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SUMMARY

During valvulogenesis, globular endocardial cush-
ions elongate and remodel into highly organized
thin fibrous leaflets. Proper regulation of this dynamic
process is essential to maintain unidirectional blood
flow as the embryonic heart matures. In this study,
we tested how mechanosensitive small GTPases,
RhoA and Rac1, coordinate atrioventricular valve
(AV) differentiation and morphogenesis. RhoA activ-
ity and its regulated GTPase-activating protein
FilGAP are elevated during early cushion formation
but decreased considerably during valve remodeling.
In contrast, Rac1 activity was nearly absent in the
early cushions but increased substantially as the
valve matured. Using gain- and loss-of-function as-
says, we determined that the RhoA pathway was
essential for the contractile myofibroblastic pheno-
type present in early cushion formation but was sur-
prisingly insufficient to drive matrix compaction
during valve maturation. The Rac1 pathway was
necessary to induce matrix compaction in vitro
through increased cell adhesion, elongation, and
stress fiber alignment. Facilitating this process, we
found that acute cyclic stretch was a potent activator
of RhoA and subsequently downregulated Rac1 ac-
tivity via FilGAP. On the other hand, chronic cyclic
stretch reduced active RhoA and downstream
FilGAP, which enabled Rac1 activation. Finally, we
used partial atrial ligation experiments to confirm
in vivo that altered cyclic mechanical loading
augmented or restricted cushion elongation and thin-
ning, directly through potentiation of active Rac1 and
active RhoA, respectively. Together, these results
demonstrate that cyclicmechanical signaling coordi-
nates the RhoA to Rac1 signaling transition essential
for proper embryonic mitral valve remodeling.
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INTRODUCTION

Many valve-related disorders originate during embryonic devel-

opment. Although failure to initiate the formation of valves is uni-

formly lethal in early gestation, clinically serious malformations

arise from improper structural maturation of the valvuloseptal

apparatus and outflow tract [1]. These can be immediately

life threatening at birth or more subtly impair the long-term dura-

bility and homeostatic remodeling capacity of the valve [2].

Although the regulatory events initiating endocardial cushion for-

mation are well known, mechanistic understanding of the clini-

cally important later phases of cushion remodeling and leaflet

thinning is limited. Cushion compaction, elongation, and deposi-

tion of fibrillar collagen networks are critically important to

maintain biomechanical competency under increasing cardiac

loads [3–5]. Several genetic deletions associate with poorly

condensed, non-elongated mitral valves and persistence of

immature cushion cell phenotypes in vivo [6, 7]. However, the

delineation of their functional roles independent of or in concert

with the continuousmechanical stimulation remains challenging.

Identification of mechanobiological mechanisms during embry-

onic valve remodeling is therefore crucial to advance new strate-

gies to correct defective valve remodeling.

Cells sense their external mechanical environment through

basal adhesion proteins (e.g., cadherins and integrins), apical sur-

facecomponents (e.g., stretch-activatedchannels), andcytoskel-

etal filaments, which can respond to both acute and chronic stim-

uli [8, 9]. A commonly utilized mechanical signal transduction

involves activation of the Rho family of small GTPase proteins,

specifically RhoA and Rac1. Mechanical insults cause these

membrane-bound G proteins to become active through binding

GTP, which then mediate rapid cytoskeletal rearrangements

and/or downstream transcriptional activity. RhoA and Rac1 can

act in opposing and complementary manners to control cell

migration, differentiation, andproliferation,with thenet responses

dependenton thespatial and temporaldynamicsofGTPaseactiv-

ity [10–12].Almostall of ourmechanisticunderstandingofGTPase

coordinationhasbeenstudiedusing2D-culturedcell lines. Little is

known how these behaviors orchestrate cell differentiation and

tissue remodeling in 3D culture or in vivo. Rho kinase inhibition
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Figure 1. Native Profiles in the Developing Left AV Reveal a Divergence of RhoA andRac1 Pathways in HH25, HH36, and HH40 Avian Embryos

(A) Active RhoA was quantified using ELISA, and samples were normalized against total RhoA.

(B) mRNA expression of ACTA2 and VIM (inset) was quantified using real-time PCR.

(C) Active Rac1 was quantified using ELISA, and samples were normalized against total DNA.

(D)Whole-mount immunofluorescenceofRhoA/RhoA-GTP (red/green, top row),ACTA2/VIM (red/green,middle row), andRac1-GTP/F-actin (red/green,bottomrow).

(E) Summary schematic combining the evolution of atrioventricular cushion morphology, ECM composition, and cell phenotype markers.

All sampleswere counterstained for nuclei using Draq5 (blue). Scale bars represent 100 mm (D). Error bars show±SEM; nR 6. One-way ANOVAwith Tukey’s post

hoc was performed. Different letters indicate statistical significance p < 0.05 from each other. See also Figure S1.
has been found to impair endocardial cushion mesenchyme

migration, differentiation, and response to flow in vitro [13–15],

but whether and how RhoA and Rac1 activity are coordinated

by mechanical signaling to control valve remodeling is unknown.

