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Abstract
Contractile actomyosin bundles play crucial roles in various physiological processes, including cell migration, morpho-
genesis, and muscle contraction. The intricate assembly of actomyosin bundles involves the precise alignment and fusion 
of myosin II filaments, yet the underlying mechanisms and factors involved in these processes remain elusive. Our study 
reveals that LUZP1 plays a central role in orchestrating the maturation of thick actomyosin bundles. Loss of LUZP1 caused 
abnormal cell morphogenesis, migration, and the ability to exert forces on the environment. Importantly, knockout of LUZP1 
results in significant defects in the concatenation and persistent association of myosin II filaments, severely impairing the 
assembly of myosin II stacks. The disruption of these processes in LUZP1 knockout cells provides mechanistic insights into 
the defective assembly of thick ventral stress fibers and the associated cellular contractility abnormalities. Overall, these 
results significantly contribute to our understanding of the molecular mechanism involved in actomyosin bundle formation 
and highlight the essential role of LUZP1 in this process.
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Introduction

The actin cytoskeleton plays a fundamental role in numerous 
essential cellular processes, such as migration, morphogen-
esis, cytokinesis, and endocytosis. To facilitate these pro-
cesses, actin filaments assemble into structures that protrude 
and contract, generating forces through actin polymeriza-
tion against the plasma membrane and the ATP-dependent 

sliding of myosin II filaments along actin filaments. In ani-
mal cells, contractile actomyosin structures encompass the 
cytokinetic contractile ring, myofibrils in muscle cells, and 
stress fibers in non-muscle cells. Stress fibers comprise actin, 
non-muscle myosin II (NM-II), and various actin-binding 
proteins [1, 2, 4]. Based on their protein compositions and 
associations with focal adhesions, stress fibers are catego-
rized into distinct subtypes, including dorsal stress fibers, 
which are linked to focal adhesions at one end; transverse 
arcs, characterized by thin, curved actomyosin bundles that 
are not connected to focal adhesions; ventral stress fibers, 
which are thick actomyosin bundles connected to focal adhe-
sions at both ends; and the perinuclear actin cap, consist-
ing of thick actomyosin bundles connected to the nuclear 
envelope [41]. Among these, transverse arcs, ventral stress 
fibers, and the actin cap are contractile actomyosin bundles 
containing the motor protein NM-II. NM-II plays a pivotal 
role in diverse cellular processes, including cell motility, 
contractility, and maintenance of cell shape [38, 44]. It gen-
erates force through the ATP-dependent interaction between 
its motor domain and actin filaments. Alongside its contrac-
tile functions, NM-II also cross-links and stabilizes actin by 
directly binding to actin filaments [37]. NM-II is a bipolar, 
contractile protein composed of two myosin heavy chains 
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(MHCs), two regulatory myosin light chains (RLCs), and 
two essential light chains (ELCs). Each MHC consists of an 
N-terminal globular motor domain responsible for driving 
filament sliding, and a C-terminal tail/rod region that associ-
ates with the other MHC [26]. The contractility of stress fib-
ers is meticulously regulated through the phosphorylation of 
the myosin light chain. This phosphorylation event enhances 
the assembly of myosin II filaments and stimulates the actin-
activated ATPase activity of the myosin motor domain [38, 
44]. 

Previous studies have demonstrated that thick actomyosin 
bundles form through the lateral fusion of transverse arcs, 
with a preference for fusion at the intersections with dor-
sal stress fibers. This fusion process is accompanied by the 
alignment of distal focal adhesions [16, 42]. The develop-
ment of larger NM-II macromolecular assemblies, known as 
NM-II stacks, occurs through the expansion of initial NM-II 
filaments and stacks, as well as the concatenation of NM-II 
filaments [1, 11, 18]. These processes depend on NM-II 
motor activity and actin filament assembly, both of which are 
crucial for organizing arcs into ventral stress fibers. While 
the mechanisms governing the assembly of protrusive actin 
filament networks are relatively well-established, the intri-
cate process of forming NM-II-containing contractile fila-
ment structures is not fully understood [27, 30, 39, 43].

Leucine zipper protein 1 (LUZP1) was initially recog-
nized for its significance in embryonic development, as the 
knockout of LUZP1 in mice resulted in severe neural tube 
closure defects during brain development, ultimately lead-
ing to perinatal death [15, 17]. This underscores the criti-
cal importance of LUZP1 for survival. LUZP1 has been 
observed to localize to various cellular locations, including 
the centrosome, the basal body of primary cilia, the mid-
body, actin filaments, and cellular junctions [5, 14, 15, 45, 
45–47]. LUZP1 was shown to be important for the formation 
of primary cilia [5, 14, 15, 45] and apical constriction within 
the tight junctions of epithelial cells [47]. Moreover, LUZP1 
was implicated in controlling cell division and migration [6]. 
However, the molecular details and mechanisms by which 
LUZP1 contributes to stress fiber assembly, maintenance, 
and contractility in non-muscle cells remain to be elucidated.

In this study, we demonstrate that LUZP1 plays an essen-
tial role in the maturation of thick contractile stress fibers 
by specifically localizing to the neck region of myosin II. 
Depletion of LUZP1 results in significant defects in the con-
catenation and persistent association of myosin II filaments, 
leading to a severe impairment in the assembly of myosin 
II stacks. Consequently, the absence of LUZP1 disrupts the 
maturation of actomyosin bundles from their precursors, 
with direct implications for cell migration and the ability 
of cells to exert forces on their environment. Overall, our 
findings underscore LUZP1's significance as a key regula-
tor of stress fiber dynamics, establishing its connection to 

fundamental cellular processes. By orchestrating the assem-
bly of myosin II filaments and filament stacks within stress 
fibers, LUZP1 directly influences their structural integrity 
and functionality.

Materials and methods

Materials

Polyclonal rabbit antibody against LUZP1 (#HPA028542, 
1:50 dilution for IF analysis; 1:500 dilution for WB), 
monoclonal mouse antibody (#V9131) against full-length 
human vinculin, (1:400 IF), mouse monoclonal (M4401) 
against NMIIA-RLC (1:100 IF), mouse monoclonal anti-
body against α-tubulin C-terminus (#T5168, 1:10,000 WB) 
and mouse monoclonal antibody recognizing the N-termi-
nus β-Actin (#A5441, 1:10,000 WB) were purchased from 
Merck. Rabbit polyclonal phosphomyosin (Thr18/Ser19) 
RLC (#3674, 1:1000 dilution for WB) was purchased from 
Cell Signaling Technology. Rabbit polyclonal antibody 
(#PAB1195) recognizing the full-length GAPDH (1:10,000 
WB) was purchased from Abcam. Polyclonal NMHC-IIA 
antibody (#909,801) binding to the C-terminal tail residues 
1948–1960 (1:1,000 IF and WB) and NMHC-IIB antibody 
(#909,901) binding to residues 1965–1976 in the C termi-
nus (1:100 IF, 1:400 WB) were purchased from BioLegend. 
Rabbit polyclonal antibody against GFP tag (#50430–2-
AP, 1:4,000 WB) was purchased from Proteintech. 
DAPI (#D1306; 1:10,000 IF). Alexa fluor phalloidin 568 
(#A12380, 1:100 IF) and 647 (#A22287, 1:100 IF), Alexa 
Fluor goat anti-mouse 488 (#A11001), 568 (#A11004), and 
647 (#A31571), Alexa Fluor goat anti-rabbit 488 (#A11034, 
1:200 IF) and 647 (#A21245, 1:200 IF), and both HRP-con-
jugated goat anti-rabbit (#G-21234, 1:20, 000) and HRP-
conjugated goat anti-mouse (G-21040; 1:10,000) antibodies 
were purchased from Jackson ImmunoResearch.

CRISPR construct design

A guide sequence targeting exon 1 of the human LUZP1 gene 
was selected based on the CRISPR Design Tool [31]. Oligo-
nucleotides for cloning guide RNA into the pSpCas9 (BB)-
2A-GFP vector (48,138; a gift from F. Zhang, Addgene, 
Cambridge, MA) were designed as described previously 
[31]. Transfected cells were detached 24 h after transfec-
tion and suspended in complete DMEM supplemented with 
10 mM Hepes. Cells were subsequently sorted with FAC-
SAria II (BD), using low-intensity GFP-positive pass gating. 
A GFP-positive single cell was sorted into one well of a 
96-well plate containing 200 μL of DMEM containing 20% 
FBS and 10 mM Hepes. CRISPR clones were cultivated 
for approximately 2 weeks before selecting clones with no 



LUZP1 regulates the maturation of contractile actomyosin bundles﻿	 Page 3 of 21    248 

discernible LUZP1 protein expression. Five clones exhibit-
ing identical phenotypes with no detectable LUZP1 protein 
expression survived. One clone was selected for use in this 
study, and the LUZP1 knockout was validated with sequenc-
ing. In order to confirm the CRISPR knockout, several prim-
ers were designed around the guide RNA binding site. Only 
primers that were more than 2 kbp away from the site gave 
the PCR product, indicating that there is a big deletion. The 
PCR products were confirmed by Sanger sequencing. The 
region for sequencing was amplified using primers: forward 
primer (LUZP1_NGS_F):

ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​
TGA​TGA​TGG​TCT​CCA​GCT GT; Reverse primer (LUZP1_
NGS_R4): AGG​CAT​TCC​GCA​CAG​TAA​CA. The obtained 
PCR products were sanger-sequenced with LUZP1_NGS_F 
primer.

