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What is Rock inhibitor and why do we use it?
• Single cell cultures in suspension undergo apoptosis despite the use of culture conditions 

conducive to stem cell maintenance.
• This problem has been addressed with the inhibition of ROCK (Rho-associated protein 

kinase), a serine-threonine kinase that phosphorylates and activates the myosin II 
pathway

• The most effective ROCK inhibitor is Y-27632 (selective inhibitor of ROCK).
• hPSCs colonies are most commonly treated with 10 μM of Y-27632 prior to dissociation 

of the colonies into single cells.
• Enhances survival of human embryonic stem (ES) cells when they are dissociated to 

single cells by preventing dissociation-induced apoptosis, thus increasing their cloning 
efficiency (Watanabe et al.).

• Improves embryoid body formation using forced-aggregation protocols (Ungrin et al.).
• Increases the survival of cryopreserved single human ES cells after thawing (Li et al.).
• Blocks apoptosis of mouse ES-derived neural precursors after dissociation and 

transplantation (Koyanagi et al.).



ROCK inhibitor (Y-27632)

REPROGRAMMING
• Direct lineage reprogramming of fibroblasts to mature neurons, in 

combina>on with CHIR99021, RepSox, Forskolin, SP600125, Gö6983 and 
Valproic Acid (Hu et al.).

DIFFERENTIATION
• Improves survival of human ES cell monolayers at the ini>a>on of 

differen>a>on protocols (Rezania et al.)



How have our labs been using Rock inhibitor?

• Thawing frozen vials (iPSCs, NGRs, day 4 neurons)
• Splitting on a weekly basis (iPSCS, NGRs)
• Any time colonies are dissociated to single cells 
• Any time accutase is used.
• Other?
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SUMMARY

Cell-type-specific functions and identity are tightly regulated by interactions between the cell cytoskeleton and the extracellular matrix

(ECM). Human pluripotent stem cells (hPSCs) have ultimate differentiation capacity and exceptionally low-strength ECM contact, yet

the organization and function of adhesion sites and associated actin cytoskeleton remain poorly defined. We imaged hPSCs at

the cell-ECM interface with total internal reflection fluorescence microscopy and discovered that adhesions at the colony edge were

exceptionally large and connected by thick ventral stress fibers. The actin fence encircling the colony was found to exert extensive

Rho-ROCK-myosin-dependent mechanical stress to enforce colony morphology, compaction, and pluripotency and to define mitotic

spindle orientation. Remarkably, differentiation altered adhesion organization and signaling characterized by a switch from ventral to

dorsal stress fibers, reduced mechanical stress, and increased integrin activity and cell-ECM adhesion strength. Thus, pluripotency ap-

pears to be linked to unique colony organization and adhesion structure.

INTRODUCTION

Focal adhesions (FAs) are multifaceted organelles that link
the extracellular matrix (ECM) to the cell’s contractile actin
cytoskeleton to determine adhesion strength and mecha-
nosensing and to regulate cell polarity, survival, and
mitosis (Tseng et al., 2012). The contribution of mechano-
transduction and cell contractility to developmental pro-
cesses is evident in vivo (Wozniak and Chen, 2009). In
addition, recent studies have demonstrated the importance
of ECM stiffness in pluripotent stem cell (PSC) specification
(Chowdhury et al., 2010; Przybyla et al., 2016b) and the sig-
nificance of Rho-ROCK-myosin signaling in human PSC
(hPSC) maintenance (Ohgushi and Sasai, 2011), high-
lighting the crucial role of the contractile actin cytoskel-
eton in stem cell biology. However, the organization and
significance of FAs, the cell’s mechanotransducing units,
and their actin linkage have remained unstudied in hPSC
colonies.
In the pluripotent state, stem cells adopt tight colony

morphology with low adhesive strength (Singh et al.,
2013), in stark contrast to the parental somatic cells (e.g.,
fibroblasts) used to generate induced PSCs (iPSCs). Thus,
substantial remodeling of cell adhesions is a prerequisite
for reprogramming and, accordingly, cell-ECM interactions
represent a barrier toward reprogramming (Qin et al.,
2014). In culture, hiPSC survival and pluripotency requires
appropriate adhesion to ECM (Chen et al., 2014), suggest-
ing that integrin-mediated FAs play an important role in
the maintenance of pluripotency in vitro.

