
1Scientific RepoRts |         (2018) 8:17670  | DOI:10.1038/s41598-018-35948-6

www.nature.com/scientificreports

Calponin-3 is critical for 
coordinated contractility of actin 
stress fibers
Katarzyna Ciuba1, William Hawkes2,3, Sari Tojkander4, Konstantin Kogan1, Ulrike Engel5, 
Thomas Iskratsch2,3 & Pekka Lappalainen1

Contractile actomyosin bundles, stress fibers, contribute to morphogenesis, migration, and 
mechanosensing of non-muscle cells. In addition to actin and non-muscle myosin II (NMII), stress fibers 
contain a large array of proteins that control their assembly, turnover, and contractility. Calponin-3 
(Cnn3) is an actin-binding protein that associates with stress fibers. However, whether Cnn3 promotes 
stress fiber assembly, or serves as either a positive or negative regulator of their contractility has 
remained obscure. Here, we applied U2OS osteosarcoma cells as a model system to study the function 
of Cnn3. We show that Cnn3 localizes to both NMII-containing contractile ventral stress fibers and 
transverse arcs, as well as to non-contractile dorsal stress fibers that do not contain NMII. Fluorescence-
recovery-after-photobleaching experiments revealed that Cnn3 is a dynamic component of stress fibers. 
Importantly, CRISPR/Cas9 knockout and RNAi knockdown studies demonstrated that Cnn3 is not 
essential for stress fiber assembly. However, Cnn3 depletion resulted in increased and uncoordinated 
contractility of stress fibers that often led to breakage of individual actomyosin bundles within the 
stress fiber network. Collectively these results provide evidence that Cnn3 is dispensable for the 
assembly of actomyosin bundles, but that it is required for controlling proper contractility of the stress 
fiber network.

Contractile actomyosin bundles, stress fibers, are important for morphogenesis, migration and mechanosensing 
of non-muscle cells. Moreover, stress fibers associate with other cytoskeletal networks, such as cytoplasmic inter-
mediate filaments, and control their subcellular distribution1–3. Stress fibers can be divided into different catego-
ries, based on their protein composition and interactions with focal adhesions; Ventral stress fibers are relatively 
thick actomyosin bundles that associate with focal adhesions at their both ends. Ventral stress fibers are derived, 
at least in the U2OS osteosarcoma cells, from a network of dorsal stress fibers and transverse arcs. Dorsal stress 
fibers are non-contractile actin filament bundles that elongate through actin filament assembly at focal adhesion 
located at their distal end. Transverse arcs are relatively thin contractile actomyosin bundles that do not directly 
associate with focal adhesions4.

In addition to actin and non-muscle myosin II (NMII), stress fibers are composed of a large array of 
actin-associated and signaling proteins. Importantly, the specific functions of many stress fiber-associated pro-
teins have remained elusive, and thus the precise molecular details underlying the assembly and contractility of 
stress fibers are unknown4. One of the stress fiber-associated proteins, which functions are incompletely under-
stood is calponin. It was first identified from chicken gizzard and characterized as a protein that binds F-actin, 
calmodulin, and tropomyosin5. In vertebrates, three calponin-encoding genes (CNN1, CNN2, and CNN3) express 
three isoforms (known as calponin-1, calponin-2, calponin-3)6–8. The three isoforms are approximately 70% iden-
tical to each other at the amino acid level and they are all composed of an N-terminal calponin homology (CH) 
domain, followed by two actin-binding sides, three calponin-like (CLIK) motifs, and a divergent C-terminal tail 
region. The variable lengths and amino acid compositions of the C-terminal region result in different charge 
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features in this motif, and hence Cnn1 is also known as basic calponin, Cnn2 as neutral calponin, and Cnn3 as 
acidic calponin6,7,9.

