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Paralytic, the Drosophila voltage-gated
sodium channel, regulates proliteration
of neural progenitors

Beverly J. Piggott,”> Christian J. Peters,"” Ye He,® Xi Huang,*>° Susan Younger, Lily Yeh Jan,'?
and Yuh Nung Jan'?

'Department of Physiology, Department of Biochemistry and Biophysics, University of California at San Francisco, San Francisco,
California 94158, USA; >Howard Hughes Medical Institute; *Neuroscience Initiative, Advanced Science Research Center, the
Graduate Center, City University of New York, New York 10031, New York; “Program in Developmental and Stem Cell Biology,
The Hospital for Sick Children, Toronto, Ontario, M5G 1X8, Canada; °Arthur and Sonia Labatt Brain Tumour Research Centre,
The Hospital for Sick Children, Toronto, Ontario, M5G 1X8, Canada; Department of Molecular Genetics, University of Toronto,
Toronto, Ontario, M5S 3E1, Canada

Proliferating cells, typically considered “nonexcitable,” nevertheless, exhibit regulation by bioelectric signals.
Notably, voltage-gated sodium channels (VGSC) that are crucial for neuronal excitability are also found in progen-
itors and up-regulated in cancer. Here, we identify a role for VGSC in proliferation of Drosophila neuroblast (NB)
lineages within the central nervous system. Loss of paralytic (para), the sole gene that encodes Drosophila VGSC,
reduces neuroblast progeny cell number. The type Il neuroblast lineages, featuring a population of transit-amplifying
intermediate neural progenitors (INP) similar to that found in the developing human cortex, are particularly sen-
sitive to para manipulation. Following a series of asymmetric divisions, INPs normally exit the cell cycle through a
final symmetric division. Our data suggests that loss of Para induces apoptosis in this population, whereas overex-
pression leads to an increase in INPs and overall neuroblast progeny cell numbers. These effects are cell autonomous
and depend on Para channel activity. Reduction of Para expression not only affects normal NB development, but also
strongly suppresses brain tumor mass, implicating a role for Para in cancer progression. To our knowledge, our
studies are the first to identify a role for VGSC in neural progenitor proliferation. Flucidating the contribution of

VGSC in proliferation will advance our understanding of bioelectric signaling within development and disease

states.
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Neuronal excitability is a defining feature of nervous
systems. Voltage-gated ion channels mediate changes in
electrical potential (voltage) across cell membranes, trig-
gering second messenger and gene regulatory cascades.
Generation of these bioelectric signals is crucial for neuro-
nal excitability, but their involvement in neurogenesis
remains an open question. Expression of voltage-gated
ion channels is often associated with differentiation in
excitable tissues (Song et al. 2013; Francis et al. 2015; Li
et al. 2019). However, bioelectric signals govern biology
in every living cell type where the asymmetric distribu-
tion of ions across the plasma membrane establishes a
membrane potential (Vm). Throughout development, tis-
sues typically thought to be nonexcitable are subjected to
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changes in Vm, governing wide-ranging cell behaviors in-
cluding proliferation, migration, differentiation, and
death (McLaughlin and Levin 2018). The importance of
bioelectric signals in nonexcitable tissues is evident as
channelopathies include diseases that affect embryonic
patterning and development, with consequences as severe
as limb and craniofacial abnormalities (McLaughlin and
Levin 2018).

The Drosophila melanogaster larval nervous system
is a well-established model for elucidating mechanisms
of neurogenesis (Doe 2008; Homem and Knoblich 2012;
Homem et al. 2015; Farnsworth and Doe 2017). The abil-
ity of stem cells to preserve proliferation while generating
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differentiated progeny is achieved through asymmetric
division, a key feature of neuroblasts (the stem cells of
the central nervous system in Drosophila). Some aspects
of asymmetric division are conserved between Drosophila
and humans and involve the segregation of fate determi-
nants, whereby molecules for sustaining proliferation
are segregated apically to be maintained in the neuroblast
(NB), while molecular cues guiding differentiation are po-
sitioned basally, to be segregated into the daughter cell for
its differentiation (Homem and Knoblich 2012). Disrup-
tion in the cell-type-specific expression of cell-fate deter-
minants can lead to uncontrolled proliferation and brain
tumors or insufficient neural populations. During larval
development, NBs are found throughout the larval brain
lobes and ventral nerve cord (VNC), and are identified by
their patterns of division, genetic markings, and positions
within the brain. NB progeny are distinguished by their
positions and genetic markers. Type I neuroblasts express
both Deadpan (Dpn) and Asense (Ase) and are found with-
in the brain lobes and VNC where they asymmetrically
divide to self-renew and generate a more differentiated,
Ase”, ganglion mother cell (GMC), which later symmetri-
cally divides to generate two neurons or glia. Type II
neuroblasts are Dpn* and Ase”, they asymmetrically di-
vide to generate an intermediate neural progenitor (INP).
Once INPs mature, they become Ase* and Dpn* and they
themselves asymmetrically divide to generate a symmet-
rically dividing GMC, which generates two neurons or
glia (Bello et al. 2008; Boone and Doe 2008; Bowman
et al. 2008). This INP transit-amplifying pattern of divi-
sions in type II neuroblast populations, results in approx-
imately 5x’s more neurons than the type I neuroblast
lineage. The Drosophila larval nervous system thus pro-
vides a genetically tractable model to ask how ion chan-
nels influence cells in various states of proliferative
potential and differentiation.

