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Cleavage of E-Cadherin and p-Catenin by
Calpain Affects Wnt Signaling and Spheroid
Formation in Suspension Cultures of Human

Pluripotent Stem Cells*s

Sarah A. Konzet§, Laura van Diepent], Anke Schrdder|, Ruth Olmer§**,
Hanna Méllert§, Andreas Pich|, Robert WeiBmann9], Andreas W. Kuss1],
Robert Zweigerdt§**, and Falk F. R. Buettnert§tt

The envisioned clinical and industrial use of human pluri-
potent stem cells and their derivatives has given major
momentum to the establishment of suspension culture
protocols that enable the mass production of cells. Un-
derstanding molecular changes accompanying the trans-
fer from adherent to suspension culture is of utmost im-
portance because this information can have a direct
effect on the development of optimized culture condi-
tions. In this study we assessed the gene expression of
human embryonic stem cells and induced pluripotent
stem cells grown in surface-adherent culture (two-dimen-
sional) versus free-floating suspension culture spheroids
(three-dimensional). We combined a quantitative pro-
teomic approach based on stable isotope labeling by
amino acids in cell culture with deep-sequencing-based
transcriptomics. Cells in three-dimensional culture
showed reduced expression of proteins forming struc-
tural components of cell-cell and cell-extracellular matrix
junctions. However, fully unexpected, we found up-regu-
lation of secreted inhibitors of the canonical Wnt signaling
pathway and, concomitantly, a reduction in the level of
active B-catenin and in the expression of Wnt target
genes. In Western blot analyses the cysteine protease
calpain was shown to cleave E-cadherin and B-catenin
under three-dimensional culture conditions. Our data al-
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lowed the development of a model in which calpain cleav-
age of E-cadherin induces the disintegration of focal cell
contacts and generates a 100-kDa E-cadherin fragment
required for the formation of three-dimensional cell-cell
contacts in spheroids. The parallel release of B-catenin
and its potential activation by calpain cleavage are coun-
terbalanced by the overexpression of soluble Wnt pathway
inhibitors. According to this model, calpain has a key func-
tion in the interplay between E-cadherin and B-catenin-
mediated intercellular adhesion and the canonical Wnt sig-
naling pathway. Supporting this model, we show that
pharmacological modulation of calpain activity prevents
spheroid formation and causes disassembly of preexisting
spheroids into single cells, thereby providing novel strate-
gies for improving suspension culture conditions for human
pluripotent stem cells in the future. Molecular & Cellular
Proteomics 13: 10.1074/mcp.M113.033423, 990-1007, 2014.

Human embryonic and induced pluripotent stem cells
(hESCs and hiPSCs, respectively)' hold the potential for in-
definite self-renewal and differentiation into all somatic cell
types (1, 2). Beyond their application as models for studying
mechanisms of pluripotency, these cells have been consid-
ered as a potent source for cell therapies and in vitro assays
in pharmacology and toxicology, raising the need for large-
scale cell production under defined conditions (3). Conven-
tional, surface adherent, two-dimensional culture is not suited
to generate billions of human pluripotent stem cells (hPSCs)
and their respective progenies required for clinical applica-
tions (3). To overcome these limits, three-dimensional culture

" The abbreviations used are: hESC, human embryonic stem cell;
hiPSC, human induced pluripotent stem cell; hPSC, human pluripo-
tent stem cell; ECM, extracellular matrix; MEM, minimum Eagle’s
medium; ACN, acetonitrile; ACTB, B-actin; MCS, multicellular spher-
oid; MEF-CM, mouse embryonic fibroblast-conditioned medium;
gPCR, quantitative real-time polymerase chain reaction; Rl, Rho-
associated coiled-coil kinase inhibitor Y27632; SILAC, stable isotope
labeling by amino acids in cell culture; SFRP, secreted frizzled-related
protein.
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protocols have been developed, wherein hPSCs are grown as
aggregates or multicellular spheroids (MCSs) in suspension
(4-9). More recently, suspension culture has been adapted to
larger dimensions in bioreactors (5, 10—12), allowing the mass
production of pluripotent stem cells under more defined condi-
tions. Published suspension culture approaches differ in several
aspects such as cell dissociation and inoculation protocols,
feeding strategies, and culture media composition. However,
the most commonly used culture media comprise mTeSR™"
(5, 9, 12) or mouse embryonic fibroblast-conditioned medium
(MEF-CM) (6, 10) and usually include supplementation of the
Rho-associated coiled-coil kinase inhibitor Y27632 (RI), which
supports the survival of hPSCs after their dissociation into single
cells (13).

Because the culture of MCSs in suspension might affect
key features of hPSCs including their physiology, pluripo-
tency, and differentiation potential, a detailed comparison of
cells grown in a conventional monolayer (two-dimensional)
and in suspension culture (three-dimensional) is of utmost
importance, in particular because the multicellular spheroids
that form under three-dimensional conditions are more similar
to tissues in terms of structural and functional properties and
can give rise to direct organogenesis (14). MCSs are known to
create a unique extracellular microenvironment through the
accumulation of morphogens or the formation of morphogen
gradients (or both), and their development and maintenance
involves cell-extracellular matrix and cell-cell interactions
(15-17). It has been demonstrated in several cell systems,
including mouse embryonic stem cells (18) and human breast
cancer cell lines (19), that E-cadherin (CDH1) is of central
importance for MCS formation. In MCSs derived from hepa-
toma cells, for example, it was shown that up-regulation of
E-cadherin increases homophilic E-cadherin interactions be-
tween neighboring cells that are connected by adherens junc-
tions (20). Because E-cadherin interacts with B-catenin, a key
component of the canonical Wnt pathway (21), it is also di-
rectly interwoven with Wnt signaling. Recently it was shown
that up-regulation of E-cadherin causes the inhibition of Wnt
signaling in a microwell-based three-dimensional culture sys-
tem of hESCs. In that study the E-cadherin effect was attrib-
uted to the scavenging of B-catenin at adherens junctions
(22).

This observation (i.e. that two-dimensional versus three-
dimensional culture of hPSCs might influence cell signaling)
underscores the need for a detailed characterization of mo-
lecular alterations associated with switching culture condi-
tions. Several studies have already focused on the identifica-
tion of proteomic or transcriptomic changes associated with
MCS formation of tumor cells (23-25) and during the early
differentiation of hPSCs, a step associated with the transition
from adherent hPSC cultures to embryoid-body-induced dif-
ferentiation (26-28). In contrast, very little information is avail-
able on the molecular changes that accompany the transition

from adherently growing hPSCs to suspension culture spher-
oids while pluripotency is maintained.

To fill this gap, we combined deep-sequencing-based tran-
scriptomics with in-depth quantitative proteomics to compare
hPSCs grown either adherently or as free-floating spheroids.
Our results provide novel molecular signatures of hPSCs
grown as MCSs in suspension culture and aid in (i) the basic
understanding of mechanisms governing cell-cell interaction
and spheroid formation of hPSCs and (ii) refining large-scale
culture protocols, which are indispensable for the routine,
automated mass production of hPSCs and their progeny.