Plasmids

The Full-length human LUZP1 coding sequence in the 
pENTR221 vector (ORFeome Library, Genome Biology 
Unit supported by HiLIFE and the Faculty of Medicine, Uni-
versity of Helsinki, and Biocenter Finland) was cloned into 
the pEGFP-N1 backbone (Takara Bio Inc.) with XhoI and 
Kpn1 restriction sites. Two missense mutations were cor-
rected by cloning. The truncated mutants were cloned from 
full-length LUZP1-GFP using the same restriction sites. 
mEmerald-MyosinIIA-N-14 (Addgene plasmid #54,191) 
and mApple-LC-myosin-C-10 (Addgene plasmid #54,919) 
were gifts from Michael Davidson. The human GFP-β-
actin plasmid was a gift from M. Bahler (Westfalian Wil-
helms-University, Münster, Germany). Full-length human 
ROCK1 coding sequence in pDONR221 (ORFeome Library, 
Genome Biology Unit supported by HiLIFE and the Faculty 
of Medicine, University of Helsinki, and Biocenter Finland) 
was cloned into a destination vector tagged with EGFP.

Cell culture

Human osteosarcoma (U2OS) cells and human ovarian 
cancer cell line A2780 were maintained in high-glucose 
(4.5 g/L) DMEM, supplemented with 10% FBS (Gibco), 10 
U/ml penicillin, 10 µg/ml streptomycin, and 20 mM l-glu-
tamine (10,378–016; Gibco). Human breast cancer cell line 
MDA-MB-231 was maintained in RPMI-1640, supple-
mented with 10% FBS (Gibco), 10 U/ml penicillin, 10 µg/
ml streptomycin, and 20 mM l-glutamine (10,378–016; 
Gibco). All cells were regularly tested negative for myco-
plasma with MycoAlert Plus (Lonza) and maintained 
at 37 °C in a humidified atmosphere with 5% CO2 flow. 
Transient transfections were performed with Fugene HD 
(#E2311, Promega), according to the manufacturer’s instruc-
tions using a 3.5:1 Fugene/DNA ratio and 48 h of incubation 

before fixation with 4% PFA in PBS. For live cell and SIM 
imaging, cells were detached 24 h after transfection with 
Trypsin–EDTA (0.25% wt/vol) and re-plated onto 10 µg/
ml fibronectin (Roche) pre-coated MatTek dishes with 
glass bottoms. siRNA was transfected with lipofectamine 
RNAiMAX (#13,778–075, ThermoFisher), according to the 
manufacturer’s instructions, using 30 nM Hs_LUZP1 siRNA 
(target sequence, 5′-CAG​CGG​GTG​CTG​AGA​ATT​GAA-3′; 
QIAGEN) or 30 nM AllStars negative-control siRNA (QIA-
GEN). A 72-h incubation period was used to deplete the 
target protein.

Western blotting

U2OS cells were lysed for 10 min at 4 °C with radioimmu-
noprecipitation assay (RIPA) lysis buffer (50 mM Tris (pH 
7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 
1 mM PMSF, 10 mM DTT, 40 μg/ml DNaseI mM, 1 mM 
Na3VO4 and 1 µg/ml aprotinin, leupeptin). The lysates 
were briefly sonicated before centrifugation at 13,000 rpm 
for 10 min at 4 °C. Protein concentrations were determined 
with Bradford reagent (500–0006; Bio-Rad Laboratories) 
and equal amounts of protein were loaded and run on 4–20% 
gradient SDS-PAGE gels (4,561,096; Bio-Rad Laborato-
ries). Proteins were transferred from SDS-PAGE gels to 
nitrocellulose membranes using Trans-Blot Turbo (Bio-Rad 
Laboratories). Membrane was blocked in 5% milk or 5% 
BSA in TBS and incubated overnight at 4 °C and for 1 h at 
RT with primary and secondary HRP-conjugated antibodies, 
respectively. Proteins were detected with Western Lightning 
ECL Pro substrate (PerkinElmer).

Real‑time quantitative PCR

Total mRNA was extracted with the GeneJET RNA puri-
fication kit (K0731; Thermo Fisher Scientific) and single-
stranded cDNA was synthesized (K1671; Thermo Fisher 
Scientific) from 500 ng of the extracted mRNA. Prim-
ers amplifying around 200-bp region from the isoforms 
of human LUZP1 (LUZP1-1076aa and LUZP1-1026aa), 
and human GAPDH were designed with the Primer-BLAST 
tool [48]. Real-time quantitative PCR (RT-qPCR) reactions 
were performed with Maxima SYBR Green/ROX (K0221; 
Thermo Fisher Scientific) in Bio-Rad Laboratories CFX96. 
mRNA levels were calculated with the 2−ΔΔCt  method, 
normalized to GAPDH (ΔCt) and WT expression levels, 
respectively.

Primers used in this study

Both forward (F) and reverse (R) primers used in this study 
are presented. Complementary sequences to the target 
cDNAs are underlined.
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Guide RNA oligonucleotides for CRISPR, targeting exon 
1 of human LUZP1. e1-hsLUZP1-F: 5′- CAC​CGG​TAG​CTT​
AAA​CCG​CAA​GTG​G-3′, e1-hsLUZP1-R: 5′-AAA​CCC​
ACT​TGC​GGT​TTA​A GCT​ACC​-3′.

Cloning primers for LUZP1-1076aa-GFP (LUZP1-GFP) 
and truncated GFP tagged LUZP1-1076aa proteins: LUZP1-
GFP-F: 5′-CGC​GCT​CGA​GAT​GGC​CGA​ATT​TAC​AAG​
CTA​CAAG-3′, LUZP1-GFP-R: 5′-CGC​GGG​TAC​CAC​GTT​
CTC​CTC​AGC​ACA​GGG​CCT​GGT​-3′; LUZP1_1-252-F: 
5′-CA CTG​CCG​TCC​ACG​GTA​CCG​CGG​GCC​CG-3′, 
LUZP1_1-252-R: 5′-GGT​ACC​GTG​GAC​G GCA​GTG​TGG​
AAG​AGA​TGC​C-3′; LUZP1_1-550-F: 5′-GGC​AAC​GGA​
AGT​ACG​GTA​C CGC​GGG​CCCG-3′, LUZP1_1-550-R: 
5′-GGT​ACC​GTA​CTT​CCG​TTG​CCA​AGC​ACGTG TC-3′; 
LUZP1_550-1076-F: 5′-GAT​CTC​GAG​ATG​AGT​CAA​GTA​
ACT​CAG​GCT​GCAAA C-3′, LUZP1_ 550–1076-R: 5′-TAC​
TTG​ACT​CAT​CTC​GAG​ATC​TGA​GTC​CGG​TAGC-3′; 
LUZP1_252-550-F: 5′-CGC​GCT​CGA​GAT​GAA​AGA​ATC​
AAG​AAG​GAA​GGG​TGG​-3′, LUZP1_252-550-R: 5′-CGC​
GGG​TAC​CGT​ACT​TCC​GTT​GCC​AAG​CAC​GTG-3′.

Quantitative PCR oligonucleotides for LUZP1_1076aa, 
LUZP1_1026aa and human GAPDH. LUZP1 _1076aa-F: 
5′-CTC​AGC​AAG​CAT​GGA​GGA​AG-3′, LUZP1_1076aa-R: 
5′-AGG​CAG​TTC​AGA​CG GAT​CCA​-3′; LUZP1_1026aa-F: 
5′-CTC​ACT​GTG​TCA​GAG​GTG​CT-3′, LUZP1_1026aa-R: 
5′-GC TGC​TCA​TGC​TTG​CTG​AGT​-3′; GAPDH-F: 5′-TGC​
ACC​ACC​AAC​TGC​TTA​GC-3′, GAPDH -R: 5′-GGC​ATG​
GAC​TGT​GGT​CAT​GAG-3′.