Previously, our laboratory has used Drosophila to char-
acterize a role for the voltage-gated K* channel ether-a-
go-go (EAG) in tumor development (Huang et al. 2012,
2015). In this study, we examine how the voltage-gated
sodium channel (VGSC) governs aspects of neural devel-
opment and tumor proliferation. Overexpression of the
pore-forming a subunit of VGSC has been identified in
cancers including breast cancer, cervical cancer, colon
cancer, glioma, leukemia, lung cancer, lymphoma, mela-
noma, mesothelioma, neuroblastoma, ovarian cancer,
and prostate cancer (Abdul and Hoosein 2002; Anderson
et al. 2003; Fraser et al. 2005; Yang et al. 2012; Patel and
Brackenbury 2015; Xia et al. 2016), implicating them in
various aspects of cancer pathogenesis including migra-
tion, metastasis, invasion, and proliferation. Whether
VGSC might also influence aspects of proliferation during
normal development is not clear. There are nine genes for
pore-forming VGSC a subunits in most mammalian ge-
nomes, but only a sole VGSC a subunit, paralytic (para)
in Drosophila, making the latter a more straightforward
model to investigate the in vivo role of VGSC in stem
cell and tumor proliferation. We have identified a role
for Para in regulating important aspects of neural progen-
itor proliferation in Drosophila larvae. Furthermore, we
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found that reduction of Para is sufficient to suppress brain
tumor models driven by Deadpan®® (ectopic overexpres-
sion) (Zhu et al. 2012; Huang et al. 2015), activated Notch
(Song and Lu 2011; Zhu et al. 2012), or knockdown of Brat
(Bowman et al. 2008), indicating that Para may act down-
stream from genetic cascades that regulate important as-
pects of proliferation and differentiation.

Results

Reduction or loss of Para compromised proliferation
of type I and type II neuroblast lineages

To examine the role of Para in brain development, we used
RNAI to knock down para in the type I and type II neuro-
blast lineages using inscuteable-Gal4 (insc-Gal4). We
found RNAi knockdown of para resulted in volume reduc-
tion of brain lobes but not the VNC (Fig. lA-C). To assess
the involvement of Para in type I and Il neuroblast lineag-
es, we generated a null allele of para using FLP recombi-
nase of FRT insertion sites flanking the para gene region
(method described in Supplemental Fig. S2A-E; Parks
et al. 2004). As Para represents the sole VGSC in flies,
its loss results in lethality (Broadie and Bate 1993). With
MARCM (mosaic analysis with a repressible cell marker),
we generated homozygous null clones marked by mem-
brane bound mCD8-GFP within an otherwise heterozy-
gous and viable animal (Lee et al. 1999). Compared with
wild-type, para”~ MARCM clones had fewer cells per
clone in both type I and type II neuroblast lineages (Fig.
1D-H; Supplemental Fig. SID). MARCM only removed
para within the clone, which suggested that Para acts
cell autonomously in neuroblast lineage development. In-
deed, cell-autonomous expression of para cDNA within
the type I (Fig. 2A-D) or type II (Fig. 2G-J) neuroblast lin-
eage was sufficient to rescue cell number in para null
clones at 72 h after larval hatching (ALH), as well as at
96-h ALH (Supplemental Fig. S3). By examining cellular
subtypes within para™~ MARCM clones, we found that
loss of para significantly reduced the numbers of GMCs
and neurons within type I clones, and this loss was res-
cued by Para cDNA expression (Fig. 2A’'-C’,E, F). Similarly,
loss of para significantly reduced the numbers of INPs,
GMCs and neurons within type I MARCM clones, and
this loss was rescued by para cDNA expression (Fig.
2G'-T',K-M). Notably, the role of Para in neuroblast line-
ages may be more specific to central brain lineages as
there was no significant difference found for medulla
neuroblast lineages within the optic lobe (Supplemental
Fig. S4A-C). As the cellular deficit was stronger within
the type II lineage and progressively worsened over time
(Fig. 1I), we decided to focus our studies of Para in the
type II neuroblast lineage.

Type II para™~ MARCM clones displayed a reduced rate
of cellular accumulation

To characterize cell loss in type II para”~ MARCM
clones, we examined EdU (5-ethynyl-2'-deoxyuridine), a
thymidine analog that is incorporated into DNA of
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Figure 1. Reduction or loss of Para compromised proliferation of type I and Il neuroblast lineages. (A) Representative image of wild-type
larval central nervous system composed of two brain lobes (BL, white) and a ventral nerve cord (VNC, yellow) Scale bar, 50 um. (B) RNAi
knockdown of para in neural progenitors with inscuteable Gal-4 (insc-Gal4) in wild-type brains significantly reduced BL, but not VNC
volume. Scale bar, 50 pm. (C) Two-tailed t-test, P<0.01 BL: wild-type N =9, para RNAi N =28, VNC: wild-type N=5, para RNAi N =
13 (D,E) Representative images of type I neuroblast wild-type and para~/~ MARCM (mosaic analysis with a repressible cell marker) clones
driven by enhancer trap FLP recombinase 200c (ET-FLP 200C) with insc-Gal4 at 96 h (h) after larval hatching (ALH). Scale bar, 5 um. (F,G)
Representative images of type II wild-type and para™'~ ET-FLP 200c MARCM clones. (H) para™~ type I and type I neuroblast MARCM
clones had fewer cells per clone than wild-type. (type I: wild-type N =14, para™~ N =9, type II: wild-type N =20, para~'~ N =26). Two-
tailed t-test, P<0.05. (I) Type II (ET-FLP200c) para~’~ MARCM clones displayed similar cell numbers at 48 h after larval hatching
(ALH), but at later time points, possessed progressively fewer cells per clone, compared with wild-type (48 h ALH: wild-type N =19
para”= N=5, 72 h ALH: wild-type N = 15 para™/~ N =18, 96 h ALH: wild-type N =20, para~~ N =26). Scale bar, 5 pm.

