
Please cite this article in press as: Sen et al., Human Cerebral Organoids Reveal Early Spatiotemporal Dynamics and Pharmacological Re-
sponses of UBE3A, Stem Cell Reports (2020), https://doi.org/10.1016/j.stemcr.2020.08.006
Stem Cell Reports

Report
Human Cerebral Organoids Reveal Early Spatiotemporal Dynamics and
Pharmacological Responses of UBE3A

Dilara Sen,1 Alexis Voulgaropoulos,1 Zuzana Drobna,1,2 and Albert J. Keung1,*
1Department of Chemical and Biomolecular Engineering, North Carolina State University, Campus Box 7905, Raleigh, NC 27606, USA
2Department of Biological Sciences, North Carolina State University, Raleigh, NC 27695-7905, USA

*Correspondence: ajkeung@ncsu.edu

https://doi.org/10.1016/j.stemcr.2020.08.006
SUMMARY
Angelman syndrome is a complex neurodevelopmental disorder characterized by delayed development, intellectual disability, speech

impairment, and ataxia. It results from the loss of UBE3A protein, an E3 ubiquitin ligase, in neurons of the brain. Despite the dynamic

spatiotemporal expression of UBE3A observed in rodents and the potential clinical importance of when and where it is expressed, its

expression pattern in humans remains unknown. This reflects a common challenge of studying human neurodevelopment: prenatal pe-

riods are hard to access experimentally. In this work, human cerebral organoids reveal a change from weak to strong UBE3A in neuronal

nuclei within 3 weeks of culture. Angelman syndrome human induced pluripotent stem cell-derived organoids also exhibit early

silencing of paternal UBE3A, with topoisomerase inhibitors partially rescuing UBE3A levels and calcium transient phenotypes. This

work establishes human cerebral organoids as an importantmodel for studyingUBE3A andmotivates their broader use in understanding

complex neurodevelopmental disorders.
INTRODUCTION

Angelman syndrome (AS) is characterized by delayed

development, severe speech impairment, ataxia, and in-

tellectual disability (Lopez et al., 2019). It results from mu-

tations, deletions, or imprinting defects that negatively

affect the levels or activities of UBE3A (Kishino et al.,

1997), an E3 ubiquitin ligase (LaSalle et al., 2015). In neu-

rotypical development, UBE3A is initially expressed bial-

lelically and then becomes paternally silenced in neurons

of the brain, which leaves the maternal allele the only

source of UBE3A and the reason its specific maternal

loss or mutation results in AS.

Rodent studies have revealed additional key molecular

features of UBE3A important in disease etiology. These fea-

tures share a common characteristic in that they occur at

relatively early periods in neurodevelopment. For example,

epigenetic silencing of paternalUbe3a and loss of UBE3A in

AS mouse models was observed perinatally (Judson et al.,

2014). Furthermore, early ablation or rescue of UBE3A in

AS mouse models induced or rescued behavioral pheno-

types, respectively (Silva-Santos et al., 2015; Sonzogni

et al., 2019).

In addition to its imprinted expression, one of the

salient molecular features of UBE3A is its nuclear localiza-

tion in neurons, which also occurs perinatally and in the

first couple postnatal weeks of murine neurodevelopment

(Burette et al., 2017; Judson et al., 2014). This localization

may be regulated by shifts in the expression levels

of UBE3A isoforms (Sirois et al., 2020). It was recently

shown that mice lacking a nuclear UBE3A isoform ex-

hibited electrophysiological and behavioral deficits
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similar to those in other AS model mice (Avagliano Trezza

et al., 2019). Apart from its ubiquitin ligase activity,

UBE3A also has a putative role in transcriptional regula-

tion, implying that these two independent functions

could be influenced by its localization and contribute to

disease phenotypes (LaSalle et al., 2015).

