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Abstract

Shear stress activates cellular signaling involved in cellular proliferation, differentiation, and migration. However, the
mechanisms of mesenchymal stem cell (MSC) differentiation under interstitial flow are not fully understood. Here, we show
the increased osteogenic differentiation of MSCs under exposure to constant, extremely low shear stress created by osmotic
pressure-induced flow in a microfluidic chip. The interstitial level of shear stress in the proposed microfluidic system
stimulated nuclear localization of TAZ (transcriptional coactivator with PDZ-binding motif), a transcriptional modulator of
MSCs, activated TAZ target genes such as CTGF and Cyr61, and induced osteogenic differentiation. TAZ-depleted cells
showed defects in shear stress-induced osteogenic differentiation. In shear stress induced cellular signaling, Rho signaling
pathway was important forthe nuclear localization of TAZ. Taken together, these results suggest that TAZ is an important
mediator of interstitial flow-driven shear stress signaling in osteoblast differentiation of MSCs.
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Introduction

Cellular architectures sense extracellular mechanical stimuli and

transduce them into intracellular signals that affect cell growth,

differentiation, and migration. Several components of mechan-

otransduction signaling eventually activate the transcription of

target genes. Among these components, TAZ (transcriptional

coactivator with PDZ-binding motif) and YAP (Yes associated

protein) were recently characterized as signaling mediators of

mechanotransduction [1,2]. TAZ and YAP are transcriptional co-

regulators identified as 14-3-3-binding proteins [3]. For transcrip-

tional regulation, TAZ and YAP interact with many transcription

factors, including Runx2, TEADs, TTF-1/Nkx2.1, Tbx5, Pax3,

Smad2/3-4 complexes, and MyoD [4–12]. These interactions

activate or suppress several target genes in a context-dependent

manner, thereby producing diverse biological functions. Function-

ally, TAZ and YAP have been characterized as effector proteins in

the Hippo signaling pathway, which plays an important role in cell

proliferation, tumorigenesis, and stem cell self-renewal [13,14].

TAZ also modulates mesenchymal stem cell (MSC) differentiation

by activating osteoblast and myoblast differentiation and inhibiting

adipocyte differentiation [4,12]. TAZ stimulates Runx2-mediated

gene transcription, but its interaction with PPARc inhibits

PPARc-mediated gene transcription [4]. Although the role of

TAZ in MSC differentiation has been established, the regulatory

signal of differentiation is not clearly understood.

Interstitial flow is the extremely slow flow of extravascular fluid

through a three-dimensional matrix. It produces a low shear stress

because of the high flow resistance of the extracellular matrix [15].

Such extremely slow flows (shear stress of # 0.01 Pa) are not only

physiological but also expected to have roles in cell morphogenesis

and pathogenesis [16]. Functionally, interstitial flow affects

embryonic development and maintains tissue function in muscle,

cartilage, and bone [15,17]. MSCs in bone marrow are targets for

interstitial flow, and the shear stress induced by the flow regulates

cell proliferation and differentiation [18,19]. Although interstitial

flow in bone has not been clearly reported elsewhere, it has

attracted the interest of scientists because interstitial flow in bone

seems to trigger a signal transduction process for bone remodeling

and bone formation [20].

Experimental platforms to analyze shear stress-mediated cellular

signaling in a small population of cells have been developed, but

they need bulky apparatus to produce the signal [21,22]. We

previously made a novel microfluidic platform to generate a

concentration gradient without the assistance of bulky peripheral

devices [23,24]. The unique part of this system was an osmosis-

driven pump fabricated with a polydimethylsiloxane (PDMS)

chamber, a semi-porous membrane (cellulose membrane), and
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polyethylene glycol (PEG), which was used as the driving agent for

osmosis. The shear stress driven by osmotic pressure ranged in

magnitude down to the in vivo interstitial shear stress level; it was

maintained long-term (days to weeks). Minimal operator’s

intervention and no need for an external power source provided

great advantages such as reproducibility, controllability, and

stability for studying shear stress-driven cellular biological func-

tions.

In the present study, we investigated the interstitial flow level of

shear stress-induced osteogenic differentiation using an osmotic

pump equipped with a microfluidic chip. The flow rates generated

by the osmotic pump were accurately controlled and stably

maintained without any external electrical power sources. The

slow flows produced were not only physiological, comparable to

those of interstitial flow, but also consumed a minimal amount of

expensive reagents, such that quantitative cell analyses were easily

achieved. Our results show that TAZ, a transcriptional coregulator

of MSC, plays an important role in low shear stress-induced

osteogenesis. Moreover, the osmotic pump-driven microfluidic

chip provides a useful system for the study of interstitial flow-

induced cellular mechanisms.

