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SUMMARY

Miller-Dieker syndrome (MDS) is caused by a hetero-
zygous deletion of chromosome 17p13.3 involving
the genes LIS1 and YWHAE (coding for 14.3.3¢) and
leads to malformations during cortical development.
Here, we used patient-specific forebrain-type orga-
noids to investigate pathological changes associ-
ated with MDS. Patient-derived organoids are signif-
icantly reduced in size, a change accompanied by a
switch from symmetric to asymmetric cell division
of ventricular zone radial glia cells (vVRGCs). Alter-
ations in microtubule network organization in vVRGCs
and a disruption of cortical niche architecture,
including altered expression of cell adhesion mole-
cules, are also observed. These phenotypic changes
lead to a non-cell-autonomous disturbance of the
N-cadherin/B-catenin signaling axis. Reinstalling
active B-catenin signaling rescues division modes
and ameliorates growth defects. Our data define
the role of LIS1 and 14.3.3¢ in maintaining the cortical
niche and highlight the utility of organoid-based sys-
tems for modeling complex cell-cell interactions
in vitro.

INTRODUCTION

The evolutionary increase in the size of the human cerebral cor-
tex is thought to be responsible for the extraordinary cognitive
abilities of humans. This evolution was achieved by increased
expansion of the surface area accompanied by the formation
of gyri and sulci. Lissencephaly represents a malformation of
cortical development (MCD) connected with neuronal disorgani-
zation and absent or abnormal gyrification (Francis et al., 2006).
Heterozygous deletions or mutations of LIS7 constitute the most
common cause of lissencephaly in humans (Kato and Dobyns,
20083). The LIS1 protein is a component of an intracellular multi-
protein complex including NDEL1 and 14.3.3¢, which is essential
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for the regulation of cytoplasmic dynein, centrosomal protein
localization, and microtubule dynamics (Wynshaw-Boris,
2007). Traditionally, LIS1-associated lissencephalies were
considered as isolated neuronal migration defects (Moon and
Wynshaw-Boris, 2013). More recent data, however, highlight a
role of the LIS1/NDEL1/14.3.3¢ complex in the proliferation of
radial glia cells (RGCs) (Bi et al., 2009; Tsai et al., 2005; Yingling
et al., 2008). In Miller-Dieker syndrome (MDS), two components
of the LIS1/NDEL1/14.3.3¢ complex (LIS1 and 14.3.3¢) are
affected resulting in increased structural alterations of the
cortical architecture compared to isolated lissencephaly.
Although mouse models have confirmed a role of the LIS1/
NDEL1/14.3.3e complex in several cellular processes, they failed
to recapitulate the severity of the human phenotype (Toyo-oka
et al., 2008; Yingling et al., 2008). Recent progress in modeling
human brain development in vitro uses the capacity of pluripo-
tent stem cells (PSCs) to self-organize into organoids. Brain or-
ganoids contain different neural and neuronal subtypes, which
spatially organize similarly to the developing human brain and
faithfully recapitulate developmental gene expression patterns
(Camp et al., 2015; Kadoshima et al., 2013; Lancaster et al.,
2013; Mariani et al., 2015; Qian et al., 2016).

In this study, we used a standardized forebrain organoid
protocol to model changes associated with MDS in vitro. We
observed a reduced expansion rate of MDS organoids associ-
ated with an unexpected switch of the division mode of ventric-
ular radial glia cells (VRGCs, or also called apical radial glia) from
symmetric to asymmetric cell division. Furthermore, we identi-
fied a unrecognized mechanism of how a deficiency of the
LIS1/NDEL1/14.3.3e complex converges into an impairment of
ventricular zone niche signaling and cell-fate control via the
N-cadherin/B-catenin signaling axis in a non-cell-autonomous
fashion.

RESULTS

Generation of Standardized iPSC-Derived Forebrain-
type Organoids

We generated induced pluripotent stem cells (iPSCs) from two
patients with MDS and two age- and gender-matched controls
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(two clones each; characterization of iPSCs is illustrated in Fig-
ures STA-S1G and Table S1). The MDS patient-specific hetero-
zygous deletion of chromosome 17p13.3 was confirmed by
SNP genotyping and reduced expression of LIS1T and YWHAE
by qRT-PCR (Figures S1G-S1l). As isogenic controls and to
address the specific role of LIS1 and 14.3.3¢ in MDS, we gener-
ated LIS1 and 14.3.3¢ rescue cell lines by introducing a doxycy-
cline-inducible LIST (MDS-LIS1) or YWHAE (MDS-14.3.3¢) into
the human AAVST1 locus of MDS iPSCs. Addition of doxycycline
increased the expression of LIST or YWHAE back to expression
levels comparable to control cultures (Figures S1J and S1K).