Immunofluorescence microscopy

U2OS cells were fixed with 4% PFA for 20 min at RT, fol-
lowed by three washings with PBS, and permeabilized with 
0.1% Triton X-100 in PBS for 8 min. The permeabilized 
cells were subsequently blocked with 0.2% BSA in Dulbec-
co’s PBS. Primary and secondary antibodies diluted with 
Dulbecco’s PBS were incubated with cells overnight at 4 °C 
and 1 h at RT in a dark, humidified chamber, respectively. 
Alexa-conjugated phalloidin was added along with primary 
antibodies. For normal immunofluorescence (IF) imaging, 
samples were directly mounted in Mowiol, containing 2.5% 
wt/vol 1,4-diazabicyclo [2.2.2] octane (DABCO, D27802, 
Sigma-Aldrich). Samples for 3D-structured illumination 
microscopy (3D-SIM) were prepared according to a previ-
ous study (Kraus et al. 2017). Briefly, cells were further 
post-fixed with 4% PFA for 10 min at RT after the second-
ary antibody incubation. After washing three times with 
PBS, samples were mounted in Prolong™ Glass Antifade 
Mountant (P36980, Thermo Fisher Scientific). All IF data 
were obtained with a Leica TCS SP8 laser scanning confo-
cal microscope with a 63 × 1.3 NA glycerol objective. The 
numbers and widths of actin filament bundles from cells 
plated on crossbow-shaped micro-patterns were analyzed 

using FilamentSensor software as described before [9]. The 
lamella width, cell height, and nuclei position on crossbow-
shaped micro-patterns were analyzed by Image J (version 
1.53c).

3D‑SIM

All 3D-SIM images were obtained at RT using Deltavision 
OMX Super Resolution (Cytiva) with a 60 × Plan-Apochro-
mat N/1.42 NA oil objective, 1.516 RI immersion oil, a laser 
module with 488-, 568-, and 640 nm diode laser lines, and 
three sCMOS cameras, and operated through Acquire SR 
4.4 acquisition software. SI reconstruction and image align-
ment were performed with SoftWoRx 7.0. Imaging arrays of 
1024 × 1024 or 512 × 512 were used, both with pixel sizes of 
0.08 μm, 0.08 μm, and 0.125 μm (x, y and z).

Live cell imaging

For measuring the flow rate of arc filaments, U2OS cells 
were trypsinized after being transiently transfected with 
GFP-actin for 24 h and re-plated prior to imaging on 10 μg/
ml fibronectin-coated glass-bottomed dishes (MatTek Cor-
poration). The time-lapse live cell images were acquired 
with a Zeiss LSM 880 confocal microscope combined with 
an Airyscan detector. ZEN software (Zeiss), a 63 × magnified 
plan-apochromat oil immersive objective with NA = 1.40 
were used for the image acquisition. Culture dishes were 
placed in a 37 °C sample chamber with a controlled 5% CO2 
flow. The recording setting is every 5 s for at least 15 min. 
One focal plane was recorded for all the time-lapse videos. 
The flow rate of arc filaments was measured by manual blind 
quantification from the same frame of the time-lapse videos.

Migration and invasion assay

For random cell migration measurement, cells were plated 
on 10 μg/ml fibronectin-coated twelve-well plates (Greiner), 
and the plate lid was switched to Cell-Secure (CM Technolo-
gies) enabling the insertion of CO2 input and output valves. 
Cells were allowed to attach for two hours, washed once with 
PBS, and replaced with complete DMEM containing 10 mM 
HEPES prior to starting imaging. Phase contrast time-lapse 
imaging of migrating cells was conducted on the continu-
ous cell culturing platform Cell-IQ (CM Technologies). The 
average migration velocity of wild-type and LUZP1 knock-
out cells was quantified by tracking the nucleus movement 
in between 20 min imaging cycles for 12 h with a Cell-IQ 
analyzer (CM Technologies). Only cells that did not col-
lide with one another were selected for measurements. 
Mean squared displacement (MSD) is calculated according 
to the following formulas:
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For the scratch wound-healing assay, U2OS and LUZP1 
knockout cell monolayers with 90–95% confluent were 
scratched with a 200-μL pipette tip, resulting in a cell-free 
gap between two adjoining areas. Cells were washed three 
times with PBS to remove cell debris, and complete DMEM 
supplemented with 10 mM HEPES was added. Cells that 
migrated into the wound area were recorded with every 2 h 
imaging cycle for 12 h using the continuous cell culturing 
platform Cell-IQ (CM Technologies). The gap distance was 
measured using image J (version 1.53c).

For cell migration and invasion, 1–2 × 105 cells in 200 μl 
of serum-free medium were seeded into individual wells of 
an 8.0 mm, 24-well plate chamber insert (354,578, Corning 
Life Sciences). Then, 500 ul of culture medium containing 
10% FBS was added to the bottom of the insert, and the 
plate was incubated at 37 ◦C with 5% CO2 for 24 h. After 
removing the medium, the inserts were washed with PBS, 
and the cells on the upper surface of the insert were gently 
removed by scrubbing with a cotton swab. The cells on the 
bottom surface of the insert were then sequentially fixed 
with 4% PFA for 5 min, stained with 0.5% crystal violet 
blue for 5 min, washed three times with PBS, and rinsed 
with double-distilled water. The positively stained cells were 
observed using a fluorescence microscope. For the cell inva-
sion assay, Matrigel-coated chambers (354,483, Corning 
Life Sciences) were utilized instead of the chamber inserts 
used in the migration assay.

Traction force microscopy

To measure the actomyosin forces that cells exert on their 
underlying substrate, we used traction force imaging as 
previously described [20]. In brief, both wild-type and 
LUZP1 knockout cells were cultured for 3–8 h on custom 
made 35 mm dishes (Matrigen) coated with fibronec-
tin and displaying specific stiffness (Young’s modu-
lus = 25 kPa). Cells and the underlying microspheres were 
imaged with a 3I Marianas imaging system containing a 
heated sample chamber (+ 37 °C) with 5% CO2 flow (3I 
intelligent Imaging Innovations, Germany). 63x/1.2 W 
C-Apochromat Corr WD = 0.28 M27 objective was used. 
After the first set of images, cells were detached from 
the substrates with 2.5% Trypsin (Lonza) and a second 
set of microsphere images were taken to serve as refer-
ence images. Displacement maps were achieved by com-
paring the reference microsphere images to the first set 
of images, and by knowing the displacement field and 
substrate stiffness, cell-exerted traction fields were com-
puted by Fourier-Transform Traction Cytometry. Root 

MSD =
1

N

∑N

i=1

(

xi(t) − xi(0)
)2

+
(

yi(t) − yi(0)
)2 mean squared (RMS) magnitudes were computed from 

the traction fields. Analyses were performed blind, and 
cell borders were manually traced.

Density‑gradient fractionation

NM-IIA fractionation was performed as previously 
described with slight modifications [35]. In brief, cells were 
scraped from 125-mm cell culture dishes into lysis buffer, 
and the supernatant was collected after centrifuging for 
20 min at 20,000 g at 4 °C. The amounts of proteins were 
measured with a Bradford assay, and equal amounts (900 µg) 
of proteins were applied on the top of a 16 ml 10–30% con-
tinuous sucrose density gradient and centrifuged at 74,400 g 
for 15 h at 4 °C (SW 32.1 Ti; Beckman Coulter). 24 equal 
volume fractions were sequentially collected, precipitated, 
and resuspended into the Laemmli sample buffer. The sam-
ples were separated with SDS-PAGE, transferred to nitro-
cellulose membranes, and probed with NMHC-IIA and 
α-tubulin antibodies.

Statistical analysis

Statistics were performed with Excel (Microsoft). Sample 
sizes and the number of replications are indicated in the fig-
ures. For data following a normal distribution, Student’s two-
sample unpaired t test was used. If the data did not follow a 
normal distribution, Mann–Whitney u-test for two independ-
ent samples was conducted. For all normalizations to WT 
expression/protein levels, the mean value obtained from the 
WT sample was set to 1, and the individual intensity data 
was normalized to that value. For quantitative PCR, the rela-
tive gene expression was calculated by the 2−ΔΔCt method. 
Both WT and knockout/knockdown data were normalized to 
GAPDH before further normalization. Statistical differences 
in RMS traction between the WT and LUZP1 KO groups 
were assessed by using the non-parametric Mann–Whitney-
Wilcoxon rank-sum (MWW) test. Geneious (Biomatters 
Limited) analysis tool was used for sequence alignments in 
supplemental Figure S3C.

The quantification of NM-IIA filament population dis-
tribution from the SIM data was conducted as described 
in [11] with the following modifications: 5-µm-wide area of 
the lamellum was drawn with ImageJ (version 1.53c), start-
ing from the most distal NM-IIA filament detected along the 
cell edge. The NM-IIA stack length in the stress fibers was 
manually measured using ImageJ.