RESULTS

Large FAs and a Prominent Actin Fence Encircle
Pluripotent Colonies
Parental fibroblasts, used for the reprogramming of the
hiPSC lines, demonstrated 5- to 10-fold more robust adhe-
sion to Matrigel (MG), vitronectin (VTN), and laminins
(LM-521, LM-511) compared with hiPSCs (Figure S1A),
prompting us to examine further the FAs and cytoskeletal
network within these two cell types. We plated parental
fibroblasts and hiPSCs on VTN and imaged cell-ECM
contacts 24 hr post attachment, within 100–200 nm of
the matrix interface, using high-resolution total internal
reflection fluorescence (TIRF) microscopy. To assess FAs
across the entire colony without compromising resolution,
we focused our attention on relatively small hiPSC colonies
(1–35 cells). As expected, FAs in hiPSCs were remarkably
different from the parental fibroblasts. Surprisingly, hiPSCs
displayed large, PAXILLIN-positive FAs at the edges of
the colonies (‘‘cornerstone’’ FAs) in stark contrast to the
smaller andmore uniformly distributed FAs in the strongly
adherent parental fibroblasts (Figure 1A). In addition, while
the parental fibroblasts displayed multiple thin actin stress
fibers aligned predominantly along the long axis of the cell
and connected to FAs at their distal ends, akin to dorsal
stress fibers (Naumanen et al., 2008), hiPSC colonies ex-
hibited thick actin stress fibers parallel to the colony edge
and anchored to FAs at both ends, in accordance with
features of ventral stress fibers (VSFs) (Naumanen et al.,
2008). This phenotypic difference was apparent in hiPSCs
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• In the pluripotent state, stem cells adopt tight colony morphology with low adhesive strength, compared to 
fibroblasts.

• Inhibition of actomyosin contraction triggers disassembly of stress fibers and mature Fas. Accordingly, 
blebbistatin (myosin heavy chain ATPase inhibitor), Y-27632 (Rho kinase inhibitor; ROCKi) treatment, or cyto-
chalasin-D-mediated ablation of the actin cytoskeleton triggered disassembly of actin and actin-associated 
FAs in hiPSC colonies.

• ROCKi treatments triggered loss of the typical pluripotency-associated sharp-edge colony morphology and 
reduced cell density. 



Figure 1. Prominent FAs and Actin Stress Fibers Define the hiPSC Colony Edge
(A and C) TIRF images of parental fibroblasts (left) and hiPSC colony (right) stained as indicated, DAPI/NANOG (mid plane).
(B) Confocal stacks of hiPSC colony (bottom and mid plane) stained as indicated, DAPI (blue). (D) A representative illustration of FAs
detection areas and quantification of FA size, coverage, and density in parental fibroblasts (n = 6,752) and in the center (n = 7,418) and
edge of the hiPSC colony (n = 4,767).
Data are from more than three biologically independent experiments. Scale bars, 10 mm. See also Figure S1.
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(legend on next page)
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Outcomes

• ROCKi-treated cells remain pluripotent but display lower levels of SOX2, in 
line with the ability of ROCKi to limit pluripotency and prime hiPSCs for 
epithelial-to-mesenchymal transition and mesodermal differentiation.
• In addition, differentiation is particularly apparent at the colony edge, 

suggesting that mechanical properties may influence the outcome of 
differentiation cues. These findings support the notion that tight colony 
morphology is required for complete pluripotency. 
• The actin fence encircling the colony was found to exert extensive Rho-

ROCK-myosin-dependent mechanical stress to enforce colony morphology, 
compaction, and pluripotency and to define mitotic spindle orientation. 



• hPSCs were exposed to 10 μM ROCK inhibitor for varying exposure times. Pluripotency (TRA-1-81, 
SSEA3, OCT4, NANOG, SOX2) remained unaffected, until after prolonged exposure (96 hrs).

• Gas chromatography–mass spectrometry metabolomics analysis identified differences between 
ROCK-treated and untreated cells as early as 12 hrs.

• Exposure for 48 hours resulted in reduction in glycolysis, glutaminolysis, the citric acid (TCA) cycle as 
well as the amino acids pools.

• ROS decreased at 12 hrs after cell dissociation with Rock inhibitor treatment.