In this study, we recognized the distinct expression patterns and

the functional roles of both RhoA and Rac1 during embryonic

valve maturation. Importantly, we identified a new mechanobio-

logical program by which the duration of cyclic stretch transitions

between the activation of RhoA (acute) to Rac1 (chronic) through

regulation of FilGAP in vitro. We further confirmed that cyclic

loading coordinates valvular remodeling through regulation of

RhoA and Rac1 activity in vivo.

RESULTS

Active RhoA and Rac1 Patterns with AV Progenitor Cell
Differentiation and Matrix Remodeling
Native profiles of total and active (GTP-bound) Rac1 and RhoA in

the developing left atrioventricular valve (AV) (HH25, HH36, and
28 Current Biology 26, 27–37, January 11, 2016 ª2016 Elsevier Ltd A
HH40) were evaluated using ELISA and immunofluorescence

(whole mount) on freshly isolated tissue. We assessed the myo-

fibroblastic phenotype of AV progenitor cells at each stage using

markers for alpha-smooth muscle actin (aSMA—ACTA2 gene

product) and serum response factor (SRF). ACTA2 is incorpo-

rated into contractile filaments prominently involved in myofibro-

blastic differentiation during valve remodeling and wound

contraction [16–18]. SRF is a transcriptional regulator of

ACTA2, and nuclear localization of SRF directly correlates with

ACTA2 expression [19]. We determined that ACTA2, SRF, and

active RhoA are all robustly expressed in the AV cushions at

HH25 but decreased substantially during valve maturation (Fig-

ures 1A, 1B, and 1D). The expression of the mesenchymal inter-

mediate filament vimentin (VIM) remained unchanged (Figure 1B,

inset). Conversely, active Rac1 was low in the HH25 AV cushion

but significantly increased during development (Figures 1C and

1D). Phospho-PAK1 (pPAK1—a downstream effector of acti-

vated Rac1 signaling) [20] and b1 integrin levels were elevated

exclusively in later-stage AV remodeling (Figure S1B).
ll rights reserved



Collectively, these results support that active RhoA is substantial

during early AV cushion formation but abates in favor of active

Rac1 as the cushion matures into thin leaflets. The early myofi-

broblast phenotype correlates with RhoA-GTP and ACTA2,

whereas the late quiescent fibroblastic phenotype associates

with Rac1-GTP (Figure 1E).

Matrix Compaction Potential of AV Progenitor Cells Is
Cell Autonomous and Stage Dependent
We determined that the native thickness of the left AV primordia

decreased considerably from HH25 to HH40 (Figure S1D). We

hypothesized that leaflet thickness was a function of the matrix

compaction potential in AV progenitor cells, which in turn could

be stage dependent. We then freshly isolated resident cells from

left AV tissue at HH25, HH36, and HH40 and disbursed them

within 3D collagen hydrogels. After 24 hr, constructs were

released and compaction area was measured over the next

5 days. We found that cell-mediated matrix compaction was

stage dependent and significantly increased with more-mature

cells (Figures S1C–S1E). Given that earlier-stage cushion mes-

enchymes are more proliferative than at later stages [13, 18,

21], these findings support that AV leaflet compaction is not

associated with proliferation but rather is controlled by stage-

specific autonomous behavior.

RhoA Activity Is Induced in AV Progenitor Cells by
Mechanical Stress but Is Mitigated by Chronic Cyclic
Stretch
Previous work has shown that mechanical force can regulate

RhoA in AV cushion mesenchyme [10, 15]. This led us to

initially hypothesize that cyclic stretch governs resident cell dif-

ferentiation by promoting a myofibroblast phenotype via RhoA.

We disbursed freshly isolated HH40 AV progenitor cells within

collagen hydrogels and were subsequently stretched at 20%

area strain at 2.1 Hz for up to 48 hr (Figure 2A). Mechanically

anchored (CTRL-MA) gels were employed as non-stretched

controls that develop mechanical stress, and free-floating

(CTRL-FF) gels were employed as mechanically stress-free

control environmental conditions [22–24]. ACTA2 and SRF

mRNA expression increased with cyclic stretch (STIM) at

12 hr but surprisingly was downregulated over time. From

24 hr onward, neither gene was expressed differently from

cells cultured within the stress-free (CTRL-FF) gels (Figures

2B and 2C).

We next performed a time course study using ELISA to quan-

tify active RhoA dynamics in these different mechanical stress

culture environments. Normalization for each sample was

directly compared against total RhoA and then normalized to

the initial (0 min) stressed (CTRL-MA) condition. Active RhoA

levels during stretch (STIM) conditions rapidly increased with

cyclic loading (peaking within 60 min) and then decreased to

stress-free (CTRL-FF) levels thereafter. Conversely, stressed

(CTRL-MA) gels increased active RhoA levels at later time

points (Figure 2D). Reduced ACTA2 expression, SRF nuclear

localization, and active RhoA levels at 48 hr were confirmed

via immunofluorescence (Figure 2E). To quantify the levels of

mechanical tension in stressed (CTRL-MA) gels, we developed

a 3D culture system using a micro-spring as a cantilever force

transducer. Tension increased in stressed (CTRL-MA) gels dur-
Current Biology 26,
ing culture time and strongly correlated with active RhoA (Fig-

ure S2). Together, these results establish that AV cushion

cell-mediated 3D matrix tension activates RhoA and transitions

toward a myofibroblastic phenotype. During cyclic stretch,

RhoA activity is time dependent such that chronic loading re-

verts to baseline levels and inhibits the myofibroblastic

differentiation.