We next generated standardized organoids of forebrain identity
by combining guided differentiation of iPSCs into anterior neuro-
ectodermusing SMAD and Wntinhibition (Kadoshimaetal.,2013)
with matrix embedding to promote continuous neuroepithelium
formation (Lancaster et al., 2013). To increase oxygen exchange,
cultures were maintained under agitating conditions (Lancaster
etal.,2013; Qianetal., 2016) (protocol outlined in Figure 1A). Con-
trol iPSC-derived organoids consistently increased in size over
time while forming large neuroepithelial loops (Figures 1A and
S2A-S2C). Immunocytochemical analysis revealed that at day
20 + 2 organoids consist of stratified neuroepithelial loops ex-
pressing the neural progenitor marker Sox2 and the forebrain
markers Pax6, Otx2, and Emx1, indicating a dorsal telencephalic
identity (Figures 1B—1F). Few loops stained positive for the ventral
forebrain progenitor-associated transcription factor Nkx2.1
(Figure S2D). Dividing cells expressing phosphorylated vimentin
(p-vimentin) locate at the apical surface of the cortical loops (Fig-
ure S2E). RT-PCR investigating typical forebrain, midbrain, and
hindbrain markers confirmed homogeneous forebrain identity of
the organoids (Figures 1G and S2F). At later time points (day 35
+ 2 days), loops developed into a more complex organized and
stratified cortical tissue with densely packed Sox2-positive
cortical progenitors preferentially locating on the inside/apical
surface of the organoids and separating from Blll-tubulin-positive
neurons at the outside/basal surface of the structures, reminis-
cent of a ventricular zone (VZ) and an initial cortical plate (CP),
respectively (Figure S2G). Tbr2-positive intermediate progenitors
(IPs) were located in a subventricular zone (SVZ)-like transition
zone between the VZ- and the CP-like structure (Figure S2H).
Sox2-positive progenitors were also observed in the SVZ-like
area potentially representing outer radial glia (0RG or also called
basal radial glia; Figure S2I). Within the CP-like area, initial cortical
layering could be observed (Figures S2J-S2L).

Premature Neurogenesis Leads to Reduced Expansion
of MDS Patient-Specific Organoids

The forebrain organoid protocol was then applied to MDS
patient-derived iPSCs. Similar to control organoids, MDS orga-

noids consistently produced Sox2-positive stratified loops ex-
pressing forebrain-specific transcription factors such as Otx2,
Pax6, FoxG1, and Emx1, while typical mid- and hindbrain
markers were undetectable (Figures S2F and S2M-S2Q). How-
ever, in contrast to control organoids, MDS-derived organoids
were significantly smaller in size and showed significantly
reduced expansion rates (Figures 1H-1J and S2R-S2S; Table
S2). Re-expression of LIS1 or 14.3.3¢ resulted in a partial rescue
of these expansion deficits (Figure 1J; Table S2). We further
assessed the architecture of the neuroepithelial loops by deter-
mining the length of the apical and basal membrane, the diam-
eter of the loops as well as the size of the ventricle-like area,
the total loop area, and the loop tissue area in patient- and con-
trol-derived organoids. Here, we observed a significant reduc-
tion in all parameters in MDS-derived organoids compared to
controls with re-expression of LIS1 or 14.3.3¢ leading to a partial
rescue toward the wild-type situation (Figures 2A-2D and S3).
This phenotype is in line with autopsy examinations of MDS pa-
tients’ brains showing severe reduction in total brain size (Sheen
et al., 2006).

The reduced brain size of MDS patients as well as the
changes we observed in our model might arise from impairments
in several developmental processes. We first investigated
apoptotic cell death in neuroepithelial progenitors as a potential
underlying mechanism of the reduced size and expansion rates
of MDS organoids by quantifying cleaved (active) caspase-3 at
several time points. This analysis revealed that apoptotic cell
death is rare at all time points investigated and that there is no
significant difference in the number of apoptotic neuroepithelial
progenitors when comparing patients with controls (Figures
S4A and S4B). Another potential mechanism postulated is that
a disruption of the LIS1/NDEL1/14.3.3e complex results in a
reduction and weakening of astral microtubules and decreased
plus-end stability of cortical microtubules leading to alterations
of the microtubule array. As a consequence, precise control of
VvRGCs’ mitotic spindle orientation and plane of cleavage is
disturbed resulting in a randomized spindle orientation with an
increase in oblique cleavage planes (Yingling et al., 2008).
Indeed, we observed severe alterations in the organization of
MDS vRGCs’ microtubule networks. Whereas in control orga-
noids, the vVRGC microtubule network (stained by acetylated
a-tubulin) extends the entire distance from the apical to the
basal side, MDS vRGCs’ microtubules appear truncated and
show a significant reduction of extensions toward the basal
membrane (Figures 2E-2G, S4C, and S4D). In MDS-LIS1 and
MDS-14.3.3¢ rescue organoids, microtubule networks still
seemed to be altered but showed a more pronounced expansion
of acetylated a-tubulin toward the basal surface (Figures 2G,
S40, and S4P).