1SCIEntIfIC RePORTS | 7:42138 | DOI: 10.1038/srep42138

www.nature.com/scientificreports

Human embryonic and induced 
pluripotent stem cells maintain 
phenotype but alter their 
metabolism after exposure to 
ROCK inhibitor
Spyros I. Vernardis1, Konstantinos Terzoudis1, Nicki Panoskaltsis1,2 & Athanasios Mantalaris1

Human pluripotent stem cells (hPSCs) are adhesiondependent cells that require cultivation in colonies 
to maintain growth and pluripotency. Robust differentiation protocols necessitate single cell cultures 
that are achieved by use of ROCK (Rho kinase) inhibitors. ROCK inhibition enables maintenance of 
stem cell phenotype; its effects on metabolism are unknown. hPSCs were exposed to 10 µM ROCK 
inhibitor for varying exposure times. Pluripotency (TRA-1-81, SSEA3, OCT4, NANOG, SOX2) remained 
unaffected, until after prolonged exposure (96 hrs). Gas chromatography–mass spectrometry 
metabolomics analysis identified differences between ROCK-treated and untreated cells as early as 
12 hrs. Exposure for 48 hours resulted in reduction in glycolysis, glutaminolysis, the citric acid (TCA) 
cycle as well as the amino acids pools, suggesting the adaptation of the cells to the new culture 
conditions, which was also reflected by the expression of the metabolic regulators, mTORC1 and tp53 
and correlated with cellular proliferation status. While gene expression and protein levels did not 
reveal any changes in the physiology of the cells, metabolomics revealed the fluctuating state of the 
metabolism. The above highlight the usefulness of metabolomics in providing accurate and sensitive 
information on cellular physiological status, which could lead to the development of robust and optimal 
stem cell bioprocesses.

Human pluripotent stem cells have the ability to self-renew and differentiate to any cell type of the body, which 
renders them important to both research and potential regenerative medicine therapeutic applications1. hPSCs, 
both embryonic and induced pluripotent, are optimally maintained in colonies yet efficient and robust differenti-
ation protocols are best achieved by single cell cultures2. Addressing challenges of directed differentiation in vitro, 
such as scaling-up of the cultures, elimination of xeno-components, efficiency, etc., as well as understanding the 
epigenetic differences on methylation patterns between hESCs and hiPSCs3, requires precise and sensitive moni-
toring of cell cultures that provides insightful information on cellular state.

Metabolism is the set of life-sustaining chemical transformations within the cells that is considered as the 
most dynamic. It directly reacts with the environment and provides fast response to environmental perturbations. 
Metabolism is simultaneously both autonomous and inter-connected with the other levels of the cellular func-
tion, such as protein and gene expression as well epigenetic changes. Emerging evidence suggests that pluripotent 
stem cells are metabolically distinct from their differentiated counterparts and that these metabolic properties 
are important for stem cell identity. Furthermore, molecular regulators of energy metabolism have essential roles 
in stem cell fate, in particular, the decision to self-renew or differentiate and stem cells respond to fluctuations in 
energy states in vivo4. Specifically, metabolic activity and metabolite pools affect stem cell epigenetic mechanisms 
in a direct way5 influencing stem cell differentiation potential6–8. It is of great importance to define cell state - undif-
ferentiated or differentiated - by its metabolic properties as this is in direct correlation with the cells’ potential.
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Supplementary Figure 1: Immunostaining for pluripotency markers (OCT4, SOX2). The 
stemness is maintained in high levels after treatment with ROCK inhibitor and cultivation of 
the cells as singles. A loss of pluripotency can be detected at 96h in hESC cultures.     

 

 

Supplementary Figure 2: ROS/RNS measurements of hESC and hiPSC cultures. A 
significant decrease in free radicals is observed after treatment with ROCK inhibitor in 
hESCs cultures. In hiPSCs there is an increase in 48h compared to 24h and a high increase in 
96h. 
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inhibitor-treated hESCs throughout the culture period. In contrast, following an initial reduction of ROS/RNS 
at 12 h and 48 h, an increase in ROS/RNS was observed at 96 h in hiPSCs (Supplementary Figure 2). Catalase 
expression was also significantly increased at 96 h in hiPSCs cultures compared to 12 h, 24 h and 48 h. No signifi-
cant change has been observed in glutamylcysteine synthetase (GCS) expression in both hESC and hiPSC cultures 
whereas a significant decrease of glutathione peroxidase 1 (GPX-1) expression was observed only at 24 h in hESCs 
(Supplementary Figure 3).