The best characterized calponin isoform is Cnn1, which is mainly restricted to smooth muscle cells. A wealth 
of biochemical and in vivo studies provided evidence that Cnn1 controls smooth muscle contractility by inhib-
iting actin-activated myosin ATPase activity without affecting phosphorylation of the myosin regulatory light 
chain (MLC)5,10–12. Similarly, genetic studies on the C. elegans homologues of calponin demonstrated that they 
function as negative regulators of actomyosin contractility in vivo13. However, other studies provided evidence 
that Cnn1 may also affect the mechanical properties of actin filaments and regulate organization of the actin 
cytoskeleton in smooth muscle cells14,15.

Cnn2 and Cnn3 are widely expressed in non-muscle and smooth muscle cells16–23. Cnn2 knockout mice are 
viable, but display defects in the proliferation and migration of macrophages, neutrophils and monocytes24,25. In 
contrary, Cnn3 is essential for embryonic development and viability of mice23,26. The precise functions of Cnn2 
and Cnn3 in non-muscle cells remain somewhat controversial. Both proteins localize to contractile actomyosin 
bundles, such as stress fibers16,21,27. Similar to Cnn1 in smooth muscle cells, Cnn2 depletion results in increased 
traction forces, suggesting that this protein is a negative regulator of actomyosin activity18. In contrast, knock-
down of Cnn3 in primary fibroblasts was reported to reduce contractility, most likely due to impaired stress 
fiber assembly27. Cnn3 was also shown to regulate cell contractility through MEKK-1 signaling pathway in MLC 
independent manner28. Other studies provided evidence that Cnn2 and Cnn3 may stabilize actin filaments, and 
thus control the organization of the actin cytoskeleton16,27,29. Here, we applied the U2OS cell model system to 
reveal whether Cnn3 primarily controls organization of the actin cytoskeleton, or functions as a regulator of acto-
myosin contractility. We show that Cnn3 is a dynamic component of stress fibers, and that its depletion results 
in increased and uncontrolled contractility of the stress fiber network. These results provide evidence that, like 
Cnn1, also Cnn3 functions as a negative regulator of actomyosin contractility in cells.

Results
Calponin-3 is a dynamic component of contractile stress fibers. Calponin-3 (Cnn3) localizes to 
actin stress fibers (Fig. 1A)1,28,30, but its precise localization pattern within the stress fiber network has not been 
reported. Therefore, we applied 3D structural-illumination microscopy (3D-SIM) imaging to study the localiza-
tion of Cnn3 in human osteosarcoma (U2OS) cells. U2OS cells have been extensively used as a model system for 
studying the assembly and contractility of stress fibers (e.g.31–35). The conventional immunofluorescence micros-
copy and 3D-SIM experiments demonstrated that both endogenous Cnn3 (Fig. 1A,B) and exogenously expressed 
Cnn3-mCherry (Fig. 1C) localize to all three stress fibers categories; dorsal stress fibers, transverse arcs, and 
ventral stress fibers. 3D-SIM experiments further revealed that in U2OS cells Cnn3 is not uniformly distributed 
along stress fibers, but it is enriched in α-actinin-1 foci in transverse arcs and ventral stress fibers (Fig. 1C,D). 
Consistent with these data, Cnn3 is also present in non-contractile dorsal stress fibers that are enriched with 
α-actinin-1, but do no not contain myosin II (Suppl. Fig. 1A).

Actin-binding proteins display large differences in the dynamics of their stress fiber associations. For 
example, VASP and palladin display highly dynamic (half-time ~1 s) association with stress fibers, whereas 
α-actinin-1 displays intermediate dynamics (half-time ~2–5 s), and tropomyosins exhibit more stable (half-time 
~5–10 s) association with stress fibers32,36. To reveal the dynamics of Cnn3 in stress fibers, we performed 
fluorescence-recovery-after-photobleaching (FRAP) experiments on cells expressing GFP-Cnn3, and monitored 
the recovery of GFP-Cnn3 fluorescence on mature, contractile ventral stress fibers. This analysis revealed that 
Cnn3 exhibits a half-life of approximately ~2–4 s on stress fibers (Fig. 2A,B), and hence displays similar turnover 
on stress fibers with α-actinin-1 (Fig. 2B). Together these data demonstrate that Cnn3 is a dynamic stress fiber 
component, which co-localizes with α-actinin-1 in all three stress fiber categories of U2OS cells.

