Cut knockdown (Fig. 2, e and f). We
also evaluated the volume of cortex glia in these genotypes
through thresholding and network density, where the volume of
Cut defective cortex glia was significantly reduced (Fig. 2g).

The finding that the Cut knockdown prevents cortex glia from
growing lamelliform extensions and filling gaps is significant.
Although ablation of a few cortical glia causes the unaffected
neighboring cortex glia to compensate by growing lamelliform ex-
tensions to efficiently fill the gaps (Coutinho-Budd et al. 2017), a
general knockdown of Cut in all the cortex glia affects their grow-
ing capability, leading to the presence of spaces all over the tVNC.
This clearly indicates that Cut is required for the normal growth
and development of lamelliform extensions from the cell body.
Upon the Cut knockdown, several of these defective glia could
not undergo proper morphogenesis, and large spaces can be ob-
served all over the tVNC.

Cut defective cortex glia are unable to increase
their nuclei number during development

To better understand the defect of cortex glia in tVNC during de-
velopment and its time of onset, we examined CNS at different
time points during larval stages. In the early first larval instar
(L1, ALH 0-3 h), there is typically 4-5 cortex glia in each thoracic
hemisegment arranged in a ventrolateral pattern (Ito et al.
1995). One cortex gila can be seen near the midline, 2 are placed
ventrally, and 1 or 2 are placed laterally (Fig. 3, a and a’). The ex-
tensions coming out of the cortex glia are very fine at this stage.
In L2 (ALH 24-28h), the extensions are more distinctly visible
and infiltrate throughout tVNC. However, the number of cortex
glial nuclei remains largely unchanged compared with L1 (com-
pare Fig. 3, c and ¢’ with Fig. 3, a and a’; [to et al. 1995). The Cut
knockdown in cortex glia impacts the networking of cellular pro-
cesses and nuclei number as early as ALH 24-28 h (Fig. 3, d and d).
Even though the number of cortex glia nuclei do not show severe
change and are comparable with L1 of the Cut knockdown, the
connection of cellular processes is severely affected, and fine net-
works are mostly missing at this point (Fig. 3, d and i arrow).

The number of cortex glia nuclei typically increases from L2 on-
ward by employing different forms of cell cycle, which includes
endocycle, endomitosis, and acytokinetic mitosis (Fig. 3i; Rujano
et al. 2022). Furthermore, a fusion of cortex glia results in the for-
mation of a complex pattern of nuclei and cellular network
(Coutinho-Budd et al. 2017; Rujano et al. 2022; (Fig. 3, e, €', and i).
Strikingly, the Cut knockdown affects the increase in nuclei num-
berin L3 (48-96 h; compare Fig. 3, e and e’ with Fig. 3, fand f’ and
Fig. 3, g and g’ with Fig. 3, h and h’). It is interesting to note that
at this stage, the nuclei pattern in the Cut knockdown of
tVNC resembles more of the L1/L2 arrangement rather than the
L3 controls of the same age (compare Fig. 3, f and f’ with Fig. 3, ¢
and ¢’ and Fig. 3, e and €’); the cell bodies appear flatten and
unconnected.

Normally, cortex glia show a significant increase in nuclear vol-
ume from L2 onward and undergo endoreplication (Rujano et al.
2022). In literature, there are different overlapping definitions of
polyploidization, endoreplication, and endocycle. We consider en-
docycle as a bigger umbrella with variant cell cycles, including en-
doreplication and endomitosis (Edgar and Orr-Weaver 2001;
Zielke et al. 2013), and will refer to the process as endocycle
from here onward. We further investigate whether Cut plays a
role in increasing the DNA in cortex glia. We measured the DNA
content through the integrated density of DAPI of each cortex
glia nuclei labeled with GFP and Repo (DAPI+, GFP+, Repo+) using
Image]. The nuclear content of cortex glia shows a sharp increase

from ALH 24 to ALH 48 h as shown before (Fig. 3, j and k). We ob-
served that upon the Cut knockdown, the integrated density of
DAPI does not show the kind of increase as seen in the control
group (Fig. 3, j and k). This indicates that low Cut levels hinder
the timely increase of DNA in cortex glia.

