
Article
Mechanisms of IRF2BPL-r
elated disorders and
identification of a potential therapeutic strategy
Graphical abstract
Highlights
d Description of dominant-negative mechanism of

pathogenesis for NEDAMSS disease

d Mutated IRF2BPL causes mislocalization of the healthy

protein form to the cytoplasm

d Astrocytes fail to perform neuronal support functions and

show mitochondria defects

d CuATSM, a potential therapeutic, ameliorates disease in

patient cells and a fly model
Sinha Ray et al., 2022, Cell Reports 41, 111751
December 6, 2022 ª 2022 The Authors.
https://doi.org/10.1016/j.celrep.2022.111751
Authors

Shrestha Sinha Ray, Debdeep Dutta,

Cassandra Dennys, ..., Shibi Likhite,

Paul C. Marcogliese, Kathrin C. Meyer

Correspondence
kathrin.meyer@nationwidechildrens.org

In brief

Sinha Ray et al. developed a cellular

model for IRF2BPL-related neurological

disorder NEDAMSS, which led to

identification of cytoplasmic

mislocalization of full-length IRF2BPL,

reduced astrocyte-mediated neuronal

support, and aberrant energy household.

CuATSM treatment effectively reversed

some of the disease phenotypes both in

patient cells and a fly model.
ll

mailto:kathrin.meyer@nationwidechildrens.org
https://doi.org/10.1016/j.celrep.2022.111751
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111751&domain=pdf


OPEN ACCESS

ll
Article

Mechanisms of IRF2BPL-related
disorders and identification
of a potential therapeutic strategy
Shrestha Sinha Ray,1 Debdeep Dutta,2,3 Cassandra Dennys,1 Samantha Powers,1 Florence Roussel,1 Pawel Lisowski,4,5,6

Petar Gla�zar,4,7 Xiaojin Zhang,1 Pipasha Biswas,1 Joseph R. Caporale,1 Nikolaus Rajewsky,4 Marc Bickle,8

Nicolas Wein,1,9 Hugo J. Bellen,2,3 Shibi Likhite,1 Paul C. Marcogliese,2,3 and Kathrin C. Meyer1,9,10,*
1Center for Gene Therapy, Abigail Wexner Research Institute at Nationwide Children’s Hospital, Columbus, OH, USA
2Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, USA
3Jan and Dan Duncan Neurological Research Institute, Texas Children’s Hospital, Houston, TX, USA
4The Berlin Institute for Medical Systems Biology (BIMSB), Max-Delbr€uck-Center for Molecular Medicine, Berlin, Germany
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SUMMARY
The recently discovered neurological disorder NEDAMSS is caused by heterozygous truncations in the tran-
scriptional regulator IRF2BPL. Here, we reprogram patient skin fibroblasts to astrocytes and neurons to
study mechanisms of this newly described disease. While full-length IRF2BPL primarily localizes to the nu-
cleus, truncated patient variants sequester the wild-type protein to the cytoplasm and cause aggregation.
Moreover, patient astrocytes fail to support neuronal survival in coculture and exhibit aberrant mitochondria
and respiratory dysfunction. Treatment with the small molecule copper ATSM (CuATSM) rescues neuronal
survival and restores mitochondrial function. Importantly, the in vitro findings are recapitulated in vivo, where
co-expression of full-length and truncated IRF2BPL inDrosophila results in cytoplasmic accumulation of full-
length IRF2BPL. Moreover, flies harboring heterozygous truncations of the IRF2BPL ortholog (Pits) display
progressive motor defects that are ameliorated by CuATSM treatment. Our findings provide insights into
mechanisms involved in NEDAMSS and reveal a promising treatment for this severe disorder.
INTRODUCTION

IRF2BPL (interferon regulatory factor 2 binding protein-like) is an

intron-less genemapped to 14q24.3 and encodes a ubiquitously

expressed transcriptional regulator belonging to the IRF2BP

family.1,2 The protein contains two highly conserved domains,

an IRF2BP zinc finger DNA-binding domain and a C3HC4

RING finger domain at the N and C terminus, respectively,

both involved in transcriptional modulation.1,3 The function of

the protein is largely undefined; however, several studies have

shown a role in the initiation of puberty in female rodents and

non-human primates as a transcriptional activator of gonado-

tropin releasing hormone 1 (GNRH1).2,4–6 Additionally, one study

has shown that IRF2BPL functions as an E3 ubiquitin ligase tar-

geting b-catenin for proteasome degradation in gastric cancer

cell lines.7

Recently, heterozygous truncating mutations in IRF2BPL have

been shown to cause variable neurological phenotypes, indi-

cating that the gene might play an important role in both devel-
C
This is an open access article und
opment and neuronal maintenance.8–12 Missense variants have

also been reported but are mostly associated with milder neuro-

logical symptoms such as seizures, developmental delay, and

autistic spectrum disorder.8 Most severely affected individuals

have typical initial development until around 3.5 years of age,

at which point developmental delay and neurological regression

occur, leading to abnormal movements, loss of motor skills and

speech, and seizures.8,9,12 The disorder has since been termed

NEDAMSS (neurodevelopmental disorder with regression,

abnormal movements, loss of speech, and seizures, MIM:

618088). Since the discovery of this disease in 2018, 25 patients

have been reported worldwide12 with IRF2BPL mutations

causing NEDAMSS, but increased genetic testing for this rare

disease will likely unravel a higher frequency.13

Little is known about IRF2BPL function in the nervous system.

The first report to demonstrate a key role in the central nervous

system showed that neuronal knockdown of Pits, the ortholo-

gous gene in Drosophila melanogaster, resulted in neurodegen-

eration.8 Moreover, both human IRF2BPL and Pits cause
ell Reports 41, 111751, December 6, 2022 ª 2022 The Authors. 1
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lethality when overexpressed in wild-type flies. However, over-

expression of IRF2BPL truncated protein isoforms, traditionally

observed in NEDAMSS patients, is not toxic in flies, which

potentially implies a loss-of-function disease mechanism.8 In

addition, our recent data indicate a role for IRF2BPL/Pits in

downregulating Wnt signaling in the nervous system.14

While loss-of-function models have been generated in non-

mammalian species, the role of IRF2BPL in NEDAMSS has yet

to be dissected in patient cells. In addition, the impact of individ-

ual patient-specific mutations or cell-type-specific contributions

to NEDAMSS is currently unknown. This knowledge is critical to

identify and develop a therapeutic strategy. To address these

limitations, we developed a human in vitro cell model for

NEDAMSS. Using a previously established protocol, we directly

reprogrammed human patient fibroblasts into induced neurons

(iNs)15 or induced neuronal progenitor cells (iNPCs).16 iNs from

NEDAMSS patients showed variable disease phenotypes

including reduced neurite length. iNPCs were subsequently

differentiated into induced astrocytes (iAs), and the impact of

IRF2BPL mutations on patient iAs was assessed. Our analyses

revealed amislocalization of IRF2BPL in the cytoplasm of patient

iAs, reduced astrocyte-mediated neuronal support, and aberrant

mitochondrial activity. Similar mislocalization of IRF2BPL and

age-dependent defects were observed in a Drosophila model.

Importantly, treatment with a small molecule called copper

ATSM (CuATSM; diacetylbis(4-methylthiosemicarbazonato)

copperII), which is currently in clinical trials for amyotrophic

lateral sclerosis (ALS) (NCT04082832), successfully improved

disease phenotypes in vitro and in vivo in the fly model. Hence,

we propose an important role of astrocytes in NEDAMSS and

describe a dominant-negative disease mechanism. Importantly,

we also evaluated a potential treatment that may slow or halt the

progression of NEDAMSS disease and might be applicable for

other neurological conditions.

RESULTS

Full-length IRF2BPL is mislocalized to the cytoplasm in
NEDAMSS patient astrocytes
To develop a human in vitro model for NEDAMSS, we obtained

four patient fibroblast primary cell lines (Table S1) with de novo

heterozygous mutations (confirmed by amplicon sequencing)

leading to the truncation of the C3HC4 ring domain (Figure 1A).

Since the disease was recently described to be caused by

haploinsufficiency,8 we first tested if these patient fibroblasts
Figure 1. NEDAMSS patient astrocytes show mislocalization of full-len

(A) Illustration of IRF2BPL protein domains and the location of each patientmutatio

(B and C) (B) Schematic of direct conversion of fibroblasts to iNPCs and further d

using biorender.com. (C) Comparison of protein quantification of healthy (H1 chi

adult patient P3 has significant loss of IRF2BPL expression.

