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Abstract

Adhesion molecule signaling is critical to human pluripotent stem cell (hPSC) survival, self-

renewal, and differentiation. Thus, hPSCs are grown as clumps of cells on feeder cell layers or

poorly defined extracellular matrices such as Matrigel. We sought to define a small molecule that

would initiate adhesion-based signaling to serve as a basis for a defined substrate for hPSC

culture. Soluble angiopoeitin-1 (Ang-1)-derived peptide QHREDGS added to defined serum-free

media increased hPSC colony cell number and size during long- and short-term culture when

grown on feeder cell layers or Matrigel, i.e. on standard substrates, without affecting hPSC

morphology, growth rate or the ability to differentiate into multiple lineages both in vitro and in

vivo. Importantly, QHREDGS treatment decreased hPSC apoptosis during routine passaging and

single-cell dissociation. Mechanistically, the interaction of QHREDGS with β1-integrins increased

expression of integrin-linked kinase (ILK), increased expression and activation of extracellular

signal-regulated kinases 1/2 (ERK1/2), and decreased caspase-3/7 activity. QHREDGS
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immobilization to polyethylene glycol hydrogels significantly increased cell adhesion in a dose-

dependent manner. We propose QHREDGS as a small molecule inhibitor of hPSC apoptosis and

the basis of an affordable defined substrate for hPSC maintenance.

Introduction

Human pluripotent stem cells (hPSCs) are maintained in a pluripotent state through a series

of interconnected mechanisms that balance survival, inhibition of differentiation, and the

promotion of unlimited proliferation. The ability of hPSCs to self-renew and differentiate

into multiple lineages offers the possibility of providing an unlimited number of cells for

tissue engineering and regenerative medicine applications. However, the procurement of

billions of functional cells for regenerative therapies remains a limiting factor due in part to

the loss in cell numbers at each stage of manipulation [1] but also to the prohibitive expense

of culturing the cells. As such, numerous studies have focused on finding molecular

pathways responsible for the dissociation-induced cell death in hPSCs [1–3] and on

identifying small molecules that can prevent or protect hPSCs from cell death [4]. The most

successful among these molecules is Y-27632, a selective inhibitor of p160-Rho-associated

coiled-coil kinase (ROCK), which is now routinely used in hPSC culture [1].

Recently, a growing number of reports have shown that adhesion molecules mediating either

cell-to-cell or cell-to-extracellular matrix (ECM) contact contribute to the survival, self-

renewal and differentiation potential of hPSCs [5]. E-Cadherin, for example, is a Ca2+-

dependent cell surface glycoprotein that mediates cell-cell adhesion [5]. RNAi knockdown

of E-Cadherin induces hyperactivation of actomyosin and apoptosis in hESCs [2,3],

suggesting that cell-cell adhesion may prevent apoptosis through the regulation of actin-

myosin contraction. Similarly, ROCK inhibition has been reported to suppress actomyosin

hyperactivation downstream of Rho [3], which may explain the anti-apoptotic effects

observed in hPSCs treated with Y-27632 [1]. Cell-ECM interactions have also been shown

to be critical for hPSC survival [4]. Integrins are a class of heterodimeric transmembrane

receptors that mediate the interaction of cells with the ECM [6]. Upon activation, integrins

associate with adaptor and signaling proteins at their cytoplasmic tails [6,7], which includes

the protein Integrin-linked kinase (ILK), a specific binding partner of β1- and β3-integrin

subunits [8]. ILK additionally binds to Parvin and PINCH to form the IPP complex, which

functions both as a scaffold linking integrin receptors to the actin cytoskeleton and as a hub

for intracellular signaling molecules [9,10]. Integrin receptors may therefore affect cell-cell

interactions indirectly through regulation of the IPP complex, in addition to the direct

interaction they have with the ECM. Thus, integrin receptors sit at the crossroads of both

cell-cell and cell-ECM interactions and have the potential to be potent regulators of hPSC

survival.

Due to the importance of hPSCs to both the fields of tissue engineering and regenerative

medicine, significant efforts have been made to determine ideal standardized culture

conditions for the expansion and maintenance of hPSCs. While the ultimate objective is to

standardize the culture procedure with a defined substrate in combination with a defined

serum-free media [11,12], the complexity of the role of the ECM coupled with our poor
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understanding of all the requirements for hPSC maintenance and differentiation, has

necessitated our continued reliance on poorly defined matrices, such as feeder cell layers

and Matrigel substrate for hPSCs culture. Matrigel is a purified matrix derived from

Engelbreth-Holm-Swarm sarcoma cells that contains various factors and has been shown to

support the growth and maintenance of hESCs in feeder-free conditions [13] but is

unsuitable for directed differentiation of hPSCs for autologous cell therapy [11] because of

lot-to-lot variability, as well as possible viral contaminants [14]. Efforts are underway to

produce synthetic wholly-defined surfaces that display proteins, such as laminin [15,16],

vitronectin [17] and/or E-cadherin [12,18], or proprietary cell adhesion peptides (Corning

Synthemax™ plates) to support self-renewal and expansion of hESCs and iPSCs in serum-

free defined media [19–21] but as yet, feeder cell layers and Matrigel remain the most

widely used substrates. Additionally, a substrate that promotes cell adhesion as well as cell

survival would be beneficial.

Angiopoeitin-1 (Ang-1) is a secreted glycoprotein that acts as a ligand for the membrane

receptor Tie2 on endothelial cells through which it regulates vascular maturation during

development and promotes endothelial cell survival and adhesion [22]. However, in cell

types that do not express Tie2, Ang-1 binds to integrins [23] and has been demonstrated to

promote survival more effectively than other traditional integrin-binding proteins, including

ECM proteins containing the RGD-motif [24]. While Ang-1 lacks a common integrin-

binding motif, the highly conserved sequence QHREDGS was identified [24] and this

peptide fragment was found to be capable of inducing cell survival and adhesion in non-

endothelial cell types [25,26], as well as in endothelial cells wherein the effects of

QHREDGS were inhibited by antiintegrin antibodies [27]. Given the aforementioned central

role of integrins in adhesion and that hPSCs rely heavily on adhesion—both cell-cell and

cell-ECM—to promote survival, self-renewal, and differentiation [5], we postulated that

treatment of hPSCs with the Ang-1-derived integrin-binding fragment QHREDGS may

enhance hPSC adhesion and thereby promote hPSC survival during both clump and single-

cell passaging of hPSCs. Moreover, we also hypothesize that the peptide QHREDGS could

be used to produce an affordable defined culture surface for hPSCs.