For the quantification of focal adhesion, all images were 
manually and blindly quantified from control and LUZP1 
depleted cells with ImageJ. Each individual adhesion size 
was measured with the ROI Manager and freehand line tools 
in ImageJ. Cells that adhered to several neighbors were dis-
carded from the analysis. Adhesion was classified into seven 
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size groups, and the percentual ratio of the focal adhesion 
in each class was obtained by dividing the focal adhesion 
number of individual size classes with the total number of 
focal adhesions.

Results

LUZP1 is component of contractile actin stress fibers

LUZP1 has been experimentally identified to have two splice 
variants (1076 aa and 1026 aa) that share identical sequences 
between residues 1–1024 aa, but have distinct C-terminal 
regions [15, 45] (Fig. 1A). To assess the expression levels 
of these LUZP1 isoforms in U2OS cells, real-time quantita-
tive PCR (RT-qPCR) analysis was performed. The results 
showed that both isoforms are expressed in U2OS cells, with 
the longer isoform, LUZP1-1076 aa, being approximately 
six times more abundant at the mRNA level (Fig. 1B). To 
examine the actin-subtype localization of LUZP1, immu-
nofluorescence microscopy was employed using an anti-
LUZP1 antibody generated against residues 334–427 of 
LUZP1, which can recognize both isoforms. The results 
revealed that LUZP1 localized in three subtypes of actin 
stress fibers, including dorsal stress fibers, transverse arcs, 

and ventral stress fibers (Fig. 1C). Particularly, LUZP1 was 
enriched in the thick actomyosin bundles, suggesting its spe-
cific role in the formation and organization of these contrac-
tile structures. To corroborate the stress fiber localization of 
LUZP1, we expressed GFP-tagged LUZP1 in U2OS cells. In 
concordance with the antibody staining, GFP-tagged LUZP1 
prominently resided within stress fibers, notably concen-
trated in the thick contractile actomyosin bundles (Fig. 1D 
and S1). Furthermore, the expression of LUZP1-GFP led 
to a significant increase in the number of thick stress fib-
ers, strongly indicating that LUZP1 actively contributes to 
the formation of these thick actomyosin bundles (Fig. 1D). 
Additionally, a single bright punctum besides the stress fiber 
localization was observed (Fig. 1D and S1). The sporadic 
nuclear localization shown in the LUZP1 antibody staining, 
on the other hand, was not detected in LUZP1-GFP-express-
ing cells (see Fig. 1D and S1). This suggests the potential 
involvement of nonspecific antibody binding in the sporadic 
nuclear staining.

LUZP1 is a large protein (120 kD) containing three leu-
cine zipper motifs at its N-terminus (Figure S2A). To inves-
tigate the contributions of different regions of LUZP1 to its 
cellular localization, various GFP-tagged deletion constructs 
of LUZP1 were generated and expressed in U2OS cells. The 
results showed that the N-terminal region of LUZP1, includ-
ing the leucine zipper motifs (LUZP_1-252), did not localize 
to stress fibers (Figure S2B). However, a longer N-terminal 
extension (LUZP_1-550) displayed stress fiber localization 
similar to that of the full-length LUZP1, primarily resid-
ing in thick actomyosin bundles (Figure S2B). On the other 
hand, the middle region (LUZP1_252-550) and C-terminal 
extension (LUZP_550-1076), lacking the N-terminal leucine 
zipper motif, localized to thin stress fibers (Figure S2B). 
These data suggest that localization of LUZP1 to the thick 
actomysin bundles requires both the leucine zipper and the 
actin binding motifs. Taken together, these findings provide 
experimental evidence that LUZP1 is a stress fiber-asso-
ciated protein specifically favoring the formation of thick 
actomyosin bundles. Its expression and localization in actin 
stress fibers, especially in thick contractile actomyosin bun-
dles, suggest its involvement in modulating the organization 
and architecture of the actin cytoskeleton.

LUZP1 localizes in close proximity to the neck region 
of the non‑muscle myosin II

To unravel the precise association of LUZP1 with stress fiber 
components, we employed super-resolution structured-illu-
mination microscopy (SIM). The results corroborated the 
data from conventional fluorescence microscopy, showing 

Fig. 1   LUZP1 localizes in close proximity to the neck region of myo-
sin II. A Illustration of domain structures of two LUZP1 isoforms in 
U2OS cells. Two isoforms are identical between 1 and 1024 aa con-
taining three leucine zipper motifs at the N-terminus. B Real-time 
quantitative PCR (RT-qPCR) analysis of the relative transcription 
levels of LUZP1 isoforms. C Cellular localization of the endogenous 
LUZP1 by immunofluorescence microscopy analysis. Examples of 
dorsal stress fibers, transverse arcs, and ventral stress fibers are indi-
cated by orange arrows, blue brackets, and yellow arrows, respec-
tively. Scale bars: 10 µm (main), and 5 µm (insets). D Cellular locali-
zation of GFP-tagged LUZP1 by immunofluorescence microscopy 
analysis. F-actin was visualized by fluorescent phalloidin. Examples 
of dorsal stress fibers, transverse arcs, and ventral stress fibers are 
indicated by orange arrows, blue brackets, and yellow arrows, respec-
tively. Scale bars: 10  µm (main), and 5  µm (insets). E Representa-
tive 3D-SIM images of a U2OS cell expressing mApple-NM-IIA 
RLC (green) and stained with LUZP1-specific antibody (magenta). 
Boxes with yellow and white dotted lines indicate the magnified 
regions. The magnified image 1’ shows an NM-IIA filament/LUZP1 
that was used for line plot analysis. F Line plot analysis of the co-
localization of LUZP1 and NM-IIA RLC. G Representative 3D-SIM 
image of a U2OS cell expressing mEmerald-NM-IIA tail (green) and 
stained with LUZP1-specific antibody (magenta). Boxes with yellow 
and white dotted lines indicate the magnified regions. The magnified 
image 1’ shows an NM-IIA filament/LUZP1 that was used for line 
plot analysis. Scale bars for panels E  and G: 2  µm for the left and 
middle panels, 1 µm for the right panel. H Line plot analysis of the 
co-localization of LUZP1 and NM-IIA tail. 15 filaments per sample 
were used for the analysis. Error bars indicate ± SEM

◂
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that LUZP1 is localized to F-actin-rich stress fibers, with 
the highest abundance observed in mature ventral stress 
fibers and thick arc bundles. While LUZP1 did not exhibit 
co-localization with the actin crosslinking protein α-actinin 
and, instead, displayed periodic staining with α-actinin 
(Figure S3A), super-resolution microscopy unveiled a close 
proximity of LUZP1 to the regulatory light chain (RLC) of 
NM-II (as shown in Fig. 1E, F, and S3B). This localization 
pattern indicates that LUZP1 is positioned near the neck 
region of NM-II in stress fibers. The line plot, illustrating the 
co-localization of LUZP1 and NM-IIA RLC, further dem-
onstrates their close association in stress fibers (Fig. 1E and 
F). In addition to its localization within thick actomyosin 
bundles, the observed close proximity between LUZP1 and 
NM-II strongly suggests that LUZP1 plays a crucial role in 
the assembly, organization, and contractility of stress fibers. 
This inference is further substantiated by the lack of co-
localization between LUZP1 and the NM-IIA tail, as visu-
alized using the mEmerald-NM-IIA tail construct (Fig. 1G 
and H). This finding underscores the specificity of LUZP1's 
association with the neck region of NM-II. Collectively, the 
super-resolution microscopy data offer valuable insights into 
the precise localization of LUZP1 within stress fibers and its 
potential role in the regulation of NM-II.

LUZP1 regulates maturation of actomyosin bundles

To investigate the cellular role of LUZP1, we initially con-
ducted loss-of-function experiments using small interfer-
ing RNA (siRNA) silencing. Validation through real-time 
qPCR and western blot analyses confirmed the efficient 
downregulation of both LUZP1 isoforms, evident at both 
the transcriptional and translational levels (Fig. 2A, S4A-
S4C). Additionally, we generated LUZP1 knockout U2OS 
cells via CRISPR-Cas9 technology. A subsequent western 
blot analysis validated the absence of detectable LUZP1 pro-
tein in these knockout cells (Fig. 2A). To further confirm 
the LUZP1 knockout, we conducted sequencing analysis, 
revealing a deletion of 2079 nucleotides from the LUZP1 
genome DNA, which corresponds to amino acids 1–664 aa 
(Figures S4D and S4E). A single shorter band is observed in 
the PCR-amplified product from the LUZP1 knockout cells 
(Fig. S4D), indicating that the 2 kb deletion was homozy-
gous, which was confirmed by the sequencing data (Fig. 
S4E). These data collectively demonstrate the success-
ful knockout of LUZP1. Immunofluorescence microscopy 
showed that both the LUZP1 knockout and knockdown cells 
lacked LUZP1 staining in the stress fibers (Figure S5A and 
S5B). The sporadic staining observed in the nucleus can 

be attributed to the unspecific binding of the antibody, as 
evidenced by the non-nuclear localization of LUZP1-GFP 
(Figures S1B, S5A, and S5B).