(D–F) (D) Immunostaining demonstrates mislocalization of full-length IRF2BPL (in

12 random (63X/Oil) fields captured by Nikon Eclipse Ti2-E. This phenomenon is

the (E) nuclear fraction (normalized to nuclear marker H3) and higher amount of pro

b-tubulin) in patient iAs compared with healthy cell lines. ANOVA followed by Dunn

of each line was computed to derive the p value (p), *p < 0.05, **p < 0.01, ***p < 0

DAPI and IRF2BPL stained cell seen within the corner white boxes (dimension of

NPCs was carried out once for each cell line. All experiments were carried out on

bar represents 50 mm.
had reduced IRF2BPL protein levels by western blot analysis us-

ing a commercially available antibody that binds the nuclear

localization signal (NLS) toward the C terminal of the protein

(Figure 1A). This antibody detects only the full-length protein

and not the truncated version, with the exception for cell line

P4. Surprisingly, most patient fibroblasts showed only a small

or no reduction of IRF2BPL protein levels compared with healthy

controls (H1, H2, H3, and H4), and only the oldest patient (adult)

P3 showed the expected�50% loss of full-length IRF2BPL (Fig-

ure S1A). The cellular localization of IRF2BPLwas established by

immunofluorescence staining, and the protein was found to

mainly localize to the nucleus of control fibroblasts with some

signal in the cytoplasm of patient fibroblasts (Figure S1B).

Given that NEDAMSS primarily affects the nervous system

and presents with various neurological symptoms in pa-

tients,8,9,12 we explored the cell morphology and expression

levels of IRF2BPL in neurons. We utilized an established direct

conversion method using small molecules to generate iNs from

fibroblasts.15 After 7 days of exposure to the molecule mix, cells

expressed neuronal-specific markers such as Tuj1 and Map2

(Figure S2A). Similar to fibroblasts, patient iNs mainly exhibited

nuclear localization of IRF2BPLwith faint signal in the cytoplasm.

In contrast, in healthy control iNs, the protein was almost exclu-

sively found in the nucleus (Figure S2B). Most patient iNs

showed none or a slight reduction in IRF2BPL protein, with the

exception of adult patient P3, who showed a more significant

loss (Figures S2B and S2C). The mean neuronal conversion effi-

ciency (percentage of Tuj1+ soma/DAPI) ranged between 55.9%

and 73.7% for both healthy (H1 child and H3 adult) and patient

iNs (P1, P2, and P4). However, the adult patient cell line P3

had a significantly lower rate of conversion (12.5%) (Figure S2D).

Moreover, P3 mostly showed low Tuj1 expression in cells

morphologically resembling fibroblasts, indicating incomplete

conversion. Additionally, both patient iNs P1 and P3 exhibited

shorter neurite length compared with healthy controls and other

patient iNs (Figure S2E).

In the CNS, neurons are supported by a variety of glia. Astro-

cytes are the most abundant cell type in the CNS and provide a

wide range of functions to support neurons. They regulate the

extracellular environmentofneurons,promotesurvival, andmodu-

late synaptic transmission and plasticity, which are important for

neuronal signaling and development17 and frequently play an

important role in disease.18,19 To study the cellular phenotypes

of NEDAMSS-derived astrocytes, patient and healthy control fi-

broblasts were directly converted to iNPCs and were further
gth IRF2BPL protein to the cytoplasm

n. Antibody used in study binds to the NLS, toward the C terminal of the protein.

ifferentiation to astrocytes (iAs) in 5 days in vitro. Illustration was prepared by

ld and H3 adult) and NEDAMSS patient (P1, P2, P3, and P4) iAs indicates that

white) to the cytoplasm in patient iAs. Representative image was selected from

further confirmed by fractionation studies with lower levels of IRF2BPL seen in

tein observed in the (F) cytoplasmic fraction (normalized to cytoplasmicmarker

ett’s multiple comparison test between the mean of the controls and the mean

.001, ****p < 0.0001. Yellow dotted rectangles represent the merged image of

image 40 mm 3 50 mm) for each iAs line. The differentiation from fibroblasts to

differentiated iAs with a minimum of four independent biological repeats. Scale
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differentiated into iAs, as previously described16,20,21 (Figure 1B).

These iAs express astrocyte-specific markers such as glial fibril-

lary acid protein (GFAP) andCD44 (Figure S3). Interestingly, all pa-

tient iAsexhibitedanactivatedphenotypewithalteredmorphology

and higher GFAP expression when compared with healthy con-

trols (Figure S3). High expression of GFAP is widely accepted as

amarker of activated astrocytes (reviewed in Pekny and Pekna22).

Like previously shown in iNs and fibroblasts, western blot quanti-

fication of IRF2BPL full-length protein levels demonstrated only

the adult patient P3 with significantly lower expression compared

with the healthy controls (Figure 1C). Next, we evaluated the

cellular localization of full-length IRF2BPL in patient iAs using im-

munostaining. Interestingly, full-length IRF2BPL was prominently

found to be mislocalized to the cytoplasm in all four patient iAs in

the form of smears or aggregated as distinct puncta (Figure 1D).

To confirm these findings, nuclear and cytoplasmic fractionation

followed by western blot quantification was performed. Nuclear

fractions had lower levels of IRF2BPL, whereas cytoplasmic frac-

tionshadhigher levels in all patient iAs comparedwithhealthy con-

trols (Figures 1E and 1F). These data indicate that full-length

IRF2BPL is partially mislocalized to the cytoplasm in NEDAMSS

patient astrocytes, and this may play a role in the disease

pathogenesis.

Truncated IRF2BPL protein dimerizes with and mis-
localizes full-length IRF2BPL in vitro

A previous study has shown that IRF2BP family proteins

(IRF2BP1, IRF2BP2, and IRF2BPL) can mediate homo- or

hetero-dimerization/multimerization between different IRF2BP2

family members through their conserved N-terminal IRF2BP

zinc finger.23 Hence, we hypothesized that interactions of full-

length IRF2BPL with truncated forms could underlie sequestra-

tion of full-length IRF2BPL in the cytoplasm. Antibodies targeting

the N terminus of IRF2BPL are currently not commercially avail-

able, and we were unable to confirm the presence of the mutant

protein isoforms, but we confirmed the presence of mutated

IRF2BPL mRNA in all patient astrocytes (Figure S4). Hence,

our data suggest that the truncated RNA form of IRF2BPL in pa-

tients is stable, expressed at similar levels to the wild-type form,

and does not undergo degradation. Next, we conducted HA

pull-down assays to determine if full-length IRF2BPL and the

mutated IRF2BPL forms found in patients can dimerize. We

transfected HEK293 cells with constructs either overexpressing

N-terminal HA-tagged full-length IRF2BPL (pCMV-HA::FL-

IRF2BPL) or the HA-tagged truncated isoforms from each pa-

tient cell line (pCMV-HA::P1/P2/P3/P4) (Figures 2A and S5A).
Figure 2. Overexpressed mutant protein interacts with full-length (FL) I

HEK293s and in wild-type astrocyte line H1

(A) Schematic of constructs expressing N-terminal HA-tagged FL-IRF2BPL and

(B) These constructswere transfected into HEK293s and pelleted down for HA pull-

HEK293s transfected with pHA-CMV-FL-IRF2BPL in lane 2, andHA-CMV-P1 orHA

tagged truncated variants (green, anti-HA) are seen binding to each other. The pull-

(C) Confocal imaging indicates partial mislocalization of FL-IRF2BPL to the cytopla

patient-truncated variants. White arrows point to FL-IRF2BPL proteins mislocali

magnification covering nine random fields from three independent culture replica

(D) Healthy H1 astrocytes transduced with lentivirus overexpressing the truncate

length protein to the cytoplasm. White arrows point to FL-IRF2BPL protein mislo

(63X/Oil) fields captured from three independent culture replicates by Nikon Ecli
The pull-down assay, using protein lysate from the transfected

cells, shows that IRF2BPL protein can dimerize with itself and

that the truncated, tagged protein isoforms are stable. Moreover,

the truncated protein forms from the patients (P1, P2, P3, and P4)

can bind with endogenous full-length protein (Figures 2B and

S5A). Importantly, aligned with our data from patient cells, full-

length IRF2BPL was partially redistributed to the cytoplasm in

the form of aggregates in HEK293 cells expressing the truncated

protein forms (Figures 2C and S5B). Co-staining with antibodies

against IRF2BPL and the HA tag reveals colocalization of the

truncated protein with full-length protein in the cytoplasm

(Figures 2C and S5B). Of note, transfection with HA-tagged trun-

cated protein from P4 showed more protein in the pull-down

assay and stronger signal of mislocalization of IRF2BPL

(Figures 2B and 2C) because unlike the other mutations, the anti-

body can detect both the full-length and the truncated P4

protein. However, we were unable to distinguish HA-P4 and

FL-IRF2BPL protein on western blot (Figure 2B) as their protein

sizes (83 and 79 kDA respectively) are very similar.

