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C E L L U L A R  N E U R O S C I E N C E

Loss of IRF2BPL impairs neuronal maintenance through 
excess Wnt signaling
Paul C. Marcogliese1,2*†, Debdeep Dutta1,2†, Shrestha Sinha Ray3, Nghi D. P. Dang4, Zhongyuan Zuo1,2, 
Yuchun Wang1,2, Di Lu1,2, Fatima Fazal1,2, Thomas A. Ravenscroft1,2, Hyunglok Chung1,2, Oguz Kanca1,2, 
JiJun Wan5, Emilie D. Douine5, Undiagnosed Diseases Network, Loren D. M. Pena6,7, Shinya Yamamoto1,2,8,9,10, 
Stanley F. Nelson5, Matthew Might11, Kathrin C. Meyer3,12, Nan Cher Yeo4,11, Hugo J. Bellen1,2,9*

De novo truncations in Interferon Regulatory Factor 2 Binding Protein Like (IRF2BPL) lead to severe childhood-onset 
neurodegenerative disorders. To determine how loss of IRF2BPL causes neural dysfunction, we examined its function 
in Drosophila and zebrafish. Overexpression of either IRF2BPL or Pits, the Drosophila ortholog, represses Wnt tran-
scription in flies. In contrast, neuronal depletion of Pits leads to increased wingless (wg) levels in the brain and is 
associated with axonal loss, whereas inhibition of Wg signaling is neuroprotective. Moreover, increased neuronal 
expression of wg in flies is sufficient to cause age-dependent axonal loss, similar to reduction of Pits. Loss of irf2bpl 
in zebrafish also causes neurological defects with an associated increase in wnt1 transcription and downstream 
signaling. WNT1 is also increased in patient-derived astrocytes, and pharmacological inhibition of Wnt suppresses 
the neurological phenotypes. Last, IRF2BPL and the Wnt antagonist, CKI, physically and genetically interact, 
showing that IRF2BPL and CkI antagonize Wnt transcription and signaling.

INTRODUCTION
We and others recently identified de novo truncating mutations in 
Interferon Regulatory Factor 2 Binding Protein Like (IRF2BPL) as 
the cause of a severe pediatric-onset neurological disorder termed 
NEDAMSS (neurodevelopmental disorder with regression, abnormal 
movements, loss of speech, and seizures; MIM #618088) (1, 2). IRF2BP 
protein family members including IRF2BP1, IRF2BP2, and IRF2BPL 
contain a highly conserved coiled-coil DNA binding domain (IRF2BP 
zinc finger domain) at the N terminus and a C3HC4-type RING finger 
domain at the C terminus connected by a variable low-complexity 
region (3). The single Drosophila ortholog of the three vertebrate 
IRF2BP family members is Pits (protein interacting with Ttk69 and 
Sin3A) (4). Pits is an essential gene whose loss causes embryonic 
lethality (1). The Pits protein is detected primarily in the nucleus of 
most neurons in the adult fly brain, and its neuronal knockdown leads 
to behavioral defects (1).

It is unclear how loss of Pits/IRF2BPL leads to neurological dys-
function. Here, we show that overexpression of human IRF2BPL and 
Drosophila Pits in the fly wing imaginal disc causes a phenotype that 
is typically associated with loss of Wnt (Wingless/Integrated) sig-
naling. The Wnt family of ligands including Wingless (Wg; WNT1 

ortholog in Drosophila) are critical glycoproteins, secreted as mor-
phogens, and are key regulators of development (5–7). Alterations 
in Wnt signaling components are associated with skeletal disorders, 
cancers (particularly colorectal cancer), and some neurological dis-
eases (8, 9). In the developing nervous system, Wnt has a critical 
role in regulating cell proliferation, migration, differentiation, and 
synapse development (10). However, the role of Wnt signaling in the 
adult brain is ill-defined. Most Wnt signaling components are ex-
pressed in the adult mouse brain (11), and Wnt signaling has been 
shown to modulate synaptic plasticity (12). While altered Wnt sig-
naling, both increased and decreased, has been implicated in some 
neurological disorders and decreased Wnt signaling has been asso-
ciated with neurodegeneration (9), a link between up-regulated Wnt 
signaling and neurodegeneration has not been identified.

We investigated the relationship between Pits/IRF2BPL and Wnt 
in Drosophila, zebrafish, and NEDAMSS patient cells. We report that 
neuronal reduction of Pits increases wg transcript levels, resulting 
in progressive axonal degeneration. Conversely, overexpression of 
Pits or human IRF2BPL leads to a reduction of wg transcription. 
Neuronal overexpression of Wg mimics the Pits loss-of-function 
phenotypes in flies. Zebrafish lacking irf2bpl display neurobehavioral 
defects, and drugs that inhibit Wnt signaling suppress the pheno-
types associated with loss of Pits or Irf2bpl in flies and fish. Human 
IRF2BPL and Drosophila Pits share conserved physical and genetic 
interactions with the Wg/Wnt destruction complex component, 
CKI. Last, NEDAMSS patient skin fibroblast-derived astrocytes 
produce excess WNT1. In summary, our data show that protracted 
up-regulation of Wnt transcription in the nervous system occurs 
when IRF2BPL is down- regulated, and is detrimental for the long-
term maintenance and function of neurons.

RESULTS
Pits and IRF2BPL inhibit wingless transcription and signaling
Overexpression of IRF2BPL or Pits, either ubiquitously (Actin[Act]- 
GAL4) or using a Pits-specific driver (PitsTG4, a GAL4 insertion in 
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Pits), causes lethality in flies (1). Moreover, IRF2BPL expression 
in the developing wing pouch, using nubbin(nub)-GAL4, also causes 
lethality at 25°C (13). We therefore reduced the overexpression 
levels of IRF2BPL and Pits driven in the wing pouch by incubating 
flies at 18°C. These flies (nub-GAL4, UAS-IRF2BPL or nub-GAL4, 
UAS-Pits) are viable but display a highly penetrant wing margin loss 
(Fig. 1A and fig. S1A) at the anterior (red arrows) and posterior 
margin (green arrows). These data indicate that IRF2BPL and Pits 
share similar functions in this context.

Bristle loss and serration of the wing are commonly observed upon 
disruption of the Wnt signaling pathway (14). We therefore exam-
ined components of the Wnt pathway (Fig. 1B) in the developing 
wing disc of third instar larvae upon expression of IRF2BPL in the 
wing pouch. We found that wing-specific expression of full-length 
human IRF2BPL leads to a loss of Wg protein in both anterior 
(cyan arrow) and posterior (yellow arrow) regions of the dorsal- 
ventral (DV) boundary that correspond to the affected areas we ob-
served in the adult wing margin (Fig. 1C). Moreover, expression of 

A B

C D

E F

Fig. 1. IRF2BPL overexpression decreases wg transcript, protein, and signaling in the wing disc. (A) Schematic of the developing wing pouch where the Wg expres-
sion along the DV boundary develops into the adult wing margin. Optical images of the adult fly wing upon overexpression of UAS-LacZ or UAS-IRF2BPL constructs with 
nub-GAL4 at 18°C. (B) Wnt pathway in the developing wing pouch at the DV boundary. (C and D) Third instar larval wing disc upon overexpression of UAS-LacZ or UAS-IRF2BPL 
with nub-GAL4 at 18°C and stained with anti-Wg or Wnt downstream targets anti-Cut and anti-Sens (C) or the wg-lacZ reporter gene (D). Note the absence of Wg or its 
downstream responders by the arrows. (E) IRF2BPL protein structure and schematic of deletion constructs. (F) Third instar larval wing disc upon overexpression of UAS-IRF2BPL 
constructs with nub-GAL4 at 18°C and stained with anti-Wg or Wnt downstream targets anti-Cut and anti-Sens. Scale bars, 40 m.
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IRF2BPL in the developing wing leads to decreased levels of Cut (15), 
as well as the Wg-responsive transcription factor Senseless (Sens) 
(16) (Fig. 1C). To determine whether IRF2BPL expression affects 
wg transcription, we used a wg-lacZ reporter gene. We observed de-
creased wg-lacZ signal upon overexpression of IRF2BPL (Fig. 1D). 
Together, the above data indicate that full-length IRF2BPL decreases 
wg transcription and protein levels, and its downstream signaling 
components lead to bristle loss and serration in the adult wing.