Figure 1. Reduced Size and Expansion Rates of MDS Patient-Derived Forebrain-type Organoids
(A) Schematic overview of the organoid protocol and representative images. Scale bar, 500 pm.
(B-F) Immunocytochemical characterization of organoids at day 20 + 2. Organoids organize in multiple neuroepithelial loops (B). Neuroepithelial cells express

Sox2 (C), Pax6 (D), Otx2 (E), and Emx1 (F). Scale bars, 50 um.

(G) RT-PCR analysis for region-specific transcription factors at day 20. FB, fetal brain control; AB, adult brain control.
(H and I) Representative bright-field images of control- (H) and MDS patient- (l) derived organoids at day 25. Scale bars, 2.5 mm.
(J) Expansion rates of control- (n = 30 for each clone), MDS- (n = 30 for each clone), MDS-LIS1- (n = 20), and MDS-14.3.3¢- (n = 20) derived organoids. Depicted is

the organoid area in umz at days 2, 5, 10, and 15. Error bars, +SD.
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Figure 2. Altered Microtubule Networks and Increased Neurogenesis in MDS-Derived Organoids

(A and B) Schematic illustration of how loop diameter (A) and length of apical membrane (B) were quantified.

(C and D) Quantification of the loop diameter (C) and length of apical membrane (D) in control (Ctrl2 n = 42; Ctrl1 n = 24), patient (MDS1.1 n =29; MDS1.2 n = 27;
MDS2.1 n = 29; MDS2.2 n = 10), and the genetic rescue organoids (MDS-LIS1 n = 14; MDS14.3.3¢ n = 12). Error bars, +SD. *p < 0.05, **p < 0.01, **p < 0.001.
(E and F) Immunostaining for acetylated «-tubulin (acTub) in control- (E) and MDS- (F) derived organoids. Scale bars, 50 um.

(G) Quantification of the ac-tubulin strand density at the apical (VZ) and the basal (MG) side in control (Ctrl2.2 n = 5; Ctrl2.1 n = 8), patient (MDS1.1 n = 13;
MDS1.2 n = 5; MDS2.1 n = 5; MDS2.2 n = 10), and rescue organoids (MDS-LIS1 n = 9; MDS-14.3.3¢ n = 10). A schematic illustration of the area of measurement
(383 percentile VZ/apical, 66 percentile MG/basal) is shown in (E). Error bars, +SD. *p < 0.05; **p < 0.01, **p < 0.001.

(H and I) Representative images of vertical and oblique (H) as well as horizontal (1) division planes in mitotic vVRGCs. Mitotic spindles are stained by Tpx2. Scale
bars, 50 pm.

(J) Quantification of the division planes of vRGCs in control (n = 91), MDS (n = 105), MDS-LIS1 (n = 63), and MDS-14.3.3¢ (n = 118) organoids at day 20.

(K and L) Representative images of MDS-derived organoids stained with Tbr2 at day 21 (K) and day 28 (L). Scale bars, 50 pm.

(M) Quantification of Tbr2* intermediate progenitors (IP) in control- and MDS-derived organoids (at day 21: n >2,000 cells from a total of n = 6 loops per condition,
day 28: n > 1,200 cells from a total of n = 6 loops per condition). Error bars, +SD. *p < 0.05, **p < 0.01.

We thus wondered whether we could also observe an increase
in oblique spindle orientation in dividing MDS vRGCs by labeling
the spindle of mitotic cells with Tpx2 and relating the orientation
relative to the VZ-like surface (Figures 2H and 2I). Surprisingly,
we found a prominent and significant switch of the spindle orien-
tation from vertical, symmetric toward horizontal, asymmetric
cleavage planes (Ctrl1.1: vertical: 57.14%, horizontal: 31.87%,
oblique: 11.0%, n = 91; MDS1.1: vertical: 34.29%, horizontal:
51.43%, oblique: 14.23%, n = 105; Figure 2J; Tables S3 and
S5), while the number of oblique cleavage planes was not signif-
icantly affected. In line with this observation, we found a strong