Cytoplasmic sequestration of full-length IRF2BPL was also

confirmed in iAs from a healthy control (H1) after infection with

lentivirus overexpressing each truncated IRF2BPL protein

isoforms from patients 1–4 via immunofluorescence staining

(Figure 2D). Additionally, there was no overall loss of IRF2BPL

upon overexpressing the mutant proteins (Figure S5D). Howev-

er, fractionation studies confirmed themislocalization phenome-

non, with lower levels of IRF2BPL protein in the nuclear fraction

and higher levels in the cytoplasm upon transduction with N-ter-

minal truncated proteins (P1, P2, and P3) (Figures S5D and S5E).

Interestingly, the mislocalization phenomenon on expression

of truncated protein from P4 differed prominently from the other

mutant proteins (Figures 2D, S5D, and S5E). Together, our data

show that truncated IRF2BPL protein can dimerize with full-

length IRF2BPL and sequester the protein to the cytoplasm

in vitro. This phenomenon is seen in patient cell lines, transfected

HEK293 cells, and even in healthy iAs after infection with lentivi-

ral vectors containing the truncated isoforms.

NEDAMSS iAs fail to support neuronal viability that is
rescued by CuATSM treatment
Astrocytes play a key role in providing structural and metabolic

support to neurons and are responsible for the maintenance of

brain homeostasis.18,24 Since NEDAMSS patient astrocytes

show aberrant morphology, increased GFAP expression,

and strong redistribution of IRF2BPL from the nucleus to the

cytoplasm, we assessed if these patient iAs provide proper
RF2BPL and causes sequestration of the protein to the cytoplasm in

patient truncated proteins (HA-CMV-P1 and HA-CMV-P4).

down assay after 72 h. The HA-elute blot shows untransfected (UT) cells in lane 1,

-CMV-P4 in lanes 3 and 4 respectively. FL-IRF2BPL (red, anti-IRF2BPL) and HA-

down assay was performed with three independent culture replicates.

sm in HEK293 cells transfected with the constructs overexpressing HA-tagged

zed to the cytoplasm. Two-dimensional images were captured at 63X/1.4 Oil

tes.

d isoform of IRF2BPL from each patient show similar sequestration of the full-

calized to the cytoplasm. Representative image was selected from 12 random

pse Ti2-E. Scale bar represents 50 mm.
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Figure 3. NEDAMSS patient astrocytes fail to support neurons, and CuATSM treatment improves neuronal survival

(A) Representative images of GFP+ mouse neurons (shown in black) following 3 days in coculture with healthy and patient iAs. The iAs were treated with either

CuATSM (1 mM) or equal volume of DMSO, beginning day 2 of differentiation.

(B) Quantification of neuronal survival on day 3 shows patient iAs fail to support neurons.

(C) CuATSM treatment significantly improves neuron viability in patient lines. Data were normalized to average neuronal survival of healthy controls and represent

a minimum of four independent experiments. The same DMSO-treated cell lines from (B) were used for the comparison.

(legend continued on next page)
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neuronal support. We conducted coculture assays, as previ-

ously described, by co-culturing GFP+ mouse neurons on a

monolayer of healthy or patient iAs.16 After 3 days of coculture,

we performed fully automated high-throughput analysis of

neuronal survival. We found that neurons cocultured with patient

iAs had significantly lower rates of survival than neurons cocul-

tured with healthy iAs (Figures 3A and 3B). In our previous study

involving coculture assays with ALS astrocytes, we had

observed a similar loss of neuronal viability, and treatment with

CuATSM drug significantly improved the survival in certain re-

sponding patient lines.25 CuATSM is a small artificial drug

currently being used in clinical trials for ALS26,27 and Parkinson’s

disease (PD) (NCT03204929).26–28 Interestingly, all patient-

derived iAs treated with 1 mM CuATSM for 4 consecutive days

prior to neuron-glia coculture displayed significantly increased

neuronal survival (Figures 3A and 3C). However, treatment with

CuATSM did not rescue the mislocalization of IRF2BPL to the

cytoplasm in patient iAs (Figure S6).

Next,we investigatedwhether lossof IRF2BPL inastrocyteswas

responsible for reduced neuronal survival in coculture, hypothesiz-

ing that the cytoplasmic redistribution seen in patient cell lines

leads to reduced availability of the protein in the nucleus, which

couldmimic a loss of function.We developed a lentivirus-express-

ing shRNA (LV-sh29) against IRF2BPL that could knock down

approximately 50% of the protein in healthy iAs (H1) after 4 days

in vitro (Figure S7A). H1 iAswere transducedwith control or shRNA

lentivirus 48 h prior to coculture with GFP+ neurons (Figure S7B).

After 3 days of coculture, healthy iAs transduced with LV-sh29

showed a significant loss of GFP+ neuronal survival compared

with iAs transduced with LV-RFP. Moreover, overexpression of

IRF2BPL (LV-FL-IRF2BPL) in the healthy cell line also showed a

slight reduction in neuronal survival (Figures 3D and 3E). Impor-

tantly, overexpressing truncated IRF2BPL proteins (LV-P1, LV-

P2, LV-P3, and LV-P4) in healthy iAs decreased neuronal survival

in coculture assays in a similarmanner as the cells that were trans-

ducedwith the shRNAconstruct. This indicates that the sequestra-

tionby themutatedprotein acts similar toa lossof function and that

the nuclear localization of the protein is key for its function

(Figures 3D and 3E). We also evaluated if iAs from severe patients

(P1, P2, and P3) release any toxic factors by culturing neuronswith

their condition media for 48 h. No significant loss of neurons was

observed compared with the controls (Figures S8A and S8B). As

previously seen in the patient iAs, treating the healthy iAs express-

ing mutant forms of the protein with 1 mM CuATSM 2 days after

transduction with the lentiviral constructs significantly improved

neuronal viability (Figures S7B, 3D, and 3F).

In summary, NEDAMSS iAs and healthy iAs forced to overex-

press mutated versions of IRF2BPL lack neuro-supportive

function, which can be rescued by treatment with CuATSM. Our
(D) Representative images of GFP+ neurons following coculture with H1 astrocy

shRNA against IRF2BPL, or truncated patient (P1, P2, P3, and P4) IRF2BPL pro

(E) Quantification of neuronal survival shows significant loss in viability upon ove

(F) Treatment with CuATSM ameliorates the effect in healthy iAs transduced with t

comparison. Data were normalized to wild-type un-transduced (UT) H1 astrocytes

the controls and the mean of each line was computed to derive the significanc

computed using unpaired t tests. A minimum of three different culture repeats wa

200 mm.
data also suggest a loss-of-function mechanism for the disease,

resulting fromdominant-negativemutations that cause sequestra-

tion of the full-length protein from the nucleus into the cytoplasm.

NEDAMSS patient-derived iAs display aberrant
mitochondrial respiration that is rescued by CuATSM
treatment
Since CuATSM showed a beneficial effect without rescuing the

mislocalization, we evaluated additional potential disease

pathways known to be impacted by CuATSM treatment. Mito-

chondrial abnormalities and dysfunction are common in many

neurodegenerative diseases such as ALS, PD, Alzheimer’s dis-

ease (AD), and Huntington’s disease (HD).29 Moreover,

CuATSM is thought to exert neuroprotective effects via a mito-

chondrial mechanism.30,31 To examine if NEDAMSS iAs display

alterations in mitochondrial function, we evaluated the expres-

sion of cytochrome c oxidase subunit 4 (COX IV), a mitochondrial

marker involved in theelectron transport chain.32 In all patient iAs,

COX IV showed altered localization, indicating a reduced

mitochondrial network with accumulation around the nucleus

(Figure 4A). However, no change in protein expression levels

was observed compared with healthy controls (Figure S9A).

