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Matrix mechanics controls FHL2 movement to the
nucleus to activate p21 expression
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Substrate rigidity affects many physiological processes through
mechanochemical signals from focal adhesion (FA) complexes that
subsequently modulate gene expression. We find that shuttling of
the LIM domain (domain discovered in the proteins, Lin11, Isl-1,
and Mec-3) protein four-and-a-half LIM domains 2 (FHL2) between
FAs and the nucleus depends on matrix mechanics. In particular, on
soft surfaces or after the loss of force, FHL2 moves from FAs into
the nucleus and concentrates at RNA polymerase (Pol) Il sites,
where it acts as a transcriptional cofactor, causing an increase in
p21 gene expression that will inhibit growth on soft surfaces. At
the molecular level, shuttling requires a specific tyrosine in FHL2, as
well as phosphorylation by active FA kinase (FAK). Thus, we sug-
gest that FHL2 phosphorylation by FAK is a critical, mechanically
dependent step in signaling from soft matrices to the nucleus to
inhibit cell proliferation by increasing p21 expression.

mechanotransduction | four-and-a-half LIM domains 2 | focal adhesion
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he mechanics of extracellular matrix affect cell growth and

differentiation and represent an important aspect of cancer
progression. For example, the invasion of premalignant mammary
epithelium is promoted by increased tissue stiffness through col-
lagen cross-linking and integrin clustering (1), whereas a decrease
in substrate stiffness results in TGF-p1-induced apoptosis instead
of the epithelial-mechenchymal transition (2). The events at the
molecular level that lead from the initial mechanosensing to the
eventual changes in cell growth or differentiation are not well
understood, however.

Matrix rigidity and external forces are critical mechanical
signals in cell differentiation and growth pathways, (3, 4). The
mechanosensing of matrix rigidity occurs at cell substrate focal
adhesion (FA) sites through actomyosin contraction of the ma-
trix to a constant length (5-7). Previous studies have suggested
that FA sites are composed of more than 150 components and
have a 3D architecture (8, 9). Importantly, force is required for
FA stabilization through recruitment of FA components (10, 11).
Furthermore, many FA components bind to FAs in a force-
dependent manner (12). At a finer level, sarcomere-like contrac-
tile units displace the matrix by a constant length of approximately
60 nm through stepwise contractions, and if the force exceeds a
certain threshold, then a rigid signal is generated. In contrast, if
the surface is soft, then the adhesion disassembles (13). This ri-
gidity response transduces mechanical forces into chemical sig-
nals, such as tyrosine phosphorylation and the activation of small
G proteins (14, 15). Similarly, forces applied to cells on soft
surfaces through substrate stretch can activate cell growth (4).
These signals cause short-term responses in the reinforcement of
adhesions and the further spreading of the cells. Long-term re-
sponses to mechanotransduction signals involve changes in gene
expression (16, 17).

An important finding linking extracellular matrix stiffness and
gene expression is that stiffness of extracellular environment cor-
relates with the amount of Lamin-A in the nucleus (18). Fur-
thermore, actin dynamics mediates the translocation of MRTF-A,
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a mechanosensitive transcriptional factor, to the nucleus through
Lamin A/C (19). The mechanism by which the signal is trans-
mitted from an adhesion on a rigid or soft matrix to the nucleus to
alter gene expression remains largely unknown, however. Both
direct mechanical transduction through cytoskeleton—nuclear links
and chemical signals have been postulated as the critical signals in
mechanotransduction (20, 21).

LIM domain (domain discovered in the proteins, Linl1, Isl-1,
and Mec-3) proteins have been implicated as potential mecha-
notransducers owing to their ability to move between FAs and
the nucleus (22). Proteomic studies have shown that some LIM
domain proteins localize at FAs in a myosin II contraction-de-
pendent manner (12, 23). One example is zyxin, an LIM domain
protein that localizes to adhesion sites in a force-dependent
manner during actin filament assembly (24, 25). The movement
of zyxin to the nucleus has been found to depend on stretch-
dependent hormone activation of a cytoplasmic kinase in endo-
thelial cells, however (26). Although many LIM domain proteins
have roles as transcriptional cofactors, to date none has been
found to move to the nucleus as a result of direct mechano-
transduction (22).

Four-and-a-half LIM domains 2 (FHL2) is an LIM domain
protein involved in cancer progression or suppression as a
transcriptional coactivator and a scaffold protein in cell adhe-
sions (27, 28). In spread cells, FHL2 localizes to adhesions and
also binds to a number of FA proteins, including FA kinase
(FAK) and various integrins (29, 30). Moreover, a previous study
reported that Rho signaling mediates nuclear localization of FHL2
in NIH 3T3 cells under serum-starved conditions (31). FHL2 is
overexpressed in some highly metastatic cell lines and has dra-
matic effects on cell migration (32-34). Thus, FHL2 appears to
have a number of signaling roles mediating communication be-
tween the cytoskeleton and the nucleus, but the molecular steps
remain unclear.

Significance

Substrate rigidity has important roles for physiological pro-
cesses, such as stem cell differentiation and cell growth. Al-
though substrate rigidity clearly modulates gene expression,
the mechanism of rigidity control of gene expression remains
unknown. Our work reveals that four-and-a-half LIM domains
(domain discovered in the proteins, Lin11, Isl-1, and Mec-3) 2
moves from adhesion sites to the nucleus on soft substrates
through focal adhesion kinase activity and up-regulates p21
gene expression. Thus, we show a molecular pathway for
inhibiting cell growth on soft substrates.
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Here we report that FHL2 moves to the nucleus in a sub-
strate rigidity-dependent manner. Specifically, soft substrates
and myosin inhibition cause FHL2 to concentrate in the nucleus.
At a molecular level, tyrosine phosphorylation by FAK is re-
quired for FHL2 concentration, and mutation of a specific ty-
rosine residue to phenylalanine in FHL2 blocks its movement to
the nucleus. Once in the nucleus, FHL2 binds to active sites of
transcription, as indicated by active RNA polymerase (Pol) 1II,
and this correlates with increased p21 gene expression. FHL2
appears to be a chemical transducer of mechanical signals from
soft matrix adhesions to the nucleus for the regulation of gene
expression.