To determine the signatures within IRF2BPL that are required 
for its ability to inhibit wg, we removed the DNA binding domain 
(DNA-BD), RING domain (RING), and the KRK nuclear local-
ization signal (NLS) in IRF2BPL (Fig. 1E). We expressed these 
constructs in the developing wing pouch with nub-GAL4 at 18°C. As 
shown in Fig. 1F, both conserved domains and the NLS are required 
for inhibition of Wg in the DV boundary and fail to produce any 
adult wing margin phenotype (Fig. 1F and fig. S1, B to E). Moreover, 
wing-specific expression of either the IRF2BPL DNA-BD or the RING 
domain alone is not sufficient to cause a wing phenotype in flies 
(fig. S1F). In summary, both conserved DNA binding and RING 
domains and proper nuclear localization of Pits and IRF2BPL are all 
required to inhibit Wg in vivo.

Neuronal Pits is required for normal life span, behavior, 
and axonal integrity
To assess the role of Pits in neurons, we generated an internally tagged 
green fluorescent protein (GFP) trap allele (Pits::GFPDH) (Fig. 2A) 
(1, 17). Unlike Pits loss-of-function mutants that are homozygous 
lethal (1), the GFP-tagged Pits gene does not disrupt protein func-
tion as homozygous Pits::GFPDH flies are viable and display no 
obvious phenotype. We used the deGradFP (UAS-NSlmb::vhhGFP4) 
strategy (18–20) that allows for the selective and reversible degra-
dation of GFP-tagged proteins (Fig. 2B). The reduction of the 
GFP-tagged protein can be spatially controlled by the expression of 
UAS-NSlmb::vhhGFP4 with specific GAL4 drivers. Conditional pro-
tein degradation is achieved by shifting the animals from lower to 
higher temperatures (from 18° to 29°C), taking advantage of the 
temperature sensitiveness of the UAS/GAL4 system (fig. S2A) (19). 
The constitutive reduction of Pits::GFPDH, either ubiquitously 
(Act-GAL4) (Fig. 2C) or in neurons (neuronal Synaptobrevin 
[nSyb]-GAL4) (Fig. 2D), results in a life-span reduction when com-
pared with control flies, which contain a non–GFP-tagged Pits- 
specific P[acman] 20-kb BAC (bacterial artificial chromosome)–based 
genomic rescue (GR) construct (1, 21, 22). In addition, we observed 
age-dependent climbing defects upon constitutive neuronal degra-
dation of Pits::GFPDH. Young flies at 5 days post-eclosion (d.p.e.) 
display normal climbing behavior, while aged flies with reduced Pits 
at 25 d.p.e. require significantly longer times to climb (Fig. 2E).

To explore the cellular effect of Pits reduction in neurons, we 
examined the integrity of the peripheral neurons of the anterior 
wing by performing transmission electron microscopy of the wing 
nerves of Pits::GFPDH; nSyb-GAL4, UAS-deGradFP flies (Fig. 2F) 
(23, 24). We did not detect any difference in axonal number or any 
obvious morphological changes in young animals (5 d.p.e.) upon 
constitutive Pits::GFPDH degradation in neurons (Fig. 2G). However, 
we observed notable axonal loss in aged flies (25 d.p.e.) upon neu-
ronal degradation of Pits::GFPDH when compared to age-matched 
controls (Fig. 2H). Hence, the constitutive reduction of Pits in 
neurons leads to life-span deficits and progressive neural dysfunction 
associated with an age-dependent axonal loss.

To assess the consequences of the adult-specific reduction of Pits, 
we switched flies from 18° to 29°C upon eclosion to induce Pits deg-
radation in adult flies using deGradFP. Adult-specific expression of 
deGradFP results in ~50 to 60% reduction in Pits::GFPDH levels (fig. S2, 
A and B). We found that adult-specific degradation of Pits::GFPDH, 
either ubiquitously or in neurons, results in reduced life span and 
progressive climbing defects (fig. S2, C to F). Furthermore, adult- 
specific reduction of Pits::GFPDH using Act-GAL4 results in axonal 
loss in the wing nerve (fig. S2G). In addition, we were able to prevent 
climbing defects at 25 d.p.e. by switching flies back to 18°C after 
incubating the flies for the first 12 days at 29°C (fig. S3, A to C). 
Together, these data indicate that adult-specific reduction of Pits is 
sufficient to cause decreased life span, as well as progressive neuronal 
dysfunction and axonal loss. Furthermore, a protracted period of 
time with Pits down-regulated is required to cause a slow and pro-
gressive loss of neural function.

IRF2BPL and wingless act antagonistically
To explore the functional antagonism between IRF2BPL and Wg, we 
coexpressed UAS-IRF2BPL and UAS-Wg::HA (25) in the developing 
wing pouch. We found that coexpression of IRF2BPL and Wg both 
dampens Wg protein levels and restores the DV boundary of the 
wing disc (Fig. 3A). Since this experiment requires two UAS con-
structs and one GAL4 driver, we coexpressed UAS-IRF2BPL with 
UAS-LacZ to avoid any dilution effects, as a control. In the adult 
wings, coexpression of IRF2BPL and LacZ leads to wing margin loss 
(>95% penetrant). However, the simultaneous overexpression of 
IRF2BPL and Wg results in normal wings in all flies (Fig. 3B). In 
agreement with the observed IRF2BPL and Wg antagonism, over-
expression of UAS-Wg::HA with nub-GAL4 at 18°C is pupal lethal, 
while coexpression of UAS-Wg::HA with UAS-IRF2BPL results in 
viable flies with normal wings. These data suggest a strong antagonistic 
relationship between the two proteins. To further determine whether 
IRF2BPL can act downstream of Wg expression, we overexpressed 
dishevelled (Dsh), known to cause redistribution and accumulation 
of -catenin as a positive regulator of Wnt signaling (26). Ectopic 
expression of Dsh in the developing wing pouch causes wing blisters 
and ectopic bristles (fig. S4A). Coexpression of IRF2BPL with Dsh 
partially suppresses both the blister and bristle phenotypes (fig. S4, 
B and C). Moreover, nub-GAL4, UAS,IRF2BPL, UAS-Dsh flies do 
not exhibit the anterior bristle loss or wing serration associated with 
IRF2BPL expression in the wing. These data indicate an antagonistic 
genetic relationship of IRF2BPL with Dsh, suggesting that IRF2BPL 
can act downstream of Dsh.

Neuronal reduction of Pits increases Wg protein levels 
in the adult Drosophila CNS
Wnt signaling components, as well as Wnt ligands, are expressed in 
adult neurons (27). Since Pits/IRF2BPL overexpression leads to de-
creased wg in the wing imaginal disc, we determined whether re-
duction of Pits in neurons results in excess wg levels in the adult 
brain. We knocked down Pits mRNA in neurons using elav-GAL4, 
UAS-Dicer and an effective RNA interference (RNAi) transgene 
(UAS-Pits-IR) (1) and examined wg transcript and protein levels in 
fly heads. We found an increase in wg transcription (Fig. 3C and 
fig. S4D) and Wg protein (Fig. 3, D and E) in fly heads upon neuro-
nal knockdown of Pits when compared to control RNAi targeting 
luciferase (UAS-luc-IR). Immunohistochemical staining of Wg in 
these brains also revealed a wider distribution of Wg protein upon 
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Fig. 2. Neuronal reduction of Pits reduces life span and causes progressive climbing defects and axonal loss. (A) Schematic of Pits locus in Drosophila with original 
PitsMI02926 insertion that was converted to Pits::GFPDH by injection of Double Header plasmid (20), resulting in an internally tagged protein trap allele that affects all known 
Pits transcripts. (B) GFP-tagged fusion proteins can be targeted by deGradFP (UAS-NSlmb::vhhGFP4) to degrade Pits::GFPDH with spatial (GAL4) and temporal (temperature) 
control. (C and D) Life span is decreased when Pits::GFPDH is ubiquitously (C) or neuronally (D) degraded by deGradFP during development and the adult stage. n is a 
minimum of 48 flies per genotype (****P < 0.0001). Statistical analyses were determined by the log-rank test. (E) Pits::GFPDH; nSyb-GAL4, UAS-deGradFP flies exhibit pro-
gressive climbing defects. Time (seconds) required for flies of the indicated genotypes to climb past 7 cm (n > 20 per genotype). Statistical analyses are one-way ANOVA 
followed by a Tukey post hoc test. Results are means ± SEM (****P < 0.0001). (F and H) Diagram of the peripheral wing nerves containing peripheral neurons of the anterior 
wing margin observed with (G and H) transmission electron microscopy. Quantification shows the total axon number at (G) 5 d.p.e. in Pits::GFPDH; nSyb-GAL4, UAS-deGradFP 
flies containing GR construct (n = 3) and flies without GR (n = 4) and (H) 25 d.p.e. (n = 5 each genotype). Results are means ± SEM (***P < 0.001). Statistical analyses were 
determined by two-tailed Student’s t test. Scale bars, 1 m.
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neuronal knockdown of Pits (Fig. 3F). Hence, Pits negatively regu-
lates the levels of wg in the brain.