Materials and Methods

Chip fabrication and simulation
The osmotic pump-harnessed microfluidic chip and operational

scheme are illustrated in Figure 1. The main microchip channel

was 4 mm wide, 10 mm long, and 200 mm high and was

connected to a 1000-mL micropipette tip (Figure 1A), which was

used as an inlet reservoir. The fluid flow through the main channel

reached to the outlet tubing in which flow was separated by an air

bubble (Figure 1B), thus preventing the unwanted mixing of

medium (containing cell-secreted molecules and wastes) and clean

water (pure H2O for proper osmotic flow). The tubing was

connected to the osmotic pump unit, which was submerged in

polyethylene glycol (PEG) solution (Figure 1C). The osmotic pump

unit was a simple PDMS cubic chamber with dimensions of 1 cm

6 1 cm 6 1 cm and a window made of cellulose membrane

(5 mm 6 5 mm) [23]. Osmotic flow through the cellulose

membrane occurred because of the solute differential produced

when the inner chamber was filled with water and the outer

chamber was filled with 0.1 M PEG solution (molecular weight =

2000); the osmotic flow generated by the 0.1 M PEG solution was

approximately 0.274 mL/min [23]. The flow path of the whole

system was single-inlet–single-outlet, and the cells growing on the

main channel were exposed to a steady and slow osmosis-driven

flow (Figure 1D) without the need for peripheral electrical devices.

Due to the difficulties of measuring fluid dynamic variables

(velocity profiles, pressure distribution, etc.) of the flow in the main

channel, a three-dimensional computer simulation was performed

to analyze the flow in the microfluidic channel by using a finite-

volume method-based commercial code, FLUENT 5.5 (Fluent,

USA). Because the flow was laminar and steady in the

microchannel, the Navier–Stokes equations and the mass conser-

vation equation were calculated. The fluid was assumed as a

homogeneous, incompressible Newtonian fluid. The density of the

culture medium was assumed to be same as that of water,

993.2 kg/m3, and the dynamic viscosity was 0.000785 kg/m?s at

37uC [25,26]. The boundary conditions were defined based on the

inlet conditions for the flow rate (0.274 mL/min) in the inlet port

and the outflow conditions for the outlet. The convergence of

computation was achieved when the residuals of the momentum

and conservation equations reached 1026.

Figure 1. Experimental system. (A) The system consisted of an inlet reservoir (1000-mL pipette tip), a microfluidic channel where cells were
cultured and exposed to shear flow, a coiled tube, and an osmotic pump dipped into a Petri dish containing 0.1 M PEG solution. (B) The coiled tube
had a large capacity that served as an outlet reservoir providing clean water to the osmotic pump. An air bubble moved through the tube to prevent
the mixing of medium and water. (C) The osmotic flow was generated at the membrane window by the concentration difference between water and
PEG solution. (D) Cells in the main microchannel (200-mm height) were exposed to an extremely slow interstitial level of flow.
doi:10.1371/journal.pone.0092427.g001
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Cell culture and osteoblast differentiation
Human MSCs, purchased from Lonza, were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

10% fetal bovine serum (HyClone) and antibiotics (100 units/mL

penicillin, 100 mg/mL streptomycin). Microfluidic chips were

coated with poly-L-lysine (0.01%). MSCs (1.5 6 105 cells/mL in

a 200 mL suspension) were then loaded into the main channel.

After waiting 2 h for cell attachment to the chips, the osmotic

pump started to generate the flow and shear stress in the main

channel by using the 0.1 M PEG solution. As a negative control,

the osmotic pump was not operated. For osteogenic differentia-

tion, at confluent conditions the culture medium was changed to

the differentiation media (DMEM containing 50 mg/mL ascorbic

acid, 10 mM b-glycerophosphate, 0.5 mM dexamethasone, and

10% FBS (Fetal Bovine Serum)) for 4 days. The differentiation

medium was replaced every 2 days.

Stable cell lines
Phoenix cells were cultured in 100-mm dishes and transfected

using the calcium phosphate method with pLL3.7 (vector control)

and pLL3.7-TAZ (Ti), in which the sequence for the sense

oligonucleotide was 59-AGGTACTTCCTCAATCACA-39 [27].

Viral supernatants were harvested 24 h after transfection and

applied to MSCs in DMEM containing 10% FBS and 4 mg/mL

polybrene. Twenty-four hours later, the cells were incubated with

0.5 mg/mL puromycin to eliminate uninfected cells. After 1 week

of selection, cells were used in differentiation studies. TAZ

depletion was verified by western blot analysis with a TAZ

antibody.

Immunoblot analysis
Cells were harvested and lysed in TNE lysis buffer containing

20 mM Tris-HCl (pH 7.5), 1% NP-40, 150 mM NaCl, 2 mM

EDTA, 50 mM NaF, 1 mM Na-orthovanadate, and protease

inhibitors. Total cell lysates were denatured in 46 SDS sample

buffer (250 mM Tris-HCl (pH 6.8), 10% b-mercaptoethanol, 30%

glycerol, 0.02% bromophenol blue, 8% SDS) and resolved in 8%

SDS-PAGE gels. After transfer, the membranes were incubated

with TAZ antibodies [3].