This work motivates three important and interrelated

questions. In which cell types are these molecular features

occurring, when are they occurring, and how do these

features map to human neurodevelopment, if they do at

all? Studying early pre- and perinatal periods, even in

animal models, is challenging given the restricted

availability and experimental tractability of human fetal

tissue. Furthermore, there are significant differences in

mouse and human imprinting centers (Johnstone et al.,

2006) and UBE3A isoforms (LaSalle et al., 2015). To

address these challenges, human stem cell-derived neu-

rons (Fink et al., 2017; Hsiao et al., 2019) and cerebral

organoids (hCOs) (Sun et al., 2019) are promising experi-

mental models for AS research. hCOs in particular provide

access to early prenatal periods of human neurodevelop-

ment in an experimentally tractable and abundant form,

as they have been shown to accurately model the cell

types and transcriptomes of early human neurodevelop-

ment (Camp et al., 2015; Kanton et al., 2019; Quadrato

et al., 2017).

In this work, hCOs reveal the complex spatiotemporal

dynamics of UBE3A in a range of neurodevelopmental

cell types, identify key prenatal developmental windows

for the subcellular localization and imprinted expression

of UBE3A, and capture transcriptional and functional re-

sponses to candidate small-molecule therapeutics.
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Figure 1. hCOs Reveal an Early Change from Weak to Strong Nuclear UBE3A in Neurons
(A) Immunostaining of neurotypical hCO neurodevelopment. Strong nuclear UBE3A in neurons (arrows) and weak nuclear UBE3A in SOX2+

cells (arrowheads) are seen. Cytoplasmic UBE3A decreases over time (double arrows). Dotted white lines delineate boundaries between
TUJ1+ and SOX2+ cells.
(B) Percentage of strong nuclear UBE3A increases during hCO development. Immunostaining quantification. *p < 0.05 between all groups,
one-way ANOVA with Tukey-Kramer post hoc analysis, n = 3 independent experiments with two organoids in each. Error bars, 95% con-
fidence intervals.
(C) Strong (arrows) and weak (double arrows) nuclear UBE3A in PAX6+ cells. Strong nuclear UBE3A in PAX6�/weak cells (arrowheads)
is seen.

(legend continued on next page)
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RESULTS

hCOs Reveal an Early Change from Weak to Strong

Nuclear UBE3A in Neuronal Nuclei

In this work, ‘‘whole-brain’’ hCOs (Lancaster et al., 2013)

were first used to efficiently map when and in which cell

types UBE3A was expressed. Neurotypical hCOs derived

from H9 human embryonic stem cells (hESCs) were fixed

over a broad time range (1–12 weeks to approximate the

first trimester) and stained for nuclei, UBE3A, and a panel

of cell-type-specific markers (Figures 1, 2, S1, and S3). Inter-

estingly, UBE3A was prominently nuclear in a substantial

number of neurons after only 3 weeks in culture, and this

localization increased over time (Figures 1A, 1B, and S1A).

This matched the transition observed in P0-P7 mice on

an absolute timescale (Judson et al., 2014). Neuronal differ-

entiation tracked the change in UBE3A localization: TUJ1+

neuronal areas showed much stronger nuclear UBE3A

staining compared with SOX2+ stem cells, and roughly

half of PAX6+ progenitors exhibited strong nuclear

UBE3A (Figures 1A, 1C, 1D, and S1A–S1C), with similar re-

sults observed in two additional pluripotent cell lines

(Figure 1E). Supporting these immunostaining patterns,

the ratio of cytoplasmic to nuclear UBE3A measured

through subcellular fractionation and western blot

decreased over the course of 2, 6, and 9 weeks in H9

hCOs (Figure 1F). While subcellular fractionation results

cannot be used to definitively conclude an increase in nu-

clear UBE3A in neurons given the heterogeneous cell type

composition of hCOs, immunostaining results from 3D

sectioned (Figures 1A and 1D) and 2D dissociated hCOs

(Figures 1G and S2D) also showed no evidence of increased

nuclear UBE3A in progenitors.
Strong UBE3A Signal in Neuronal Nuclei Correlates to

