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A B S T R A C T

The neural stem cell niche is a complex microenvironment that includes cellular factors, secreted factors, and
physical factors that impact stem cell behavior and development. Cellular interactions through cadherins, cell–cell
binding proteins, have implications in embryonic development and mesenchymal stem cell differentiation.
However, little is known about the influence of cadherins within the neural stem cell microenvironment and their
effect on human stem cell maintenance and differentiation. Therefore, the purpose of this study was to develop
synthetic substrates to examine the effect of cadherin mechanotransduction on human neural stem cells. Glass
substrates were fabricated using silane, protein A, and recombinant N-cadherin; we used these substrates to
examine the effect of N-cadherin binding on neural stem cell proliferation, cytoskeletal structure and morphology,
Yes-associated protein-1 (YAP) translocation, and differentiation. Bound exogenous N-cadherin induced
concentration-dependent increases in adherens junction formation, YAP translocation, and early expression of
neurogenic differentiation markers. Strong F-actin ring structures were initiated by homophilic N-cadherin
binding, eliciting neuronal differentiation of cells within 96 h without added soluble differentiation factors. Our
findings show that active N-cadherin binding plays an important role for differentiation of human iPS-derived
neural stem cells towards neurons, providing a new tool to differentiate cells in vitro.
1. Introduction

Neural stem cells (NSCs) have the capacity for self-renewal and dif-
ferentiation; they are one of the only sources of new neuronal, astrocytic,
and glial cells in human adults. NSCs (also called type B cells) are found
to reside in two main regions of the brain, the subventricular zone along
the lateral ventricle and the subgranular zone in the dentate gyrus of the
hippocampus1 providing new olfactory neurons and hippocampal neu-
rons respectively.2,3 The subventricular zone niche of NSCs is a highly
complex microenvironment, comprised of many different factors that
contribute to NSC fate, including extracellular matrix (ECM) compo-
nents, cellular components, transient cells, and other constituents. Un-
derstanding how individual components of the niche direct cell
differentiation could be a powerful therapeutic to treat neuro-
degeneration. In this regard, the focus of this work is on cell–cell binding,
which allows for structural integrity of the niche and coordination be-
tween different cell types for maintenance and differentiation.

One important cell surface ligand used for cell–cell communication is
cadherin. N-cadherin, discovered in neural cells, and E-cadherin,
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discovered in epithelial cells, are two classical cadherin subtypes typi-
cally found within the subventricular zone. Cadherins sense, transduce,
and deliver biochemical outcomes from mechanical stimuli.4–6 They are
calcium dependent transmembrane glycoproteins7 with 5 extracellular
repeat domains. At cell–cell contact points, forces from surrounding cells
are transduced intracellularly and produce a downstream intracellular
cascade in a complex and dynamic nature that includes binding, clus-
tering, stabilization of junctional components and reorganization of
cytoskeletal architecture with potential interactions with the nucleus.8,9

These forces, termed mechanotransduction, are a dynamic signaling
process8 with several pathways that work concomitantly with it
including intracellular cytoskeletal rearrangement10,11 and
Yes-associated protein 1 (YAP) signaling.12–14

While little is known about the role of N-cadherin mechano-
transduction in defining the neural stem cell niche, it has been examined
in other settings, such as embryonic development, cancer metastasis, and
chondrogenesis of mesenchymal stem cells. N-cadherin binding has been
shown to impact neural differentiation of neural stem cells.15,16 How-
ever, the results vary widely and the link to mechanotransduction
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through N-cadherin for NSCs is less clear. Therefore, the purpose of this
study was to examine the effect of N-cadherin mechanotransduction on
human induced pluripotent stem cell derived NSC fate. Glass substrates
were functionalized with N-cadherin at various concentrations and cells
were examined for their ability to adhere to the substrates. Once
confirmed, cultured NSCs were examined for morphology, mechano-
transduction, and differentiation status. As directing stem cell fate can
provide therapeutic and targeted solutions to deterioration in the brain, a
better understanding of the contributions and roles of each component
can enable the design of more effective tissue engineered solutions to
combat neurodegeneration.

2. Materials and methods

2.1. Materials

Human induced pluripotent stem cell-derived neural stem cells
(hNSCs) were purchased from Alstem cat #: hNSC1; Richmond, CA. Re-
combinant human epidermal growth factor (EGF, cat# AF-100-15) and
recombinant human fibroblast growth factor (FGF, cat# 100-18 B) were
purchased from PeproTech; Cranbury, NJ. The following products were
purchased from Sigma (St. Louis, MO): donkey serum (DK) (cat#: S30-100
mL), Hanks' Balanced Salts solution (HBSS with Mg2þ and Ca2þ) (cat#:
H1387), Hanks Balanced Salt solution (without Mg2þ and Ca2þ) (HBSS,
cat#: H4891), and dimethyl sulfoxide (sterile and �99.7 %) (Cat#:
D2650). The following items were purchased from VWR (Radnor, PA):
DMEM F12, Corning® 10 L DMEM (Dulbecco's Modification of Eagle
Medium)/Hams F-12 50:50 Mix (DMEM:F12), powder [-] sodium bicar-
bonate, L-glutamine (Coring 90-091-pb, cat#: 45,000-536), sodium azide
(cat#: 97,064-646), ethylenediamine tetraacetic acid (EDTA) (cat#:
BDH9232-500G), and bicinchoninic acid (BCA) assay (Pierce Biotech-
nology; cat#:PI23225). The following products were purchased from
ThermoFisher (Waltham, MA): Gibco™ StemPro™ Neural Supplement
(cat#: A1050801), Gibco™ Geltrex™ LDEV-Free, hESC-Qualified,
Reduced Growth Factor Basement Membrane Matrix (cat#: A1413302);
Corning™Matrigel™ GFR Membrane Matrix (at# CB40230A), Corning™
glutaGRO Supplement (Corning™ 25015CI), Accutase (cat#: 104–500
mL), RIPA buffer (cat#: 89,901), HALT protease inhibitor cocktail (100X)
(product#: 1861278) and 0.5 M EDTA solution (product #: 1861275),
paraformaldehyde (PFA; cat#: O4042-500), bovine serum albumin (cat#:
BP9706100), ethidium homodimer-1 (Invitrogen; cat#: L3224), saponin
(Alfa Aesar; cat#: A18820-14), sodium borohydride (MP Biomedical; cat#:
102,894), Hoechst 33,342 (Invitrogen; cat#: H1399), UltraComp ebeads
Plus (Invitrogen; cat: 01-3333-41), MitoTracker™ Orange CM-H2TMRos
(Invitrogen; cat#: M7511), Molecular Probes™ CyQUANT™ Cell Prolif-
eration Assay (Molecular Probes™ C7026), LIVE/DEAD Viability assay
containing calcein-AM and ethidium homodimer-1 (cat#: L3224), Mito-
tracker (Invitrogen; cat#: M7511), Alexa Fluor 647 Phalloidin (Invitrogen;
cat#: A22287), Tris Base (cat#: BP152-500), and PierceTM IgG Elution
Buffer (cat#: 21,004). Fluoro-GelMounting Mediumwith Tris Buffer (cat#
17,985-10) was purchased from Electron Microscopy Sciences (Hatfield,
PA). Human N-cadherin ELISA kit containing all reagents was purchased
from Abcam (Waltham, MA) (cat#: ab254512). All antibodies used, cor-
responding secondaries and respective manufacturer and concentration
used are detailed in Table S1.