Specifically, we sought to determine if the small Ang-1 derived peptide QHREDGS could

act as a soluble small molecule inhibitor of hPSC apoptosis to improve cell survival in

existing culture conditions, and if QHREDGS could be used in the design of a defined

culture surface with significantly improved hPSCs adhesion. We cultured hPSCs both long-

and short-term in the presence of QHREDGS to determine the effect of QHREDGS

treatment on hPSC morphology, proliferation or pluripotency. We also conjugated

QHREDGS to a defined surface—a non-adhesive polyethylene glycol (PEG) hydrogel—to

investigate the effect on hPSC adhesion. Furthermore, we investigated the mechanism by

which QHREDGS affects hPSCs survival and adhesion by determining the interaction of

QHREDGS with β1-type integrin receptors on the hPSC surface and the downstream

effectors ILK, ERK1/2, AKT and caspase activity.
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Materials and Methods

Antibodies

A complete list of antibodies is provided in the Supplementary Data.

Stem Cell Culture on Feeder Cell Layers

Normal human induced pluripotent stem cell (hiPSC) lines—BJ1D, 0901B, IMR90 (3)—

and the human embryonic cell line, H9, were generated using standard retroviral or lentiviral

mediated reprogramming and validated as previously described [28–30]. Different cell lines

were used to validate results and the specific lines used in a given experiment are designated

in the figure legends. Cells were cultured on a feeder layer of mouse embryonic fibroblast

(MEF) cells (Mount Sinai Hospital, Toronto, ON) inactivated with 10µg/ml mitomycin C

and seeded at 1.8 × 105 per 3.5cm dish. For single-cell passaging experiments, hiPSC

colonies were dissociated in 0.25% Trypsin-EDTA for 5min, followed by trituration with a

pipette. To ensure a single-cell suspension, the dissociated cells were passed through a 40µm

cell strainer and seeded onto MEFs at a density of 100 cells/10-cm plate. Cells were allowed

to grow for 7 days and the total number of colonies was counted. In the treated groups,

QHREDGS (Biomatik, Cambridge, ON) or DGQESHR (Biomatik) dissolved in PBS

(Lonza, Allendale, NJ) was added at the reported concentrations to culture media at the

onset of the first treatment passage and replenished daily with each media change thereafter.

The peptides or equivolume PBS (0.4% of volume) were included during clump or single-

cell passaging. Cells were analyzed after 5 passages in continuous treatment with 50µM

QHREDGS, 50µM DGQESHR or equivolume PBS (0µM QHREDGS), unless specified

otherwise.

Live/Dead Staining and Immunohistochemistry

Human iPSCs were treated for 5 passages and stained for CFDA-Live/PI-Dead as described

[31]. Live cells were counted using the cell counter plug-in of the ImageJ software (NIH,

Bathesda, MD). Immunohistochemistry was performed as described [31]. Cells were fixed

in 4% paraformaldehyde and the following primary antibodies were used: Oct4 (1:500),

SSEA-4 (1:300), Ki67 (1:300), SMA (1:200), Gata6 (1:300), and β-III Tubulin (1:100), anti-

BrdU (1:300). All secondary antibodies were used at 1:200 dilutions. DAPI counterstain was

used at 300nM.

BrdU Proliferation Assay

After 5 passages in treatment, hiPSCs were passaged as described above in the presence of

50µM QHREDGS, 50µM DGQESHR or equivolume PBS (0µM QHREDGS) onto MEF

plates and grown for 3 days. Cultures were pulsed for 1h with 10µM BrdU (Sigma Aldrich)

and immediately stained and analyzed for immunohistochemistry (see below). Ki67 (1:300)

co-staining was used to differentiate MEFs from hiPSCs. All samples were counterstained

with DAPI (300nM, Sigma Aldrich).
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FACS Analysis

Analytical flow cytometry was performed on a FACSCalibur flow cytometer (BD

Biosciences) as described [32] with an additional permeabilization step with 0.25% Triton-X

(Sigma Aldrich) for 10 min at 4°C. All antibodies were used at 1:100.

Human iPSC Differentiation and Teratoma Assay

Following 5 passages in continuous treatment, hiPSCs were collected and differentiated into

embryoid bodies (EBs) containing cells of all three germ layers as described [33]. For

further differentiation and analysis, EBs were plated onto plates coated with 0.2% gelatin for

another 10 days then fixed in 4% paraformaldehyde for immunohistochemistry. In vivo

differentiation was assessed by teratoma assays performed following 10 passages of BJ1D

hiPSCs in continuous treatment with QHREDGS. Specifically for this assay, cells were

treated for 2h with 10µM Y-27632 ROCK inhibitor (Sigma Aldrich) prior to collection to

ensure that a sufficient number of cells survived through to implantation. Cells were

harvested following 15min incubation in 1mg/ml collagenase (STEMCELL Technologies,

Vancouver, BC) and resuspended in 1 volume Teratoma mix (2:1:2 ratio of: Knockout

DMEM, Life Technologies; hESC-qualified Matrigel, BD Biosciences; Collagen,

STEMCELL Technologies) and injected into NOD.CB17-Prkdcscid/J (NOD-SCID) mice. In

addition to the treated hiPSCs, H9 hESCs were used as a positive control and mouse

fibroblasts as a negative control. Teratomas were extracted 3 months after injection and

analyzed by H&E staining. Experiments were conducted in accordance with procedures

approved by the Institutional Committee on Animal Care.

Quantitative RT-PCR

RT-PCR was performed as previously described [34], using previously published primer

sets [35].

Stem Cell Culture on Matrigel

Human iPSCs were grown on 6-well plates coated with hESC-qualified Matrigel in

mTeSR™1 medium (STEMCELL Technologies) and were passaged with Versene (Life

Technologies) for 5mins at 37°C, as previously described [36]. For single-cell passaging

experiments, hiPSCs was washed with PBS, incubated with 0.25% trypsin-EDTA for 5mins

at 37°C, pelleted by centrifugation for 5mins at 200g, resuspended in mTeSR™1 and

pelleted again. The cell pellet was resuspended, strained through a pre-wet cell strainer,

counted and 100 cells were seeded into a well of a 24-well plate coated with hESC-qualified

Matrigel. To each well, QHREDGS peptide or equivolume PBS (0µM QHREDGS) was

added to a final concentration of 5µM, 50µM, or 500µM (0h). Three scenarios were tested:

(i) cells remained undisturbed for 48h (1×48h No Media Change), (ii) at 24h, a second dose

of PBS/QHREDGS was added to the wells without changing the medium (2×24h No Media

Change) or (iii) at 24h, the medium was changed and a second dose of PBS/QHREDGS was

added to the wells (2×24h Media Change). In all cases, the medium was changed to fresh

mTeSR™1 without PBS/QHREDGS at 48h and subsequently changed daily. On day 7, the

cells were fixed with 4% paraformaldehyde for 15mins at room temperature, washed ×3,

blocked for 1h in Blocking Buffer (5% FBS, 0.3% TritonX-100 in PBS), and incubated with
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α-Oct4 (1:500 in Blocking Buffer) overnight at 4°C. The wells were washed ×3, incubated

with secondary antibody (1:200 in Blocking Buffer) for 2h at room temperature, washed ×3

with PBS and then counterstained with DAPI (1µg/mL in PBS) for 15mins at room

temperature. The wells were washed ×3 and imaged in PBS with an Olympus IX-81

fluorescent microscope with CellSens Dimension Imaging software (Olympus America Inc.,

Center Valley, PA). Each individual colony was imaged, counted and its area determined.