Blinded computational analysis of the number of mitochondria

per cell compared with healthy controls revealed significantly

lower number of mitochondria in patient P1 and significantly

higher number in P4 (Figure 4B). Interestingly, all patient iAs

had a significantly higher fractionation index in comparison to

healthy controls (Figure 4C), indicating a more fragmented mito-

chondrial network that is commonly seen in disease states.33,34

Based on the above observations, we next evaluated the func-

tionality of mitochondria by conducting Seahorse ATP real-time

rate assay. All patient iAs, except P1, exhibited higher levels of

base oxygen consumption rate and ATP-linked mitochondrial

respiration, which was measured following inhibition of ATP syn-

thase using oligomycin (Figures 4D and 4E). The non-mitochon-

drial respiration was subtracted from the readings by using a

mixture of rotenone and antimycin C in the assay (Figure S9B).

Remarkably, treating patient P2, P3, and P4 iAs with CuATSM

reduced the high levels of respiration to normal control levels

(Figures 4D and 4E). Together, our data show that NEDAMSS pa-

tient iAshaveaberrantmitochondrial networksandelevated levels

of mitochondrial respiration (except in patient P1). Importantly,

CuATSM treatment can rescue the abnormal respiration levels.

Genes involved in neuronal development and
mitochondrial function are differentially expressed in
NEDAMSS astrocytes
Given the role of IRF2BPL as a DNA-binding protein in transcrip-

tion,1,2 we determined the global changes in gene expression in
tes un-transduced or transduced with lentivirus expressing RFP, FL-IRF2BPL,

tein with DMSO or CuATSM treatment.

rexpression, loss, or mislocalization of IRF2BPL.

runcated proteins. The same DMSO treated cell lines from (E) were used for the

. ANOVA followed by Dunnett’s multiple comparison test between the mean of

e (p value). Significance between the treated and the untreated groups was

s used. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar represents

Cell Reports 41, 111751, December 6, 2022 7



Figure 4. NEDAMSS astrocytes display aberrant mitochondrial function that is rescued by CuATSM

(A and B) (A) Patient iAs showed altered localization of COXIV (mitochondrial marker), indicating a reduced mitochondrial network with accumulation around the

nucleus. Nikon Eclipse Ti2-E fluorescent images were captured at 63X/Oil magnifications, and a representative image was selected from 15 random fields, from

three independent culture repeats. Computational analysis of themitochondria revealed (B) a significantly lower number of mitochondria per cell in patient P1 and

higher in patient P4.

(legend continued on next page)
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NEDAMSS-associated iAs.Wecompared the transcriptionprofiles

of patient and healthy iAs and found 37 genes differentially ex-

pressed in all patient cell lines compared with the healthy controls

(Figure 5A and Table S2). We performed computational analysis

and a non-exhaustive review of the function of these genes and

classified them into two functional groups relating to our in vitro

experimental findings (Table S3). We show gene assignments to

these groups with brief evidence from the literature supporting

the assignments. Specifically, 19 genes are involved in neuronal

growth, development, function, and support, and seven are asso-

ciated with mitochondrial function, development, and/or meta-

bolism (Figure 5A and Table S3). Of these genes, we particularly

identified SSTR2, ERG2, AKT3, and NRG2 as functionally impor-

tant in both capacities and validated their differential expression

between patients and controls through qPCR (Figure 5B). Howev-

er, CuATSM treatment did not alter the expression of the 37 differ-

entially expressed genes identified between patients and controls

(Table S4). Moreover, gene expression changes do occur in a

different manner between individual patient cell lines, indicating a

patient-specific effect of the IRF2BPL mutations. Importantly,

CuATSM improvements in phenotype are associated with muta-

tion-specific gene expression changes that normalize the overall

geneexpressionprofileof eachpatientcell line rather thanaffecting

a global disease-specific gene expression pattern (Figure 5C).

Full-length IRF2BPL is sequestered to the cytoplasm
upon co-expression with truncated IRF2BPL in vivo

To determine if NEDAMSS-associated truncations in IRF2BPL

lead to sequestration of the full-length IRF2BPL in the cytoplasm

in vivo, we expressed untagged human IRF2BPL and the

NEDAMSS-related truncation, IRF2BPLp.E172X::HA (P1::HA), in

the pouch region of the developing wing-disc of the fruit fly using

the GAL4-UAS system35 (Figures 6A and S10A). Expression of

full-length IRF2BPL alone leads to the localization of this protein

predominantly in the nucleus (Figure S10A). In contrast, expres-

sion of the P1::HA reveals punctate cytoplasmic distribution

(Figures 6B and S10A). Upon co-expression, we observed that

full-length IRF2BPL protein partially colocalizes with the trun-

cated form of IRF2BPL in the cytoplasm (Figure 6B). These

data further confirm that the truncated IRF2BPL can sequester

some of the full-length protein into the cytoplasm in vivo.

To examine if heterozygous truncations in IRF2BPL can affect

full-length function in vivo, we performed genetic interaction

studies in flies. The overexpression of IRF2BPL using the glia

cell promoter, Repo-GAL4, results in pupal lethality at 29�C
(Figure S10B). Importantly, overexpression of the fly ortholog,

Pits, in glia, also leads to pupal lethality, showing conserved

function (Figure S10B). In contrast, glial expression of P1::HA re-

sults in viable adult flies. However, co-expression of full-length
(C) All patients exhibit fragmented mitochondrial network compared with health

fractionated themitochondrial network was. The computation was conducted on n

The analysis was conducted for three separate biological repeats, and a minimu

(D) The base oxygen consumption rate was measured and plotted at three timep

(E) ATP-linked respiration was also measured following ATP synthase shutdown

represent a minimum of three independent experiments with different cultures. AN

controls and the mean of each line was computed to derive the p value (p). Sign

unpaired t tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar rep
IRF2BPL and P1::HA causes both third instar larval and pupal

lethality. This earlier lethality suggests the interaction of

NEDAMSS-related truncated IRF2BPL and full-length protein

could be toxic in vivo.

CuATSM treatment is protective in a Drosophila model
of loss of IRF2BPL
The fly ortholog, Pits, is the single IRF2BP family member in the

Drosophila genome and is essential in flies, as PitsTG4mutants (a

GAL4 insertion in Pits) are homozygous lethal.8 This allele splices

in a cassette containing a splice acceptor (SA)-T2A-GAL4-

polyA,36,37 resulting in the premature truncation of the endoge-

nous Pits gene (Figure 6C). Therefore, to mimic the human

condition, we characterized heterozygous PitsTG4/+ flies that ex-

press one full-length copy of Pits as well as a truncated form. As

a control line, we used the heterozygous PitsMiMIC/+ flies38 (Fig-

ure 6C). Critically, PitsMiMIC flies act as an ideal control for these

experiments as they harbor a non-mutagenetic cassette in the

same location as PitsTG4, and they are homozygous viable.

Due to unavailability of antibodies against Pits, we could not

assess for mislocalization of the fly protein.

Interestingly, in accordance with our in vitro results, these

PitsTG4/+ flies display increased ATP production in flies aged

35 days post eclosion (d.p.e), while no change in total ATP levels

wasobserved inyoungerfliesaged15d.p.e. (Figure6D).Thepartial

loss of Pits by neuronal knockdown using RNAi is known to cause

progressive climbingdefects in flies.8 In linewith this,PitsTG4/+ flies

show increased time to climb in the negative geotaxis assay at 35

d.p.e. Climbing defects were not observed at 25 d.p.e., indicating

an age-dependent effect (Figure 6E). Next, we determined if

CuATSM provided in fly food ameliorates the climbing defects

observed in 35-day-old flies. 35-day-old PitsTG4/+ flies treated

with CuATSM display decreased time to climb compared with

DMSO-treated animals, indicating that CuATSM can suppress

the climbing defects in these flies (Figure 6F). Together, similar to

our results in NEDAMSS patient cells, partial loss of Pits in flies

leads to functional deficits that can be partially rescued by

CuATSM treatment, further underlining the potential of this small

molecule for treatment of NEDAMSS.

DISCUSSION

Since the recent discovery of NEDAMSS, several new cases and

phenotypes in patients have been documented.8–12,39,40 More-

over, models in fruit flies and zebrafish have highlighted a

role for IRF2BPL in neuronal function and maintenance.14 These

models focus on IRF2BPL loss of function, whereas in attempts

to offer insight on the mechanism of action of truncating alleles,

we focus on human patient cells carrying NEDAMSS truncations.
y iAs. The ‘‘fractionation index’’ parameter measured is proportional to how

ine image fields for each line taken by Nikonmicroscope at 403magnification.

m of 20 cells were analyzed per n.

oints for healthy, patient, and respective CuATSM-treated iAs.

using oligomycin drug and subtracting the oligo OCR from basal OCR. Data

OVA followed by Dunnett’s multiple comparison test between the mean of the

ificance between the treated and the untreated groups was computed using

resents 50 mm.
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Figure 5. Neuronal growth and mitochondrial genes are differentially expressed in patient astrocytes
(A) RNA-seq analysis revealed 37 genes systematically dysregulated between patient and healthy control astrocytes. Gene expression measures were trans-

formed to Z scores. Gene ontology was computed to group the genes into ‘‘neuronal,’’ ‘‘metabolic,’’ ‘‘both,’’ or ‘‘other’’ categories.