Morphologically, LUZP1 knockout cells appeared slightly 
smaller and displayed a more rounded shape compared to 
wild-type U2OS cells when plated on a fibronectin-coated 
cover glass and incubated for 2 h before imaging (Fig. 2B). 
This morphology change can be rescued by expressing full-
length LUZP1 in the knockout cells (Fig. 2B). Strikingly, 
the LUZP1 knockout cells exhibited significant migratory 
defects. The random migration velocity and wound healing 
ability of LUZP1-knockout cells were significantly reduced 
compared to wild-type cells, as demonstrated in Fig. 2C–E. 
To further analyze cell migration patterns, Mean Squared 
Displacement (MSD) analysis was performed using the 
cell trajectories obtained from time-lapse data. The MSD 
analysis revealed that wild-type U2OS cells explored a sig-
nificantly larger area compared to LUZP1 knockout cells 
(Fig. 2D). The log–log plot of MSD as a function of time 
increment showed that both wild-type and LUZP1 knock-
out cells exhibited random migration, with exponents α of 
1.039 and 1.034, respectively (Fig. 2D). The differences in 
MSD between wild-type and LUZP1 knockout cells indi-
cate alterations in the migratory behavior and dynamics of 
LUZP1-deficient cells. To examine whether the effects of 
LUZP1 depletion on cell migration are cell-specific, siRNA 
treatment was performed in different cell lines, including 
U2OS, A2780, and MDA-MB-231 cells (Fig.  2F). The 
results revealed that siRNA-mediated knockdown of LUZP1 
consistently led to impaired cell migration and invasion abil-
ity in all three cell lines (Fig. 2F). These findings indicate 
that the role of LUZP1 in regulating cell migration and inva-
sion is a general mechanism across the different cell lines.

Importantly, in LUZP1-knockout cells, the transverse arcs 
displayed significant defects in assembling into thick, con-
tractile actomyosin bundles (Fig. 3A). These cells showed 
an increased number of thin transverse arcs and a diminished 
number of thick actomyosin bundles, indicating a disruption 
in the assembly of contractile stress fibers. To analyze the 
stress fiber phenotype more precisely, cells were plated on 
crossbow-shaped fibronectin micro-patterns, which allowed 
for a characteristic organization of the stress fiber network 
[42]. In line with the findings in cells plated on normal sub-
strates, LUZP1 knockout cells on micro-patterns exhibited 
a higher number of thin arcs and a reduced number of thick 
actomyosin bundles compared to control cells (Fig. 3B). 
Corresponding stress fiber phenotypes were similarly 
observed in U2OS cells treated with LUZP1 siRNA (Fig. 3A 
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Fig. 2   Loss of LUZP1 caused defects in cell migration. A Western 
blot analysis of endogenous LUZP1 protein levels after 72  h treat-
ment with control or LUZP1 target-specific siRNA in U2OS cells, 
as well as the LUZP1 protein levels in wild-type U2OS and LUZP1 
knockout cells. GAPDH was probed for equal sample loading. B Rep-
resentative bright field images of wild-type, LUZP1 knockout cells, 
and LUZP1 knockout cells with expressed full-length LUZP1. The 
green arrowheads represent LUZP1 knockout cells with expressed 
full-length LUZP1, while the yellow arrowhead indicates the non-
transfected LUZP1 knockout cell. Images were taken 2  h after the 
cells were plated on a fibronectin-coated surface. Scale bars, 20 µm. 
C Random migration velocities of wild-type and LUZP1 knockout 
cells. Quantification is based on manual tracking of the displace-

ment of nuclei within 12 h with 20 min interval. n = 82 for wild-type 
and n = 94 for LUZP1 knockout cells. ***P ≤ 0.001, Student’s t test. 
D Mean square displacement (MSD) analysis of cell migration. E 
Wound healing assay for wild-type and LUZP1 knockout cells. Rep-
resentative bright field images of start (0 h) and end (12 h) time point 
were shown in the upper panel. The statistical analysis of the gap dis-
tance in relation to the starting point is presented in the right panel. 
n = 31 for both wild-type and LUZP1 knockout cells. Error bars indi-
cate ± SEM. ***. P ≤ 0.001, Student’s t test. F The effects of LUZP1 
silencing by siRNA on cell migration and invasion in different cell 
lines. Quantification of the silencing efficiency and the relative pro-
portion of migrated and invaded cells was shown below the corre-
sponding images. Scale bars: 1000 µm
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and B), providing additional confirmation of LUZP1's role in 
facilitating the assembly of thick actomyosin bundles.

Furthermore, LUZP1-deficient cells displayed notably 
elongated dorsal stress fibers, which is a characteristic phe-
notype for U2OS cells lacking thick ventral stress fibers 

(Fig. 3A–C) [42]. Quantification analysis of this stress fiber 
phenotype in LUZP1-deficient cells using FilamentSensor 
software [9] revealed a significant increase in the number 
of actin filaments, coupled with a reduced average width 
of these filaments (Fig. 3B, D and E). This observation is 
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consistent with the presence of augmented thin stress fib-
ers and loss of thick actomyosin bundles, which are char-
acteristic features of LUZP1 knockout cells. Furthermore, 
quantification analysis showed that LUZP1 knockout cells 
exhibited an elevated number of focal adhesions, while the 
average size of vinculin-positive focal adhesions decreased 
(Fig. 3F–H and S5C). These findings underscore the disrup-
tion of stress fiber assembly and dynamics in the absence of 
LUZP1. Indeed, in wild-type U2OS cells, transverse arcs 
initially appeared near the leading edge and fused together 
as they progressed toward the cell center (Fig. 4A, Videos 
S1 and S2). However, in LUZP1 knockout cells, the trans-
verse arcs failed to effectively fuse as they moved toward 
the cell center. This fusion impairment was accompanied 
by a significant reduction in the centripetal flow rates of 
the arcs (Fig. 4B). Moreover, the actin retrograde flow rate 
in the lamellipodia was significantly diminished in LUZP1 
knockout cells (Fig. 4C). Significantly, both LUZP1 knock-
down and knockout cells demonstrated notably weakened 
contractile forces when compared to control cells (Fig. 4D 
and E). This observation suggests that the impaired fusion of 
transverse arcs in LUZP1-deficient cells directly contributes 
to the reduction in their ability to generate contractile forces 
and exert mechanical effects on the surrounding environ-
ment. These findings underscore the pivotal role of LUZP1 

in facilitating the fusion of transverse arcs and subsequently 
driving the generation of contractile forces within cells.

Furthermore, LUZP1 knockout cells exhibited other dis-
tinct phenotypic characteristics, including a broader lamella, 
increased cell height, and the repositioning of nuclei towards 
the rear of the cell (Fig. 5A and B). These features are com-
monly associated with deficiencies in stress fiber assembly and 
contractility [21, 42]. Notably, the phenotypic stress fiber alter-
ations in LUZP1 knockout cells could be restored by the intro-
duction of full-length LUZP1-GFP into these cells (Fig. 5C 
and D). LUZP1-knockout cells expressing full-length LUZP1-
GFP exhibited normal stress fiber architecture as the wild type 
cells (Fig. 5D), supporting the notion that the observed phe-
notypes in LUZP1-knockout cells can be directly attributed to 
the deficiency of LUZP1. Furthermore, the longer N-terminal 
extension of LUZP1 (LUZP1_1-550) was able to efficiently 
rescue the assembly of thick actomyosin bundles in LUZP1 
knockout cells, similarly to the rescue effect of the full-length 
LUZP1 (Fig. 5D). In contrast, the other mutants (LUZP_1-
252, LUZP1_252-550, and LUZP1_550-1076) failed to rescue 
the assembly of thick actomyosin bundles (Fig. 5D). These 
findings indicate that the N-terminal extension (LUZP1_1-
550) is critical for the assembly of thick contractile actomyosin 
bundles. In contrast, the C-terminal region of LUZP1 plays a 
minor role in this regard.