Hydrogel Preparation

The QHREDGS peptide was conjugated to polyethylene glycol (PEG) by incubating 4.0mg

of acrylate-PEG-NHS (MW 3500; Jenkem Technologies, Allen, TX) in a reaction solution

of 0mM, 7.2mM (6mg/mL), 14.5mM (12mg/mL) or 29.0mM (24mg/mL) QHREDGS in

50mM Tris pH 8.5 with a final volume of 100µL for 3h at 700rpm. After 3h, the reaction

solutions were dialyzed (MWCO 3500) extensively against ddH2O; lyophilized and

resuspended in ddH2O, to which 40mg polyethylene glycol diacrylate (PEGDA Mn 700;

Sigma Aldrich) and 0.4mg 2-Hydroxy-2-methyl-propiophenone (Sigma Aldrich) was added

in a final volume of 80µL; 25µL of this solution was added to each 22×22mm cut square of

GelBond PAG film (Lonza) and a vinyl coverslip of equal size was gently placed on top.

The hydrogel was placed under UV light for 10min to polymerize, washed for 10min then

incubated at 4°C for 1h. After 1h the coverslip was gently peeled off the hydrogel and the

hydrogel was placed in 70% EtOH under UV for 1h to sterilize. Sterilized hydrogels were

incubated in mTeSR™1 medium overnight prior to seeding with cells. To determine the

conjugation efficiency, FITC-aminohexanoic acid-QHREDGS-CONH2 (FITC-QHREDGS;

Institute for Biomolecular Design, Edmonton, AB) peptide was conjugated to acrylate-PEG-

NHS as above, except that the lyophilized powder was resuspended in 100µL ddH2O. The

amount of FITC-QHREDGS contained in the reconstituted solution was determined from a

standard curve by fluorescence using a SpectraMax GeminiXS fluorescent plate reader and

SoftMax Pro 3.2.1 software (Molecular Devices, Sunnyvale, CA).

EDTA/Integrin Adhesion Assay

Human iPSCs were washed and incubated with equal volumes of 10mM EDTA, 50µg/mL

anti-β1-integrin (α-CD29) antibody (in PBS) or PBS alone at 37°C for 20mins. The cells

were harvested by using a cell scraper, pelleted by centrifugation (200g for 5 min),

resuspended, seeded onto PEG-hydrogels in a 20µL volume and incubated at 37°C for

40mins. After 40mins, medium was added to each well and returned to 37°C. After the 6h of

incubation, cells were fixed with 4% paraformaldehyde, blocked overnight in Blocking

Buffer at 4°C and incubated with DAPI (1µg/mL in PBS) for 15mins at room temperature.

Washed hydrogels were imaged using an Olympus IX-81 fluorescent microscope with

CellSens Dimension Imaging software. The surface of each hydrogel was imaged in its

entirety and the total number of cells was determined using the maxima plug-in filter of

ImageJ software and summing the values determined from each individual image for a given

hydrogel. The total number of adherent cells was normalized by dividing by the total

number of cells that adhered to the unconjugated PEG hydrogels for a given experiment.
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Time Course and Western Blot

Human iPSC colonies were washed, incubated with 0.25% trypsin-EDTA for 5min at 37°C

and the cell suspension was pelleted (200g for 5 min). The cell pellet was resuspended, and

250,000 cells were seeded into a well of a 24-well plate coated with hESC-qualified

Matrigel. To each well, QHREDGS (final concentration 50µM) or equivolume PBS (0µM

QHREDGS) was added. At each time point, the cells were harvested by using a cell scraper,

pelleted by centrifugation (200g for 5 min) and resuspended in a minimal volume of Lysis

Buffer (10X Cell Lysis Buffer, Cell Signaling Technology; cOmplete Mini, EDTA-free

protease inhibitor cocktail tablet, Roche; in ddH2O). DNase (1mg/mL stock in ddH2O) was

added to the lysates. Samples were run on Novex Tris-Glycine 1.5mm, 10-well, 10% Gels

(Life Technologies) for 1.5h at 125V then transferred to nitrocellulose membrane by wet

transfer at 125V for 2.5h. Membranes were probed with: α-phospho-AKT (1/1000 in 5%

BSA w/v in PBS with 0.1% Tween20), α-AKT (1/1000), α-phospho-ERK1/2 (1/1000), α-

ERK (1/1000), α-ILK (1/1000); secondary antibodies (1/2000 in 1% skim milk powder w/v

in PBS with 0.1% Tween20); developed using ECL reagents and exposed to film. The films

were scanned and densitometry was performed using ImageJ software.

Statistical Analyses

All statistical analyses were performed using the Student’s t-test. P<0.05 denotes a statistical

significance.

Results

QHREDGS-mediated effect on attachment, colony number and size in feeder-dependent
culture

Given that hPSC expansion on MEF feeder layers in serum-free media remains one of the

most common hPSC culturing protocols, we aimed to establish the effect of treating hiPSCs

with soluble QHREDGS peptide under these standard culture conditions. In order to

determine the optimal concentration of QHREDGS for hiPSC expansion, we performed a

dose-response experiment and found that long-term (5 passage) pre-treatment with the

intermediate concentration of 50µM soluble QHREDGS—added to culture medium with

each media change—most effectively increased both the number of colonies (Figure 1A)

and the average colony diameter (P = 0.01, n = 3, Figure 1B) compared to 0µM QHREDGS

during routine passaging. Having selected an effective concentration, we investigated the

effect of longterm pre-treatment with 50µM QHREDGS on the colony-forming efficiency of

single-cellsby dissociating the hiPSCs to single cells, plating them on MEFs at a low density

and culturing the cells for 7 days in medium containing 50µM QHREDGS, 0µM QHREDGS

or 50µM DGQESHR (scrambled) peptide. After one week, QHREDGS treatment of hiPSCs

resulted in larger colonies (Figure 1C) and in significantly more colonies than the 0µM