Results

FHL2 Localization Depends on Substrate Rigidity. To determine
whether substrate rigidity affects FHL2 transport to the nucleus,
we examined FHL?2 localization in cells on substrates with dif-
ferent rigidities (Fig. 1 and Fig. S1 C and D’"). We altered the
rigidity of the substrate by varying the concentrations of acryl-
amide and N,N'-methylenebisacrylamide (BIS) (7). Treatment
with N-acryloyl-6-aminocaproic acid (ACA) was used to covalently
attach fibronectin or collagen to the polyacrylamide (35, 36). The
stiffness of each gel was characterized by atomic force microscopy
(AFM) (Fig. S1 A and B). Human foreskin fibroblasts (HFFs) on
75.3-kPa ACA gel (hard substrate) formed FAs with stress fibers

HFF cell / 8.78 kPa ACA gel coated by Fibronectin
A A’ Ay a3l

Fibronectin

Collagen

Fig. 1. FHL2 localization depends on substrate rigidity. Confocal immuno-
fluorescence images of FHL2, actin, and nuclear staining in HFF cells cultured
on ACA gels of different rigidities for 17 h. FHL2 localization was labeled by
the FHL2 antibody (green), actin filaments were stained with Alexa Fluor 594
phalloidin (red), and the nucleus was counterstained with DAPI (blue). (Scale
bars: 20 um.) (A-A") HFF cells on an 8.78-kPa ACA gel coated with fibro-
nectin. (A"”") Zoomed-in view of the dotted box in A”, showing nuclear lo-
calization of FHL2 and actin. (B-B"’) HFF cell on a 75.3-kPa ACA gel coated
with fibronectin. (B"”’) Zoomed-in view of the dotted box in B", showing
nuclear localization of FHL2 and actin. (C) Graph showing the intensity ratio
of FHL2 immunofluorescence staining between the nucleus and whole
cell area (nucleus/whole cell area), fibronectin- or collagen-coated gels of
varying rigidity. All images are shown as projected images from adhesion
sections to nuclear sections. n > 30. Error bars represent SEM. *P < 0.05;
***P < 0.0001.
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and FHL2 localized to the FAs (Fig. 1 B-B”’ and Fig. S1 D-D"
and E-E""). Pearson correlation coefficient analysis quantified the
extent of correlation between FHL2 intensity and the intensity of
paxillin, another LIM domain protein at adhesion sites in HFF
cells on glass or 75.3-kPa ACA gel (Fig. S1 E-G) (37). The cor-
relation coefficient in HFF cells was 0.71 on glass, compared with
0.65 on 75.3-kPa ACA gel (Fig. S1G). In contrast, HFF cells on
8.78-kPa ACA gel (soft substrate) did not spread or form stress
fibers (Fig. 1 A-4"" and Fig. S1 C-C"’). FHL2 was concentrated in
the nucleus of HFF cells on the 8.78-kPa ACA gel compared with
HFF cells on the 75.3-kPa ACA gel (Fig. 1 4", B, and C and
Fig. S1 C'” and D’"). Thus, soft substrates stimulate FHL2
transport to the nucleus.

Previously our group developed a cyclic stretching system with
soft pillars that mimics cycles of cell stretching and relaxation in
soft tissues (4). We tested whether FHL2 localization to the
nucleus on soft pillars would be affected by cyclic stretching. As
expected, FHL?2 localized to the nucleus on soft pillars that were
not stretched, but after stretching, the cell spread area increased
and FHL2 bound to FAs (Fig. S2 A-C’). Thus, cycles of cell
stretching and relaxation of soft surfaces can cause FHL2 to bind
to adhesions.

Myosin Il Activity and Actin Polymerization Are Involved in FHL2
Transport to the Nucleus. Because cells generate less force on
soft substrates, we speculated that FHL2 movement from FAs to
the nucleus depends on myosin II contraction. In HFF cells on
fibronectin- or collagen-coated glass, FHL2 localized to FAs and
stress fibers (Fig. S3 A-B'’); however, inhibition of myosin II
activity with either blebbistatin (38) or the Rho-associated kinase
(ROCK) inhibitor Y-27632 (39) caused a dramatic increase in
FHL2 localization to the nucleus (Fig. S3 C—F"’ and K). Corre-
spondingly, localization of FHL2 at FAs diminished after treat-
ment with these inhibitors (Fig. S3 C-F"’). To check whether
FHL?2 localization is affected by actin dynamics, we inhibited
actin polymerization with cytochalasin D or the N-WASP inhibitor
wiskostatin. Under these conditions, FHL2 also accumulated in
the nucleus (Fig. S3 G-K). Western blot analysis of FHL2 protein
levels from the nuclear fraction of lysed cells verified that FHL2
localized to the nucleus (Fig. S44). Both blebbistatin and cyto-
chalasin D treatment caused an increase in the amount of FHL2
protein in the nuclear fraction (Fig. S44). Taken together, the
foregoing findings indicate that the reduction of contractile force
by either inhibition of myosin II activity or actin depolymerization
induces transport of FHL2 to the nucleus.

FHL2 Transport to the Nucleus Depends on Force but Not on Adhesion
Disassembly. To examine FHL?2 protein dynamics after inhibition
of myosin II activity, we followed a GFP chimera with human
FHL2. After expression in HFF cells, the transport of FHL2-
GFP protein to the nucleus was quantified after Y-27632 treat-
ment with custom software using a nuclear marker, BFP-NLS. As
a negative control to determine background intensity in the
nucleus with this optical technique, we measured the apparent
nuclear accumulation of a Talin-GFP chimera (Fig. S5 A-D). In
the spread cells, FHL2-GFP localized to FAs and stress fibers,
but after Y-27632 addition, fluorescence from the adhesions
decreased and fluorescence in the nuclei increased (Fig. 2.4-A4"
and B-B"’). At 30 min after Y-27632 treatment, FHL2-GFP lo-
calized to puncta in the nucleus, but not in the perinuclear region
(magnified images in Fig. 2B"’). Western blot analysis showed
increased FHL2 protein levels in the nuclear fraction after
blebbistatin treatment (Fig. S44). These data are consistent with
the imaging data.