To determine whether down-regulation of the Wg pathway can 
ameliorate the behavioral deficits observed upon neuronal reduction 
of Pits, we screened multiple established Wg/Wnt inhibitors in flies. 
We found that multiple Wnt inhibitors, specifically pyrvinium 
pamoate (PubChem CID: 54680693), SSTC3 (CID: 46912682), and 
XAV-939 (CID: 135418940), rescued the climbing defects observed 
upon adult-specific Pits::GFPDH reduction in fly neurons at 25 d.p.e. 

(Fig. 3G and table S1). These data show that inhibiting Wnt signaling 
is neuroprotective upon reduction of Pits.

Neuronal overexpression of wingless is sufficient to induce 
progressive neural dysfunction and axonal loss
Given that neuronal reduction of Pits leads to excess wg transcription 
in the adult central nervous system (CNS), we determined whether 
excess Wg ligand expression is sufficient to cause neuronal dysfunc-
tion. We expressed UAS-Wg::HA in neurons using nSyb-GAL4 at 
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Fig. 3. Wingless genetically interacts with IRF2BPL, and neuronal reduction of Pits in neurons leads to increased wg transcription. (A and B) Coexpression of 
UAS-IRF2BPL with UAS-Wg::HA, but not UAS-LacZ, in the wing disc using nub-GAL4 at 18°C restores Wg expression along the DV boundary (A) and the adult wing margin 
morphology (B). Scale bar, 40 m. (C to F) Neuronal reduction of Pits via RNAi using elav-GAL4, UAS-dicer results in increased wg transcript (C) by qPCR and Wg protein (D) 
in 20 d.p.e. fly heads, as quantified in (E) and by immunohistochemistry (F) in the adult brain of 20-day-old flies stained for Wg. Results are means ± SEM (**P < 0.01). 
Statistical analyses were determined by two-tailed Student’s t test. Scale bar, 50 m. (G) Climbing assessment of Pits::GFPDH; nSyb-GAL4, UAS-deGradFP flies at 25 d.p.e. 
after adult-specific reduction of Pits::GFP and treatment with DMSO or indicated Wnt inhibitors. Time (seconds) required for flies of the indicated genotypes to climb past 
7 cm (n > 20 per genotype). Statistical analyses were determined by ANOVA followed by Tukey post hoc. Results are means ± SEM (**P < 0.01 and ***P < 0.001).
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25°C. Similar to neuronal reduction of Pits, flies overexpressing Wg 
in neurons have a decreased life span and age-dependent climbing 
defects when compared to controls expressing LacZ (Fig. 4, A and B). 
In addition, aged nSyb-GAL4, UAS-Wg::HA flies displayed flight 
deficits (Fig. 4C). Similar defects were observed with another pan- 
neuronal driver, elav-GAL4 (fig. S5, A to C). These data show that 
excess neuronal Wg expression results in a progressive age-dependent 
neural dysfunction.

To determine whether excess Wg expression is sufficient to cause 
peripheral axon degeneration, we examined the integrity of the wing 
nerve upon neuronal overexpression of UAS-Wg::HA. We did not 
observe any changes in axon number or gross morphology in the 
wing nerves of nSyb-GAL4, UAS-Wg::HA in 5-day-old flies (Fig. 4D). 
However, similar to neuronal reduction of Pits, aged nSyb-GAL4, 
UAS-Wg::HA flies displayed a robust decrease in axonal number 
and severe morphological defects at day 25 (Fig. 4E). Together, our 
data indicate that excess Wg expression in Drosophila neurons is 
sufficient to cause progressive behavioral deficits and axonal degen-
eration in vivo.

irf2bpl null zebrafish display neurobehavioral deficits that 
are suppressed by Wnt inhibitors
In contrast to flies, the zebrafish genome has four homologs of Pits: 
irf2bp1, irf2bp2a, irf2bp2b, and irf2bpl. However, irf2bpl is the most 
conserved ortholog to IRF2BPL (28). To determine whether Irf2bpl 
regulates Wnt in a vertebrate model, we generated a null allele of the 
zebrafish irf2bpl ortholog using CRISPR-Cas9. Sequencing confirmed 
that irf2bpl mutant zebrafish contained a 3–base pair (bp) insertion 
and a 2-bp deletion that shifts the translational reading frame after 
amino acid 8, truncating the protein at amino acid 90 (fig. S6, A and B). 
At 5 days postfertilization (d.p.f.), transcript levels of irf2bpl were 
about 80% lower in homozygous mutant animals compared to wild 
type (fig. S6C). Up to 3 months of age, the homozygous mutants 
(irf2bpl−/−) are viable, fertile, and morphologically indistinguishable 
from wild-type and heterozygous siblings. However, at 5 d.p.f., we 
found that the irf2bpl−/− mutants displayed lower total activity 
during a 24-hour day and night cycle, compared to wild-type sibling 
controls (fig. S6D). At 7 d.p.f., using an established locomotor and 
dark challenge assay, we found that irf2bpl−/− mutants displayed 
reduced locomotor activity, as well as lower bout activity (startle 
response) elicited by a sudden transition from light to dark, com-
pared to wild-type siblings (Fig. 5A). These data indicate that the 
irf2bpl−/− fish, while morphologically and developmentally normal, 
display altered neuronal function. In agreement with our results in 
Drosophila, we observed increased level of Wnt1 protein in mutant 
heads compared to wild-type sibling controls (Fig. 5B). Furthermore, 
wnt1 transcription and the downstream Wnt-responsive gene, lef1, 
were increased in the mutant animals compared to the wild-type 
siblings (Fig. 5C and fig. S6E). These data show that, similar to flies, 
Wnt signaling is up-regulated upon loss of irf2bpl in zebrafish.

We next sought to determine whether Wnt inhibition could sup-
press the behavioral phenotypes we observed in irf2bpl−/− fish and 
prioritized testing drugs that were efficacious in flies (Fig. 3G). Since 
pyrvinium is poorly absorbed by the gut and shows poor bioavail-
ability (29), we tested SSTC3 and XAV-939 in the irf2bpl zebrafish 
mutants. Treatment with either SSTC3 or XAV-939 led to a decrease 
in the expression of lef1 in irf2bpl−/− mutants (Fig. 5C), indicating 
that these drugs can suppress the enhanced Wnt signaling in these 
animals. Upon treatment with SSTC3 at 4 d.p.f., irf2bpl−/− animals 

did not display improved locomotor function, but the response to 
the dark challenge significantly improved in these mutant animals 
compared to the dimethyl sulfoxide (DMSO)–treated group at 7 d.p.f. 
(Fig. 5, D and E). Similar to SSTC3, treatment with XAV-939 at 
4 d.p.f. also resulted in partial phenotypic rescue of the dark challenge 
compared to DMSO-treated mutants at 7 d.p.f. (Fig. 5, F and G). 
Our data suggest that, similar to flies, the increased Wnt signaling 
observed upon loss of Irf2bpl is, at least partially, responsible for 
neural dysfunction in zebrafish, and pharmacological inhibition of 
Wnt signaling was effective at restoring some of the functional out-
comes observed in these animal models.

WNT1 is increased in IRF2BPL patient cells
To confirm whether WNT1 is altered in human cells, we converted 
NEDAMSS patient fibroblasts into induced astrocytes (30, 31). 
Three different patient cell lines were used harboring de novo 
heterozygous truncations in IRF2BPL (table S2). Consistent with 
our data generated in model organisms, these cells show increased 
WNT1 transcript (Fig. 6A) and protein levels (Fig. 6, B and C) when 
compared to three healthy controls. This indicates that NEDAMSS- 
associated truncations inhibit the negative regulation of WNT1 
by IRF2BPL.