increase in the number of Tbr2* IPs (day 21: Ctrl2.1: <1%;
MDS1.1: 11.35% + 0.15%; MDS2.2: 12.2% =+ 1.98%; day 28:
Ctrl2.1: 2.64% + 0.60%; MDS1.1: 20.79% =+ 1.22%; MDS2.2:
20.65% = 0.95%; Figures 2K-2M). Re-expression of LIS1 or
14.3.3¢ in MDS cells resulted in a partial restoration of the switch
in VRGCs’ cleavage plane orientation (MDS-LIS1: vertical:
54.84%, horizontal: 29.84%, oblique: 15.32%, n = 63; MDS-
14.3.3¢: vertical: 50.0%, horizontal: 31.51%, oblique: 19.49%,
n = 118; Figure 2J; Table S3) and a significant decrease in the
number of Tbr2-positive IPs (Figure S4Q; day 28: MDS-LIS1:
11.7% + 1.28%, MDS-14.3.3¢: 5.36% =+ 0.98%). These results

Cell Reports 19, 50-59, April 4, 2017 53



OPEN

ACCESS
CellPress

Control

{ Arl13b DAPI

MDS

i Arl13b DAPI

Figure 3. Disruption of the VZ Niche Archi-
tecture in MDS-Derived Organoids

(A and B) H&E staining of the VZ-like area in
control- (A) and in MDS- (B) derived organoids.
Scale bars, 30 um.

(C-F) Immunostainings for Arl13b and Zo1 in
control- (C and D) and MDS- (E and F) derived
organoids. Scale bars, in (C) and (E), 10 um, and in
(D) and (F), 50 pum.

(G) Immunostaining for N-cadherin in control,
MDS, MDS-LIS1 rescue, and MDS-14.3.3¢ rescue
organoids. Scale bar, 50 um.

(H) Quantification of the apical membrane align-
ment in control (Ctrl2.2 n = 16; Ctrl1.1 n = 6), MDS
(MDS1.1 n = 23; MDS2.1 n = 15), MDS-LIS1
rescue (MDS1-LIS1 n = 18; MDS2-LIS1 n = 16),
and MDS-14.3.3¢ rescue (MDS1-14.3.3¢ n = 14;
MDS2-14.3.3e n = 15) organoids. A schematic
illustration of the area of measurement (yellow lines
at 90°, 180°, 270°, and 360°) is shown in (G). Error
bars, +SD. *p < 0.05; **p < 0.01, **p < 0.001.
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suggest that a transition from symmetric to asymmetric division
of vRGCs and an increased generation of fate-restricted IPs at
the cost of the stem cell pool might represent the major
underlying mechanism for the reduced size and expansion rate
of MDS-derived organoids.

Disruption of the Cortical Niche in MDS-Derived
Organoids Results in Alterations of the N-Cadherin/
B-Catenin Signaling Axis

The explicit switch in spindle orientation from vertical to horizon-
tal division rather than a randomized increase of oblique cleav-
age planes suggests that in addition to cell-autonomous defects
caused by alterations of the microtubule network other signaling
pathways might contribute to the observed phenotype. In this
context, adherens junctions have been described to control
vRGCs’ self-renewal (Marthiens et al., 2010; Stocker and Chenn,
2009), and data from transgenic mouse models have demon-
strated that a disruption of the LIS1/NDEL1/14.3.3e complex re-

54 Cell Reports 19, 50-59, April 4, 2017

(Figures 3A and 3B). This was associated
with an indistinct apical lining of cilia along
the VZ-like surface in MDS organoids
(Figures 3C, 3E, S4E, and S4H). In addi-
tion, we found severe alteration in the organization of cell adhe-
sion molecules of the VZ niche. Whereas control organoids
exhibited a fine adherent junction belt at the most apical side
with accumulation of N-cadherin and zonula occludens protein
1 (Zo1), this organization was significantly altered in MDS-
derived cultures without a compact apical distribution (Figures
3D, 3F-3H, S4F, S4G, S4l, and S4J). In MDS-LIS1 and MDS-
14.3.3¢ rescue organoids, the organization of the cells within
the VZ niche, expression of cell adhesion molecules, and apical
membrane alignment was rescued to a stage more similar to
control organoids (Figures 3G, 3H, and S4R-S4U). The observed
changes in the organization of the VZ niche are also in line with
histological data from MDS patients’ autopsy brains showing
disruption of the neuroepithelium along the VZ surface (Sheen
et al., 2006).

