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Abstract

Human brain wrinkling has been implicated in neurodevelopmental disorders and yet its origins
remain unknown. Polymer gel models suggest that wrinkling emerges spontaneously due to
compression forces arising during differential swelling, but these ideas have not been tested in a
living system. Here, we report the appearance of surface wrinkles during the in vitro development
and self-organization of human brain organoids in a micro-fabricated compartment that supports in
situ imaging over a timescale of weeks. We observe the emergence of convolutions at a critical cell
density and maximal nuclear strain, which are indicative of a mechanical instability. We identify
two opposing forces contributing to differential growth: cytoskeletal contraction at the organoid
core and cell-cycle-dependent nuclear expansion at the organoid perimeter. The wrinkling
wavelength exhibits linear scaling with tissue thickness, consistent with balanced bending and
stretching energies. Lissencephalic (smooth brain) organoids display reduced convolutions,
modified scaling and a reduced elastic modulus. Although the mechanism here does not include
the neuronal migration seen in 7n vivo, it models the physics of the folding brain remarkably well.
Our on-chip approach offers a means for studying the emergent properties of organoid
development, with implications for the embryonic human brain.

Wrinkling and folding appears universally during growth of soft and natural systems1-5.
During brain development, wrinkling occurs at two stages: First, the emergence of folds
along the neural tube separates and defines different brain regions, such as the left and right
hemispheres6,7. Second, folding of the cortex contributes to the expansion of brain surface
area8—10. Reduced cortical folding (lissencephaly) is one of the manifestations of a severe
neurodevelopmental disorder, which is accompanied with intellectual disability and reduced
life expectancy11,12. From a physical perspective, surface wrinkles emerge as a mechanical
instability when an elastic material is under compression13. At low forces, the material is
compressed in the direction of the force and expands perpendicular to it, thus resulting in
strain. Beyond a critical force, the material will exhibit folding and wrinkling to release the
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compression, without further increase in strain energy. Compression forces and wrinkling
can arise internally during differential swelling of polymer gels, due to solvent
absorption14—19. When the outer region of a gel is swelling faster than the interior, the
mismatch leads to residual strain and results in periodic wrinkling. Similarly, wrinkling can
arise during 7n vivo development both from non-homogenous tissue growth20, and localized
cytoskeletal contraction5,21,22. Here, we study the emergence of folding during in vitro
brain organoid development, characterize the physical mechanisms which lead to differential
growth, and reveal the underlying critical and scaling behavior.

Recent breakthroughs in stem-cell technologies enable three-dimensional culturing of
human stem cells, which develop into organ-like structures, and exhibit remarkable self-
organization and collective behavior (‘organoids’)23-28. However, three-dimensional
growth to a millimeter scale without vasculature leads to cell death in the organoid core, as
diffusion becomes inefficient for nutrient supply. Furthermore, tissue thickness obstructs
optical imaging and real-time microscopy is carried out in organoid slices. Here, we present
an on-chip approach, which enables development of human brain organoids to millimeter
diameter, together with efficient nutrient exchange by diffusion, and in situ whole-organ
fluorescent live-imaging over several weeks.

Human embryonic stem cell aggregates were inserted into a micro-fabricated
compartment29 of height 4= 150 + 10um, and filled with collagen-laminin based hydrogel
(Matrigel ™) (Fig. la-d, Fig. S1, Methods). Within 1-3 days, the homogenous and isotropic
cell aggregate self-organized into a spherical shell structure surrounding a small cavity
(lumen) (Fig. le, Day 3, Fig. S2). During the first week, the organoid expanded by 20-fold
to an area of 0.2 + 0.05mn7 and thickness of #= 50 — 200um (Fig. le Day 4-6, Figs. S3,
S4). The cells in the organoid attained a bi-polar morphology, extending from the inner
(apical) surface of the organoid, r= 0, to the outer (basal) surface, r= ¢ (Fig. 1d). The cell
nuclei were radially oriented (Fig. 1d), and performed an up-and-down radial motion
coupled to the cell cycle, with cell division at the inner surface, r= 0 (Movie S1). This
mimics the developing brain ventricular zone, which is composed of proliferating neuronal
stem cells30. The developing organoid exhibited enrichment of cerebral cortex specific
genes31 including FOXG1, PAX6, EMX2 and LHX?2 as revealed by RNA sequencing (Fig.
1f, Fig. S5), and an increase in genes typical for radial glia cells and neurons, accompanied
by a corresponding decrease in pluripotent cell markers (Figs. S5,6). By day 30,
immunostaining revealed a layer of NEUN™ neurons surrounding the PAX6" progenitor cells
(Fig. S7). These findings indicate that the on-chip organoid approach successfully mimics
the early developing cortex.