EXPERIMENTAL PROCEDURES

Culture of hPSCs—Tissue culture reagents were purchased from
Invitrogen (Carlsbad, CA) unless otherwise stated. All cells were main-
tained at 37 °C, 5% CO,, and 85% relative humidity. hESCs (ES03,
ES Cell International, National Stem Cell Bank Wisconsin, Madison,
WI) or hiPSCs (hCBiPSC2, human-cord-blood-derived induced pluri-
potent stem cell clone 2, reprogrammed from cord-blood-derived
endothelial cells, LEBAO, MHH) (29) were routinely cultured as colo-
nies in six-well plates (Greiner Bio-One, Frickenhausen, Germany) on
y-irradiated (3000 cGy) human fibroblasts (CCD919, ATCC, Manas-
sas, VA), in the following referred to as feeder cells. Feeder cells were
seeded at 2.5 X 10* cells cm™2 in wells coated with 0.1% (w/v) gelatin
(Sigma-Aldrich, St. Louis, MO) in feeder medium consisting of high-
glucose DMEM, 10% (v/v) FCS, 1% (v/v) minimum Eagle’s medium
(MEM) Non-Essential Amino Acids, and 1% (v/v) GlutaMAX™. After
the feeder cells had been allowed to attach for 24 h, cells were
washed and stem cells were seeded on top of the feeder cells in stem
cell medium. The stem cell medium comprised KnockOut™ DMEM
supplemented with 20% (v/v) KnockOut™ Serum Replacement, 1%
(v/v) MEM Non-Essential Amino Acids, 0.5% (v/v) GlutaMAX™, 0.1
mM 2-mercaptoethanol, and 50 ng/ml or 10 ng/ml bFGF (Institute of
Technical Chemistry, Leibniz University Hannover, Hannover, Ger-
many) for hESCs or hiPSCs, respectively. For passaging, hPSCs were
detached from feeder cells by incubation with 0.2% (w/v) collagenase
IV solution for 10 min at 37 °C and subsequently transferred to a new
well of feeder cells. Culture under feeder-free conditions of hPSCs
was conducted either in MEF-CM, generated as described below,
or, for controls, in mMTeSR™1 medium (StemCell Technologies,
Grenoble, France) in T25 cell culture flasks (Greiner) that were coated
with 2 ml of a 1:60 dilution of Matrigel™ matrix (BD Biosciences,
Bedford, MA) for at least 1 h at 37 °C. Cells were incubated for 7 min
at 37 °C with 1 mg/ml (w/v) Dispase (StemCell Technologies) before
passaging and subsequently transferred in new Matrigel™ coated
flasks. hPSCs grown under feeder-free conditions intended for ex-
periments were cultured for at least three to five passages feeder-free
to allow proper adaptation. For the generation of MEF-CM, confluent
MEFs having undergone three to five passages (EmbryoMax® PMEF-
P3, strain CF-1, untreated, Millipore, Billerica, MA) were y-irradiated
(3000 cGy) and seeded at 6 X 10 cells cm~2 on gelatin-coated flasks
in feeder medium. After the cells had been allowed to attach for 24 h,
medium was replaced by 0.5 ml/cm? medium comprising DMEM-F12
with stable glutamine (Biochrom, Berlin, Germany), 15% (v/v) Knock-
Out™ Serum Replacement, 1% (v/v) MEM Non-Essential Amino Ac-
ids, 0.1 mm 2-mercaptoethanol, and 4 ng/ml bFGF. The medium was
conditioned for 24 h, filter sterilized, and supplemented with an ad-
ditional 4 ng/ml bFGF. Conditioned medium was harvested for seven
consecutive days and stored at —20 °C. Suspension culture was
conducted essentially as described by Zweigerdt et al. (9). Suspen-
sion cultures were inoculated with hPSCs grown feeder-free in either
MEF-CM or mTeSR™!1. Unlike in the procedure described by Zweig-
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erdt et al., the dissociation of colonies grown on Matrigel™ into single
cells was achieved via incubation with 0.5 mm EDTA in PBS (Versene)
for 7 min at 37 °C. Subsequently, 2.5 X 10° cells were seeded in 3 ml
of MEF-CM or mTeSR™1 medium supplemented with 10 mm Rl
(Institute of Technical Chemistry, Leibniz University Hannover) per
well of an ultralow attachment six-well plate (Corning, Tewksbury,
MA) and cultured for 4 days. Adherent culture conditions are referred
to as two-dimensional, and suspension culture as three-dimensional.

SILAC of hPSCs—To keep our study as similar as possible to
established hPSC culture conditions, we decided to avoid using novel
media recipes developed for SILAC (30, 31) and dialyzation of the
medium (32). Instead we exchanged the DMEM components of the
stem cell media for a DMEM without lysine and arginine that was
supplemented with the respective Lys and Arg isotopologues (33, 34).
For SILAC, hPSCs were cultured for at least six passages on feeder
cells in SILAC stem cell medium. In SILAC stem cell medium, the
KnockOut™ DMEM component of the stem cell medium described
above was exchanged for DMEM-F12 for SILAC (Thermo Fisher
Scientific, Waltham, MA) supplemented with 7 X 10~* mol/l of the
respective Arg isotopologue (Arg-6 = L-['*C4] Arg-HCI, referred to as
“medium” Arg, or Arg-10 = L-['®C4'®N,] Arg-HCI, referred to as
“heavy” Arg) and 5 X 10~“% mol/l of the respective Lys isotopologue
(Lys-4 = L-[H,] Lys-HCI, referred to as medium Lys, or Lys-8 =
L-["3C¢"®N,] Lys-HCl, referred to as heavy Lys), obtained from Silan-
tes (MlUnchen, Germany). Subsequently, the stem cells were cultured
for an additional three to five passages in SILAC MEF-CM supple-
mented with 10 uMm RI under feeder-free conditions as adherent cells
on Matrigel™ (two-dimensional). For the generation of SILAC MEF-
CM, the DMEM-12 component of normal MEF-CM was exchanged
for DMEM-F12 for SILAC supplemented with 7 X 10~4 mol/l of the
respective Arg isotopologue (Arg-0, Arg-6, or Arg-10) and 5 X 10™*
mol/l of the respective Lys isotopologue (Lys-0, Lys-4, or Lys-8).
Unlabeled Arg and Lys (Arg-0, referred to as light Arg, and Lys-0,
referred to as light Lys) were purchased from Sigma Aldrich. Accord-
ingly, suspension cultures (three-dimensional) of hPSCs were per-
formed in SILAC MEF-CM supplemented with 10 um Rl (as described
above). The SILAC media for feeder-based culture and MEF-CM
contained 20% and 15% KnockOut™ Serum Replacement, respec-
tively, thus contributing 800 and 600 mg/ml L-proline and thereby
excluding the problematic conversions of isotope-coded arginine to
proline (33). hPSCs grown two- or three-dimensionally in SILAC
MEF-CM supplemented with 10 um Rl were collected (adherent cells
were released via incubation with Versene) and pelleted by means of
centrifugation at 300 X g for 3 min. The cell pellet was washed with
PBS. For proteomics, the cell pellet was frozen at —80 °C; for tran-
scriptomics, the cell pellet was immediately dissolved in TRIzol®
reagent (Invitrogen) and frozen at —80 °C (Fig. 1).

Differentiation of SILAC-labeled hPSCs— Cardiomyogenic differen-
tiation from monolayers of pluripotent stem cells was performed
essentially as described by Lian et al. (35). Briefly, SILAC-labeled
hESCs or hiPSCs were singularized via incubation with TrypLE™
Select for 5 min, pelleted by centrifugation at 250 X g for 5 min, and
seeded at a cell density of 10° cells/cm? on a 12-well plate (Greiner
Bio-One) in SILAC MEF-CM supplemented with 5 um RI (day —4). On
day —2, the medium was changed to SILAC MEF-CM without RI. On
day 0, when cells were confluent, the medium was replaced by
RPMI/B27 medium without insulin consisting of RPMI 1640 including
GlutaMAX™ and 2% (v/v) B-27® Supplement without insulin supple-
mented with the small molecule CHIR99021 (Selleckchem, Houston,
TX) in final concentrations of 8 um for hiPSCs and 20 um for hESCs.
The cells were cultivated for 24 h in the presence of CHIR99021. Then
the medium was changed to RPMI/B27 without insulin (day 1). On day
3, 5 uM IWP-4 (Stemgent®, Cambridge, MA) in RPMI/B27 without
insulin was added, and it was removed on day 5. On day 7, the

medium was replaced by RPMI 1640 with 2% (v/v) B-27® Supplement
with insulin. Spontaneously contracting areas could be observed from
day 10 onward. For immunofluorescence microscopy of cardiomyo-
cytes, cells were detached and singularized via incubation with Try-
pLE™ Select for 5 min at 37 °C, pelleted by centrifugation for 5 min
at 250 X g, and reseeded at a cell density of 2.5 X 10* cells on 3.5-cm
dishes coated overnight with fibronectin (Biochrom, 0.1 mg/ml in
PBS) in single cell medium consisting of DMEM, 20% (v/v) Knock-
Out™ Serum Replacement, 1% (v/v) MEM Non-Essential Amino Ac-
ids, 1% (v/v) GlutaMAX™, 0.1 mm 2-mercaptoethanol, 1% (v/v)
penicillin-streptomycin (Sigma-Aldrich), and 5 um Rl. For immunofluo-
rescence microscopy, cells were allowed to attach for 24 h and then
were fixed and stained against the cardiomyocyte marker a-actinin.

For differentiation of hPSCs toward early neuroectoderm, SILAC-
labeled hPSCs were singularized with TrypLE™ Select and seeded on
Matrigel™-coated 3.5-cm dishes in SILAC MEF-CM with 5 uM Rl at a
density of 10° cells/cm?®. Cells were allowed to attach for 24 h, and
then serum-free differentiation medium (36) consisting of DMEM sup-
plemented with 1% (v/v) MEM Non-Essential Amino Acids, 1% (v/v)
GlutaMAX™, 0.1 mm 2-mercaptoethanol, and 1% (v/v) insulin-trans-
ferrin-selenium was added. The medium was changed once on day 2.
On day 4 of differentiation, cells were fixed and stained against the
neuroectodermal cell surface markers polysialic acid and neural cell
adhesion molecule.

For the derivation of cells committed to the mesendodermal line-
age, hESCs or hiPSCs were seeded as single cells on Matrigel™ as
described for the neuroectodermal differentiation. Cells were allowed
to grow to 100% confluence, and then endoderm-differentiation me-
dium (37) (RPMI 1640 containing GlutaMAX™, 5% (v/v) KnockOut™
Serum Replacement, and 100 ng/ml activin A (R&D Systems, Minne-
apolis, MN)) was added (day 0). On day 1 and day 2 the medium was
supplemented with 0.1% (v/v) and 1% (v/v) insulin-transferrin-sele-
nium, respectively. Cells were fixed and stained against the meso-
dermal/endodermal marker islet-1 (38).