dividing cells and labels newly generated progeny (Fig. type Il neuroblast derived neurons die (Jiang and Reichert
3A). Larvae were fed EAU for 4 h. Subsequently, we dis- 2012). Here, blocking cell death in wild-type type II lineag-
sected these larvae either immediately (0 h) or 12 h off es led to a slight increase in cell number (Fig. 4A,C,D). In
Edu. At the O-h time point, most dividing cells (NB, contrast, blocking apoptosis in type II para”’~ MARCM
INPs, GMCs) would be labeled (Fig. 3B,C’), whereas at clones dramatically increased the number of cells per
12 h off EdU, it would increasingly label post-mitotic cells clone (Fig. 4A,E,F). The cell number increase of P35 ex-
as it was diluted from proliferating cells due to repeated pressing para™'~ clones, rescued para™~ cell number to
cell division (Fig. 3D,E’). In wild-type type I MARCM a level similar to wild-type clones expressing P35 (Fig.
clones, cell numbers increased over 12 h and, as expected, 4A). These data suggested that the major driver of para™
the number of EQU™ cells increased as proliferation diluted ~ cell loss was due to apoptosis. We confirmed these find-
EdU into progeny. However, in contrast to wild-type ings by assessing cleaved caspase (cDCP-1) staining in
clones, the number of cells, as well as EAU labeled cells, type II lineages and found that RNAi knockdown of para
was not significantly different from 0-12-h off EAU in reduced the number of cells per lineage and increased
para~~ clones (Fig. 3F,G). This suggests that type II cDCP-1 labeled cells, indicating increased cell death
para”/~ MARCM progenitors either proliferated more upon reduction of Para (Supplemental Fig. 5A-F). While
slowly or have increased cell death. wild-type INP numbers were unchanged compared with

wild-type clones expressing P35, para™~ clones express-
ing P35 had more INPs than those not expressing P35
(Fig. 4B,C',F). Consistent with this finding, knockdown
of para in type II lineages leads to an increase in
To determine whether para™~ cells undergo apoptosis, Ase*cDCP1" labeled cells (Supplemental Fig. 5A’-C’,G),
we made use of the baculovirus P35 to block apoptosis. indicating that without Para, INPs and possibly GMCs
During normal development, a significant proportion of underwent cell death. To investigate how INPs might be

Apoptosis is a major contributor to para™~ type II
lineage cell loss

GENES & DEVELOPMENT 1741
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Figure2. Cellloss in typeIand Il para~/~ MARCM clones is rescued by cell-autonomous expression of para cDNA. (A-C') Representative
images of type IMARCM clones. (A'~C’) Type I progeny: NB are Dpn*(red) and Ase*(gray], GMCs are Ase*. (D,F) para~/~ MARCM clones
have fewer cell numbers and cellular subtypes than wild-type and are rescued by cell autonomous para cDNA expression. Seventy-two
hours ALH (Cells/lineage: wild-type N = 17 para~~ N =20 para~'~; cDNA N = 14, GMCs: wild-type N =17, para~~ N =16, cDNA N = 14,
Neurons: wild-type N = 17, para™~ N = 14, cDNA N = 5. One-way ANOVA with Bonferroni multiple comparison test, P<0.05) (G-I') Rep-
resentative images of type I MARCM clones. Type II progeny: NB are Dpn*Ase”, GMCs are Ase*. (-M) para -I= type Il MARCM clones
have fewer total cell numbers and cellular subtypes than wild-type and are rescued by cell autonomous expression of para cDNA. (Cells/
lineage: wild-type N = 14 para™~ N =19 para™~; cDNA N = 11, INPs: wild-type N = 14, para~/~ N = 19, cDNA rescue N =8, GMCs: wild-
type N =14, para~~ N =18, cDNA N = 5 Neurons: wild-type N = 14, para~~ N = 18, cDNA N = 5. One-way ANOVA with Bonferroni mul-
tiple comparison test, P <0.01) Clones driven by hs-FLP recombinase with insc-Gal4. Scale bar, 5 nm.
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Figure 3. Type Il para~/~ MARCM clones displayed a reduced rate of cellular accumulation. (A) Schematic of EdU (5-ethynyl-2'-deoxy-
uridine) protocol. Seventy-two hours after larval hatching (ALH), larvae are are fed media mixed with EdU. (B-E’) Representative image of
wild-type and para~/~ MARCM clones (labeled by mCD8-GFP) at time =0 h (B,C’) and t = 12 h off EdU (D,E'). At t=0 h, EdU (gray] coloc-
alizes with mitotically active, Dpn* (red) neuroblasts (NBs) and intermediate progenitors (INPs), as well as in Dpn-ganglion mother cells
(GMCs). (D,E') Representative images of wild-type and para™~ MARCM clones at 12 h off EdU, where EdU is diluted from mitotically
active (Dpn+) cells. (F) From 0 h to 12 h off EdU, wild-type total cell number increases, but para~~ MARCM cell numbers are not signifi-
cantly changed from 0-12 h off EdU (wild-type: [0 h] N=7, [12 h] N=8, para™~: [0 h] N=9, [12 h] N=7, two-tailed t-test, P<0.001).
(G) From 0 h to 12 h off EdU, wild-type total number of EdU labeled cells increased, but EAU* cell numbers are not significantly changed
in para™~ MARCM clones (wild-type: [0 h]N =7, [12h] N =7, para”~: [0h] N =9, [12 h] N = 7, two-tailed ¢-test, P <0.001) Scale bar, 5 pm.
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Figure 4. Apoptosis is a major contributor to para™~ type II lineage cell loss. (A) Baculovirus P35 was expressed within clones to block
apoptosis. Expression of P35 slightly increased the number of wild-type cells, which likely reflects developmental apoptosis. Blocking
apoptosis in para~'~ type I MARCM clones rescues the number of cells to wild-type + UAS-P35 levels (one-way ANOVA with Tukey
multiple comparison test, P < 0.05. Wild-type N = 10 wild-type UAS-P35 N =9 para™~ N =6 para™~; UAS-P35 N = 8). (B) para~/~ MARCM
clones have fewer intermediate progenitors (INPs) than wild-type. Blocking cell death with P35 expression does not change the number of
INPs in wild-type MARCM clones. Blocking cell death in para~/~ MARCM clones increased the number of INPs, indicating that INPs
are sensitive to apoptosis in para~/~ MARCM clones (one-way ANOVA with Tukey multiple comparison test, P <0.05. Wild-type N =
11 wild-type P35 N =9 para™~ N=9 para~'~ P35 N =8). (C-F) Representative images of type Il MARCM clones marked by GFP NLS
(nuclear localized, GFP) in green and Dpn (red) to mark neuroblasts and INPs. Scale bar, 5 um.