Immunocytochemical analysis
After culturing MSCs inside the microfluidic chips, cells were

fixed in 4% paraformaldehyde for 15 min at room temperature.

After blocking with 0.3% Triton X-100 or with 5% bovine serum

albumin in phosphate-buffered saline (PBS), the cells were probed

with a TAZ-specific antibody diluted with 0.3% Triton X-100 or

with 1% bovine serum albumin in PBS. After incubation with

primary antibodies, the cells were washed and probed with the

appropriate secondary antibodies (PierceH Antibody) for 2 h in the

dark at room temperature. Finally, fluorescent images were

captured using a confocal laser-scanning microscope (Carl Zeiss

Figure 2. Computed shear stress distribution. (A) The rectangular area (9 mm 6 4 mm) of the main microchannel was considered the cell
culture zone for experimental observation. Due to the tapered geometry near the inlet and outlet ports, higher shear stresses developed in these
areas, whereas almost uniform shear stress developed in the cell culture zone. (B) Quantitative analysis showed that over 70% of the cell culture zone
had a good uniformity of shear stress (approximately 7% variation) and over 80% of the area had an acceptable uniformity (approximately 20%
variation).
doi:10.1371/journal.pone.0092427.g002
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LSM 700) after counterstaining with Alexa Fluor 635 (Phalloidin)

and DAPI.

Staining for alkaline phosphatase
To visualize alkaline phosphatase activity in the differentiated

cells, MSCs were fixed with 3.7% formaldehyde at room

temperature for 10 min and rinsed with PBS. They were then

stained with 0.1 mg/mL naphthol AS-MX phosphate (Sigma

N4875), 0.5% N,N-dimethylformamide (DMF, Sigma D4551),

2 mM MgCl2, and 0.6 mg/mL Fast Blue BB salt (Sigma F3378) in

0.1 M Tris-HCl (pH 8.8) in the dark at room temperature. After

staining, the samples were rinsed with water.

Real-time PCR analysis
Total RNA was isolated using TRIzol reagent (Gibco-BRL,

Invitrogen) and reverse transcribed into cDNA. Real-time PCR

reactions were performed using an ABI-Prism 7700 sequence

detector (Perkin-Elmer Applied Biosystems, Foster City, CA,

USA). The relative transcript levels were calculated by normal-

izing the threshold cycle (Ct) values to that of GAPDH. The

following primers were used to analyze human gene expression:

GADPH, 59-GACCCCTTCATTGACCTCAAC-39 and 59-

GGTGCCATGGAATTTGCCATG-39; TAZ, 59-

CCTCTTCAATGATGTAGAGTCTGC-39 and 59-AGTGAT-

TACAGCCAGGTTAGA-39; Runx2, 59-AGAGGTACCA-

GATGGGACTGT-39 and 59-GGTAGCTACTTGGGGAG-

GATT-39; DLX5, 59-CTACAACCGCGTCCCAAG-39 and 59-

GCCATTCACCATTCTCACCT-39; Msx2, 59-

CTACCCGTTCCATAGACCTGT-39 and 59-GAGAGGGA-

GAGGAAACCCTTT-39; CTGF, 59-CGACTGGAAGA-

CACGTTTGG-39 and 59-AGGCTTGGAGATTTTGGGAG-

39; and Cyr61, 59-GAGTGGGTCTGTGACGAGGAT-39 and

59-GGAGGCATAGCTGCCTTTTCC-39.

Figure 3. Shear stress stimulates TAZ. (A) Shear stress increases the nuclear localization of TAZ. MSCs were loaded onto the microfluidic chip,
and osmotic pressure-driven shear stress was applied to the chip. Stationary states were used as controls. Media change was assessed every 12 hours
for control cells. After 48 h, the cells were fixed and analyzed using immunocytochemical analysis. A TAZ-specific antibody was used to observe the
location of TAZ. Scale bars indicate 20 mm size. (B) The cellular distribution of TAZ in (A) was quantitatively analyzed to determine whether it was
higher in the nucleus (N . C), higher in the cytoplasm (N , C), or evenly distributed between the nucleus and cytoplasm (N = C). The percentage
was scored after observing cells from three independent experiments of (A). * indicate p-value as determined by Student’s t-test; * for p , 0.05, ** for
p , 0.01. (C) Increased transcriptional activity of TAZ after shear stress. CTGF and Cyr61 mRNA were analyzed by qRT-PCR. Their relative expression
was calculated after normalization to the GAPDH level. ** for p , 0.01, t-test.
doi:10.1371/journal.pone.0092427.g003
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Statistical analysis
All data are given as mean 6 SD. The results were analyzed for

statistically significant differences using Student’s t-test, and

statistical significance was set at p , 0.05.