In the second week of development we observed the emergence of surface instabilities (Fig
L

le; days 6-11). The two-dimensional wrinkling index, W = L—G was computed as the contour

f

length L;normalized by the length, Lg of an outer convex contour averaged over N= 14

organoids (Fig. 2a,c). The wrinkling dynamics exhibited an onset at days 6-8, followed by a

maximal wrinkling rate at days 10-12, and saturation at a maximal average value < W, >=

2.1 £0.1 at day 15. Similar folds appeared in devices with a reduced hydrogel density, and

with antiadhesive materials: PEG hydrogel and Lipidure (Fig. S8,9).
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‘We next studied the cellular structure of the organoid, and observed that the number of
nuclei per unit area p (nuclear density, Fig. 2b,d), as well as the nuclear aspect ratio R{/R,
(Fig. 2e) increased during days 1-6, before the onset of wrinkling. Nuclear data was
averaged from 5 organoids, in each >50 nuclei were measured. Nuclear density was
measured at the outer region, /¢ > 0.5, and normalized by the average nuclear area < a >= 89
+ 14un? (Fig. S10). At the wrinkling onset, the nuclear aspect ratio reached a maximal
value < Rj/Ry >=2.6 £ 0.1 (Day 8), followed by a decrease to a value of < R|/R, >=2.2

+ 0.1 (Day 16). The nuclear density exponentially saturated at a maximal value, at < p,,x >=
1.00 + 0.05 < a>~1, suggesting that the nuclei physically encompass all the available area.

Plotting the wrinkling index as a function of nuclear density, we observed a sharp transition
to wrinkling at a critical density p.= 0.85 + 0.1 < a>~! (Fig. 2f). These data suggest that
during organoid growth the nuclei undergo compression, as manifested by the increase in
aspect ratio and density. As the compression reaches a critical value, the organoid surface
wrinkles (Fig. 2g). We next exploited the range of organoid thickness, 50 < ¢ < 200um, to
study the wrinkle wavelength A as a function of thickness ¢ (Fig. 2h). Strikingly, in the

region ¢ < 125um we observed a linear scaling A & 0.8« Beyond ¢> 125um, the wavelength
E.N\L/3

—_ , was
Ep

saturates at a maximal value, A = 125 + §um. A similar scaling behavior, 4 « ¢

previously observed in polymer gel systems and theoretical models, in which a swelling
outer layer of thickness #and elastic modulus Ej, is constrained by a non-swelling bulk with
elastic modulus Egl3,17,18 (Fig. S11). In the following paragraphs, we provide evidence
that the organoid undergoes differential swelling due to cell-cycle dependent nuclear
swelling and motion, and due to cytoskeleton contraction in the organoid inner surface.

Nuclear position and area were analyzed in the growing organoid over 48 hours (Fig. 3,
Movie S1). The nuclei performed a periodic in-out motion, which was coupled to the cell-
cycle (Fig. 3a,b, Fig. S12). This phenomenon is known as interkinetic nuclear movement
and is one of the hallmarks of the brain ventricular zone in vivo30,32-34. The nuclear
motion included a stationary-phase close to the outer surface, rapid motion towards the inner
surface, division into two daughter cells, followed by an outward motion. Nuclear velocities
during motion reach v = 10 — 30um/ hr consistent with 7n vitro 2D human cell culture
measurements35 (Fig. 3¢). The outward velocities decay as the nuclei move away from the
inner (apical) surface, v, 1/r. The inward velocities follow the same trend with an
additional high velocity phase in the range, 0.4 < /¢ <0.8. At steady-state, we expect that
nuclear density is inversely proportional to the nuclear velocities, such that nuclei
accumulate at positions where their motion is slow. Indeed, the nuclear density profile
exhibits a linear dependence, p & r; which is inversely proportional to the slow outward
velocity, p & 1/v,,, (Fig. 3d). Overall, the active motility of the nuclei is a mechanism by
which material is actively transported to the outer organoid regions, slows down, and
accumulates. This implies that the outer regions of the organoid grow faster than the inner
regions. Notably, the density profile becomes non-linear following the wrinkling onset (Fig.
S13b).

We further studied nuclear growth during cell cycle, by measuring the nuclear area, A, as a
function of the nuclear radial position, 77¢ (Fig. 3e). Nuclei undergo a two two-fold area
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increase as they move inward from the outer surface (r;/t~ 0.9, A; ~ 75un?*) towards the
inner region (r/t~ 0.25, Ay ~ 150un?). Cells undergo mitosis in the inner surface, preceded
by rapid DNA condensation (r3/¢ < 0.1, Ay ~ 50un?). The two newly-born nuclei perform an
outward motion with small change in area. The increase in nuclear area during the cell cycle
period is 40% higher in the outer part of the organoid, #7¢> 0.5, than inner part of the
organoid, 7/t < 0.5 (Fig. 3f). This is consistent with cell-cycle synthesis (S) phase, which
occurs near the basal (outer) surface of the ventricular zone in vivo30. Thus, the cell-cycle
dependent nuclear position and biosynthesis, leads to increased swelling in the outer region
of the organoid.

We next studied the role of the cell contractility in the organoid. We administrated a low
concentration (5uM) of blebbistatin, which inhibits myosin contractility, during days 6-10
(Fig. 4a). The drug treated organoids had a smoother basal (outer) surface, in comparison to
control organoids (Fig. 4b). In addition, the treated organoids exhibited a higher apical
(inner) surface curvature than the control organoids. The curvature was measured by
averaging the tangent angle &(r) derivative along the surface perimeter contour < d,&(r) > in
7-10 organoids. Notably, the effect of blebbistatin was irreversible. By comparing our results
to the swelling gel modell7, we conclude that the cytoskeleton inhibition drug effectively
acts to soften the elasticity of the organoid core, Ep. A soft core, Eg < Eg, is easily pulled
and follows the outer surface folds, allowing long wavelength (small curvature) folds. In
contrast, a stiff core, Eg >> Ej, retains its original shape during the swelling process and
results in short wavelength folds and high curvature.