Discussion
The use of the ROCK inhibitor on hPSCs has been shown not to affect their stemness18,25. In contrast, its effect 
on metabolism has not been investigated. Herein, we confirm that treatment of hiPSCs and hESCs with ROCK 

Figure 2. Principal Component Analysis (PCA) and Hierarchical Clustering (HCl). (a) PCA graphs show 
the difference of 0 h-untreated profiles of both hESCs and hiPSCs compared with that of the other time-points. 
Interestingly, profiles of the 0 h (green) for both hPSCs are grouped in the left side of the graphs. It can also be 
observed that 48 h and 96 h profiles are grouped together and seems closer compared to the highest spreading of 
12 h and 24 h profiles. ROCK inhibitor changed metabolic physiology compared with that of the 0 h untreated 
cells. (b) HCL and heatmaps indicate that clustering of metabolic profiles is similar for both types of hPSCs 
and dependent on exposure time to ROCK inhibitor. Metabolism over time appear similar for both cell types 
throughout the experimental process, though not identical. 0 h-untreated profiles form a discrete cluster in both 
types of cells. (Distance Metric: Euclidean on standardized relative peak areas – stRPAs).
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inhibitor does not affect the expression of pluripotency markers at gene and protein level, whereas their metabo-
lism is altered and becomes distinctly different. The observed metabolic changes appeared to be irreversible since 
the cells did not revert back to the metabolic signature of untreated cells. Furthermore, the metabolic transitions, 
in both cell types, were similar up to 48 h of ROCK inhibitor exposure and correlated with expression levels of 
mTORC1 at 24 h of ROCK inhibition, but were independent of tp53 or caspase-3 expression. Finally, the detected 
metabolic differences between hESCs and hiPSCs indicate that although the two hPSC types share many pheno-
typic similarities, they are not physiologically identical suggesting that their metabolic features should be consid-
ered in designing hPSC bioprocesses to deliver robust maintenance and differentiation protocols.

The effects on metabolism could be explained by the single cell culture conditions that result in loss of 
cell-to-cell contact, changes to nutrient availability in single cell cultures compared to that for cells grown within 
colonies, and the time-period required for cells to adapt to an environment conducive to single cell culture. 
hPSCs are highly proliferative cells and share metabolic characteristics with cancer cells5,26,27. In tumors, the 
glycolytic rate is reduced when E-cadherin is unbound34 similar to what we observed when the 0 h-untreated 
cells cultured in colonies were compared with treated cells at other time-points. After 12 h and 24 h of exposure 
to ROCK inhibitor, the metabolism of both hESCs and hiPSCs was down-regulated, less glycolytic and, therefore, 

Figure 3. Network representation of significant metabolic changes over time. Significance analysis of 
microarrays (SAM) was applied between time-points. The metabolic transitions are similar up to 48 h. 48 h to 
96 h transition is different between hESCs and hiPSCs. Glycolysis, glutaminolysis and amino acid pools are 
up-regulated at 0 h, they reach their lower level at 24 h and they increase their activity again at 48 h. At 96 h the 
metabolite pools are increasing for the hESCs and decreasing for the hiPSCs.

• Exposure for 48 hours resulted in 
reduc5on in glycolysis, 
glutaminolysis, the citric acid (TCA) 
cycle as well as the amino acids 
pools.

• After 48 hours the cells appear to 
finally adapt to the new 
environment and increase their 
metabolic activity again, assuming a 
more proliferative metabolism. 
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Methods
Cell Cultures.  The pluripotent stem cell lines, hESCs (WA09) and hiPSCs (MR90-1) from WiCell Research 
Institute, WI, USA were used at passages 29 to 33. Cells were cultured in mTeSR1 (STEMCELL Technologies 
Canada Inc., Vancouver, BC) in Matrigel Matrix (Corning, NY, US) as recommended by the manufacturer. The 
hESCs and hiPSCs were either treated with 10 µ M of Y-27632 ROCK inhibitor or not. Samples were collected at 
different time-points, 0-untreated, 12, 24, 48, 96 hours (h) and tested over the expression of pluripotency mark-
ers (Fig. 1A). The earliest time point that meaningful analysis could be performed is 12 h as the single cells need 
sufficient time to attach to the culture surface. Samples treated with ROCK inhibitor (Y-27632) where cultured in 
mTeSR1 with 10 µ Μ  Y-27632 (dihydrochloride - Tocris Bioscience, Bristol, UK) for 2 hours. Thereafter, cells were 
detached with the use of Accutase (StemPro - Thermo Fisher Scientific, MA, USA), colonies were dissociated 
into single cells by pipetting22–24, seeded at 30–40 * 104 cells/cm2 density on Matrigel and cultured in mTeSR1 with  
10 µ Μ  Y-27632 up to 96 h. Samples from three independent experiments (N =  3) were collected.