IRF2BPL physically and genetically interacts with CkI
To shed insight into how Pits/IRF2BPL inhibits Wnt transcription, 
we identified interacting partners of Pits in the fly brain by per-
forming coimmunoprecipitation followed by mass spectrometry 
(IP-MS) using Pits::GFPDH fly heads (table S3). Intriguingly, we 
found a key -catenin (Armadillo in Drosophila) destruction 
complex member, CkI (casein kinase I), as one of the top binding 
partners of Pits (fig. S7A). We confirmed that Pits interacts with 
CkI endogenously by performing co-IP of Pits::GFPDH from fly 
heads using a human anti-CSNK1E antibody that cross-reacts with 
CkI on Western blot (Fig. 7A).

CkI is a negative regulator of Wg/Wnt signaling (32, 33) but 
may play a role in affecting wg transcription, as CkI RNAi in the 
Drosophila embryo causes increased wg transcription (34). In line 
with this, we observed that knockdown of CkI in the posterior wing 
using en-GAL4 leads to an increase of the wg-lacZ reporter gene in 
the posterior wing disc (fig. S7B). We therefore hypothesized that 
Pits/IRF2BPL acts through CkI to inhibit Wnt transcription. To 
determine this, we tested whether down-regulation of CkI by RNAi 
(UAS-CkI-IR) can rescue the wing margin loss upon overexpres-
sion of IRF2BPL. In the adult wing, coexpression of UAS-IRF2BPL 
and UAS-LacZ complementary DNA (cDNA) causes wing margin 
loss as observed previously (>94% penetrant) (Fig. 7B). However, 
knockdown of CkI while overexpressing IRF2BPL results in mostly 
normal wings (>84% normal) (Fig. 7B). Fittingly, we found that co-
expression of UAS-IRF2BPL and UAS-LacZ leads to decreased Wg 
protein in the DV boundary, and knockdown of CkI restores Wg 
protein levels (Fig. 7C) and the Wg downstream effector Cut 
(fig. S7C) when IRF2BPL is overexpressed. Together, these data indicate 
that IRF2BPL and CkI genetically interact to modulate wg levels.

Given the in vivo physical interaction between Pits and CkI 
and the genetic interaction between IRF2BPL and CkI, we sought 
to determine whether promoting CkI upon reduction of Pits protein 
is beneficial in neurons. Adult-specific neuronal overexpression of 
UAS-CkI::HA ameliorates the climbing and survival defects ob-
served upon neuronal degradation of Pits::GFPDH when compared 
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A B C

D

E

Fig. 4. Neuronal expression of Wg ligand is sufficient to cause progressive climbing defects and axonal loss. (A) Survival curves for neuronal expression of UAS-LacZ 
or UAS-Wg::HA using nSyb-GAL4 at 25°C. A minimum of 43 flies per genotype (*P < 0.05). Statistical analyses were determined by the log-rank test. (B) nSyb-GAL4, UAS-Wg::HA 
flies exhibit progressive climbing defects. Time (seconds) required for flies of the indicated genotypes to climb past 7 cm (n > 20 per genotype). Statistical analyses are 
one-way ANOVA followed by a Tukey post hoc test. Results are means ± SEM (**P < 0.01). (C) nSyb-GAL4, UAS-Wg::HA flies exhibit flight defects at 25 d.p.e. compared to 
nSyb-GAL4, UAS-LacZ controls when dropped into the center of a 2-liter graduated cylinder (n > 32 per genotype). Results are means ± SEM (**P < 0.01). Statistical analyses 
were determined by two-tailed Student’s t test. (D and E) Transmission electron microscopy of the peripheral wing nerves containing peripheral neurons of the anterior 
wing margin. Quantification shows the total axon number at (E) 5 d.p.e. upon neuronal (nSyb-GAL4) overexpression of UAS-LacZ or UAS-Wg::HA (n = 5 each genotype) 
and the same genotypes at 25 d.p.e. (UAS-LacZ, n = 4; UAS-Wg::HA, n = 5). Results are means ± SEM (**P < 0.01). Statistical analyses were determined by two-tailed 
Student’s t test. Scale bars, 1 m.
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to UAS-LacZ expression as a control (Fig. 7, D and E). Hence, pro-
moting CkI to inhibit Wg in neurons provides some protection 
upon reduction of Pits. To determine whether the physical interaction 
between IRF2BPL-CkI (CSNK1A1) is conserved in human cells, 
we coimmunoprecipitated CSNK1A1 in the SH-SY5Y neuroblastoma 
cell line and confirmed that CSNK1A1 interacts with IRF2BPL 

(Fig. 7F). Hence, the Pits/IRF2BPL-CkI interaction is conserved in 
humans. Last, we immunostained SH-SY5Y cells with IRF2BPL and 
CSNK1A1 antibodies. Not surprisingly, IRF2BPL resides predomi-
nantly in the nucleus of these cells, whereas CSNK1A1 is located 
throughout the cytoplasm and nucleus (Fig. 7G). However, we 
observed a clear colocalization of IRF2BPL and CSNK1A1 (Fig. 7G, 
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Fig. 5. Loss of irf2bpl in zebrafish leads to defective locomotor activity and increased Wnt1 signaling. (A) Distance moved (in millimeters) of mutants (irf2bpl−/−) and 
wild-type sibling controls (irf2bpl+/+) measured at 7 d.p.f. in a locomotor assay. During the assay, test animals were first habituated for 30 min, followed by five light-dark 
cycles for a total of 30 min (n = 36 and 47 for irf2bpl+/+and irf2bpl−/− animals, respectively). (B) Representative Western blot and quantification of Wnt1 protein expression 
in irf2bpl−/− brain compared to irf2bpl+/+ controls (n = 3 per group). (C) Analyses of lef1 transcript expression real-time qPCR in irf2bpl−/− treated with DMSO, SSTC3, or 
XAV-939, compared to irf2bpl+/+ treated with DMSO (n = 8 per group). (D and E) Treatment with SSTC3 significantly improved the irf2bpl−/− mutants’ bout activity when 
transitioning from a light to dark condition, compared to mutants treated with DMSO (n = 22 and 24 for DMSO-treated irf2bpl+/+ and irf2bpl−/− animals; 25 and 23 for 
SSTC3-treated irf2bpl+/+ and irf2bpl−/−, respectively). (F and G) Similar to SSTC3, treatment with XAV-939 significantly improved the mutants’ bout activity compared to 
DMSO-treated mutants (n = 21 and 19 for DMSO-treated irf2bpl+/+ and irf2bpl−/− animals; 36 and 45 for XAV-939–treated irf2bpl+/+ and irf2bpl−/− animals, respectively). 
Results are means ± SEM (*P < 0.05, **P < 0.001, and ****P < 0.0001).
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merge in white) in the nucleus. Together, these data suggest that 
IRF2BPL inhibits Wnt transcription and downstream signaling via 
its interaction with CKI in the nucleus (Fig. 7H).

DISCUSSION
Here, we explore the function of Pits/IRF2BPL in Drosophila, zebrafish, 
and human cells. We find that Pits or IRF2BPL decreases wg tran-
scription in flies upon overexpression. Our data show that IRF2BPL 
exhibits a strong antagonistic relationship with Wg and that the 
IRF2BPL inhibition of Wg expression is mediated by CkI. Loss of 
Pits/IRF2BPL increases wg/wnt1/WNT1 in flies, fish, and patient cells. 
Reducing the level of Pits in adult neurons in flies leads to a shortened 
life span, progressive climbing defects, and gradual loss of peripheral 
axons, and these phenotypes are also associated with increased wg 
transcripts and proteins in the brain. The neurobehavioral pheno-
types can be suppressed by inhibition of Wg expression by neuronal 
overexpression of CkI or the use of drugs that inhibit Wnt signal-
ing by increasing CkI activity.

In contrast to flies, loss of irf2bpl in zebrafish does not cause 
lethality. However, in zebrafish, there are four irf2bp family members 
that likely partially compensate for irf2bpl loss. However, the irf2bpl 

null mutant fish display reduced locomotor activity and optomotor 
startle response associated with both increased wnt1 transcript, pro-
tein, and Wnt signaling activation. The optomotor startle response 
requires complex neural circuitry (35), and the deficits in these fish 
could be at least partially rescued by Wnt inhibition.