As perhaps expected, the loss of force caused a dramatic in-
crease in the cytoplasmic concentration of FHL?2 released from
adhesions that preceded nuclear accumulation (Fig. 2C). In
contrast, washing out of Y-27632 induced the shuttling of FHL2
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Fig. 2. Dynamics of FHL2 transport to the nucleus. Live confocal imaging of several proteins fused with fluorescence proteins in HFF cells. (Scale bars: 20 pm.)
The magenta circle indicates NLS-BFP (nuclear marker). (A-A"") FHL2-GFP dynamics in HFF cells after Y-27632 treatment. (B-B"') FHL2-GFP dynamics with NLS-
BFP (nuclear marker) in HFF cells after Y-27632 treatment. (Insets) Magnified nucleus at each time point. (C) Graph showing the relative intensity of FHL2-GFP
at the nucleus after Y-27632 treatment. (D-D"’) FHL2-GFP dynamics at FAs in HFF cells after Y-27632 treatment. The dotted green box indicates the magnified
region shown in the Inset. (E-E"’) Paxillin-RFP dynamics at FAs in HFF cells after Y-27632 treatment. The dotted magenta box indicates the magnified region
shown in the Inset. (F) Graph showing the relative intensity of FHL2-GFP and paxillin-RFP at each FA after Y-27632 treatment (>40 adhesions at the edge in
five cells). (G-G'’) FHL2-mCherry dynamics at FAs in HFF cells with Vin880-GFP expression after Y-27632 treatment. (H-H'’) Vin880-GFP dynamics at FAs in HFF
cells after Y-27632 treatment. (/) Graph showing the relative intensity of FHL2-mCherry with Vin880-GFP after Y-27632 treatment at the nucleus. (J) Graph
showing the relative intensity of FHL2-mCherry with Vin880-GFP after Y-27632 treatment at each FA (>30 adhesions at the edge in five cells). All images are

projected images from adhesion sections to nuclear sections. n > 10. Error bars represent SEM. ***P < 0.0001.

from the nucleus to adhesions (Fig. S6 A and B). Thus, shuttling
of FHL2 between adhesions and nucleus is rapidly reversible.

Because inhibition of myosin II contraction caused general
disassembly of FAs, we tested whether loss of myosin II con-
traction causes the release of other adhesion components si-
multaneously with FHL2. The dynamics of FHL2 release from
FA was compared with the release of paxillin. After ROCK in-
hibition with Y27632 treatment, FHL2 release from FAs was
quicker than paxillin release (Fig. 2 D-F). Thus, FHL2 release
appears to be mediated by changes in myosin II-mediated con-
tractility rather than by the general disassembly of FAs.

To further test whether FA disassembly is required for FHL2
transport to the nucleus, we overexpressed the Vinculin head
and neck domain (vin880), which stabilizes adhesions even after
the inhibition of myosin contractility (40). After FA stabilization
by overexpression of vin880-GFP, inhibition of myosin II was still
able to induce FHL2 transport to the nucleus (Fig. 2 G-I). Under
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these conditions, FHL2-mCherry intensity in adhesions decreased,
whereas vin880-GFP intensity remained constant (Fig. 2/). Thus,
transport of FHL2 to the nucleus is coupled to the loss of myosin
II contractility, not to FA disassembly.

FA Kinase Is Involved in FHL2 Shuttling Between FA and Nucleus. FA
kinase (FAK) is a nonreceptor tyrosine kinase located at the FA
(41) that is involved in collagen rigidity sensing (42). A previous
study found that FHL2 interacts with FAK (29). Furthermore,
because FAK autophosphorylation depends on myosin contraction
(43, 44), we hypothesized that FAK is involved in contractility-
dependent nuclear localization of FHL2. Our initial examination of
colocalization of FAK and FHL2 in HFF cells revealed that FAK-
mCherry and FHL2-GFP partially colocalized in HFF cells (Fig. 3
A-A"). In addition, partial colocalization of FHL2 and FAK-GFP
was observed using superresolution microscopy (Fig. S7 4-A").
Moreover, as expected, the biochemical interaction between FHL2
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showing the intensity ratio of FHL2-mCherry between the nucleus and whole cell before and after Y-27632 treatment in HFF cells with either FAT-GFP or
FRNK-GFP expression. The magenta circle indicates NLS-BFP (nuclear marker). (Scale bars: 20 um.) All images are shown as projected images from adhesion
section to nuclear section. n > 15. Error bars represent SEM. **P < 0.001; ***P < 0.0001.

and FAK in HFF cells was detected by co-immunoprecipitation
(IP) (Fig. S7B).

To further test whether FHL2 transport to the nucleus after
the addition of Y-27632 is dependent on FAK, we measured the
movement of FHL2 to the nucleus in FAK knockout (KO) cells
(FAK ™ cells). FHL2 still localized to the adhesions in FAK™~
cells, but the addition of Y-27632 did not cause nuclear con-
centration (Fig. 3 B-B"" and D). Instead, FHL2 left the adhesions
and accumulated in cytoplasm after the addition of Y-27632 (Fig.
3 B-B” and D). In contrast, in FAK™~ cells expressing FAK-
mCherry, FHL2 moved to the nucleus after Y-27632 treatment
(Fig. 3 C—=C"" and D). Because FAK was required for FHL2 nu-
clear localization in a force-dependent manner, we speculated the
soft substrates could not induce FHL2 nuclear localization in
FAK™~ cells. To test this hypothesis, we checked FHL2 locali-
zation in FAK ™~ cells on soft or stiff substrates. FHL2 localized
to adhesions in FAK™~ cells on rigid substrates, but not on soft
substrates (Fig. S8 C-D’); however, FHL?2 did not accumulate in
the nucleus on soft substrates (Fig. S8 C and E). Thus, FAK is
necessary for the movement of FHL2 to the nucleus on soft
substrates as well as in the absence of force.

E6816 | www.pnas.org/cgi/doi/10.1073/pnas.1608210113

FAK contains three specific domains: the FERM, kinase, and
FRNK domains (consisting of a Pro-rich region and FAT) (41, 45).
Normally, overexpression of FAT or the FRNK domain acts as
a dominant-negative form by releasing FAK from adhesions (46,
47). We found that after FRNK-GFP or FAT-GFP overexpression
in HFF cells, FHL2 was still bound to FAs and released from
adhesions on the addition of Y-27632, but accumulation of FHL2
in the nucleus was blocked (Fig. 3 E-F’ and G), consistent with
our results with FAK™~ cells.