QHREDGS control, in three different iPSC lines and one hESC line (BJ1D, P = 0.003, n =

3, Figure 1D; 0901B, P = 0.02, n = 3; IM90(3), P = 0.01, n = 3; H9, P > 0.05, n = 3,

Supplementary Figure 1A). Thus, QHREDGS treatment improved hiPSC expansion during

routine passaging and enhanced the colony-forming efficiency of single-cell dissociated

hiPSCs under standard feeder layer culture conditions.
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QHREDGS-mediated effect on caspase-dependent apoptosis

We then sought to understand the mechanism by which QHREDGS promoted increased

hiPSC colony number and size. The effect of long-term pre-treatment with 50µM

QHREDGS on hiPSC viability was determined by live/dead staining at the end of culture,

and it was observed that QHREDGS significantly increased the percent viability of hiPSCs

relative to the 0µM QHREDGS control (5µM QHREDGS: P = 0.009; 50µM: P = 0.05;

500µM: P < 0.001; n = 3; Figure 2A–B). However, there was not a significant difference in

percent viability among the different concentrations of QHREDGS tested (P > 0.05; n = 3;

Figure 2B). To further deconstruct the mechanism, we selected the intermediate 50µM

QHREDGS concentration and investigated the effect of QHREDGS treatment on the

processes of apoptosis and proliferation: the two possible processes resulting in increased

cell numbers. We found that long-term pre-treatment with 50µM QHREDGS significantly

decreased caspase-3/7 activity in two different hiPSC lines relative to either the 0µM

QHREDGS control or DGQESHR (scrambled) treatment (BJ1D, 50µM QHREDGS: P =

0.04, 50µM DGQESHR: P = 0.002, n = 3, Figure 2C; 0901B, 50µM QHREDGS: P = 0.002,

50µM DGQESHR: P = 0.002, n = 3, Supplementary Figure 1B). To assess the effect of

QHREDGS treatment on cell proliferation, hiPSCs were pulsed with BrdU and assayed for

incorporation by immunohistochemistry. We found that all groups contained similar

percentages of BrdU-positive cells (Figure 2D–E). Therefore, QHREDGS treatment

improved cell viability due to increased cell survival resulting from decreased caspase-

dependent apoptosis rather than increased proliferation.

Long-term QHREDGS treatment of hiPSCs

A critical parameter of successful hiPSC culture is the retention of pluripotency, we

therefore sought to determine whether long-term (5 passage) pre-treatment with 50µM

QHREDGS would affect the pluripotency of the hiPSCs in vitro or in vivo. By

immunohistochemistry, the QHREDGS-treated BJ1D hiPSCs continued to express the

pluripotency markers Oct4 (Figure 3A) and SSEA4 (data not shown); by RT-PCR, OCT4,

NANOG, and SOX2 gene expression was equivalent among the treatment groups (Figure

3B); and by flow cytometry analysis, the percentage of Oct4+ and SSEA4+ cells in both

BJ1D and 0901B hiPSCs were comparable among all treatment groups (BJ1D, Figure 3C–E;

0901B, Supplementary Figure 2). Furthermore, long-term pre-treatment with 50µM

QHREDGS of hiPSCs did not affect their ability to differentiate into neural cells,

mesodermal cells and endodermal cells in vitro (Figure 4A). The layer-specific

differentiated cells had equivalent gene expression of markers for all three germ layers, i.e.

PAX6 (ectoderm), AFP (endoderm), BRACHYURY and CDX2 (mesoderm) irrespective of

treatment (Figure 4B). To determine the in vivo pluripotency capacity of the QHREDGS-

treated cells, hiPSCs were treated for 10 passages with 50µM QHREDGS and it was

determined that the cells retained the ability to form teratomas displaying tissues of all three

germ layers in immunodeficient NOD-SCID mice (Figure 4C–D). We, therefore, determined

that prolonged exposure to the QHREDGS peptide did not adversely alter pluripotency of

hiPSCs either in vitro or in vivo.
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Short-term QHREDGS treatment of hiPSCs in feeder-free culture

To determine whether the effect of QHREDGS on hiPSCs was dependent on specific culture

conditions, on a prolonged treatment time and/or on a specific concentration of QHREDGS,

we cultured hiPSCs in a more defined culture on Matrigel in serum-free media and

investigated the survival of hiPSCs under short-term (48h) QHREDGS treatment over a

100-fold range of concentrations. To determine the minimum practical application time and

the minimal practical application dose of QHREDGS required to promote hPSC viability,

we compared three concentrations of QHREDGS (5, 50 and 500µM) and three treatment

regimens: (i) incubation of the cells in culture media with QHREDGS for 48h without

changing the media, (ii) incubation of the cells in culture media with QHREDGS for 24h,

change of media and additional QHREDGS added at the same concentration for 24h, or (iii)

incubation of the cells in culture media with QHREDGS for 24h, no change in media but an

additional dose of QHREDGS added at the same concentration for 24h (Figure 5A). In

general, short-term QHREDGS treatment of hiPSCs grown on Matrigel in serum-free media

resulted in increased colony number and size of the colonies formed (Figure 5B–C).

Relative to the 0µM QHREDGS control, treatment of hiPSCs for 48h with 5 or 50µM

QHREDGS resulted in a significant 25% increase in colony number on average (5µM

QHREDGS: P = 0.05; 50µM: P = 0.05; n = 3; Figure 5B 1×48h No Media Change) and a

significant 40% and 42% increase, respectively, in colony size on average (5µM

QHREDGS: P = 0.004; 50µM: P = 0.001; n = 3; Figure 5C 1×48h No Media Change).