(B) Quantitative PCR analysis of healthy and patient iAs was conducted to validate the gene expression of SSTR2, ERG2, AKT3, and NRG2. A minimum of three

independent culture repeats was used for the experiment. The fold change was calculated by dividing either the average of healthy to the average of patient for

downregulated genes or vice versa for upregulated genes.

(C) Heat maps depicting differentially expressed genes in patients P1, P2, P3, and P4 compared with healthy boy H1 or healthy male H4, reverted to normal levels

by CuATSM. Gene expression was transformed to Z scores, row-wise.
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Here, we have developed an in vitro disease model for

NEDAMSS using direct conversion methods to efficiently repro-

gram patient fibroblasts to neurons or neuronal progenitor
10 Cell Reports 41, 111751, December 6, 2022
cells, which are further differentiated to iAs as previously

described.15,16 Direct reprogramming to model neurological dis-

orders has several advantages over traditional iPSC method



Figure 6. Truncated IRF2BPL can sequester full-length IRF2BPL in the cytoplasm in vivo

(A) Schematic of full-length UAS-IRF2BPL and truncated UAS-p.E172X::HA (UAS-P1:HA) constructs co-expressed in the developing fruit fly wing pouch (red)

with nubbin-GAL4.

(B) Subcellular localization of full-length and truncated IRF2BPL. Full length is primarily nuclear, and theP1::HA construct resides in the cytoplasm. Co-expression

of both full-length and truncated IRF2BPL leads to the partial presence of full-length IRF2BPL puncta in the cytoplasm.

(C) Schematic of Pits locus in Drosophila indicating the location of MiMIC element (MI02926). The original PitsMiMIC allele is in the reverse orientation and thus is

non-mutagenic, resulting in homozygous viable flies, and serves as a control strain. On the contrary, thePitsTG4 allele truncates endogenous Pits creating a strong

loss-of-function allele that is homozygous lethal.8

(D) Relative ATP levels in PitsMiMIC/+ or PitsTG4/+ fly heads.

(E) Female flies that are heterozygous for the PitsTG4 allele display a slow, age-dependent climbing defect observed in older adults at 35 days after eclosion that

are not observed at 25 days.

(F) PitsMiMIC/+ or PitsTG4/+ flies treated with CuATSM or DMSO as a control. CuATSM is at least partially neuroprotective in ameliorating climbing defects in

PitsTG4/+ flies at 35 days after eclosion. ANOVA followed by Tukey’s LSD. p value (p), **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant. Scale bar

represents 2 mm.
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including speed, the ability to bypass clonal isolation of single

colonies or a pluripotent stem cell state, and retention of valuable

epigenetic information.21,41–43 This method has been used

successfully in multiple laboratories studying various neurolog-

ical disorders.44–47 We chose to study the role of astrocytes in

NEDAMSS as they often represent an overlooked but important

source of disease pathogenesis. Astrocytes perform many roles

to modulate development and neuronal activity including direct

uptake and release of neurotransmitters, metabolism and regu-

lation of metabolites, regulation of inflammation, establishment

of brain structure, including the blood-brain barrier, and glial

scarring in response to injury.17,24,48–50 Some or all of these

processes may be disrupted in neurological disease/trauma.19

Astrocyte dysfunction has been shown to contribute to pathol-

ogy in ALS, AD, PD, HD, tuberous sclerosis, Rett syndrome,

and other autism spectrum and seizure disorders.19,51

Our four subjects with heterozygous nonsense mutations in

IRF2BPL gene exhibited a progressive course of neurological

regression. Patients P1, P2, and P3 demonstrated severe devel-

opmental disability and loss of motor skills, whereas the youn-

gest patient, P4, had a mild form of developmental delay.8–10

Our results show that most patient cell lines, with exception of

the adult sample (P3), did not display the expected reduction

in IRF2BPL protein expression that would be indicative of insuf-

ficient protein production from one allele (haploinsufficiency).

Instead, we observed mislocalization of IRF2BPL protein

that was highly prominent in NEDAMSS astrocytes leading to

smears and aggregation in the cytoplasm. Aggregates of pep-

tides or proteins are a major hallmark of many neurological

diseases including ALS, frontotemporal dementia, AD, PD, HD,

Creutzfeldt-Jacob’s Disease, and spinal and bulbar muscular at-

rophy.52,53 Intriguingly, the truncated protein in patient P4 in-

cludes the NLS unlike the mutated proteins from other patients.

Similar to subject P4, mild autistic syndrome has been reported

by another NEDAMSS patient (N701fs) that has the NLS pre-

served.54 Thus, it is possible that the preservation of the NLS

correlates with a milder form of the disease. However, while

we saw differences in the amount of IRF2BPL in the nucleus

and cytoplasm of healthy astrocytes transduced with the P4

mutant, we did not observe any difference when using the pa-

tients’ original cells without overexpressing the mutant protein.

Thus, further studies will be needed to evaluate the impact of

an intact NLS on the patient phenotype and potential correlation

to mislocalization pattern in the future.

In addition to the altered protein localization, astrocytes from

NEDAMSS patients were non-supportive to cocultured neurons

and showed an aberrant mitochondrial phenotype with

increased network fractionation and mitochondrial respiration.

Such an increase in oxidative phosphorylation indicates mito-

chondrial damage and inefficiency, which has been shown pre-

viously in AD neurons.55 The disease phenotypes shown in vitro

were ameliorated by the treatment of NEDAMSS astrocytes with

a small molecule, CuATSM. Importantly, the findings from our

in vitro assays were recapitulated in the fly model where we

confirmed mislocalization of IRF2BPL via co-expression with

the truncated form and age-dependent reduction in motor func-

tion, whichwas ameliorated byCuATSM treatment in a dominant

model of truncated Pits (IRF2BPL ortholog) in flies.
12 Cell Reports 41, 111751, December 6, 2022
Our data also show global transcriptional changes in patient

iAs compared with healthy cell lines. Somatostatin receptor

2 (SSTR2) was highly downregulated in patient iAs. This

G-protein-coupled receptor is involved in mitochondrial-medi-

ated apoptosis and contributes to neuromodulatory effects in

the cerebral cortex,56 and its downregulation may contribute to

aberrant phenotypes shown in vitro in patient iAs. Early growth

response protein 2 (ERG2) dysregulation could lead to multiple

phenotypes displayed by patient iAs as it has been proposed

to play a role in dendritic complexity, cognition, and mainte-

nance of mitochondrial membrane potential.57 Moreover,

defects in this gene are associated with Charcot-Marie-Tooth

disease.58,59 Similarly, upregulation of AKT serine/threonine ki-

nase 3 and neuregulin-2 can be detrimental to mitochondrial

function60,61 or neuronal development,62 respectively. In a recent

collaborative report, we discovered that loss of IRF2BPL in

NEDAMSS models in Drosophila, zebrafish, and patient iAs

causes increased WNT1 transcription.14 Our RNA-seq data

show that some WNT ligands (WNT5A, WNT16, WNT9B, and

WNT10B) are also upregulated in NEDAMSS iAs (Table S2).

Interestingly, increased Wnt signaling leads to increased mito-

chondrial biogenesis63 as well as changes in mitochondrial

morphology and dynamics.64 Thus, altered Wnt signaling could

in part underlie the increase in mitochondrial respiration and

changes in mitochondrial dynamics in NEDAMSS iAs. Further

studies are required to determine if loss of IRF2BPL activity as

a transcriptional regulator directly causes differential expression

of neurodevelopmental and metabolic genes or if both are inter-

related in a different fashion.

CuATSM is a positron emission tomography imaging agent

that can readily cross the blood-brain barrier.26,65 The drug has

a low reduction potential that facilitates selective release of cop-

per in damaged cells.31,65 Studies have shown that CuATSM

exerts selective, neuroprotective effects in disease-affected re-

gions of the CNS in ALS, PD, andmitochondrial encephalopathy,

lactic acidosis, and stroke-like episodes syndrome.26,30,65

Importantly, results from the phase I clinical trial showed that

CuATSM could slow disease progression and improve the respi-

ratory and cognitive function in ALS patients, but the mechanism

of action is not fully understood.66 Interestingly, treatment of

NEDAMSS patient iAs with CuATSM significantly improved their

supportive role for neurons in coculture assays and reduced the

increased mitochondrial respiration in patients to normal rates.