Quantitative PCR.  Total RNA from hESCs and hiPSCs was extracted using the RNeasy mini kit 
(QIAGEN Sciences, MD, USA). The primers used were: sox2 F-5′-GCCGAGTGGAAACTTTTGTCG-3′ ,  
R-5′ -GCAGCGTGTACTTATCCTTCTT-3′  53, oct4 F-5′-GTTGATCCTCGGACCTGGCTA-3′  R-5′-GG 
TTGCCTCTCACTCGGTTCT-3′  53, nanog F-5′-GTCTTCTGCTGAGATGCCTCACA-3′  R-5′ -CTTCTGC 
GTCACACCATTGCTAT-3′   53, caspase3 F-5′-AATTGTGGAATTGATGCGTGATG-3′  R-5′-CTAC 
AACGATCCCCTCTGAAAAA-3 ′   54,  tp53  F-5 ′-CCAGGGCAGCTACGGTTTC-3′   R-5 ′-CTCCG 
TCATGTGCTGTGACTG-3′  55, mtorc1 F-5′-CTGGGACTCAAATGTGTGCAGTTC-3′  R-5′-GAACA 
ATAGGGTGAATGATCCGGG-3′  56, gapdh F-5′-ACCACAGTCCATGCCATCAC-3′  R-5′-TCCAC 
CACCCTGTTGCTGTA-3′  56, F-5′-CCTTCTGGCACAGCACGTTG-3′  R-5′ -TAAGACGGCATCTCGCTCCT-3′  
gcs57, F-5′-CCTCAAGTACGTCCGACCTG-3 R-5′-CAATGTCGTTGCGGCACACC-3′  gpx-160, F-5′ -GCAG 
ATACCTGTGAACTGTC-3′  R-5′ -GTAGAATGTCCGCACCTGAG-3′  catalase57. One-step cDNA synthesis and 
PCR analysis was applied, using the KAPA SYBR FAST ABI Prism One-Step qRT-PCR kit (Kapa Biosystems, Inc. 
MA, US). Relative quantification was obtained measuring SYBR Green I fluorescence (ROX reference dye) with 
the StepOnePlus (Applied Biosystems - Thermo Fisher Scientific, MA, USA) qPCR instrument. Per reaction, 1 ng 
of RNA was used.

Figure 6. Expression of mTORC1 and tp53 in hiPSCs exposed to ROCK inhibitor and on-network 
representation. (a) mTORC1 is less expressed at 24 h compared with that at 0 h; expression increases again at 
96 h (p <  0.05). Expression of tp53 is also increased at 96 h compared with that at 24 h (p <  0.05) (expressions 
always relative to 0 h). (b) These changes in mTORC1 and tp53 expression are reflected in the metabolic 
transitions, wherein metabolite pools decreased at 24 h and increased again at 96 h. The comparisons applied 
were chosen accordingly to the significant changes on gene expression.



Outcomes

• After 12h and 24h of exposure to Rock inhibitor, the metabolism of both 
hESCs and hiPSCs was down-regulated, less glycolytic and, therefore, less 
proliferative. 
• According to literature on mammalian signalling, an indirect connection 

between Rock and mTORC1 exists. Rock inhibition has been shown to 
dramatically suppress phosphorylation and activity of FAK (Focal Adhesion 
Kinase). FAK activation has also been correlated with increased 
proliferation via regulation of the Akt/mTORC1 pathway.
• Overall, it is clear that the cells lose their highly proliferative physiology 

after exposure to Rock inhibitor and the dissociation into single cells as 
indicated by their metabolic profiles and the metabolic pathways affected. 
Their metabolic physiology never returned to the initial condition.



ConsideraEons

• Repetitive use – does weekly splitting with accutase increase loss of 
pluripotency?
• How long does it take cells to “recover” once Rock inhibitor is 

removed?
• Does use of Rock inhibitor alter phosphorylation in our cultures?
• High density single-cell plating in the presence of the Rock inhibitor Y-

27632 enables the hPSCs to form loosely packed cell clusters within 
24 hours, which might facilitate the uptake of DNAs, RNAs, and 
lentiviruses