Next, we studied the short term effects of cytoskeleton inhibition; using blebbistatin (Fig.
4c¢), nocodazole, which disturbs microtubules polymerization, and Rho-associated coiled-
coil containing protein kinase (ROCK) inhibitor, which disrupts myosin contractility and
actin polymerization22. Additionally, we used laser microdissection to irradiate cells in the
organoid core, while keeping the perimeter cells intact (Fig. 4d, Fig. S14). All treatments
resulted in expansion of the inner surface (Fig. 4c,d), and a reduction in perimeter thickness
(Fig. 3e). Blebbistatin treatment resulted in an increase of the cellular inner surface area
from 19 + 0.5um? to 50 + 2un? (Fig. 4f). Laser microdissection resulted in total area
increase of 12 + 2% (Fig. S14). The neuroepithelium thickness after the treatment, ¢ is
described by a single linear function of the thickness before treatment, %, for all drugs and
including the microdissection (Fig. 4e,i). The reduction in thickness is Af= - f=-0.224
— 5um (Fig. 4e). Lifeact-GFP fluorescence intensity along the inner surface was reduced
(Fig. 4h,j), which is attributed to disassembly of actomyosin filaments. The outer surface
fluorescence increased, which may be due to redistribution of actin within the cell, as the
total amount of actin is preserved. Additionally, a decrease in the aspect ratio of the nucleus
was observed from R|/R, = 2.6 + 0.3, before treatment, to Rj/R, = 1.9 £ 0.1 after
blebbistatin treatment, and R/Ry = 2.02 + 0.16 after treatment with ROCK inhibitor (Fig.
4k.1).

We next studied the effect of LIS/ heterozygous (+/—) mutation (Fig. 5a,b). The mutation is
associated with lissencephaly, which is a severe smooth brain malformation11,36,37. The
LIS1 protein is involved in several key functions including proliferation and neuronal
migration, and is involved in regulation of molecular motors and the cell cytoskeleton38—45.
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Three isogenic mutant cell-line clones were generated, using CRISPR/Cas9 genome editing,
and expressed reduced LIS/ protein levels (Fig. S15). The LIS7+/- organoids followed the
same neuronal development pathway as the wild-type organoids, as observed by elevation of
telencephalon related genes (Fig. S5,6, Pearson coefficient > 0.98). Cytoskeleton and extra
cellular matrix (ECM) related genes exhibited significant differential expression between
wild-type and LIS7+/- organoids (Fig. 5c, Fig. S5). ECM has been suggested to play an
important role in the evolutionary expansion of the neocortex and its gyrification, especially
within a unique subpopulation of basal or outer radial glia progenitors46,47.

We compared the folding of wild-type and mutant organoids (days 6-8, Fig. 5d-g, N=15
organoids). For the wild-type organoids, the mean wrinkle wavelength was similar to the
mean thickness during wrinkling onset, < A > =< >~ 100um (Fig. 5d,e). We observed
Gaussian distributions for the organoid thickness, o= 24um, and for the wavelength, o) =
39um. In the LIS +/— mutant we observed broadening of the Gaussian distribution for £
with no significant change in mean value (Fig. 5f). In contrast, the average wavelength < A >
~ 170um was significantly longer (p < 0.001), and the distribution was wider o = 70um
(Fig. 5g). Notably, the LIS/ +/— organoids exhibited linear scaling of wavelength with
thickness, similar to the wild-type organoids, but with an increased prefactor, A ;g1 & 1.9¢
(Fig. 5h). Beyond ¢> 100um, the wavelength saturated at a maximal value, A ;g1 = 200

+ 15um.

The wrinkling morphology was further analyzed by measuring the surface tangent angle &(r)
of developed organoids (days 16-18, Fig. 5i,j). We computed the organoid curvature by
averaging the tangent derivative along the organoid perimeter < J,&(r) > (Fig. 5j, Fig.
S16-18, N=9-11). We observed a significant reduction in the LIS/ +/— organoid curvature,
for all three clones, in comparison to the wild-type. We further computed the tangent
correlation function, < E(r);(r+ Ap) >=< Cos(46(r)) > (Fig. 51). The correlation exhibited
sharp linear decrease at short distances, < Cos(4&(n) >~ 1 — r/lp, with persistence length ]P
=148 + 11um (wild-type), and /, = 306 + 11xm (mutant). At long distances we observed
three correlation peaks for the wild-type organoids, r= 200um, 380um, 520um. The peaks
indicated a periodic structure Ag= 180 £ 15um ~< W>-< A > consistent with the measured
wavelength, < A > ~ 110, and the maximal wrinkling index of < W>=2.1. In contrast, the
mutant organoid did not exhibit correlation peaks. The main features of the wild-type
correlation function persisted in an analysis of a healthy human brain, which exhibited
multiple wavelength peaks (Fig. 5i, Inset). Analysis of a lissencephalic brain, resulted in a
longer persistence length, and a lack of correlation peaks. The aberrant LIS/ +/— expression
of ECM and cytoskeleton related genes, together with the modified wavelength scaling
prefactor, suggested that the LIS/ +/— cells have different elastic properties than wild-type
cells. To test this, individual cells were analyzed using atomic force microscopy (AFM) as
embryonic stem cells (ES), and as neuronal progenitors (NP). The wild-type cells exhibited

elastic modulus EIV\(,}; = 2.7 + 0.5kPa and Eﬁ}gT = 2.4 + 0.4kPa, similar to previous

measurements48 (Fig. 5k, Figs. S19,20). Remarkably, the LIS/ +/— mutant cells were
significantly softer than the wild-type cells by ~2.5 fold, EILVS | = 1 £0.2kPa (p < 0.005) and

