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Abstract

The mechanical microenvironment surrounding cells has a significant impact on cellular function.
One prominent example is that the stiffness of the substrate directs stem cell differentiation.
However, the underlying mechanisms of how mechanical cues affect stem cell functions are
largely elusive. Here, we report that in human mesenchymal stem cells (HMSCs), substrate
stiffness can regulate cellular responses to a $-adrenergic receptor (3-AR) agonist, Isoproterenol
(1SO). Fluorescence resonance energy transfer based A-Kinase Activity Reporter revealed that
HMSC:s displayed low activity of ISO-induced protein kinase A (PKA) signal on soft substrate,
whereas a significantly higher activity can be observed on hard substrate. Meanwhile, there is an
increasing ISO-induced internalization of f,-AR with increasing substrate stiffness. Further
experiments revealed that the effects of substrate stiffness on both events were disrupted by
interfering the polymerization of microtubules, but not actin filaments. Mechanistic investigation
revealed that inhibiting ISO-induced PKA activation abolished 3,-AR internalization and vice
versa, forming a feedback loop. Thus, our results suggest that the cellular sensing mechanism of
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its mechanical environment, such as substrate stiffness, affects its response to chemical
stimulation of B-AR signaling and PKA activation through the coordination of microtubules,
which may contribute to how mechanical cues direct stem cell differentiation.
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1. Introduction

Adult stem cells, such as human mesenchymal stem cells (HMSCs), have great potential in
tissue engineering and regenerative medicine due to their self-renewal ability and
multipotency. HMSCs can be directed to differentiate into cell types of mesoderm lineages,
for instance, adipocytes, fibroblasts, chondrocytes, osteoblasts, neuronal cells and myocytes
[1]. Numerous studies have revealed a variety of factors that play important roles in the
functions of HMSCs [2]. Aside from the traditional biochemical factors including soluble
factors and adhesive molecules, biophysical properties of the microenvironment, such as
substrate stiffness, have been found to directly and effectively control the cell lineage
specification of HMSCs [3]. Therefore, understanding how biochemical and biophysical
factors are integrated in HMSCs to determine the process of differentiation is crucial for the
advancement of regenerative medicine.

G-protein coupled receptors (GPCRs) are a large family of seven-transmembrane receptors
that are linked to intracellular G-proteins. They respond to many types of ligands, such as
light-sensitive compounds, odors, pheromones, hormones and neurotransmitters [4]. While
the predominant biochemical factors studied for stem cells are various growth factors and
cytokines, the limited study on the role of GPCRs in stems cells doesn’t match the long-
established field of GPCRs signaling. Providing the expression of GPCRs in stem cells as
well as existing crosstalk between the signaling pathways of GPCRs and growth factors, it is
not surprising that they have been found to regulate stem cell function in vitro and in vivo
[4]. As one type of the GPCRs, B-adrenergic receptors (B-ARS) have three subtypes B4, B2
and B3. Recently, it has been reported that bone marrow-derived hematopoietic stem cells
express abundant B,- and B3-ARs involved in progenitor mobilization [5]. The functional
expression of B,-ARs is also observed in MSCs for a specific role such as protection against
oxidative stress [6]. All these receptors are functionally linked to Gs proteins, which in turn
are linked to adenylyl cyclase [7,8]. The binding of B-ARs to agonist, such as Isoproterenol
(1SO), results in increased levels of the intracellular second messenger cAMP that
subsequently activates protein kinase A (PKA) [9]. PKA is a cytosolic threonine/serine
kinase with two regulatory and two catalytic subunits. CAMP binds to each of the regulatory
subunits releasing and activating the catalytic subunits. The activated subunit can then
translocate to the nucleus and phosphorylate the cAMP response element-binding protein
(CREB), which is a transcription factor. In this way, PKA regulates many cellular processes
through transcriptional control of CAMP response element, such as essential metabolisms of
glycogen, sugar and lipids, and DNA replication [10-12]. Additional reports have
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demonstrated that direct CAMP/PKA pathway activation in HMSCs in vitro results in robust
bone formation in vivo [13]. Therefore, f-AR and its downstream PKA signaling pathway
can regulate the functions of HMSCs.