LUZP1 regulates phosphorylation of the targeting 
subunit of the myosin phosphatase MYPT1

Cell migration and the ability to exert forces on the environ-
ment rely on the presence of contractile actin bundles con-
taining myosin. Given LUZP1's co-localization with myosin, 
we aimed to uncover the underlying causes of the disrup-
tions in stress fiber network organization and contractility 
observed upon LUZP1 loss. For this purpose, we initially 
investigated the distribution of NM-II in both control and 
LUZP1 knockout cells. Immunofluorescence microscopy 
showed that NM-II in LUZP1 knockout cells exhibited a 
scattered and punctate stress fiber localization pattern, in 
contrast to the distinct thick stress fiber localization seen in 
control cells (Fig. 6A and S6A). This observation is consist-
ent with the increased number of thin stress fibers and loss 
of thick actomyosin bundles in LUZP1 knockout cells. To 
further examine whether LUZP1 regulates the association 
of myosin II with stress fibers, we conducted an analysis of 
the abundance of myosin II incorporated into stress fibers 
in LUZP1-knockout cells. Immunostaining of wild-type and 
LUZP1-knockout cells using antibodies against NMIIA or 
NMIIB revealed no significant alterations in the intensity of 

Fig. 3   Loss of LUZP1 led to defects in the maturation of stress fibers. 
A Representative images of actin filaments visualized by fluorescent 
phalloidin in wild-type, LUZP1 knockout and knockdown cells. After 
treatment with siRNA for 72  h, cells were re-plated on fibronectin 
coated cover glass and further cultured for 2 h before fixation. Exam-
ples of dorsal stress fibers, transverse arcs, and ventral stress fibers 
are indicated by orange, blue, and yellow arrows, respectively. Scale 
bars, 10  µm. B Representative images of actin filaments visualized 
by fluorescent phalloidin in wild-type, LUZP1 knockout and knock-
down cells cultured on crossbow shaped micro-patterns coated with 
fibronectin (upper panel). The corresponding tracing images of actin 
filaments using the software FilamentSensor_0.2.2 were shown in 
the lower panel. Scale bars, 10 µm. (C) Quantification of the dorsal 
stress fiber length in wild-type, LUZP1 knockout and knockdown 
cells. n = 310 dorsal SFs from 24 cells (wild-type), n = 316 dorsal 
SFs from 26 cells (LUZP1 knockout), n = 124 dorsal SFs from 7 cells 
(Control scramble) and n = 96 dorsal SFs from 9 cells (LUZP1 knock-
down). ***, P ≤ 0.001, Student’s t test. D, E Quantification of the 
number D and average width E of traced actin filaments in wild-type, 
LUZP1 knockout and knockdown cells. n = 24 for wild-type, n = 26 
for LUZP1 knockout cells, n = 124 for control and n = 96 for LUZP1 
knockdown cells. ***, P ≤ 0.001, Student’s t test. F, G Quantification 
of the average number and size of vinculin-positive focal adhesions 
(FAs) in wild-type and LUZP1 knockout cells. n = 10 cells for both 
wild-type and LUZP1 knockout cells. *, P ≤ 0.05, Student’s t test. H 
The 10 × 10 dot plot shows the ratio of each group of vinculin-posi-
tive FAs in wild-type and LUZP1 knockout cells. n = 601 FAs from 
10 wild-type cells and n = 803 FAs from 10 LUZP1 knockout cells

◂
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NM-IIA or NM-IIB in stress fibers of LUZP1-depleted cells 
(Fig. 6A, S6A-S6B). Moreover, the overall protein levels 
of NMIIA and NMIIB in cells were not affected by LUZP1 
knockout (Fig. 6B).

Importantly, LUZP1 deficiency led to a reduction in the 
phosphorylation levels of Thr18 and Ser19 in the regulatory 
light chain of NM-II (P-MLC2) (Fig. 6B), consistent with 
a previous finding [47]. To determine whether the changes 
in myosin phosphorylation were specifically caused by 
the loss of LUZP1, a rescue experiment was conducted by 
introducing exogenous LUZP1-GFP into LUZP1 knockout 
cells. The results revealed that the deficiencies in NM-II 
phosphorylation (P-MLC2) could be fully restored through 
expressing LUZP1-GFP in LUZP1 knockout cells (Fig. 6C). 
Furthermore, the N-terminal extension LUZP1_1-550 was 
able to rescue the phosphorylation of Thr18/Ser19 in myo-
sin II, similarly to the full-length LUZP1 (Fig. 6C). How-
ever, the mutant LUZP1_252-550 only partially rescued, 
and the mutant LUZP1_550-1076 failed to rescue myosin 
II phosphorylation (Fig. 6C). These findings indicate that 
the N-terminal extension (LUZP1_1-550) is critical for the 
regulation of myosin II phosphorylation and the assembly 
of thick contractile actomyosin bundles.

Myosin phosphatase is a critical enzyme involved in myo-
sin phosphorylation, composed of three subunits: a protein 
phosphatase catalytic subunit PP1c β/δ, a myosin phos-
phatase targeting subunit MYPT1, and a small regulatory 
subunit M20 [19]. Phosphorylation of MYPT1 at Thr696 
or Thr853 has been found to inhibit the myosin phosphatase 
activity, leading to increased phosphorylation of MLC2 [22]. 
To elucidate whether LUZP1 regulates MLC2 phosphoryl-
ation via its effect on the phosphorylation of the myosin 
phosphatase, we examined MYPT1 phosphorylation lev-
els at Thr 853 (P-MYPT1) in both wild type and LUZP1 

knockout cells. The results revealed a significant decrease 
in P-MYPT1 levels in LUZP1 knockout cells (Fig. 6D and 
E), suggesting that LUZP1 regulates the phosphorylation of 
the targeting subunit of the myosin phosphatase MYPT1.

To further understand how LUZP1 regulates the phos-
phorylation of MLC2, we examined the expression level of 
ROCK1 in both wild type and LUZP1 knockout cells, as 
Rho-associated kinase has been identified as the primary 
player in MLC phosphorylation. The results from western 
blot analysis revealed no significant alteration in the ROCK1 
abundance upon LUZP1 depletion (Fig. 6D). Furthermore, 
overexpressing ROCK1 in LUZP1-depleted cells failed to 
rescue the decline in P-MYPT1 caused by LUZP1 depletion, 
while ROCK1 overexpression restored MLC2 phosphoryla-
tion at Ser19 and Thr18 (P-MLC2) to levels similar to those 
in wild-type cells (Fig. 6D and E). This suggests that LUZP1 
regulates myosin phosphatase phosphorylation via a path-
way independent of ROCK1. Together, our data indicate that 
LUZP1 regulates the phosphorylation of myosin II and the 
targeting subunit of the myosin phosphatase MYPT1.

LUZP1 regulates the assembly of large myosin II 
stacks

Given LUZP1's localization within actin filament bundles 
containing myosin II and the noticeable changes in actomyo-
sin organization and contractility upon LUZP1 knockout, it 
provides compelling evidence of LUZP1's involvement in 
the assembly of NM-II structures. To delve into this aspect, 
we utilized super-resolution microscopy 3D-SIM to assess 
the structural organization of actomyosin stress fibers in both 
wild-type and LUZP1 knockout cells. Strikingly, LUZP1 
knockout cells exhibited more unipolar NM-II assemblies 
compared to wild-type cells (Fig. 6F) and the average lateral 
stack length was significantly decreased in LUZP1 knock-
out cells (Fig. 6G). Although bipolar NM-II filaments could 
still form in LUZP1 knockout cells, these filaments failed 
to coalesce into larger NM-II stacks, which were abundant 
in wild-type cells. Moreover, the size distribution of NM-II 
stacks changed, with a notable increase in the percentage 
of small NM-II stacks (Fig. 6H) and a decrease in the num-
ber of large NM-II stacks (diameter > 300 nm) in LUZP1 
knockout cells. These findings indicate that the absence of 
LUZP1 had a significant impact on the formation of large 
NM-II stacks. This was further supported by results from 
density-gradient centrifugation (Fig.  6I). In wild-type 
cell extracts, NM-II was distributed across fractions 2–7, 
whereas in LUZP1 knockout cell extracts, NM-II, particu-
larly in fraction 3, shifted to fraction 1, corresponding to 
smaller NM-IIA structures (Fig. 6I). Collectively, these 

Fig. 4   LUZP1 knockout results in disruption of transverse arc 
fusion during centripetal flow and decreased contractile force. A 
Representative examples of transverse arc flow visualized in wild 
type and LUZP1 knockout U2OS cells expressing GFP-actin. The 
orange arrows indicate the positions of the observed transverse 
arcs in the beginning of the movies (start), and yellow arrows indi-
cate the positions of the same arcs in subsequent time-lapse images. 
Scale bars: 10 µm. B The average centripetal flow rates of transverse 
arcs in wild-type (n = 18) and LUZP1 knockout (n = 25) cells. ***, 
P ≤ 0.001, Student’s t test. C The actin retrograde flow rate in the 
lamellipodia in wild-type (n = 26) and LUZP1 knockout (n = 31) cells. 
***, P ≤ 0.001, unpaired two-tailed t test. D Force maps of repre-
sentative wild-type, LUZP1 knockout cells, as well as control siRNA 
and LUZP1 siRNA treated U2OS cells, grown on 25-kPa dishes with 
fluorescent nanobeads. Scale bars: 20  µm E Quantification of trac-
tion forces (root mean square traction) in wild-type (n = 24), LUZP1 
knockout cells (n = 43), control (n = 148) and LUZP1 knockdown 
cells (n = 54). *, P ≤ 0.05; **, P ≤ 0.001, Student’s t test