lost to apoptosis in para~™~ clones, we used a cell cycle re-
porter (Supplemental Fig. S6A-C), and found an increased
percentage of para null type I MARCM progeny (INPs and
GMCs) in G2/M phase and a decreased percentage of cells
in Gl as compared with wild-type (Supplemental Fig.
S6E). As INPs and GMCs are much smaller than neuro-
blasts and thus more difficult to assess for DAPI con-
densed chromosomes, we stained for phosphohistone 3
(pH3), a M-phase marker, and found that an increased pro-
portion of INPs are pH3+ and likely in M-phase (Supple-
mental Fig. S6F-H’). Conceivably, loss of Para could
slow the cell cycle so as to increase the fraction of INPs
in M-phase, in some cases resulting in cell cycle arrest
that culminates in cell death. Loss of INPs would have
cascading effects, diminishing the number of GMCs and
neurons. There was also an enrichment of para™~ type
II neuroblasts in G2 phase (Supplemental Fig. S6A-D),
suggesting that these cells cycle more slowly than wild
type. Additionally, as neural activity has been shown to
be important for axon guidance and synaptic refinement
(Casagrande and Condo 1988; Patel and Brackenbury
2015), and loss of Nay1.2 results in marked increases in
neuronal apoptosis (Planells-Cases et al. 2000), a propor-
tion of para™/~ neurons may be expected to die from apo-
ptosis. While we did not see increased cDCP1 staining
within neurons (Supplemental Fig. 5H), insc-Gal4 was
more strongly expressed in NBs and INPs. Moreover,
when a more direct neuronal Gal4 was used (elav-Gal4),
no progeny arose, indicating that neuron-specific para
knockdown is lethal as has been previously reported
(data not shown and Parker et al. 2011). Thus, we cannot
exclude the possibility that neuronal cell death may occur
with a more complete reduction of Para or at other time
points. These data indicated that loss of Para within

MARCM clones led to fewer cells due to apoptosis of neu-
roblast progeny that potentially arose from cell cycle ar-
rest and may have minor contributions from a slower
cell cycle of neuroblasts and neural progenitors.

Overexpression of Para increased cell number in type II
NB lineages

Having found that loss of Para reduced cell number in
neuroblast lineages, we examined the effect of increasing
Para expression in an otherwise wild-type lineage. To this
end, we overexpressed a wild-type para cDNA as well as a
para gain of function allele, bang senseless (BSS), which is
thought to cause hyperexcitability via a shift of fast inac-
tivation towards more positive potentials (Parker et al.
2011). bang senseless was identified as a seizure prone
mutant upon mechanical stimulation (Ganetzky and
Wu 1982) and later attributed to the missense mutation
L1699F, a region highly conserved with mammalian
VGSC, within the para locus (Parker et al. 2011). Overex-
pression of para cDNA in the type II neuroblast lineage,
using insc-Gal4 with ase-Gal80, increased the number of
cells per lineage compared with wild type at the same
time point (Fig. 5A-D). There was no significant differ-
ence between wild-type para cDNA overexpression and
bss cDNA overexpression (Fig. 5D). Notably, INP num-
bers were increased in para cDNA overexpressing lineages
compared with wild-type, indicating that increased ex-
pression of Para may lead to faster proliferation of type II
neuroblasts or longer lifespans of INPs (Fig. 5A’-C',E).
Consistent with the idea that INPs may be regulated
by Para, altering Para expression levels with RNAi
knockdown (Supplemental Fig. 7A-F) or by overexpres-
sion of para cDNA in INPs alone was sufficient to
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Figure 5. Overexpression of para cDNA increased cell number in wild-type type II lineage. (A-C) Representative image of wild-type and
para cDNA overexpression within type II lineages marked by mCD8-GFP (green) and stained for Dpn (red). (A’~C’) Maximum projections
of wild-type or para cDNA overexpression in type II cellular lineage to show Dpn+ NB and INPs within lineages. (D) Overexpression of

wild-type cDNA labeled Para OE (Para Over Expression) or hyperactive para

L1699Fmutant known as, bang senseless (BSS OE), driven

by incuteable-Gal4; asense-Gal80, increased the number of cells per clone, to a similar extent, compared with wild-type at 96 h ALH
(wild-type N =13, Para wild-type cDNA N =15 wild-type BSS ¢cDNA N =12. One-way ANOVA with Bonferroni multiple comparison
test, P<0.05). (E) Overexpression of para or bss cDNA in type II lineages, similarly, showed more Dpn* INPs than wild-type (wild-type
N =18, Para wild-type cDNA N =12 wild-type BSS ¢cDNA N =5. One-way ANOVA with Bonferroni multiple comparison test, P<0.01).