Active RhoA Is Necessary and Sufficient for
Myofibroblastic Differentiation of AV Progenitor Cells
We next performed gain- and loss-of-function experiments

to determine whether active RhoA was required for myofibro-

blastic activation. As shown earlier, AV cushion cells in

stress-free (CTRL-FF) gels express low levels of active RhoA,

whereas stressed (CTRL-MA) gels express high levels of active

RhoA after 48 hr. We therefore employed these conditions as

negative and positive controls for RhoA activity, respectively.

Transfection of HH40 AV progenitor cells with constitutively

active RhoA (CA-RhoA) increased ACTA2, SRF, and CyclinB2

mRNA expression statistically significant from stress-free

(CTRL-FF) gels, but not to the degree of stressed (CTRL-MA)

gels. Conversely, dominant-negative RhoA (DN-RhoA)-trans-

fected AV cushion mesenchyme cultured in stressed (CTRL-

MA) gels significantly reduced ACTA2, SRF, and CyclinB2

mRNA expression comparable to stress-free (CTRL-FF) gels

alone (Figures 3A and 3B). These responses were also

confirmed at the protein level via immunofluorescence in

stress-free (CTRL-FF) and stressed (CTRL-MA) conditions (Fig-

ures 3C and 3D). Comparing myofibroblastic differentiation

marker expression directly against active RhoA (GTP-bound)

for these conditions indicated that CTRL-MA conditions

enhanced myofibroblastic activation above that explained by

RhoA alone (Figure S3). These results suggest that other feed-

back mechanisms downstream of RhoA may also act to in-

crease myofibroblastic differentiation, for example, adhesion

or soluble signaling [25]. Hence, the complexity of our biolog-

ical system is important to note. Next, cells were transfected

with CA-RhoA and cultured during static stressed (CTRL-MA)

or cyclic stretch (STIM) conditions for 48 hr. CA-RhoA over-

whelmed the inhibition of myofibroblastic differentiation by

chronic cyclic stretch to maintain myofibroblastic phenotype

similar to that of stressed (CTRL-MA) gels (Figures 3E and

3F). Together, these results establish that active RhoA is essen-

tial for myofibroblastic differentiation and chronic cyclic stretch

acts upstream to inhibit this process via reduction of active

RhoA.

Active Rac1 Promotes Matrix Compaction through
Increased Adhesion, Focal Adhesion Formation, and
Stress Fiber Alignment
We next tested whether RhoA and/or Rac1 mediated matrix

compaction. RhoA activity (via CA-RhoA or DN-RhoA transfec-

tion, respectively) had no effect on the compaction potential as

compared to controls (Figure 4A). CA-Rac1, however, signifi-

cantly enhanced compaction, whereas DN-Rac1 inhibited

compaction. Interestingly, the combination of CA-Rac1 with

DN-RhoA inhibited compaction similar to controls (Figure 4B).

Furthermore, ROCK inhibition was capable of inhibiting

compaction by AV progenitor cells proportional to their
27–37, January 11, 2016 ª2016 Elsevier Ltd All rights reserved 29



Figure 2. Chronic Mechanical Stretch Mitigates Myofibroblastic Activation in HH40 AV Progenitor Cells

(A) Cells were isolated from left AV tissue and seeded into our previously described bioreactor. Free-floating (CTRL-FF liberated after 24 hr) and mechanically

anchored (CTRL-MA confined compaction) gels were used as control conditions. Stretched gels (STIM) were allowed to compact for 24 hr and stimulated at 20%

area strain at 2.1 Hz (average frequency during development).

(B) mRNA expression for SRF and ACTA2 was measured after 12, 24, and 48 hr of stretch using real-time PCR.

(C) Flow cytometry quantified ACTA2 protein expression in CTRL-MA and STIM conditions (10,000 cells).

(D) Dynamic active RhoA was quantified using ELISA for CTRL-MA, CTRL-FF, and STIM conditions. Data were normalized against total RhoA and then the

baseline CTRL-MA (0 min) condition.

(E) Immunofluorescence for ACTA2 (green, top row), RhoA-GTP and RhoA (green and red, middle row), and SRF (green, bottom row) were conducted on fixed

collagen constructs at 48 hr in CTRL-MA, CTRL-FF, and STIM conditions.

(F) Nuclear localization of SRF was quantified using ImageJ.