The following materials were purchased from ThermoFisher (Wal-
tham, MA): borosilicate coverslips (cat#:12-545-100 P) (3-mercapto-
propyl) trimethoxysilane (3-MPTS) (cat#: AAB2372614), 200 proof
ethanol (Decon Laboratories; cat#:2701G), sulfo-SMCC (sulfosuccini-
midyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate) (cat#:
PI22322), and BupH Phosphate Buffered Saline (BuPBS) (cat#:
PI28372). Toluene (cat#: TX0735-5) and Protein A (cat#: P603) were
purchased from Sigma (St. Louis, MO). Human recombinant Fc-tagged N-
cadherin was purchased from R and D (Minneapolis, MN) (cat#:1388-
NC-050) and E-cadherin was purchased from Sino biological (Chester-
brook, PA) (cat# 10,204-H02H).
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2.2. Substrate preparation

All procedures were performed at room temperature unless otherwise
defined. Borosilicate glass coverslips were functionalized with recombi-
nant human N- and E-cadherin proteins; control substrates were adsor-
bed with Matrigel®. In brief, coverslips (Ø18mm)were cleaned via 5 min
sonication in acetone, dried via compressed air, and then cleaned via
plasma cleaner for 3 min. Following cleaning, surfaces were silanized via
3-MPTS (5 % v/v) in toluene for 1.5 h. Samples were washed in toluene,
ethanol:toluene (1:1), and ethanol. Next, sulfo-SMCCwas diluted in Type
1 water with 5 mMEDTAwas placed on the sample (0.086 μmol/cm2) for
30 min. Protein A was diluted in BuPBS to be 0.2 mg/mL (0.374 nmol/
cm2) and incubated with each surface for 30 min. Following incubation,
the surfaces were washed with BuPBS. Lastly, human recombinant Fc-
tagged N- or E-cadherin recombinant protein was diluted in Type 1
water and incubated on the substrates for 1 h (Fig. 1A). Following in-
cubation, the surfaces were washed and sterilized by dipping the surfaces
in sterile BuPBS, sterile Type 1 water, and sterile 70 % ethanol three
times.

Surfaces were analyzed via attenuated total reflection FTIR with a
Vertex 70 IR spectrometer following each step of the functionalization
process (n ¼ 3). In addition, quantification of the binding of Protein A
to the substrate was performed by XPS. Coverslips were fabricated as
described above and washed with Type 1 water, let dry and put under
vacuum until XPS analysis. A survey was performed on a 400 μm spot
from �10 eV to 1350 eV at a 1 eV step size, with 5 scans and 10 ms
dwell time. For elements, the following settings were used: carbon
binding energy center, 285 eV, width, 20 eV; nitrogen binding energy
center, 401 eV, width, 18 eV; oxygen binding energy center, 535 eV,
width, 20 eV. The energy step size was 0.1 and pass energy was 50 eV,
with 10 scans and 25 ms dwell time. Elemental surveys from each
surface were analyzed to find the existence of atoms of interest and
average N/C ratio.

2.3. Cadherin-bound substrates

Four different applied concentrations (6.68 pmol/cm2, 11.6 pmol/
cm2, 20.0 pmol/cm2, and 32.0 pmol/cm2) of N-cadherin substrates were
prepared. The amount of N-cadherin applied to the samples was deter-
mined by considering the theoretical packing of protein A molecules
using a circular estimation with molecular size17 and then calculated the
upper concentration using the binding ability of protein A with up to 5 Fc
(N-cadherin) molecules and the lower concentration was determined by
estimating a 1:1 protein A:N-cadherin. Therefore, incremental increases
in the amount of applied cadherin were included to examine cell
response and determine a relevant range for further testing.

To determine the amount of cadherin on the substrates, cadherin was
eluted using an acidic elution buffer known to break the interaction be-
tween the Fc and protein A molecules. Elution buffer (pH 2.8) and
neutralizing 1.0 M Tris buffer (pH 8.8) were brought to room tempera-
ture. Then, 1 mL of the elution buffer was washed over the cadherin-
bound surfaces and added to a 1.5 mL microcentrifuge tubes with 100
μL of the neutralizing buffer. The solutions were then placed in the �80
�C freezer for quantification via ELISA.

A SimpleStep ELISA® designed to target human N-cadherin was used
according to manufacturer's directions. Standards of 0.045 pmol/ml,
0.022 pmol/ml, 0.0056 pmol/ml, and 0 pmol/ml were created using the
same recombinant N-cadherin and acid elution buffer used on substrates.
Using the standard curve, the amount of eluted N-cadherin was
calculated.

2.4. Cell expansion and maintenance

Human induced pluripotent stem cell-derived neural stem cells
(hNSCs) were purchased as the neural stem cells. Cells were cultured (37
�C and 5 % CO2) with maintenance media. Maintenance media is



Fig. 1. A. Schematic of 4 step process for recombinant cadherin tethering on 2D glass. B. FTIR analysis following each subsequent surface fabrication step. C.
Quantification of eluted N-cadherin from surfaces via ELISA. Significantly less N-cadherin was eluted from N-Cad 1 surfaces (3.5 fmol) compared to N-Cad 5 (17
fmol) substrates.
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composed of DMEM:F12, 20 ng/mL EGF, 20 ng/mL FGF, 1X StemPro™
Neural Supplement and 2 mM glutaGRO. Media was changed every other
day. Matrigel® or Geltrex® was used to coat flasks for expansion of cells
prior to use on functionalized surfaces at a concentration of 1:50 diluted
in DMEM:F12 as described by manufacturer. Cells were passaged at
approximately 90 % confluency. To passage, cells were lifted via Accu-
tase and seeded at a density of 10,000 cells/cm2. Prior to experiments,
potency of hNSCs was verified via flow cytometry (detailed below) to
show nestin expression. Cells were deemed multipotent if the nestin
positive cell population was above 95 %. Cells were used between pas-
sages 2 and 8.