We next wondered how the alterations in the organization of
the ventricular niche and distribution of adhesion molecules
are connected to the reduced organoid size and premature
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differentiation phenotype and how the explicit and non-random
switch of vRGC division planes might be explained mechanisti-
cally. Data from mouse models indicate that active Wnt/B-cat-
enin signaling controls VRGC proliferation (Chenn and Walsh,
2002; Zechner et al., 2003) and that the adhesion molecule
N-cadherin is involved in controlling Wnt activity by regulating
AKT phosphorylation, which, in turn, phosphorylates p-catenin
at serine 552 (p-Ser552-B-catenin) resulting in its stabilization
and activation (Zhang et al., 2010, 2013). We thus investigated
the phosphorylation state of B-catenin at Ser552 in dividing
VRGCs. In control organoids, we observed widespread co-local-
ization of p-Ser552-B-catenin in dividing p-vimentin-positive
VRGCs (Ctrl1.1: 71.5% =+ 8.78% n = 10; Ctrl2.2: 87.87% =
12.27% n = 15; Figures 4B and 4D). In contrast, cortical loops
from patient-derived organoids exhibited a significantly reduced
expression of p-Ser552-f-catenin in p-vimentin-positive vVRGCs
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Figure 4. Impaired N-Cadherin/B-Catenin
Signaling in MDS-Derived Cortical Cultures
(A) Schematic overview of how N-cadherin is
connected to the Wnt signaling pathway.
(B and C) P-vimentin (p-Vim) and p-Ser552-
B-catenin (pB-cat) immunostaining in control- (B)
and MDS- (C) derived organoids. Scale bars,
25 um.
(D) Quantification of p-vimentin/p-Ser552-3-cat-
enin co-expressing VRGCs in control (Ctrl1.1
n = 10; Ctrl2.2 n = 15), MDS (MDS1.1n = 9;
MDS1.2 n=15; MDS2.1 n = 9), MDS-LIS1 (n = 11),
and MDS-14.3.3¢ (n = 11) cortical loops. Error bars,
9" +SD. *p < 0.01, ***p < 0.0001.
@Q 6:\"‘ (E) Detection of N-cadherin, AKT, phosphorylated
‘“ @0 AKT (pS473-AKT), B-catenin, and phosphorylated
B-catenin (p-S552-B-cat) in control, patient, and
rescue cells by immunoblotting.
(F) Quantification of the relative luciferase signal in
the pSuper8XTOPFlash Wnt reporter lines (Ctrl and
MDS, standard culture conditions; +N-cad, expo-
sure to recombinant N-cadherin protein; +AB,
exposure to N-cadherin blocking antibody). Error
bars, +SD. *p < 0.05, **p < 0.01.
(G and H) Immunocytochemical staining for
BllI-tubulin in control- (G) and MDS- (H) derived
cortical cultures maintained for three passages

-** - (15 days). Scale bars, 100 pm.

() Quantification of BllI-tubulin-positive cells over
time/passages (fixed at day 2 of every passage) in
control and MDS-derived cortical cultures. Error
bars, +SD. **p < 0.01, ***p < 0.001.

(J and K) Quantification of BllI-tubulin-positive cells
in control-derived cortical cultures either untreated
or treated with the N-cadherin blocking antibody
for 6 days (J). Quantification of BllI-tubulin-positive
cells in MDS-derived cortical cultures either un-
treated or exposed to recombinant N-cadherin
protein for 6 days (K). Error bars, +SD. *p < 0.05,

” **p < 0.01.
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4C and 4D). Re-expression of LIS1 or
14.3.3¢ resulted in a more widespread co-localization of
p-Ser522-B-catenin-positive dividing vVRGCs at the apical sur-
face (MDS-LIS1: 68.62% =+ 8.15% n = 11; MDS-14.3.3¢:
71.93% =+ 7.41% n = 11; Figure 4D). These data indicate that
VRGCs in MDS organoids indeed show an impaired activation
of B-catenin and that this might be due to alterations in the
N-cadherin/B-catenin signaling axis.

To investigate the interaction between N-cadherin and B-cat-
enin in more detail and to decipher how these two proteins are
connected functionally, we became interested in addressing
Whnt activity in MDS and control vRGCs and whether manipula-
tion of N-cadherin results in changes of the Wnt activation state.
As these experiments are challenging in a 3D organoid system,
we wondered whether certain aspects of the observed pheno-
types are reflected in high-density 2D cultures consisting of
essentially pure VRGCs organized as neural rosettes (Shi et al.,
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2012). Indeed, we found that patient-derived rosettes exhibit
reduced levels of the proteins involved in the intracellular cas-
cades connecting niche signaling to p-catenin signaling
(reduced levels of N-cadherin, phosphorylated AKT at Ser 473,
B-catenin phosphorylated at Ser 552 as well as total $-catenin;
Figure 4E). These alterations could be attributed to LIS1 and
14.3.3¢ as re-expression of LIS1 or 14.3.3¢ resulted in expres-
sion and phosphorylation levels of the proteins more similar to
the wild-type situation (Figure 4E).