As pharmaceutical drugs targeting GPCRs are among the oldest and most established
therapeutics, it is an attractive idea to tap into the existing arsenal of drugs for their potential
applications in stem cell engineering both in vitro and in vivo. Ample evidence has indicated
that the biophysical factors in the microenvironment of stem cells regulate the cellular
response to the soluble factors and pharmaceutical drugs [14]. Therefore, understanding the
effect of biophysical factors on GPCRs-mediated stem cell function is crucial to the
application of these drugs. To visualize PKA activation with high spatiotemporal
resolutions, genetically-encoded FRET-based A-Kinase Activity Reporter (AKAR2) was
applied in HMSCs [9,15]. Agonist-induced receptor internalization was also measured by
imaging GFP-tagged receptors. In this study, we investigated how substrate stiffness affects
such agonist-mediated PKA pathway in HMSCs and explored the underlying mechanism.

2. Materials and Methods

2.1. Bis-acrylamide-PA gel fabrication

Polyacrylamide (PA) gels were prepared as previously described [16,17]. Briefly, 40% w/v
acrylamide and 2% wi/v bis-acrylamide solutions (Bio-Rad, Hercules, CA) were mixed with
10 mM HEPES buffer. PA gels with different stiffness were obtained by varying the final
concentrations of acrylamide solution (3-7.5%) and bis-acrylamide cross-linker (0.03-0.6%).
To polymerize the solution, 2.5 pL of 10% w/v ammonium persulfate (Bio-Rad) and 0.25 pl
of N,N,N’,N’-Tetramethylethylenediamine (TEMED; Bio-Rad) were added with the solution
to yield a final volume of 500 pl. After polymerization, sulfo-SANPAH (N-
Sulfosuccinimidyl-6-(4’-azido-2’-nitrophenylamino) hexanoate; Pierce Biotechnology,
Rockford, IL), a photo-activating cross-linker, was used to crosslink the extracellular matrix
molecules onto the gel surface. The powder of sulfo-SANPAH was dissolved in 10 mM
HEPES buffer containing 0.5% DMSO and the sulfo-SANPAH solution (0.5 mg/ml) was
added on top of the PA gel. Gel dishes were placed at a distance of ~15 cm from the UV
light of the hood for 6 min and rinsed three times with 10 mM HEPES buffer for 10 min. A
200 ul of collagen type | solution (40 ug/ml) (BD Sciences, Bedford, MA) was incubated on
top of the sulfo-SANPAH-coated PA gels at 37 °C overnight to deposit collagen for
subsequent cell seeding.

2.2. Cell culture and transfection

Human mesenchymal stem cells (HMSCs; Lonza Walkersville, Inc., Walkersville, MD)
were cultured with mesenchymal stem cell growth medium (MSCGM, PT-3001, Lonza)
containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100
ug/ml streptomycin in a humidified incubator of 95% O, and 5% CO, at 37 °C. The DNA
plasmids were transfected into the cells using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) reagent according to the product instructions.
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2.3. Gene construction and DNA plasmids

The original construct of FRET-based AKAR2 has been described previously [9]. In order
to enhance the FRET response, the FRET acceptor was replaced by an improved version of
yellow fluorescent protein for FRET (YPet) [18]. Briefly, the fragment containing ECFP,
forkhead-associated domain 1 (FHA1) and PKA substrate sequence
(SAGKPGSGEGSTKGLRRATLVDGGTGGS) was fused to YPet, and subcloned into
pcDNA3.1 for mammalian cell expression. A green fluorescent protein (GFP)-tagged
version of y-adrenergic receptor (Bo-AR), GFP-Gas and mCherry-tubulin have been well-
described in previous reports [19-21].