2.5. Cell studies

Substrates were pre-wet with DMEM:F12 prior to cell seeding for at
least 30 min. To study the interaction of cells with tethered cadherin,
individual cells were required. Cells were seeded at 10,000 cells/cm2.
Duration of each experiment is noted below.

Cadherin expression: To determine baseline cadherin expression of
hNSCs, protein was isolated from cells after reaching confluency under
growth conditions on Matrigel at 96 h. Briefly, cells were washed with
HBSS and lifted via Accutase from the substrates. Cells were washed
twice with cold HBSS via centrifugation at 300�g for 5 min at 4 �C. The
cell pellet was resuspended in RIPA buffer with HALT protease inhibitor
cocktail and 5 mM EDTA following the manufacturer recommendations.
The samples were sonicated for 30 s and then placed on ice and shaken
gently for 15 min. Next, the solution was centrifuged at 14,000�g for 15
min at 4 �C to collect the cellular debris. The resulting supernatant,
3

containing the extracted protein, was then collected. A BCA assay was
used to quantify total protein concentration using a standard curve from
0 to 2 mg/mL of bovine serum albumin. Capillary electrophoresis (Jess
Protein Simple) was used to quantify relative amounts of the protein of
interest as detailed in our previous publication.18 Each well was loaded
with the primary antibody of interest and the reference protein β-actin.
Rabbit secondary HRP-conjugated antibodies were loaded, the plate was
centrifuged, and the samples were run in the Jess. Peak area for each
antibody was analyzed via the Compass for SW software by normalizing
the area under the peak for each protein of interest to the reference
protein in each capillary to calculate the relative amount of each protein.

Cell viability: Cell viability was assessed at 60 h post-seeding on both N
and E-cadherin surfaces. Cells were washed 3 times with HBSS.
Following the manufacturer's protocol, 5 μL of calcein AM and 20 μL of
ethidium homodimer were mixed in 10 mL HBSS. Samples were incu-
bated with the solution for 30 min protected from light. Samples were
then imaged via fluorescence to visualize viability. No viable cells were
found on E-cadherin surfaces therefore, further work was completed
using N-cadherin surfaces only.

Cell adhesion: Cell adhesion was assessed at 4 h post seeding on N-
cadherin surfaces. Surfaces were washed with HBSS to remove any non-
adherent cells. Cells were lifted via Accutase and pelleted. The pellet was
washed with HBSS twice and lysed via freeze/thaw at �80 �C. Approx-
imate cell count was determined via CyQuant assay by following the
manufacturer's protocol and a standard curve ranging from 0 to 50,000
cells. At least n ¼ 3 samples were used for each concentration group;
Matrigel® surfaces were used as a positive control and protein A surfaces
was used as a negative control.
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Cell proliferation: Cell proliferationwas quantified at 72 h of culture by
CyQuant. Approximate cell count was determined via CyQuant assay by
following the manufacturer's protocol and a standard curve ranging from
20,000 to 200,000 cells. Doubling time was calculated for each substrate
using the average number of cells found during adhesion studies. In
addition, Ki67 and SOX2 labeling were examined at 24 h.

Cell morphology and mechanotransduction (YAP): To examine the cell
morphology and YAP, cells were cultured for 24 h and prepared for ICC.

Cell differentiation: For differentiation studies, cells were seeded at
approximately double the seeding density and were cultured for 96 h and
prepared for ICC or for flow cytometry.

2.6. Immunocytochemistry (ICC) preparation

Fixation and permeabilization: Samples were fixed with freshly made 4
% PFA in HBSS for 10 min and the samples were washed with HBSS 3x
for 5 min each on a rocker. The cells were permeabilized with 0.5 %
saponin for 15 min. The cells were washed twice with 1 mg/mL sodium
borohydride for 10 min. Next, the cells were washed with HBSS 3x for 5
min.

ICC for N and E-cadherin: Samples were blocked to minimize
nonspecific binding with 5 % donkey serum in 0.1 % saponin for 60 min
and then washed with HBSS 3x for 5 min each. Next, the primary anti-
bodies were diluted in 0.1 % saponin and incubated on samples at 4 �C
overnight on a rocker. The antibody solution was removed and the
samples were washed 3x for 5 min with HBSS. Secondary antibodies
were diluted in 0.1 % saponin. Cells were incubated with secondary
antibodies overnight at 4 �C and then washed with HBSS 3x for 5 min
each. Lastly, nuclear label Hoechst 33,342 (1:200 in PBS) was incubated
with the samples for 1 h. Samples were mounted using Fluoro-Gel
Mounting Medium and imaged on a Zeiss AxioObserver, an inverted
fluorescent microscope, at 63X.

ICC for other proteins: Samples were blocked with 7.5 % BSA in 0.1 %
saponin for 60 min to reduce background. The cells were then washed
with HBSS 3 times for 5 min each. Next, the primary antibodies were
diluted in the block solution and incubated with samples at 4 �C over-
night. The antibody solution was removed, and the samples were washed
3x for 5 min. Secondary antibodies were diluted at 1:400 in the blocking
solution. Cells were incubated with secondary antibodies and nuclear
stain Hoechst (1:500) for 2 h. For morphology, an extra step was added
following secondary antibody staining where phalloidin (1:400) was
incubated with the samples for 60 min. Samples were then washed with
HBSS 3x for 5 min, mounted, and imaged on a Zeiss Observer.

2.7. Image analysis

At least 40 individual cells were imaged for each sample (3 replicates;
120 cells per surface type). Samples were excluded if the background had
too much debris that interfered with analysis and/or if the cells were
touching. Following exclusion, at least 28 cells were analyzed per sample.
Representative images are from the 3rd quartile of quantification for
morphology, YAP, and differentiation.