Scale bar, 5 pm.

decrease or increase INP number as well as the numbers of
GMCs and neurons, respectively (Supplemental Fig. 7G-
L). Thus, Para expression likely influences NBs as well
as INPs.

Reduction of Para suppressed brain tumor size

Having found that the abundance of Para influences prolif-
eration in neuroblast lineages, we asked whether reduc-
tion of Para can influence overproliferation within a
brain tumor. Deadpan (Dpn) is a bHLH (basic-helix-loop-
helix) transcriptional repressor expressed in neuroblasts
of embryonic and larval brains, as well as intermediate
neural progenitors (Fig. 6A,A”; Bier et al. 1992; Younger-
Shepherd et al. 1992). Overexpression of Dpn in the type
I and type II neuroblast lineage, driven by insc-Gal4, led
to brain tumor formation in Drosophila larval brains as
a result of overproliferation (Fig. 6B,B”,D,D”,F,G; Zhu
et al. 2012). RNAi knockdown of para within a Dpn®E tu-
mor resulted in a reduction in size of both the brain lobes
and VNC (Fig. 6C,C",E,E",F,G).

A recent study examined the crystal structure of Brat, a
translational repressor, in complex with RNAs. Brat is in-
volved in direct differentiation of neuronal stem cells by
suppressing self-renewal factors, and it binds known pro-
liferation factors including chinmo, dpn, klu, staufen
(stau), and par-6 mRNAs (Loedige et al. 2015). An unex-
pected finding was that Brat was also found in complex
with para mRNA, suggesting a potential influence of
the sole Drosophila VGSC in promoting stemness. To
ask whether Para may have a more generalized role in pro-
liferation, we generated type Il neuroblast derived tumors
with genes involved in developmental pathways known to
influence neuroblast lineage self-renewal and differentia-
tion. Overexpressing Dpn (DpnOE) (Zhu et al. 2012) or
overexpressing activated Notch (N*©) (Song and Lu 2011;
Zhu et al. 2012), or knockdown of Brat (Bowman et al.
2008) with insc-Gald with ase-Gal80 was sufficient to
generate type II brain tumors (Fig. 6H-J). Introducing a
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hypomorphic para mutant, para™?, in these tumors led
to a profound reduction in tumor size (Fig. 6K-N). Togeth-
er these data indicate that Para promoted brain tumor
growth derived from both type I and II lineages, as its re-
duction suppressed brain tumor mass. para™?! suppres-
sion of tumors generated by manipulating Dpn, Notch,
and Brat signaling suggests that it regulates proliferation
downstream from important developmental cascades
(Supplemental Fig. S8D).

Para channel activity is important for its role in type II
neuroblast lineage development

We next asked whether the involvement of Para in devel-
opment depended on its function as a channel. Para is a
pore forming a subunit member of the VGSC family; it
contains four homologous domains (DI-DIV) each with
six transmembrane segments (Fig. 7A; Catterall 2000).
VGSCs are closed at the resting membrane potential.
Upon membrane depolarization, VGSCs are activated
through outward movement of the S4 voltage sensors.
After a few milliseconds, VGSCs inactivate through an in-
activation gate found within the intracellular loop con-
necting domains III and IV (Catterall 2000).

To address whether the Para ion channel activity was
important in development, we examined a lethal point
mutant para?° (Yamamoto et al. 2014). Valine 1401
lies within the intracellular loop between S4 and S5 of
domain III (Fig. 7A), where the change from a hydrophobic
valine to a hydrophilic glutamate may result in misfolding
or interfere with voltage gating. In addition, residues with-
in this intracellular loop IIS4-S5 may stabilize the inacti-
vation gate, whereby mutations in this region impair
inactivation (Smith and Goldin 1997; Catterall 2000).
We found that homozygous MARCM clones of paraV1#01£
displayed fewer cells per clone and phenocopied para™~
MARCM clones (Fig. 7B). As this mutant allele had not
been electrophysiologically characterized, we performed
two-electrode voltage clamp recordings of wild-type
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Figure 6. Reduction of Para expression suppressed Drosophila brain tumors. (4,A”) Representative image of wild-type brain lobes (BL)
and ventral nerve cord (VNC). Scale bar, 30 um. (B,B”,D,D”) Ectopic overexpression of Dpn (DpnOE), driven by insc-Gal4, led to expansion
of Dpn+ (red) cells (B”) and generation of a brain tumor with enlarged brain lobes (B,B” and F) and VNC (D,D” and G). Scale bar, 30 um. (C,
C" and E,E") para RNAi knockdown in DpnOE brain tumor reduced BL size (F) and VNC volume (G). One-way ANOVA with Tukey mul-
tiple comparison test, P-value <0.05 (BL: DpnOE, N =21, DpnOE para RNAi, N=17)and (VNC: DpnOE, N =5, DpnOE para RNAi, N =8).
(H-]) Representative image of BL, type I brain tumors driven by insc-Gal4 with Asense-Gal80 (nuclear localized green fluorescent protein
[GEP] for volume measurement). (H) Type Il DpnOE brain tumor, (I} Brat brain tumor, generated by Brat RNAi knockdown, (/) Notch (N'€)
brain tumor generated by overexpression of activated Notch. (K—-M) Representative image of hypomorphic para™! mutants reduced type II
brain tumors. Scale bar, 50 pm. (N) Two-tailed ¢-test, (**) P<0.001 (BL: DpnOE, N =17, para™!/y, N =12, Brat, N = 13, para™? /y;Brat, N =

37,N€, N=17, para™!/y; N, N=12).