Calponin-3 is dispensable for stress fiber assembly. Previous RNAi studies suggested that Cnn3 is 
important for the assembly of stress fibers in dermal fibroblasts27. To examine the possible role of Cnn3 in stress 
fiber assembly in osteosarcoma cells, we generated Cnn3 knockout U2OS cells by CRISPR/Cas9. Sanger sequenc-
ing of the obtained Cnn3 knockout cell clone revealed disruption of the genomic region of CNN3 (Suppl. Fig. 2A). 
Moreover, MiSeq next generation sequencing of genomic DNA from CNN3 knockout cells confirmed that they 
were unable to synthetize functional Cnn3. We found three distinct CRISPR/Cas9-induced effects, all altering 
the reading frame, either by deletion of 4 nucleotides, or insertion of 1 and/or 2 nucleotides (Suppl. Fig. 2B). This 
indicates that U2OS osteosarcoma cells have three copies of CNN3 gene, most likely due to aneuploidy. Each 
variant in the Cnn3 knockout cell-line resulted in premature termination of translation, as stop codons were 
introduced in the exon 2 (Suppl. Fig. 2C). Finally, complete absence of Cnn3 protein was confirmed from the 
knockout cells by Western blotting using Cnn3-specific antibody (Suppl. Fig. 3B).

By visualizing actin filaments from control and Cnn3 knockout cells by phalloidin staining, we revealed that 
Cnn3 knockout U2OS cells were still able to generate all three categories of stress fibers (Fig. 3A). However, 
in many cells the morphology of the stress fiber network was altered. This is because actin bundles were often 
thinner and less prominent compared to the control cells, and the arrangement of stress fiber networks in Cnn3 
knockout cells was somewhat less regular compared to the control cells. However, α-actinin-1, which co-localizes 
with Cnn3 in stress fibers and displays very similar dynamics with Cnn3 within the stress fiber network, still 
accumulated to stress fibers in Cnn3 knockout cells and displayed indistinguishable dynamics compared to the 
control cells (Fig. 2A,C; Suppl. Fig. 1B,C). Thus, the defects in the organization of the stress fiber network in Cnn3 
knockout cells do not arise from altered localization or dynamics of α-actinin-1 in the absence of Cnn3.

We also applied vinculin staining to uncover the possible effects of Cnn3 depletion on focal adhesions. By 
quantifying the numbers and sizes of focal adhesions in control and Cnn3 knockout cells, we revealed that the 
average number of focal adhesions was very similar in control and Cnn3 knockout cells, but that the average areas 
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of focal adhesions in Cnn3 knockout cells were significantly smaller compared to the control cells (Fig. 3B). To 
confirm that the observed phenotypes do not result from CRISPR/Cas9 off-target effects, we also silenced Cnn3 
from U2OS cells by RNAi (Suppl. Fig. 3A,B). Phalloidin staining and focal adhesion analysis revealed very similar 
effects of Cnn3 depletion by siRNA on the organization of the stress fiber network and average sizes of focal adhe-
sions and number compared to the Cnn3 knockout cells (Fig. 3B,C; Suppl. Fig. 3C). Thus, Cnn3 is dispensable for 
stress fiber assembly, at least in U2OS cells.