Treatment with 500µM QHREDGS for 48h yielded an 11% increase in colony number on

average and had no effect on colony size (P > 0.05; n=3; Figure 5B–C 1×48h No Media

Change). Whereas incubation of hiPSCs with 5, 50 or 500µM QHREDGS for 2×24h

(without media change) resulted in a 0%, 14% and 22% increase in colony number,

respectively (P > 0.05; n = 3; Figure 5B 2×24h No Media Change); and a 22%, 55% and 0%

increase in colony size, relative to the control (50µM: P = 0.01; n = 3; Figure 5C 2×24h No

Media Change). Finally, incubation of hiPSCs with 5, 50 or 500µM QHREDGS for 2×24h

(with media change) resulted in a massive significant increase in colony number of 300%,

600% and 450%, respectively (5µM QHREDGS: P = 0.05; 50µM: P = 0.01; 500µM: P =

0.03; n = 3; Figure 5B 2×24h Media Change); but despite this increase the number of

colonies that could be obtained under this condition was substantially less than in the other

two treatment regimens (Figure 5B). Similarly, the average colony area for this regimen was

substantially smaller than for the other two regimens even considering the QHREDGS-

induced increase in cell area of 0%, 13% and 34%, respectively (P > 0.05; n = 3; Figure 5C

2×24h Media Change). Taken together, we determined that the effect of the QHREDGS

peptide on hiPSC survival was not dependent on a particular culture condition and did not

require long-term treatment, as 48h was sufficient to significantly improve hiPSC colony

number and size. Additionally, the most effective regimen—when both colony number and

colony size were considered—was a single dose of QHREDGS incubated with the cells for

48h undisturbed, at a concentration of 5µM QHREDGS, the minimum concentration tested.

ILK expression and ERK1/2 activation in QHREDGS treated cells

Having identified a pro-survival effect of QHREDGS on hPSC cultures, we sought to

understand the mechanism. To identify intracellular signaling effectors that were activated
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by QHREDGS in hPSCs, we first focused on ILK because it is a known binding partner of

β1- and β3-integrins, the receptors we identified for QHREDGS in endothelial cells [27], and

ILK has been implicated in cell survival pathways [10]. Single-cell hiPSCs were seeded

onto Matrigel-coated plates in the presence of 50µM QHREDGS and lysed at various time

points over 24h. ILK protein expression, as determined by Western blot analysis, increased

following QHREDGS treatment at all time points relative to the 0µM QHREDGS control,

with peak expression at 1.5–2h (0min: P = 0.04; 30min: P = 0.02; 1.5h: P = 0.02; 2h: P =

0.05; 4h: P = 0.002; 24h: P = 0.03; n = 3; Figure 6A–B).

Integrin signaling has been reported to promote hPSC viability through pathways in which

AKT and ERK1/2 are activated [37]. Also, AKT- and ERK1/2-dependent cell survival

pathways can be regulated by the ILK-PINCH-Parvin (IPP) complex [9,10,38]. Finally,

AKT and ERK1/2 were identified as effectors of the interaction between Ang-1, the

QHREDGS parent protein, and integrins [24]. Thus, we investigated the possibility that

AKT and ERK1/2 might be activated downstream of ILK upregulation. While we did not

observe an increase in AKT phosphorylation (at Ser473) following QHREDGS treatment

(Supplementary Figure 3), we did find significant upregulation of ERK1/2 expression

following QHREDGS treatment at 2h and 4h (P = 0.05, P = 0.04, respectively; n = 3; Figure

7A–B), and an increase in ERK1/2 phosphorylation (at Thr202/Tyr204) at 2h (P = 0.05; n =

3; Figure 7C). Therefore, our results demonstrate that treatment of hiPSCs with QHREDGS

increased ILK expression, increased expression and activation of ERK1/2 but did not affect

AKT expression and activation.

QHREDGS-β1-integrin interaction

The QHREDGS peptide was first suggested as a possible motif that would allow Ang-1 to

bind to integrin receptors in cell types that did not express the Tie2 receptor [24]. Integrins

are an important component of the hiPSC-ECM interaction and can enhance survival during

dissociation stress [4]. Recently, we demonstrated that QHREDGS-mediated effects on tube

formation, metabolism and survival in endothelial cells could be inhibited by using

antibodies against the α5β1- and αvβ3-integrin receptors [27]. In order to investigate the

interaction of integrin receptors on hiPSCs with the QHREDGS peptide, we generated PEG

hydrogels onto which we covalently attached QHREDGS peptide. PEG hydrogels are non-

adhesive, non-fouling surfaces during day- to week-long periods of culture [39] and are

therefore not ideal substrates for the propagation of hiPSCs, which have specific adhesion

requirements [4]. However, PEG hydrogels are useful tools for studies aimed at isolating the

effects of specific adhesion molecules on cells because PEG surfaces are resistant to

nonspecific protein adsorption [39], a problem that plagues standard plastic tissue culture

surfaces and which can yield skewed or misleading results due to the inability to disentangle

the contribution of proteins adsorbed from the media vs surface immobilized peptide. In

order to determine whether QHREDGS interacts with integrin receptors on hiPSCs, we

generated PEG-hydrogels conjugated with increasing amounts of QHREDGS. Using a

fluorescently-labeled QHREDGS (FITC-QHREDGS), we quantified the amount of peptide

that was conjugated to the PEG variant, acrylate-PEG-NHS, in reaction solutions with

increasing amounts of peptide and the respective conjugation efficiencies (Table 1). We

observed a significant, dose-dependent increase in the number of adherent hiPSCs to the
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PEG-QHREDGS hydrogels compared to the unconjugated controls following single-cell

dissociations (50µM: P = 0.04; 500µM: P = 0.008; n = 3; Figure 8A). By pre-incubating

hiPSCs with EDTA to chelate divalent ions necessary for integrin activation [40], we found

that adhesion to the QHREDGS-hydrogels was completely inhibited (Figure 8B). To

identify the specific integrin receptor type involved, we performed the same experiment

using an anti-β1-integrin antibody in lieu of EDTA and found the same result of complete

loss of adhesion (Figure 8B). Thus, we determined that the interaction of QHREDGS with

hiPSCs is mediated by β1-integrins. Moreover, we found that QHREDGS conjugation

significantly enhanced the adherence of hiPSCs to PEG hydrogels. The PEG-QHREDGS

hydrogel, therefore, constitutes the basis for an entirely defined surface for hPSC culture.

Discussion

In the hPSC field, there has been a great deal of research focused on defining the molecular

pathways responsible for dissociation-induced cell death in hPSCs [1–3] and on identifying

small molecules that can inhibit or modulate these pathways [4]. Parallel efforts have

focused on determining the ideal standardized culture conditions for hPSC propagation and

differentiation through the fabrication of synthetic culture substrates with defined

characteristics and determining the specific formulation requirements for a compatible

defined serum-free medium [11,12], with the objective of greater reproducibility of cultures

and the elimination of xenogenic compounds. Additionally, a standardized reproducible

culture system would provide a platform on which to study cell activity without the

confounding of undefined and extraneous signaling. In recent years, some synthetic surfaces

that display specific proteins, such as laminin [15,16], vitronectin [17] and/or E-cadherin

[12,18], have been developed to be used in conjunction with serum-free media and have

been demonstrated to support self-renewal and expansion of hESCs and hPSCs [19–21], but

due to relative costs have failed to be widely implemented. In part, this is because the

production of protein-based synthetic substrates is constrained by the fact that the simplest,

most cost-effective methods for covalent protein immobilization can result in a heterogenous

surface, with proteins immobilized in non-productive conformations or with blocked active

sites [27]. Also, proteins are subject to denaturation and thus have a limited shelf-life [41].