To further analyze Wnt signaling and the effect of N-cadherin
on Wnt activity, we generated Wnt reporter cell lines expressing
the pSuper8XTOPFlash luciferase reporter. Indeed, MDS-
derived neural rosettes exhibit reduced levels of Wnt reporter
activity compared to cells derived from healthy controls (Fig-
ure 4F). Interestingly and in line with the proposed mode of inter-
action, Wnt reporter activity directly depended on N-cadherin
function as blocking N-cadherin activity with a N-cadherin block-
ing antibody resulted in a strong and highly significant decrease
in Wnt reporter activity, whereas activating N-cadherin by expo-
sure of the cultures to recombinant N-cadherin protein induced
activation of the Wnt reporter (Figure 4F).

We next asked whether manipulation of N-cadherin would
directly influence the proliferation and differentiation properties
of our cultures. To that end, cortical rosettes were cultured in
the absence of any growth factors, and differentiation into neu-
rons was investigated by immunocytochemistry every 5 days.
Interestingly, MDS-derived cultures showed a significant in-
crease in the number of neurons over time when compared to
cultures derived from healthy controls, indicating that the
reduction of Wnt activity leads to premature neurogenesis also
in 2D (Figures 4G-4l). Importantly, blocking N-cadherin in control
cultures significantly induced differentiation of the cells (Fig-
ure 4J), whereas activating N-cadherin in MDS-derived cortical
progenitors rescued early neurogenesis (Figure 4K). These
data demonstrate that there is indeed a direct link between
active N-cadherin signaling and the Wnt pathway. In addition,
these data also suggest that this pathway is disrupted in MDS
leading to an imbalance of proliferation and differentiation in
patient-derived cortical progenitors and that manipulation of
N-cadherin results in changes of this balance.

Phenotypic Alterations in MDS-Derived Organoids Can
Be Rescued by Wnt Activation

Based on these results, we tested whether pharmacological
activation of B-catenin by inhibition of GSK3p affects the pheno-
typic alterations observed in MDS patient-derived organoids.
Indeed, exposure of the cultures to the GSKB3B inhibitor
CHIR99021 resulted in much more clear and homogeneous gen-
eration of cortical loops compared to the non-treated cultures
(Figures 5A and 5B) and a marked rescue of the co-expression
of p-Ser552-B-catenin in p-vimentin-positive dividing vRGCs
(Figure 5C). When investigating the plane of cell division, we
observed that exposure to CHIR99021 resulted in a switch of
vertical and horizontal division planes in MDS organoids leading
to division modes comparable to the healthy control situation
(Figures 5D and S5C; Tables S3-S5). This was also reflected
when quantifying the parameters at the level of the cortical loops
where we observed a significant increase of all parameters
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following exposure to the GSK3p inhibitor (depicted are the
relative change of all parameters compared to the untreated sit-
uation, the loop diameter, and length of the apical membrane;
Figures 5E-5G and S5D-S5G). The phenotypic rescue was spe-
cific to MDS organoids as neither the plane of cell division nor the
individual loop parameters were significantly affected by the
exposure to CHIR99021 in control-derived organoids (Figures
5D-5G and S5; Tables S4 and S5). Importantly, the aberrant or-
ganization of ventricular niche and expression of cell adhesion
molecules was not affected by B-catenin activation, suggesting
that these alterations are upstream of -catenin function (Figures
S4K-S4N).

DISCUSSION

The most prominent histopathological hallmark of LIS1-associ-
ated lissencephalies is the disorganization of the cerebral cortex
presenting with aberrantly positioned neurons (Francis et al.,
2006). This compelled researchers to concentrate on the role
of LIS1 in neuronal migration. Indeed, the evolutionary
conserved LIS1/NDEL1/14.3.3¢ protein complex has a well-
documented function in regulating centrosomal protein localiza-
tion and microtubule dynamics, both critically involved in
nuclear movement and neuronal migration (Moon and Wyn-
shaw-Boris, 2013). An additional and largely neglected pheno-
type of the disease is that most patients with lissencephaly are
either microcephalic or have a borderline low brain size (Allan-
son et al., 1998). This points toward an additional role of LIS1
in neural progenitor proliferation. And indeed, data from rodents
suggest that the LIS1/NDEL1/14.3.3¢ complex plays an impor-
tant cell-autonomous role in controlling cell division by regu-
lating the plane of the mitotic spindle during mitosis resulting
in a random distribution of division planes of dividing neural pro-
genitors (Moon et al., 2014; Pawlisz et al., 2008; Yingling et al.,
2008). When we investigated cellular and molecular changes
caused by a disruption of the LIS1/NDEL1/14.3.3¢ complex in
our organotypic human in vitro model of cortical development,
we were able to reproduce the “small-brain” phenotype and
changes in the planes of cell division of dividing ventricular
RGCs. In our hands, however, division planes appeared not
random but presented with a systematic switch from vertical
to horizontal division planes, compelling us to consider more
global changes in cell signaling pathways participating in the
observed phenotype.