Figure 1. Localization of Calponin-3 in U2OS cells. (A) Endogenous Cnn3 localizes to all three stress fibers 
categories in U2OS cells. Examples of dorsal stress fibers are marked with red arrows, ventral stress fibers with 
orange arrows, and thin transverse arcs with yellow brackets. (B) Localization of endogenous Cnn3 to actin-
rich (visualized by fluorescent phalloidin) stress fibers by 3D-SIM. (C) Co-localization of Cnn3-mCherry with 
GFP-α-actinin-1 in stress fibers as detected by 3D-SIM. The red box represents a zoomed region containing a 
segment of a ventral stress fiber (that is included as an inset in the top-left corner of the images). (D) The same 
region was analyzed with a line profile tool to illustrate the co-localization of Cnn3 to α–actinin-1 –rich regions 
along the stress fiber. Single slices of 3D-SIM images are presented. Scale bars, 10 µM.
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Loss of calponin-3 leads to uncontrolled contractility of the stress fiber network. Although cells 
lacking Cnn3 were able to generate stress fibers, the stress fiber networks in Cnn3 knockout and knockdown cells 
typically displayed abnormalities in their organizations. To gain insight into these stress fiber network organiza-
tion defects, we performed live-imaging of control and Cnn3-deficient (both knockout and knockdown) U2OS 
cells, transiently transfected with a plasmid expressing GFP-actin. Importantly, these experiments revealed major 
disruption of stress fiber network contractility in Cnn3-deficient cells. Compared to control cells, which dis-
played ‘smooth’ retrograde flow of transverse arcs and balanced contractility of ventral stress fibers (Supplemental 
Movie 1), the Cnn3 knockout and knockdown cells typically exhibited abnormal, disorientated tug-of-war behav-
ior of stress fibers (Supplemental Movies 2 and 3). This uncoordinated contractility was often accompanied by 

Figure 2. Calponin-3 is a dynamic component of contractile stress fibers. (A) Cnn3 and α-actinin-1 dynamics 
were measured by FRAP in contractile fibers. Representative GFP-α-actinin-1 and GFP-Cnn3 expressing 
cells used in the experiments are shown of the left, and fluorescence recoveries of each case shown on the 
right. White boxes represent regions of interest (ROI). Scale bars, 10 μm. (B) Plots representing the rates of 
fluorescence recovery of Cnn3 and α-actinin-1 in stress fibers after photobleaching in wild-type U2OS cells. 
(C) The rates of α-actinin-1 fluorescence recovery in stress fibers of wild-type and Cnn3-depleted U2OS cells. 
n = 10 cells for all experiments. The data are presented as +/− SEM.
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breakage of the stress fibers (Fig. 4A,B). By quantifying the numbers of stress fiber breakage events in control as 
well as Cnn3 knockdown and knockout cells from 30 min live-cell movies, we revealed that frequency of stress 
fiber breakage events was increased >10-fold in Cnn3 deficient cells compared to the control cells (Fig. 4C).

Figure 3. Calponin-3 is not critical for stress fiber assembly. (A) Actin filaments (fluorescent phalloidin) and 
focal adhesions (anti-vinculin) were visualized in control and Cnn3 knockout cells. The three categories of 
stress fibers are indicated with arrows and brackets as in Fig. 1A. Scale bars, 10 µM. (B,C) Average areas of focal 
adhesions (panel B) and numbers of focal adhesions per cell (panel C) were quantified from control as well as 
Cnn3 knockout and knockdown cells. n (cells): control (20), Cnn knockdown (19), Cnn knockout (16). Box 
charts have Whisker range 5–95, showing outliers. Statistical significance was assessed with Mann-Whitney test; 
n.s. (not-significant), p < 0.005 (*), p < 0.001 (***).
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We next applied pillar-based traction force measurements combined with live cell imaging to elucidate 
whether the abnormal behavior and breakage of stress fibers in Cnn3 knockout cells results from increased/
unregulated contractility of stress fibers (Fig. 5A,B). Pillar displacements were significantly greater in Cnn3 
knockout cells compared to control cells, resulting in a larger traction stress per cell (Fig. 5C–E), which was due 

