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Abstract
Four-and-a-half LIM domains 2 (FHL2) is a molecule that plays a key role in cell proliferation in response to mechanical
signals. It shuttles between focal adhesions (FAs) or stress fibers (SFs) and the nucleus in a force-dependent manner.
FHL2 interacts with other cytoskeletal molecules at FAs and SFs, but FHL2 interacts with transcriptional factors in the
nucleus. This leads to modulation of gene expression for cell proliferation. However, the overall picture of interacting
proteins with FHL2 at different regions is poorly understood. Here, we report a stable cell line that expresses FHL2-GFP-
BirA, a fusion protein of FHL2 with biotin ligase. FHL2-GFP-BirA localizes at the FAs but accumulates in the nucleus
after myosin II inhibition, exhibiting behavior similar to endogenous FHL2. These results suggest that the BioID
technique can be used to identify proteins interacting with FHL2 under different mechanical conditions.

Figure 1. FHL2-GFP-BirA shuttles between FAs and the nucleus in Myosin II activity dependent manner:

A: FHL2-GFP-BirA localization (top left, green), Vinculin-mCherry localization (top right, magenta) in U2OS cell.
Merged image of top images is shown at left bottom. High magnified images of white box in top pictures are shown at
right bottom. Scale bars: 20 μm (top left, top right, and bottom left), 10 μm (high magnified images).

B: A graph showing the intensity profile of FHL2-GFP-BirA (line with green color) and Vinculin-mCherry (line with
magenta color) on white dot line in Figure1A.
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C: FHL2-GFP-BirA localization (green) in U2OS cell with Blebbistatin treatment. The nucleus is visualized by hoechst
staining (Blue). Scale bars: 20 μm (top left, top right, and bottom left).

D: A graph showing the intensity profile of FHL2-GFP-BirA on white dot line in Figure1C (before Blebbistatin treatment;
line with green color, after Blebbistatin treatment; line with blue color).

Description
Cytoskeletal regulation plays a crucial role in several cellular functions, such as cell migration, cell differentiation, and
cell proliferation (Vogel and Sheetz 2006; Vining and Mooney 2017; SenGupta, Parent, and Bear 2021 ). Cytoskeletal
proteins are involved in these functions by facilitating the exertion of mechanical force. Additionally, some cytoskeletal
proteins are activated by mechanical cues, which leads to activation of intracellular signaling pathways to modulate the
expression of downstream genes. Thus, multiple roles of cytoskeletal proteins are critical for cellular functions.

Four-and-a-half LIM domains 2 (FHL2) is a cytoskeletal protein that plays multiple roles in a force-dependent manner
(Fujimoto and Nakazawa 2024). FHL2 has a specific structure consisting of a tandem zinc-finger motif called the LIM
domain. This motif was first discovered in the proteins, Lin11, Isl-1, and Mec-3. While the zinc-fingers generally bind
directly to DNA, the LIM domain mediates protein-protein interactions (Kadrmas and Beckerle 2004; Anderson et al.
2021). FHL2 interacts with both cytoskeletal proteins and transcriptional factors by shuttling between the cytoplasm and
the nucleus. This mediates intracellular signaling under the control of cytoskeletal regulators (Muller et al. 2002; Schiller
et al. 2011). We previously reported that FHL2 translocates from the cytoskeletal structures to the nucleus in a manner that
is dependent on the stiffness of the extracellular matrix and intracellular contractility (Nakazawa et al. 2016; Fujimoto and
Nakazawa 2024). At the molecular level, phosphorylation of FHL2 by FAK is critical for its accumulation in the nucleus,
leading to modulation of p21 gene expression. A recent study reported that direct binding to tense actin fibers depends on
a conserved phenylalanine residue among several LIM domain proteins (Sun et al. 2020; Sun and Alushin 2023).
Furthermore, specific amino acid residues in the LIM domain of FHL2 are critical for its nuclear accumulation in a force-
dependent manner (Sun et al. 2020). Thus, FHL2 appears to interact with multiple proteins at the cytoskeletal structures in
both the cytoplasm and the nucleus. However, the kind of proteins that interact with FHL2 in different locations remains
elusive (Tran et al. 2016; Fujimoto and Nakazawa 2024).