Results

Numerical calculation of the interstitial flow level in the
microchip

For accurate numerical prediction of wall shear stress of the

interstitial level of flow created in the main channel, an

appropriately high grid density was used. The mesh test was

performed using a mesh with 260,000 or 100,000 nodes over the

computational domain. The differences in the observed average/

maximum shear stresses and pressure values were ,1% between

the 2 grid densities, implying that both grid systems were

appropriate for the calculation, and the 260,000-node grid system

was selected for calculation. Because of the channel design, a large

area of uniform wall shear stress was developed in the middle

region of the channel (cell culture zone) (Figure 2A). The results

showed a flat shear stress profile almost everywhere except in

regions near the narrow ducts connecting the inlet and outlet

ports. Therefore, the cells were exposed to an almost uniform

shear stress in a given cell culture zone that spanned 9 mm along

and 4 mm across the channel, which can be considered the

‘‘effective uniform shear stress region.’’ We calculated the exact

shear stress profile and found the shear stress in this region was

approximately 0.0135 Pa. However, near the side walls the

velocity (and thus shear stress) decreased significantly due to no

slip conditions of flow at the wall. An image analysis indicated that

about 71% of the cell seeding area was exposed to 0.013–0.014 Pa

(, 7% variation) and over 80% was exposed to 0.012–0.015 Pa

(variation less than 20%), which can be accepted as a reasonably

uniform shear stress for our study (Figure 2B). Therefore, it was

regarded that the cells cultured in the cell culture zone of the

microchannel were exposed to a uniform flow and shear stress

level. Velocity distribution of the channel flow was shown in Figure

S1.

Shear stress increases TAZ expression and nuclear
localization

To study the role of TAZ in response to interstitial level of shear

stress, the expression and localization of TAZ was analyzed in

MSCs after microfluidic shear stress. TAZ expression and

localization were revealed by green fluorescence signal. As shown

in Figure 3A, nuclear localization of TAZ was significantly

induced after shear stress. Compared to control cells, approxi-

mately 70% of cells showed increased nuclear localization of TAZ

after shear stress (Figure 3B).

Next, for studying the transcriptional activity of TAZ after

nuclear localization, the expression of CTGF and Cyr61, TAZ

target genes, were analyzed. As shown in Figure 3C, CTGF and

Cyr61 mRNAs were significantly induced after shear stress by

about 2 and 1.5 fold respectively, which suggests that shear stress

stimulated the transcriptional activity of TAZ. Taken together, the

results show that shear stress stimulates TAZ activity in MSCs.

Shear stress stimulates osteoblast differentiation of MSCs
in our microfluidic chip

TAZ has been shown to interact with Runx2 and stimulate

osteoblast differentiation of MSCs [4]. Because nuclear localized

Figure 4. Shear stress stimulates osteoblast differentiation. (A) Increased alkaline phosphatase activity by shear stress. MSCs were loaded
onto the chips and differentiated into osteoblasts in the presence of osteogenic differentiation media for 4 days. Alkaline phosphatase activity in the
differentiated cells was stained according to the experimental method. Control cells were incubated in the osteogenic differentiation media without
low shear stress. (B) Increased osteogenic marker gene expression by shear stress. Total RNA in (A) was harvested at 2 days after differentiation and
analyzed by reverse transcription and qRT-PCR. The relative expression levels of TAZ, Runx2, DLX5, and Msx2 were determined after normalization to
the GAPDH level. ** for p , 0.01, t-test.
doi:10.1371/journal.pone.0092427.g004
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TAZ can stimulate osteogenic differentiation in the presence of

osteogenic differentiation media, we studied whether microfluidic

shear stress stimulated osteogenic differentiation in our micro-

fluidic chip. For the experiment, MSCs on microfluidic chips were

incubated with osteogenic differentiation media in the absence or

presence of shear stress. The osteogenic differentiation potential of

the cells was analyzed by alkaline phosphatase activity, a marker of

osteogenic differentiation. As shown in Figure 4A, shear stress

significantly induced alkaline phosphatase activity indicated by

increased blue colour containg cells and intensity. To define the

osteogenic potential further, total RNAs were isolated, and the

expression of osteogenic differentiation marker genes TAZ, Runx2,

DLX5, and Msx2 were analyzed using RT-PCR. In Figure 4B,

shear stress stimulated the induction of genes. We also investigated

mineralization activity. As shown in Figure S2, shear stress

significantly increased the mineralization evidenced by Von Kossa

staining. Thus, these results suggest that an interstitial level of low

shear stress stimulates osteogenic differentiation on microfluidic

chips.

Depletion of TAZ does not stimulate shear stress-induced
osteogenic differentiation

To understand whether TAZ is important for microfluidic shear

stress-induced osteogenic stimulation, TAZ-depleted cells were

generated using a TAZ small hairpin RNA (shRNA)-producing

retrovirus. As shown in Figure 5A, the level of TAZ was lower in

the TAZ shRNA-producing cells than in the control cells. The

potential for osteogenic differentiation was assessed with the

control and TAZ-depleted cells. Shear stress significantly induced

osteogenic differentiation in control cells, but not in TAZ-depleted

cells, as indicated by the alkaline phosphatase activity (Figure 5B).