Cell morphology: ImageJ was used to overlay the F-actin and β-catenin
images, the perimeter of the cells was traced, and the area was collected.
Nuclear area was determined by taking the Hoechst image, tracing the
nuclear shape, and quantifying the area. Cellular protrusions were
examined to measure the number of polls on each cell. ImageJ was used
to collect the major and minor axis of the cells from the original area
outline and the aspect ratio was found by taking the ratio of the major
axis to the minor axis; an aspect ratio of 1 is indicative of a circular shape.
β-catenin punctates were manually counted by examining the β-catenin
images of individual cells; the localization of β-catenin staining was
visualized and quantified as diffuse staining or at the edge of the cell
membrane. The F-actin and β-catenin images were overlayed via FIJI(I-
mageJ)19 and colocalization of the two signals at the actin structures was
examined by observing a corresponding signal in the β-catenin image.
4

YAP: ImageJ was used to analyze the intensity of YAP and its location
in the cells on the surfaces. Surfaces of N-cad 5 were not utilized due to
the lack of significant differences between the N-cad 3 group and N-cad 5
group in previous findings. The Hoechst-labeled nuclei were outlined and
used to measure the average intensity of YAP in the nucleus. Then the F-
actin image was used to create the outline of the cytoplasm and the
average intensity of YAP in the cytoplasm was collected, excluding the
nucleus. The ratio of average nuclear YAP intensity and average cyto-
plasmic YAP intensity was then used to examine translocation of YAP to
the nucleus.

F-actin: Unique F-actin structures were found in some of the images.
To quantify, the area of the F-actin structures was traced around the
exterior of the densely clustered F-actin stress fibers; the interior of the
structure was also traced. The area was found by subtracting the inside
area from the exterior area. Within these structures, the colocalization of
YAP and the F-actin structures was quantified by overlaying the two
images and assessing the presence of both proteins. The percentage of
cells with colocalized YAP:F-actin were then counted for each surface.

Pluripotency: Labeling of SOX2 was found within the nuclei; SOX2
positive cells, colocalized with the nuclei image, were then counted and
the percent of the total cells was calculated. Ki67 positive cells showed
distinct punctates within the nuclei of cells, was used as a marker of
dividing cells. Nuclei and Ki67 were overlayed and cells with Ki67
punctates were counted; the percent of cells with Ki67 positive cells was
then calculated from the total number of cells within the sample. At least
30 cells per sample were analyzed. The sum of the cells from each image
was used to make the total number of cells per each sample. A minimum
of 5 images were taken per sample, these images were then quantified via
ImageJ.

Determining Cell Fate: Labeling for glial fibrillary acidic protein
(GFAP) and nestin, was used to determine that NSCs expressed proteins
of type B cells that arise from the SVZ indicating their maintenance as
NSCs.20 To determine if cells had differentiated to neuronal or glial fates
β-III tubulin21 and S100β22 were used respectively.

2.8. Flow cytometry

Flow cytometry was used to quantify the percent of cells within the
population that had particular protein expression. Cells were removed
from the substrates, centrifuged at 300�g for 5 min at 4 �C, and the su-
pernatant was removed. The cells were washed with 100 μL of buffer
(0.1 % saponin, 1 % BSA, 2 mM EDTA, and 0.1 % sodium azide in HBSS)
and centrifuged at 300�g for 5 min at 4 �C. Next, cells were incubated
with the primary antibody diluted in flow buffer for 30 min on a rocker,
following which the antibody solution was removed via centrifugation at
300�g for 5 min at 4 �C. The cells were washed with 100 μL of buffer and
the buffer was aspirated following centrifugation. Secondary antibodies
were then incubated with the sample for 30 min on a rocker. Cells were
then centrifuged, the antibody solution was removed, the cells were
resuspended in buffer, and centrifuged at 300�g for 5 min at 4 �C. Lastly,
cells were resuspended in 200 μL of flow buffer. Isotype controls were
used to examine nonspecific binding and to gate positive and negative
populations. Cells were analyzed following staining on a Beckman
Coulter Cytoflex S. UltraComp ebeads Plus were used for compensation
following the manufacturer's protocol for β-III tubulin and S100β as these
were not uniformly expressed in the cell populations tested. At least
30,000 events were collected per sample. Data was analyzed to see the
percent expression protein markers of cell population expression using
CytExpert for multicolor flow and FlowJo was used to determine differ-
ences between isotype controls and stained populations in single stained
samples.

2.9. Statistical analysis

To examine the effect of cadherin mechanotransduction on hNSCs,
data was tested for normality and homogeneity of variance to meet the
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assumptions for the general linear model (GLM). The residuals were
examined to see if they were heteroscedastic and Gaussian, fitting the
assumption of the GLM was tested by Brown-Forsythe or Bartlett's test
(heteroscedasticity) and D'Agostino, Anderson-Darlin, Shapiro–Wilk and
Kolmogorov–Smirnov tests (Gaussian residuals). Comparisons between
two groups were tested using a student's t-test (cadherin protein
expression and doubling time). For comparisons between more than two
groups, a one-way ANOVA was used with a Bonferroni post hoc com-
parison test. If the assumptions of GLM were not met, a nonparametric
Kruskal–Wallis test with Dunn's multiple comparison post hoc test was
used to show differences between groups (applied N-cadherin concen-
tration, cell adhesion, area, aspect ratio, number of β-catenin punctates,
and SOX2 expression). A significance value of p ¼ 0.05 to was used to
show differences between groups with at least n ¼ 3 independent sam-
ples per group. For all image analysis each sample was the average of at
least 28 cells. As detailed in the image analysis portion, data is displayed
as individual data points with mean and � standard deviation. Asterisks
on graphs indicate p ¼ value (<0.05 (*), <0.0021 (**), <0.00021 (***),
and <0.0001 (****)).

3. Results

The hNSCs used in this report were purchased cells; nestin expression
via flow cytometry was used to show continued multipotency prior to use
in any experiments. Fig. S1 displays representative flow cytometry
analysis where at least 95 % of cells expressed nestin when compared to
the isotype control.