Figure 4. Loss of Calponin-3 impairs stress fiber contractility. (A) Control, Cnn3 knockdown, and Cnn3 
knockout U2OS cells transfected with GFP-actin were imaged for 30 min, and frames were captured every 30 s. 
Representative time-lapse frames for each condition are presented. Examples of stress fiber breakage events 
in Cnn3 knockdown and knockout cells are marked by yellow asterisks (‘*’). Scale bars, 10 μm. Please, see 
supplemental videos 1–3 for better visualization of abnormal stress fiber dynamics and breakage events. (B) 
Time-lapse frames from the region indicated by an orange box in panel ‘A’ representing a detailed view of stress 
fiber breakage event. Green arrowheads show the ends of this individual actomyosin bundle, yellow star the 
breakage point, and red arrowhead one end of the retracting fiber after the breakage. (C) Numbers of breakage 
events in each cell type was quantified in 8 cells per each condition. Statistical significance was assessed with 
Mann-Whitney test; p < 0.001 (***).
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to a larger fraction of pillars under the cell that showed displacements above the noise level (30 nm). Breakage 
events were also observable on nanopillars. Because of the breakages occurring in a network of interlinked stress 
fibers, it was not possible to track the forces back to individual adhesions on pillars. Nevertheless, we frequently 
observed a buildup of traction forces prior to the breakage and a drop of forces on individual pillars close to the 
breakage point after the event (Suppl. Fig. 4). Therefore the results of the pillar experiments further underline the 
hypothesis that the breakages occur due to uncoordinated contractility, possibly enhanced through a structural 
instability of the thinner stress fibers in the Cnn3 knockout cells.

Discussion
Several studies have shown that Cnn1 and Cnn2 function as negative regulators of actomyosin ATPase activity 
in vitro and myosin II -driven contractility in cells (e.g.10,18,37). In contrast, the ubiquitously expressed Cnn3 was 
proposed to regulate the assembly of actin stress fibers in fibroblasts, and therefore have a positive impact on 
myosin II-driven contractility of non-muscle cells27. Here, we examined the role of Cnn3 in the assembly and 
contractility of stress fibers in U2OS cells, which have been extensively used as a model system for determining 
the cellular functions of cytoskeletal proteins.

Figure 5. Cnn3-deficient cells exhibit increased traction forces. Composite images of live-imaging of Cnn3-
knockout (A) and control (B) cells; the Tractin channel (black and white) and pillar traction forces (arrows). 
Green and red arrows indicate displacements above or below 30 nm, respectively. The blue X at 10 minutes 
indicates the time and site of stress fiber breakage in the example Cnn3-knockout cell. Scale bars, 10 μm. 
(C) Pillar displacements, (D) traction forces and (E) fraction of pillars displaced underneath each cell were 
quantified. n > 1,000 pillars per condition from 6 WT and 8 CNN3-KO cells. Bars = min – max. Student’s t-test: 
p < 0.05 (*); p < 0.0001 (***).
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Several actin-binding proteins display specific localization patterns within the stress fiber network. For exam-
ple, palladin and vasodilator stimulated phosphoprotein (VASP) are enriched in non-contractile dorsal stress 
fibers, whereas non-muscle myosin II isoforms and certain tropomyosins (e.g. Tpm4.2) localize only to transverse 
arcs and ventral stress fibers, but are absent in dorsal stress fibers32,36. Importantly, our data revealed that Cnn3 
is present in all three categories of stress fibers, where it co-localizes with α-actinin-1. Moreover, Cnn3 displays 
similar rapid dynamics on stress fibers as α-actinin-1. However, it does not appear to function as a regulator of 
α-actinin-1, because Cnn3 depletion did not affect the subcellular localization of α-actinin-1 or its dynamics on 
stress fibers.

Recent RNAi studies provided evidence that Cnn3 is critical for stress fiber assembly in dermal fibro-
blasts27. However, our CRISPR/Cas9 knockout and RNAi knockdown studies revealed that at least in U2OS 
cells Cnn3 is not required for stress fiber assembly, as all three categories of stress fibers were still present in 
Cnn3-depleted cells. Nevertheless, the morphology and especially the dynamic behavior of the stress fiber net-
works in Cnn3-deficient cells was abnormal. This is particularly evident from live-cell imaging experiments, 
which revealed peculiar tug-of-war behavior of stress fibers in Cnn3-depleted cells (Supplemental Movies 2 and 
3), as well as increased physical breakage of individual stress fibers with the network (Fig. 4B,C). Traction-force 
microscopy experiments demonstrated that many stress fibers in Cnn3 knockout cells displayed higher con-
tractility compared to the stress fibers of control cells, and that these increased tractions led to breakage of stress 
fibers. Although the contractility of stress fibers in Cnn3-depleted cells was increased, the average focal adhesions 
areas were smaller. In this context it is important to note that, although increased traction forces are linked to 
enlargement of focal adhesions during their assembly, it was reported that tension and adhesion size do not 
strictly correlate in mature focal adhesions38. Therefore, the effects of Cnn3 depletion on the average focal adhe-
sion areas may result from differences in maturation stages of the adhesions or from indirect effects of Cnn3 
depletion on the composition of focal adhesions. Together, these data demonstrate that Cnn3 functions as an 
indirect negative regulator of myosin II-driven contractility in U2OS cells.