SILAC Sample Preparation for MS—For cell lysis, 1 ml of RIPA
buffer was used to lyse 5 X 10° SILAC-labeled cells grown under
either two-dimensional or three-dimensional conditions. RIPA buffer
comprised 50 mm Tris-HCI, pH 8, with 150 mm NaCl, 1% (v/v) Nonidet
P-40 (Roche), 0.5% (w/v) sodium deoxycholate (Sigma-Aldrich), and
1% (w/v) sodium dodecyl sulfate (SDS) (Serva, Heidelberg, Germany)
supplemented with HALT protease inhibitor (Thermo Fisher Scien-
tific). Cell lysis was supported by two steps of sonification in a cup
horn for 1 min using a Branson Sonifier 450 with settings for duty
cycle at 50% and output control at 5. Cell debris was removed by
centrifugation for 15 min at 13,000 X g and 4 °C. The protein con-
centration of the supernatants was determined using Pierce 660 nm
protein assay reagent (Thermo Fisher Scientific). Cell lysates corre-
sponding to 50 pg of protein each from cells labeled with light,
medium, and heavy SILAC were pooled and precipitated by the
addition of at least a 4-fold volume of —20 °C cold acetone overnight
at —20 °C. The protein was pelleted by centrifugation at 13,000 X g
for 15 min at 4 °C. Each sample pool containing 150 g of protein was
dissolved in 30 ul of Laemmli buffer (35 mm Tris-HCI pH 6.8, 2.8%
(w/v) SDS, 7% (v/v) glycerol, and 0.005% (w/v) bromphenol blue) and
incubated for 5 min at 95 °C. The three different SILAC samples (light,
medium, and heavy) were combined so as to ensure maximal diver-
sity per pool, with the consequence that both cell types (hESCs and
hiPSCs) and both culture conditions (two-dimensional and three-
dimensional) were present in each sample pool. Proteins were sepa-
rated via SDS-PAGE using 10% gels and subsequently stained with
Roti®-Blue (Roth, Karlsruhe, Germany). Each lane was cut into six
slices that were cut into small pieces of about 1 mm? (Fig. 1). These
were destained with 25% methanol and subjected to in-gel digestion
with trypsin according to the method described by Shevchenko et al.

992

Molecular & Cellular Proteomics 13.4



Proteomic Analysis of Stem Cells Comparing Two-dimensional and Three-dimensional Culture

A

« standard medium
« feeder-cells

+ SILAC medium . ¢
« feeder-cells

2D ®
*SILAC MEF-CM__ @
* Matrigel™

“RI @6

3D

* SILAC MEF-CM
« Corning®

*RI

o

SILAC "light"” "medium” "heavy" "light"

B -ﬁ» cell pellets in -80°C ﬁ cell lysis tﬂ pooling of samples
mm)  acetone precipitation B SDS-PAGE

"light" hiPSC 2D  hESC 2D hiPSC 3D hESC 3D
MW "medium" hESC2D  hESC 3D MW hiPSC 2D hiPSC 3D
kDa "heavy" hiPSC3D hiPSC 2D kDa hESC 3D hESC 2D
170
130
95
72 i
55
43
34
26
” peptides w spectra q protein lists
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trypsin (LTQ Orbitrap Velos) and quantification
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Fic. 1. Experimental workflow. A, schematic of cell culture. hESCs or hiPSCs were routinely cultured on human feeder cells. The
standard medium was exchanged for a SILAC medium to facilitate labeling of the cells within a few passages. Subsequently the labeled
cells were transferred to Matrigel™ and cultured in SILAC MEF-CM containing the Rho kinase inhibitor Y27632, enabling the growth of
singularized cells as an adherent monolayer (2D). Suspension cultures (3D) were inoculated from these cells and incubated for 4 days. Cells
were harvested (indicated by “h”) via centrifugation, and cell pellets were either frozen at —80 °C for subsequent proteomics (B) or
suspended in TRIzol® and then frozen at —80 °C for subsequent transcriptomics. B, sample preparation for SILAC-based proteomics. 50
g of a light, a medium, and a heavy labeled sample (as indicated) was pooled and separated via SDS-PAGE on 10% gels. Each lane was
cut into six fragments (as indicated) and measured upon tryptic digestion by LC-MS/MS. Mass spectrometric raw data were analyzed with
MaxQuant (v1.2.2.5).
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(39). Briefly, the gel pieces were dehydrated with acetonitrile (ACN)
(Merck) and then treated first with 10 mm DTT (Sigma) in 100 mm
ammonium bicarbonate buffer (Sigma-Aldrich) and subsequently with
100 mm iodoacetamide (Sigma-Aldrich) in 100 mm ammonium bicar-
bonate buffer. After a repeated dehydration with ACN and rehydration
with ammonium bicarbonate buffer, the dehydrated gel pieces were
rehydrated with 50 mm ammonium bicarbonate buffer containing 20
ng/ul sequencing-grade trypsin (Promega, Mannheim, Germany) and
incubated for 12 to 16 h at 37 °C. Peptides were extracted in three
steps, first using 50% (v/v) ACN containing 5% (v/v) formic acid
(Sigma), then with 75% ACN containing 0.5% formic acid, and finally
with pure ACN. The extracted peptides were dried in a vacuum
centrifuge, dissolved in 30 ul of 2% (v/v) ACN containing 0.1% (v/v)
TFA (Sigma-Aldrich) with shaking for 20 min, and then centrifuged at
13,000 X g for 5 min. The supernatant was subjected to LC-MS/MS
analysis.

LC-MS/MS and Automated MS Data Analysis—These analyses
were performed as described previously (40). Reversed-phase chro-
matography of peptide samples was conducted with a nano-flow
ultra-high-pressure liquid chromatography system (RSLC, Thermo
Fisher Scientific). Peptides were trapped on a trapping column (3-um
C18 particle, 2-cm length, 75-um inner diameter, Acclaim PepMap,
Thermo Fisher Scientific) and subsequently separated on a 50-cm-
long reversed-phase separating column (2-um C18 particle, 75-um
inner diameter, Acclaim PepMap, Thermo Fisher Scientific). Peptide
injection, enrichment, and desalting on the trapping column were
conducted at a flow rate of 6 ul/min with 0.1% TFA for 5 min. Then the
trapping column was switched online with the separating column and
peptides were eluted with a multi-step binary gradient: linear gradient
of buffer B (80% ACN, 0.1% formic acid) in buffer A (0.1% formic
acid) from 4% to 25% in 115 min, 25% to 50% in 25 min, 50% to 90%
in 5 min, and 90% B for 10 min. The column was reconditioned to 4%
B in 30 min. The flow rate was 250 nl/min, and the column tempera-
ture was set at 45 °C. The RSLC system was coupled online via a
Nano Spray Flex lon Source Il (Thermo Fisher Scientific) to an LTQ-
Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). Metal-
coated fused-silica emitters (SilicaTip, 20-um inner diameter, 10-um
tip inner diameter, New Objectives, Woburn, MA) and a voltage of 1.2
kV were used for the electrospray. Overview scans were acquired at
a resolution of 60,000 at m/z 400 in the mass range of m/z 300-1600
in the Orbitrap analyzer and stored in profile mode. The 10 ions with
charges of 2 or 3 with the highest intensities and a minimum intensity
of 2000 counts were selected for collision-induced dissociation frag-
mentation with a normalized collision energy of 38.0, an activation
time of 10 ms, and an activation Q of 0.250 in the LTQ. Fragment ion
mass spectra were recorded in the LTQ at a normal scan rate and
stored as centroid m/z value and intensity pairs. Active exclusion was
activated so that ions fragmented once were excluded from further
fragmentation for 70 s within a mass window of 10 ppm of the specific
m/z value. Raw data were processed with the MaxQuant proteomics
software suite (41), version 1.2.2.5, for identification and quantifica-
tion of proteins. The derived peak lists were searched using the
implemented Andromeda (42) search engine (v1.1.0.36) against the
human International Protein Index protein sequence database (ipi.
HUMAN.v3.68; 87,083 entries) at a false discovery rate of 1% at both
protein and peptide levels. One missed cleavage of trypsin (cleavage
C-terminal after K, R) was allowed, and oxidation of methionine and
N-acetylation were set as a variable modifications. Carbamidomethy-
lation on cysteine residues was set as a fixed modification. The
minimum peptide length was set at six amino acids. The mass toler-
ance was set at 20 ppm for precursor ions and 0.5 Da for fragment
ions. Known contaminants were excluded from the protein lists. A
false discovery rate of 0.01 was set for both the protein and the
peptide level, and proteins were considered identified if at least two

peptides per protein were identified. Modifications included in protein
quantification were oxidation (M), N-acetylation, and carbamidom-
ethylation (C). The re-quantification feature was enabled. Quantifica-
tion was performed with unique and razor peptides only at a minimum
ratio count of 1. Protein ratios were calculated for three-dimensional
versus two-dimensional culture conditions and log,-transformed. An
unpaired, two-sided, heteroscedastic Student’s t test was applied to
compare ratios. A p value of <0.05 and a relative change of at least
1.5-fold were set as thresholds for significant changes of protein
intensities.