To model the neuronal loss of IRF2BPL in patients, we decreased 
the Pits levels in adult neurons by 50 to 60%. This leads to age- 
dependent phenotypes in flies that are reminiscent of the progressive 
phenotypes observed in patients with truncations of IRF2BPL.  
Individuals with NEDAMSS often progress in development as 
expected for their age, and the onset of symptoms usually does not 
occur until the mean age of 5, with some cases only developing 
disease signs in adolescence (1, 2, 36–44). Decline in motor skills 
continues until patients become fully dependent of caretakers. 
Moreover, brain imaging studies in older patients show progressive 
cerebral and cerebellar atrophy, strongly suggesting severe neuronal 
loss (1) consistent with our observations in flies.

Loss of Pits/irf2bpl/IRF2BPL leads to excess Wnt transcription in 
multiple model systems. Reports of increased Wnt transcription 
and/or signaling in neurodegenerative diseases remain sparse (45–47) 
and controversial (48). In flies, mutant Huntington overexpression 
leads to hyperstabilization of -catenin (49). In mice, it has been 
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Fig. 6. Reprogrammed astrocytes from NEDAMSS patients display increased WNT1 transcription and protein. (A to C) WNT1 transcript (A) and protein (B and C) are 
elevated in reprogrammed astrocytes derived from fibroblasts of NEDAMSS patients and healthy controls by qPCR (A), immunofluorescence (B), and Western blot (C). 
RFE, relative fold expression. ANOVA followed by Dunnett’s multiple comparison test between the mean of the controls and the mean of each line was computed to 
derive the P value: *P < 0.05 and ****P < 0.0001. The experiments were conducted three times. Scale bar, 20 m.
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Fig. 7. Pits physically and genetically interacts with CkI. (A) Pulldown of Pits::GFPDH from fly heads indicates that endogenous CkI interacts with Pits detected by 
Western blotting using anti-CSNK1E antibody (CkI size is ~38 kDa). Interaction observed in triplicate. (B and C) Coexpression of UAS-IRF2BPL with UAS-CkI-IR, but not 
UAS-LacZ, in the wing disc using nub-GAL4 at 18°C restores adult wing margin morphology (B) and Wg expression along the DV boundary (C). Scale bar, 40 m. (D) Pits::GFPDH; 
nSyb-GAL4, UAS-deGradFP coexpressing either UAS-LacZ or UAS-CkI::HA. Time (seconds) required for flies of the indicated genotypes to climb past 7 cm (n > 22 per 
genotype). Statistical analyses were determined by two-tailed Student’s t test. (E) Survival curves for Pits::GFPDH; nSyb-GAL4, UAS-deGradFP coexpressing either UAS-LacZ 
or UAS-CkI::HA. n is a minimum of 49 flies per genotype (****P < 0.0001). Statistical analyses were determined by the log-rank test. (F) In vitro coimmunoprecipitation of 
CKI (CSNK1A1) or GFP as a control in SH-SY5Y cells showing an interaction with endogenous IRF2BPL. IgG, immunoglobulin G. (G) SH-SY5Y cells stained with IRF2BPL 
and CSNK1A1. Scale bar, 10 m. (H) Schematic depicting the canonical Wnt pathway, highlighting potential actions of Pits/IRF2BPL.
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reported that activation of Wnt signaling is a prodromal feature of a 
model of frontotemporal dementia with parkinsonism-17 (FTDP-17) 
in tau transgenic mice (47). Recently, a pediatric patient harboring 
a loss-of-function truncation in the negative Wnt regulator, YPEL3, 
presented with severe nervous system demyelination and axonal loss 
(50, 51). Systems-level analysis in human cells indicates that canon-
ical and noncanonical activation of Wnt signaling by Wnt1 alters a 
network of genes related to neurodegenerative diseases (52), and 
much of what is known about Wnt function in the CNS relates to 
neural development. For example, neuronal and glial secretion of 
Wg at the developing Drosophila neuromuscular junction regulates 
glutamate receptor clustering (53), suggesting that sustained Wnt 
signaling may lead to Ca2+ excitotoxicity (54). Moreover, excess Wnt 
signaling during neuronal differentiation results in cell cycle reentry, 
leading to apoptosis (55). We found that removal of Pits in the adult 
brain leads to an increase in wg transcription, which contributes to 
neuron loss. Moreover, ectopic expression of the Wg ligand alone 
is sufficient to cause decreased life span, progressive behavioral 
abnormalities, and axonal loss, phenotypes that are notably similar 
to a neuronal reduction of Pits. In conclusion, excess Wnt alone in 
neurons can lead to progressive neuronal demise. Given that Wg 
has been shown to refine its own expression in development (56), this 
refinement and a role for IRF2BPL may be important for long-term 
neuronal homeostasis.

An important question that arises from our observations is the 
precise subcellular location where Pits and IRF2BPL are functioning 
to prevent neurodegeneration. The two proteins have been charac-
terized as DNA binding, putative E3 ligases that are predominantly 
found in the nucleus (1, 57). Our data support a requirement for the 
nuclear localization of IRF2BPL, as removal of the NLS abolishes Wnt 
inhibition. Moreover, in SH-SY5Y cells, we found that IRF2BPL 
and CSNK1A1 colocalize in the nucleus. However, CkI is mostly 
known for its role in the cytoplasmic Wnt destruction complex (34), 
and CkI and its human ortholog CSNK1A1 physically interact with 
Pits/IRF2BPL. CkI has also been shown to be present in the nucleus 
in flies and vertebrates, where it has been implicated in the DNA 
damage response and nuclear organization (58–61). Moreover, CkI 
nuclear protein interactions have been shown to be important in 
modulating both Wnt activity (62) and the nuclear entry of tran-
scriptional regulators (63) and influence wg transcription (34).

The above data suggest that increasing CkI function upon loss 
of IRF2BPL observed in NEDAMSS may be protective by inhibiting 
excess Wnt. Two of three Wnt inhibitors that are efficacious in 
our models are known to function as CkI agonists by increasing its 
stability (29). We therefore propose that IRF2BPL and CkI interact 
to modulate Wnt signaling by regulating WNT1 expression (Fig. 7H). 
This interaction may initiate in the cytoplasm, as a pool of Pits/
IRF2BPL is present in the cytoplasm (1, 64). Binding of CkI may 
activate IRF2BPL and promote nuclear entry, as shown for other 
transcription factors (63). Our data indicate that, in addition to 
the RING domain, both DNA binding and nuclear localization are 
required for IRF2BPL-mediated inhibition of Wnt transcription. 
Hence, Pits/IRF2BPL, like their paralogs (IRF2BP1 and IRF2BP2), 
likely act as transcriptional repressors (57, 65, 66) to inhibit Wnt tran-
scription, consistent with the increase in wg/wnt1/WNT1 messages 
observed in flies, fish, and human cells. CkI has also been docu-
mented to be in nuclear speckles where active gene regulation 
occurs (59). Hence, nuclear CkI may also work in conjunction with 
IRF2BPL. An in vitro study in gastric cancer cell lines showed that 

IRF2BPL interacts with and targets -catenin for proteasomal deg-
radation (67). While our studies implicate that IRF2BPL down- 
regulates Wnt transcription, its previously documented interaction 
with -catenin suggests that there may be an additional role for 
IRF2BPL in the regulation of -catenin function.

In summary, here, we provide compelling evidence that loss of 
Pits/IRF2BPL leads to excess Wnt transcription in the mature 
nervous system. We show that Wg ligand expression in neurons is 
sufficient to cause neural dysfunction and axonal loss in flies. We 
further identified pharmacological Wnt inhibitors that rescue neural 
dysfunction in flies and zebrafish. While these compounds have 
been generated primarily for the cancer field, repurposing them for 
NEDAMSS patients may be efficacious.