para and para''*°'F mutant channels heterologously ex-

pressed in Xenopus oocytes. The tipE p subunit was coin-
jected in a 1:1 molar ratio to stabilize expression (Feng
et al. 1995; Warmke et al. 1997). Current-voltage (I-V) re-
lationships were obtained from a holding potential of
—80 mV. Wild-type Para channels demonstrated a mean
peak current amplitude at 0 mV of —0.87 +0.11 pA (Fig.
7C; Supplemental Fig. S9A). The V1401E mutant chan-
nels displayed a significant reduction in current ampli-
tude, with a mean peak of —0.11 +0.01 pA (Fig. 7C;
Supplemental Fig. S9B). In order to probe whether Na™-
flow or some other property of Para protein was responsi-
ble for the phenotypes, we designed a “pore dead” con-
struct based on homology with Nay1.2. To this end we
performed a full protein sequence alignment (ClustalQ)
of Para with rat Na,1.2 (NP_036779.1) and identified a sin-
gle aspartate residue, D388, with asparagine. This residue
contributes to the conserved ion conduction pore among
Na, family members (Fig. 7A), and mutation to asparagine
results in reduced sodium conductance while preserving
surface expression of the channel (Pusch et al. 1991).
When expressed in oocytes, D388N mutant channels

yielded currents with a mean peak current amplitude of
—0.07 £ 0.01 pA (Fig. 7C; Supplemental Fig. SOC).

These results suggested that para”’#°’f had impaired
channel function and, as it phenocopied complete loss of
Para, that channel function was likely important for the
contribution of Para to the development of neuroblast lin-
eages. We therefore asked whether the nonconducting
D388N mutant channel would rescue para™’~ MARCM
clones and whether its overexpression in the type II
wild-type lineage would mimic the increased cell number
seen with wild-type para cDNA. para®3®N ¢DNA was
not able to rescue para~’~ MARCM clone cell numbers
(Fig. 7D,F-I), nor increase the number of cells per type II
neuroblast lineage (Fig. 7E,J-L), suggesting that the ability
of Para to conduct Na* ions is important for its role in neu-
roblast development.

Discussion

VGSCs play important roles during neural development
where neural activity is important for axon guidance
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Figure 7. Para channel activity is important for its role in type Il neuroblast lineage development. (A) Cartoon of Para protein structure
with relative location of missense point mutants. (B) para”*°*E phenocopied para™~ type Il MARCM clones, with fewer cells per clone
compared with wild-type, at 96 h after larval hatching (ALH). (One-way ANOVA with Tukey’s multiple comparison test, [***] P <0.0001.
Wild-type N = 19 para~~ N =20 paraV*°*E N = 29). (C) Whole-cell Na* currents in cRNA-injected oocytes were measured using a two-mi-
croelectrode voltage clamp to examine the current-voltage relationship (I-V curves) of wild-type versus V1401E and a D388N mutation
(nonconducting or pore dead [PD]) (C). Wild-type Para currents are inward rectifying, while V1401E and a D388N display little to no cur-
rent wild-type: N = 14 V1401E N = 16 D388N N = 19. (D) Unlike wild-type para cDNA, PD cDNA was unable to rescue type Il para™'~ cell
deficit. (One-way ANOVA with Tukey’s multiple comparison test, (***) P<0.0001 wild-type N = 6 para™~ N =8 para~/~ wild-type cDNA
N =5 para~/~D388N ¢cDNA N =5). [F-I) Representative images of type  MARCM clones labeled by mCD8-GFP and Dpn* (red). Scale bar,
5 um. (E) Unlike wild-type para cDNA, overexpression of para”3#8N mutant cDNA did not increase type II cell number. (One-way ANOVA
with Tukey’s multiple comparison test, (***) P <0.05 wild-type N = 6 wild-type cDNA OE N =7 D388N cDNA OE N =9). (J-L) Represen-

tative images of type Il MARCM clones marked by nuclear localized GFP. Scale bar, 7 um.

and synaptic refinement (Casagrande and Condo 1988;
Subramanian et al. 2012). VGSC activity within the ner-
vous system is essential, as its absence leads to lethality
in a number of mouse models (Harris and Pollard 1986;
Planells-Cases et al. 2000; Yu et al. 2006). In addition, mu-
tations in VGSC are associated with childhood diseases
including autism spectrum disorders, epilepsy, mental re-
tardation, among others, highlighting the necessity for
understanding the role of VGSC during development (Eij-
kelkamp et al. 2012).

Recent work has begun to uncover functions of VGSC
in development of nonexcitable cells. One such study
found that Nay1.3 channels (encoded by SCN3A) are ex-
pressed in radial glial cells and are important for migration
during cortex development (Smith et al. 2018). A large
scale clinical study has found that 25% of individuals
with SCN2A mutations presented with microcephaly
(Stessman et al. 2017), suggesting that VGSC may influ-
ence neuronal progenitor proliferation. Additionally,
VGSCs are important for cardiac progenitor development
in zebrafish (Chopra et al. 2010). These studies indicate
that VGSCs play a role in progenitors during develop-
ment, although the nature of their contributions is
unclear.
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In this study, we identified a role for the VGSC Para in
neural development. We found that loss of para reduced
total cell number in the type I and type II central neuro-
blast lineages. These effects are cell autonomous and
could be rescued by cDNA expression within neuroblast
lineages. The stronger phenotype observed in the type II
lineage may reflect a role for Para in INPs, which are
only present in the type II lineage (Supplemental Fig.
SSA,B).