Early Stages of Prenatal Neurodevelopment

In addition to absolute timescales, the presence of specific

cell types in hCOs can be correlated to distinct stages of

fetal neurodevelopment. The fetal cortex comprises cell

layers representing different stages of differentiation,

including a sequential transition from neural precursors

(SOX2), to radial glia and intermediate progenitors

(EOMES), to postmitotic neurons (TBR1, CTIP2, SATB2)
(D) UBE3A localization by cell type identified by immunostaining. Er
with two organoids in each.
(E) H1- and hiPSC-derived hCOs. Strong nuclear UBE3A in neurons (a
(F) Immunoblot analysis of UBEA, GAPDH, and H3 using nuclear (NE
pendent experiments with 15–25 organoids in each. Error bars, 95%
(G) 2D immunostaining of dissociated H9 hCOs. Strong nuclear UBE3
(double arrows) are seen.
(See also Figures S1 and S2)
(Figure 2A) (Englund et al., 2005). Interestingly, a striking

boundary formed between layers of TBR1+ and EOMES+

cells, with strong nuclear UBE3A only in TBR1+ cells (Fig-

ures 2B and 2C). CTIP2+ (precursors of early-born deep-

layer neurons) and SATB2+ (precursors of late-born superfi-

cial-layer neurons) cells also expressed strong nuclear

UBE3A (Figures 2B, 2D, 2E, and S3A–S3C). Furthermore,

mature SATB2+/TBR1� cells (late-born superficial-layer

neurons) exhibited a relative loss in nuclear UBE3A

compared with their more immature SATB2+/TBR1+ coun-

terparts (Figures 2B, 2E, 2F, and S3B), consistent with obser-

vations in P0-P7 mice (Judson et al., 2014). Interestingly,

strong coexpression of TBR1 with SATB2 and CTIP2 corre-

lates with periods before human postconception week 20

(PCW20), with separation of thesemarkers occurring closer

to PCW30 in human fetal tissue (Saito et al., 2011); this sug-

gests these tissue-like structures in hCOs may reflect

PCW20–30 and that UBE3A is already stronger in the

neuronal nuclei at this stage of neurodevelopment.

It was previously reported that Calretinin in the early

fetal brain is specifically coexpressed with TBR1 only in

the first excitatory projection neurons of the cortex during

human PCW7–7.5 and diminishes shortly after PCW8

(Gonzalez-Gomez and Meyer, 2014). Both Calretinin+/

TBR1+ and Calretinin�/TBR1+ neurons appeared in hCOs,

and in both cell types in hCOsUBE3Awas localized primar-

ily to the nucleus, but the expression of UBE3A was higher

in Calretinin+ neurons (Figures 2G and S3D). Collectively

these results indicate that the nuclear localization of

UBE3A in hCOs correlates with at least the mid-to-late first

trimester of human gestation.

UBE3A Is Imprinted and Aberrantly Localized in

Angelman Syndrome hCOs

In addition to its subcellular localization, the dosage of

UBE3A, controlled by the epigenetic silencing of its

paternal allele in neurons, is a primary driver of AS. Howev-

er, it is not known when paternal UBE3A silencing occurs

during human neurodevelopment. UBE3A-ATS is a long

non-coding RNA whose paternal expression is known to

increase during development and to silence paternal

UBE3A (Hsiao et al., 2019; Stanurova et al., 2016) (Fig-

ure 3A). To track the timing of imprinting in hCOs,

UBE3A and UBE3A-ATS transcripts were measured by
ror bars, 95% confidence intervals. n = 3 independent experiments