◂
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Fig. 5   Defects in the matura-
tion of stress fibers by loss 
of LUZP1 can be rescued by 
expressing LUZP1 in LUZP1 
knockout cells. A Maximum 
z-projections and side views of 
wild type and LUZP1 knock-
out cells, as well as LUZP1 
knockout cells expressing the 
full-length LUZP1 (LUZP1-
FL) which were plated on the 
fibronectin coated crossbow 
shaped micropatterns. Cells 
were visualized for NMIIA, 
Vinculin, F-actin and DAPI. 
Scale bars: 10 µm. B Quanti-
fication of lamella width, cell 
height and distance of nuclei 
from the leading edge in wild-
type, LUZP1 knockout and 
LUZP1-Full length (FL) rescue 
cells. n = 19 for wild-type, 22 
for LUZP1 knockout cells and 
18 for LUZP1-FL rescue cells. 
*, P ≤ 0.05; **, P ≤ 0.01; ***, 
P ≤ 0.001, Student’s t test. C 
Schematic diagram of domain 
structures of GFP-tagged 
LUZP1 constructs. D Repre-
sentative images for the rescue 
of stress fiber maturation defects 
in LUZP1 knockout cells by 
expressing wild type and mutant 
proteins of LUZP1. Scale bars: 
10 µm
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findings highlight LUZP1's critical role in the formation of 
larger myosin stacks. To validate whether these alterations 
were specifically attributed to LUZP1 loss, a rescue experi-
ment was conducted by the expression of LUZP1-GFP in 
LUZP1 knockout cells. The results showed that the defects 
in the formation of larger NM-II structures in LUZP1 knock-
out cells can be rescued through LUZP1-GFP expression 
(Fig. 7A and B). This underscores LUZP1-GFP's ability to 
restore proper stack assembly and myosin II organization in 
LUZP1 knockout cells. Taken together, these findings dem-
onstrate that LUZP1 plays an essential role in the formation 
of large filament stacks in non-muscle cells.

To further examine the correlation between myosin II 
and LUZP1, we treated the cells with blebbistatin, a specific 
inhibitor of myosin II [25, 40] (Figure S7). Treatment with 
blebbistatin led to disrupted actin stress fibers, which recov-
ered 30 min after washing out blebbistatin in WT cells (Fig-
ure S7). LUZP1-KO cells responded similarly to blebbistatin 
treatment, as there was disruption of the actin stress fibers in 
LUZP1 KO cells. However, the recovery of actin stress fib-
ers was not as good as in WT cells. Moreover, we expressed 
LUZP1-GFP in wild type U2OS cells and treated the cells 
with blebbistatin. After 40 min of blebbistatin treatment, 
actin stress fibers were disrupted, particularly the transverse 
arcs and dorsal stress fibers in wild-type cells (Fig. 7C). 
However, in cells overexpressing LUZP1, the thick acto-
myosin bundles were preserved, albeit with a distorted mor-
phology of the actin stress fibers (Fig. 7C). This preservation 
of thick actomyosin bundles in LUZP1-overexpressing cells 
suggests that LUZP1 has a protective role in maintaining 
the structure and organization of stress fibers in the pres-
ence of the myosin II inhibitor. This protective effect was 
further supported by the quicker recovery of actin stress fib-
ers in LUZP1-overexpressing cells after blebbistatin wash-
out. While cells without LUZP1-GFP expression exhibited 
slow recovery, actin stress fibers returned to their normal 
morphology in cells expressing LUZP1-GFP after a 30-min 
recovery period following blebbistatin treatment (Fig. 7C). 
Consistent with the changes in stress fibers, the average 
length of NM-IIA stacks significantly decreased after 40 min 
of blebbistatin treatment compared to cells treated only with 
DMSO (Fig. 7D and E). Intriguingly, LUZP1 overexpression 
showed a notable protective effect in preventing the disrup-
tion of NM-IIA stack assembly compared to wild-type cells 
(Fig. 7D and E). This protective effect of LUZP1 overexpres-
sion was particularly evident after 30 min of recovery, where 
the average length of NM-IIA stacks significantly increased 
in LUZP1-overexpressing cells following blebbistatin treat-
ment, in contrast to wild-type cells (Fig. 7E). These results 
suggest that LUZP1 has the ability to maintain the integrity 
of stress fibers against the detrimental effects of the myosin 
II inhibitor blebbistatin by enhancing NM-IIA stack assem-
bly. In conclusion, these data demonstrate the critical role of 

LUZP1 in the assembly of large myosin II stacks, highlight-
ing its essential role in the maturation of thick contractile 
stress fibers.

Discussion

Actin filaments, together with myosin II, assemble into con-
tractile actomyosin bundles that are crucial for adhesion, 
morphogenesis, and mechanosensing in non-muscle cells. 
The mechanisms underlying NM-II folding and self-assem-
bly into bipolar filaments as well as their recruitment to the 
nascent stress fibers have started to emerge [21, 24, 27, 32, 
43]. LUZP is a leucine zipper motif-containing protein that 
is predominantly expressed in the mouse brain and neural 
lineages [12]. The functions of LUZP1 in various cellular 
contexts are complex and may involve interactions with dif-
ferent components of the cytoskeleton, including microtu-
bules and actin filaments [5, 13, 15, 47]. LUZP1 regulates 
ciliogenesis by interacting with the truncated transcription 
factor SALL1 [5], the actin-stabilizing protein EPLIN and 
filamin [15, 45]. Additionally, LUZP1 associates with micro-
tubules at the tight junctions of epithelia cells to promote 
apical constriction [47]. The localization of LUZP1 with 
F-actin and actin-associated proteins strongly indicate a cru-
cial role for LUZP1 in the regulation of the actin cytoskel-
eton [5, 6, 45–47]. However, the intricate molecular details 
and mechanisms underlying how LUZP1 precisely contrib-
utes to stress fiber assembly, maintenance, and contractility 
in non-muscle cells are not fully understood.

In our study, we reveal that LUZP1 associates with actin 
stress fibers, particularly those enriched in NM-II-contain-
ing thick actomyosin bundles. The loss of LUZP1 results in 
severe defects in the maturation of contractile actomyosin 
bundles, leading to abnormal cell migration and a reduced 
ability to exert forces on the environment. These disrup-
tions in LUZP1 knockout cells provide mechanistic insights 
into the defective assembly of thick ventral stress fibers and 
the associated cellular contractility abnormalities. Based 
on previous research and our data, we propose a working 
model for the regulation of actomyosin bundle formation by 
LUZP1 (Fig. 7F). LUZP1 predominantly localizes in close 
proximity to the neck region of myosin II, where it activates 
NM-II by regulating NM-II phosphorylation and enhances 
the assembly of NM-II stacks. Different regions of LUZP1 
play distinct roles in stress fiber assembly and function. The 
N-terminal region of LUZP1, specifically LUZP1_1-550, 
plays a crucial role in its localization to thick stress fibers 
and in rescuing the defects in actomyosin bundle assem-
bly caused by LUZP1 depletion. Additionally, this region is 
essential for the phosphorylation of the myosin II light chain. 
Importantly, the leucine zipper motifs at the N-terminus of 
LUZP1 contributes to the assembly of thick actomyosin 
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bundles. Cells expressing LUZP1 mutants LUZP1_252-
550 and LUZP1_550-1076, lacking these leucine zipper 
motifs, only display thin stress fibers. Leucine zipper motifs 
are known to be essential structural elements that facilitate 
protein dimerization and, in some cases, oligomerization 
[28]. Through the interactions facilitated by leucine zipper 
motifs, LUZP1 can create a scaffold that promotes the align-
ment and bundling of actomyosin filaments, enhancing the 
stability and contractile properties of the actomyosin bun-
dles (Fig. 7C). On the other hand, the C-terminal region 
of LUZP1, LUZP1_550-1076, co-localizes with thin stress 
fibers and fails to rescue the defects in thick actomyosin bun-
dle assembly. This region of LUZP1 was suggested to medi-
ate interactions with other actin-binding proteins, such as 

EPLIN and filamin [15, 45]. Wang and Nakumura identified 
two FLNA-binding sites on LUZP1 (LUZP1 was referred 
to fimbacin) between 833 and 883 amino acid residues. Our 
data show that 1–550 (lacking the C-terminus) is able to 
rescue the ‘reduced thick actomyosin filament’ phenotype, 
indicating that filamin binding is not necessary for the for-
mation of the thick actomyosin bundles. The role of filamin 
was suggested to stabilize the interaction of LUZP1 with 
actin (Wang and Nakumura, 2019). Overall, these findings 
indicate that the N-terminal region is essential for proper 
localization and function within thick actomyosin bundles, 
while the C-terminal region has a minor role in promoting 
the formation of thick actomyosin bundles.