2.4. Imaging acquisition, data analysis, and microscopy

Cells were starved with 0.5% FBS for 36 - 48 hr before imaging experiments. During the
imaging process, the cells were maintained in a CO»-independent medium (Invitrogen, CA)
at 37°C. As indicated, cells were treated with Isoproterenol (ISO, 10 uM; Sigma) or
Forskolin (FSK, 10 pM; Calbiochem). For inhibition studies of PKA activity, H89 (20 uM;
Sigma) was added 1 hr before treatment of 1SO. To disrupt the polymerization of actin
filaments and microtubules, the experiments were performed by pretreating the cells for 1 hr
before imaging with Cytochalasin D (CytoD, 1 uM, Sigma) or Nocodazole (NOC, 5 uM,
Sigma), respectively. To disrupt lift rafts, methyl-beta-cyclodextrin (MBCD, 20 uM; Sigma)
was pretreated with the cells for 1 hr before imaging. The concentration of inhibitors used
and their effects were verified in previous studies [22-24]. Images were acquired on a Zeiss
Axiovert 200M microscope (Carl Zeiss) equipped with a cooled charge-coupled device
(CCD) camera (Cascade 512B, Photometrics) and a 440DF20 excitation filter, a 455DRLP
dichroic mirror, and two emission filters controlled by a filter changer (480DF30 for CFP
and 535DF25 for YFP). Time-lapse images were acquired every 1 min and the FRET/ECFP
emission ratio images were computed and analyzed in MetaFluor 6.2 software (Universal
Imaging, West Chester, PA). The number of $,-AR-GFP particle was quantified using
Image J software.

2.5. Statistical analysis

All statistical data were expressed as the mean + standard error of the mean (SEM).
Statistical evaluation was completed using Excel software to perform a Student’s t-test to
determine the statistical differences between groups. A significant difference was
determined by the P-value (< 0.05).

3. Results

3.1. Substrate stiffness tunes the level of B-AR agonist-induced PKA activation

As mechanical factors play crucial roles in the production of intracellular second messengers
[25,26] and affect cellular physiology and stem cell differentiation [3,27], we have
investigated whether substrate stiffness can regulate PKA activity in HMSCs. To visualize
the dynamics of PKA activation in live cells, we utilized a FRET-based AKAR?2 reporter
previously described [9]. In order to enhance the dynamic range of the FRET reporter, the
original FRET acceptor was replaced by yellow fluorescent protein for FRET (YPet) while
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the FRET donor ECFP was kept the same (Fig. S1) [18]. The cells expressing ECFP-
AKAR2-YPet reporter were cultured on PA gel substrates with different stiffness, and then
stimulated with a B-AR agonist, I1SO, a reagent structurally similar to adrenaline and known
as a medication used for the treatment of heart diseases and asthma [28,29]. This drug can
activate both B1- and Bo-ARs at the membrane, and eventually stimulate the downstream
PKA via cAMP. Thus, PKA activity was monitored by real-time live cell imaging and its
activation level was assessed by the FRET/ECFP emission ratio (Fig. S1).

As shown in Figure 1A, ISO stimulation induced increasing FRET response in HMSCs
cultured on gels with increasing stiffness, indicating increasing levels of PKA activation. As
shown in Figure 1B-C on the quantification of the responses, the PKA activation reached its
maximal level around five minutes after the 1SO addition. The statistical analysis of multiple
cells confirmed this pattern. The cells cultured on hard gel (40 kPa) showed the largest
increase in FRET ratio (~18%, n=10) upon ISO treatment, whereas relatively small changes
in FRET ratio occurred in cells seeded on substrates with soft (3%, n=6, ***P<0.001) or
intermediate stiffness (9-10%, n=7, **P<0.01), suggesting that the mechanical properties of
the substrate can tune the §-AR agonist-induced PKA signaling.

On the contrary, the pattern of Forskolin (FSK)-induced PKA activation was different from
that of 1ISO-induced PKA signaling (Fig. S2). There is a similar level of increase in PKA
activity upon FSK treatment regardless of the stiffness magnitudes of substrates where cells
are seeded (Fig. S2). FSK is a cell-permeable agonist of intracellular enzyme, adenylyl
cyclase, which synthesizes cAMP from ATP. This increase of CAMP level bypassed the
activation of membrane receptors such as B-AR. Therefore, these results suggest that
substrate stiffness can tune agonist-induced f-AR mediated PKA activation.

3.2. Substrate stiffness regulates the degree of agonist-induced B,-AR internalization

After an agonist binds to f-AR, the receptor can be phosphorylated by PKA directly or
indirectly through activation of G-protein coupled receptor kinases (GRKSs) [8,30]. Increased
phosphorylation of 3-AR is known to be involved in the process of the internalization that
subsequently leads to sequestration and desensitization of the receptors [7]. Therefore, we
hypothesized that changes in the activity of PKA regulated by substrate stiffness could affect
the B-AR internalization.