rrows) is seen.
) and cytoplasmic (CE) extracts isolated from H9 hCOs. n = 2 inde-
confidence intervals.
A in neurons (arrows) and weaker diffuse staining in progenitors
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Figure 2. Strong UBE3A Signal in Neuronal Nuclei in hCOs Correlates to Early Stages of Prenatal Neurodevelopment
(A) Schematics illustrating the simplified cellular and laminar organization of the developing human fetal cortex and that of a typical hCO.
(B) Summary of dynamic UBE3A localization in neurotypical hCOs.
(C) Dotted white lines delineate boundaries between TBR1+ and EOMES+ regions. Strong nuclear UBE3A in TBR1+ cells (arrows), weak
nuclear UBE3A in EOMES+ cells (arrowheads), and weak UBE3A in cytoplasm of TBR1+ cells (double arrows) are seen.
(D) Strong nuclear UBE3A colocalizes with CTIP2+/TBR1+ cells (arrows).
(E) Strong nuclear UBE3A in TBR1+/SATB2� (arrowheads) and TBR1+/SATB2+ (double arrows) cells and weaker UBE3A in TBR1�/SATB2+

cells (arrows).
(F) UBE3A localization by cortical cell type identified by immunostaining. Error bars, 95% confidence intervals. n = 3 independent ex-
periments with two organoids in each.

(legend continued on next page)
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RT-qPCR (Figures 3B and 3C). hCOs were generated from

H9 cells as well as AS human induced pluripotent stem cells

(hiPSCs) that harbor a large maternal UBE3A deletion, pre-

viously generated and characterized by Chamberlain and

colleagues (Chamberlain et al., 2010). Direct comparisons

between these cell lines remained phenomenological in

this study as they are not isogenic; however, AS hCOs pro-

vided a method to unambiguously determine when

paternal UBE3A is silenced, as maternal UBE3A is absent.

Both hCOs exhibited a monotonic increase in UBE3A-ATS

transcripts starting at 3 weeks in culture (Figure 3B).

UBE3A transcripts decreased in AS hCOs, but only after

6 weeks (Figure 3C). This ~3 week delay is similar to previ-

ous observations in hiPSC-derived neurons (Hsiao et al.,

2019; Stanurova et al., 2016).

The subcellular localization of paternal UBE3A in AS

hCOs was also tracked over time (Figures 3D–3H and

S4A–S4E). Interestingly, unlike in neurotypical hCOs, a

salient nuclear UBE3A localization pattern was observed

in SOX2+ and EOMES+ progenitors during early hCOdevel-

opment (4–7 weeks) (Figures 3D–3F and S4A). In older AS

hCOs (10–12 weeks), UBE3A expression became substan-

tially more diffuse in EOMES+ cells (Figures 3E, 3F, 3H,

and S4B). Similarly, in neurons of 3–7 week hCOs, UBE3A

was prominently nuclear, but upon extended culture (10–

17 weeks) UBE3A intensity weakened, indicating that the

paternal allele was silenced during this time interval (Fig-

ures 3D, 3F–3H, S4A, S4C, and S4D). Interestingly, imma-

ture SOX2+/TUJ1+ neurons did exhibit nuclear UBE3A in

10–12week AS hCOs (Figure S4E), consistent with previous

reports of paternal UBE3A expression in immature neurons

(Judson et al., 2014).

Topoisomerase Inhibitors Partially Rescue UBE3A

Levels and Neuronal Function in AS hCOs

Since AS hCOs successfully silence paternal UBE3A, they

represent a potentially useful system to study therapeutic

strategies. Prior work found that topoisomerase inhibitors

(topotecan and indotecan) could suppress UBE3A-ATS

and reactivate paternal UBE3A in mice and in human cell

cultures (Fink et al., 2017; Huang et al., 2012; Lee et al.,

2018) to compensate for the absent maternal copy. To

assess their activity in hCOs, 1 mM topotecan or indotecan

was added to hCOs at different ages and dosing regimens.