We further checked how Cut knockdown in the cortex glia af-
fects an organism’s survival. There were indications of delay in
progression through different developmental stages although
this delay did not reach statistical significance (Supplementary
Fig. 3, a and b). In adult organisms, a decrease in Cut resulted in
a significant reduction in average life span compared with control
animals (Supplementary Fig. 3b). Since the Cut knockdown does
not show severe consequences on the overall life span of the or-
ganism, it may be due to a late and progressive effect on cortex
glia morphogenesis. A very severe effect on glial growth upon
Cut depletion occurs later in larval life (Fig. 3, d-h), which may al-
low the organism to survive into adulthood after passing the crit-
ical stage of NSC activation during the larval life. We hypothesized
that Cut is required for timely cortex glia growth and increase in
its DNA content that is required for syncytium formation during
later stages.

Overexpression of Cut enhances the growth of
cortex glia main branches at the cost of side
extensions

During Drosophila development, Cut influences the complexity of
the neuronal dendritic arbor in the peripheral nervous system, de-
termines the identity of wrapping glia, and influences the forma-
tion of cellular processes (Grueber et al. 2003; Bauke et al. 2015).
Furthermore, the Cut protein level also regulates the branching
pattern of dendrites in various neuronal classes in the peripheral
nervous system differentially (Grueber et al. 2003). Therefore, we
asked whether constitutively increased Cut levels in cortex glia
would affect their growth and branching patterns.

As discussed in earlier sections, the cortex glial cells make a
complex network of processes around the neural cells. These pro-
cesses come in various lengths and thicknesses. Some originate
directly from the cell body as the main branch, while others
stem from the main branch as side processes with varying thick-
nesses. We found that the Cut in the cortex glia remarkably af-
fects the cellular processes in several ways. While the Cut
knockdown resulted in stunted growth of cortex glia processes
as noted above (Figs. 2 and 3), its overexpression led to longer
main extensions but with little side branches (see Fig. 4, a and d,
red arrows and yellow dotted lines marking main extensions).
Note in the control where one of the marked main extensions
coming out of the cell body is shorter (Fig. 4a, red arrow, yellow
line); in the Cut overexpressing glia, it grows thicker and longer
(Fig. 4d, red arrow, yellow line). To validate the visual interpret-
ation, we measured the total volume of cortex glia and found an
apparent increase in overall glial volume upon the Cut overex-
pression (Fig. 4h). Since the Cut overexpressing glia have more ex-
tended processes, the cortex glia chambers are also larger and
globular (compare Fig. 4, b and c with Fig. 4, e, f, and g). We con-
sider a chamber to be an area that is surrounded by thick exten-
sions coming out from one cytoplasmic body with fine
extensions covering neural cell bodies. The chamber size was
measured by outlining the cortex glia processes coming out
from the cytoplasm around one nucleus and forming an enclosure
around progeny. Further, to check the extent of loss of side fine
processes upon Cut overexpression, we compare the density of
main vs side extensions through the surface and plot profile along
a line. The loss of side extensions upon Cut overexpression is very


http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad173#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad173#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad173#supplementary-data
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(***P value <0.0001). Upon Cut knockdown, the increase in nuclei number is largely hampered (*P value <0.0257), and in L3, several of them are lost
(***P value <0.0001). j and k) Quantification of the integrated density of DAPI of individual cortex glia nucleus at j) ALH 24-28 h and k) ALH 48-54 h
was evaluated (>5 CNS/genotype). The CNS was stained with Repo (glia), GFP (cortex glia), and DAPI (nucleus). j) DAPI content of cortex glia in control is
more, compared with Cut knockdown (***P value <0.0001) at ALH 24-28 h. k) At ALH 48-54 h, the DNA contentis more in control cortex glia compared Cut
defective cortex glia (***P value <0.0001). The statistical evaluation of significance based on unpaired t-test. Scale bar: 20 um.

evident as the profile of Cut overexpressing glia have broader high Cutlevels are sufficient to influence the overall growth of cor-
peaks, away from each other, compared with the control, where tex glial processes. In addition, the Cut level affects the glial net-
the peaks are more uniform, sharp, and close to each other work’s complexity by increasing the growth of main processes
(Fig. 4, i-1). Thus, these observations all together propose that and retard the growth of side extensions.



8 | V.Yadavetal.

a
b
O
(]
A
Ly
-
)
2
=
(8] !