To carry out this study, we took advantage of a GFP-tagged B,-AR construct (f,-AR-GFP)
and transfected it into the HMSCs. As shown in Figure 2A, there was an increasing degree
of Po-AR internalization upon ISO treatment in HMSCs on gels with increasing stiffness.
The quantification of internalized pf,-AR-GFP particles showed that the ISO-induced
internalization of 3,-AR occurred strongly in cells on hard substrate (40 kPa) in accordance
with the strongest PKA activity. In contrast, the number of internalized particles decreased
in cells on soft substrates (Fig. 2B, n=10-12, 40 kPa vs 10 kPa, *P<0.05; 40 kPa vs 0.1 or 1
kPa, ***P<0.001). However, direct activation of adenylyl cyclase by FSK didn’t induce Bo-
AR internalization in HMSCs on either soft or hard gels (Fig. S3A). Therefore, our results
indicate that substrate stiffness can regulate the degree of agonist-induced p,-AR
internalization.
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3.3. Microtubules mediate the effect of substrate stiffness on B-AR agonist-induced PKA
activity and B»-AR internalization

Since there are emerging evidences showing the structure of cellular cytoskeleton is strongly
affected by the substrate stiffness to which a cell is seeded [17,31], we reasoned that the
cytoskeleton would mediate the effect of the substrate stiffness on 1SO-induced PKA
activation and receptor internalization.

When cells were pretreated with Cytochalasin D (Cyto D) to inhibit the polymerization of
actin filaments, the distinct responses of 1SO-induced PKA activity between soft and hard
substrates still remained (Fig. 3A). However, when pretreated with Nocodazole (NOC) to
disrupt microtubules, the 1SO-induced activation of PKA signals on hard substrate (40 kPa)
was significantly reduced to a lower level, comparable to those from cells seeded on soft
substrate (Fig. 3B). Notably, microtubules had no significant effect on the plateau of FSK-
induced PKA signaling regardless of the magnitudes of substrate stiffness ranging from 0.1
to 40 kPa (Fig. S3B). These results indicate that microtubules, but not actin filaments,
mediate the effect of substrate stiffness on the 1SO-induced PKA activation, suggesting that
substrate stiffness may affect 1SO-induced PKA signals via a microtubule-dependent
pathway.

We further found that $,-AR internalization was dependent on the support of microtubules.
Co-transfection of mCherry-tubulin and p,-AR-GFP in HMSCs cultured on hard substrate
showed well-organized microtubule networks and a high rate of occurrence in o-AR
internalization, which were all inhibited on soft substrate (Fig. 3C). Consistent with the 1SO-
regulated PKA pathway, disruption of microtubules by NOC, but not actin by CytoD,
inhibited the 1SO-induced Bo-AR internalization on the hard substrate (Fig. 3D-E, n=6,
***pP<(.001). Therefore, these results suggest that substrate stiffness regulates agonist-
induced B,-AR internalization in a microtubule-dependent manner, similar to that of PKA
signaling.

3.4. The B-AR agonist-induced PKA signaling and B2-AR internalization form a feedback

loop

A potent selective inhibitor of PKA, H89 treatment, inhibited 1SO and FSK-induced PKA
activity (Fig. 4A, S3C). Interestingly, it also blocked the effect of substrate stiffness on 3,-
AR internalization upon ISO treatment (Fig. 4B), suggesting that $-AR agonist-induced
PKA activation contributes to the internalization of B,-AR. Next we examined whether p,-
AR internalization reciprocally affects f-AR agonist induced PKA signaling in response to
substrate stiffness. To inhibit the internalization of f,-AR, we pretreated cells with MBCD
that disrupts endocytosis of receptors. As shown in Figure 4C, MPCD treatment apparently
inhibited I1SO-induced B,-AR internalization on both hard (40 kPa) and soft (0.1 kPa)
substrates. Further experiments revealed that the pretreatment of MBCD also significantly
inhibited I1SO-induced PKA activity on hard substrate (n=6, ***P<0.001) compared with
that of untreated cells (n=7) (Fig. 4D-E). These results suggest that agonist-induced receptor
internalization and PKA activity depend on each other and form a feedback loop in HMSCs
seeded on substrates with different stiffness (Fig. 5).
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4. Discussion

The landmark study of substrate stiffness directing HMSC differentiation established the
mechanical environmental as one of the determining factors for stem cell functions (3).
HMSCs on soft gels are prone to be neurogenic (0.1-1kPa) while they appear osteogenic on
hard gels (25- 40 kPa). In our study, using substrate gels with a range of stiffness similar to
this earlier work, we found that the agonist-induced GPCR-mediated PKA activity is
significantly higher on hard than on soft gels. Further results indicate that this GPCR-
mediated PKA activation and receptor internalization form a feedback loop, which is
regulated by microtubules, but not by actin filaments.