Efzssl = 1.1 + 0.4kPa (p < 0.05). Thus, our findings indicate that the LIS/ +/— modified
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wrinkling stems from “softening” of the cytoskeleton, similar to the blebbistatin treatment
(Fig. 4b), and is analogous to reduction of the bulk elastic modulus, Ep, in the polymer gel
model17.

Furthermore, LIS/ +/— organoids exhibited significantly reduced velocities during inward
motion of the nuclei, vy ;;=-9.6 £ 1, compared to wild-type, viyr=-6.8 £ 0.5, p < 0.05
(Fig. 51, Movie S2). Additionally, the LIS/ +/— nuclear swelling profile was different from
that of the wild-type, p < 103 (Fig. Sm,n). The reduction in differential growth may
contribute to the reduction in LIS /+/- wrinkling. Finally, the response of LIS/ +/— organoids
to the drug treatments was similar to that observed in the wild-type organoids (Fig S21).

Taken together, our data suggest that the organoid wrinkling is driven by a mechanical
instability, which is universal for differentially swelling materials. The increased growth in
the organoid outer regions, together with the actively contracting organoid inner surface,
both contribute to the emergent wrinkling pattern. The presented three-dimensional
organization of the organoid, gene expression data, and nuclei motion, indicate that the on-
chip organoid approach successfully mimics the early developing cortex.

We next compare the organoid wrinkling to cortical gyrification. The periodic folding
morphology and temporal dynamics are remarkably similar to MRI images of fetal
brains18,20,49. The nuclei motion provides a differential growth mechanism, analogous to
the way radial neuronal migration may play a role in brain folding50. However, cortical
gyrification occurs around week 30 of embryonic development, when the cell population is
largely composed of neurons. This is in contrast to the organoids, which are composed of
neuronal progenitors, and model an earlier developmental time point. Thus, while organoid
wrinkling results from differential growth of progenitor cells, and includes cell-cycle
dependent changes in nuclear size, cortical folding are driven by crowding of non-dividing
neurons which are migrating towards the surface of the brain. In addition, apical contraction
seems to play a significant role in organoid wrinkling, which has not been observed in
cortical folding, and may be opposed by the hydrostatic pressure of the cerebral fluid in-
vivo. Finally, a LIS/ +/— mutation led to reduction in organoid wrinkling, involving changes
in nuclear motion, ECM and cytoskeleton. However, smooth brains of LIS/ +/— patients are
widely accepted to reflect a defect in neuronal migration, a process not modelled here. Thus,
while the organoid wrinkling is remarkably analogous to cortical gyrification, there are
significant biological and physical differences. Overall, the on-chip organoids provide a
novel model system to study the physics and biology of early human brain development, and
reveal the mechanism of wrinkling in a living system.

Device fabrication

The device was fabricated on a commercial 6cm polystyrene tissue culture dish (Falcon). 11
holes of diameter 1.5mm were drilled at the dish bottom (Fig. S1, Step 1). A UV-curable
adhesive was spread on the bottom surface using a sharp blade (NOAS81, Norland Products,
Fig. S1, step 2). A semi-permeable polycarbonate membrane (Whatman® Nuclepore Track-
Etched Membranes, pore diameter 0.14m) was placed on the adhesive layer (Fig. S1, step 3).
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The device was cured under UV-light for 2 minutes (365nm 20W LED, Shenzen Yonton
Opto). The membrane covered 9 drilled holes, thus leaving 2 holes uncovered, which will
serve as inlets. A circular Polydimethylsiloxane (PDMS) stamp of 150um thickness and 20
mm diameter was prepared using a metal mold of the same dimensions. The PDMS stamp
was placed on a 24x24 mn? coverslip (Fig. S1, Step 4). The UV-curable adhesive was flown
between the coverslip and PDMS by capillary, thus forming a spacer of thickness 150um
(Fig. S1, Step 5). The spacer was half-cured by UV-exposure, and the PDMS was pealed off
(Fig. S1, Step 6).

Human ESC aggregates

Human embryonic stem cells were cultured on Matrigel coated plates in Naive Human
Stem-Cell Media (NHSM, Table S1) as described51 (Fig. S1, Step 7). Cells were dissociated
using Trypsin-EDTA (0.05%, ThermoFisher), and diluted in serum containing media to
inhibit trypsin activity. Cells were centrifuged and re-suspended in NHSM with 404M Rho
Kinase inhibitor Y- 27632. The cells were counted and diluted to a final concentration of 2
- 10* cells/ml. About 600 cells (30u/) were dispensed into ultra-low cell-attachment 96-plate
(Fig. S1, Step 8, S-BIO, Hudson, NH, USA). Within several hours cells aggregated at the
bottom of the wells (Fig. S1, Step 9). After 24 hours, 150ul of Neural Induction Media
(Table S1) was added.