Cyp4g15>eGFP, Cut OF

. (g9) (h) Control
o
— 1501 - *okokk Iy
o I E
- 2 15x105
i - 0
%) z
g 100 ?-.
1 Y=
e 9 0 1x105
5 ., 2
)
§ x
2 o
S s0] L s«
) ¢ S
;:.j o
Qo
8 o I
v
[=} T T -
@ Control Cut-OE o Control Cut-OE
N >
w

(k) Control (1)

250

Gray Value
2

=
—
e ————
e
T
—_—
_—
Gray Value
= gt o
=] o =1
g &g g

100 150 200

0 50 100 150 200
Distance (microns)

Distance (microns)

Fig. 4. The overexpression of Cut in cortex glia enhances the growth of cell body and main branches at the cost of terminal extensions. a-c) Control
(Cyp4g15 > eGFP/+): a) cortex glia cell bodies (red arrows) and dense main extension (yellow lines) can be seen, b) the cortex glia chambers (white encircle)
are small and compact (red line to show the area covered), and c) same image as in b) with DAPI showing single DAPI neural nuclei in the encapsulation.
d-f) Cut overexpressing cortex glia (Cyp4g15 > eGFP, Cut-OE). Compare d-f) with control a—c) where cell bodies are less dense and big, and their
cytoplasmic extensions are longer and thicker; the main cortex glia branches are significantly longer d), making bigger glial chambers e), and
encapsulating several neural bodies marked with DAPI f). g and h) Quantifications in the control (Cyp4g15 > eGFP/+) and Cut overexpression (Cyp4g15 >
eGFP, Cut-OE). g) Size of the cortex glia chamber, total chambers counted 5/tVNC (n = 3). h) Total cortex glia volume in tVNC (n > 5).1and j) The surface plot
of cortex glia in tVNC to compare the intensity and extensions of Cut overexpressing cortex glia cells with control. In Control i), there are more peaks
representing cell and their extensions. In contrast, upon Cut overexpression, j) the number of peaks is less and of variable intensities showing the loss of
cortex glia side extensions. k and 1) Plot profile along a line in the tVNC showing the peaks and their intensities in control k) and Cut overexpression 1),
again emphasizing the loss of fine glial network. The statistical evaluation of significance ***P < 0.0001, **P < 0.001, and P < 0.01 based on unpaired t-test.
Scale bar: 20 pm.



Cut regulates cortex glia growth | 9

Constitutive activation of Cut increases DNA
content in cortex glia

The number of cortex glia nuclei in the tVNC progressively in-
crease from L1 to LL3 stages (Fig. 5, a—c; Coutinho-Budd et al.
2017; Rujano et al. 2022). The Cut overexpressing cortex glia in
tVNC increases their nuclei number from the L1 to late L2 stage
(compare Fig. 5, d and e with Fig. 5, a, b, and h). On the contrary,
while this number increases further in the control tVNC in the
late L3 stage (Fig. 5, b, ¢, and g), the rise is not seen in the Cut over-
expressing cortex glia nuclei number (Fig. 5, e, f, and g). Instead of
anincrease in the nucleinumber, the cortex glia constitutively ex-
pressing Cut increase their nuclei size (compare Fig. Sh). We ob-
serve a 3-fold increase in nuclei size upon Cut overexpression
(Fig. 5i). Furthermore, we observed that the distribution pattern
of cortex glia nuclei in the LL3 tVNC of Cut overexpressing CNS
is more similar to the control L1/L2 tVNC instead of LL3 (compare
Fig. 5Sf with Fig. 5, a and b), although the pattern is deformed due to
their unexpected loss (Fig. 5f).

Since we see a similar defect in the Cut knockdown where the
nuclei number does not increase, we set out to check the DNA
content upon Cut overexpression. We measured the DNA content
through the integrated density of DAPI of each cortex glia nuclei
labeled with GFP and Repo (DAPI+, GFP+, Repo+) through
Image]. Strikingly, these nuclei showed a 2-to-3-fold increase in
DNA content upon Cut overexpression when compared with con-
trol (Fig. 6, compare Fig. 6¢c with Fig. 6, f and j). Thus, the Cut over-
expressing cortex glia continue to synthesize the DNA, which
confirms that Cut is necessary and sufficient to increase the
DNA content.