FAK Activity Is Required for FHL2 Accumulation in the Nucleus. Al-
though we found that FAK is involved in shuttling of FHL2
between FAs and the nucleus, the molecular mechanism was not
elucidated. It is possible that, as a kinase, FAK-mediated phos-
phorylation of FHL?2 plays a key role in nuclear concentration. In
support of this hypothesis, inhibition of FAK activity by PF573228
partially inhibited FHL2 movement to the nucleus after Y-27632
treatment (Fig. S7 C and D). Using an engineered allosteric ac-
tivation construct, we performed a series of rescue experiments in
FAK ™" cells to confirm the importance of kinase activity. The
RapR-FAK-YM construct was activated by FRB expression and
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Fig. 4. Kinase activity in FAK is responsible for FHL2 transport to the nucleus.
(A) Schematic image illustrating the allosteric activation of RapR-FAK by
rapamycin treatment (47). (B-B”’) FHL2-mCherry dynamics in FAK™™ cells
expressing RapR-FAK-YM and FRB-GFP expression (inactive FAK) after Y-27632
treatment. (C-C"") FHL2-mCherry dynamics in FAK™~ cells with RapR-FAK-YM
and FRB-GFP expression and rapamycin treatment (active FAK) after Y-27632
treatment. (D) Graph showing the intensity ratio of FHL2-mCherry in FAK™~
cells between nuclei and whole cells using the RapR-FAK system before and
after Y-27632 treatment. The magenta circle indicates NLS-BFP (nuclear
marker). (Scale bars: 20 pm.) All images are projected images from adhesion
sections to nuclear sections. n > 15. Error bars represent SEM. **P < 0.001.

rapamycin treatment (Fig. 44) (48). In FAK™~ cells transfected
with the RapR-FAK-YM construct, FRB-GFP expression and
rapamycin treatment restored FHL2-mCherry transport to the
nucleus after the addition of Y-27632 (Fig. 4 C-C"” and D). When
rapamycin was omitted, FHL2 was not transported to the nucleus
(Fig. 4 B-B"" and D). In addition, transfection with the kinase-
dead construct RapR-FAK-YM-KD did not rescue FHL?2 trans-
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port to the nucleus after Y-27632 treatment in FAK ~/~ cells with
FRB-GFP and rapamycin (Fig. 4D). Thus, active FAK kinase is
needed to induce a nuclear concentration of FHL2 after myosin
inhibition.

A Critical Tyrosine for FHL2 Concentration in the Nucleus. The FHL.2
protein contains eight tyrosines that could be substrates of ty-
rosine kinases (Fig. 54). We hypothesized that if FHL2 phos-
phorylation by FAK is important for FHL2 transport and
concentration in the nucleus, then an alteration of one or more
of those tyrosines would block FHL2 movement to the nucleus.
Therefore, we mutated each tyrosine in FHL2 to a phenylalanine
and observed FHL2 accumulation in the nucleus after the addition
of Y-27632. One mutation of FHL2, Y93F, failed to accumulate in
the nucleus after Y-27632 treatment, similar to what was seen in
FAK™"" cells (Fig. 5 B-B’ and D). In contrast, the Y97F mutation
of FHL2 and the other six tyrosine-to-phenylalanine mutations
were still able to accumulate in the nucleus (Fig. 5 C-C”" and D
and Fig. S9 A-G). Thus, we suggest that FAK-mediated phos-
phorylation of the Y93 residue of FHL2 after Y-27632 treatment
is important for FHL2 concentration in the nucleus.

The question remained of whether FHL2 phosphorylation
is dependent on FAK activity. The Phos-tag system separates
phosphorylated proteins in SDS/PAGE (49) and also separates
multiple phosphorylated forms of FHL2. In FAK™'~ cells,
phosphorylation of FHL2-GFP was reduced, and phosphoryla-
tion was rescued by FAK-mCherry expression in FAK™/~ cells
(Fig. 5E). In contrast, the Y93F mutation of FHL2 was only
weakly phosphorylated by FAK-mCherry expression in FAK™~
cells (Fig. 5E). Furthermore, transfection with the RapR-FAK-
YM and FRB-myc constructs followed by rapamycin treatment
restored FHL2 phosphorylation; however, phosphorylation of
FHL2 was not rescued by transfection with the kinase-dead
construct RapR-FAK-KD in FAK™~ cells with FRB-myc and
rapamycin (Fig. 5F). Thus, the Y93 residue is the critical FAK
phosphorylation site in FHL2, and an active FAK is needed to
phosphorylate FHL?2.

Given that the Y93F mutation inhibited FHL2 nuclear accu-
mulation after Y-27632 treatment, we checked whether Y-27632
treatment increased FHL2 phosphorylation. In FAK™~ cells
rescued by FAK expression, Y-27632 treatment increased con-
trol FHL2 but not Y93F mutant phosphorylation (Fig. 5E).
Furthermore, HFF cells on a soft substrate exhibited increased
FHL?2 phosphorylation (Fig. S84). As shown in Fig. S44, bleb-
bistatin treatment induced an increase in nuclear FHL2 protein
(Fig. S44). We speculated that the nuclear FHL?2 protein is more
phosphorylated than the cytoplasmic FHL2. To test this hy-
pothesis, we measured the amount of phosphorylated FHL2 in
the nuclear fraction with or without blebbistatin treatment. We
found that phosphorylated FHL2 indeed was increased in the
nuclear fraction in HFF cells after blebbistatin treatment (Fig.
S4B). Thus, the cellular response to the loss of force or a soft
substrate was to increase FHL2 phosphorylation, which caused it
to concentrate in the nucleus.

FHL2 Localizes to Active RNA Pol Il Sites in the Nucleus. Importantly,
FHL2 functions as a transcriptional cofactor in the nucleus (28).
Consistent with that role, FHL2-GFP showed punctate localiza-
tion in the nucleus after Y-27632 treatment (Fig. 6 4 and B-B"’).
To check whether FHL2 localizes to active sites of transcription
after inhibition of myosin II activity, we examined the coloc-
alization of FHL2-GFP and active RNA Pol II using super-
resolution microscopy. Active RNA Pol II is a marker for sites
of initiation of transcription (50). After Y27632 or blebbistatin
treatment, we observed a marked increase in FHL2-GFP
puncta, many of which colocalized with active RNA Pol II (Fig. 6
B-B'"). We performed Pearson correlation coefficient analysis
quantified the extent of correlation of FHL2-GFP intensity with
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RNA Pol II intensity after Y-27632 treatment, and found a
correlation coefficient of 0.73 (Fig. 6 B-B’' and C) (37). Thus,
inhibition of myosin II activity causes FHL2 localization to sites
of activated gene expression.