Device assembly

After 48-72 hours cell aggregates were collected by a pipette and placed on the fabricated
culture dish (Fig. S1, Step 10). Nine aggregates were placed on top of the membrane
covered holes. The fabricated coverslip was placed on top of the aggregates, thus sealing the
device (Fig. S1, Step 11). The device was inverted, and the UV-adhesive spacer was fully
cured using a mask to protect the cell aggregates. The device was then filled with media and
kept in a cell incubator at 37°Cand 5% CO, (Fig. S1, Step 11). Media was exchanged every
other day. Several days after Matrigel injection, the homogenous and isotropic cell aggregate
self-organized into a spherical shell structure surrounding a small cavity (lumen) (Fig. le,
Day 3, Fig. S2). Each organoid contained a single or several lumens.

Hydrogel embedment

Five days following the device assembly, collagen-laminin based hydrogel (100% Matrigel)
was injected into the device, and thus embedded the aggregates in a gel environment (Fig.
S1, Step 13). First, the device was dried. Then, a drop of cool liquid Matrigel was placed on
one of the inlets, and a tissue paper was placed on the second inlet. The Matrigel entered the
fabricated compartment by capillary force. The device was inserted into the incubator for 25
min for gelification. Finally, Neural Differentiation media (Table S1) supplemented with
EGF (20ng/ml) and FGF2 (20ng/ml) was added to the device25 (Fig. S1, Step 14). The
device was kept in the cell incubator and ready for imaging. Media was exchanged every
other day.
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PEG Coating

A ~10um thick polyethylene glycoel (PEG) hydrogel can be assembled on the glass cover
slip to exclude surface adhesion, or control surface stiffness52. Glass slides were plasma
treated (1min, 100W, 1bar Argon, 2bar Oxygen), and immediately coated with TMSMA
solution (10ml ethanol, 300uL 1:10 glacial acetic acid:ddw, and 0.5ml 3-(trimethoxysilyl)
propyl methacrylate Sigma, 440159), incubated for 1hr, double rinsed with ethanol, dried
with Nitrogen and stored in the dark. PEG mixture: Photoinitiator stock solution was
prepared as 100mg 2,2-Dimethoxy-2-phenylacetophenone (Sigma, 196118) to 1ml 70%
ethanol. PEG solution was prepared as 200mg PEG-6000 diacrylate (Sigma, 701963) to 1ml
PBS. The photoinitiator was mixed into the PEG solution to a final 0.1% concentration and
stored at 4C. Gel curing: A 2.5 puL drop of PEG mixture was placed on the surface treated
slide, and carefully closed from the top with a 18mm diameter circular coverslip. The PEG
mixture uniformly spread between the two surfaces, thus reaching an average thickness of
~10um. The solution was cross-linked by exposure to UV light. The 18mm coverslip is
removed gently using tweezers. The PEG coated coverslip is washed and incubated over
night with sterile PBS. Before device assembly the slide is dried with nitrogen, and the PEG
gel is clearly visible as an opaque disc on the clear coverslip.

Lipidure® Coating

Glass slides and membrane assembled petri-dish were coated with antiadhesive Lipidure®-
CM5206 (NOF CORPORATION) according to manufacture protocol53. A 0.5wt% solution
was prepared by dissolving 0.05gr Lipidure powder to 10ml ethanol. A ~200ul Lipidure
solution was placed on the coverslip/membrane surface for 1-2 min. The solution was
aspirated. The process was repeated twice. The surfaces were dried with nitrogen followed
by 50°C oven for 1hr.

Imaging and analysis

Imaging was carried out in a spinning disk confocal microscope based on an OLYMPUS
IX83 inverted microscope, VisiScope CSU-W1-T1 confocal system (Visitron systems,
Germany) and an sSCMOS 4.2 MPixel camera. Imaging was performed using VisiView
software. Image and Data analysis were carried out in FIJT and Matlab 2016b.

Cell line and CRISPR genome editing

In this work, we used early passages of NIH approved embryonic stem cell line
NIHhESC-10-0079 (WIBR3). Human ES cells were grown in optimal conditions as
described51. Three isogenic mutant cell-line clones were generated, by partial deletion of
the LIS/ gene from one allele of the wild-type cell-line. To insert the LS/ mutation we used
the Clustered regularly interspaced short palindromic repeats (CRISPR) genome editing
method. We used double Cas9 nickase to reduce the probability of off-targets effects. The
two guide-RNA sequences: GGACGGGGAATCCATTCTTTTGG and
AATATGCATTGAGTGGTCACAGG were designed according to http://crispr.mit.edu/,and
targeted the 4 coding exon region of LIS/ gene. The corresponding oligonucleotides were
cloned into pX335 vector, which contains an expression vector for mutant Cas9 (nickase).
Cells were transfected using electroporation. In addition to the plasmid encoding the gRNA
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and Cas9, tracer amounts of a GFP expression vector was added. Three days after
transfection, the cells were subject to fluorescence-activated cell sorting (FACS) and plated
at a density of 2000 cells per plate, allowing for the growth of single-cell derived colonies.
Colonies were picked, and screened by RNA and protein levels. Since LIS1 knock-outs are
embryonic lethal we expected only LIS/ +/- heterozygous deletions54. Three LIS/ +/- were
used in the study: 10F, 9G, 45 respectively referred to as clones 1,2,3 in main text. Reduced
LIS1 protein levels were verified by western blot (Fig. S16). Cell lines were regularly
checked for mycoplasma contamination. Spectral karyotyping test was performed to cell
lines WIBR3 (100% normal metaphases, N=10), and LZ51 +/— 10F (12 normal metaphases,
1 metaphase with chromosome 17 duplication, total N=13).