MATERIALS AND METHODS
Immunohistochemistry
Drosophila wing discs were dissected and imaged as previously de-
scribed (68). Briefly, wing discs were dissected, fixed in 4% para-
formaldehyde (PFA), and incubated with mouse anti-Wg (1:50) 
[Developmental Studies Hybridoma Bank (DSHB), 4D4], mouse 
anti-cut (1:50) (DSHB, 2B10), guinea pig anti-Sens (1:100) (16), 
mouse anti–-gal (1:300) (Promega, Z3781), or rabbit anti- IRF2BPL 
(1:200) (Abcam, ab221099). Vectashield (Vector Labs, H-1000-10) 
was used for mounting. The Drosophila brain was stained and 
imaged as previously described (1). Adult brains were fixed imme-
diately in 4% PFA and incubated at 4°C overnight on a shaker. 
Brains were postfixed with 4% PFA with 2% Triton X-100 in phos-
phate-buffered saline (PBST) and kept in a vacuum container for an 
hour to eliminate air bubbles from the tracheal tissue. After three 
washes with PBS with 2% PBST, brains were incubated with primary 
antibodies overnight at 4°C on shaker. Brains were washed 3× 
with 2% PBST and then incubated with secondary antibodies at 
room temperature for 2 hours. Samples were washed with 2% PBST 
(3×) and mounted on a glass slide using Vectashield (Vector Labs, 
H-1000-10). Primary antibodies used were mouse anti-Wg (DSHB, 
4D4) 1:50 for wing disc and 1:10 for the adult brain. Secondary 
antibody used was anti-mouse 647 (Jackson ImmunoResearch, 
715-605-151) 1:250. Both wing discs and brains were scanned using 
a laser confocal microscope (Zeiss LSM 880), and images were pro-
cessed using ZEN (Zeiss) and Imaris (Oxford Instruments) software.

NEDAMSS patient and healthy control fibroblasts were directly 
reprogrammed to astrocytes using a previously published method 
(30, 31). The reprogrammed astrocytes were seeded at 30,000 cells 
per 24-well plate and plated in 10% fetal bovine serum (FBS) culture 
medium. The next day, they were fixed and stained as previously 
described (30, 31) with rabbit anti-WNT1 (Abcam, ab63934) 1:250 
and 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, D1306) 
followed by anti-rabbit Alexa Fluor secondary antibody (Thermo 
Fisher Scientific, A32732). Images were obtained with a Zeiss 800 con-
focal microscope. Colocalization of WNT1 with DAPI was achieved 
via colocalization function in Imaris (Oxford Instruments) software.

Transmission electron microscopy
Transmission electron microscopy imaging of Drosophila wing 
margins was performed as previously described (24). Briefly, the fly 
thorax was rapidly dissected by removal of the head and abdomen, 
and wings were cut and fixed in 2% PFA and 2.5% glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.2). The thorax with attached 
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wings was fixed on a rotator at 4°C for up to 2 days. Samples were 
rinsed in fixative followed by three washes with Millipore H2O. Samples 
were submerged in 1% osmium tetroxide for 45 min at room tem-
perature. Dehydration was performed by benchtop incubations of 
samples with 25, 50, 75, 90, and 100% ethanol (EtOH) that was 
followed by propylene oxide. The samples were then progressively 
infiltrated by increasing ratios of propylene oxide:Embed 812 resin 
(1:3, 1:1, and 3:1) until incubated in 100% Embed 812 resin (3×) and 
rotated overnight at room temperature. The samples were then 
embedded into flat silicone molds and cured at 62°C for 3 days. 
Polymerized samples were cut at 48 to 50 nm and stained with 
1% uranyl acetate for 10 min followed by 2.5% lead citrate for 2 min. 
Grids were viewed in a JEOL 1400+ transmission electron micro-
scope at 80 kV, and images were captured using an AMT XR-16 
mid-mount 16-megapixel digital camera.

Protein isolation, electrophoresis, and Western blot
For fly, protein biochemistry was performed as previously described 
(1). Briefly, protein was isolated from fly heads, where five heads 
were dounced with a homogenizer (3× for 10 s on ice) in 30 l of 
radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, 
89900) with protease inhibitor (GenDepot, P3100-001). Thirty 
microliters of 2× Laemmli buffer (Bio-Rad, 1610737) containing 
10% -mercaptoethanol was added to the samples and heated at 
95°C for 5 min. After a 5-min spin at 14,000 rpm at 4°C, super-
natants were loaded and run on 4 to 20% gradient polyacrylamide gels 
(Bio-Rad, Mini-PROTEAN TGX). Protein was transferred to poly-
vinylidene difluoride (PVDF) membranes and blocked with milk for 
40 to 60 min. Primary antibodies were incubated overnight at 4°C.  
The following antibodies were used in the present study: mouse 
anti-Wg (1:100) (DSHB, 4D4), mouse anti-actin (1:20,000) (EMD- 
Millipore, C4), rabbit anti-GFP (1:5000) (Invitrogen, A-11122), 
mouse anti-CSNK1E (1:500) (DSHB, 13D7), rabbit anti-CSNK1A1 
(1:1000) (Abcam, ab206652), and anti-rabbit IRF2BPL (1:1000) 
(Invitrogen, PA5-62256). Horseradish peroxidase–conjugated sec-
ondary antibodies available at Jackson ImmunoResearch were used 
to detect the respective primary antibody. Protein was detected with 
Western Lightning Chemiluminescence Reagent Plus (PerkinElmer, 
NEL104001EA) enhanced chemiluminescence (ECL) solution using 
the Bio-Rad ChemiDoc MP Imaging System.

For zebrafish, protein lysates were isolated from the heads of 16 
zebrafish irf2bpl mutants or wild-type siblings at 7 d.p.f. Fifty micro-
liters of 4× Laemmli buffer (Bio-Rad, 161-0747) containing 10% 
-mercaptoethanol was added to the samples, which were then 
homogenized and heated at 95°C for 5 min. After a 5-min spin at 
14,000 rpm at 4°C, supernatants were loaded and run on 4 to 20% 
gradient polyacrylamide gels (Bio-Rad, Mini-PROTEAN TGX). 
Protein was transferred to PVDF membranes and blocked with 
5% milk for 30 min. Primary antibodies were incubated overnight 
at 4°C. The following antibodies were used in the present study: 
Rabbit anti-Wnt1 (Invitrogen, 36-5800) and rabbit anti-Gapdh 
(Cell Signaling Technology, 2118S) were used as primary antibodies. 
Horseradish peroxidase–conjugated anti-rabbit secondary antibodies 
were used to detect the respective primary antibody. Protein was 
detected with Pierce ECL Western blotting substrate using the 
Bio-Rad ChemiDoc MP Imaging System.

For reprogrammed astrocyte lysates, rabbit anti-WNT1 (1:1000; 
Abcam, ab63934) and mouse anti–glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (1:5000; Millipore, MAB374) were used as 

primaries, followed by appropriate fluorescent conjugated secondaries 
(LI-COR). The blots were imaged by LI-COR Odyssey CLx and 
quantified with Image Studio Lite.

Quantitative real-time PCR
For transcript expression analyses in Drosophila, total RNA was iso-
lated from 40 heads of elav-GAL4, UAS-Dicer, UAS-Pits-IR or 
elav-GAL4, UAS-Dicer, UAS-luc-IR at 20 d.p.e. using the RNeasy 
Plus Mini Kit (Qiagen). cDNA was generated using 5× All-In-One 
RT MasterMix (Applied Biological Materials Inc.) as per the manu-
facturer’s protocol. Real-time quantitative polymerase chain reac-
tion (qPCR) was performed using Fast SYBR Green Master Mix 
(Applied Biosystems) using the following gene-specific primers: 
5′-CCAAGTCGAGGGCAAACAGAA-3′ (forward) and 5′-TG-
GATCGCTGGGTCCATGTA-3′ (reverse) for wg (Fig. 3C) and 
5′-GAGGGGCAAAAATCTATTCGGC-3′ (forward) and 5′-GCT-
GGTGATTGCGTAAATGAAG-3′ (reverse) for wg (fig. S4D). 
Triplicate reactions for each cell line were run on an Applied 
Biosystems QuantStudio 6 machine. Tub was used as an internal 
control, and the fold changes of target genes were calculated using 
the 2−Cq method.

For transcript expression analyses in zebrafish, total RNA was 
isolated from 24 embryos of irf2bpl mutants or wild-type siblings at 
7 d.p.f. and converted into cDNA using the iScript cDNA Synthesis 
Kit (Bio-Rad) based on the manufacturer’s protocol. Real-time qPCR 
was performed using iTaq Universal SYBR Green PCR mix (Bio-Rad) 
using the following gene-specific primers: 5′-GTCGTTGGAACT-
GTCCCACT-3′ (forward) and 5′-GTCACAGGTGCAGGACTCAA-3′ 
(reverse) for wnt1; 5′-TCCTCTGGGTTGGTTCTCAC-3′ (forward) 
and 5′-CTGCTCCTTTCTCTGCTCGT-3′ (reverse) for lef1; 5′-TG-
CACTCCTTTTGACGTGAG-3′ (forward) and 5′-TGCCAAAGT-
CTTTCATGCAG-3′ (reverse) for irf2bpl.