Additionally, decreased expression of osteogenic marker genes was

observed in TAZ-depleted cells (Figure 5C). The results show that

microfluidic shear stress-induced osteogenic differentiation re-

quired TAZ, suggesting that TAZ is an important component of

shear stress signaling in osteogenic differentiation of MSCs.

Rho activation is important for nuclear localization of
TAZ expression and osteogenic stimulation

Shear stress stimulates many intracellular signaling pathways.

Among them, focal adhesion-mediated activation of GTPase

proteins is well known for mechanotransduction [28,29]. Thus, we

tested whether GTPase proteins are involved in the nuclear

localization of TAZ. For the experiments, cells were treated with

Y27632 (an inhibitor of Rock, a downstream kinase of Rho

signaling) and a Rac1 inhibitor. As shown in Figure 6A, shear

stress-induced nuclear localization of TAZ was reduced in the

presence of Rock inhibitor, but not Rac1 inhibitor, indicating that

the Rho activation signal is involved in the regulation of TAZ

activity. We also investigated the Rho expression after the shear

stress, but we did not observe significant induction compare to

control (data not shown). Next, to study whether Rho signaling

regulates shear stress-induced osteogenic differentiation, cells were

co-treated with Rock inhibitor during shear stress-induced

osteogenic differentiation. As shown in Figure 6B, shear stress-

induced osteogenic stimulation was inhibited in the presence of

Rock inhibitor, as indicated by the decreased alkaline phosphatase

staining. This suggests that shear stress-induced osteogenic

Figure 5. Cells with decreased TAZ expression show defects in shear stress-induced osteogenic differentiation. (A) Depletion of TAZ in
MSCs was assessed by infecting cells with a retrovirus carrying TAZ small hairpin RNA. The expression of TAZ was analyzed by immunoblot analysis.
Con and Ti indicate vector control cells and TAZ-depleted cells, respectively. (B) Decreased alkaline phosphatase activity in TAZ-depleted cells after
shear stress. The Con and Ti cells were differentiated into osteoblasts in the presence of osteogenic differentiation media for 4 days with microfluidic
shear stress. Alkaline phosphatase activity in the differentiated cells was stained according to the experimental method. (C) Decreased osteogenic
marker gene expression in TAZ-depleted cells after shear stress. Total RNA in (B) was harvested at 2 days after differentiation and analyzed by reverse
transcription and qRT-PCR. The relative expression levels of TAZ, Runx2, DLX5, and Msx2 were determined after normalization to the GAPDH level. **
for p , 0.01, t-test.
doi:10.1371/journal.pone.0092427.g005
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stimulation requires the activation of the Rho signaling pathway.

Expression of the osteogenic marker genes was also decreased in

the presence of Rock inhibitor (Figure 6C). Thus, the results

suggest that the Rho activation signal is involved in shear stress-

induced osteogenic stimulation through the regulation of TAZ

activity and localization.

Discussion

Mechanical loading of bone produces fluidal shear stress and

stimulates osteoblast differentiation. Here, we showed that TAZ

plays an important role in osteogenic differentiation induced by

shear stress. We used an osmotic pump-driven microfluidic chip

that generates interstitial level of slow flow (and thus low shear

stress level) to induce osteogenic differentiation of MSCs. We

observed that shear stress significantly induced TAZ nuclear

localization and transcriptional activity, thereby facilitating

osteogenic differentiation. Thus, our results suggest that TAZ is

an important signaling mediator of shear stress induced by

interstitial flow.

TAZ and YAP, a paralog of TAZ, are known mediators of

mechanotransduction signaling induced by extracellular matrix

(ECM) stiffness [1]. Stiff ECM stimulates the nuclear localization

of TAZ/YAP and facilitates osteogenic differentiation, whereas

soft ECM inhibits their nuclear localization and induces adipo-

genic differentiation [1,30]. Stiff ECM stimulates TAZ/YAP

through the activation of Rho GTPase. Rho activation-induced F-

actin polymerization activates TAZ and YAP [1]. Thus, our

observations are consistent with the previous report in that shear

stress stimulated the nuclear localization of TAZ through Rho

activation, and microfluidic shear stress increased F-actin

polymerization (Figure 3A). Treatment with a Rock inhibitor

decreased the nuclear localization of TAZ (Figure 6A). Thus, our

results indicate that changes in the cytoskeletal architecture

induced by shear stress are important for TAZ activity in shear

stress signaling. Notably, Rho activation stimulates osteogenic

differentiation, but a dominant-negative form of Rho A induces

adipogenesis [31]. Mechanical strain regulates the osteogenic and

adipogenic differentiation of MSCs, stimulating osteogenesis and

inhibiting adipogenesis [32–35]. Interestingly, TAZ also stimulates

osteogenic differentiation through Runx2 activation and, inverse-

ly, inhibits adipogenic differentiation through suppression of

PPARc activity. Thus, a functional correlation exists between

TAZ activity and mechanical stress signals. YAP is also stimulated

by extracellular matrix stiffness [1] and regulates Runx2-mediated

gene transcription [36], although YAP suppresses Runx2-mediat-

ed gene transcription in certain contexts [37]. In this study, we did

not investigate the role of YAP, but it would be interesting to study

the functional role of YAP in shear stress-induced osteogenic

differentiation.