Here, we describe a so-far unrecognized mechanism of how
a deficiency of the LIS1/NDEL1/14.3.3¢ complex converges
into an impairment of brain ventricular niche signaling and
cell-fate control. We propose that alterations in the microtubule
network of vVRGCs lead to a disruption of the architecture of the
ventricular niche, which, in turn, results in a non-cell-autono-
mous disturbance of the N-cadherin/B-catenin/Wnt signaling
axis. In line with this hypothesis, we demonstrate an irregular
lining and distribution of N-cadherin at the apical surface
and provide experimental evidence that N-cadherin is function-
ally connected to B-catenin/Wnt-signaling and the balance
between proliferation and differentiation in vRGCs. Most
importantly, external activation of the Wnt pathway results
in a phenotypic rescue of the observed expansion defects
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specifically in patient-derived organoids. Our observations are
in line with another recent study using a similar organoid-based
system to investigate changes associated with Miller-Dieker lis-
sencephaly. Without addressing the mechanistic details, they
also realized the switch in vVRGCs’ division planes and an in-
crease in neurogenesis (Bershteyn et al., 2017). Importantly,
human brains comprise an additional expanding progenitor
population named oRG cells or basal radial glia located in the
outer SVZ (Fietz et al., 2010; Hansen et al., 2010) and Bersh-
teyn and colleagues identified changes in cell division (cytoki-
nesis delay) also in this population. The fact that vRGCs in hu-
man exhibit a prolonged and more extensive expansion
capacity compared to rodents and that rodents exhibit only
very few oRGCs might in part also explain the decreased
phenotypic severity of a disrupted LIS1/NDEL1/14.3.3e com-
plex in mice (Toyo-oka et al., 2003; Yingling et al., 2008). Taken
together, our study highlights the potential of organotypic
cell-culture models to contribute to an advanced understanding
of developmental mechanisms and disease-related changes

pR-cat DAPI

[OMDS1.2 [JMDS2.1

Figure 5. Activation of p-Catenin/Wnt
Signaling Rescues Phenotypic Alterations
in MDS-Derived Organoids

(A and B) Representative images of MDS orga-
noids under standard culture conditions (A) and
following exposure to the GSK3p inhibitor
CHIR99021 for 10 days (B, depicted are nuclei
stained by DAPI). Scale bars, 200 pm.

(C) P-Vimentin (p-Vim) and p-Ser552-B-catenin
(pB-cat) immunostaining in MDS-derived orga-
noids treated with the GSK38 inhibitor CHIR99021.
Scale bar, 25 pm.

(D) Quantification of vertical, horizontal, and obli-
que division planes of dividing vVRGCs in control-
and patient-derived organoids in the absence and
presence of the GSK3 inhibitor at day 20. Ctrl 1.2
(n=127), MDS2.1 (n = 115), Ctrl 1.2 + Chir (= 78),
and MDS 2.1 + Chir (n = 88).

(E) Relative change of multiple parameters as-
sessed in cortical neuroepithelial loops of control
and patient organoids. Shown is the relative in-
crease in the presence of the GSK3 inhibitor
compared to the non-treated control.

(F and G) Quantification of the loop diameter (F)
and length of apical membrane (G) in control- and
patient-derived organoids in the absence
(Ctrl2 n = 10; Ctrl1 n = 9; MDS2.1 n = §;
MDS1.2 n = 8) and the presence of the GSK3
inhibitor (Ctrl2 n = 8; Ctrl1 n = 9; MDS2.1 n = 8;
MDS1.2 n = 10). Error bars +SD. *p < 0.05, *p <
0.01, **p < 0.001.
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caused by a dysfunction of single genes
in a complex tissue environment.

EXPERIMENTAL PROCEDURES

Generation of Human iPSCs

Skin fibroblasts were obtained from the Coriell
Biorepository (Ctrl1, 2-year-old female, catalog ID
GMO00969; Ctrl2, 5-month-old male donor, catalog
ID GM08680; MDS1, 1-year-old female, catalog ID
GMO06097; MDS2, male fetus, 18" fetal week, catalog ID GM09208). MDS2 fibro-
blasts were reprogrammed using retrovirus approach as previously described
(Koch et al., 2011). Ctrl1, Ctrl2, and MDS1 fibroblasts were reprogrammed by
non-integrative delivery of OCT4, SOX2, KLF4, and c-MYC using Sendai virus
(SeV) vectors (Ban et al., 2011). Detailed information on the maintenance of
iPSCs, SNP analyses for karyotyping, and germ layer differentiation is provided
in the Supplemental Experimental Procedures.