3.1. Substrate characterization

Recombinant cadherins were tethered to glass surfaces shown in
schematic Fig. 1A. FTIR after each subsequent addition shows respective
peaks following addition of layers leading to protein functionalized glass
slides. Clean glass has the Si–O–Si peak at approximately 1000, thiol
present after silanization in a weak peak at 2550, peak for ester group
present approximately 1210–1163 and broad peaks characteristic of an
amine from 2500 to 3800 for protein A layers and recombinant cadherin.
The presence of tethered recombinant cadherin was visualized via FTIR
as shown in Fig. 1B. The amount of Protein A bound to the surface was
evaluated using XPS (Fig. S2), where a complete coverage of silane þ
Sulfo-SMCC þ Protein A would lead to N/C ratio of 745/2433. The N/C
ratio was calculated to be 0.168, or 150þ/� 6.9 pmol/cm2, equivalent to
~36 % coverage of a monolayer of silanes.23,24

Eluted N-cadherin was quantified with ELISA (Fig. 1C) and showed an
increase in the amount of N-cadherin quantified as applied cadherin
increased. The amount of cadherin eluted from the 6.68 pmol/cm2

concentration surfaces was 3.5 fmol� 0.28 fmol, the amount eluted from
11.6 pmol/cm2 surfaces was 4.7 fmol � 0.51 fmol, the amount eluted
Fig. 2. hNSCs express N-cadherin and bind homophilically. A. Significantly more N-ca
standard deviation. B. Cell viability of surfaces shown in 2D after 60 h of growth on th
on N and E-cadherin surfaces. No cells adhered to E-cadherin surfaces.

5

from 20.0 pmol/cm2 surfaces was 7.8 fmol � 4.5 fmol, and the amount
eluted from 32.0 pmol/cm2 surfaces was 17 fmol � 9.3 fmol. In all cases,
the percentage bound was only approximately 0.02 % of what was
applied. The lowest concentration surface had significantly less cadherin
eluted compared to the highest cadherin surfaces. For simplicity, the
sample groups will be described as follows: N-cad 1 (3.5 fmol), N-cad 2
(4.7 fmol), N-cad 3 (7.8 fmol), and N-cad 5 (17 fmol).

3.2. Cellular characterization

Cadherin expression and cell viability: N and E-cadherin protein
expression in the NSCs was quantified by capillary electrophoresis; this
protein analysis high levels of N-cadherin expression with very little E-
cadherin expression (Fig. 2A). NSCs seeded onto the cadherin modified
substrates only survived when N-cadherin was present (Fig. 2B). In
summary, the hNSCs in this study expressed N-cadherin, and not E-cad-
herin, and for cell viability, cadherin-binding is homophilic.

Cell adhesion and proliferation: Both cell adhesion and proliferation
were quantified via CyQuant assay. Adhesion was determined at 4 h post
seeding. No cells adhered to the negative control of protein A (0 cells �
0). Adhesion on N-cad 1 surfaces did not differ significantly from the
negative control (2830 cells � 2170 cells), as well as on the N-cad 2
(10,200 cells � 3760 cells) concentration surfaces. However, adhesion
significantly increased on N-cad 3, N-cad 5, and the positive control
(Matrigel®) (23,600 cells � 10,200 cells, 22,300 cells �3320 cells, and
29,500 cells � 15,300 cells respectively) compared to the negative
control (Fig. 3A). Cell doubling time (dt) was quantified to assess pro-

liferation after 72 h in culture (Fig. 3B) using dt ¼ lnð2Þ
g where g ¼

ln

�
NðtÞ
Nð0Þ

�

t

and N(t) was the number of cells via Cyquant at the time of assay and N
(0) was the average number of cells via Cyquant that adhered (at 4 h); no
significant differences were found in doubling times.

Cell morphology: The effect of exogenous N-cadherin substrates on cell
size was examined via essential components of adherens junctions that
anchor cadherins at the membrane, including N-cadherin (magenta),
β-catenin (green) and F-actin (red) (Fig. 4A). First, the area of the cells in
μm2 was measured (Fig. 4B). An increase in overall cell area was
observed as N-cadherin concentration increased (positive control, 188.0
μm2 � 29.6 μm2; N-cad 1, 276.0 μm2 � 45.7 μm2; N-cad 2, 769.0 μm2 �
41.9 μm2; N-cad 3, 1020.0 μm2 � 162.0 μm2; and N-cad 5, 1400.0 μm2 �
345.0 μm2). Cell area on N-cad 3 and N-cad 5 substrates were both
significantly larger than the positive control, and on average, 5 times
larger. The nuclear area (Fig. 4C), also measured in μm2, followed a
similar trend to area and significantly increased with cadherin concen-
tration. However, no difference was found between the positive control
(77.6 μm2 � 27.5 μm2) and the N-cad 1 (83.4 μm2 � 13.7 μm2) surfaces.
The nuclear area of N-cad 2 was 142.0 μm2 � 9.86 μm2, which was
significantly higher than N-cad 1 and the positive control. While no
dherin was expressed on cells compared to E-cadherin. Lines indicate mean þ/�
e surfaces shown phase images and live (green) and dead (red) staining of hNSCs
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Fig. 3. Cells adhered to N-cadherin surfaces. A) Cells equally adhere to positive control (Matrigel®) (n ¼ 6) and N-cad 5 (n ¼ 3) and N-cad 3 (n ¼ 5) N-cadherin
substrates. Significant differences were found between the negative control (protein A) (n ¼ 5) and the positive control, N-cad 5, and N-cad 3. N-cadherin substrates N-
cad 2 (n ¼ 3) or N-cad 1 (n ¼ 6) did not differ. B) Regardless of the number of cells that adhered for N-Cad 3 or Matrigel, they had the same doubling time.
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differences were found between the nucleus area on the two highest
cadherin concentrations of N-cad 3 and N-cad 5 (166.0 μm2 � 12.5 μm2

and 170.0 μm2 � 2.93 μm2 respectively), the average nucleus size of
these cells was significantly larger than the two lowest concentration
groups. Therefore, the morphology of the cells was further evaluated by
counting the number of protrusions. The average number of protrusions
(polls) from the cell body increased as cadherin concentration increased,
where the control was similar to the low concentration N-cadherin and
the three higher concentration groups did not differ per cell (control
(1.28� 0.141), N-cad 1 (2.05� 0.442), N-cad 2 (3.60� 00.0367), N-cad
3 (3.37 � 0.421), and N-cad 5 (3.10 � 0.489)) (Fig. 4D).