An alternative is to generate substrates using peptide fragments derived from growth factors

or ECM proteins that possess equivalent activity to the full-length protein and have the

advantages of cost-effective production, fewer, if any, conformational requirements and

increased stability [27].

In consideration of these facts, we directed our attention to QHREDGS, a peptide fragment

derived from the growth factor Ang-1 that we previously reported can promote the survival

of neonatal rat cardiomyocytes [31] and endothelial cells [27]. Moreover, we identified that

QHREDGS interacts with integrin receptors on the endothelial cell surface [27]. As

mentioned above, integrins are receptors that play an important role in both cell-cell and

cell-ECM interactions, upon which hPSCs heavily rely for survival, self-renewal, and

differentiation [5]. Herein, we demonstrated for the first time that QHREDGS could

promote hPSC survival by regulating integrin-based intracellular signaling that includes the

upregulation of ILK, the upregulation and activation of ERK1/2 and the downregulation of

caspase-3/7 activity (Figure 9). Additionally, we demonstrated that a single, low
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concentration dose of QHREDGS added to the culture medium was sufficient to increase

hPSC colony number and size. Finally, we identified the basis for a defined hPSC culture

substrate by demonstrating that immobilized QHREDGS significantly increased the

adhesion of hPSCs to a PEG substrate in a dose-dependent manner. Given it is a synthetic

peptide, a QHREDGS-based substrate with a relatively long shelf-life could be produced in

a cost-effective manner and optimized as a defined substrate for hPSC culture for wide-scale

implementation.

In recent years, peptides containing the integrin-binding motif RGD have been used to make

defined substrates for hPSCs, primarily with the intention of promoting adhesion to a non-

adhesive substrates [42]. There have been a few reports of RGD-substrates supporting hPSC

cultures but of them long-term hPSC culturing has not been demonstrated and questions

have been raised as to the contribution of media components due to protein-fouling to the

base hydrogel material [42]. Additionally, while RGD peptides have been reported to

promote attachment and even survival in various terminally differentiated cell types [43,44],

even in these cell types it does not downregulate caspase activity [45]. Conversely, we have

demonstrated that the QHREDGS does support hPSC adhesion when bound to a non-fouling

PEG hydrogel [39] and therefore forms the basis of a defined substrate for hPSC culture.

Furthermore, we have demonstrated that QHREDGS acts as a small molecule inhibitor of

apoptosis when added to hPSC cultures in its soluble form while maintaining hPSC

pluripotency, proliferation and morphology. These distinctions between the RGD and

QHREDGS peptides indicate that while both these peptides engage integrin receptors, the

intracellular effects they induce are not equivalent.

We therefore investigated the particular intracellular signaling events initiated by the

QHREDGS-β1-integrin interaction and demonstrated that the QHREDGS-mediated cell

survival mechanism results in the inhibition of caspase-dependent hPSC death and involves

increased ILK expression, and increased expression and activation ERK1/2 (Figure 9).

Similarly, in other cell types, QHREDGS/Ang-1 has been reported to mediate cell survival

by engaging β1- and β3-integrin receptors [24,27]; and while these previous studies did not

directly investigate ILK signaling, ILK is a reported binding partner of both β1- and β3-

integrin receptors [8], suggesting that ILK may be a participant in inducing cell survival in

these milieus as well. Both AKT and ERK1/2 signaling pathways have been implicated in

promoting integrin-mediated proliferation and maintenance of hPSCs [37]. Moreover, both

ERK1/2 and AKT activation were identified as effectors of integrin-dependent cell survival

mediated by Ang-1 [24]. While we did not observe an increase in AKT activation with

QHREDGS treatment, this difference once again highlights that QHREDGS has its own

unique attributes and that its derivation from Ang-1 does not guarantee they share all the

same biological activities.

As mentioned above, integrins can affect both cell-cell and cell-ECM interactions and

thereby regulate hPSC expansion. A common denominator linking integrin signaling to both

cell-cell and cell-ECM interactions is the GTPase, Rho [4]. It is therefore possible that the

QHREDGS-mediated effect of increased hPSC survival may involve Rho signaling

pathways, although this remains to be investigated. Alternatively, given the role identified

for cell-cell interactions in preventing hPSC death [4], it is possible that QHREDGS
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treatment of hPSCs may also affect the expression of the cell-cell adhesion molecule E-

cadherin by integrin-mediated effects on the cytoskeleton. A better understanding of the

QHREDGS-mediated survival mechanism can be beneficial to designing a more complex

but more effective defined hPSC culture protocol that utilizes a combination of small

molecules added to the culture medium and/or immobilized onto a defined substrate to

produce either an additive effect upon a single signaling pathway or else a synergistic effect

upon parallel pathways.

It has been reported recently that synthetic PEG-hydrogels can be used to support growth,

pluripotency and self-renewal of hPSCs in serum-free, feeder-free, 3D but not 2D cultures

[46] and that prolonged culture on this substrate retains the normal hiPSC karyotype [46].

Importantly, herein we have demonstrated that QHREDGS improved the adherence of

hiPSCs to PEG-hydrogels in feeder-free, 2D cultures, which Jang et al reported did not

support hPSC cultures [46]. Therefore, the addition of QHREDGS to 3D synthetic PEG-

hydrogel matrices may have the potential to generate a superior defined substrate for serum-

free, feeder-free, 3D hPSC cultures.