BioID is a proximity labeling tool for target proteins (Choi-Rhee, Schulman, and Cronan 2004; Roux et al. 2012; Sears,
May, and Roux 2019). Biotin ligase, an enzyme that biotinylates an interacting protein, is utilized to mark the interacting
protein in this tool. Because the biotinylating of the interacting protein remains after dissociation, we can isolate the
interacting proteins based on their history of association with the target protein (Guo et al. 2023). Recent studies using
BioID have identified a new interacting partner of scaffolding proteins (Dong et al. 2016; Chastney et al. 2020; He et al.
2023). However, this technique has not yet been used to screen for the interacting partners of FHL2 in different
mechanical environments.

Here, we report a new expression vector of FHL2-GFP-BirA gene (pPB-CAG-FHL2-GFP-BirA) for the BioID screen. In
this vector, a hyperactive piggyBac transposase system has been combined to facilitate integration of the FHL2-GFP-BirA
gene into the genome (Yusa et al. 2011; Fujita et al. 2020). Since FHL2 localizes at focal adhesions (FAs) and stress fibers
(SFs) in the cell on rigid surfaces, we first checked the localization of FHL2-GFP-BirA in U2OS cells, a human
osteosarcoma cell line, which were cultured on the glass surface (Nakazawa et al. 2016). The FAs in the cells were
visualized based on Vinculin-mCherry localization. We confirmed that FHL2-GFP-BirA colocalized with Vinculin-
mCherry (Figure 1A). Quantification of FHL2-GFP-BirA intensity profiling suggests that most FHL2-GFP-BirA signals
overlap with the Vinculin-mCherry signal (Figure 1B). However, FHL2-GFP-BirA sometimes showed linear distribution
from Vinculin-mCherry-positive FAs to the center direction (arrowhead in Figure 1A). Because FHL2 localizes at both
FAs and SFs, FHL2-GFP-BirA might accumulate at SFs in the cell on the rigid substrates (Nakazawa et al. 2016; Sun et
al. 2020).

To investigate the localization of FHL2 in different mechanical conditions further, we examined the localization of FHL2-
GFP-BirA in U2OS cells following the inhibition of myosin II activity. Previous studies have suggested that inhibiting
myosin activity by blebbistatin induces FHL2 to localize at the nucleus (Schiller et al. 2011; Nakazawa et al. 2016; Sun et
al. 2020). As shown in Figure 1C, the FHL2-GFP-BirA signal disappeared from the cell periphery following blebbistatin
treatment. In contrast, the FHL2-GFP-BirA signal in the nucleus appeared to increase. Quantification of FHL2-GFP-BirA
signal intensity indicates a clear increase (Figure 1D). These data suggest that inhibiting myosin II activity enhances
FHL2-GFP-BirA localization to the nucleus.

In this study, we demonstrated the localization of FHL2 fused with biotin ligase (FHL2-GFP-BirA) within the cell on a
glass surface. We found that inhibition of myosin II activity resulted in the nuclear localization of FHL2-GFP-BirA. Our
results suggest that biotin ligase does not inhibit FHL2 localization at FAs and the nucleus in a force-dependent manner.
This indicates that the BioID system could be useful for identifying the interacting partners of FHL2 under different force
conditions. However, given that various types of biotin ligase have been reported, including TurboID and AirID, selecting
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the appropriate biotin ligase might be crucial for identifying the interacting partners of FHL2 (Guo et al. 2023; Fujimoto
and Nakazawa 2024).