Activated PKA can directly phosphorylate and activate its downstream effector, such as
transcription factor CREB, to control gene expression therefore affect HMSC differentiation
[32]. Indeed, cAMP/PKA pathway has been linked to the fate of HMSC differentiation
[13,33]. For example, genes known to be activated by CREB, such as BMP2, ID2, FosB,
promote osteogenesis both in vitro and in vivo [13,33-35]. Therefore, the higher PKA
activity on hard gels observed with the FRET-based AKAR?2 reporter in our study can have
significant physiological consequences leading to osteogenesis, which corroborates the
results from the landmark study [3]. As lower level of PKA activation on soft gels in our
study is correlated with neurogenic fate [3], it is possible that the level of PKA activity at the
initial stage is linked quantitatively with HMSC differentiation. In that case, PKA activity
can be a marker for differentiation potential and therefore FRET-based AKAR2 reporter can
be applied to screen drugs that can affect stem cell fate. Further systematic and quantitative
study is needed to test this hypothesis.

Our results not only showed the effect of substrate stiffness on GPCR-mediated PKA
activation but also pinpointed the molecular scenario of the signaling pathway affected. In
general, 1ISO binding to f-AR can activate associated G proteins. In turn, G proteins activate
adenylyl cyclase, which catalyze the conversion of ATP to cAMP. Increase CAMP binds to
the regulatory subunits of PKA, resulting in the release and activation of the catalytic
subunits. Our results indicate that the ISO-induced PKA activation was regulated by
substrate stiffness. However, direct activation of adenylyl cyclase by FSK and subsequent
PKA activation and receptor internalization was not affected by substrate stiffness (Fig. S2,
S3A). Therefore, our results suggested that the signaling transduction regulated by substrate
stiffness is upstream of the adenylyl cyclase activation. We further examined whether G-
protein subunit Gas was the point of regulation by substrate stiffness since a few previous
reports have demonstrated that mechanical stress affects Gas recruitment to focal adhesions,
and Gas appears to mediate mechanical force-induced cAMP signaling through integrins
[36,37]. However, neither soft (0.1 kPa) nor stiff substrate (40 kPa) had any effect on Gas
recruitment and internalization in response to ISO (Fig. S4). Therefore, substrate stiffness
may directly act at the adrenergic receptor level to modulate the cellular response to agonist
stimulation.

In addition to the PKA activation, substrate stiffness also controls the agonist-induced
receptor internalization. Inhibition of PKA activity by H89 treatment reduced the p,-AR
internalization, suggesting that PKA may control receptor internalization by directly or
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indirectly phosphorylate GPCR through activation of GRKSs [8,30]. The phosphorylation of
GPCR likely recruits the scaffolding protein B-arrestin, which leads to receptor
internalization [38]. Meanwhile, the inhibition of receptor internalization by MBCD
treatment abolished the agonist-induced PKA activation, suggesting a feedback loop
between PKA activation and receptor internalization. It is also possible that MBCD
treatment itself extracting cholesterol out of lipid rafts, may affect lipid-raft mediated GPCR
signaling.

We also found that microtubules are the possible mediators for the effect of substrate
stiffness on both agonist-induced PKA activation and receptor internalization (Fig. 5).
Substrate stiffness has been shown to affect cytoskeleton organization in various cell types
including HMSCs [3,17]. Meanwhile, cytoskeleton is a key cellular component for
membrane topography, trafficking and organelle movement. Therefore, cytoskeleton is a
natural candidate to mediate the effect of substrate stiffness through regulating the function
of cellular membrane signaling. Indeed, both microtubules and actin filaments have been
indicated to regulate GPCR signaling and trafficking. While the involvement of actin
filaments in §-AR signaling was reported [39,40], our result is consistent with a previous
report that the microtubule inhibitor, NOC, but not an inhibitor of actin filaments,
Latrunculin A, blocks the agonist-induced p,-AR internalization in epidermoid carcinoma
A431 cells [12]. As such, our report provides evidence highlighting the importance of
microtubule in mediating the effect of substrate-stiffness on GPCR signaling in HMSCs.