Additionally, an integral part of integrin signaling is a pulling force [47]. Substrate stiffness

can therefore influence integrin-mediated signaling [47]. PEG-hydrogels can be easily

modified to attain different mechanical properties using different concentrations, molecular

weight monomers and/or branched variants. In this way, the effect of QHREDGS-integrin

signaling can be fine-tuned. Similarly, the differentiation of hPSCs to a particular cell

lineage can be regulated by controlling the stiffness of the substrate seen by the tissue and

also by conjugating additional pro-differentiation signaling molecules/peptides to the

substrate [48]. The simplicity of both PEG and the NHS-based conjugation method permits

the addition of complexity at the level of co-immobilized molecules and substrate physical

properties, allowing for specificity of design for particular applications. Complex 3D PEG

hydrogels can be produced wherein biodegradability can be controlled by inclusion of

matrix metalloprotease (MMP)-sensitive oligopeptides and by photopatterning, spatial

control over peptide density can be exerted [49,50]. Advances have also been made in the

assessment of hydrogel design parameters for the production of degradable,

biofunctionalized, injectable PEG hydrogels for site-specific cell delivery [51]. The

specificity of the hydrogel can be further modified by appropriate selection of hydrogel

polymerization reaction type and network structure, which can provide additional cell

behaviour cues [52]; and by selection of optimal immobilization chemistry and/or effective

distance between substrate and peptide. Over the years, more elegant immobilization

chemistries have been developed that produce homogenous substrate surfaces without post-

synthetic peptide modification, for example using thiol-ene ‘click’ chemistry, peptides can

be immobilized to PEG through cysteine residues [53]. This is in contrast to EDC/NHS

chemistry, which uses the more ubiquitous carboxylic groups and whereby the QHREDGS

peptide can be immobilized via carboxylic groups in the C-terminus or the side chains of

either glutamic acid (E) or aspartic acid (D) to produce a heterogeneous substrate surface

[31]. It is therefore possible to refine the effect of QHREDGS by using a homogenous

immobilization technique and selecting one conformation as optimal for a specific

application. With respect to distance between substrate and peptide, it has been
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demonstrated that cells have only limited adherence to PEG hydrogel surfaces immobilized

with RGD in the absence of a spacer arm (MW=3400) [54] and that a PEG spacer of

3500Da—an effective distance of approximately 3.5nm—was optimal for adhesion [55].

Herein, we similarly immobilized the QHREDGS peptide to a PEG spacer arm of 3500Da,

however the optimal effective distance may vary by application and therefore could be used

as another avenue to improve specificity. Finally, in terms of large-scale production and

differentiation of hPSCs, microcarrier beads in a bioreactor have been employed [56]; and

RGD-containing recombinant peptides have been used to enhance adhesion to microcarrier

beads [57]. As mentioned, RGD-substrates have met with minimal success in sustaining

hPSC cultures [42], which suggests that the QHREDGS peptide may be a viable substitute

for RGD in the context of microcarrier beads or alternatively as a small molecule inhibitor

of hPSC apoptosis added to the culture medium in the bioreactor.

Conclusions

We have identified QHREDGS as a small molecule inhibitor of hPSC cell death that can be

used as a soluble supplement to hPSC maintenance media without affecting phenotype or

morphology. Similarly, by immobilizing QHREDGS onto a PEG-hydrogel we have

demonstrated the utility of QHREDGS as the basis of a defined substrate for hPSCs in

serum-free, feeder-free culture. Furthermore, we have defined an integrin-mediated anti-

apoptotic pathway activated by QHREDGS resulting in cultures of increased numbers.

Taken together, we have developed two methods of maintaining hPSC cultures using the

Ang-1-derived peptide QHREDGS and provided a mechanistic understanding of the way in

which QHREDGS achieves its beneficial effects. The flexibility of the QHREDGS peptide

with respect to its biomaterial application makes it amenable to integration into pre-existing

technologies, such as 3D cultures and microcarrier beads; and its simplicity and ease of use

will permit it to be used in combination to generate new, more complex and more effective

biomaterials for specialized applications. The potential of the Ang-1 derived peptide

QHREDGS as a tool for hPSC culture is proven here for the first time.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. QHREDGS increases hiPSC colony number and size during clump and single-cell
passaging in serum-free, feeder layer culture conditions
[A–B] BJ1Ds hiPSCs pre-treated for 5 passages with PBS alone (0µM QHREDGS), an

increasing concentration of QHREDGS peptide or the scrambled peptide DGQESHR (grey

bar) were passaged in clumps in the presence of the treatments for 7 days, then colony

number [A] and colony size [B] were determined. [C–D] Human iPSCs were pre-treated for

5 passages with PBS alone (0µM QHREDGS), 50µM QHREDGS or 50µM DGQESHR,

dissociated to single-cell and plated at a low density, then cultured for 7 days in the presence

of the treatments. [C] Representative Oct4- and DAPI staining images of BJ1D hiPSC
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colonies pre-treated with PBS (0µM QHREDGS) or 50µM QHREDGS, 7 days after single-

cell dissociation (scale bar = 100µm). [D] Colony number determined for BJ1D hiPSCs 7

days after single-cell dissociation. Data presented are the mean ± SEM. P values are derived

from Student’s t-test, P < 0.05 considered significant (n=3).
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Figure 2. QHREDGS promotes hiPSC survival by inhibiting caspase-dependent apoptosis but
does not affect proliferation
BJ1D hiPSCs were pre-treated for 5 passages with PBS alone (0µM QHREDGS), an

increasing concentration of QHREDGS peptide or the scrambled peptide DGQESHR,

dissociated to single cells and plated at a low density, then cultured for 7 days in the

presence of the treatments. [A–B] The cells were stained with Propidium Iodide (PI, dead

cells) and Carboxyfluorescein Diacetate Succinimidyl Ester (CFDA, live cells) (scale bar =

150µm). [A] Representative PI/CFPA staining images of BJ1D hiPSC colonies pre-treated

with PBS (0µM QHREDGS) or 50µM QHREDGS, 7 days after single-cell dissociation. [B]
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Quantification of percent viability (live/dead cells). Grey bar denotes scrambled DGQESHR

peptide treatment. [C] The cells were assayed for caspase-3/7 in BJ1D hiPSCs. The relative

fluorescence units (RFU) per cell is indicative of caspase-3/7 activity. [D–E] The cells were

assayed for BrdU incorporation, a measure of proliferation. [D] Representative BrdU, Ki67

and DAPI staining images of BJ1D hiPSC colonies pre-treated with PBS (0µM QHREDGS)

or 50µM QHREDGS, 7 days after single-cell dissociation. [E] Quantification of percent

BrdU-positive cells. Data presented are the mean ± SEM. P values are derived from

Student’s t-test, P < 0.05 considered significant (n=3).
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Figure 3. QHREDGS treatment does not affect the pluripotency of hiPSCs in vitro
BJ1D hiPSCs pretreated for 5 passages with PBS alone (0µM QHREDGS), 50µM

QHREDGS or 50µM DGQESHR were assessed for their ability to express pluripotency

markers. [A] Representative Oct4 and DAPI staining images of BJ1D hiPSC colonies pre-

treated with PBS (0µM QHREDGS) or 50 µM QHREDGS, 7 days after single-cell

dissociation. [B] Agarose gels showing RT-PCR products generated by primers for the

pluripotency markers OCT4, NANOG and SOX2 and the housekeeping gene, GAPDH. No

Template Control is denoted by NTC. [C–E] Flow cytometric analysis of PBS (0µM
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QHREDGS), 50µM QHREDGS and 50µM DGQESHR treated BJ1D hiPSCs. [C]