Scale bars represent 500 mm (A) and 20 mm (E). Error bars show ± SEM; nR 4. One-way ANOVA with Tukey’s post hoc was performed. Different letters indicate

statistical significance p < 0.05 from each other, and asterisks indicate significance from control. See also Figure S2.
stage-specific activity (Figure S4A). These results emphasize

that basal levels of RhoA activity are required to sustain

Rac1-induced matrix compaction. We next investigated

whether Rac1 affected cell adhesion and/or stress fiber gener-

ation, which may contribute to the underlying tissue compaction

and remodeling [26]. CA-Rac1 transfection increased the per-

centage of adherent AV mesenchyme cells in a time-dependent

manner compared to controls, whereas DN-Rac1 transfection

reduced adhesion (Figure 4C). Additionally, transfection with

CA-Rac1 increased the number of focal adhesions at the lead-

ing edge of lamellipodium, which was determined by co-locali-

zation of vinculin and F-actin along the periphery. Moreover,
30 Current Biology 26, 27–37, January 11, 2016 ª2016 Elsevier Ltd A
F-actin stress fibers were highly aligned to the long axis of the

cell, indicating elongation of the cell (Figure 4D). DN-Rac1 had

the opposite effect: reduced adhesion and focal adhesion for-

mation; randomly aligned actin filaments; and no discernable

cell orientation (Figure 4E). Concurrently, CA-Rac1-transfected

HH40 AV progenitor cells increased b1 integrin mRNA expres-

sion regardless of culture conditions (CTRL-MA or CTRL-FF),

whereas DN-Rac1 had the opposite effect (Figures S4B–S4D).

These results establish that active Rac1 increases integrin

expression and focal adhesion formation, leading to enhanced

cell adhesion and cell alignment that accompanies traction

force generation.
ll rights reserved



Figure 3. Myofibroblastic Activation in HH40 AV Progenitor Cells Is Dependent on Active RhoA

(A and B) HH40 cells were isolated from left AV tissue and immediately transfected with CA-RhoA or DN-RhoA (Neon Transfection system). mRNA expression for

ACTA2, VIM, SRF, and CyclinB2 was quantified via real-time PCR and compared to CTRL-MA or CTRL-FF conditions.

(C and D) Immunofluorescence of SRF (green, left column), ACTA2 (green, middle column), and RhoA-GTP/RhoA (green/red, right column) in the collagen gels for

each conditions.

(E) Transfected CA-RhoA cells were stretched (STIM) for 48 hr at 2.1 Hz, and mRNA expression of ACTA2 and SRF was quantified using real-time PCR.

(F) Flow cytometry was used to quantify ACTA2 protein expression in CTRL-MA, STIM, and CA-RhoA-STIM conditions (10,000 cells).

All samples were counterstained for nuclei using Draq5 (blue). Scale bars represent 10 mm (C and D). Error bars show ± SEM; n R 4. One-way ANOVA with

Tukey’s post hoc was performed. Different letters indicate statistical significance p < 0.05 from each other, and asterisks indicate significance from control. See

also Figure S3.
Active Rac1 Is Elevated during Chronic Cyclic Stretch
and Is Dependent on FilGAP
FilGAP is a GTPase-activating protein specific for Rac that is

activated by RhoA/ROCK at sites of cell adhesions [27]. Previous

studies have shown that quasi-static stretch directly modulates

FilGAP in minimalist filament network models and in cell lines

via its targeting by FlnA [28, 29]. We first profiled FilGAP/FlnA

levels in developing AVs and found that FilGAP was distributed

extensively in (HH25) the cushions but decreased as the leaflet

compacted and matured (HH36 and HH40; Figure 5A). FilGAP

largely co-localized with FlnA at all stages of development (Fig-

ure S5B). We therefore hypothesized that mechanical stress

modulates active RhoA/Rac1 via FilGAP in a time-dependent

manner. Using HH40 AV progenitor cells, FilGAP was reduced

in stress-free (CTRL-FF) gels, at both acute (60 min) and chronic

(24 hr) time points. Conversely, FilGAP was elevated in stressed

(CTRL-MA) gels. During cyclic stretch, FilGAP was elevated at

the acute time point (consistent with active RhoA and inactive

Rac1), whereas the opposite occurred at the chronic time point

(consistent with inactive RhoA and active Rac1; Figure 5B). To

readily identify the trend in FilGAP levels, we quantified mean in-

tensity per cell in the immunofluorescence images using ImageJ

(Figure S5C).

We next assessed Rac1 activity during these treatment condi-

tions. Stressed (CTRL-MA) gels with DN-RhoA and siRNA

FilGAP significantly increased active Rac1 at 24 hr. In stress-

free (CTRL-FF) gels, CA-RhoA transfection deactivated Rac1

as expected, but CA-RhoA combined with siRNA FilGAP also

significantly elevated active Rac1 (Figure S5A). Active Rac1
Current Biology 26,
was unchanged with acute stretch (60 min), whereas chronic cy-

clic stretch (24 hr) elevated active Rac1 levels significantly.

Chronic cyclic stretch combined with siRNA FilGAP treatment

synergistically elevated Rac1 activity (Figure 5C). Consistent

with these results, transfection with CA-RhoA increased the

circularity of resident cells, thus decreasing cellular alignment

similar to that of HH25 mesenchyme [30]. Moreover, the elon-

gated cell morphology (similar to HH40 AV progenitors) was

restored with co-addition of siRNA FilGAP (Figure 5D). Together,

these results demonstrate that FilGAP regulates Rac1 down-

stream of active RhoA and cyclic stretch mediates this process

in a time-dependent manner.