Determination of SILAC Incorporation Efficiencies—In order to de-
termine the incorporation efficiency of the stable-isotope-labeled
amino acids in hPSCs in our approach, 10 ug of protein was acetone
precipitated from whole cell lysates of labeled samples and sepa-
rated via SDS-PAGE individually. Gels were Coomassie stained,
and two prominent bands per lane were cut, pooled, subjected to
trypsin digestion, and analyzed via LC-MS/MS. MaxQuant analysis
revealed that B-actin (ACTB) and heat shock protein HSP 90-3 were
identified with the highest numbers of peptide matches. The theo-
retical molecular weights of ACTB (42 kDa) and heat shock protein
HSP 90-3 (83 kDa) fit the observed height of the cut bands. Peptide
lists were extracted from the MaxQuant analysis for ACTB and heat
shock protein HSP 90-B and revealed the labeled-to-unlabeled
ratios for each peptide. The incorporation efficiency was calculated
as (1 — 1/(ratio + 1)) X 100%. For determination of the mean
incorporation efficiency, the lowest 10% of the values were
disregarded.

RNA Expression Profiling by Transcriptome Analysis—For the ex-
traction of total RNA from TRIzol® (Invitrogen) samples of hESCs and
hiPSCs expanded in light, medium, or heavy SILAC MEF-CM under
either two-dimensional or three-dimensional culture conditions, 0.2
ml of chloroform was added per milliliter of TRIzol® and samples were
centrifuged at 12,000 X g. Supernatants were mixed with equal
volumes of ice-cold 70% ethanol, and RNA purification was con-
ducted applying the NucleoSpin® RNA Il Kit (Macherey-Nagel, Diiren,
Germany). RNA was eluted in sterile double-deionized H,O and
stored at —80 °C. The concentration of total RNA was determined at
260 nm using a UV spectrophotometer. For each condition (two-
dimensional hESC, three-dimensional hESC, two-dimensional hiPSC,
and three-dimensional hiPSC), the different SILAC conditions (light,
medium, and heavy) were considered as biological replicates and
were pooled before library preparation. 10 ug of each total RNA
sample was spiked with Ambion® ERCC Spike-in Control Mixes
(Invitrogen) prior to removal of the rRNA by use of a Ribo-Zero™ Kit
(Epicenter, Madison, WI). The RNA was then prepared for sequencing
using the protocol and components provided with the SOLID® Total
RNA-Seq Kit (Invitrogen). Briefly, the rRNA-depleted RNA was frag-
mented by chemical hydrolysis, phosphorylated, and purified. Adap-
tors were then ligated and hybridized to the RNA fragments and
reverse-transcribed into cDNA. The cDNA was purified and size-
selected using two rounds of Agencourt AMPure XP bead purification
(Beckman Coulter Genomics, Danvers, MA) and released from the
beads. Each of the four samples was then amplified by 12 PCR cycles
in a Biometra T3 Thermocycler in the presence of primers that con-
tained unique sequences (barcoding) in order to determine the origin
of the sequence after pooling of the fragments and sequencing. The
size distribution and concentration of the fragments were determined
with an Agilent 2100 Bioanalyzer and the corresponding chemistry
(Agilent Technologies, Santa Clara, CA). The cDNA fragments were
then pooled in equimolar amounts and diluted to 61 pg/ul, corre-
sponding to a concentration of 500 pm. 50 ul of this dilution was
mixed with a freshly prepared oil emulsion, P1 and P2 reagents, and
P1 beads in a SOLID EZ Bead Emulsifier prepared according to the
E80 scale protocol provided by the manufacturer (Invitrogen). The
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emulsion PCR was carried out in a SOLID EZ Bead Ampilifier (Invitro-
gen) using the E80 setting, and to enrich for the beads that carried
amplified template DNA, the beads were purified on a SOLID EZ Bead
Enricher using the recommended chemistry and software (Invitrogen).
The purified beads were loaded onto four lanes of a SOLID six-lane
Flowchip and incubated upside-down for 1 h at 37 °C. The Flowchip
was then positioned in the 5500x| SOLID System, and the DNA was
sequenced with read lengths of 75 nucleotides and the recommended
chemistry (Invitrogen). Data were exported and read mapping was
performed using the Lifescope software analysis tool (Invitrogen) and
reference genome GRCh37/hg19. Statistical interpretation was ac-
complished using R (43). Normalization and differential expression
analysis were performed using the R packages EDASeq (44) and
DESeq (45), respectively. Differentially expressed genes were se-
lected by filtering for a p value smaller than 0.05. However, in the
transcriptomic approach, pools of the light, medium and heavy SILAC
samples were analyzed for hESCs and hiPSCs, and the obtained
significance was of a technical nature rather than biological. Func-
tional annotation, clustering, and enrichment analysis were performed
using DAVID (46).

Quantitative Real-time PCR—RNA preparation was done as de-
scribed above. Residual genomic DNA was removed by digest with
RQ1 RNase-free DNase (Promega, Madison, WI) for 30 min at 37 °C,
and then the reaction was stopped by RQ1 DNase stop solution
(Promega) and incubation for 10 min at 70 °C. RNA was reverse-
transcribed into cDNA using random hexamer primers (Invitrogen)
and RevertAid™ Premium Reverse Transcriptase (Thermo Scientific)
by incubating the samples for 10 min at 25 °C, 50 min at 42 °C, and
10 min at 70 °C. The synthesized cDNA was stored at —20 °C and
used in a 1:10 dilution for gPCR. gPCR was performed on a 7500 Fast
Real-time PCR System (Applied Biosystems, Foster City, CA) in
sealed 96-well optical reaction plates (Applied Biosystems) using a
volume of cDNA corresponding to 20 ng of original RNA and 0.475
pmol of each primer (forward/reverse) in a mastermix with 4 nmol of
each dNTP (dATP, dCTP, dTTP, dGTP), 10% (v/v) Maxima Hot Start
TagPCR buffer, 1.875 mm MgCl, 0.5 U Maxima Hot Start TagDNA
Polymerase (all from Thermo Scientific), 1% (v/v) ROX reference dye,
and 8% (v/v) 1:10,000 dilution of SYBR Green Nucleic Acid Stain
(both from Invitrogen) in a total volume of 20 ul. The PCR was run for
40 two-step cycles (60 s at 60 °C and 15 s at 90 °C) after an initial
10-min denaturation step at 95 °C. Determination of product purity
and of amplicon size was performed via melt-curve analysis in an
additional cycle (95 °C, 15 s; 60 °C, 60 s; 95 °C, 30's; 60 °C, 15 s) and
gel electrophoresis on a 2% agarose gel, respectively. The relative
expression of target genes was determined via normalization to suc-
cinate dehydrogenase complex subunit B and actin related protein
2/3 complex subunit 1A. Inter-run variations were ruled out via the use
of a single cDNA reference mix composed of cDNA corresponding to
standard conditions of the respective experiments throughout all PCR
runs of the respective target genes. C; values were determined
automatically by 7500 Software v2.0.5. Relative expression was cal-
culated using the AAC; method, in which the relative expression is
27AAC_ gequences of oligonucleotides used as primers in gPCR
analyses are listed in supplemental Table S3. All primers were pur-
chased from Sigma-Aldrich.

Flow Cytometry—For the analysis of SSEA-4 expression via flow
cytometry, cells were washed twice with PBS and dissociated into
single cells with TrypLE™ Select (Invitrogen) by incubation at 37 °C
for 3 to 5 min or 10 min for cells grown in two-dimensional or
three-dimensional culture, respectively. Cells were resuspended in
FACS buffer comprising 2% BSA in PBS (Sigma-Aldrich), and the cell
number was determined using a Neubauer hemocytometer. About
3 X 10° cells were incubated with a 1:400 dilution of anti-human
SSEA-4 as primary antibody or mouse IgG3« isotype control (both

from BiolLegend, San Diego, CA; 500 pg/ml) in FACS buffer and
subsequently with a 1:1200 dilution of Alexa Fluor® 488 F(ab’)2 frag-
ment of goat anti-mouse IgG (H+L) in FACS buffer (Invitrogen) as a
secondary antibody. Both steps were performed with shaking on a
thermomixer (Eppendorf, Hamburg, Germany) for 60 min at 700 rpm
and room temperature. After each staining step, cells were washed
twice with 400 ul of FACS buffer. For flow cytometry, cells were
resuspended in 150 ul of FACS buffer and analyzed on an Accuri® C6
Flow Cytometer (BD Biosciences, Franklin Lakes, NJ) recording at
least 10,000 cells per sample at a flow rate of 60 wl/min. Particles
below a forward scatter of 80,000 were excluded from the analysis
(CFlow®Plus software v1.0.264.15). To determine the percentage of
SSEA-4-positive cells, the threshold was set at 1% positive cells for
the IgG3k isotype control (FlowJo software v10.0.5).