Methods
Plasmids: To generate pPB-CAG-FHL2-GFP-BirA construct, FHL2-GFP cDNA (Nakazawa et al. 2016) and BirA cDNA
(Guo et al. 2014) were recombined into the EcoRI site in pPB-LR5-Core2-CAG-HA-N1-Core2 plasmid vector using In-
Fusion cloning (Takara) (Fujita et al. 2020). In terms of the pCAG-vinculin-mCherry constructs, mouse vinculin cDNA
from a mouse brain cDNA library was recombined into pENTR1A. Recombination into pCAG-Dest-mCherry was
performed by LR recombination with Gateway LR Clonase II Enzyme Mix (Invitrogen) as previously described
(Nakazawa et al. 2025).

Cell culture and transfections: U2OS cell line was obtained from ECACC (EC92022711-F0). U2OS cells were cultured
in McCoy’s 5A medium (Cytiva, SH30200.01) with 10% (v/v) FBS (Gibco) and 1% penicillin/streptomycin (Nacalai). A
hyperactive piggyBac transposase system has been used to obtain stable cell line expressing FHL2-GFP-BirA (Yusa et al.
2011). pPB-CAG-FHL2-GFP-BirA and pCAX-hyPBase were transfected with NEPA21 Type II (Nepagene). After
transfection, single cell with GFP expression was isolated. To observe co-localization of FHL2-GFP-BirA and Vinculin,
pCAG-vinculin-mCherry was transfected with NEPA21 Type II (Nepagene).

Cell imaging: A glass bottom dish (Iwaki) was coated with Poly-D-Lysine (PDL) (Sigma-Aldrich, p6407) overnight.
After PDL coating, the glass surface was coated with Fibronectin (Corning, 354008) overnight. After washing with PBS,
cells were seeded. The cells were cultured for 12 hours before observation. Cell imaging has been done using Axio
Observer 7 with a x63 lens (NA: 1.40) (Zeiss). The nucleus was visualized using Hoechst (Dojindo, H342) 30 minutes
after para-amino-Blebbistatin treatment (50 μM, Cayman Chemical Company, 22699).

Quantitative image analyses: Image analyses were performed using Fiji (ImageJ 2.0), the ZEN application (Zeiss). Data
were analyzed using MATLAB (MathWorks).

Reagents
Chemical reagents used in this study:

In-Fusion HD Cloning Kit; TAKARA, 639648

EcoRI; FastGene, FG-EcoRI

LR Clonase II Enzyme Mix; ThermoFisher, 11791020

McCoy’s 5A medium; Cytiva, SH30200.01

Fetal Bovine Serum; Gibco, 10270106

Penicillin-Streptomycin; Nacalai tesque, 09367-34

Opti-MEM Reduced Serum Medium; ThermoFisher, 31985062

Poly-D-lysine hydrobromide (PDL); Sigma-Aldrich, p6407

Fibronectin, Human; Corning, 354008

Hoechst 33342 solution; Dojindo, H342

para-amino-Blebbistatin; Cayman Chemical Company, 22699

A cell line used in this study:

U2OS cell (Human osteosarcoma); ECACC, EC92022711-F0

Plasmids used in this study:

pCMV-FHL2-eGFP; Nakazawa et al., 2016

pJTI-E-cad- BirA; Guo et al., 2014

pPB-LR5-Core2-CAG-HA-N1-Core2; Fujita et al., 2020

pPB-CAG-FHL2-GFP-BirA; This study

pCAX-hyPBase; Fujita et al., 2020

pENTR1A; Nakazawa et al., 2016

pCAG-Dest-mCherry; Nakazawa et al., 2025

pCAG-vinculin-mCherry; This study

 

8/28/2025 - Open Access



 

Acknowledgements: We thank Dr. K. Ohashi and Dr. Y. Nishimura for discussing cell culture and Dr. R. Zaidel-Bar for
sharing BirA cDNA.