FHL2 Nuclear Localization with Loss of Force Induces p21 Gene
Expression. Previous studies have shown that soft surfaces in-
hibit cell proliferation (4, 51). In a possibly related finding, p21
inhibits cell proliferation through inhibition of cyclin protein
gene expression (52). Specifically, FHL2 regulates p21 gene ex-
pression in breast cancer cells through an interaction with the
p21 gene promoter (53, 54). We first checked whether less force
induces a stronger interaction between FHL2 and the p21 gene
promoter through chromatin IP (ChIP) assays. The FHL2 pro-
tein-DNA complex was pulled down using an FHI2-specific
antibody or normal IgG antibody, after which the p21 gene
promoter level was quantified by quantitative real-time PCR
(Fig. 6E). Blebbistatin and Y-27632 treatment induced a signif-
icant increase in the amount of FHL2 protein bound to the p21
gene promoter (Fig. 6F). We next used quantitative real-time PCR
to check whether FHL2 concentration in the nucleus on soft
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substrates causes changes in p21 gene expression, and found a
significant induction of p21 gene expression on soft surfaces
(Fig. 6G). After knockdown of FHL?2 expression in HFF cells,
there was no increase in p21 expression on soft surfaces com-
pared with rigid surfaces (Fig. 6 D and G). The normal increase
in p21 expression level on soft surfaces was restored in knocked-
down cells by overexpression of FHL2-GFP, but not by over-
expression of the Y93F mutant FHL2-GFP (Fig. 6G). These
results indicate that FHL2 concentration in the nucleus on soft
surfaces is necessary for p21 gene expression. Thus, we suggest
that FHL2 regulates p21 gene expression in a force-dependent
manner by binding to the p21 promoter.

Discussion

We have found that the well-documented inhibition of cell
growth on soft surfaces correlates with the increased expression
of p21 as a result of FHL2 movement to the nucleus (Fig. 7). At
a molecular level, the phosphorylation of Y93 in FHL2 by FAK
is increased on soft surfaces, which causes FHL2 to concentrate
at nuclear sites of active pol II transcription, including the pro-
moter sequence of p21, which in turn increases p21 expression.
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Fig. 6. Nuclear FHL2 colocalizes with RNA Pol Il and promotes p21 gene
expression. The images were obtained using a Nikon N-SIM super-
resolution microscope. (A) FHL2-GFP localization at the nucleus in an HFF
cell. (A’) RNA polymerase Il staining at the nucleus in an HFF cell. (A”)
Merged image of A and A’. (B) FHL2-GFP localization at the nucleus in an HFF
cell after Y-27632 treatment. (B’) RNA polymerase Il staining at the nucleus in an
HFF cell after Y-27632 treatment. (B”") Merged image of A and A’. In B and B”,
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FHL2 moves in a force- and rigidity-dependent manner from
adhesions to the nucleus. This movement is seen in several different
cell types (i.e., HFF, 3T3, and mouse embryonic fibroblasts), and
several alterations in contractility can affect shuttling, including my-
osin contractility, FAK activity, and a specific tyrosine residue in
FHL2. In FAK ™ cells, FHL2 localizes to adhesions and leaves the
adhesions after ROCK inhibition by Y-27632, but there is no sig-
nificant movement to the nucleus. Furthermore, overexpression of
the FAT and FRNK domains of FAK blocks the increase in FHL2
nuclear concentration even in the presence of normal FAK. Because
inhibition of FAK kinase activity, kinase-dead FAK, and mutation of
Y93F all inhibit movement of FHL2 to the nucleus, it appears that
the kinase activity of FAK is important for this shuttling. Further-
more, biochemical experiments show that phosphorylation of Y93
in FHL2 is dependent on FAK activity. Finally, we show that this
pathway induces FHL2 colocalization with active RNA Pol II and
promotes FHL.2-dependent p21 expression.

Several mechanical signaling pathways have been shown to use
tyrosine phosphorylation, including the activation of p130Cas in
force sensing (55) and the phosphorylation of many adhesion
components (56). Tyrosine kinases such as FAK are involved in the
sensing of matrix rigidity, and it is logical to propose that FAK will
phosphorylate FHL2 on soft substrates and on the loss of con-
tractile force (7). As we have shown, FHL2 phosphorylation and
nuclear localization depend on FAK activity (Fig. 4 B-D and Fig.
5F); however, inhibition of FAK activity by the small molecule in-
hibitor PF573228 only partially inhibited FHL2 movement to the
nucleus (Fig. S7 C and D). These data suggest that the FAK in-
hibition may be incomplete, meaning that even a low level of activity
could result in the phosphorylation of significant levels of FHL2
because of its concentration in an FAK complex.

The movement of FHL?2 to the nucleus is dissociated from the
disassembly of adhesions, because FHL2 can still move to the
nucleus when adhesions are stabilized by vinculin head domain
expression (Fig. 2 G-J), and it does not concentrate in nuclei
after adhesion disassembly in the absence of FAK activity. The
release of FHL2 from adhesions occurs faster than that of pax-
illin in control cells (Fig. 2 D-E’" and F). Surprisingly, both the
presence of FAT domains and the loss of FAK activity keep
FHL2 in the cytoplasm. Furthermore, phosphorylation of FHL2
is reduced in the FHL2 mutant Y93F and the expression of a
kinase-dead FAK, indicating that the specific phosphorylation of
Y93 is critical for nuclear transport.