Importantly, our study demonstrates that LUZP1 is essen-
tial for the formation of myosin II large stacks, which is 
closely linked to the assembly and organization of actin 
filaments within stress fibers. The similarity between the 
effects of myosin II knockdown and LUZP1 depletion, such 
as altered cell morphology, decreased F-actin retrograde 
flow, traction force, and migration speed, further supports 
the notion that LUZP1 plays a role in regulating myosin II 
activity and interacts with actin filaments [7, 10, 29]. The 
proper assembly and alignment of myosin II filaments within 
stress fibers are essential for efficient cell migration. A recent 
study showed that LUZP1 depletion increased cell migration 
[6]. In contradiction to their finding, our data revealed that 
LUZP1 knockout reduced contractile forces and impaired 
cell migration. Moreover, we showed that siRNA-mediated 
knockdown of LUZP1 in several cell lines consistently led 
to impaired cell migration and invasion. Interestingly, the 
reported phenotypes of cell migration caused by myosin II 
deficiency are also controversial. Increased or decreased cell 
migration, or no effects on cell migration, were reported 
when myosin II was depleted or inhibited [3, 8, 10, 23, 33, 
34, 36]. Myosin IIA (NMIIA) and myosin IIB (NMIIB) were 
often present simultaneously in cells, but at different ratios 
and localizations. NMIIA and NMIIB cooperate for stress 
fiber formation rather than independently drive the forma-
tion of their preferred stress fiber types [36]. The contro-
versy in the literature could be attributed to several factors, 
including the abundance and relative ratio of different myo-
sin isoforms, and compensatory mechanisms activated by 
cells after myosin or LUZP1 depletion in different cell types. 
The discrepancy between the previous study and our findings 
regarding the effect of LUZP1 depletion on cell motility may 
result from these factors. The contribution of LUZP1 loss 
to the phosphorylation of myosin IIA and IIB may vary due 
to the distinct abundance and relative ratios of myosin IIA 
and myosin IIB in cells. This highlights the complexity of 
cellular processes and the need for further investigation to 
understand the precise mechanisms by which LUZP1 influ-
ences cell motility.

Fig. 6   Loss of LUZP1 results in defects in the phosphorylation of 
the targeting subunit of the myosin phosphatase MYPT1 and the 
assembly of large NMII stacks. A Representative images of myosin 
IIA visualized by myosin II heavy chain antibody in wild-type and 
LUZP1 knockout cells grown on fibronectin coated cover glasses. 
The actin filaments are visualized by fluorescent phalloidin. Scale 
bars, 10 µm. The myosin intensity was normalized to the actin inten-
sity (right panel). n = 77 for wild-type cells and n = 83 for LUZP1 
knockout cells. B Western blotting analysis of endogenous myosin II 
(NM-IIA and NM-IIB) and double-phosphorylated regulatory light 
chain (P-MLC2 Thr18/Ser19) of myosin II in total cell lysates of wild 
type and LUZP1 knockout U2OS cells. GAPDH was probed for equal 
sample loading. The double phosphorylated protein levels of MLC2 
were quantified by the intensity of P-MLC2 Thr18/Ser19 band nor-
malized to the corresponding GAPDH intensity (right panel). n = 3 
for both wild-type and LUZP1 knockout cells. **, P ≤ 0.01, Student’s 
t test. C Rescue of myosin II phosphorylation by expressing LUZP1 
and its truncated mutants in LUZP1 knockout cells. D Western blot-
ting analysis of myosin RLC phosphorylation (Thr18/Ser19), phos-
phorylation of the myosin phosphatase targeting subunit MYPT1 
(Thr853), and ROCK1 in wild type U2OS cells, LUZP1 knockout 
cells, and LUZP1 knockout cells expressing ROCK1-GFP. GAPDH 
was probed for equal sample loading. Quantification was performed 
by normalizing each protein intensity to the corresponding GAPDH 
intensity (right panel). n = 3. *, P ≤ 0.05, **, P ≤ 0.01, Student’s t test. 
E Quantification of myosin RLC phosphorylation (P-MLC2), phos-
phorylation of the myosin phosphatase targeting subunit MYPT1 
(P-MYPT1), and ROCK1 in Panel D. F Representative 3D-SIM 
images of NMIIA stack formation in wild-type and LUZP1 knock-
out cells. Actin filaments were visualized by fluorescent phalloidin. 
NMIIA motor and tail/rod domains were visualized by a mApple-
MyosinIIA-C-18 construct and an antibody against NM-IIA C-termi-
nus, respectively. Scale bars: 5 µm. Magnified images (corresponding 
to the orange boxes) display characteristic NM-IIA filament distribu-
tions in wild type and LUZP1 knockout cells. Scale bars: 1 µm. High-
magnification images of individual filaments (corresponding to the 
white boxes in the magnified regions) display examples of unipolar 
structure (1); bipolar filament (2); and stack of bipolar filaments (3). 
Scale bars: 0.1 µm. G, H Quantification of the average length (µm) 
(G) and the distributions (H) of NMIIA stacks. n = 641 for 10 wild-
type cells and n = 802 for 10 LUZP1 knockout cells. Data are repre-
sented as mean ± SEM. *, P ≤ 0.05; ***, P ≤ 0.001, Student’s t test. I 
NM-IIA assemblies in a sucrose density gradient. Identical amounts 
(100  µg) of total cell lysates from wild type and LUZP1 knockout 
cells were subjected to sucrose density gradient (10–30%), and total 
24 fractions were collected followed by SDS-PAGE and WB with 
NM-IIA heavy chain antibody. Tubulin was probed as control
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In conclusion, our study unequivocally establishes 
LUZP1 as a pivotal factor responsible for orchestrating the 
assembly and dynamics of stress fibers. LUZP1's involve-
ment is indispensable for the proper formation of myosin 
II stacks and the maturation of actomyosin bundles. These 
functions collectively play a crucial role in upholding the 
structural integrity and optimal functionality of the actin 
cytoskeleton.
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Fig. 7   Disruption of NM-II stack assembly LUZP1 knockout cells 
can rescued by LUZP1 expression in LUZP1 knockout cells. A Rep-
resentative 3D-SIM images of myosin stacks in wild type U2OS 
cells, LUZP1 knockout cells, and LUZP1 knockout cells expressing 
LUZP1-GFP construct. Cells are stained with NMIIA motor domain 
antibody (magenta) and NMIIA rod domain antibody (green). The 
right panels show the magnified regions indicated by boxes with 
white dotted line. Scale bars: 2  µm, 1  µm for magnified regions. B 
Quantification of the average length (µm) of NM-II stacks. n = 12 
for wild type cells, n = 16 for LUZP1 knockout cells, and n = 13 for 
LUZP1 knockout cells expressing LUZP1-GFP. Data are represented 
as mean ± SEM. ***, P ≤ 0.001, Student’s t test. C Representative 
images of wild-type U2OS cells and wild-type U2OS cells express-
ing LUZP1-GFP treated with DMSO (DMSO Control), 20  µM 
blebbistatin for 40  min (Blebbistatin), and 20  µM blebbistatin for 
40  min followed by recovery in fresh media (Blebbistatin + recov-
ery). Cells were stained with phalloidin (red). Boxes with dotted 
lines show the magnified regions. Scale bars:  10 µm,  5 µm for mag-
nified regions.  D Representative 3D-SIM images of myosin stacks in 
wild-type U2OS cells and wild-type U2OS cells expressing LUZP1-
GFP treated with DMSO (DMSO Control), 20  µM blebbistatin for 
40 min (Blebbistatin), and 20 µM blebbistatin for 40 min followed by 
recovery in fresh media (Blebbistatin + recovery). Cells are stained 
with NMIIA motor domain antibody (magenta) and NMIIA rod 
domain antibody (green). Boxes with dotted lines  show the magni-
fied regions. Scale bars: 2 µm, 1 µm for magnified regions. E Quan-
tification of the average length (µm) of NM-II stacks. n = 12 for WT 
and LUZP1-GFP cells treated with DMSO Control; n = 11 and 15 for 
WT and LUZP1-GFP cells treated with blebbistatin; n = 13 and 16 
for WT and LUZP1-GFP cells treated with blebbistatin followed by 
recovery. **, P ≤ 0.01, ***, P ≤ 0.001, Student’s t test. F A working 
model for LUZP1 in the regulation of actomyosin bundle formation. 
LUZP1 predominantly localizes in close proximity to the neck region 
of myosin II, where LUZP1 activates NM-II by regulation of NM-II 
phosphorylation and increases assembly of NM-II stacks. Addition-
ally, LUZP1 interacts with actin and self-oligomerizes to promote the 
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