TAZ functions as a transcriptional activator for osteogenic

differentiation. It also stimulates cellular proliferation as an effector

of the Hippo signaling pathway, which is involved in organ size

control, cell proliferation, and differentiation. For functional

Figure 6. Rho GTPase is involved in TAZ localization after shear stress. (A) MSCs were loaded onto microfluidic chips, and shear stress was
applied to the chips in the presence of 50 mM Y27632 (Rock inhibitor) and 100 mM Rac1 inhibitor. After 24 h, the cells were fixed and analyzed by
immunocytochemistry. A TAZ-specific antibody was used to observe the location of TAZ. Scale bars indicate 20 mm size. (B) Decreased alkaline
phosphatase activity in Y27632-treated cells after shear stress. Control and Y27632-treated cells were differentiated into osteoblasts in the presence
of osteogenic differentiation media for 4 days with microfluidic shear stress. Alkaline phosphatase activity in the differentiated cells was determined
according to the experimental method. (C) Decreased osteogenic marker gene expression in Y27632-treated cells after shear stress. Total RNA in (B)
was harvested at 2 days after differentiation and analyzed by reverse transcription and qRT-PCR. The relative expression levels of TAZ, Runx2, DLX5,
and Msx2 were determined after normalization to the GAPDH level. * for p , 0.05, ** for p , 0.01, t-test.
doi:10.1371/journal.pone.0092427.g006
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activation, TAZ must translocate to the nucleus and interact with

target transcription factors, including Runx2 and TEADs. Indeed,

microfluidic-induced shear stress stimulates CTGF and Cyr61,

which are TEAD target genes (Figure 3C). Nuclear localization of

TAZ involves dephosphorylation at serine 89 because phosphor-

ylated serine 89 interacts with 14-3-3 proteins, which sequester

TAZ in the cytosol [3]. Thus, whether the phosphorylation status

of TAZ is regulated by shear stress is an intriguing question.

Interstitial flow produces a lower shear stress than blood flow

[15]. Under physiological conditions, MSCs may receive intersti-

tial shear stress of the order of 0.01 Pa to 0.1 Pa, whereas

endothelial cells in arteries may experience even over 1 Pa of shear

stress [38–40]. Our microfluidic chip generated a physiological

level of fluidal shear stress continuously without a peripheral

device in the culture chamber. This allowed us to mimic the in vivo

environment easily and facilitated the in vitro study of cellular

functions mediated by interstitial fluid-induced stress.

Shear stress affects diverse biological functions, including

embryonic development [15,29,41]. Commonly, fluidal shear

stress stimulates the expression of several morphogenic response

genes. Thus, our results suggest that our chip can be used to study

in vitro the mechanisms involved in shear stress-induced embryonic

development. To this end, it is notable that TAZ is involved in the

self-renewal of embryonic stem cells and inhibits neuroectodermal

lineage development. Thus, studying the lineage development of

embryonic stem cell with our chips would be interesting.

In this study, we observed that shear stress activates TAZ

through Rho signaling pathway, but detailed mechanisms were

not addressed. Because Rho mediated actin polymerization is

critical for TAZ activation, it seems that certain polymerization

driven actin signaling components affect TAZ activity. It might

directly regulate TAZ expression and localization, or indirectly

regulate Hippo signaling components. In either way, further

investigation is required for understanding the mechanism.

Conclusions

We used a microfluidic system, in which a physiological level of

low shear stress was induced by osmotic pressure, to investigate

shear stress-induced osteogenic differentiation related to TAZ

activity. Shear stress increased TAZ expression and nuclear

localization and thus facilitated expression of osteoblastic marker

genes. Shear stress-induced Rho activation was required for the

nuclear localization of TAZ. Thus, we showed that TAZ is an

important signaling mediator in interstitial fluid-driven shear

stress-induced osteogenesis.

Supporting Information

Figure S1 Replica of Figure 2B with velocity distribution. Each

inset image of the channel is exactly the same as Figure 2B, from

left to right, respectively. Wall shear stress distributions show the

computed values on the bottom wall (at height = 0 mm), where

cells are seeded, but the velocity distribution (small arrows) are the

computed values on the mid-plane (at height = 100 mm) of the

channel (total height = 200 mm) since the velocity on the bottom

wall is zero due to no-slip boundary condition applied.