Recent studies have shown that FAK activity as measured by
autophosphorylation at Y397 is increased with myosin contrac-
tility (43, 44) and decreased on inhibition of myosin. These
findings raise the question of how FHL?2 is phosphorylated after
the inhibition of contractility, where there is reduced FAK activ-
ity. One possibility is that FAK inactivation on myosin inhibition
activates another kinase that phosphorylates FHL2. Alternatively,
an FAK complex with FHL2 and a GRB7 family protein (e.g.,
Grb14) may be force-sensitive, such that the complex assembles
under force and can phosphorylate FHL2, but releases the
phosphorylated form only on relaxation. Overexpression of the

the dotted white box indicates the magnified region shown in the Inset.
(C) Graph showing the Pearson'’s correlation coefficient of images between
FHL2-GFP and RNA polymerase Il staining at the nucleus in HFF cells with and
without Y-27632 treatment. (D) Western blots showing the efficiency of
FHL2 gene suppression in HFF cells infected with control or FHL2 shRNA-
expressing retrovirus. (E) Schematic illustrating quantitative real-time
PCR after the ChIP assay. (F) Graph showing normalized fold enrichment
of DNA in the p21 gene promoter region after the ChIP assay. (G) Graph
showing relative gene expression level of p21 gene in HFF cell with
various conditions. The p21 expression level in 75.3-kPa ACA acrylamide
gel served as a reference. (Scale bars: 5 pm.) All images are projected
images from adhesion sections to nuclear sections. n > 15. Error bars
represent SEM. ***P < 0.0001.
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Fig. 7. Schematic of a working model of FHL2 shuttling depending on
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through mechanical tension. In contrast, a soft substrate induces nuclear lo-
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FAs into the cytoplasm. This step requires phosphorylation of a specific ty-
rosine residue (Y93) in FHL2. Free FHL2 accumulates in the nucleus, where it
colocalizes with active RNA Pol Il to modulate p21 gene expression.

FAT domain (either as the FAT domain alone or in FRNK) can
then compete with endogenous FAK in the adhesion and prevent
phosphorylation from occurring (Fig. 3 E-G).

The mechanism of how FHL?2 is transported and concentrates
within the nucleus is not fully understood. We tried two inhibitors
of the importin complex, importazole and ivermectin, but they had
no effect on the nuclear concentration of FHL2. Furthermore,
FHL?2 does not have a classical nuclear localization signal. Simi-
larly, STAT3 moves to the nucleus on tyrosine phosphorylation,
which provides a precedence for concentration in the nucleus by
this mechanism (57). Thus, we suggest that nuclear binding sites for
phosphorylated FHL?2 can cause it to be concentrated at punctate
sites in the nucleus, as observed on superresolution microscopy. On
the other hand, a previous study showed that stimulation of Rho
signaling by the bioactive lipid lysophosphatidic acid (LPA) me-
diates FHL2 nuclear localization (31). To determine whether this
pathway was somehow related, we checked FHL2 nuclear locali-
zation in NIH 3T3 cells and HFF cells both with and without
serum starvation on noncoated glass. As with HFF cells, blebbis-
tatin induced FHL2 nuclear localization in 3T3 cells with serum
(Fig. S3 L-M’). In addition, as reported previously, LPA treat-
ment induced FHL2 nuclear localization in NIH 3T3 cells after
serum starvation, but the same effect was not seen in HFF cells.
In contrast, LPA treatment was able to induce nuclear localiza-
tion of FHL2 containing the Y93F mutation in serum-starved
NIH 3T3 cells. These results indicate that there are two distinct
pathways for FHL2 movement to the nucleus, and that the
transport mechanism may be through passive diffusion, because
FHL?2 is small enough to diffuse through nuclear pores.

The mechanism of how FHL?2 is recruited to adhesion sites
remains elusive. After washout of Y-27632, FHL2-GFP locali-
zation was restored at adhesion sites (Fig. S6). Related to this,
blebbistatin treatment inhibited the interaction between FAK
and FHL2 (Fig. S7B). These results support the idea that the
tension might be sufficient to recruit FHL2 to the adhesion sites
similar to other FA molecules (12). On the other hand, our data
indicate that phosphorylated FHL?2 protein does not go out from
the nucleus completely after washout of Y-27632 (Fig. S6).
These data are consistent with the results of biochemical ex-
periments (Fig. S4B). The foregoing results further support the
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hypothesis that FHL2 freely diffuses into the nucleus and, once
inside, binds to nuclear sites, thereby concentrating it in the
nucleus; however, once FAs are restored, dephosphorylation of
FHL2 in the nucleus will release it from nuclear sites, and FHL2
will diffuse out of the nucleus to bind to FAs.

There is considerable interest in the mechanisms that control
the movement of LIM domain proteins to the nucleus. Movement
of the LIM domain protein Hic-5 to the nucleus is also related to
FAK activity, but the stimulus for nuclear uptake correlates with
increases in reactive oxygen species (58). Once in the nucleus, LIM
domain proteins are thought to alter gene expression profiles (22),
and FHL2 is responsible for changes in the expression of many
different genes (28). LIM domain proteins are hypothesized to play
a role in mechanotransduction, but this report more specifically
shows that changes in substrate rigidity cause the uptake of a LIM
domain protein into the nucleus. Mass spectrometry screens of FA
proteins after inhibition of myosin contraction support the hy-
pothesis that the binding of the LIM domain proteins to adhesions
is force-dependent (12, 23). Many adhesion proteins exhibit force
dependence because of the general disassembly of adhesions on the
inhibition of contractility, however. Hic-5 has been shown to move
from adhesions to stress fibers, but not to the nucleus, on me-
chanical stretching (59). The fact that FHL2 can move to the nu-
cleus in response to decreases in contractility or rigidity indicates
that those physiological stimuli may cause long-term changes in cell
function through FHL2-dependent changes in gene expression.

Interestingly, we found that FHL2 colocalizes with activated
RNA Pol 1II sites, suggesting an important link between matrix
rigidity and global transcription in such physiological processes
as cell differentiation and cell proliferation (60, 61). Previous
studies showed that RNA Pol II subunits promote centromere
transcription and RNAi-dependent heterochromatin assembly
(62, 63). Following these studies, we checked whether FHL2
localized at centromeres, but found no FHL2 colocalization with
the centromeric protein CENP-A (64) (Fig. S10 C—-C"’). Thus, we
suggest that the nuclear localization of FHL2 with RNA pol II is
not at centromeres, but rather at sites of transcription.