Immunofluorescence Microscopy—For immunofluorescence mi-
croscopy, cells were seeded onto 3.5-cm plastic dishes and grown
for 2 to 4 days until they reached the desired density or colony size
(two-dimensional culture), or spheroids were generated as described
for three-dimensional culture. Cells were washed with PBS and fixed
with 4% paraformaldehyde (AppliChem, Darmstadt, Germany) in PBS
for 30 min. Suspension culture spheroids were subsequently embed-
ded into Tissue-Tek® O.C.T™ Compound (Sakura, Alphen aan den
Rijn, The Netherlands), and 5-um sections were prepared using a
Cryostat CM3050 (Leica, Wetzlar, Germany). Sections were placed on
SuperFrost® Plus microscope slides (Thermo Fisher Scientific). For
immunostaining, cells were blocked with 2% (w/v) BSA in PBS
(Sigma-Aldrich) for 20 min. Incubation with antibodies was performed
for 1 h at room temperature for each primary or secondary antibody.
Between the different staining steps, the cells were washed with PBS.
For staining of intracellular epitopes, cells were permeabilized in 0.1%
Triton X-100 for 15 min. Permeabilized cells were blocked in 2% (w/v)
BSA/0.1% (v/v) Triton X-100 in PBS for 20 min. Antibodies and
dilutions used for immunofluorescence microscopy were anti-OCT3/4
[C-10] sc-5279 (Santa Cruz Biotechnology, Santa Cruz, CA) 1:50,
anti-SSEA-4 (BioLegend) 1:100, anti-mouse-IgG F(ab’)2 fragment-
Cy3 (Sigma-Aldrich) 1:400, and Alexa Fluor® 488 Goat Anti-Mouse
IgG2b (y2b) (Invitrogen) 1:400. Antibodies were diluted in 2% (w/v)
BSA in PBS. For staining of intracellular epitopes (i.e. OCT3/4), 0.1%
Triton X-100 was added to the antibody solution. Cell nuclei were
counterstained with Hoechst 32258 (AppliChem, Darmstadt, Ger-
many). Coverslips were mounted onto the plastic dishes after staining
using one droplet of Dako fluorescence mounting medium (Agilent
Technologies) and analyzed using a Zeiss Axiovert 200 M microscope
equipped with an AxioCam MRm digital camera and Axio Vision
software v4.7 (Zeiss, Oberkochen, Germany).

Western Blotting—For Western blotting, SDS-PAGE gels were
blotted on nitrocellulose membranes and incubated with the respec-
tive primary antibodies (supplemental Table S4). IRDye® 800 and 680
(LI-COR, Lincoln, NE) were used as fluorescently labeled secondary
antibodies and detected via an Odyssey® infrared imaging system
(LI-COR). Blots were analyzed using Odyssey v3.0 (LI-COR).

Cultivation of hPSCs with Calpain Inhibitors—Calpain inhibitor |
(Sigma-Aldrich) and calpain inhibitor Il (Sigma-Aldrich) were dissolved
in 100% ethanol at 20 mg/ml and 10 mg/ml, respectively, and diluted
with double-deionized H,O to concentrations of 1 mg/ml and 2
mg/ml, respectively, to obtain the stock solution. Calpeptin (Santa
Cruz Biotechnology, Santa Cruz, CA) was dissolved in cell-culture-
grade dimethyl sulfoxide (AppliChem, Darmstadt, Germany) to ob-
tain a 50 mm stock solution. The effect of calpain inhibitors on
spheroid formation was assessed by supplementing the standard
inoculum for suspension cultures with the respective inhibitor at
concentrations ranging from 20 um to 200 um. Spheroid formation
was assessed via light microscopy after 4 days. In order to analyze
the effect of calpain inhibitors on preformed spheroids, day-4
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Fic. 2. Quality control of SILAC-labeled hPSCs for SILAC amino acid incorporation (A) and pluripotency (B-D). A, incorporation ratios
of medium (m) or heavy (h) labeled lysine and arginine in hESCs or hiPSCs grown in either two-dimensional or three-dimensional culture,
presented as histograms with error bars (+ S.D.); see also supplemental Fig. S1. B, gPCR-based determination of expression ratios for
common pluripotency-associated genes. hESCs and hiPSCs were grown in either two-dimensional or three-dimensional culture under SILAC
conditions in MEF-CM. The control sample represents a pool of hESCs and hiPSCs grown in MEF-CM and mTeSR™1 under standard
(two-dimensional) conditions. Histograms with error bars (+ S.D.) represent the mean value of light, medium, or heavy labeled samples under
the indicated culture conditions (equates to three biological repeats). C, Western blot analysis of the pluripotency marker OCT3/4. Expression
of OCT3/4 was analyzed in hESCs and hiPSCs grown under the indicated SILAC conditions (|, light; m, medium; h, heavy) in MEF-CM under
either two-dimensional or three-dimensional conditions and compared with cells grown in mTeSR™1 under two-dimensional or three-
dimensional conditions. The SILAC MEF-CM samples were derived from the same growth experiments that were used for proteomics and
transcriptomics. D, flow cytometry analysis of hESCs and hiPSCs grown either in SILAC MEF-CM or in mTeSR™1 under two-dimensional or
three-dimensional culture conditions. Per definition, cells were SSEA-4 positive if they exhibited higher fluorescence intensities than 99% of
cells of the negative control. Histograms with error bars (= S.D.) represent the mean value of light, medium, or heavy amino acids. Individual
flow cytometric analyses of the different SILAC samples are shown in supplemental Fig. S2.

spheroids were treated with calpain inhibitors | and Il and calpeptin  gnd revealed mean incorporation efficiencies greater than
at the given concentrations. Disassembly of spheroids after addi- 95% for the analyzed peptides (Fig. 2A and supplemental Fig.
tion of the respective inhibitors was observed via light microscopy . - )
at different time points within 42 h. Light microscopy was per- S1). The pluripotency of cells under SILAC conditions in two-
formed using an ECLIPSE TS 100 (Nikon, Tokyo, Japan) equip- dimensional and three-dimensional culture was tested by use
ped with a DS-Fi2 digital camera (Nikon). Pictures were further  of a comprehensive array of standard tests including (i) gPCR
(p,\:.ok%ens)sed using NIS-Elements Analysis D software v4.13.01 = ,n\yses of common pluripotency markers (Fig. 28), (i) West-
I .
ern blot analysis of the pluripotency marker OCT3/4 (Fig. 2C),

RESULTS (iii) flow cytometry analysis for the surface-associated pluri-
SILAC Labeling of hPSCs Is Compatible with Pluripo- potency marker SSEA-4 (Fig. 2D and supplemental Fig. S2A),

tency—In order to quantitatively compare the proteomes of 2and (iv) fluorescence microscopy after staining against
hESCs and hiPSCs that were grown either in two-dimensional OCT3/4 and SSEA-4 (supplemental Figs. S2B and S2C).
or in three-dimensional culture, we utilized a SILAC-based Moreover, SILAC-labeled hESCs and hiPSCs were success-
approach (Fig. 1). For proteomic analysis of living cells, SILAC fully differentiated into derivatives of all three germ layers
(47, 48) is an apt method (30, 32, 49) allowing relative quan-  (Supplemental Fig. S3), and the application of a cardiomyo-
titative assessments. The application of SILAC in hPSC cul-  genic differentiation protocol led to the generation of beating
tures depended on two major prerequisites: (i) the efficient —cardiomyocytes (supplemental Fig. S3D, supplemental Movie
integration of labeled amino acids into the sample cells and (i)  S1). Taken together, these tests indicated that the SILAC
the maintenance of hPSC pluripotency. MaxQuant analyses labeling strategy used was compatible with the maintenance
of mass spectra were carried out to determine SILAC labeling  of hPSC pluripotency.
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Fic. 3. Bioinformatics analysis of SILAC-based proteomics (A, B) and deep-sequencing-based transcriptomics (C, D). A, Venn
diagrams showing the numbers and the overlap of proteins that were significantly (o < 0.05) up- or down-regulated (>1.5-fold) either in hESCs
or in hiPSCs, or in both, comparing three-dimensional versus two-dimensional culture. This figure was made applying the VENNY tool obtained
from BioinfoGP (88). B, three-dimensional versus two-dimensional ratios for hESCs (e) and hiPSCs (i) of 585 proteins shown in A were log2
transformed and presented as a heatmap generated with MeV V4.8.1. Hierarchical clustering was performed using “Pearson Uncentered” as
“Distance Metric Selection” and “Average Linkage Analysis” was performed. C, Venn diagrams showing the numbers and the overlap of
transcripts that were significantly (p < 0.05) up- or down-regulated (>2-fold) in hESCs or in hiPSCs, or in both, comparing two-dimensional
versus three-dimensional culture. D, three-dimensional versus two-dimensional ratios for hiPSCs (i) and hESCs (e) of the 1383 transcripts

shown in (e) presented as a heatmap (generated as described for B).