These drugs were added to 11 week hCOs, as significant

silencing ofUBE3Awas observed at that time point (Figures

3C, 3D, and 3H). UBE3A-ATS and UBE3A transcripts were

measured 3 days after treatment. Both topotecan and indo-

tecan were able to knock down UBE3A-ATS 7- and 4-fold
(G) Strong nuclear UBE3A in TBR1+/Calretinin+ (arrows), TBR1+/Cal
neurons.
(See also Figure S3.)
and increased UBE3A 1.8- and 1.75-fold, respectively (Fig-

ure 4A). Importantly, nuclear UBE3A in individual neurons

identified with a CamKIIa-GFP reporter increased with

treatment as well (Figures 4B and 4C). Interestingly, in

addition to neurons, SOX2+ neural precursor cells also

showed increased UBE3A levels (Figure S4G), suggesting

the effect of topoisomerase inhibition may affect other

cell types, and that there may be further room for UBE3A

levels to increase even when already actively transcribed

at basal levels. Indeed, UBE3A levels also increased in neu-

rotypical hCOs treated with topotecan (Figure S4G).

A crucial set of questions in the treatment of neurodeve-

lopmental disorders is at what time point, how frequently,

and for how long should potential therapeutics be deliv-

ered; furthermore, how persistent are therapeutic effects?

To address these questions, topoisomerase inhibitors were

delivered to AS hCOs at 4, 11, or 15 weeks followed by

qRT-PCR 3 days after treatment. Both inhibitors knocked

down UBE3A-ATS and increased UBE3A at 11 and 15 weeks

(Figures 4A and S4H). However, at 4 weeks, only UBE3A-

ATS decreased (Figure 4D), likely attributable to the fact

that UBE3A transcripts were still high at that early time

point (Figure 3B).

Next, 1 mM indotecan was added to AS hCOs every day

for 9 days and analyzed at days 1, 3, 6, and 9. This experi-

ment asked if the rescue of UBE3A could be enhanced by

persistent and longer-term indotecan delivery.UBE3A tran-

scripts increased up to day 6 but decreased on day 9.

UBE3A-ATS transcripts remained low throughout this anal-

ysis with no significant differences between time points

(Figures 4E and S4I).

The decrease inUBE3A transcripts after 9 days of repeated

treatments may have been due to the toxicity of topoisom-

erase inhibitors (Lee et al., 2018). It would therefore be ad-

vantageous if fewer doses could still elicit a persistent

response. To test this, 11 week AS hCOs were exposed to

a single treatment of topotecan or indotecan, changing to

fresh medium without inhibitor after 3 days, and

measuring transcript levels 10 and 17 days later. While top-

otecan was unable to elevate UBE3A levels, indotecan

persistently rescued UBE3A (Figures 4F and 4G). The

increased ‘‘memory’’ of indotecan response could be due

to the compound’s increased chemical stability or an as

yet unknown epigenetic mechanism.

In addition to paternal UBE3A activation, indotecan was

also able to partially rescue calcium transient phenotypes

in AS hCOs. AS hCOs exhibited shorter interevent intervals

and higher calcium transient frequencies compared with

neurotypical hCOs, in agreement with recent work (Sun
retinin weak (double arrows), and TBR+/Calretinin� (arrowheads)
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et al., 2019). Fourteen days post treatment by indotecan,

transient amplitudes were rescued to levels nearing that

of neurons from neurotypical hCOs (Figures 4H–4J).
DISCUSSION

The excitement surrounding hCOs derives from their po-

tential to fill important gaps, in this case in prenatal human

development, that are difficult to access by other experi-

mental systems. One of the most important aspects of

UBE3A biology is the fact that the salient changes both in

subcellular localization and in UBE3A-ATS/UBE3A expres-

sion occurred in what is the hCO equivalent of the first hu-

man trimester. The potential implications of these early dy-

namics are profound. Although hCOs cannot capture

behavioral phenotypes, recent work through conditional

UBE3A knockout or reinstatement shows that at least a sub-

set of behaviors in mice are affected by perinatal UBE3A

levels and cannot be rescued later in neurodevelopment

(Rotaru et al., 2018; Silva-Santos et al., 2015; Sonzogni

et al., 2019). Collectively, both hCO and mouse studies

support a scenario in which early, even prenatal, treatment

in humans may be necessary to have maximal therapeutic

effects, although significant benefits may still be achieved

through interventions later in life.