Loss of Para led to increased apoptosis that may arise
from a failure of cell cycle progression. Research in other
systems has found that depolarization is essential for G2
to M progression (Blackiston et al. 2009) and it is possible
that Para promotes cell cycle progression in Drosophila
progenitors through its depolarizing activity (Supplemen-
tal Fig. S6B). Proliferative cells tend to display more depo-
larized resting membrane potentials, as compared with
differentiated cells, like neurons (Yang et al. 2012). In
this context, Para may primarily exist in the inactivated
state and a persistent sodium current of an amplitude sig-
nificantly smaller than that of the transient current, may
predominate. In addition, VGSCs are highly subjected to
RNA editing and alternative splicing. Some of these vari-
ants result in window currents and persistent currents,
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like that found in embryonic variants of Para (Lin et al.
2009). Para could, therefore, contribute to a depolarized
state that may be important for proliferation. Alternative-
ly, Para could be temporally up-regulated during specific
states of the cell cycle to activate downstream molecular
cascades. Depolarization has been shown to influence cell
cycle regulation, including gene expression, calcium sig-
naling, protein localization, and phosphorylation states
(Abdul Kadir et al. 2018; McLaughlin and Levin 2018).
The contribution of VGSC to axon growth cones, metasta-
sis, and migration indicates a role for depolarization in cy-
toskeletal rearrangement (Patel and Brackenbury 2015).
The cytoskeleton contributes to many aspects of cell divi-
sion including subcellular localization of cell-fate deter-
minants during asymmetric cell division, volume
changes, nuclear envelope breakdown, and chromosome
segregation during M-phase (Betschinger and Knoblich
2004; Hutterer et al. 2004; Homem and Knoblich 2012).
If Para activity were to influence any of these processes,
dysregulation of cell cycle progression would be expected.

VGSCs drive membrane depolarization as they catalyze
selective permeation of sodium ions, thereby driving the
membrane potential towards the sodium equilibrium po-
tential. A number of studies highlight the potential role of
Na* signaling as a driver of proliferation. Regeneration ex-
periments in Xenopus laevis find Nay1.2 mediated Na*
influx, rather than depolarization, acts through salt induc-
ible kinase (SIK) to drive proliferation, outgrowth, and
morphogenesis by activating Notch, Wnt, BMP, and FGF
signaling (Tseng et al. 2010). Moreover, a number of recent
studies in Drosophila find that sodium permeable ion
channels promote proliferation. These include the epithe-
lial sodium channel ENaC whose overexpression drives
gut stem cell overproliferation (Kim et al. 2017), ROS
stimulated upregulation of cation permeable TRPA1
channels that induce proliferation (Xu et al. 2017), and cat-
ion permeable Piezo that is important for proliferation in
the adult fly midgut (He et al. 2018) as well as glioma pro-
liferation in multiple fly glioma model (Chen et al. 2018).

Our studies have identified a role for voltage-gated
sodium channel, Para, in neural development and cancer.
Going forward it will be interesting to discover how the
activity of other ion channels, exchangers and pumps con-
verge to influence cellular behavior. While Para’s actions
were cell autonomous, it’s intriguing to wonder whether
signaling within progeny and the cellular niche occurs.
Many progenitors are connected through gap junctions
and electrical signaling likely facilitates communication
and coordination, essential for tissue patterning and cellu-
lar morphogenesis during development and regeneration.
Genetically tractable model systems like Drosophila
provide a platform to build this knowledge and further
our understanding of the contribution of ion channels to
proliferation and differentiation. VGSCs are promising
sites for therapeutic intervention due to their druggable
structure and the availability of FDA approved medica-
tions targeting them for pain and antipsychotics (Patel
and Brackenbury 2015). These studies will offer signifi-
cant insight towards future biomedical therapies for birth
defects, cancer and regenerative medicine.

Paralytic, the Drosophila VGSC

Materials and methods

Drosophila stocks

UAS-dpn (Wallace et al. 2000; Zhu et al. 2012) Insc-Gal4; Ase-
Gal80 (Zhu et al. 2012). UAS-para RNAi (BL31676 y' v'; P
{TRiP.JFO1469}attP2) or yl sc* vl sev2l; P{TRiP.HMS00868}
attP2 and control stock y' v!; P{UAS-GFP.VALIUMI0}attP2
(BL35786) or yl vl; P{UAS-LUC.VALIUMI10}attP2 (BL35788)
were crossed to w* UAS-mCDS8-GFP; insc-GAL4,UAS-
dcr2/CyO, tubG80; UAS-Dpn. Or w*, UAS-mCD8-GFP; r9d11-
Gal4. para® (Ganetzky 1984) para™'; insc-GAL4, UAS-GFPNLS/
CyO,weep, and control w*; insc-GAL-4, UAS—GFPNLS/CyO,
weep, crossed to males UAS-dpn/TM6B,tb or para*};UAS-dpn/
TM6B,Th, or activated Notch designated N'¢ (BL5830)
w-, UAS-N4B2A25r brat RNAi knockdown tumor: y! sc* v! sev?);
P{TRiP.HMS01121}attP2. MARCM analysis stocks: w* HS-FLP
FRT19A; Insc-Gald, UAS-mCD8-GFP or w~ HS-FLP FRT19A;
Insc-Gald, UAS-GFPN*S or w- HS-FLP FRT19A; Insc-Gal4,
UAS-td-tomato crossed to control w* FRT19A or mutants w*
para~’~ FRT19A/FM7, Kr-Gald, UAS-GFP. Rescue experiments:
w- para~’~ FRT19A/FM7, Kr-Gald, UAS-GFP; UAS-para
(UAS-para, aka UAS-DmNaV, (gift from Marc Tanoyue), and
w* para~'~ FRT19A/FM7, Kr-GAL4, UAS-GFP; UAS-para”3%N/
CyO, Kr-Gald, UAS-GFP. What we refer to as para”#'F (y! w+
para®/FM7, Kr-GAL4, UAS-GFP [BL57109]). FUCCI analysis:
wil118; P{UAS-GFP.E2f1.1-230/32P{UAS-mRFP1.NLS.CycB.12
66J19/Cy0O, Plenljwgenll; MKRS/TM6B, Th1 (BL55121), w'!1®
FRT19A; FUCCI/CyO,weep or w''®para~’"FRT19A; FUCCI/
CyO, Weep cossed with: w* HS-FLP FRT19A; Insc-GALA4.