The cells on positive control and low cadherin surfaces did not
visually differ in morphology, with cells growing both individually and in
small clusters. However, when examining the three higher concentra-
tions of N-cad, cells were significantly larger and many resembled a
“fried egg” morphology in phase contrast, with a large nucleus-like yoke
and distinct cytoplasmic portion with textured lamellipodia (Fig. S3).
Cells on higher concentration surfaces (N-cad 3 and N-cad 5) contained
actin stress fibers that appeared as an actin “ring” structure, where stress
fibers stretched from the lamellipodia of the cell to a unique ring struc-
ture adjacent to, but not surrounding, the nucleus as seen in Fig. 5F. It
was observed that the morphology of the fried egg correlated with an
actin ring structure once labeled. Due to this unique feature, the per-
centage of cells that had an actin ring on each substrate was quantified; as
cadherin concentration increased, the cells with an actin ring signifi-
cantly increased. Importantly no actin rings were found on control sur-
faces (0 % � 0 %) Most of the cells on lower concentration substrates did
not have actin ring formation (N-cad 1, 5.07 % � 6.00 %; N-cad 2, 40.3
% � 16.7 %). However, the two higher concentration groups were found
to have the majority of cells with an actin ring and the groups did not
differ from each other (N-cad 3 (75.5 %� 7.24 %) and N-cad 5 (70.6 %�
1.87 %)) (Fig. 5A). The overwhelming majority, >89 % (Fig. S4), of the
actin ring structures were found to be adjacent to the nucleus forming a
“volcano” like 3D structure (Fig. S5) with the actin stress fibers leading
from the lamellipodia to the ring structure at the highest level of the cell.
The nucleus was found to stretch throughout the height of the “volcano”
structure. As this structure was intriguing, characteristics of the actin ring
were further examined to see if the size was responsive to cadherin
concentration. The area of the actin ring was found to significantly
increased as concentration increased (Fig. 5B); however, no differences
were found between the two higher concentration groups.
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Next, β-catenin, the portion of the cytosolic catenin protein complex
that anchors cadherins within adherens junctions, was examined. β-cat-
enin punctates were characterized by quantifying the number of punc-
tates per cell. As expected, cells on Matrigel had little β-catenin labeling.
The cells on N-cad 3 and N-cad 5 substrates had significantly more
punctates per cell than those on the positive control (positive control
(0.296 � 0.121), N-cad 1 (1.89 � 0.905), N-cad 2 (7.81 � 1.09), N-cad 3
(16.2 � 2.94), and N-cad 5 (15.0 � 0.694)) (Fig. 5C). To further char-
acterize the β-catenin labeling, the location of β-catenin within the cell
was examined. On cadherin surfaces, β-catenin translocated from diffuse
staining in the cytoplasm to defined punctates on the cell perimeter. As
cadherin concentration increased, the percentage of cells with β-catenin
labeling at the perimeter significantly increased (positive control (5.61
% � 6.56 %), N-cad 1 (14.9 % � 13.2 %), N-cad 2 (52.9 % � 19.5 %), N-
cad 3 (92.5 % � 3.09 %), and N-cad 5 (78.0 % � 5.22 %)) (Fig. 5D).
While examining this labeling, it was noted that β-catenin labeling also
colocalized with the unique F-actin ring structure. The percentage of total
cells that showed labeling of β-catenin at the actin ring increased with
cadherin concentration and was significantly higher in the N-cad 3 than
N-cad 1groups (N-cad 1 (6.29 % � 7.13 %), N-cad 2 (46.6 % � 8.01 %),
N-cad 3 (77.5 % � 4.46 %), and N-cad 5 (64.8 % � 7.95 %)) (Fig. 5E).

Cell mechanotransduction: YAP translocation is a ubiquitous metric for
measuring mechanotransduction.12,13,25,26 YAP translocation was
measured by the ratio of YAP intensity within the nucleus relative to the
cytoplasm (Fig. 6A). Translocation was not different on N-cad 1 sub-
strates and control surfaces (1.57 � 0.26 and 1.82 � 0.262 respectively).
Translocation on N-cad 2 was 2.14 � 0.095 and was significantly higher
than the N-cad 1 groups and significantly less than the translocation of
cells on N-cad 3 (2.72 � 0.216). Interestingly, YAP also colocalized with
the actin rings (Fig. 6B). While no differences were found between the
control and N-cad 1, the percentage of total cells with YAP at the F-actin
ring structure significantly increased for N-cad 2 and N-cad 3 (control
(0.0 % � 0.0 %), N-cad 1 (4.16 � 3.81), N-cad 2 (26.8 � 12.4), N-cad 3
(62.2 � 4.59)). Representative images show nuclei (blue), YAP (green),
and F-actin (red) (Fig. 6C).

Cell differentiation: Cell fate on N-cadherin surfaces was analyzed via
several assessments. Pluripotency, and proliferative activity via SOX2
and Ki67 positive staining, respectively, on control and cadherin surfaces
was evaluated after 18–24 h of growth on surfaces. Cells cultured on
positive control, N-cad 1 and N-cad 3 were analyzed for the percentage of
cells that expressed of SOX2 and Ki67. No differences were found



Fig. 4. Cell morphology of hNSCs on N-cadherin surfaces is affected by cadherin concentration. A. Representative images of a single cell on the cadherin surface at
63X; scale bar is 10 μm in each image. Nuclei (blue), β-catenin (green), N-cadherin (magenta) and F-actin (red). For positive control, N-cad 1, N-cad 2, N-cad 3, and N-
cad 5. Scale bar 10 μm. B. Average cell area (μm2). C. Average nucleus area (μm2). D. Average number of cells polls per cell.
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Fig. 5. Cadherin concentration alters adherens junction morphology. Actin analysis showed (A) percent of cells with an F-actin ring. (B) Average area of the actin ring.
β-catenin analysis showed the (C) average number of adherens points per cell. (D) Location of β-catenin staining showed percentage of cells with β-catenin staining at
the edges of the cells. E. Percent of cells with β-catenin staining at the actin ring. All lines represent mean þ/� standard deviation. (F) Image taken with a Zeiss LSM
880 with adjusted pinhole of a single cell on the N-cad 3 cadherin surface at 63X. (G) Nuclei (blue) (H) β-catenin (green) (I) N-cadherin (magenta) and (J) F-actin (red)
are shown separately. Scale bar is 10 μm.
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between the surfaces in SOX2 expression (positive control 98.4 % � 1.91
%, N-cad 1 97.4 % � 4.20 %, and N-cad 3100.0 % � 0 %). Percentage of
Ki67 positive cells on N-cad 3 (84.1 %� 3.54 %) was significantly higher
compared to positive control (58.4 % � 14.5 %) but was not different on
the N-cad 1 (72.5 % � 7.52 %) (n ¼ 5) (Fig. S6).