Anothermajor advantage of using hCOs is their ability to

generate a diverse range of human cell types fromvery early

points in neurodevelopment that may be important in dis-

ease etiology. In our experiments we observed aberrant nu-

clear UBE3A in neural precursor cells of early AS hCOs (Fig-

ures 3D and 3E, 3H, S4A, S4B). Intriguingly there is some

evidence of impacts on neurogenesis implicated in autism

spectrum disorder, which shares some comorbidities with

AS. Furthermore, prior work has reported partial paternal

imprinting in progenitor cell types (Herzing et al., 2002).

However, while nuclear expression of UBE3A is a hallmark

of neuronal differentiation, and it is critical for proper func-

tion, the precise mechanistic role of nuclear UBE3A is not
Figure 3. UBE3A Is Imprinted and Aberrantly Localized in Angelm
(A) The UBE3A locus.
(B and C) qRT-PCR measurements of mRNA levels of UBE3A-ATS (B) and
to 1 week AS hCOs. Error bars are 95% confidence intervals. (B) p < 0.05
with three to five organoids in each. (C) *p < 0.05, full tick marks comp
hoc. n = 3 independent experiments with three to five organoids in e
(D, E, and G) UBE3A expression and localization in AS hCOs. (D) Salient
Salient nuclear UBE3A in 4–7 week TUJ1+/SOX2�neurons (arrowhead
(E) Strong nuclear UBE3A in 7 week EOMES+ cells (arrows) is weakene
(F) Summary of dynamic UBE3A localization in AS hCOs.
(G) UBE3A is absent in 17 week MAP2+/SOX2� neurons (arrows). SOX
(H) Percentage of nuclear UBE3A in 7–12 week AS hCOs. *p < 0.05, fu
Tukey-Kramer post hoc analysis, n = 3 independent experiments with
(See also Figure S4.)
well understood even in neurons. Thus, although the clin-

ical significance of this aberrant localization is unclear, it

may hint at a potential role for neurogenesis in AS etiology.

Additional work in this area is needed to identify not only

the subcellular localization of UBE3A in distinct cell types,

but also the absolute and graded levels of cytoplasmic and

nuclear UBE3A and the levels of each UBE3A isoform in

different cell types with improved temporal resolution.

Overall, this work motivates the broader use of hCOs in

future work to unlock important and highly relevant pre-

natal time periods in investigating imprinted genes, com-

plex epigenetic phenomena, and their related neurodeve-

lopmental disorders.
EXPERIMENTAL PROCEDURES

Cell Culture and Cerebral Organoid Generation
Feeder-independent cell lines were H9 and H1 hESCs (WA09 and

WA01,WiCell) andhiPSCs (cat. no. SC102-A1, SystemsBiosciences).

AS hiPSCs were developed in the Chamberlain and Lalande groups

and obtained from Kerafast (Chamberlain et al., 2010). UBE3A dou-

ble-knockout H9 cells (H9UBE3A m-/p-) with a 66 kb deletion (chr15:

25,338,949–25,405,676) were provided by Dr. Stormy Chamberlain

(UCONN) (Sirois et al., 2020).Cellsweremaintained in tissue culture

dishes (Fisher Scientific Corning Costar) coated with 0.5mg/cm2 vi-

tronectin (VTN-N; Thermo Fisher Scientific) in E8medium (Thermo

Fisher Scientific) and passaged using standard protocols. The

imprinting status ofH9,H1, and AG1-0 cell lineswas confirmed pre-

viously (Chamberlain et al., 2010; Stanurovaet al., 2016).hCOswere

generated and maintained using the same protocol as described at

37�C with 5% CO2 (Lancaster et al., 2013).