Mechanical Perturbation In Vivo Disrupts the RhoA to
Rac1 Transition during Valvular Remodeling
We performed partial atrial ligation experiments on ex-ovo-

cultured chick embryos to determine the morphogenetic impact

of altered cyclic loading on valvulogenesis in vivo [31, 32] (Fig-

ure 6A). RAL (right atrial ligation) treatment (increased left AV

preload) significantly increased left AV area and left ventricular

volume after 3 days as compared to sham controls (determined

via micro-CT). Conversely, LAL (left atrial ligation)-treated em-

bryos (decreased left AV preload) significantly decreased left

AV area and left ventricular volume as compared to sham con-

trols (Figures 6B and 6C). As anticipated from our aforemen-

tioned results, reduced hemodynamic load enhanced myofibro-

blastic activation in the left AV at 7 days (D7) (HH30). Expression

of ACTA2 and SRF mRNA was significantly elevated in LAL

compared to sham controls, whereas increased loading (via
27–37, January 11, 2016 ª2016 Elsevier Ltd All rights reserved 31



Figure 4. Matrix Compaction Potential of HH40 AV Progenitor Cells Is Dependent on Rac1 Activity

(A and B) HH40 cells were isolated from left AV tissue and immediately transfected with CA-RhoA, DN-RhoA, CA-Rac1, DN-Rac1, or CA-Rac1+DN-RhoA (Neon

Transfection system). Cells were then embedded into collagen hydrogels and allowed to compact for 24 hr. Hydrogel compaction was measured by current area

over initial area (A/Ao) and determined at the end of 48 hr. (A) RhoA activity was insufficient to drive compaction, whereas (B) Rac1 activity was capable but

requires some basal level of RhoA activity to be present.

(C) An adhesion test was performed, and the percentage of adherent cells was quantified at each time interval after application of the orbital shaker.

(D) After 24 hr, the extent of F-actin alignment and focal adhesions were quantified for each condition.

(E) Focal adhesions and F-actin alignment were visualized using immunofluorescence (note the distribution angle of stress fibers alignment within CA-Rac1).

All samples were counterstained for nuclei using Draq5 (blue). Error bars show ± SEM; nR 4. One-way ANOVA with Tukey’s post hoc was performed. Different

letters indicate statistical significance p < 0.05. See also Figure S4.
RAL) suppressed myofibroblastic differentiation in the left AV at

D7 (Figure 6D). b1 integrin mRNA and protein expression

increased with increased preload (RAL) and decreased with a

reduction in preload (LAL). LAL-treated embryos increased

active RhoA and FilGAP, whereas active Rac1 was decreased

relative to sham controls (Figures 6D and 6E). Conversely,

RAL-treated embryos decreased SRF nuclear localization,

RhoA-GTP activity, and FilGAP levels, whereas active Rac1

was significantly elevated (Figure 6E). We further analyzed

RAL-treated embryos for an additional 3 days (10 days total;

LAL treatment results in significant lethality after D7 as previously

reported) [32] to determine long-term effects on AV remodeling

(Figure 6F). At both D7 and D10, ACTA2 expression and SRF nu-

clear localization significantly decreased and correlated with

active RhoA in the left AV, whereas active Rac1 significantly

increased (Figures 6G and 6H). Furthermore, the RAL-treated

embryos at D7 and D10 increased in collagen versus GAG con-

tent ratio relative to sham controls (Figures S6A and S6B).

Together, these results demonstrate that cyclic mechanical

loading is critical for proper valve compaction and elongation

in vivo. Decreased hemodynamic preload resulted in a signifi-

cantly underdeveloped valve with persistent immature activated

myofibroblast-like mesenchyme, which correlated with hyperac-

tive RhoA and inhibition of Rac1. Conversely, increased preload

accelerated valve remodeling and maturation concomitant with

activated Rac1 and reduced FilGAP. These findings are consis-
32 Current Biology 26, 27–37, January 11, 2016 ª2016 Elsevier Ltd A
tent with our in vitro mechanistic experimentation and highlight

the role of chronic cyclic stretch in mediating FilGAP to promote

necessary Rac1-mediated fetal valve remodeling.

DISCUSSION

Proper tissue morphogenesis in development requires the

acquisition of the correct tissue shape, cell phenotype, matrix ar-

chitecture, and function. Deficiencies are rarely if ever seen in

only one of these components, which supports that their evolu-

tion is interdependent. Elucidation of overarching governing

mechanisms is therefore critical for informing possible strategies

to correct defective morphogenesis. In this study, we clarify how

mechanical signaling orchestrates endocardial cushion conden-

sation into thin fibrous leaflets while simultaneously establishing

fibroblastic quiescence. Using gain- and loss-of-function as-

says, we identify RhoA and Rac1 as key participants in mechan-

ical regulation of embryonic valve remodeling. RhoA mediates

myofibroblastic activation, and Rac1 is necessary for matrix

compaction. More importantly, we found that chronic cyclic me-

chanical stretch in vitro inhibited myofibroblastic differentiation

by deactivating RhoA and depleting the molecular switch Fil-

GAP, which together enabled Rac1 activation and downstream

signaling. Active Rac1 induced matrix compaction through aug-

menting focal adhesion formation, cell elongation, and stress fi-

ber alignment (Figure 7). These effects were further confirmed
ll rights reserved



Figure 5. Active Rac1 Increases during Chronic Cyclic Stretch and Is Dependent on FilGAP

(A) Native whole-mount tissue from HH25, HH36, and HH40 AV tissue was immunostained for FilGAP (red).