5. Conclusions

Our study reveals that the levels of agonist-induced PKA activation and ,-AR
internalization in HMSCs were positively correlated with the stiffness of the substrate.
These correlations are mediated by the integrity of microtubule dynamics, with the agonist-
induced PKA activation and receptor internalization depending on each other to form a
feedback loop. These findings not only shed lights on our understanding of how stem cells
integrate the biophysical and biochemical cues in their microenvironment, but also provide
instructive information for the potential application of GPCR-targeted drugs in tissue
engineering and regenerative medicine.
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Figure 1. Distinct responses of PKA activation upon 1SO stimulation in HMSCs cultured on
substrates with different stiffness
(A) The cells expressing ECFP-AKAR2-Y Pet reporter show the FRET ratio changes before

and after treatment with a f-AR agonist, ISO, on substrates with different stiffness. Blue and
red colors represent low and high FRET ratios, respectively. (B, C) Time courses and bar
graphs indicate the average of normalized FRET/ECFP emission ratio changes of the
reporter from multiple cells in response to 1ISO (n=6-10, **P<0.01 and ***P<0.001).
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Figure 2. Effect of the substrate stiffness on the internalization of B>-AR in response to ISO
(A) Bo-AR-GFP construct was transfected into HMSCs and seeded on the substrate gels with

different stiffness. Fluorescent images show the internalized particles before and after 20
min of 1SO treatment. (B) The bar graphs represent the internalized particle quantified in the
cells seeded on substrate gels with different stiffness in response to 1SO. ,-AR
internalization occurs in a stiffness-dependent manner in response to 1ISO (n=10-12, *P<0.05
and ***P<0.001).
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Figure 3. Microtubules mediate the effect of substrate stiffness on 1SO-induced PKA activation
and receptor internalization

Time courses represent the normalized FRET/ECFP emission ratio of ECFP-AKAR2-Y Pet
sensor in response to 1SO. The cells were cultured on gels with different stiffness (0.1-40
kPa) and pretreated with (A) Cytochalasin D (Cyto D, n=6), an inhibitor of actin
polymerization or (B) Nocodazole (NOC, n=6), an inhibitor of microtubule polymerization.
ISO-induced PKA activation is inhibited by NOC, but not Cyto D. (C) HMSCs cultured on
hard gel (40 kPa) showed a large quantity of internalized particles of p,-AR and well
organized microtubule structures (mCherry-tubulin) compared to the cells on soft gel (0.1
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kPa). (D & E) Fluorescence images (D) and bar graphs (E) indicate that NOC, but not Cyto
D treatment inhibited the ISO-induced ,-AR internalization in cells seeded on substrate
gels with different stiffness (n=6, ***P<0.001).
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Figure 4. The ISO-induced PKA activation and receptor internalization form a feedback loop
(A) Time courses of emission ratio in the cells pretreated with H89 (20 pM), a PKA

inhibitor, in response to 1ISO. H89 inhibits FRET emission ratio in ECFP-AKAR2-YPet
transfected HMSCs. Similar results were observed in three independent experiments. (B)
H89 inhibits ISO-induced internalization of B,-AR on both hard (40 kPa) and soft (0.1 kPa)
gels. Similar results were observed in three independent experiments. (C) MBCD treatment
inhibits 1ISO-induced B,-AR internalization in HMSCs cultured on both hard (40 kPa) and
soft (0.1 kPa) gels. (D-E) FRET/ECFP emission ratio images and time courses revealed that
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the disruption of lipid rafts and receptor internalization by MBCD blocks ISO-induced PKA
activation on hard gels (40 kPa) (n=6, ***P<0.001), whereas untreated cells still show the
FRET increase in response to 1SO (n=7).
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Figure 5. A proposed model of coordinated chemical and mechanical sensing in HMSCs
Microtubules play a key role in integrating chemical and mechanical inputs to coordinate the

B-AR agonist induced PKA activation and -AR internalization, which forms a feedback
loop.
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