Fig. 6 YAP translocation to the nucleus was analyzed (A) and showed
positive control (Matrigel®) (1.82 � 0.183) and N-cad 1 (1.57 � 0.262)
did not differ. N-cad 2 (2.14 � 0.0945) was significantly higher than N-
cad 1; N-cad 3 showed significantly more translocation compared to all
groups (2.72 � 0.217). (B) The percentage of cells with YAP colocalized
with the actin rings, control (0.0 % � 0.0 %), N-cad 1 (4.16 � 3.81), N-
cad 2 (26.8 � 12.4), N-cad 3 (62.2 � 4.59). Lines represent mean þ/�
standard deviation. (C) Representative images of hNSCs taken at 63X,
with nuclei (blue), YAP (green) and F-actin (red). Scale bar 10 μm.

However, after 96 h, cells expressing NES via flow cytometry signif-
icantly decreased in all N-cad groups compared to Matrigel® controls
(97.9 %� 1.63 % (control), 87.9 %� 2.71 % (N-cad 1), 91.2 %� 1.75 %
(N-cad 2), and 91.1 % � 0.911 % (N-cad 3)) (Fig. 7B). Neither GFAP
(69.2 %� 4.38 % (control), 66.0 %� 8.43 % (N-cad 1), 71.0 %� 8.39 %
(N-cad 2), and 56.7 % � 0.547 % (N-cad 3)) (Fig. 7A) nor S100β (0.003
%� 0.005% (control), 0.023%� 0.023% (N-cad 1), 0.050%� 0.036%
(N-cad 2), and 0.030 % � 0.030 % (N-cad 3)) (Fig. 7C) differed based on
culture surface. However, significantly fewer β-III tubulin expressing
cells were found on Matrigel® compared to N-cad 3 (28.7 % � 10.1 %
(control), 49.1 % � 11.1 % (N-cad 1), 47.0 % � 6.13 % (N-cad 2), and
59.8 %� 7.58 % (N-cad 3)) (Fig. 7D). Immunocytochemistry was used to
confirm flow cytometry, labeling nuclei, nestin, β-III tubulin and S100β.
Neuron-like extensions can be seen in the cadherin samples (Fig. 7E).
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4. Discussion

Pluripotent NSCs reside in a cell dense zone in the SVZ; they receive
signals from the microenvironment to determine their fate. In the dense
microenvironment, cell:cell mechanotransduction would occur between
adjacent cells via cadherin molecules. Therefore, the goal of this work was
to examine if cadherin interactions between hiPSC-derived NSC and N-
cadherin substrates induced mechanotransduction. As lateral clustering of
cadherins in native cell–cell contact points is a vital part of junctional
maturation and mechanotransduction, we first characterized the substrate
and number of cadherins available. The tethered surfaces in this study
were initially made with Protein A as it binds to up to 5 human immu-
noglobulin Fc to create opportunities for clustering of cadherins as the
relative amount of cadherin increased. However, we found that for each of
our substrates, the amount of cadherin per surface was only a small portion
of the cadherin that was applied, ranging from 8 � 108 to 4 � 109 bound
molecules per cm2. These numbers are similar in magnitude to the range of
molecules per area for clustering proteins such as integrins, cadherins, and
major histocompatibility complexes,27 suggesting that our substrates were
in the correct range to study clustering interactions. The increase in
available and, essentially, “pre-clustered” cadherin, while difficult to
quantify, could increase the probability of adherens-like junction forma-
tion and mechanotransduction. Therefore, we moved forward with these
substrates to examine cadherin interactions with hNSCs.

Initial examination of the expression of NES, SOX2, and GFAP on
hNSCs used in the current study indicated that the cells were similar to
multipotent neural stem cells (type B) found in the subventricular zone.28

As E-cadherin has also been found to play an important component of the



Fig. 6. YAP translocation to the nucleus was analyzed (A) and showed positive control (Matrigel®) (1.82 � 0.183) and N-cad 1(1.57 � 0.262) did not differ. N-cad 2
(2.14 � 0.0945) was significantly higher than N-cad 1; N-cad 3 showed significantly more translocation compared to all groups (2.72 � 0.217). (B) The percentage of
cells with YAP colocalized with the actin rings, control (0.0% � 0.0%), N-cad 1 (4.16 � 3.81), N-cad 2 (26.8 � 12.4), N-cad 3 (62.2 � 4.59). Lines represent mean þ/-
standard deviation. (C) Representative images of hNSCs taken at 63X, with nuclei (blue), YAP (green) and F-actin (red). Scale bar 10 µm.
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NSC niche,29 the iPSC-derived NSCs were examined for both E- and N-
cadherin. Baseline assessment of hNSC protein expression showed that
cells expressed N-cadherin, but not E-cadherin. However, previous
studies have demonstrated that cells can use cadherins to bind hetero-
philically.8 Therefore, we examined if the cells would bind to E-cadherin
substrates. However, we found that these cells bound only homophili-
cally to tethered N-cadherin. As there were not any viable cells on
E-cadherin substrates, we continued the studies with N-cadherin sub-
strates only.

Morphology is often used as an initial assessment of the mechano-
transductive relationship between cells and their environment.30–32 In
previous studies, both size and shape were used to indicate interaction
with cadherin, junctional maturation, and subsequent mechanosensing
activity.30 Here, both cell and nuclear area increased with increasing
N-cadherin concentration on the substrate. However, we found that the
average increase in nuclear area decreased relative to the average area of
the cells (Fig. S7), a ratio that is highly regulated in terminal cells.33

Previous work has noted that stem cells have higher nuclear:cell volu-
metric ratios than differentiated or aged cells,34,35 similar to what we are
seeing here within 24 h for area ratio. Nuclei in stem cells have also been
found to have increased deformability compared to differentiated
cells,36,37 which may lead to an increased ability to be affected by
cytoskeletal reorganization and strong binding interactions. Overall, in-
creases in cell and nuclear size are energy intensive as the cell must
deviate energy from normal functions; the biological “cost” of performing
expansion instead of other vital functions led us to investigate what other
morphological changes were occurring.