For transcript expression analyses in human cells, total RNA was 
extracted from differentiated human astrocytes by standard TRIzol 
protocols and converted to cDNA using the RevertAid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific) based on the manu-
facturer’s guidelines. Real-time qPCR was performed using Power 
SYBR Green master mix (Thermo Fisher Scientific) and WNT1- 
specific primer set 5′-TAAGCAGGTTCGTGGAGGAG-3′ (forward) 
and 5′-GGTTTCTGCTACGCTGCTG-3′ (reverse). Triplicate 
reactions for each cell line were run on an Applied Biosystems 
QuantStudio 6 machine. GAPDH was used as an internal control, 
and the fold changes of target genes were calculated using the 
2−Cq method.

Generation and maintenance of zebrafish irf2bpl mutant
The zebrafish irf2bpl mutant line was generated using CRISPR-Cas9 
with single-guide RNA target sequence 5′-ACACGACTGTCTCC-
TCGACG-3′ made by Integrated DNA Technologies according to 
the manufacturer’s protocol. Mutant animals were genotyped and 
sequenced using primers 5′-GGCTCCGTAAAATCCCAAAT-3′ 
and 5′-AGCAGCTCAACATGTCTTCG-3′. The irf2bpl heterozygous 
mutant containing a 3-bp insertion and a 2-bp deletion in that tar-
geted sequence was outcrossed to the parental AB strain for at least 
two generations before use in experiments to eliminate potential 
off-target variants. After each assay described below, tested animals 
were individually genotyped using PCR with primers 5′-GGCTC-
CGTAAAATCCCAAAT-3′ and 5′-AGCAGCTCAACATGTCTTCG-3′ 
and high-resolution melting (HRM) analysis (fig. S6C) as previously 
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described (69). All animals were maintained in the Zebrafish Research 
Facility at the University of Alabama at Birmingham. All fish were 
maintained at 28°C and kept at a 14-hour light and 10-hour dark 
cycle under standard laboratory conditions (70). All animal studies 
were performed according to the guidelines by the Institutional 
Animal Care and Use Committee of the University of Alabama.

Animal behavioral assays
For Drosophila behavioral assays, climbing (negative geotaxis) as-
says were performed as previously described (1). Briefly, 24 hours 
before testing, flies were anesthetized with CO2 and housed individ-
ually on standard fly food. At the time of testing, individual flies 
were transferred to a sterile vial lacking food and habituated for 
1 min. Then, flies were tapped to the bottom of the vial and assessed 
for negative geotaxis, given 30 s to reach the 7-cm mark on the vial. 
Flight assays were also performed on individual flies. Flies were 
dropped into a 2-liter graduated cylinder via a funnel, and the fly 
landing site on the side of the vial was measured (in milliliters). To 
generate a flight index, all data were normalized to the mean value 
of the control flies. Life-span analysis was performed as previously 
described (24). Briefly, freshly eclosed flies were separated by 
genotype and sex and incubated at indicated temperatures. Flies 
were flipped into a fresh vial every 2 to 3 days, and survival was 
determined once a day. A minimum of 50 flies were tested in 
each assay. Statistical analysis was performed using log-rank 
(Mantel-Cox) test.

For zebrafish behavioral assays, and for all experiments, irf2bpl+/− 
heterozygous animals were in-crossed to generate wild-type (+/+), 
heterozygous (+/−), and homozygous (−/−) sibling progeny. For the 
24-hour sleep-wake activity assay, zebrafish larvae at 5 d.p.f. were 
chosen randomly and placed individually into each well of a 
flat-bottom 24-well plate. The activity of each larva was tracked for 
24 hours, consisting of 14 hours of light and 10 hours of dark using 
the DanioVision system (Noldus Information Technology). The 
average swimming distance was measured for 24 hours per 1-hour 
time bins using EthoVision XT software (Noldus). For the locomotor 
assay, larvae at 7 d.p.f. were first habituated with light-on condition 
in a 96-well plate for 30 min, followed by five light-dark cycles for a 
total of 30 min (each cycle contains 3 min of light phase and 3 min 
of dark phase). The swimming activity of each larva was recorded 
using the DanioVision system (Noldus Information Technology), 
and the average swimming distance and velocity were measured for 
1 hour per minute bins using EthoVision XT software (Noldus). 
After assay, each larva was processed for DNA extraction and geno-
typed using PCR and HRM analyses.

Pharmacological inhibition and rescue assay
For Wnt inhibition in flies, DMSO or indicated compounds were 
added to the molten fly food of the parental cross at 12.5 l/5 ml of 
fly food to achieve the desired final concentrations. Upon eclosure, 
F1 experimental flies were placed in fresh vials with the same drug 
and fresh vials were provided every 2 to 3 days throughout aging. 
For zebrafish studies, the homozygous and heterozygous irf2bpl 
mutants and wild-type siblings were generated from in-crossing of 
heterozygous mutants. Embryos were treated with drugs (10 M 
XAV-939 or 1 M SSTC3) or DMSO from 4 to 7 d.p.f. The fish water 
and chemicals were changed once a day until assays. At 7 d.p.f., all 
embryos are subjected to the locomotor assay described above. All 
embryos were genotyped after the assay.

Table 1. List of fly stocks used in study.  

Name Genotype Source

nSyb-GAL4 y1 w*;; 
P{nSyb-GAL4.S}3 BDSC_51635

UAS-deGradFP w[*]; P{w[+mC]=UAS-
Nslmb-vhhGFP4}3 BDSC_38421

Elav-GAL4 P{w[+mW.hs]=GawB}
elav[C155] BDSC_458

UAS-Pits y1 w*; PBac{UAS-Pits-
RC}VK00037 (1)

UAS-IRF2BPL y1 w*; Pbac{UAS-
hIRF2BPL.B}VK00037 BDSC_78509

UAS-LacZ w*; P{w[+mC]=UAS-
lacZ.Exel}2 BDSC_8529

nub-GAL4 w* (P{GawB}
nubbin-AC-62) BDSC_51635

UAS-IRF2BPLRING
y1 w*; Pbac{UAS-
hIRF2BPL.RING}

VK00037
This study

UAS-IRF2BPLDNA-BD
y1 w*; Pbac{UAS-

hIRF2BPL.DNA-BD}
VK00037

This study

UAS-IRF2BPLNLS
y1 w*; Pbac{UAS-
hIRF2BPL.NLS}

VK00037
This study

UAS-Wg::HA w*; P{w[+mC]=UAS-
wg.H.T:HA1}6C BDSC_5918

Act-GAL4
y1 w∗; P{w+mC = 

Act5C-GAL4}25FO1/
CyO, y+

BDSC_4414

UAS-PitsRING y1 w*; Pbac{UAS-Pits-
RC.RING}VK00037 This study

UAS-PitsDNA-BD y1 w*; Pbac{UAS-Pits-
RC.DNA-BD}VK00037 This study

UAS-IRF2BPLRING
y1 w*; Pbac{UAS-
hIRF2BPL.RING}

VK00037
This study

UAS-IRF2BPLDNA-BD
y1 w*; Pbac{UAS-

hIRF2BPL.DNA-BD}
VK00037

This study

en-Gal4, NRE-GFP, 
UAS-RFP

en-Gal4, UAS-
myr::mRFP, NRE-GFP BDSC_30729

elav-GAL4, UAS-dicer

P{w[+mW.hs]=GawB}
elav[C155] w[1118]; 
P{w[+mC]=UAS-Dcr-

2.D}2

BDSC_25750

Pits 20-kb GR y1 w*; Pbac{CH322-
141N09}VK00037 (1)

UAS-CkIalpha-IR y1 v1; P{TriP.JF01792}
attP2 BDSC_25786

UAS-CkIalpha::HA w*; P{UAS-CkI.HA}1/
CyO

BDSC_55067

UAS-Dsh w*; P{UAS-dsh.
myc}1-16 BDSC_9453

wg-lacZ P{PZ}wg02657 cn1/
CyO; ry506 BDSC_11205
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Adult wing imaging and analysis
Drosophila wings were mounted and imaged as previously described 
(68). Briefly, adult wings were dissected in 70% EtOH and mounted 
in a 3:1 dilution of CMCP-10 mounting medium (Masters, Wood 
Dale, IL) and lactic acid for imaging. Images were obtained with a 
Leica MZ16 stereomicroscope equipped with an Optronics Micro-
Fire camera and Image-Pro Plus 7.0. For Dsh-IRF2BPL interaction 
analysis in the adult wing, the number of single large blisters (visible 
without microscope), as well as the total number of smaller blisters, 
was counted. The ectopic bristles between the L1 and L2 wing veins 
were manually counted and compared across genotypes at the indi-
cated temperature.