Generation of para null allele

PBac{WH}f04029 (Exelixis:f04029 at Harvard Medical school)
and P{XPjpara®®*1%® (Exelixis:d04188 from Harvard Medical
School) stocks were used to generate a deletion of the Para gene
region. FLP recombinase and FRT-bearing insertion was used to
generate an isogenic deletion with molecularly defined endpoints
described in Parks et al. (2004). To assess loss of Para gene region,
a reverse primer within an intron: CTGCTGTATTCGAGT
CATTGG and a forward primer within a coding region:
TTCGGATGGGCTTTCCTGTC generate a 500-bp band.

MARCM clones

Mosaic analysis with a repressible cell marker (MARCM) neuro-
blast clones were generated similar to previously described (Lee
et al. 1999). Dissections occurred at 48, 72, and 96 h after larval
hatching. In addition to HS-FLP recombinase, we also used an en-
hancer-trap recombinase, FINGR-FLP (ET-FLP 200c) (Bohm et al.
2010) without heat shock, but with similar collection and dissec-
tion times.

c¢DNA Para over expression analysis

UAS-para and UAS-para®* from Parker et al. 2011). UAS-par-
aP388N was generated by introducing the D388N point mutation
into a wild-type cDNA (Olson et al. 2008). para”3*¢N cDNA was

inserted into the VK37: (2L) 22A3 PhiC31 site fly stock.

Drosophila immunohistochemistry and microscopy Larval brains
were dissected, fixed, and stained similarly to previously de-
scribed (Zhu et al. 2012). Primary antibodies: guinea pig anti-
Ase (1:1000), rabbit anti-Dpn (1:500) rat anti-cd8 GFP (1:400
from invitrogen 13-0081-82), rat anti-tdtom (Kerafast EST203),
chicken anti-GFP (1:400 from Aves laboratory GFP-1020) chicken
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anti-mcherry (1:400 from Novus biologics NBP2-25158). Cleaved
Caspase staining (rabbit anticleaved DCP-1) (1:200; Asp216, Cell
Signaling Technology 9578S). Secondary antibodies: Alexa Fluor
488 (Invitrogen A-11006), Alexa Fluor 555 (A-21428), or 633(A-
21105) (Invitrogen) were used at 1:400 and DAPI staining at
1:1000. Before imaging, brains were mounted onto slides with
vectashield and coverslipped. Imaging was preformed using ei-
ther Leica SP5 or Leica SP8. Brain tumor images were acquired
with 1-um stacks. MARCM clones and type II lineages were ac-
quired with 0.5-um stacks. Imaris 5.5 software was used for vol-
ume measurement and cell counting.

Edu labeling and staining

Seventy-two hour ALH staged larvae were placed on kankel-
white medium containing 0.2 mM EdU and bromophenol blue
for 4 h. After 4 h, half of the larvae were dissected at Oh or 12 h
later off EAU. EdU (5-ethynyl-2/-deoxyuridine) labeling protocol
is described in Daul et al. (2010). Click-iT Plus EdU Alexa Fluor
647 Imaging Kit was used as described in the manufacturer’s pro-
tocol (Thermo Scientific C10640). Rat anti c¢d8 (1:400), rabbit anti
Dpn (1:500) primary antibody solutions were diluted in blocking
buffer and incubating overnight at 4°C. Secondary labeling con-
tinued the next day as described above.

Xenopus oocyte recording and RNA preparation

For oocyte expression, 1 pg PGH19 plasmid DNA containing
the DmNaV (a gift from Ke Dong’s laboratory) (Olson et al.
2008) was linearized using the Notl and in vitro transcribed to
cRNA with T7 polymerase (mMESSAGE mMACHINE Kkit,
Ambion AM1344). cRNA for Drosophila tipE cRNA, enhances
Para expression, was prepared similarly (Feng et al. 1995; Warmke
et al. 1997). Oocytes were harvested from Xenopus laevis frogs in
accordance with protocols approved by the Institutional Animal
Care and Use Committee at UCSF. Manually separated and enzy-
matically defolliculated stage V-VI oocytes were injected with 50
nL of up to 200 ng/uL of mRNA encoding wild-type or mutant
para plus tipE mRNA in a 1:1 ratio. Oocytes were subsequently
maintained at 18°C with gentle agitation in ND96 containing,
in mM: 96 NaCl, 3 KCl, 1 MgCl,, 2 CaCl,, and 5 HEPES (pH
7.4/NaOH) supplemented with 100 units/mL penicillin, 100 pg/
mL streptomycin, and 50 pg/mL gentamicin.

Two electrode voltage clamp electrophysiology and data analysis

Forty-eight to 72 h after injection, oocytes were transferred to a
recording bath containing antibiotic-free ND96, impaled by
with two borosilicate electrodes (R=0.2-1.0 MQ) filled with
3 M KClI and clamped to an initial holding potential of —80 mV
using a GeneClamp 500B amplifier and Digidata 1320A digitizer
(Axon Laboratories) driven by pClamp10. Individual sweeps were
sampled at 20 kHz and subjected to 6x P/N subtraction online,
then low-pass filtered off-line using an 8-pole Bessel filter at
2 kHz. Nonnormalized antipeak values from each sweep and av-
eraged to generate I/V curves, and are presented as mean +SEM,
with n values representing total number of individual cells taken
from at least four separate days of recording.
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