Immunofluorescence, Immunoblot, and qRT-PCR

Analyses
Standard methods were used. Detailed protocols are provided in

the Supplemental Information.

Topotecan and Indotecan Treatment
Topotecan (Sigma Aldrich) and indotecan (NCI) were directly

added to AS hCOs at 1 mM final concentration in culture
an Syndrome hCOs

UBE3A (C) in neurotypical and AS hCOs, normalized to HPRT, ratioed
t test against null-slope hypothesis. n = 3 independent experiments
ared with half tick marks by one-way ANOVA with Tukey-Kramer post
ach.
nuclear UBE3A in SOX2+ progenitors of 4–12 week AS hCOs (arrows).
s) is lost in 12 week AS hCOs (double arrows).
d at 10 weeks in AS hCOs.

2+ progenitors still express some paternal UBE3A (arrowheads).
ll tick marks compared with half tick marks by one-way ANOVA with
two organoids in each. Error bars are 95% confidence intervals.
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Figure 4. Topoisomerase Inhibitors Partially Rescue UBE3A Levels and Neuronal Function in AS hCOs
(A, D, F, and G) qRT-PCR measurements of mRNA levels of UBE3A (red) and UBE3A-ATS (gray) after vehicle (DMSO), 1 mM topotecan, or 1 mM
indotecan treatment. Signals normalized to TATA-box binding protein (TBP) and ratioed to vehicle-treated AS hCOs.
(A) mRNA 3 days after a single drug treatment in 11 week hCOs.
(B) 11 week AS hCOs with CamKIIa-GFP neurons. Insets zoom in on arrowheads.
(C) Quantification of (B).
(D) mRNA 3 days after a single drug treatment in 4 week hCOs.
(E) mRNA after 1–9 days of continuous 1 mM indotecan treatment in 11 week AS hCOs, ratioed to untreated day 0 AS hCOs. No significant
change in vehicle-treated samples (Figure S4C).
(F) mRNA 10 days after a single drug treatment in 11 week hCOs.
(G) mRNA 17 days after a single drug treatment in 11 week hCOs. Statistics: *p < 0.05, n.s., not significant, full tick marks compared with
half tick marks by one-way ANOVA with Tukey-Kramer post hoc. For (A, D, E, F, G) n = 3 independent experiments with three to five

(legend continued on next page)
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medium. hCOs were cultured for 72 h without a fresh medium

change. For long-term effects of single-drug exposure experi-

ments, the first drug-free medium change was performed

3 days after the single-drug administration. Samples were

collected 7 and 14 days after the fresh medium change (total

of 10 and 17 days from initial drug exposure). When testing

the effects of drug exposure time, hCO culture medium was re-

placed daily with fresh medium containing drugs. For live imag-

ing experiments, hCO cells were treated with 1 mM indotecan or

vehicle and cultured for 72 h without a fresh medium change.

Live Ca2+ imaging was carried out 2 weeks after the 72 h

treatment.
Live Ca2+ Imaging
Live imaging was performed using a Nikon AR confocal laser-

scanning microscope (Nikon) equipped with temperature and

CO2 control. For calcium imaging, Fluo-4 direct (Life Technolo-

gies) was prepared according to the manufacturer’s protocol.

hCOs were dissociated using Accutase (STEMCELL Technologies)

and plated on reduced growth factor Matrigel (Corning) for 2–

3weeks before experiments were conducted. hCO cells were incu-

bated with Fluo-4 60 min prior to start of imaging. Frames were

taken every 2 s for 150 frames. Data analysis of calcium imaging

was performed using FIJI. Regions of interest were manually

selected, and mean fluorescence was calculated for each time

frame. Change in fluorescence was calculated as follows: DF/F =

(F� F0)/F0, in which F0 was themean fluorescence value recorded

at t = 0.
Data Availability and Code Availability
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