(B) HH40 AV progenitor cells were subjected to cyclic stretch for either acute (60 min) or chronic (24 hr) time points, and gel constructs were immunostained for

FilGAP (red, FilGAP; green, actin).

(C) Active Rac1 levels were quantified using ELISA during cyclic stretch and in the presence of siRNA FilGAP for either acute (60min) or chronic (24 hr) time points.

(D) Cell morphology was analyzed by tracing cell shape and quantified using a circularity index.

All fluorescent samples were counterstained for nuclei using Draq5 (blue). Scale bars represent 20 mm (A and B). Error bars show ± SEM; nR 4. One-way ANOVA

with Tukey’s post hoc was performed. Different letters indicate statistical significance p < 0.05. See also Figure S5.
in vivo using ligation experiments to regulate side-specific hemo-

dynamic load. These results establish the importance of cyclic

mechanical loads for directing valve progenitor differentiation

and matrix compaction through coordination of RhoA/Rac1

signaling.

We determined the Rac1 pathway to be necessary for matrix

compaction during valve maturation. This was initially surpris-

ing, as the RhoA pathway is a well-established driver of stress

fiber formation and contractility [33, 34]. However, constitu-

tively active Rac1 has been found to drive the formation of ad-

hesions along the ventral surface of the cell body, which move

toward those at the tip and result in contraction-like shortening

and matrix compression at the base of lamellipodia [35]. Both

the magnitude and direction of the adhesion motions correlate

strongly with nearby matrix displacements, indicating the

importance of cell polarity for force generation [36]. Addition-

ally, fibroblast-specific deletion of Rac1 in mouse resulted in

delayed cutaneous wound closure, with reduced collagen pro-

duction and matrix compaction [26]. Consistent with these

results, we determined that co-localization of actin fibers and

vinculin along the cell periphery is dependent on Rac1 activity.

Actin stress fibers were highly aligned within the cells only

when Rac1 was active, indicating strong adhesion and contrac-

tion. The ability of Rac1 to drive matrix compaction explains in

part the inverse relationship between matrix compaction and

myofibroblastic differentiation during valve maturation. This is

essential for developing a thin mature quiescent valve. Neither

these studies nor our results here suggest that RhoA activity is

completely dispensable for tissue remodeling to occur. Cyclic

modulation of RhoA and Rac1 activity is common for long-

term behaviors such as cardiac neural crest migration [37].

Rather, our results are consistent with cyclic stretch shifting
Current Biology 26,
the balance of RhoA/Rac1 signaling toward Rac1, which in

turn promotes the valvular remodeling events we identified

over time.

FilGAP and its close relatives are molecular switches that

regulate the reciprocal inhibitory relationship between RhoA

and Rac1 [38]. Rho/Rac signaling has been studied extensively

in early embryonic patterning and differentiation events

[37, 39], but their roles in clinically important later tissue-re-

modeling events are poorly understood. Our results confirm

that FilGAP modulation of Rho/Rac signaling is required in pro-

genitor mitral valve cells for proper valve compaction and elon-

gation, and the regulatory mechanism was found to be depen-

dent upon the duration of cyclic mechanical loading.

Specifically, chronic cyclic stretch is a potent inhibitor of active

RhoA and downstream FilGAP to enable Rac1-mediated

signaling. Conversely, acute stretch enhances both active

RhoA and FilGAP to inhibit the Rac1 pathway [40]. Speculating

on these findings, initial loading most likely creates an acute

spike in matrix tension to drive hyperactive levels of active

RhoA and FilGAP similar to previous studies involving step

changes in stretch [28, 29]. However, as the cyclic loading be-

comes chronic, cells adapt to and remodel the matrix environ-

ment to potentially relieve cytoskeletal tension and thereby

progressively develop a quiescent phenotype [41]. Therefore,

the chronic cyclic mechanical loading of the embryonic valves

is an essential component to orchestrate valve sculpting and

fibroblast quiescence.

Chronic cyclic stretch in a 3D environment is a unique mech-

anism to dissipate FilGAP, enabling Rac1 to dominate.

Although the exact mechanism has yet to be established, we

believe it could be through a number of possibilities. This in-

cludes dissociation from FlnA [28] and direct inactivation of
27–37, January 11, 2016 ª2016 Elsevier Ltd All rights reserved 33



Figure 6. Hemodynamic Perturbation In Vivo Regulates the Divergence of RhoA and Rac1 Pathways during AV Development

Left and right atriums of the heart were ligated using suture material between 4 and 5 days (LAL and RAL).