Upon investigating the mechanism of action of CuATSM, we

found that the drug does not resolve the mislocalization of

IRF2BPL protein in patient iAs, which might indicate that the

aggregates are not mechanistically responsible for the lack of

neuronal support ormitochondrial dysfunction. This is consistent

with findings from the literature that protein aggregatesmight not

necessarily be inherently toxic.67 For example, recent evidence

has indicated that in AD, soluble Ab oligomers, rather than the

insoluble aggregates, are the main neurotoxic species (reviewed

in Zhou and Liu68). Interestingly, previous studies have reported

that CuATSM significantly improved the survival and locomotor

function in ALS-related SOD1G37R mouse model, without

decreasing misfolded SOD1 aggregates.26,30,31,65,69 In our

study, the transcriptional profile of drug-treated NEDAMSS pa-

tient iAs shows upregulation of metal ion homeostasis pathways,
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which is essential for cellular viability (Table S4). Hence, selective

metal homeostasis could result in improved mitochondrial func-

tion in patient iAs, which in turn could lead to neuroprotection. Of

note, patient P1 iAs did not show elevatedmitochondrial respira-

tion, but they showed elevated WNT transcription and still re-

sponded beneficially to CuATSM treatment. It is possible that

this discrepancy could be due to the overall lower number of

mitochondria in these cells, or alternatively, other pathways

could be involved or act in combination to improve neuron

viability. Furthermore, as the knockdown of IRF2BPL in healthy

iAs resulted in neuronal loss in coculture assays similar to that

observed with coculture of NEDAMSS patient lines, it is possible

that the cellular phenotypes in NEDAMSS iAs likely stem from

loss of IRF2BPL nuclear function rather than toxic gain of func-

tion from mislocalized or aggregated IRF2BPL. Further studies

need to be conducted to shed light upon how loss/reduction of

IRF2BPL impacts metal homeostasis or if abnormal Wnt

signaling or other factors are responsible for the phenotypes.

Overall, we have generated an in vitro modeling system for

NEDAMSS. Using this model, we discovered a cytoplasmic

sequestration of full-length IRF2BPL due to its interaction with

mutant truncated IRF2BPL in NEDAMSS astrocytes. We report

cellular phenotypes including failure of NEDAMSS astrocytes

to support neuron growth and survival and aberrant cellular

metabolism that could be attributed to the loss of IRF2BPL func-

tion. Our data also show that gene expression changes and

therapeutic response associated with these phenotypes demon-

strate both a disease-specific and mutation-specific pattern,

potentially indicating multiple mechanisms of NEDAMSS patho-

genicity. Finally, we have identified CuATSM as a promising ther-

apeutic that may be able to slow or halt the progression of

NEDAMSS. Future research is required to understand the role

of IRF2BPL in causing mitochondrial dysfunction in patients.

This would be of particular interest as mitochondrial dysfunc-

tion/aberrant cellular metabolism is emerging as an increasingly

important factor in many neurological/seizure disorders.70

Therefore, improvement of mitochondrial function/health could

become a potential therapeutic strategy with implications across

a wide spectrum of disorders.

Limitations of the study
Unlike other patient lines, only the adult subject (P3) showed a

significant loss of IRF2BPL protein. Additional adult patient cell

lines need to be investigated to determine if age-dependent

loss of IRF2BPL takes place in patients. The cytoplasmic

sequestration of full-length IRF2BPL was observed in cases of

NEDAMSS with nonsense mutations, and it remains unclear

whether cytoplasmic sequestration occurs in cells derived from

individuals with missense variants or other mutations preserving

the NLS.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

IRF2BPL Abcam ab221099; RRID:AB_2684481

IRF2BPL Novus Biologics NBP2-14712; RRID:AB_2681258

Tuj1 Biolegend 801213; RRID:AB_2728521

Map2 Novus Biologics NB300-213; RRID:AB_2138178

H3 Cell Signaling 3638; RRID:AB_1642229

HA Cell Signaling 2367; RRID:AB_10691311

COXIV Cell Signaling 4850; RRID:AB_2085424

ATP5a Abcam ab14748; RRID:AB_301447

Oligonucleotides

Primer used for mutagenesis, see Table S5 This paper N/A

Primers used for quantitative PCR, see Table S6 This paper N/A

Recombinant DNA

pcDNA3.1+CMV-N-HA-IRF2BPL Genscript N/A

pcDNA3.1+CMV-N-HA-P1 This paper N/A

pcDNA3.1+CMV-N-HA-P2 This paper N/A

pcDNA3.1+CMV-N-HA-P3 This paper N/A

pcDNA3.1+CMV-N-HA-P4 This paper N/A

LV-CMV-IRF2BPL This paper N/A

LV-pBOB-GFP Addgene 12,337

LV-H2B-RFP Addgene 26,001

LV-sh29 This paper N/A

LV-CMV-P1 This paper N/A

LV-CMV-P2 This paper N/A

LV-CMV-P3 This paper N/A

LV-CMV-P4 This paper N/A

Deposited data

RNA-seq dataset NCBI GEO GSE189909
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Kathrin

Meyer (kathrin.meyer@nationwidechildrens.org).

Materials availability
All requests for resources and reagents should be directed to the lead contact author. All reagents, which includes antibodies, pro-

teins, plasmids, and virus, will be made available on request after completion of a Materials Transfer Agreement for non-commercial

usage.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. RNA-seq data have been deposited at GEO and are

publicly available as of the date of publication. The accession number is listed in the key resources table. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Skin fibroblasts
Human skin fibroblasts (Table S1) were obtained from University of California, Los Angeles and Duke University, Durham. Informed

consent was obtained from all subjects before sample collection. Receipt of human samples was granted through Nationwide Chil-

dren’s Hospital Institutional Review Board. The nonsense mutation present in each patient (P1, P2, P3 and P4) was confirmed by

amplicon sequencing using the Illumina Hiseq 2000.

In vivo studies in Drosophila
The following fly stocks were generated previously: nubbin-GAL4 (w* (P{GawB}nubbin-AC-62)71; UAS-IRF2BPL (y1 w*; PBac{UAS-

hIRF2BPL.B}VK00037) BDSC_785098; UAS-LacZ (w*; P{w[+mC] = UAS-lacZ.Exel}2) BDSC_8529; Repo-GAL4 (w1118; P{GAL4}repo/

TM3, Sb1) BDSC_7415; PitsMiMIC (y1 w* Mi39PitsMI02926) BDSC_36165 38; PitsTG4 (y1 w* Mi{Trojan-GAL4.1}PitsMI02926-TG4.1/FM7c)

BDSC_77731.8

UAS-IRF2BPLE172X::HA flies were generated as previously described.72 Briefly, site-directed mutagenesis was performed with the

Q5 site-directed mutagenesis kit (NEB) on the IRF2BPL clone in the pDONR223 entry vector.8 Primers listed in Table S5were used to

obtain IRF2BPLE172X::HA (P1:HA) followed by Sanger verification. Using Gateway cloning (Thermo Fisher Scientific), the P1::HA

cDNA entry clone in the pDONR223 vector was shuttled to the pUASg-attB-HA.73 The construct was inserted into the VK37

(PBac{y[+]-attP}VK00037) docking site by 4C31 mediated transgenesis.74

METHOD DETAILS

Direct conversion of fibroblasts to neurons
Patient and healthy fibroblasts were directly converted to neurons using small molecules as described previously with few modifi-

cations.15 Briefly, 24-well plates with cover slips or 10 cm plates were coated with poly-D-lysine (50 mg/mL, Sigma) in borate buffer

for an hour at room temperature. Next the plates were washedwith Dulbecco’s phosphate buffered saline (DPBS) (Gibco) and coated

with laminin (10 mg/mL) in DMEM/F12 (Gibco) at 37�C for 2 h. Fibroblast cells at a density of 25,000 for a 24 well and 800,000 for a

10 cm plate were seeded with fibroblast culture medium for 1 day. The next day the cells were transferred into neuronal induction

medium (DMEM/F12: Neurobasal [1:1] (Gibco) with 0.5% N-2 (Gibco), 1% B-27 (Gibco), cAMP (100 mM, Sigma), and bFGF-2