What is the molecular mechanism by which Cnn3 controls the contractility of stress fibers? As Cnn3 localizes 
to α-actinin-1 -rich z-line regions of stress fibers, it most likely does not directly form a complex with non-muscle 
myosin II to control its activity. Thus, we propose that Cnn3 may restrict the movement of non-muscle myosin II 
molecules along the actin filament in stress fibers. Alternatively, Cnn3 may affect the organization or molecular 
composition of stress fibers in the way that absence of Cnn3 would lead to de-regulated activity of myosin II or 
its motility along actin filaments within stress fibers. The latter option is supported by the fact that Cnn3 also 
localizes to dorsal stress fibers that do not contain myosin II.

Cnn3 was earlier shown to form a complex with ERK1/2 and PKCα kinases on stress fibers. In this case, the 
ERK1/2-Cnn3-PKCα complex would be released from stress fibers upon a stimuli, translocated to the plasma 
membrane where MEK activates ERK1/2, which subsequently moves back to actin filaments to phosphoryl-
ate caldesmon and consequently increase the myosin II-driven contractility21. Although this scenario may be 
important upon specific stimuli in cells, it is unlikely the mechanism by which Cnn3 affects stress fiber contrac-
tility in U2OS cells. This is because Cnn3 displays constant, rapid turnover (t1/2 = 2–4 s) in stress fibers. Thus, it 
is difficult to imagine how the fast association/dissociation kinetics of Cnn3 at stress fibers could be linked to 
such multi-step translocation/phosphorylation pathway, which is expected to be considerably slower39. Therefore, 
although the activity of Cnn3 can be regulated by various kinase pathways in cells21,28, we propose that Cnn3 reg-
ulates stress fiber organization and contractility in a more direct manner (e.g. by controlling the organization of 
actin filaments within stress fibers or by regulating the activities or localization of other stress fiber components).

Collectively, our work reveals important new aspects on the cellular function of Cnn3. We show that (1). Cnn3 
is a dynamic component of stress fibers, (2). Cnn3 co-localizes with α-actinin-1 in all categories of stress fibers, 
including the non-contractile dorsal stress fibers, (3). Cnn3 is not required for stress fiber assembly, and (4). 
Lack of Cnn3 leads to uncontrolled contractility of the stress fiber network. In the future, it will be important to 
examine the precise molecular function of Cnn3 in stress fiber contractility and organization in the context of its 
reported interaction partners, for example tropomyosins.

Methods
Cell culture and treatments. Human osteosarcoma (U2OS) cells were cultured in DMEM with 10% 
BSA and 1% Penicilin/Streptomycin, in an incubator (+37 C °C, 5% CO2). Following plasmids were used in this 
study: GFP-Cnn3 (gift from M. Gimona30); Cnn3-mCherry (Cnn3-encoding fragment was PCR-amplified with 
5′-TATCTCGAGCTATGAACAAGCTGCAGCC, 5′-TATGAATTCGATCAGTAGCCGGCTTCCTC prim-
ers and subcloned into pmCherry-C1 vector into XhoI/EcoRI sites); GFP-actin and GFP-α-actinin-131. Cells 
were transiently transfected with FuGENE HD transfection reagent (Promega), according to the manufacturer’s 
instructions. Cells were then incubated for 24 h and either fixed with 4% PFA or re-plated on fibronectin-coated, 
glass-bottomed dishes for live cell imaging. For Cnn3-knockdown ON-TARGETplus Smartpool L-011612-02-
0005 (Dharmacon) was used, and AllStars negative control siRNA (Qiagen) was used for control cells. Cells were 
incubated for 72–96 h for efficient depletion of the target protein.