Proteomic and Transcriptomic Comparison of Two-dimen-
sional versus Three-dimensional Cultures Revealed Similar
Patterns of Differentially Expressed Genes in hESCs and
hiPSCs—To identify differences in the proteomes that were
associated with three-dimensional versus two-dimensional
culture conditions, the SILAC-labeled pooled hESC and hiPSC
samples (Fig. 1) were measured via mass spectrometry. In total,
3742 different proteins were identified via MaxQuant analysis.
When we compared the three-dimensional and two-dimen-
sional cultures in each group, we found 53 and 54 up-
regulated proteins in hESCs and hiPSCs, respectively, with
22 proteins overlapping in both cell lines. Considerably
more—namely, 265 and 416 proteins—were down-regulated
from two-dimensional to three-dimensional culture in hESCs
and hiPSCs, respectively, whereas 188 proteins were down-
regulated in both cell lines (Fig. 3A, supplemental Table S1).
Venn diagrams constructed from these data showed that
many proteins were differentially regulated and did not over-
lap between hESCs and hiPSCs (Fig. 3A). The reason for this
poor overlap is that in many cases a protein was identified as
significantly differentially regulated in hESCs but just missed
the significance threshold in hiPSCs, and vice versa. How-
ever, when heatmaps were constructed to present three-
dimensional versus two-dimensional ratios, it was revealed
that culture-dependent changes were comparable for the vast
majority of differentially regulated proteins (Fig. 3B). In a par-
allel approach, transcriptomics was used to analyze culture-
dependent differences in mMRNA levels. Of the 16,907 de-
tected transcripts, 285 (hESCs) and 258 (hiPSCs) were
significantly (p < 0.05) up-regulated and 590 (hESCs) and 510
(hiPSCs) significantly (p < 0.05) down-regulated in three-
dimensional culture (Fig. 3C, supplemental Table S2); the
threshold was set at 2-fold. Equivalent to the proteomic anal-
ysis, several transcripts were identified in only one of the two

cell lines as significantly differentially expressed. However,
when we compared these three-dimensional versus two-di-
mensional ratios of both cell lines using a heatmap, we ob-
served considerable overlap (Fig. 3D).

In order to display the culture-dependent behavior of
hPSCs in general, we decided to also perform a joint analysis
merging the two different pluripotent cell lines for the pro-
teomic (supplemental Figs. S4A and S4B, supplemental Table
S1) and transcriptomic approaches (supplemental Fig. S4C,
supplemental Table S2). When changes measured on the
proteome level were plotted against transcriptomic changes
of the respective samples, a considerable degree of similarity
was observed (supplemental Fig. S4D).

Factors Involved in Cell-Cell and Cell-ECM Interactions Are
Down-regulated in Three-dimensional Culture—To localize
gene products significantly down-regulated (p < 0.05, >1.5-
fold) after the transfer from two-dimensional to three-dimen-
sional culture conditions in biological pathways, we used the
STRING database (50) to perform KEGG pathway enrichment
analyses. We selected categories for which at least three out
of four screens (two cell lines for proteomics and two for
transcriptomics) resulted in a significant enrichment. As
shown in Fig. 4A, the enriched categories comprised path-
ways involved in cell-ECM interactions (e.g. the “focal adhe-
sion” and “ECM receptor interaction” pathways) and cell-cell
interactions (e.g. the “desmosome,” “tight junction,” and “ad-
herens junction” pathways). The most significantly enriched
KEGG pathway was the focal adhesion pathway. Focal adhe-
sions are structures formed at cell-ECM contact points that
connect the actin cytoskeleton with the ECM via transmem-
brane adhesion receptors (51). The combined analysis of pro-
teomic and transcriptomic data from hESCs and hiPSCs (sup-
plemental Fig. S4) revealed that components of structural
elements forming focal adhesions were down-regulated in
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FiG. 4. Enrichment analyses of proteins and transcripts regulated by transition from two-dimensional to three-dimensional culture.
A, enrichment analysis searching KEGG pathway performed with STRING (50) for proteins and transcripts significantly down-regulated (p <
0.05; >1.5-fold) in three-dimensional culture of hESCs or hiPSCs. Only KEGG pathways for which at least three out of four enrichment analyses
(individual enrichment analyses with proteomic data for hESCs (i) and hiPSCs (ii) and transcriptomic data for hESCs (jii) and hiPSCs (iv)) led to
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three-dimensionally cultured hPSCs. Among others were (i)
collagens and laminins constituting ECM components; (i) in-
tegrins, which are part of transmembrane adhesion receptors
and contribute to signaling processes (52, 53); (iii) the heparan
sulfate proteoglycan syndecan-4, a transmembrane protein
that contributes to the formation of focal adhesions and mod-
ifies integrin-mediated adhesion and signaling (54); (iv) the
receptors for epidermal growth factor, insulin-like growth fac-
tor-1, and the kinase insert domain, which all can associate
and cross-talk with integrins (55); (v) the cytoskeletal proteins
a-actinin-1, a-actinin-4, filamin B, and filamin C, all capable of
interacting with the cytoplasmic tail of the integrin 8 subunit
(51); and (vi) integrin interacting proteins such as focal adhe-
sion kinase, a key regulator of focal adhesion sites and cell
movement (56), paxillin, a regulator of cell spread and motility
(57), and vinculin, a protein that links microfilaments to areas
of cell-ECM or cell-cell contact (58).

Closely related with the KEGG pathway focal adhesion
pathway is the pathway for regulation of actin cytoskeleton.
Also in this pathway several components were found to be
down-regulated in three-dimensional cultures. This con-
cerned, for instance, the cytoplasmic ACTB and other actin
regulating proteins such as zyxin, a protein implicated in actin
remodeling and found at focal adhesions (59). Finally, we
found p130CAS (BCAR1), an interaction partner of focal ad-
hesion kinase known to be involved in actin stress fiber for-
mation (60), down-regulated in this pathway.

Other proteins involved in the formation of cell-cell inter-
action complexes like adherens junctions, tight junctions, and
desmosomes were down-regulated in samples isolated from
three-dimensional cultures. Adherens junctions bridge the ac-
tin cytoskeletons of two neighboring cells that interact via
E-cadherins (61), and down-regulated factors also included
the E-cadherin interaction partners p-catenin and p120
catenin and a-catenin, which interacts with B-catenin and the
a-catenin binding proteins VLC, «-actinin-1, «-actinin-4,
Z0-1, afadin (AF6), formin (FMN), EPLIN (LIMA1), and ACTB
(62) (supplemental Fig. S4E). Analyses equivalent to those
carried out for down-regulated factors were performed for
factors significantly up-regulated (p < 0.05, >1.5-fold) in
three-dimensional culture. Here, the enrichment analysis was
carried out with “GO Biological Process” in the STRING da-
tabase and revealed a strong enrichment of genes that en-
code nuclear factors (Fig. 4B). This finding is further discussed
in the supplemental material.

Up-regulation of Secreted Wnt Antagonists Is Associated
with the Down-regulated Expression of Direct Wnt Target
Genes in Three-dimensional Culture —It was shown previously
that in suspension cultures of hESCs, Wnt signaling is af-

fected by the up-regulation of the central adherens junction
component E-cadherin (22). As the enrichment analysis re-
vealed that components of the KEGG adherens junction path-
way and of other pathways that contribute to cell-cell and
cell-ECM interactions were down-regulated, we focused our
analysis on the Wnt signaling pathway. In the transcriptomic
analysis of hESCs, three different secreted Wnt antagonists,
namely, secreted frizzled-related protein 1 (SFRP1), secreted
frizzled-related protein 3 (SFRP3 or FRZB), and cerberus
(CER1) (63), were found to be significantly up-regulated in
three-dimensional culture (supplemental Table S2). SFRP1
was strongly up-regulated in the SILAC experiment in hESCs
and hiPSCs (Fig. 5A), and gPCR analyses corroborated the
up-regulation of genes coding for SFRP1, FRZB, and cer-
berus on the gene-expression level in both cell lines (Fig. 5B).
Notably, transcripts encoding for other important Wnt antag-
onists, namely, Wnt inhibitory factor 1 (WIF1) and dickkopf-
related proteins 1 and 4 (DKK1 and 4) (63), were also up-
regulated in three-dimensional culture samples, as shown by
gPCR (Fig. 5B). Concomitant with the increased expression of
Wnt antagonists was a significant down-regulation of Wnt
target genes. These included the known Wnt targets cy-
clin-D1 (CCND1) (64), MYC proto-oncogene protein (c-MYC)
(65), ETS translocation variant 4 (ETV4) (66), zinc finger protein
SNAI1 (or SLUG) (67), CD44 antigen (68), Fos-related antigen
1 (FOSL1) (89), L1 cell adhesion molecule (L1CAM) (70), and
the urokinase receptor (PLAUR) (69) (Fig. 5C).

E-Cadherin and B-Catenin Are Cleaved by Calpain under
Three-dimensional Culture Conditions—In the scenario pro-
posed by Azarin et al. (22), E-cadherin scavenges 3-catenin at
adherens junctions, thereby retracting it from its role as a
transcriptional cofactor for Wnt signaling. As the analytical
procedures used in the current study did not show a signifi-
cantly and considerably altered expression of E-cadherin in
three-dimensional cultures for either cell line (Fig. 6A), we
decided to further trace this issue via Western blot analysis.
When we used the anti-E-cadherin antibody C36, which rec-
ognizes the cytoplasmic part of the molecule, a fragment of
100 kDa appeared exclusively in suspension cultured hPSCs,
whereas the full-length E-cadherin band was visible in all
samples (Fig. 6C, upper panel). The same pattern was ob-
tained with antibody 24E10 recognizing an E-cadherin
epitope that localizes around amino acid residue 780 (71) (Fig.
6D, upper panel).