Cell electroporation and fluorescence reporters

Human embryonic stem cells were stably labeled with a fluorescent H2B-mCherry reporter,
labeling chromosomes, and a Lifeact-GFP reporter labeling actin. Cell transfection was
carried out in a NEPA21 electroporation system according to the company protocol (Nepa
Gene, Japan). To ensure stable expression over the whole cell lineage we used the PiggyBac
transposase method, which allows DNA integration into the cell genome at random
sites55,56. We co-electroporated pCAG:H2B-mCherry and pCAG:LiveAct-GFP plasmids
together with a pCAG-PBase plasmid expressing the PiggyBac transposase. The reporter
plasmids carried inverted terminal repeat sequences (ITRs), recognized by PiggyBac
transposase, before and after the promoter:gene sequence. Following electroporation cells
were plated, passaged once after several days and selected using FACS.

AFM sample preparation

Atomic force microscopy (AFM) experiments were carried out on cells cultured on S5cm
tissue-culture dishes. Cells were cultured in two conditions: (i) as embryonic stem cell
colonies (ES)51 and (ii) differentiated to neuronal progenitors (NP) as described57. For the
ES sample, ES cells were plated onto a Matrigel coated plate, cultured for about a week in
NHSM media (Table S1) and taken for AFM analysis. For the NP sample, ES cells were
plated onto a 10cm plate coated with Matrigel, cultured until they reached confluency, and
then transferred to a Scm plate. After 24hrs, the NHSM media was replaced with Neuronal
Differentiation media (Table S1) supplemented with TGFB inhibitor (SB431542, SuM),
Noggin (0.5 pg/ml) and Vitamin A (present in B27 supplement, Table S1). Cells were
cultured for 14 days, with daily media exchange, and were taken for AFM analysis.

AFM experiments

AFM studies were performed using a JPK Nanowizard 3 and Nanosensors qp-BioAC probes
(probe 1, force constant of approximately 50 pN/nm) in QI'" mode. This mode allows
acquisition of topographic images simultaneously with mechanical data (e.g., stiffness and
adhesion). It also allows collection of force/distance curves at each pixel which can
subsequently be converted to elastic modulus after calibration of optical lever sensitivity and
cantilever spring constant, by applying a contact mechanical model. Initially, regions of
approximately 20 x 20 um? were scanned at moderate resolution to locate the positions of
the cells and their boundaries. Then, zoomed areas centering on selected cells were acquired,
approximately 5 x 5 um? at 32 x 32 pixels together with the pixel-resolved force curves.
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Ultimate force and pull-back distance were tuned to ensure penetration into the cell of
nominally 300-800 nm and complete disengagement from the cell for each cycle. The tip
speed was approached to surface at a speed of 50 um/s. The traces showed no evidence of
significant adhesion and had good repeatability in a single location, and were analyzed using
a Herzian model presuming Poisson ratio of 0.5, and a conical probe with opening half-
angle of 20 degrees. For analysis, force curves from the cell were selected using the maps,
avoiding cell-cell border regions. Several thousand force curves were combined from 7-10
different cells for the analysis of each cell-line (Fig. 5k, Figs. S19-20).

Cytoskeleton drug experiments

Cytoskeleton drug experiments were carried out directly in the organoid device. For the
long-term experiments (Fig. 4a,b) SuM blebbistatin was added during Days 6-10 after
Matrigel embedding. In the short-term experiments (Fig. 4c-e) drugs were added to the
media, and the organoids were incubated for 3hrs in a cell incubator. Organoids were imaged
before and after the addition of the drugs. Drugs were used at the following concentrations:
Rock Inhibitor (Y-27632) 20uM, blebbistatin SOuM and nocodazole 10uM.

Laser microdissection experiments

Laser Microdissection experiments were carried out directly on the organoid device, using
the Palm MicroBeam Zeiss system. The system works with a pulsed 337nm UV Nitrogen
Laser. The irradiation area was chosen using Lifeact fluorescence imaging with a 10X
objective (Fig. S14, green line). Laser irradiation was performed using a 40X air objective,
in Laser Pressure Catapulting (LPC) mode. In this mode, the laser pulses are localized in
discrete locations within the irradiation area (Fig. S14, blue dots). The following parameters
were used: 60% power, 100% focus, and speed 1. The organoids were fluorescently imaged
before and after the laser microdissection, which lasted about a minute.