(A) H&E histology stains of the heart and left AV structures for the control and ligated conditions.

(B and C) Micro-CT was used to measure both the change in size of ventricular chambers but also left AV geometry (ultrasound also confirmed a significant

decrease in time-averaged velocity and cardiac output) at D7.

(D) mRNA expression for SRF, ACTA2, VIM, and b1 integrin was quantified via real-time PCR at D7.

(E) Immunohistochemistry for SRF, ACTA2, RhoA-GTP, Rac1-GTP, b1 integrin, and FilGAP in resident valve cells at D7 of wild-type (top row), left atrial ligation

(LAL; middle row), and right atrial ligation conditions (RAL; bottom row).

(F) RALs at D10 were analyzed. H&E histology was conducted on both the left AV and ventricular chamber structures.

(G) mRNA expression for ACTA2, VIM, and b1 integrin was quantified via real-time PCR at D10.

(H) Immunohistochemistry staining for ACTA2, RhoA-GTP, Rac1-GTP, and FilGAP in wild-type (top row), LAL (middle row), and RAL conditions (bottom row).

All samples were counterstained for nuclei using Draq5 (blue). Scale bars represent 750 mm (A) and 40 mm (E and H). Error bars show ± SEM; n R 6. One-way

ANOVA with Tukey’s post hoc w. Different letters indicate statistical significance p < 0.05 from each other, and asterisks indicate significance from control. See

also Figure S6.
FilGAP via ROCK (possible through phosphorylation sites) [27,

40], a chronic reduction in the overall amount of FilGAP

(reduced mRNA expression), and/or upstream ubiquitin-protea-

some machinery to restrict FlnA/Rho GTPase that is not yet

identified [42, 43]. Furthermore, dynamics in the subcellular

localization of FilGAP, FlnA, and GTPase components near

adhesion sites/cytoskeletal junctions with stretch are most

likely dependent on ECM remodeling in a time course manner

[40]. Regardless of the specific process, the previously unrec-

ognized role of time dependency of cyclic stretch is a powerful

coordinator of GTPase signaling to drive 3D morphogenetic

events. Therefore, control of this mechanobiological program

may be a novel means to restore proper valve remodeling

and maintain valve tissue homeostasis. Although mutations in

FilGAP have not yet been identified in patients with congenital

or acquired valve defects, mutations have been found in FlnA

that disrupt GTPase regulation and weakening of FilGAP bind-

ing [44, 45].
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In summary, these results establish that cyclic mechanical

loading is essential for coordinating a transition from RhoA- to

Rac1-based signaling via FilGAP to produce a thin organized

valve leaflet with a quiescent phenotype. Unbalanced RhoA/

Rac1 signaling via FilGAP may therefore be an important predic-

tor of abnormal valve-remodeling capacity and susceptibility

premature dysfunction. Additionally, altered hemodynamic

signaling can possibly be used to control RhoA/Rac1 signaling

to rescue tissue fate. These findings and innovative methodolo-

gies motivate and enable newmechanobiological hypotheses to

link microenvironmental cues with genetic regulation for under-

standing tissue formation and remodeling.
EXPERIMENTAL PROCEDURES

Avian Valve Cell Progenitor Isolation and Culture

AV cushions (HH25) or remodeling left AV leaflets (HH36 or HH40) were

dissected from the myocardium of embryonic chick hearts and digested via
ll rights reserved



Figure 7. Summary of Phenotypic Changes

Associated with Acute and Chronic Cyclic

Stretch during Valve Maturation

During acute cyclic stretch, resident valve cells

activate the RhoA pathway and subsequent

ROCK/FILGAP to deactivate Rac1. This leads to

myofibroblastic activation, collagen production,

and proliferation. During chronic cyclic stretch,

FilGAP and active RhoA are reduced, which pro-

motes active Rac1. Rac1 then initiates focal

adhesion formation, elongation, and stress fiber

alignment necessary for matrix compaction.
trypsin (0.025%; Invitrogen) to obtain pure populations of valve progenitor

cells as previously described [46] and used directly in experiments (without

passaging). Cells were pelleted via centrifugation and re-suspended within a

neutralized collagen hydrogel (1.5 mg/ml) solution at a density of 400,000

cells/ml. Approximately 150 ml of gel was inoculated into culture wells, which

solidified after 60 min. Cells were cultured in a base medium consisting of

M199 (Invitrogen) supplemented with 5% chick serum (Hyclone), 250 mg/ml in-

sulin, 25 mg/ml transferrin, and 250 mg/ml selenium (ITS; Sigma) and 1% peni-

cillin/streptomycin as previously established for valve mesenchyme [13].