Generation of LIS1 and 14.3.3¢ Rescue Lines

Lis1 and 14.3.3¢ rescue lines were generated by integrating LIS7 or YWHAE into
the human AAVS7 locus using plasmids containing the guide RNA
(gRNA_AAVS1-T2, Addgene, catalog no. 41818), the Cas9 (hCas9_D10A, addg-
ene, catalog no. 41816), and either the PB-TetON-AAVS1-LIS1 or PB-TetON-
AAVS1-YWHAE vector. Detailed information on cloning and generation of LIS1
and 14-3-3¢ rescue cell lines is provided in the Supplemental Experimental
Procedures.

Generation of Brain Organoids

On day 1 of organoid culture, iPSC were dissociated into single cells using
TrypLE Express and plated in an ultra-low-binding 96-well plate (6,000-
9,000 cells/well, Amsbio, lipidure-coat plate A-U96) in PluriPro (PP) medium
(Cell Guidance Systems) supplemented with 50 uM ROCK inhibitor Y-27632
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(Cell Guidance Systems). Medium was exchanged every other day. At day 5,
embryoid bodies (EBs) were transferred to low-adhesion 6-cm plates (Labo-
medic) in neural induction media containing DMEM/F12 and Neurobasal
(both Gibco and mixed in a 1:1 ratio), N2 supplement (Gibco, 1:200), B27 sup-
plement (Gibco, 1:100), glucose (0.2 mg/mL), 0.5% non-essential amino acids
(NEAA, Gibco), heparin (10 ng/mL, Sigma-Aldrich), 1% GlutaMax (Gibco), and
the small molecules LDN-193189 (180 nM, Miltenyi Biotec), A83-01 (500 nM,
Stemgent), and IWR-1 (10 pg/mL, Enzo Life Sciences). Five days later, small
molecules were removed from the medium, and organoids were embedded
into Geltrex (GT, Gibco) matrix at day 12 as previously described (Lancaster
and Knoblich, 2014). Organoids were further cultured under continuous agita-
tion using a cell-culture shaker with medium changes every 3-4 days until
analyzed. When indicated, the GSK3p inhibitor CHIR99021 (1 uM, Miltenyi
Biotec) was added to the culture medium. Quantitative assessments were
performed on organoids where forebrain identity of neural tube structures
was beforehand validated by immunostainings for Sox2, Pax6, Otx2, and
Emx1. Detailed information is provided in the Supplemental Experimental
Procedures.

Generation of iPSC-Derived Cortical Rosettes

Differentiation of iPSC-derived cortical rosettes was performed as described
by Shi et al. with slight adaptations (Shi et al., 2012). Detailed information is
provided in the Supplemental Experimental Procedures.

Generation of Wnt Reporter Lines and Luciferase Assay

Control- (Ctrl1.2) and patient- (MDS1.2) derived iPSCs were lentivirally trans-
duced with a reporter construct expressing luciferase under the control of
the Wnt responsive T-cell factor (TCF) promoter element (pSuperTOPflash;
Addgene Plasmid #24308). Detailed information on the generation of the re-
porter lines and the luciferase assay is provided in the Supplemental Experi-
mental Procedures.

Histology and Inmunofluorescence
Cells were fixed in 4% paraformaldehyde (PFA) for 10 min at room temperature
and blocked in blocking solution (10% fetal calf serum [FCS] in PBS). For more
detailed information, see Supplemental Experimental Procedures.
Organoids were fixed in 4% PFA for 20 min at room temperature and allowed
to sink in 30% sucrose at 4°C overnight before being embedded in 10%/7.5%
gelatin/sucrose and cryosectioned at 20-30 um. Cryosections were stained
with H&E or used for immunostaining. For more detailed information, see Sup-
plemental Experimental Procedures.

Immunoblot

Cortical rosettes were harvested for immunoblot analysis 3—-4 days following
replating. Detailed information is provided in the Supplemental Experimental
Procedures.

RT-PCR Analysis
RT-PCR was performed in triplicates using biological duplicates. For detailed
information, see Supplemental Experimental Procedures.

Statistical Analyses

Quantitative data were generated at least in biological triplicates. No statistical
methods were used to pre-determine sample sizes, but our sample sizes are
similar to those generally employed in the field. All data were collected and
processed randomly. Means and SD were computed. All results presented
as bar graphs show mean + SD. Two-sided one-way ANOVA test using Prism
6 software, two-proportion z-test, or Kruskal-Wallis test followed by Bonfer-
roni-corrected pairwise comparisons using a Mann-Whitney U test was per-
formed to determine whether a significant difference exists between groups.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,

five figures, and five tables and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2017.03.047.
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