(TIF)

Figure S2 Shear stress stimulates bone mineralization. MSCs

were loaded onto the chips and differentiated into osteoblasts in

the presence of osteogenic differentiation media for 21 days.

Osmotic pump was changed at every 6 days for long-term culture.

Mineralization activity in the differentiated cells was assessed by

Von Kossa staining. Control cells were incubated in the osteogenic

differentiation media without low shear stress and their media was

changed every day.

(TIF)

Author Contributions

Conceived and designed the experiments: JYP SHL JHH. Performed the

experiments: KMK. Analyzed the data: KMK JHH ARK HJC ESH JYP.

Contributed reagents/materials/analysis tools: YJC. Wrote the paper: JYP

SHL JHH.

References

1. Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, et al. (2011) Role of YAP/

TAZ in mechanotransduction. Nature 474: 179–183.

2. Halder G, Dupont S, Piccolo S (2012) Transduction of mechanical and

cytoskeletal cues by YAP and TAZ. Nature reviews Molecular cell biology 13:
591–600.

3. Kanai F, Marignani PA, Sarbassova D, Yagi R, Hall RA, et al. (2000) TAZ: a
novel transcriptional co-activator regulated by interactions with 14-3-3 and PDZ

domain proteins. Embo J 19: 6778–6791.

4. Hong JH, Hwang ES, McManus MT, Amsterdam A, Tian Y, et al. (2005) TAZ,

a transcriptional modulator of mesenchymal stem cell differentiation. Science
309: 1074–1078.

5. Mahoney WM Jr, Hong JH, Yaffe MB, Farrance IK (2005) The transcriptional
co-activator TAZ interacts differentially with transcriptional enhancer factor-1

(TEF-1) family members. Biochem J 388: 217–225.

6. Chan SW, Lim CJ, Loo LS, Chong YF, Huang C, et al. (2009) TEADs mediate

nuclear retention of TAZ to promote oncogenic transformation. J Biol Chem
284: 14347–14358.

7. Zhang H, Liu CY, Zha ZY, Zhao B, Yao J, et al. (2009) TEAD transcription

factors mediate the function of TAZ in cell growth and epithelial-mesenchymal

transition. J Biol Chem 284: 13355–13362.

8. Park KS, Whitsett JA, Di Palma T, Hong JH, Yaffe MB, et al. (2004) TAZ
interacts with TTF-1 and regulates expression of surfactant protein-C. J Biol

Chem 279: 17384–17390.

9. Murakami M, Nakagawa M, Olson EN, Nakagawa O (2005) A WW domain

protein TAZ is a critical coactivator for TBX5, a transcription factor implicated

in Holt-Oram syndrome. Proceedings of the National Academy of Sciences of
the United States of America 102: 18034–18039.

10. Murakami M, Tominaga J, Makita R, Uchijima Y, Kurihara Y, et al. (2006)

Transcriptional activity of Pax3 is co-activated by TAZ. Biochem Biophys Res

Commun 339: 533–539.

11. Varelas X, Sakuma R, Samavarchi-Tehrani P, Peerani R, Rao BM, et al. (2008)

TAZ controls Smad nucleocytoplasmic shuttling and regulates human
embryonic stem-cell self-renewal. Nat Cell Biol 10: 837–848.

12. Jeong H, Bae S, An SY, Byun MR, Hwang JH, et al. (2010) TAZ as a novel

enhancer of MyoD-mediated myogenic differentiation. The FASEB journal:
official publication of the Federation of American Societies for Experimental

Biology 24: 3310–3320.

13. Liu CY, Zha ZY, Zhou X, Zhang H, Huang W, et al. (2010) The hippo tumor
pathway promotes TAZ degradation by phosphorylating a phosphodegron and

recruiting the SCF{beta}-TrCP E3 ligase. The Journal of biological chemistry

285: 37159–37169.

14. Lei QY, Zhang H, Zhao B, Zha ZY, Bai F, et al. (2008) TAZ promotes cell
proliferation and epithelial-mesenchymal transition and is inhibited by the hippo

pathway. Mol Cell Biol 28: 2426–2436.

15. Rutkowski JM, Swartz MA (2007) A driving force for change: interstitial flow as
a morphoregulator. Trends in cell biology 17: 44–50.

16. Swartz MA, Fleury ME (2007) Interstitial flow and its effects in soft tissues.

Annual review of biomedical engineering 9: 229–256.

17. Estes BT, Gimble JM, Guilak F (2004) Mechanical signals as regulators of stem
cell fate. Current topics in developmental biology 60: 91–126.

18. Yourek G, McCormick SM, Mao JJ, Reilly GC (2010) Shear stress induces

osteogenic differentiation of human mesenchymal stem cells. Regenerative
medicine 5: 713–724.