Previous studies have identified FHL2 as a positive regulator
of p21 gene expression (53, 54) and found that p21 negatively
regulates cell proliferation through inhibition of cyclin proteins
(52). Thus, we suggest that soft surfaces will cause growth in-
hibition by activating movement of FHL2 to the nucleus to in-
crease p21 gene expression. The prominent role of FHL2 in
cancer metastasis indicates that it has an important role in over-
riding mechanical signals that would otherwise inhibit tumor
growth and metastasis (27, 34).

Materials and Methods

Cell Culture and Transfections. HFF cells (American Type Culture Collection)
and FAK™™ mouse fibroblast cells (14) were cultured in DMEM (Gibco) with
10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco). Transfections were
performed with the Neon Transfection System (Life Technologies). The Vin880-
GFP construct was a kind gift from Christoph Ballestrem, The University of
Manchester, Manchester, United Kingdom. pmCherry-C1-FAK-HA (Addgene
plasmid 35039) was a gift from Anna Huttenlocher, University of Wisconsin—
Madison, Madison, WI. pGFP-FAT (Addgene plasmid 50517) was a gift from
Kenneth Yamada, National Institutes of Health, Bethesda. myc-Rapr-FAK-YM,
PEGFP-RapR-FAK-YM-KD, and pEGFP-FRB (Addgene plasmids 25927, 25929,
and 25919) were gifts from Klus Hahn, University of North Carolina,
Chapel Hill, NC. EBFP2-Nucleus-7 (Addgene plasmid 55249) was a gift from
Michael Davidson, Florida State University, Tallahassee, FL. Paxillin-RFP and
FRNK-GFP have been described previously (44, 65).

ACA Acrylamide Gel Experiment. The ratios of acrylamide and BIS in the gels
with various stiffness were as follows: 8.78 kPa: acrylamide, 2.81%, BIS, 0.120%;
20.2 kPa: acrylamide, 5.50%, BIS, 0.230%; 75.3 kPa: acrylamide, 10.7%, BIS,
0.495%. The same concentration of ACA was used for all gels (100 mM). All gels
were functionalized with 0.01 mg/mL type | collagen (C3867; Sigma-Aldrich)
or 0.01 mg/mL fibronectin (F0635; Sigma-Aldrich) in HEPES buffer (0.5 M HEPES,
pH 9.0). All cells were cultured on the ACA acrylamide gels for 17 h.
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AFM Measurements of Acrylamide Gel Stiffness. Rigidity modulus measure-
ments were performed using a Dimension Icon atomic force microscope
(Bruker). The acrylamide gels were prepared on coverglasses and immersed in
PBS for force measurements. The probe consisted of a 4.5-um-diameter
polystyrene bead attached to a cantilever. The spring constant of the can-
tilever was determined by the thermal tune method (66) and was typically in
the range of 0.0404 N/m. Force volume measurements were carried out at
1 Hz, in five reference areas of 16 x 16 um? for each sample. Young’s modulus
values were calculated for each recorded curve using Nanoscope Analysis 1.7
software (Bruker), which uses a Hertz contact model for spherical indenters
(tip radius, 2.25 mm; Poisson ratio, 0.5) fitted to the indentation curves (67).

Inhibitors. Blebbistatin treatment was performed as described previously (68).
Y-27632, cytochalasin D, and PF573228 were purchased from Sigma-Aldrich.
Wiskostatin was purchased from Tocris Bioscience.

Immunostaining and Microscopic Analysis of Cells. Cells were fixed by 4%
formaldehyde/PBS for 30 min. After fixation, cells were washed with PBS and
then treated with 5% FBS/PBS for 30 min. Primary and secondary antibodies
were diluted with Can Get Signal Immunostain Solution A (TOYOBO). The
primary antibodies used for immunostaining were rabbit anti-FHL2 (HPA006028,
1:700; Sigma-Aldrich), rabbit anti-transcriptionally active CTD phosphorylated
RNA Pol Il (ab5131, 1:500; Abcam), and CENP-A rabbit mAb (C51A7, 1:500; Cell
Signaling Technology). Secondary antibodies used for visualization were Alexa
Fluor 488 goat anti-rabbit IgG (H+L) and Alexa Fluor 594 donkey anti-rabbit IgG
(H+L) (Invitrogen). Stained cells were mounted in Vectashield mounting me-
dium with DAPI/PBS (1:200; Vector Laboratories).

Plasmids. To generate FHL2-GFP and FHL2-mCherry constructs, human FHL2
cDNA in pENTR223 vector from the DNASU Plasmid Repository (Biodesign
Institute/Arizona State University) was recombined into pDest-eGFP-N1 or
pDest-mCherry-N1 (Addgene 31796 and 31907) by LR recombination using
Gateway cloning vectors with LR clonase (Invitrogen).

Each tyrosine mutation was generated using the Agilent QuikChange
Lightning Site-Directed Mutagenesis Kit using the following primers: tyro-
sine-27: forward, 5-GAGGAGAGCCCCTTCTGCGTGGTGTGCTTT-3’; reverse,
5-AAAGCACACCACGCAGAAGGGGCTCTCCTC-3; tyrosine-56: forward, 5-AAG-
GACTTGTCTTTCAAGGACCGGCACTGG-3'; reverse, 5-CCAGTGCCGGTCCTTGAA-
AGACAAGTCCTT-3; tyrosine-93: forward, 5-TGTACAGACTGCTTTTCCAACGAGT-
ACTCA-3’; reverse, 5-TGAGTACTCGTTGGAAAAGCAGTCTGTACA-3'; tyrosine-97:
forward, 5-TATTCCAACGAGTTCTCATCCAAGTGCCAG-3’; reverse, 5- CTGGCAC-
TTGGATGAGAACTCGTTGGAATA-3’; tyrosine-117: forward, 5-CGCAAGATGGA-
GTTCAAGGGCAGCAGCTGG-3'; reverse, 5'-CCAGCTGCTGCCCTTGAACTCCATCTT-
GCG-3'; tyrosine-154: forward, 5-TGTGTGCCCTGCTTTGAGAAACAACATGCC-3';
reverse, 5-GGCATGTTGTTTCTCAAAGCAGGGCACACA-3’; tyrosine-208: forward,
5'-GATGACTTTGCCTTCTGCCTGAACTGCTTC-3'; reverse, 5'-GAAGCAGTTCAGGC-
AGAAGGCAAAGTCATC-3; tyrosine-216: forward, 5-TTCTGTGACTTGTTTGCCA-
AGAAGTGTGCT-3’; reverse, 5'-AGCACACTTCTTGGCAAACAAGTCACAGAA-3'.