To get more details about the cell cycle, we used the Fly-FUCCI
tool to discriminate among G1, S, and G2/M phases of the cell cycle
in the Cut overexpressing cortex glia. It utilizes fluorescently la-
beled degrons derived from Cyclin B and E2F1 proteins, which
are degraded by APC/C and CRL4“M" proteins from mid-mitosis
to the onset of the S phase, respectively (Zielke et al. 2014). At
ALH 96 h, most (79.16%) cortex glia in control appear in the G1
phase (Fig. 6, k and m). While upon the Cut overexpression, a sig-
nificantly high number of nuclei were still in S (3.83%) and G2/M
phases (51.81%) (Fig. 6, | and n). Together, it indicates that a large
fraction of nuclei in the Cut overexpressing glia continue the cell
cycle instead of resting at G1, unlike the control (compare Fig. én
with Fig. 6m). Therefore, we propose that the homeodomain pro-
tein Cut is required for the cortex glia nuclei to increase their DNA
content. Probably, the nucleus divides when Cut levels go down.
The continued high Cut levels interfere with acytokinetic mitosis
resulting in a single large nucleus in a cell.

Discussion

In this study, we report a novel role of the homeodomain tran-
scription factor, Cut, in the growth and development of cortex
glia. Cortex glia undergo variant cell cycles to form syncytium
and a complex reticular network around the neural cells. We ob-
served that loss of Cut interferes with the growth of cell processes
and timely increase of DNA content through endocycle, thus lim-
iting these nuclei to enter acytokinetic mitosis and formation of
syncytium. On the other hand, continued high Cut levels allow
cortex glia to increase their DNA content multifold. We also dis-
covered that despite increased DNA content, the constitutively
high Cut levels interfere with acytokinetic mitosis by not allowing
these nuclei to separate. We have identified that Cut acts as a no-
vel player in autonomously regulating the dynamic growth of

cortex glia around neural cells by controlling cellular morphogen-
esis and variant cell cycles.

Cut, a novel regulator of cortex glia
morphogenesis

The transcription factor Cut is known to play several roles in the
context of cell type and tissue-dependent manner. Acting as a se-
lector gene, it regulates the identity of cells and their growth during
development (Krupp et al. 2005). The differential level of Cut and its
mammalian homolog, CUX1/2, controls the complexity of dendritic
branching, the number of dendritic spines, and tracheal develop-
ment (Grueber et al. 2003; Cubelos et al. 2010; Pitsouli and
Perrimon 2013). Similarly, Cut instructs the growth of cellular pro-
cesses of the wrapping glia in the peripheral nervous system and
acts downstream of FGF signaling has been observed in pancreatic
cancer (Bauke et al. 2015). In the case of cortex glia, we see that
Cut activation enhances the overall growth and thickness of main
cortex glia extensions but at the cost of side branching. Our data
add that Cut controls the growth of cortex glia and endocycle.

It is significant that when cortex glia are ablated in a restricted
area, the neighboring cortex glia extend their processes and fill the
gaps (Coutinho-Budd et al. 2017; Hirase et al. 2022). However, the
Cut defective cortex glia do not show such growth, thus resulting
in visible wide gaps in the glial trophospongium in the larval CNS.
Therefore, we conclude that Cut is required and sufficient for the
growth of cortex glia processes. However, the signaling pathways
and the domain through which Cut functions await further
investigation.

Cortex glia processes start growing around the NSCs and neu-
rons of the larval nervous system after receiving the nutritional
signals via an activation of PI3K/Akt signaling (Spéder and Brand
2018;Yuan etal. 2020). Since the Cut defective cortex glia show se-
verely hampered growth of cytoplasmic extensions even as early
as L2, we think that Cut may function within the PI3K/Akt signal-
ing pathway in glial cells in a manner analogous to what has been
observed in pancreatic cancer cells (Ripka et al. 2010). Other
known regulators of cortex glia growth are FGF signaling, compo-
nents of the membrane fusion machinery, and secreted neurotro-
phin Spétzle 3 (Read et al. 2009; Witte et al. 2009; Reddy and Irvine
2011; Avet-Rochex et al. 2012; Coutinho-Budd et al. 2017; Read
2018; Spder and Brand 2018; Dong et al. 2021). However, the broad
phenotype of Cut activation differs from FGF activation in the cor-
tex glia. The ectopic activation of FGF signaling induces cortex glia
overgrowth with a robust increase in nuclei number and overall
cell surface area (Avet-Rochex et al. 2012). We found that the over-
expression of Cut does not enhance the nuclei number of cortex
glia. Instead, it resulted in giant nuclei with higher DNA content.
Furthermore, the overexpression of FGF receptor htlACT in cortex
glia makes a heavy network of finer cortex glia extensions (Avet-
Rochex et al. 2012). In contrast, Cut overexpression causes a wide-
spread reduction in the finer extensions. Thus, the cytoplasmic
growth of fine extension in the overexpression of Cut vs FGF sig-
naling in cortex glia also has different outcomes and may act
through distinct mechanisms.