Several proteases are known to cleave E-cadherin (71), but
only a few, including leukocyte elastase (72), meprin g (73),
and calpain (74), produce a fragment of about 100 kDa. Of
these, only calpain has been shown to cleave off the C ter-
minus (Fig. 6B). When we used the antibody C-19, which

a significant enrichment are shown. The numbers of proteins or transcripts belonging to the respective enriched pathways are given by
histograms; the p values obtained from the enrichment analyses are depicted by circles as indicated in the figure. B, enrichment analysis of
proteins and transcripts significantly up-regulated (p < 0.05; >1.5-fold) in three-dimensional culture. Enrichment analysis of up-regulated
factors was performed for “GO biological process”, and the presentation is the same as for panel A.
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Fic. 5. Three-dimensional culture induces up-regulation of Wnt antagonist and down-regulation of Wnt target genes. A, Western blot
of SFRP1 for hESCs and hiPSCs grown under either two-dimensional or three-dimensional culture conditions. 10 ug of protein were loaded
per lane. B, qPCR analysis revealing relative expression levels of Wnt antagonists in hESCs and hiPSCs, comparing expression under
three-dimensional conditions to that under two-dimensional conditions for hRESCs and hiPSCs individually. The mean value of two-dimensional
culture for each cell line was set to 1. The y-axis has a log2 scale. p values were calculated using an unpaired two-tailed homoscedastic
Student’s t test. C, gPCR analysis revealing relative expression levels of Wnt target genes in hESCs and hiPSCs grown under either
two-dimensional or three-dimensional culture conditions. Generation of the diagram and t test are as described for panel B.

binds to the very C-terminal region of E-cadherin (residues
863-882) that is released by calpain treatment (71, 74), the
full-length E-cadherin but not the 100-kDa fragment could be
displayed in both two-dimensional and three-dimensional cul-
ture samples (Fig. 6D, second panel). Together, these data
provide strong evidence that the 100-kDa E-cadherin frag-
ment identified in suspension culture was the result of calpain
cleavage. As calpain has additionally been described to
cleave off an N-terminal fragment of B-catenin resulting in the
formation of a 75-kDa fragment (Fig. 6E) (75), we explored via
the consecutive application of available antibodies whether
this enzymatic reaction also takes place in three-dimension-
ally cultured cells. With the antibody D10A recognizing the
C-terminal part of B-catenin, the full-length protein (~95 kDa)
was visible in cells cultured in two and three dimensions,
whereas the band representing the 75-kDa B-catenin frag-
ment was discovered in cells isolated from three-dimensional
culture only (Fig. 6F, upper panel). Instead, a ~90-kDa
B-catenin band that had been described previously (75) was
seen in two-dimensional samples; this fragment disappeared
in three-dimensional culture. Another antibody (ABE208) rec-
ognizing the N-terminal domain released by calpain detected

the full-length B-catenin but not the 75-kDa fragment in sam-
ples of both culture conditions (Fig. 6G, upper panel). More-
over, this antibody detected the 90-kDa B-catenin fragment in
two-dimensionally cultured hPSCs only. Finally, we used the
antibody 8E7 to prove that under three-dimensional condi-
tions the nonphosphorylated, active form of B-catenin (i.e. the
B-catenin subfraction that is transcriptionally active in the Wnt
signaling pathway) is considerably reduced (Figs. 6F and 6G,
second panel). The binding epitope of 8E7 overlaps with
the binding epitope of ABE208, but 8E7 does not detect
B-catenin if cleaved by calpain or if phosphorylated by glyco-
gen synthase kinase 3 in response to Wnt pathway inhibition
(76). Taken together, the Western blot results are in perfect
congruence with the observed up-regulation of Wnt antago-
nists (Figs. 5A and 5B) and the down-regulation of Wnt target
gene expression (Fig. 5C). Of note, the expression level of
B-catenin did not change significantly under the different cul-
ture conditions (Fig. 6A). These data strongly suggest that
calpain is activated in three-dimensional culture conditions
and cleaves E-cadherin as well as p-catenin.

To confirm this hypothesis, calpain activity under three-
dimensional conditions was analyzed with the well-known
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Fic. 6. E-cadherin and pB-catenin are cleaved by calpain under three-dimensional culture conditions. A, gPCR analysis revealing
relative expression levels of E-cadherin and B-catenin in hESCs and hiPSCs grown under either two-dimensional or three-dimensional culture
conditions. Diagram and t test were generated as described for Fig. 5B. B, schematic of E-cadherin domain organization with known protease
cleavage sites (modified from Ref. 89). Calpain cleavage of E-cadherin leads to a 100-kDa fragment. “EC1-5" denotes the extracellular repeat
units of E-cadherin, and “TM” indicates the transmembrane region. p120ctn and B-catenin and y-catenin binding sites are shown. Epitopes
recognized by the antibody clones C36, 24E10, and C19 are indicated. C, Western blot using antibody C36 detecting full-length E-cadherin
(fl E-cad) at 120 kDa for two-dimensional and three-dimensional culture and the E-cadherin 100-kDa fragment (E-cad®) for three-dimensional
culture conditions only. 10 ug of hESCs or hiPSCs grown under either two-dimensional or three-dimensional culture conditions were loaded.
D, Western blot using antibody 24E10 showing the E-cadherin 100-kDa fragment for three-dimensional culture conditions (upper panel, red)
and antibody C19 detecting only the full-length version of E-cadherin (second panel, green). Sample loading was identical to that described
for C. E, schematic of B-catenin domain organization with calpain cleavage site leading to a 75-kDa fragment of 3-catenin (modified from
Ref. 75). The transactivation (“ta”) domains are located at the N and C termini. The core region of B-catenin interacts with E-cadherin,
TCF-4, and APC. “rd” denotes the regulatory domain containing the GSK3B phosphorylation sites. “?” denotes a site putatively cleaved
by an unknown protease. Epitopes recognized by the antibody clones ABE208, 8E7 (both binding in the regulatory domain at the N
terminus), and D10A (binding at the C terminus) are indicated. 8E7 binds only active B-catenin, which is dephosphorylated at Ser37 and
Thr41, whereas ABE208 detects the same epitope independent of the phosphorylation state. F, Western blot using antibody D10A
detecting full-length B-catenin (fl B-cat) in two-dimensional and three-dimensional cultures, the 90-kDa fragment of B-catenin exclusively
in two-dimensional cultures, and the 75-kDa fragment of B-catenin (8-cat’®) only for three-dimensional culture conditions (upper panel,
red). Antibody 8E7 shows reduction of full-length active p-catenin (fl active p-cat) for three-dimensional culture conditions (second panel,
green). Sample loading was identical to that described for C. G, Western blot using antibody ABE208 detecting the 90-kDa fragment of
B-catenin for two-dimensional culture conditions but not detecting the 75-kDa fragment of B-catenin for three-dimensional culture
conditions (upper panel, red). Similar to the Western blot presented in F, antibody 8E7 shows a reduction of active B-catenin for
three-dimensional culture conditions (second panel, green). Sample loading was identical to that described for C. H, Western blot using
the antibody AA6 against a-spectrin, which is a well-known substrate of calpain. The expected calpain cleavage product of a-spectrin
occurring at 145 kDa (77) was increased under three-dimensional culture conditions at the expense of the uncleaved a-spectrin occurring
at 250 kDa. Sample loading was identical to that described for C.
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Fic. 7. Effects of calpain inhibitors on spheroid genesis and on pre-formed spheroids. Free-floating suspension culture spheroids of
hESCs and hiPSCs developed within 4 days under standard culture conditions (a, €). The addition of 20 um calpain inhibitor | (C-I) to the
inoculum abolished spheroid formation completely (b, f). The addition of C-I to already built 4-day-old spheroids caused gradual disassembly,
which was clearly visible after 18 h (c, g) and led to complete disassembly of spheroids after 36 h (d, h) when cells were slightly pipetted up
and down. Disassembly of spheroids was achieved with 20 um or 50 um C-I for hESCs (c, d) and hiPSCs (g, h), respectively. Pictures were taken
at 4-fold magnification. Further results using calpain inhibitors are shown in supplemental Fig. S5.

calpain substrate a-spectrin (77). As shown in Fig. 6H, the
known ~150-kDa «-spectrin cleavage product was unequiv-
ocally identified in this assay. In summary, these data confirm
the presence of active calpain in three-dimensionally cultured
hPSCs.

Inhibition of Calpain Prevents Formation of Spheroids in
Suspension Culture and Induces Dissociation of Pre-formed
Spheroids—Our results also predicted that the inhibition of
calpain activity should hamper the formation of spheroids
under three-dimensional conditions. In initial experiments,
calpain inhibitor | was added to the established, single-cell-
based inoculum of suspension cultures, and hPSCs did not
form spheroids even after 4 days in culture, whereas efficient
spheroid formation was observed in parallel mock controls as
expected (Fig. 7 and supplemental Fig. S5A). Furthermore, the
addition of calpain inhibitor | to pre-formed, regular spheroids
was sufficient to cause disaggregation of MSCs. After 16 to
18 h in the presence of the inhibitor, spheroids lost their sharp
contours and eventually disintegrated; the process was com-
pleted after 36 h (Fig. 7 and supplemental Fig. S5A). Notably,
similar results were obtained if cultures were treated with
calpain inhibitor Il or with calpeptin (supplemental Figs. S58
and S5C). A model describing the observations made in this
study is shown in Fig. 8.