Representative Oct4 (top panels) and SSEA4 histograms (bottom panels). Red denotes

secondary antibody only control and black denotes cell population positive for the

designated antibody. [D–E] Quantification of Oct4+ [D] and SSEA4+ [E] cells. Data

presented are the mean ± SEM. P values are derived from Student’s t-test, P < 0.05

considered significant (n=3).
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Figure 4. Long-term QHREDGS treatment does not affect the ability of hiPSCs to differentiate
into cells of all three germ layers in vitro and in vivo
[A–B] BJ1D hiPSCs pre-treated for 5 passages with PBS (0µM QHREDGS), 50µM

QHREDGS or 50µM DGQESHR were subjected to an embryoid body-based differentiation

protocol. [A] Representative images of differentiated cells pre-treated with PBS alone (0µM

QHREDGS; top row) or 50µM QHREDGS (bottom row) and stained for SMA (mesoderm),

GATA 6 (endoderm) or βIII-tubulin (ectoderm) (n=3). [B] Agarose gels showing RT-PCR

products generated by primers for the germ layer markers PAX6 (ectoderm), AFP
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(endoderm), BRACHYURY (mesoderm), and CDX2 (mesoderm) (n=3). [C–D] BJ1D hiPSCs

treated with PBS alone (0µM QHREDGS), 50µM QHREDGS or 50µM DGQESHR for 10

passages were subjected to a teratoma formation assay (n=3). [C] Representative images of

teratomas formed from cells pre-treated with PBS alone (0µM QHREDGS) or 50µM

QHREDGS. [D] Representative images of teratomas formed from cells pre-treated with PBS

alone (0µM QHREDGS), 50µM QHREDGS or 50µM DGQESHR sectioned and stained

with H&E. Arrows, ectodermal; asterisks, mesodermal; and arrowheads, endodermal

structures.
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Figure 5. Single dose, low concentration QHREDGS treatment improves colony number and size
of single-cell dissociated hiPSCs in serum-free, feeder-free culture conditions
[A] Short-term QHREDGS treatment protocol. At 0h, BJ1D hiPSCs were single-cell

dissociated and seeded onto Matrigel in the presence of PBS alone (0µM QHREDGS) or

QHREDGS. Three different treatment schemes were investigated: (1) cells remained

undisturbed for 48h at 37°C (1×48h No Media Change); (2) at 24h, an additional dose of

PBS or QHREDGS was added to the media and the cells returned to the incubator (2×24h

No Media Change); or (3) at 24h, the media was aspirated and replaced, and an additional

dose of PBS or QHREDGS was added to the media and the cells returned to the incubator

(2×24h Media Change). At 48h, the media was replaced with PBS/QHREDGS-free medium

for all groups. The cells were fed daily with QHREDGS-free medium for the following 5

days. On day 7, the cells were fixed and stained for Oct4 and counterstained with DAPI. [B–

C] BJ1D hiPSCs were single-cell dissociated and seeded onto Matrigel in the presence of

PBS alone (0µM QHREDGS) or QHREDGS (5, 50 or 500µM), as described in [A]. After 7

days, the cells were fixed and stained for Oct4 and the number of Oct4-positive colonies in
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each well was counted [B] and the area of the colonies was measured [C]. Data presented

are the average ± SEM. P values are derived from Student’s t-test, P < 0.05 considered

significant (n=3–7).
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Figure 6. QHREDGS increases ILK expression
[A–B] BJ1D hiPSCs were single-cell dissociated and seeded onto Matrigel in the presence

of PBS (0µM QHREDGS) or 50µM QHREDGS. At various time points, cells were scraped

and lysed. Cell lysates were analyzed by Western blot analysis using the denoted antibodies.

The resultant bands were quantified by densitometry. [A] Representative images of Western

blot membranes probed with denoted antibodies. [B] Quantification of Western blot

analysis. Data presented are the average normalized ILK concentration determined from the

ILK:GAPDH ratio ± SEM. P values are derived from Student’s t-test, P < 0.05 considered

significant (n=3–5).
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Figure 7. QHREDGS increases activation of ERK1/2
[A–C] BJ1D hiPSCs were single-cell dissociated and seeded onto Matrigel in the presence

of PBS (0µM QHREDGS) or 50µM soluble QHREDGS. At various time points, cells were

scraped and lysed. Cell lysates were analyzed by Western blot analysis using the denoted

antibodies and the resultant bands were quantified by densitometry. [A] Representative

images of Western blot membranes probed with denoted antibodies. [B–C] Quantification of

Western blot analysis. Data presented are the average normalized ERK1/2 concentration

determined from the ERK1/2:GAPDH ratio ± SEM [B] and the average normalized

Dang et al. Page 29

Biomaterials. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



phospho-ERK1/2 (p-ERK1/2) concentration determined from the p-ERK1/2:GAPDH ratio ±

SEM [C]. P values are derived from Student’s t-test, P < 0.05 considered significant (n=3).
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Figure 8. QHREDGS binding to β1-integrin receptors is sufficient to promote adhesion of single-
cell dissociated hiPSCs to non-fouling PEG hydrogels
[A] BJ1D hiPSCs were single-cell dissociated and incubated with PBS or 10mM EDTA

prior to seeding onto PEG hydrogels conjugated with different amounts of QHREDGS

peptide. After 6 hours, cells were fixed, stained with DAPI, imaged and the cells adherent to

the hydrogel were counted. Data presented are the average normalized values ± SEM (n =

3–5); values were normalized by dividing by the number of cells that adhered to the PEG

hydrogel in a given experiment. P values were determined from paired Student’s t-tests, P <
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0.05 considered significant. [B] BJ1D hiPSCs were single-cell dissociated and incubated

with PBS, 10mM EDTA or 50µg/mL anti-β1-integrin antibody prior to seeding onto PEG

hydrogels with or without QHREDGS conjugated. Data presented are the average

normalized values ± SEM; values were normalized by dividing by the number of cells that

adhered to the PEG hydrogel in a given experiment. P values were determined from paired

Student’s t-tests, P < 0.05 considered significant (n = 3–5).
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Figure 9. QHREDGS-dependent pro-survival mechanism in hPSCs
Model depicting the postulated mechanism for increased QHREDGS-dependent hPSC

survival, wherein the binding of QHREDGS to a β1-integrin receptor on the hPSC surface

increases ILK, stimulating the upregulation of the pro-survival ERK1/2 signaling pathway

and the eventual downregulation of caspase-dependent apoptotic pathways.
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