Cell Imaging. All immunostainings (for wide-field and 3D-SIM) were performed as described previously1. 
The following antibodies were used for immunofluorescence stainings: mouse 1:100 anti-Cnn3 (A-2, SCBT); 
1:400 rabbit anti-Vinculin (ab73412, Abcam); 1:200 rabbit anti-NMIIA (909801, BioLegend). F-actin was vis-
ualized with 1:200 Alexa Fluor 488-, 568-, or 647-phalloidin (Invitrogen). Secondary anti-mouse or anti-rabbit 
antibodies were conjugated to Alexa Fluor488-, 568-, or −647 (Invitrogen). Wide-field images were taken with 
LeicaDM6000 upright fluorescence wide field microscope (63x/1.40 − 0.60 HCX PL APO Oil objective), equipped 
with Hamamatsu Orca-Flash4.0 V2 sCMOS camera. 3D-SIM images were taken with Nikon N-SIM structured 
illumination microscope on a Nikon Ti inverted microscope (Nikon Apo TIRF 100x NA 1.49 oil immersion 
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objective), equipped with Andor iXon3 DU-897E single photon detection EMCCD camera (as described in40). 
For live-imaging and FRAP, transfected cells were re-plated prior to imaging on fibronectin-coated (10 μg/
ml), glass-bottomed dishes. The time-lapse images were acquired in heated sample chamber (+37 °C, CO2). 3I 
Marianas imaging system (3I Intelligent Imaging Innovations), with an inverted spinning disc confocal micro-
scope Zeiss Axio Observer Z1 (63x/1.2 W C-Apochromat Corr WD = 0.28 M27 objective) and a Yokogawa 
CSU-X1 M1 confocal scanner were used. Slidebook 6.0 software and sCMOS (Andor) Neo camera were used for 
the image acquirement and recording. Image analysis were done with ImageJ.

Western Blot. Cells were washed with ice-cold PBS, then lysed with 4xLSB-DTT. Lysates were briefly son-
icated prior to boiling and loaded on SDS-PAGE gels. Trans-Blot turbo system (BioRad) was used for trans-
fer. After 1 hour blocking (5% BSA), following antibodies were used for detection of proteins: 1:1000 mouse 
anti-Cnn3 (A-2, SCBT), 1:5000 mouse anti-tubulin (T9026, Sigma-Aldrich). Anti-mouse HRP secondary anti-
body (Invitrogen) and Western Bright ECL-spray (Advansta) were used for chemiluminescence detection of the 
protein bands.

CRISPR/Cas9 knockout. GFP-Cnn3 CRISPR/Cas9 construct and knockout cell line were gener-
ated as previously described41, with target sgRNA sequence: TCAACAAGGGCCCTTCCTAT. knockout 
was confirmed with Western Blot, and by sequencing of the genomic DNA. For sequencing, genomic DNA 
was isolated from wild-type and Cnn3 knockout U2OS cells, the sgRNA targeted area was amplified with 
5′-CTCTGTAGCACCCAGTTGGA and 5′-TTCTGCAGTCACCAAACGG primers and sent to Sanger sequenc-
ing reaction first. Due to non-interpretable overlap of the multiple signals we also performed MiSeq next genera-
tion sequencing of the same locus. The total of around 200 000 reads were analyzed from different PCR products 
by Geneious software.

Pillars Assay. PDMS nanopillars (d = 0.5μm, h = 1.7 μm, bending stiffness k = 3pN/nm) were fabricated 
and coated with CdSeS/ZnS alloyed quantum dots (490 nm, Sigma) and fibronectin as described previously42. 
Tractin-tdTomato transfected WT and CNN3-KO U2OS cells were plated for 1 hour on PDMS nano-pillar arrays 
and imaged every 30 seconds for ≥20 minutes on a Nikon Eclipse Ti Inverted spinning disk confocal with a 
Yokogawa CSU-1 disk head, Andor Neo sCMOS camera and equipped with a Solent Scientific chamber with 
temperature and CO2 control. After imaging cells were trypsinized to recover the original pillar positions. Pillar 
displacements were analysed with imageJ, using the PillarTracker plugin. Final deformations and forces were 
calculated with Matlab and statistics and graphs were generated with Graphpad Prism 7.