Immunostaining

Immunostaining was carried out directly in the organoid device. Organoids were fixed with
PFA 2.5% for two hours, washed 3 times in PBS and permeabilized using PBS-triton 0.1%
for 15 minutes, followed by 30 minutes blocking (30% Horse serum, 10% Fetal Calf Serum,
0.1% Triton X-100 in PBS). The organoids were incubated for two hours of primary anti-
body diluted in blocking solution (Rabbit anti-PAX6 1:200 Covance PRB-278P, Mouse anti-
NeuN 1:200 MILLIPORE mab377), washed in PBS, incubated for twenty minutes with
secondary anti-body 1:200 in blocking, followed by incubation with 4',6-diamidino-2-
phenylindole (DAPI) for 10 min and PBS washing. Organoid devices were imaged following
the immunostaining.

Contour analysis of human brains

Contour analysis of a healthy human brain (Fig. 51, inset) was done on a single post-mortem
section image (Brain Biodiversity Bank, Michigan State University, https://msu.edu/
~brains/, coronal section #2000). Analysis of lissencephalic brain was done on patient MRI
scan image (Courtesy of Dr. Nadia Bahi-Buisson, French Institute of Health and Medical
Research).
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Bulk RNA-Seq Library Construction and Sequencing

Total RNA from was extracted using the RNeasy Mini kit (Qiagen) under manufacturer
protocols. RNA was extracted at three time points: (i) human embryonic stem cells, (ii)
organoids at days 5 and (iii) 12 after Matrigel embedment. Three repeats were taken for each
time point. Organoid RNA was extracted directly from the device, with total of 20-40
organoids for each repeat. RNA concentration and integrity were measure using Nanodrop
(Thermo Scientific) and an Agilent Tapestation, respectively. Libraries were prepared from
50 ng of total RNA using Bulk MARS-seq, a modified version of directional gene
expression through 3’ end developed for single-cell RNA-seq (MARS seq), to produce
expression libraries58. The quality of the libraries was assessed by tapestation and qPCR,
and high-quality libraries were sequenced by the Illumina NextSeq 500 sequencer to obtain
single read of 75bp.

Transcriptome Assembly and analysis

Raw data files were processed by removing the adapters from the raw sequencing reads
using Cutadapt59 after quality-assessment of FASTQ files using the FastQC tool60. Reads
were then aligned to the reference genome GRCh37/hg38 using STARG61. Differential
expression was tested by fitting raw counts on a negative binomial distribution by using
DESeq262. Genes were sorted according to their log2-transformed fold-change values after
shrinkage in DESeq2. The clusters of pathways that shared many leading-edge genes were
detected using GeneAnalytics63, and manually curated these clusters to elucidate the
important phenotype-associated pathway groups visualized on the heatmaps. Hierarchical
clustering was performed using R software. First, all the differentially expressed genes for a
genotype and/or developmental time point were identified using the methods listed above
and clustering was subsequently performed using the Ac/ust and dendsort package in R.
Gene set enrichment analysis (GSEA) was carried out using the R package edgeR64, and
ROAST®65 function from the R package Limma (Fig. S5). Differentially expressed genes
were manually divided to categories of radial glia and neuronal categories according to
previous works66—73 (Fig. S6).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Brain Organoid development and wrinkling
(a) Illustration of the two-dimensional compartment, h = 150um. The top membrane is

coupled to a media reservoir, and the bottom coverslip enables in situ imaging. (b) Z-stack
image of the organoid showing actin using Lifeact-GFP (green) and cell nuclei using H2B-
mCherry (red). (¢) Illustration of an organoid optical section. (d) Fluorescence image and
illustration showing cell organization in the organoid. Dashed white line marks inner
organoid surface surrounding a lumen. Cells exhibit a bi-polar morphology, stretched
between the outer surface (r = t) and the inner surface (r = 0). Nuclei are distributed along
the radial coordinate, and cell division occurs at the inner surface (r= 0). (e) Fluorescence
images showing the development of the organoid during days 3-11 after Matrigel
embedment, and the emergence of wrinkles. Arrows indicate initial wrinkling instability. (f)
RNA sequencing expression data in the organoids for three developmental time points:
embryonic stem cell culture, organoids 5 and 12 days after Matrigel embedment. Six
samples are shown for each time point (3 wild-type, 3 LIS1 +/— mutants). Color bar
indicates the row z-score. The list contains genes that are typical for telencephalon and
cortical brain regions. Scale bars are 100um (e), 50um (b), 20um (d). Error bars represent
s.e.m.
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Fig. 2. Organoid wrinkling occurs at a critical nuclear density and maximal strain

(a) A low magnification image of the wrinkled organoid. Dotted line marks the organoid

contour of length L. Solid line marks a convex contour of length Lz (b) Fluorescence

images of H2B-mCherry showing nuclear aspect ratio and density in days 3,6. (¢) Wrinkling

index W =L/LFas a function of time averaged over 14 organoids. (d) Nuclear density p

and (e) aspect ratio R|/R; as a function of time averaged over 250 nuclei sampled from five

organoids, with 50 nuclei each. (f) Wrinkling index as a function of nuclear density p

(Nuclei per area). Nuclear density was measured at the tissue outer region, 77¢> 0.5, and
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normalized by the average nuclear area < a >= 89 + 14un?. A sharp wrinkling transition is
observed at a critical density p. = 0.85 £ 0.1 < a>. (g) Illustration showing organoid
wrinkling at a critical density p.. (h) Wrinkling wavelength A as a function of thickness ¢
exhibiting a linear scaling regime. Scale bars are 100um (a), 10um (b). Error bars represent
s.e.m.
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H2B-mCherry (red) and Lifeact-GFP (green). (b) High-resolution images during cell mitosis

at the inner surface. (¢) nuclear velocities v and (d) nuclear density p as a function of radial

position 7/¢. Velocities were measured for both inward (red) and outward (blue) motions. (e)