(20 ng/mL, Peprotech) with the following chemicals: VPA (0.5 mM, Sigma), CHIR99021 (3 mM, Axon medchem), repsox (1 mM, Bio-

vision), forskolin (10 mM, Tocris), SP600125 (10 mM, Sigma), GO6983 (5 mM, Sigma) and Y-27632 (5 mM, Sigma). Half of the medium

containing the chemicals was changed after 3 days with fresh induction medium. On the fifth day, cells were switched to neuronal

maturation medium (DMEM/F12: Neurobasal [1:1] with 0.5% N-2, 1% B-27, cAMP (100 mM), bFGF-2 (20 ng/mL), BDNF (20 ng/mL,

Peprotech) and GDNF (20 ng/mL, Peprotech) with the following chemicals: CHIR99021 (3 mM), forskolin (10 mM) and SP600125

(10 mM). The induced neurons were then fixed for immunofluorescence or pelleted for Western blot. Nikon Eclipse Ti2-E motorized

invertedmicroscope and Zeiss LSM 800 confocal microscope were used to image themorphology of the neurons. The neuronal con-

version rate (% of Tuj1+ soma/total number of cells stained with DAPI) was calculated by manually analyzing randomly selected 15

(203magnification) fields for each line from three independent replicates by a blinded investigator. The neurite length was computed

from the same set of images by using SNT plugin of image-analyzing tool, Fiji.75

Reprogramming of fibroblasts to astrocytes
Skin fibroblasts were directly converted to induced neuronal progenitor cells (iNPCs) by using a previously described method.16 The

iNPCs were maintained in fibronectin (2.5 mg/mL, Millipore) coated dishes and DMEM/F12media containing 1%N2 supplement, 1%

B27 and 20 ng/mL bFGF-2. To differentiate iNPCs to astrocytes, a small portion (20% of a confluent plate) of the cells was seeded

onto fibronectin-coated dishes with DMEM/Glutamax (Gibco) media containing 10% FBS (Gibco) and 0.2% N2. Five days post dif-

ferentiation induced astrocytes were characterized for astrocyte-specific markers (GFAP and CD44) by immunofluorescence.

Immunofluorescence
Fibroblasts (60,000 cells) and astrocytes (40,000 cells) were seeded on 24well plateswith fibronectin-coated coverslips. The next day,

cells were fixedwith 4%paraformaldehyde for 15min andwashed 33with DPBSbefore the blocking solution consisting of DPBSwith

10% goat serum (Gibco), 0.1% Triton X-100 (Sigma-Aldrich), and 0.1% Tween 20 (Fisher Scientific) was applied for 1 h. Chemically-

induced neuronal cells were fixed with ice-cold 4% paraformaldehyde (Sigma-Aldrich) and 0.1% glutaraldehyde (Sigma-Aldrich) for

20 min instead, and blocked with ice-cold DPBS with 4% goat serum and 0.2% Triton for 1 h. All primary antibodies were diluted in

blocking solution and their dilution and provider are listed in the key resources table. Incubation of the primary antibodywas performed

overnight at 4�C. The following day, cells were washed 33 in DPBS before the secondary antibody (Alexa Fluor) and DAPI (Thermo

Fisher Scientific) diluted in blocking solution was applied for 1 h at room temperature. Following three washes with DPBS, the cover-

slips weremounted in Vectashield (Vector Labs) and sealed. Images were captured either with Nikon Eclipse Ti2-Emotorized inverted

microscope or the Zeiss LSM 800 confocal microscope and processed with Adobe Photoshop. Anti-IRF2BPL antibody from Novus

Biologics (NBP2-14712) which has a different target site was also used to check for mislocalization in patient iAs.
e2 Cell Reports 41, 111751, December 6, 2022
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Western blot
Cell pellets were lysed with RIPA lysis buffer (Thermo Fisher) followed by sonication for 10 s. Protein was quantified by DC Protein

Assay (Biorad) and 50 mg of cell lysate was loaded onto 4-12%BIS-Tris PAGE gel (Thermo Fisher Scientific) and run at 120 volts for 1

h. Protein was transferred onto a PDVF membrane (Bio-rad) and blocked for 1 h at room temperature using Odyssey blocking buffer

(Li-COR). Primary antibodies (key resources table) were incubated overnight at 4�C. The next day, the membrane was washed three

times with Tris-Buffered Saline and 1% Tween and incubated with 1/12,000 diluted Li-COR secondaries for one hour at room tem-

perature and washed again three times before imaging the blot using Odyssey DLx LICOR Imaging System and processed using

Image Studio Lite.

Separation of nuclear and cytoplasmic protein fractions was conducted using Thermo Scientific NE-PERNuclear and Cytoplasmic

Extraction kit. Manufacturer’s guidelines were followed for the fractionation. Upon quantification, 50 mg of cytoplasmic fraction and

30 mg of nuclear fraction was loaded onto the gel and run as described above. Histone 3 (H3) and b-tubulin was used as markers for

nuclear and cytoplasmic fractions respectively. The extracts had less than 10% contamination between the two fractions.

mRNA SNP-genotyping
RNAwas extracted from healthy and patient iAs using Trizol (Thermo Fisher Scientific) andChloroform (Sigma-Aldrich),76 and reverse

transcribed to cDNA using RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific). To validate the expression of mutated

mRNA in patients we conducted Custom TaqMan SNP genotyping assay (Thermo Fisher Scientific) involving quantitative PCR

to detect wildtype IRF2BPL mRNA and patient-specific mutated mRNA (P1- c.514G>T and c.584G>T, P2- c.519C>G, P3-

c.562C>T and P4- c.2122delG). Briefly, 20 ng of cDNA was mixed with 2X GTX Express master mix (Thermo Fisher Scientific)

and 20X TaqMan SNP Assay mix and run on Applied Biosystems QuantStudio 6 machine. Thermo Connect platform was used to

develop the SNP genotyping graphs.

HA pull-down assay and lentivirus transduction
Ha-tagged constructs. N-terminal HA-tagged IRF2BPL (human, NM_024496.3) expressing plasmid (pcDNA3.1+CMV-N-HA-

IRF2BPL) was synthesized from GenScript. To express HA-tagged patient-specific truncated IRF2BPL, the mutated sequence

from patient P1, P2 and P3 was amplified from pcDNA3.1+CMV-N-HA-IRF2BPL using Q5 DNA Polymerase (NEB) by designing

the reverse primer with the mutated nucleotide (Table S5). The amplicons were then cloned into pcDNA3.1 plasmid and confirmed

by sanger sequencing (Eurofin genomics). HA-tagged mutated sequence from patient P4 was constructed from Genscript by single

point mutagenesis of pcDNA3.1+CMV-N-HA-IRF2BPL.

HA immunoprecipitation. The above five constructs were independently transfected into HEK293 by calcium phosphatemethod.77

Briefly, HEK293 cells (1 x 106) were seeded onto a 6-well plate in in DMEMmedia containing 10%FBS and 1%Antibiotic-Antimycotic

(Anti-anti) (Thermo Fisher Scientific). The next day, 2 mg of the plasmid was mixed with 250 mM calcium phosphate (Sigma-Aldrich)

and equal volume of Alfa Aesar HEPES-buffered saline, pH 7.0 and was added to 80% confluent HEK293 cells. The following day the

media was changed to DMEM containing 2% FBS. The cells were pelleted down after 72 h and lysed with RIPA lysis buffer for HA-

immunoprecipitation using Pierce HA-Tag IP/Co-IP Kit (Thermo Fisher Scientific). Manufacturer’s guidelines were followed to elute

proteins interacting with the Anti-HA agarose resin. The elute was then loaded for Western blot as described above. For confocal

imaging, HEK293 cells (300,000) were seeded onto a 24-well plate with coverslips and transfected with the constructs for 72 h before

fixation for immunofluorescence.

Lentiviral transduction. IRF2BPL (human, NM_024496.3) expressing plasmid (pcDNA3.1+CMV-IRF2BPL) was synthesized by

GenScript. The cDNA was then cloned into pBOB-CMV-GFP (addgene 12,337) by replacing the GFP sequence. Patient mutated

sequence from P1, P2 and P3 was amplified as described above and cloned into the lentiviral backbone. Mutated sequence from

patient P4 was constructed from GenScript by single point mutagenesis of pcDNA3.1+CMV-IRF2BPL and cloned into lenti-viral

backbone. Viral particles were produced and concentrated by ultracentrifugation as described before.78 The viral titer was calculated

after running Lentivirus Titer qPCR (abm) and an MOI of 10 was used to infect iAs for 48 h before fixation for immunofluorescence.