Regulation of ploidy is essential in the glial cells to
control their growth

The size of a cellis important and plays a crucial role during devel-
opment. Several differentiated cells undergo ploidy changes to in-
crease their size or metabolic output. For example, germline nurse
cells, salivary glands, fat bodies, gut, and trachea show varying le-
vels of endopolyploidy (Lilly and Spradling 1996). Interestingly,
neurons and glia in invertebrate and vertebrate adult brains
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(compare b with e). A striking difference is seen in Cut overexpressing LL3 f) from LL3 control c). The pattern of GFP-positive cortex glia upon Cut
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The statistical evaluation of significance *** P < 0.0001, ***P < 0.001, *P < 0.01, and *P < 0.05 based on unpaired t-test using GraphPad Prism 9 software.
Scale bar: 50 pm in a-f).

compensate for aging-related cell loss or other damages by under- endomitosis is also a way to increase the cell size through which
going polyploidy (Losick et al. 2013, 2016; Tamori and Deng 2013; cells undergo incomplete mitosis and increase the number of nu-
Cohen et al. 2018; Nandakumar et al. 2020). On the other hand, clei per cell. A few examples of the same are known in Drosophila
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"SP < 0.183 based on unpaired t-test.

and mammalian systems (Unhavaithaya and Orr-Weaver 2012;
Britton and Edgar 1998; Edgar and Orr-Weaver 2001; Taniguchi
et al. 2012; Rios et al. 2016; Von Stetina et al. 2018; Windmueller
et al. 2020). Several reports from independent labs strongly indi-
cate that cortex glia increase their nuclei number by undergoing
variant cell cycles (Coutinho-Budd et al. 2017; Yuan et al. 2020;
Rujano et al. 2022). A recent study shows that cortex glia make
syncytium and complex networks by undergoing endocycle and
eventually acytokinetic mitosis (Rujano et al. 2022). The syncytial
cortex glial units also show fusion and form complex compart-
ments to facilitate exchange (Rujano et al. 2022). Cut regulates

the growth of cortex glia by regulating the complexity of cytoplas-
mic processes and interferes with endocycling. The cortex glia
having Cut knockdown shows a clear defect in DNA increase
and remains stuck in the earlier development stage. Their nuclei
do not divide or enter the acytokinetic mitosis. Interestingly, the
overexpression of Cut clearly shows an increase in DNA content,
yet these nuclei do not divide. Thus, in cortex glia, the overexpres-
sion of Cut does not show the routine increase of nuclei number
from the L2 to LL3 stage as seen in the control tVNG; instead, it in-
creases the ploidy in nuclei. In Drosophila oogenesis, follicular cells
undergo endocycle to increase their DNA content. To ensure
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proper development, the downregulation of Cut is necessary to
switch from mitosis to endocycle (Sun and Deng 2005).
Interestingly, the role of Cut in cortex glia cells is different, as
high levels of Cut promote DNA increase per nucleus. This sug-
gests that Cut may have diverse and tissue-specific effects on
the cell cycle.

Aneuploidy is one of the most common phenomena seen in
several tumors (Rajagopalan and Lengauer 2004), and Cut overex-
pression is also (Sansregret and Nepveu 2008) reported in diverse
classes of cancer (Sansregret and Nepveu 2008; Ramdzan and
Nepveu 2014). There are several tumors, including glioma, where
CUX1 overexpression has been reported and considered among
driver mutation (Sansregret and Nepveu 2008; Kaur et al. 2018;
Feng et al. 2021; Griesmann et al. 2021; Xu et al. 2021). An in vitro
study shows that mammalian CUX1 has the potential to cause
chromosomal instability (Sansregret et al. 2011). Our findings
highlight that Cut regulates DNA content of cortex glia. It would
be interesting to see whether the genetic combination of Cut
with any other tumor driver identified in glioma could make the
nuclei unstable and lead to cancer in the brain. In conclusion,
our finding that Cut regulates cortex glia growth and variant cell
cycles is of significant importance for development and disease
prospects.
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