For generation of retroviruses shRNAs against FHL2 gene, the DNA
fragment including FHL2 gene target sequence 5-CCGGGAGACTTTCTTCT-
AGTGCTTTCTCGAGAAAGCACTAGAAGAAAGTCTCTTTTT-3" was cloned into
a pSUPER retro.puro vector (Oligoengine).

Microscopy and Data Analysis. The fixed cells were examined using an A1R-Si
(Nikon) or iLAS TIRF (Olympus) microscopy system. Superresolution images
were obtained using a Nikon N-SIM system with a CFI Apo TIRF 100x oil
objective lens (NA 1.49, immersion oil type NF, ND 1.515) and an EMCCD
camera (DU897; Andor Technology). Imaging was carried out in the 3D SIM
mode, and each image was reconstructed from three directions and five
phases (a total of 15 images) using NIS-elements Ar (Nikon). The parameters
for the image reconstruction of SIM data were as follows: illumination
modulation contrast, 1; high-resolution noise suppression, 0.5. Out of Focus

. Levental KR, et al. (2009) Matrix crosslinking forces tumor progression by enhancing

integrin signaling. Cell 139(5):891-906.

2. Leight JL, Wozniak MA, Chen S, Lynch ML, Chen CS (2012) Matrix rigidity regulates a
switch between TGF-p1-induced apoptosis and epithelial-mesenchymal transition.
Mol Biol Cell 23(5):781-791.

3. Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elasticity directs stem cell
lineage specification. Cell 126(4):677-689.

4. Cui Y, et al. (2015) Cyclic stretching of soft substrates induces spreading and growth.
Nat Commun 6:6333.

5. Saez A, Buguin A, Silberzan P, Ladoux B (2005) Is the mechanical activity

of epithelial cells controlled by deformations or forces? Biophys J 89(6):

L52-L54.

Nakazawa et al.

blur suppression: 0.05. Resolution under these conditions was estimated to
be ~120 nm. Live cell images were taken following previous protocols (68),
but using a 60x water lens (UPLSAPO 60x, NA 1.20, WD 0.28 mm) instead of
a 100x oil immersion lens. Image analysis was processed with ImageJ or
MATLAB (MathWorks). The intensity ratio of talin-GFP or talin-mCherry
between the nucleus and whole cell in HFF or FAK”~cells was subtracted as
the background intensity ratio of GFP or mCherry.

Detection of Protein in Nuclear and Cytoplasmic Fractions. Cells were solubi-
lized with ice-cold extraction buffer A (10 mM HEPES-Na pH 7.9, 10 mM Kdl,
0.1 mM EDTA, 0.1 mM EGTA, 0.4% Nonidet P-40, 1 mM DTT, and Protease
Inhibitor Mixture; Sigma-Aldrich). Lysates were incubated on ice for 5 min and
then centrifuged at 9,100 x g for 15 min. The supernatants were removed as
the cytoplasmic fraction. The remaining pellets were solubilized with ex-
traction buffer B (20 mM HEPES-Na pH 7.9, 400 mM Nacl, 1 mM EDTA, 1 mM
EGTA, and Protease Inhibitor Mixture; Sigma-Aldrich). Lysates were vortexed
for 30 min at 4 °C and then centrifuged at 20,400 x g for 20 min. The
supernatants were used for the nuclear fraction. The primary antibodies for
Western blot analysis were rabbit anti-FHL2 (HPA006028, 1:100; Sigma-
Aldrich), rabbit anti-Lamin B1 (ab16048, 1:500; Abcam), and mouse anti-
a-tubulin (T6199, 1:2,000; Sigma-Aldrich). Secondary antibodies used for
detection were goat anti-mouse IgG (H+L)-HRP conjugate and goat anti-
rabbit IgG (H+L)-HRP conjugate (Bio-Rad).

Detection of Phosphorylated Protein Using Phos-tag SDS/PAGE. Cells were
solubilized with ice-cold extraction RIPA buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 10 mM EDTA, 1% Triton 100, 10 mM NaF, 1 mM Na3VO,, 1% SDS, 25 mM
B-glycerol phosphatase, and Protease Inhibitor Mixture; Sigma-Aldrich). SDS/
PAGE with polyacrylamide-bound Mn?* Phos-tag was described previously
(49). For Western blot analysis, mouse anti-GFP (sc-9996, 1:200; Santa Cruz
Biotechnology) was the primary antibody and goat anti-mouse 19G (H+L)-HRP
conjugate (Bio-Rad) was the secondary antibody for detection.

ChIP Analysis. The procedure for the purification of DNA with antibody pull-
down was as described previously with modifications (69). Mouse monoclonal
anti-FHL2 antibody (5 pg; MBL) and normal mouse IgG (sc-2025; Santa Cruz
Biotechnology) were used for IP analysis. The primers for DNA amplification of
the p21 gene promoter were described previously (53).

IP Analysis. IP was performed using rabbit anti-FHL2 (HPA006028, 5 pg; Sigma-
Aldrich) and normal rabbit IgG (sc-2027; Santa Cruz Biotechnology). FAK an-
tibody (c-20, 1:500; Santa Cruz Biotechnology) was used for immunoblotting.

Quantitative Real-Time PCR. Total RNA was extracted using the E.Z.N.A Total
RNA Kit | (Omega Bio-tek). cDNA was prepared using the Tetro cDNA Synthesis Kit
(Bioline). Quantitative real-time PCR was performed using SsoFast EvaGreen
Supermix with the CFX96 Real-Time System (Bio-Rad). The following primers were
used: human cyclophilin A: forward, 5-CTCGAATAAGTTTGACTTGTGTTT-3’; re-
verse, 5'-CTAGGCATGGGAGGGAACA-3’; human p21: forward, 5-GAGGCCGGG-
ATGAGTTGGGAGGAG-3'; reverse, 5'-CAGCCGGCGTTTGGAGTGGTAGAA-3’ (70).

Statistical Analysis. Data were analyzed using the unpaired t test.
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