Static and Cyclic Stress Experiments

A subset of collagen gels were formed and cultured around rings of compres-

sion springs as previously described [22], creating a MA stressed condition

[23]. Alternatively, gels were released from the springs after 24 hr of culture,

creating a FF stress-free culture condition [16]. As a third condition, we applied

cyclic stretch to 3D collagen hydrogels via a custom-designed bioreactor sys-

tem as previously described [22]. Cell encapsulated gels solidified around

compression springs over a 24 hr period, after which 20% cyclic equiaxial

strain (area strain; 225 step size; 2 mm) was applied at 2.1 Hz, which approx-

imated the in vivo HH25 embryonic valve cyclic strain profile (STIM) [47]. Ex-

periments were conducted at both acute (<60 min) and chronic (up to 48 hr)

time intervals. Molecular, cellular, and tissue level responses within each 3D

mechanical environment were compared between CTRL-MA (mechanically

anchored: stressed), CTRL-FF (free floating: unstressed), and STIM (cyclically

stretched gels) conditions.

RhoA/Rac1 Activity and Gain-/Loss-of-Function Assays

Freshly isolated AV progenitors were electroporated in solution with plasmids

encoding for constitutively active RhoA (CA-RhoA; Q63L), CA-Rac1 (Q61L),

dominant-negative RhoA (DN-RhoA; T19N), or DN-Rac1 (T17N; all available

through AddGene) using the Neon transfection system (Invitrogen) as previ-

ously described [48]. Cells were then embedded into collagen constructs

and further cultured in 5% serum, antibiotic-free M199 for up to 48 hr after

initial compaction. For ROCK inhibition, cultures were treated with Y-27632

(10 mM; Cell Signaling Technology) with media changed every 48 hr. RhoA

and Rac1 activity in AV cushionmesenchyme wasmeasured using ELISA acti-

vation assay kits (GLISA; Cytoskeleton) according to the manufacturer’s in-

structions. Briefly, cell extracts were added to 96-well plate coated with

GST fusion of Rho-binding domain, which selectively binds GTP-bound

(active) GTPases. After incubation with shaking at 4�C for 30 min, the plate
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was washed three times with washing buffer (Cyto-

skeleton), removing all GDP (inactive) RhoA

GTPase. The substrate with captured GTP-bound

RhoA was then incubated with specific anti-RhoA

antibodies. The GTPase-antibody conjugates were

detected with horseradish peroxidase (HRP)-conju-

gated secondary antibody and quantified using an

Epoch Microplate Spectrophotometer (Biotek).

Identical experiments were conducted to quantify

active Rac1. Detection of RhoA-GTP or Rac1-GTP

was analyzed in thin sections and 3D cultures using

primary antibodies specific to GTP-bound RhoA or
Rac1 (NewEast Biosciences) according to themanufacturer’s instructions. Anti-

body specificity was confirmed by direct comparison of GTP-specific RhoA or

Rac1 immunofluorescence and ELISA quantification in AVprogenitor cells using

CA,wild-type, orDN transfection aswell as dual labelingwith antibodies specific

to total or active RhoA and Rac1 GTPase (Figure S1A).

Cell Phenotype Assessment

Valve cell phenotype was assessed at both the gene and protein level (see the

Supplemental Experimental Proceduresfor additional details). Briefly, gene

expression was measured by extracting RNA using a QIAGEN total RNA puri-

fication kit (QIAGEN) and reverse transcribed to cDNA using the SuperScript III

RT-PCR kit with oligo(dT) primer (Invitrogen). Samples were amplified using

the SYBR Green PCR system (Bio-Rad) on a Bio-Rad CFX96 cycler. For visu-

alization of proteins, collagen constructs were fixed in 4% PFA overnight at

4�C. Cells were incubated overnight with the appropriate primary/secondary

antibodies, washed, and nuclear counterstained for subsequent confocal im-

aging. For quantification of protein expression, cells were trypsinized from the

collagen constructs, fixed with 4% PFA for 10 min, and then preserved in 50%

methanol/PBS. Cells were further washed and incubated with appropriate pri-

mary/secondary antibodies and scanned using a Coulter Epics XL-MCL Flow

Cytometer (Coulter). Adhesion testing assay methods are included in the Sup-

plemental Experimental Procedures.

In Vivo Atrial Ligation Experiments

Fertilized White Leghorn chicken eggs were incubated in a 38�C forced-draft

incubator to Hamburger-Hamilton (HH) stage 21 (3.5 days; Hamburger and

Hamilton). The embryo was cultured in an ex ovo platform previously

described [49]. Briefly, an overhand knot of 10-0 nylon suture loop was placed

across a portion of either the right or left atrium and tightened, partially con-

stricting the left or right AV orifice, respectively (LAL and RAL). This diverted

flow from the constricted inlet toward the untreated inlet, decreasing hemody-

namic load on the one side and increasing it on the other [31, 32]. At D7 and

D10, hearts and/or AVs were analyzed using RT-PCR, immunohistochemistry,

and 3D micro-CT imaging.

Statistics

Results are expressed as mean ± SEM, with n R 4 independent cultures per

treatment condition and four to six dozen chick embryos pooled for each

experiment. Statistical analysis was done using SAS and/or Excel software.

Treatment effects were compared using either an ANOVA with Tukey post
6 ª2016 Elsevier Ltd All rights reserved 35



hoc paired tests or t test, and data were transformedwhen necessary to obtain

equal sample variances. Differences between means were considered signif-

icant at p % 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and six figures and can be found with this article online at http://dx.doi.org/
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