DISCUSSION

Three-dimensional culture systems are indispensable for
the envisioned mass production of hPSCs for therapeutic
applications and drug testing (3). Although three-dimensional
culture systems have been successfully established by us and
others (4-9), the molecular changes associated with the
switch from two-dimensional to three-dimensional culture are
barely understood. Based on a comprehensive approach that
included quantitative proteomics and transcriptomics, our
current study demonstrates that under three-dimensional cul-
ture conditions factors involved in cell-cell and cell-ECM

interactions are down-regulated; Wnt signaling is inhibited by
the up-regulation of secreted Wnt antagonists, and activation
of calpain results in the processing of E-cadherin and
B-catenin. By demonstrating that calpain activity is required
for spheroid formation, we have revealed a yet unappreciated
key function of calpain in the interplay of E-cadherin and
B-catenin-mediated intercellular adhesion and the canonical
Whnt signaling pathway (see Fig. 8).

Factors that were down-regulated in three-dimensional cul-
tures were enriched in KEGG pathways reflecting junctional
complexes such as the focal adhesion, ECM receptor inter-
action, tight junction, and adherens junction pathways. Con-
gruent with this, the cysteine protease calpain, known to
selectively degrade junctional proteins (78), was found to be
activated under three-dimensional culture conditions. The ob-
served decrease in the expression of focal-adhesion-associ-
ated proteins in three-dimensional cultures appears to be a
trivial consequence of morphological changes that cells un-
dergo in floating spheroids. It should be noted that RI (13) was
always added to hPSCs in our experimental system (i.e. in
two-dimensional and three-dimensional culture). The pres-
ence of Rl kept our two-dimensionally cultured hPSCs in
monolayers with cells appearing in a spread morphology
and with numerous membrane protrusions, in contrast to
two-dimensional conditions without RI, in which hPSCs
grow as compact colonies. Differences in focal adhesion
components identified between two-dimensional and three-
dimensional samples may therefore be enhanced by our
culture conditions.

Components of the adhesion apparatus not only have
structural functions but also contribute to signaling pro-
cesses, integrating cell morphology and gene expression (79).
B-Catenin is a key component of adherens junctions and a
transcriptional cofactor in the Wnt signaling pathway (21) as
well. Importantly, a loss of E-cadherin-mediated cell adhe-
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Fic. 8. Schematic showing effects of two-dimensional and three-dimensional culture on Wnt signaling and cell-cell interactions
influenced by the activation of calpain. A, effect of three-dimensional culture on Wnt signaling. Expression of secreted Wnt antagonist is
up-regulated in three-dimensional cultures (depicted in green), causing inhibition of Wnt signaling accompanied by degradation of cytosolic
B-catenin and down-regulation of Wnt target gene expression (depicted in red). Concomitantly, E-cadherin and B-catenin are cleaved by
calpain (depicted in yellow), leading to the release of a putatively stabilized form of p-catenin from adherens junctions, which counteracts
the down-regulation of Wnt target gene expression, finally leading to an only slightly reduced level of direct Wnt target gene expression.
B, effect of three-dimensional culture on cell-cell interactions. Under three-dimensional culture conditions E-cadherin is cleaved by
calpain at its cytosolic domain (depicted in yellow). Thus E-cadherin interaction with B-catenin and components of the actin cytoskeleton
is abolished, leading to a disassembly of adherens junctions. Instead E-cadherin can distribute over the entire cell surface, establishing
homophilic interactions with E-cadherin molecules of neighboring cells, leading to compaction of spheroids. “AJs” denotes adherens
junctions.
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sions has been shown to promote B-catenin release and
subsequently activation of the Wnt signaling pathway (80).
This observation, at first glance, is seemingly in conflict with
our data showing inhibition of Wnt signaling. However, this
discrepancy is resolved by our finding that three-dimension-
ally cultured hPSCs turned on the expression of secreted Wnt
antagonists, including SFRP1, FRZB, cerberus, dickkopf-re-
lated protein 1 and 4, and Wnt inhibitory factor 1. These Wnt
antagonists activate glycogen synthase kinase 3, which in
turn phosphorylates B-catenin and primes it for proteasomal
degradation (81). We have demonstrated that the nonphos-
phorylated, active form of B-catenin was strongly reduced in
three-dimensionally cultured cells, whereas total B-catenin
levels remained unaffected. Consequently, the expression
of several direct Wnt target genes was found to be
down-regulated.

The inhibition of Wnt signaling has recently also been de-
scribed for hESCs grown in a three-dimensional microwell
culture model (22). In contrast to our findings, Azarin et al. (22)
identified elevated E-cadherin levels in their microwell three-
dimensional system and suggested that E-cadherin scav-
enges B-catenin at adherens junctions, thereby preventing its
availability as a transcriptional cofactor for Wnt signaling. In
the free-floating spheroid culture system used in our study,
the expression of E-cadherin remained unchanged relative to
two-dimensional cultures. However, in a detailed Western blot
analysis we demonstrated that E-cadherin was cleaved by
calpain under three-dimensional conditions, leading to a C-
terminally truncated 100-kDa fragment. This 100-kDa frag-
ment, which was previously identified in prostate epithelial
cells upon experimental calpain activation, is known to lack
the capacity to bind to B- and y-catenin, in contrast to the
full-length form of the protein (74). Moreover, in multicellular
tumor spheroids (82) and in lymphovascular tumor emboli
(71), the 100-kDa E-cadherin fragment was also discovered
and attributed to endogenous activity of calpain (71). Another
important finding of our study was the appearance of a 75-
kDa B-catenin fragment under suspension culture conditions.
This fragment was previously also detected in tumor cells and
attributed to calpain cleavage of p-catenin (75). Considering
that the endogenous calpain inhibitor calpastatin was down-
regulated in three-dimensional cultures in our study (supple-
mental Table S1), these data led to the hypothesis that the
activation of calpain is the underlying reason for the cleavage
of E-cadherin and B-catenin in three-dimensional cultures.

It is worth highlighting, however, that calpain’s effects on
the transcriptional activity of B-catenin are controversial. The
activation of calpain has been described as causing nuclear
export and cytoplasmic degradation of B-catenin, thereby
negatively affecting Wnt target gene expression (83, 84), but
in stark contrast, other studies suggest that N-terminal cleav-
age of B-catenin by calpain removes the regulatory phosphor-
ylation sites, thereby increasing the stability of a transcription-
ally active form of B-catenin (75, 85). Our current data show a

strong up-regulation of secreted Wnt antagonist and a drastic
reduction in the level of active B-catenin. The down-regulation
of Wnt target gene expression, however, was moderate. To
integrate these data, we suggest that calpain-cleaved
B-catenin may in fact be stabilized and remain transcription-
ally active. This fraction might then counterbalance the
B-catenin lost through proteasomal degradation, which is in-
duced by Wnt pathway inhibition as a consequence of the
observed elevation of secreted Wnt inhibitors.

We have shown that the inhibition of calpain negatively
interfered with spheroid formation and was further sufficient
to cause the disassembly of pre-formed spheroids. These
findings are in accordance with recent results on lymphovas-
cular tumor emboli and tumor spheroids (71), representing
three-dimensional aggregates of stem-cell-related cells (86).
In accordance with a previously proposed model (71), we
suggest that calpain-mediated cleavage of E-cadherin facili-
tates its disassembly from adherens junctions, thereby sup-
porting distribution of the truncated E-cadherin over the entire
cell surface and subsequently increasing homophilic cell-cell
interactions. Tumor cells and stem cells have many common
features (87). Our results now reveal that they also share a
common mechanism required for the formation of three-di-
mensional spheroids and that calpain is a key player in this
process. Its distinguished role also highlights calpain as a
target for novel biotechnological applications regarding the
systematic improvement of three-dimensional stem cell cul-
ture, as (i) calpain inhibition might aid in the establishment of
single-cell-based suspension cultures, a theory supported by
the finding that calpain inhibition increases apoptosis resist-
ance (71), or (ii) calpain activation could promote spheroid
formation and might support the reassembly of cells in freshly
inoculated suspension cultures, thereby preventing the sub-
stantial cell death associated with single-cell-based suspen-
sion culture inoculation, even in the presence of RI.

Considering all of our findings, we propose the following
model: The formation of free-floating hPSC spheroids leads to
the activation of calpain. Calpain activity is indispensable in
this process, as it cleaves E-cadherin, resulting in the disas-
sembly of adherens junctions, which are characteristic of
two-dimensional surface-adherent hPSCs. The disassembly
of adherens junctions is accompanied by the release of
B-catenin, which can subsequently feed into the Wnt path-
way. Because B-catenin is also cleaved by calpain, this pro-
cess seems to further stabilize a transcriptionally active frag-
ment of B-catenin. Both effects supposedly lead to boosted
Wnt pathway activation. However, as supported by our data,
these mechanisms are counteracted and thus balanced by
the up-regulation of Wnt antagonists, subsequently stabilizing
the pluripotent status of hPSCs in cell-only spheroids in sus-
pension (Fig. 8).

The insight acquired in the current study increases the
general understanding of how stem cells “adapt” to changing
growth conditions and will have practical implications for the
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development of superior protocols for pluripotent stem cell
expansion on a large scale, as well as for the improvement of
differentiation routines starting from suspension culture
spheroids.
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