19. Huang Y, Jia X, Bai K, Gong X, Fan Y (2010) Effect of fluid shear stress on

cardiomyogenic differentiation of rat bone marrow mesenchymal stem cells.
Archives of medical research 41: 497–505.

20. Hillsley MV, Frangos JA (1994) Bone tissue engineering: the role of interstitial

fluid flow. Biotechnology and bioengineering 43: 573–581.

21. Vanapalli SA, Duits MH, Mugele F (2009) Microfluidics as a functional tool for
cell mechanics. Biomicrofluidics 3: 12006.

Shear Stress of Interstitial Flow Stimulates TAZ

PLOS ONE | www.plosone.org 8 March 2014 | Volume 9 | Issue 3 | e92427



22. Huh D, Hamilton GA, Ingber DE (2011) From 3D cell culture to organs-on-

chips. Trends in cell biology 21: 745–754.
23. Park JY, Hwang CM, Lee SH (2007) Gradient generation by an osmotic pump

and the behavior of human mesenchymal stem cells under the fetal bovine serum

concentration gradient. Lab on a chip 7: 1673–1680.
24. Park JY, Kim SK, Woo DH, Lee EJ, Kim JH, et al. (2009) Differentiation of

neural progenitor cells in a microfluidic chip-generated cytokine gradient. Stem
cells 27: 2646–2654.

25. van der Pol L, Tramper J (1998) Shear sensitivity of animal cells from a culture-

medium perspective. Trends in biotechnology 16: 323–328.
26. Yedgar S, Reisfeld-Granot N, Sela BA (1986) Regulation of liver cell ganglioside

composition by extracellular fluid viscosity. Lipids 21: 629–633.
27. Chan SW, Lim CJ, Guo K, Ng CP, Lee I, et al. (2008) A role for TAZ in

migration, invasion, and tumorigenesis of breast cancer cells. Cancer Res 68:
2592–2598.

28. Thompson WR, Rubin CT, Rubin J (2012) Mechanical regulation of signaling

pathways in bone. Gene 503: 179–193.
29. Mammoto A, Mammoto T, Ingber DE (2012) Mechanosensitive mechanisms in

transcriptional regulation. Journal of cell science 125: 3061–3073.
30. Halder A, Zobitz ME, Schultz F, An KN (2000) Mechanical properties of the

posterior rotator cuff. Clinical biomechanics 15: 456–462.

31. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS (2004) Cell shape,
cytoskeletal tension, and RhoA regulate stem cell lineage commitment.

Developmental cell 6: 483–495.
32. David V, Martin A, Lafage-Proust MH, Malaval L, Peyroche S, et al. (2007)

Mechanical loading down-regulates peroxisome proliferator-activated receptor
gamma in bone marrow stromal cells and favors osteoblastogenesis at the

expense of adipogenesis. Endocrinology 148: 2553–2562.

33. Sen B, Xie Z, Case N, Ma M, Rubin C, et al. (2008) Mechanical strain inhibits

adipogenesis in mesenchymal stem cells by stimulating a durable beta-catenin

signal. Endocrinology 149: 6065–6075.

34. Case N, Xie Z, Sen B, Styner M, Zou M, et al. (2010) Mechanical activation of

beta-catenin regulates phenotype in adult murine marrow-derived mesenchymal

stem cells. Journal of orthopaedic research: official publication of the

Orthopaedic Research Society 28: 1531–1538.

35. Sen B, Xie Z, Case N, Styner M, Rubin CT, et al. (2011) Mechanical signal

influence on mesenchymal stem cell fate is enhanced by incorporation of

refractory periods into the loading regimen. Journal of biomechanics 44: 593–

599.

36. Yagi R, Chen LF, Shigesada K, Murakami Y, Ito Y (1999) A WW domain-

containing yes-associated protein (YAP) is a novel transcriptional co-activator.

Embo J 18: 2551–2562.

37. Zaidi SK, Sullivan AJ, Medina R, Ito Y, van Wijnen AJ, et al. (2004) Tyrosine

phosphorylation controls Runx2-mediated subnuclear targeting of YAP to

repress transcription. EMBO J 23: 790–799.

38. Shieh AC, Swartz MA (2011) Regulation of tumor invasion by interstitial fluid

flow. Physical biology 8: 015012.

39. Tada S, Tarbell JM (2000) Interstitial flow through the internal elastic lamina

affects shear stress on arterial smooth muscle cells. American journal of

physiology Heart and circulatory physiology 278: H1589–1597.

40. Wang DM, Tarbell JM (1995) Modeling interstitial flow in an artery wall allows

estimation of wall shear stress on smooth muscle cells. Journal of biomechanical

engineering 117: 358-363.

41. Wozniak MA, Chen CS (2009) Mechanotransduction in development: a

growing role for contractility. Nature reviews Molecular cell biology 10: 34–43.

Shear Stress of Interstitial Flow Stimulates TAZ

PLOS ONE | www.plosone.org 9 March 2014 | Volume 9 | Issue 3 | e92427