In addition to overall size, cells increased lamellipodial-like pro-
trusions and F-actin structure formation as cadherin concentration
increased. These structures were similar to those found by Gavard et al. in
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which a “fried egg” shape of cells was characterized in both mouse
myogenic and S18 chick cells grown on 5–10 μg/cm2 of applied, adsor-
bed N-cadherin.38 In our work, the lamellipodia were found to be rich in
F-actin and β-catenin (Fig. 5). While stress fiber accumulation or polar-
ization of cells has been observed in previous studies,13,38,39 the distinct
“ring” structure of F-actin that was adjacent to the nucleus has not pre-
viously been reported in single hNSCs to our knowledge. Geometric
formations of F-actin have been noted in multicellular clusters, including
in neural rosettes,40 in a podosome belt41 and in cross-linked actin net-
works in ocular meshwork.42 In single cells, however, actin rings are
often on the cell cortex around the nucleus forming contractile rings
during mitosis or concentrated in the lamellipodia during cell migra-
tion.43 To the best of our knowledge, this work is the first documentation
of cells forming a ring-shaped actomyosin architecture adjacent to the
nucleus. The formation of these actin structures implied that the cells are
sensing the interactions with N-cadherin as interactions with other cells,
therefore we then investigated whether these novel actin structures were
indicative of mechanotransduction.

YAP translocation has been utilized to demonstrate mechanosensitive
interactions between cells and their surrounding environment, including
between N-cadherin mimics and mesenchymal stem cells.13,25,39 Here we
have shown YAP translocation to the nucleus increased with increased
concentration N-cadherin substrates. Previous work has demonstrated
that YAP nuclear localization was dependent upon amount of F-actin.44

F-actin cytoskeletal ring structures formed with increasing N-cadherin
concentration that altered cell morphology and increased β-catenin
punctates at the edges of cells, indicating increased tension environ-
ments. While adherens junction formation has been found to sustain
YAP-phosphorylation,45 high tension at these junctions also can inhibit
the phosphorylation and support translocation to the nucleus.46,47 In this



Fig. 7. Cells differentiated towards neurons on cadherin surfaces. A-D. Flow cytometry shows percent of cells on Matrigel and N-cadherin surfaces expressing (A)
GFAP (B) nestin (C) β-III tubulin, and (D) S100β, and we found significantly less β-III tubulin expressing cells on Matrigel compared to N-cadherin, n ¼ 3. (E)
Immunohistochemistry of hNSCs on control and N-cadherin; nuclei (blue), nestin (magenta), β-III tubulin (green) and S100β (red) taken at 20X, scale bar 100 μm.
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study, YAP was localized to the F-actin structures that increased with
increased surface N-cadherin. As YAP has been found to bind with
angiomotin, anchoring YAP to F-actin stress fibers, these F-actin struc-
tures could retain YAP in the cytoplasm, and make it unable translocate
to the nucleus.25,48,49 Even with this cytoplasmic sequestration, overall
YAP translocation indicated that exogenous N-cadherin elicited mecha-
nosensing events relative to the amount of cadherin.

In addition to YAP localization to the F-actin structures, we also saw
β-catenin localization to these structures and decided to investigate
further. As is typical with N-cadherin binding, we found that β-catenin
punctate formation at the cell membrane increased with cadherin con-
centration. The location of β-catenin staining was important to identify as
it can act as a transcription factor within the nucleus when not phos-
phorylated at the cell membrane.6,50 Therefore, localization of β-catenin
at both the cell membrane and within the F-actin ring indicated
sequestration of β-catenin in the cytoplasm. Concentration and localiza-
tion of β-catenin has previously been implicated in mouse ESC
self-renewal and differentiation, depending on the dose and conditions,51

and apoptosis or neurogenesis in neural stem cells, depending on the
dynamics and regulation of β-catenin.52,53 Therefore, we next sought to
investigate the resulting impact of culture on N-cadherin substrates on
NSC maintenance.

YAP translocation to the nucleus and sequestration at the actin ring
along with the localization of β-catenin at the cell membrane provide
signals of both proliferation and differentiation to the cells. Within the
10
first 24 h after seeding, cells remain proliferative and pluripotent on all
substrates. After 96 h on N-cadherin surfaces, hNSCs express significantly
less nestin, with a corresponding increase in the percentage of cells
expressing the neuronal marker β-III tubulin, particularly on higher N-
cadherin concentrations. N-cadherin expression levels have been shown
to play a role in differentiation of other stem cell types, including muscle
cell differentiation54 and differentiation of MSCs.13 A recent study
showed that following neurulation in a mouse model, E-cadherin pro-
moted pluripotency55 and an increase in N-cadherin expression corre-
lated with NSCs leaving the niche toward stable neurogenesis both in vivo
and in vitro.56 While there are differences between the rodent and human
SVZ,57 radial glial-like stem cells are found similarly in both models.
With no exogenous soluble factors, high cadherin substrates (N-cad 3)
drove hNSCs to differentiation neuronally over a time span of 4 days.
Differentiation over such a short time frame may be attributed the
extensive cytoskeletal reorganization and subsequent localization of
transcription factors YAP and β-catenin in response to cadherin in a
concentration dependent manner. The findings presented show the po-
tential of N-cadherin to induce neurogenic differentiation of pluripotent
hNSCs in a short timeframe without other additives.

5. Conclusion

In summary, tethered, recombinant cadherin surfaces were fabricated
with different amounts of N-cadherin. Homophilic binding between
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hNSCs and exogenous cadherin was found to be dependent upon the
amount of cadherin applied and may be indicative of clustering ability
and junctional maturation. Increases in the amount of cadherin on the
substrates led to a proportional increase in cell and nuclear area that was
accompanied by increase in unique F-actin ring rearrangement and
adherens junctional formation. YAP translocation to the nucleus and
sequestration in the actin-rings indicated mechanotransduction was
occurring and analysis of differentiation state showed that cells on the
surfaces with increased cadherin available were undergoing neuronal
differentiation. The role of N-cadherin and the effect of incorporating
different amounts of N-cadherin on the potential for perturbing the gene
expression via mechanotransductive events in a short timeframe was
highlighted. We show that relative amount of cadherin used is important
and can have direct impacts on in vitro outcomes and is not clearly
documented in many of the reports cited. The results have implications in
the role of N-cadherin in design of biomaterials to mimic the neurogenic
niche.
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