Two-dimensional phase-space diagram of nuclear area A and radial-position 7/# Red color

intensity indicates the percentage of nuclei at each point. The nuclei distribution is limited to

closed path, reflecting the periodic cell-cycle: (1 — 2) Nuclear swelling: two-fold increase

in nuclear area, coupled with an inward nuclei motion, (2 — 3) DNA condensation: motion

towards the mitosis region at the inner surface, and decrease in area during DNA

condensation prior to cell division. (3 — 1) Upward motion of “newly-born” nuclei. Data

was taken from analysis of 13 nuclei over 48 hours with a time step of 3 minutes. Black line

and arrows were drawn to indicate progression with time. (f) Nuclear area growth, during a

cell cycle period, in the outer half of the organoid (/¢ > 0.5) compared to the inner half of

the organoid (77 < 0.5). (g) llustration of a physical mechanism for wrinkling. Nuclear

motion and position dependent nuclear swelling create density and growth gradients, which

are maximal at the organoid outer regions. The differential growth leads to residual stress

and wrinkling. Scale bars are 20um (b) and 10um (c). Error bars represent s.e.m.
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Fig. 4. Cytoskeletal forces maintain organoid core contraction and stiffness
(a) Images of organoids treated with blebbistatin (+Blebbistatin) during days 6-10 and

control. Dashed lines mark inner and outer surfaces. (b) Average curvature < [0,8(7)| > of

Af %]
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outer (basal, blue) and inner (apical, black) organoid surfaces for control (CTRL) and treated

(Bleb.) organoids (N=7-10. (c-d) Images of organoids before and after acute treatment with

cytoskeleton disturbing drugs including (c,c’) blebbistatin and (d,d’) laser micro-dissection

treatment of the organoid core (marked with green line and blue dots). (e) Organoid
thickness before (4) and after (¢) cytoskeleton disturbing treatments including blebbistatin,
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ROCK inhibitor, nocodazole and laser microdissection. (£,f’) Magnified view of (c,c’)
reveals that the inner surface area of cells is increased following drug treatment. (g)
[lustration of the organoid during cytoskeleton inhibition, showing the reduction in
thickness and increase in inner surface area. (h) Lifeact fluorescence profile along the radial
coordinate /¢ before (solid line) and after (dashed line) treatment with ROCK inhibitor. Blue
area marks the difference in fluorescence intensity at the inner surface (0 < 7£< 0.1). (i)
Reduction in inner surface fluorescence and (j) thickness for drug and microdissection
treatments. Averages (squares) taken over 4-11 repeats (circles) for each condition. (k)
Nuclear aspect ratio in control organoids (Ctrl) and after treatments. Data includes 40-70
nuclei from 3 organoids. (I,I’) H2B-mCherry fluorescence images before and after treatment.
Dashed lines indicate inner and outer surfaces. Scale bars are 100um (a,d), S0um (c), 20um
(1) and 10um (f). Error bars represent s.e.m.
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Fig. 5. L1 S1+/- mutation results in lissencephalic organoids, modified ECM and cytoskeleton, and
reduced cell elasticity

(a) Images of wild-type (WT) and (b) LIS/ mutant organoids (LIS /+/-). (¢) Expression data
of extra cellular matrix (ECM) and cytoskeleton related genes (N=3). (d) Distribution of
organoid thickness and (e) wrinkling wavelength for WT and (f, g) LIS/+/- (N=5). (h)
Wrinkle wavelength as a function of thickness. (i) Tangent correlation function, <
Cos(6(Ar) >, between two points at a distance ralong the organoid surface (N=9 WT, 10
LIS1+/-). At short distances the correlation decreases linearly, 1 — 7/, WT organdies exhibit

correlation peaks (arrowheads). Inset: correlation functions of healthy (blue) and

lissencephalic (orange) human brains. (j) Average curvature < |[0,8(r)| > of WT and three
different and isogenic LIS/+/- clones (N=9 — 11). (k) Elastic modulus of WT and LIS /+/-
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embryonic stem cells (ES) and neuronal progenitors (NP) from several thousand force
curves (N=7-10). (1) Nuclear velocities during apical (inward) and basal (outward) motion
for WT and LIS1+/- (N=15). (m) Two-dimensional diagram of nuclear area A and radial-
position 7/t of LIS1+/- nuclei. Orange color intensity indicates the percentage of nuclei at
each point. Black line and arrows indicate progression with time. (n) Nuclear area growth,
over a cell-cycle period, in the outer (Out, ¢ > 0.5) and inner (In, /¢ < 0.5) parts of the
organoid for WT (same as Fig. 2f) and LIS/+/—. Kolmogorov-Smirnov test was used to
compare the WT and LIS /+/- distributions. Scale bars are 200um (a,b), S0um (c) and Sum
(n). Error bars represent s.e.m. Asterisks represent statistical significance (* p < 0.05, ** p <
0.01,***p < 0.001).
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