Fibroblast reprogramming to astrocyte-like cells
Direct conversion of healthy and NEDAMSS patient fibroblasts was 
performed as previously described (30, 71). NEDAMSS patients 
harbored truncating mutations as follows: P1, p.Y173X; P2, p.R188X; 
P3, p.A708fs*59. Briefly, fibroblasts were treated with retroviral 
vectors OCT3, SOX2, KLF4, and c-MYC in fibroblast culture medium. 
After 48 hours, the medium was changed to NPC conversion medium 
[Dulbecco’s modified Eagle’s medium (DMEM)/F12, 1% N2, 1% B27, 
epidermal growth factor (40 ng/ml), and fibroblast growth factor 
(20 ng/ml)]. Attached cells that proliferated were split upon 100% 
confluence and collected or lifted using Accutase (StemPro Accutase 
Cell Dissociation Reagent, Gibco). Cells were plated onto dishes 
containing fibronectin (5 g/ml; Millipore) over a period of 18 to 
21 days. Small volumes of these pure iNPC cells were seeded in 
astrocyte medium (DMEM/GlutaMAX, 10% FBS, and 1% N2) and 
were further differentiated into astrocytes in 5 days.

Ethics
Human dermal fibroblasts were obtained at the University of 
California, Los Angeles with consent under IRB#11-001087.

Coimmunoprecipitation studies
Co-IP studies in flies were performed as previously described (68). 
Briefly, total protein was isolated from snap-frozen adult heads from 

Pits::GFPDH flies homogenized in NETN buffer [100 mM NaCl, 
20 mM tris-Cl (pH 8.0), and 0.5 mM EDTA] with protease inhibitor 
(GenDepot, P3100-001). Then, 30 l of GFP nano-antibody agarose 
beads (catalog no. ABP-NAB-GFPA100) was incubated with the 
protein lysate in an end-over-end rotator overnight at 4°C. Agarose 
beads without any antibody were used as the negative control. After 
the overnight incubation, the agarose beads were spun at 3000 rpm 
for 5 min at 4°C. Supernatant was collected in a separate tube as the 
flow-through to check the efficiency of the IP. Subsequently, the beads 
were washed with NETN buffer with protease inhibitor three times 
followed by centrifugation at 3000 rpm at 4°C for 5 min. The elution 
was carried out in 10 l of 4× Lamellae buffer. Last, the samples 
were boiled at 95°C and centrifuged briefly. The supernatant was used 
for Western blot analyses using anti-CSNK1E antibody (1:500).

Fly stocks used
Fly stocks were obtained from the Bloomington Drosophila Re-
source Center, generated previously or in this study. Table 1 lists the 
stocks used.

For IRF2BPL and Pits constructs generated in this study, the 
Gateway compatible entry clone for IRF2BPL (GenBank, NM_024496.3) 
and Pits-RC (RE41430, RC isoform) generated previously (1) were 
mutagenized with the Q5 Mutagenesis Kit (NEB, E0554S) using the 
primers listed in Table 2.

IP-MS analyses
Following procedures previously described (72), adult fly heads of 
Pits::GFPDH flies were lysed in 3 volumes of NETN buffer [50 mM 
tris (pH 7.3), 170 mM NaCl, 1 mM EDTA, and 0.5% NP-40] using 
a bead beater. The lysate was removed after centrifugation at 
12,000g for 5 min and then ultracentrifuged at 200,000g for 20 min 
at 4°C. The lysate was incubated in 20 l of protein A Sepharose 
slurry (GE Healthcare Life Sciences, 17-0780-01) for 1 hour to re-
duce the nonspecific binding. After preclearing, the lysate was incu-
bated with GFP-Trap beads (ChromoTek GFP-Trap) for 1 hour at 
4°C. The beads were briefly washed with lysis buffer, boiled in 
2× NuPAGE LDS sample buffer (Invitrogen), and subjected to 

Table 2. List of primers used for site-directed mutagenesis.  

Name Strand Primer (5′ to 3′)

IRF2BPL_DNA_BD
For TAGGACCCAGCTTTCTTGTACAAAGTTGGC

Rev GCCGTGCGCCCGCTTCAG

IRF2BPL_RING_DOMAIN
For GACCAAGTGCACCCCCAA

Rev CATGGTGAAGCCTGCTTTTTTG

IRF2BPL_DNA_BD
For GTCGGGGTCAAGACAGTG

Rev CGACATGGTGAAGCCTGC

IRF2BPL_RING
For TAGGACCCAGCTTTCTTGTACAAAG

Rev GAGGGGTCCGCTGTTGGC

Pits_DNA_BD
For CATGAGAACGGCGAAGTG

Rev CATGGTGAAGCCTGCTTTT

Pits_RING
For TAGGACCCAGCTTTCTTGTACAAAG

Rev CGTGGCATTCTGGGCAGC

IRF2BPL_NLS
For GGCCTCTCCGGAGCCCCC

Rev GCGCAGGCTGGCGGCTGCGCCCCG
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SDS–polyacrylamide gel electrophoresis (NuPAGE 10% Bis-Tris Gel, 
Invitrogen). The eluted proteins were visualized with Coomassie 
Brilliant blue stain and excised into gel pieces according to the mo-
lecular weight. The individual gel piece was destained and subjected 
to in-gel digestion using trypsin (GenDepot, T9600). The tryptic 
peptides were resuspended in 10 l of loading solution (5% methanol 
containing 0.1% formic acid) and subjected to nanoflow liquid 
chromatography–tandem MS (MS/MS) analysis with a nano-LC 
1000 system (Thermo Fisher Scientific) coupled to an Orbitrap 
Fusion Tribrid (Thermo Fisher Scientific) mass spectrometer. 
The peptides were loaded onto a Reprosil-Pur Basic C18 (1.9 m, 
Dr. Maisch GmbH) precolumn of 2 cm by 100 m size. The precolumn 
was switched in-line with an in-house 5 cm–by–150 m analytical 
column packed with Reprosil-Pur Basic C18 equilibrated in 
0.1% formic acid/water. The peptides were eluted using a 35-min 
discontinuous gradient of 4 to 26% acetonitrile/0.1% formic acid at 
a flow rate of 800 nl min−1. The eluted peptides were directly electro-
sprayed into an Orbitrap Fusion mass spectrometer. The instrument 
was operated in the data-dependent mode, acquiring fragmentation 
under direct control of the Xcalibur software (Thermo Fisher Scientific). 
A precursor MS spectrum was scanned at 375 to 1300 mass/charge 
ratio (m/z) with 120,000 resolution at 400 m/z and 5 × 105 auto-
matic gain control (AGC) target (50 ms of maximum injection time) 
by the Orbitrap. Then, the top 35 strongest ions were fragmented 
by collision-induced dissociation with 35 normalized collision energy 
and 1.6 m/z isolation width and detected by Iontrap with 30 s of 
dynamic exclusion time, 1 × 104 AGC target, and 100 ms of maxi-
mum injection time.

Database search and data quantification for MS
The obtained MS/MS spectra were searched against target decoy 
Drosophila Flybase in Proteome Discoverer 1.4 interface (Thermo 
Fisher Scientific) with Mascot algorithm (Mascot 2.4, Matrix Science). 
The precursor mass tolerance was confined within 20 parts per million, 
with a fragment mass tolerance of 0.5 Da and a maximum of two 
missed cleavage sites allowed. Dynamic modification of methionine 
oxidation, protein N-terminal acetylation, destreak on cysteine, and 
ubiquitination on lysine were allowed. The peptides identified from 
the Mascot result file were validated using a 5% false discovery rate.

Quantification and statistical analysis
Results are presented as dot or bar plots, in which means ± SEM are 
depicted. All statistical analysis was performed using GraphPad Prism 
(GraphPad Software Inc., CA, USA). When the means of two groups 
were compared, a two-tailed unpaired t test was used. When more 
than two groups were analyzed, analysis of variance (ANOVA) was 
used with appropriate post hoc test described in the figure legend. 
Log-rank (Mantel-Cox) test was used for fly survival comparisons. 
Results were designated significant when P < 0.05: *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001; ns indicates nonsignificant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5613

View/request a protocol for this paper from Bio-protocol.
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