References
Anderson CA, Kovar DR, Gardel ML, Winkelman JD. 2021. LIM domain proteins in cell mechanobiology. Cytoskeleton
(Hoboken) 78(6): 303-311. PubMed ID: 34028199

Chastney MR, Lawless C, Humphries JD, Warwood S, Jones MC, Knight D, Jorgensen C, Humphries MJ. 2020.
Topological features of integrin adhesion complexes revealed by multiplexed proximity biotinylation. J Cell Biol 219(8):
10.1083/jcb.202003038. PubMed ID: 32585685

Choi-Rhee E, Schulman H, Cronan JE. 2004. Promiscuous protein biotinylation by Escherichia coli biotin protein ligase.
Protein Sci 13(11): 3043-50. PubMed ID: 15459338

Dong JM, Tay FP, Swa HL, Gunaratne J, Leung T, Burke B, Manser E. 2016. Proximity biotinylation provides insight into
the molecular composition of focal adhesions at the nanometer scale. Sci Signal 9(432): rs4. PubMed ID: 27303058

Fujimoto Y, Nakazawa N. 2024. The roles of FHL2 as a mechanotransducer for cellular functions in the mechanical
environment. Front Cell Dev Biol 12: 1431690. PubMed ID: 39129787

Fujita I, Shitamukai A, Kusumoto F, Mase S, Suetsugu T, Omori A, et al., Matsuzaki F. 2020. Endfoot regeneration
restricts radial glial state and prevents translocation into the outer subventricular zone in early mammalian brain
development. Nat Cell Biol 22(1): 26-37. PubMed ID: 31871317

Guo J, Guo S, Lu S, Gong J, Wang L, Ding L, Chen Q, Liu W. 2023. The development of proximity labeling technology
and its applications in mammals, plants, and microorganisms. Cell Commun Signal 21(1): 269. PubMed ID: 37777761

Guo Z, Neilson LJ, Zhong H, Murray PS, Zanivan S, Zaidel-Bar R. 2014. E-cadherin interactome complexity and
robustness resolved by quantitative proteomics. Sci Signal 7(354): rs7. PubMed ID: 25468996

He Q, Sze SK, Ng KS, Koh CG. 2023. Paxillin interactome identified by SILAC and label-free approaches coupled to
TurboID sheds light on the compositions of focal adhesions in mouse embryonic stem cells. Biochem Biophys Res
Commun 680: 73-85. PubMed ID: 37725837

Kadrmas JL, Beckerle MC. 2004. The LIM domain: from the cytoskeleton to the nucleus. Nat Rev Mol Cell Biol 5(11):
920-31. PubMed ID: 15520811

Müller JM, Metzger E, Greschik H, Bosserhoff AK, Mercep L, Buettner R, Schüle R. 2002. The transcriptional
coactivator FHL2 transmits Rho signals from the cell membrane into the nucleus. EMBO J 21(4): 736-48. PubMed ID:
11847121

Nakazawa N, Grenci G, Kameo Y, Takeda N, Sawada T, Kurisu J, et al., Kengaku M. 2025. PIEZO1-dependent mode
switch of neuronal migration in heterogeneous microenvironments in the developing brain. Cell Rep 44(3): 115405.
PubMed ID: 40053456

Nakazawa N, Sathe AR, Shivashankar GV, Sheetz MP. 2016. Matrix mechanics controls FHL2 movement to the nucleus
to activate p21 expression. Proc Natl Acad Sci U S A 113(44): E6813-E6822. PubMed ID: 27742790

Roux KJ, Kim DI, Raida M, Burke B. 2012. A promiscuous biotin ligase fusion protein identifies proximal and interacting
proteins in mammalian cells. J Cell Biol 196(6): 801-10. PubMed ID: 22412018

Schiller HB, Friedel CC, Boulegue C, Fässler R. 2011. Quantitative proteomics of the integrin adhesome show a myosin
II-dependent recruitment of LIM domain proteins. EMBO Rep 12(3): 259-66. PubMed ID: 21311561

Sears RM, May DG, Roux KJ. 2019. BioID as a Tool for Protein-Proximity Labeling in Living Cells. Methods Mol Biol
2012: 299-313. PubMed ID: 31161514