Coculture assay
Coculture assay was conducted as previously described.16 Briefly, healthy and patient iAs were treated with 1 mMCuATSM (gifted by

Joseph Beckman) in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) diluent, or in straight DMSO as a negative control beginning on day 2

of their differentiation for 4 days. Post 5 days differentiation, the iAs were plated in 96-well plates coated with fibronectin at a density

of 10,000 per well. Mouse embryonic stem cells expressing GFP was differentiated into neurons as described previously.16 The next

day, GFP-positive neurons were sorted using Becton-Dickenson Influx sorter and suspended in neuron media consisting of

DMEM/F12, 5% ES FBS (Gibco), 2% N2, 2% B27 along with growth factors GDNF (10 ng/mL), BDNF (10 ng/mL) and CNTF (Pepro-

tech; 20 ng/mL). They were then added to iAs at a density of 10,000 per well. The coculture plate was scanned every day with the

automated IN Cell Analyzer 6000 to capture GFP-positive neurons up to 3 days. The IN Cell 6000 developer and analyzer software

were used to stich 16 images per 96-well and count neuronal survival. The assay was repeated 5 times andwas normalized to healthy

controls.

To test if knockdown of IRF2BPL in healthy iAs causes toxicity to neurons in coculture, a shRNA (sh29) targeting IRF2BPL

sequence 50-GGAGACAATCTTGCTACCTGT-30 was designed and cloned into LV-H2B-RFP (addgene 26,001). Healthy iAs was
Cell Reports 41, 111751, December 6, 2022 e3
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then infected with the lenti-virus (LV-sh29) for four days to test knockdown efficiency. For coculture assay, 4 day differentiated H1 iAs

(8000 cells) were seeded into 96 well plates along with or without lenti-virus (LV-RFP, LV-FL, LV-sh29, LV-P1, LV-P2, LV-P3 and LV-

P4) at an MOI of 10. Two days later, the cells transduced with virus expressing truncated IRF2BPL proteins were treated with 1 mM

CuATSM and the other conditions with same volume of DMSO. After 5 h, GFP positive neurons were seeded on top of the iAs and its

viability was assessed for each condition as described above.

For the condition media experiment, control and patient iAs were seeded at a density of 10,000 per well in fibronectin-coated 96

well plate (day 0) and on the following day (day 1) the astrocyte media was replaced with neuron media (components described

above). Simultaneously on day 1, GFP + mouse neurons were seeded at the same density in poly-lysine and laminin coated 96

well plate with fresh neuron media. Twenty-four hours later (day 2), media of the neurons was replaced with 60% condition media

from each iAs cell line. On day 3, the media was replaced again. 48 h post culturing with condition media, the neuronal survival

was assessed for each condition on day 4. Neg Ctl neuron wells were included in the assay which involved replacingmedia with fresh

neuron media instead of condition media.

Computational analysis of mitochondria
The culture supernatant from human iAs was tested for any contamination with mycoplasma using Agilent’s Mycosensor PCR Assay

kit, before fixing cells for mitochondrial analysis. The cells were immuno-stained with anti-COXIV (key resources table) to visualize

and examine mitochondrial networks. Image analysis was performed using CellProfiler 4.2.0. Nuclei were segmented using three

level Otsu and object separated with watershed. Mitochondria were segmented by first applying non-local mean denoising,

enhancing the mitochondrial structures with the tubeness algorithm and segmented with three level Otsu. Intensity and morpholog-

ical parameters were measured for segmented objects and the resulting data was analyzed with KNIME 4.3.1. The area of mitochon-

dria was summed and divided by the number of nuclei for each cell line and replicated to obtain the total area of mitochondria per cell.

The number of mitochondria was counted, summed, and divided by the total area of mitochondria for each cell line and replicated to

obtain the number of mitochondria normalized to the total area. We called this second parameter ‘‘fractionation index’’ as it was pro-

portional to how fractionated the mitochondrial network was.

Seahorse ATP real-time rate assay
Differentiated astrocytes (iAs) were seeded into 96-well seahorse plates in 5–6 replicates. Manufacturer’s (Agilent) guidelines were

followed to set up the plates for ATP rate assay. The base oxygen consumption rate (basalOCR) wasmeasured at three different time

points using automated Seahorse XFe96 Analyzer (Agilent). Next, oligomycin (1.5 mM), an inhibitor of the ATP synthase was injected,

and three additional measurements were read (oligoOCR). The ATP-linked respiration was calculated by subtracting the basalOCR

from the oligoOCR. Lastly, antimycin A and rotenone (0.5 mM) was injected into the wells to measure the non-mitochondrial respira-

tion which was subtracted from all readings. The live cells were stained with Hoechst 33,342 (1: 2000) for 15min and then counted by

ImageJ macro created in our laboratory. All the readings were normalized to the number of cells per well.

RNA-seq analysis
Five-day differentiated iAs were pelleted down for RNA-seq processing. Raw sequencing reads were mapped to the human genome

(GRCh38 assembly) using STAR version 2.7.1a79 using default settings, except –outFilterMismatchNoverLmax, which was set to

0.05. Readswere counted using htseq-count 0.9.180 withGENCODE release 27 gene annotation.81 Differential gene expression anal-

ysis was performed using the DESeq2 (version 1.30.1) R package.82 Gene expression values were Z score transformed, clustered

and plotted as heatmaps using the pheatmap83 package in R. High throughput RNA-seq datasets are deposited into NCBI Gene

Expression Omnibus (GEO) repository according to MIAME-compliant data submissions, NCBI GEO: GSE189909).

RNA-seq data was confirmed by qPCR of a set of genes run on Applied Biosystems 7500. Primers used for the reactions are listed

in Table S6.

Colocalization in Drosophila. Briefly, immunostaining was performed as previous described.84 Thewing discs from third instar larva

were dissected in ice-cold PBS. Discs were then fixed in 4%PFA followed by three washes in 0.2% PBST. The discs were incubated

in primary antibodies in blocking solution (0.8% normal goat serum) overnight at 4�C. The next day, discs were washed in 0.2%PBST

and incubated with corresponding secondary antibodies (Jackson ImmunoResearch) and DAPI for 90 min at room temperature.

Finally, the discs were washed three times in PBST and mounted in Vectashield (Vector Labs). Imaging was carried out in Zeiss

880 microscope and processed with Adobe photoshop.

Drosophila climbing assay.Climbing (negative geotaxis) assays were performed as previously described.72 Briefly, flies were anes-

thetized 24 h prior to testing using CO2 and housed individually. On the testing day, flies were transferred to a clean, empty vial and

given 1min to habituate before being tapped to the bottom of the vial and assessed for a negative geotaxis response. Flies were given

a maximum of 30 s to reach 7 cm. All flies were females of indicated genotypes and reared at 25�C. Flies were transferred into a fresh

vial every 3 days. At least 20 flies were tested per genotype.

CuATSM treatment in flies. Parental crosses of either PitsMiMIC or PitsTG4 females were crossed to control (CantonS) males on

10mL of standardmolasses-based fly food containing either 25mL of either DMSOor CuATSM (50 mM– final concentration) dissolved

in the molten food. Upon eclosure from pupae, adult heterozygous flies of the appropriate genotype (PitsMiMIC/+ or PitsTG4/+) were

transferred to fresh vials containing 5mL of fly food containing 12.5mL of either DMSO or CuATSM (50 mM – final concentration). Flies
e4 Cell Reports 41, 111751, December 6, 2022
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were transferred into fresh vials with drugs treaments every two days until reaching the appropriate age for behavioral assessment.

ATP assessment in flies.ATP levels weremeasured as described previously.85 10-15 heads from each genotypewere taken for one

set of experiment. Total levels of ATP was measured using ATP determination kit (A22066, Life Technologies) as per manufacturer’s

instruction.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as dot or boxplots, in which the mean ± standard error of the mean (SEM) are depicted. All statistical analysis

was performed using Graphpad Prism (GraphPad Software, Inc., Ca, US). When the means of 2 groups were compared, a two-tailed

unpaired t test was used. When more than 2 groups were analyzed, ANOVA was employed with Dunnett’s multiple comparison test

between themean of the controls and themean of each line was computed to derive the p value (p). ANOVA followed by Tukey’s LSD

was used for computing the significance for in vivo experiments. Results were designated significant when the p value

(p) < 0.05: * = p < 0.05, ** = p < 0.01,*** = p < 0.001, **** = p < 0.0001, ns = non-significant.
Cell Reports 41, 111751, December 6, 2022 e5
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