SenGupta S, Parent CA, Bear JE. 2021. The principles of directed cell migration. Nat Rev Mol Cell Biol 22(8): 529-547.
PubMed ID: 33990789

Sun X, Alushin GM. 2023. Cellular force-sensing through actin filaments. FEBS J 290(10): 2576-2589. PubMed ID:
35778931

Sun X, Phua DYZ, Axiotakis L Jr, Smith MA, Blankman E, Gong R, et al., Alushin GM. 2020. Mechanosensing through
Direct Binding of Tensed F-Actin by LIM Domains. Dev Cell 55(4): 468-482.e7. PubMed ID: 33058779

Tran MK, Kurakula K, Koenis DS, de Vries CJ. 2016. Protein-protein interactions of the LIM-only protein FHL2 and
functional implication of the interactions relevant in cardiovascular disease. Biochim Biophys Acta 1863(2): 219-28.
PubMed ID: 26548523

 

8/28/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/34028199
https://www.ncbi.nlm.nih.gov/pubmed/32585685
https://www.ncbi.nlm.nih.gov/pubmed/15459338
https://www.ncbi.nlm.nih.gov/pubmed/27303058
https://www.ncbi.nlm.nih.gov/pubmed/39129787
https://www.ncbi.nlm.nih.gov/pubmed/31871317
https://www.ncbi.nlm.nih.gov/pubmed/37777761
https://www.ncbi.nlm.nih.gov/pubmed/25468996
https://www.ncbi.nlm.nih.gov/pubmed/37725837
https://www.ncbi.nlm.nih.gov/pubmed/15520811
https://www.ncbi.nlm.nih.gov/pubmed/11847121
https://www.ncbi.nlm.nih.gov/pubmed/40053456
https://www.ncbi.nlm.nih.gov/pubmed/27742790
https://www.ncbi.nlm.nih.gov/pubmed/22412018
https://www.ncbi.nlm.nih.gov/pubmed/21311561
https://www.ncbi.nlm.nih.gov/pubmed/31161514
https://www.ncbi.nlm.nih.gov/pubmed/33990789
https://www.ncbi.nlm.nih.gov/pubmed/35778931
https://www.ncbi.nlm.nih.gov/pubmed/33058779
https://www.ncbi.nlm.nih.gov/pubmed/26548523


 

Vining KH, Mooney DJ. 2017. Mechanical forces direct stem cell behaviour in development and regeneration. Nat Rev
Mol Cell Biol 18(12): 728-742. PubMed ID: 29115301

Vogel V, Sheetz M. 2006. Local force and geometry sensing regulate cell functions. Nat Rev Mol Cell Biol 7(4): 265-75.
PubMed ID: 16607289

Yusa K, Zhou L, Li MA, Bradley A, Craig NL. 2011. A hyperactive piggyBac transposase for mammalian applications.
Proc Natl Acad Sci U S A 108(4): 1531-6. PubMed ID: 21205896

Funding: This work was supported by the JST FOREST program JPMJFR225J (N.N.).
 

Author Contributions: Yukari Fujimoto: investigation, writing - original draft, formal analysis. Masaya Fujimoto: data
curation, formal analysis. Daijiro Konno: methodology, resources, writing - review editing. Naotaka Nakazawa:
conceptualization, methodology, supervision, writing - review editing, writing - original draft.

Reviewed By: Anonymous

History: Received June 2, 2025 Revision Received August 24, 2025 Accepted August 26, 2025 Published Online
August 28, 2025 Indexed September 11, 2025

Copyright: © 2025 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Fujimoto Y, Fujimoto M, Konno D, Nakazawa N. 2025. FHL2 fused with biotin ligase shuttles between focal
adhesions and the nucleus in a myosin II-dependent manner. microPublication Biology.
10.17912/micropub.biology.001669

 

8/28/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/29115301
https://www.ncbi.nlm.nih.gov/pubmed/16607289
https://www.ncbi.nlm.nih.gov/pubmed/21205896
https://doi.org/10.17912/micropub.biology.001669