Statistical analyses. Statistical analyses and all charts, except pillar assay analysis, were done with Sigma 
Plot 11.0 software. Statistical differences in focal adhesion and stress fiber breakage analysis are assessed by the 
Mann–Whitney–Wilcoxon rank-sum test (MWW), and in pillar assay analysis by the Student t-test.

The datasets generated and analyzed during the current study are available from the corresponding author on 
a request.

References
 1. Tojkander, S., Gateva, G., Husain, A., Krishnan, R. & Lappalainen, P. Generation of contractile actomyosin bundles depends on 

mechanosensitive actin filament assembly and disassembly. eLife 4, e06126, https://doi.org/10.7554/eLife.06126 (2015).
 2. Burridge, K. & Wittchen, E. S. The tension mounts: stress fibers as force-generating mechanotransducers. The Journal of cell biology 

200, 9–19, https://doi.org/10.1083/jcb.201210090 (2013).
 3. Jiu, Y. et al. Bidirectional Interplay between Vimentin Intermediate Filaments and Contractile Actin Stress Fibers. Cell reports 11, 

1511–1518, https://doi.org/10.1016/j.celrep.2015.05.008 (2015).
 4. Tojkander, S., Gateva, G. & Lappalainen, P. Actin stress fibers–assembly, dynamics and biological roles. Journal of cell science 125, 

1855–1864, https://doi.org/10.1242/jcs.098087 (2012).
 5. Takahashi, K., Hiwada, K. & Kokubu, T. Isolation and characterization of a 34,000-dalton calmodulin- and F-actin-binding protein 

from chicken gizzard smooth muscle. Biochemical and biophysical research communications 141, 20–26 (1986).
 6. Strasser, P., Gimona, M., Moessler, H., Herzog, M. & Small, J. V. Mammalian calponin. Identification and expression of genetic 

variants. FEBS letters 330, 13–18 (1993).
 7. Applegate, D., Feng, W., Green, R. S. & Taubman, M. B. Cloning and expression of a novel acidic calponin isoform from rat aortic 

vascular smooth muscle. The Journal of biological chemistry 269, 10683–10690 (1994).
 8. Gao, J., Hwang, J. M. & Jin, J. P. Complete nucleotide sequence, structural organization, and an alternatively spliced exon of mouse 

h1-calponin gene. Biochemical and biophysical research communications 218, 292–297, https://doi.org/10.1006/bbrc.1996.0051 
(1996).

 9. Masuda, H. et al. Molecular cloning and characterization of human non-smooth muscle calponin. Journal of biochemistry 120, 
415–424 (1996).

 10. Winder, S. J. & Walsh, M. P. Calponin: thin filament-linked regulation of smooth muscle contraction. Cellular signalling 5, 677–686 
(1993).

 11. Obara, K., Szymanski, P. T., Tao, T. & Paul, R. J. Effects of calponin on isometric force and shortening velocity in permeabilized 
taenia coli smooth muscle. The American journal of physiology 270, C481–487, https://doi.org/10.1152/ajpcell.1996.270.2.C481 
(1996).

 12. Matthew, J. D. et al. Contractile properties and proteins of smooth muscles of a calponin knockout mouse. The Journal of physiology 
529(Pt 3), 811–824 (2000).

 13. Ono, K., Obinata, T., Yamashiro, S., Liu, Z. & Ono, S. UNC-87 isoforms, Caenorhabditis elegans calponin-related proteins, interact 
with both actin and myosin and regulate actomyosin contractility. Molecular biology of the cell 26, 1687–1698, https://doi.
org/10.1091/mbc.E14-10-1483 (2015).

 14. Jensen, M. H. et al. Effects of basic calponin on the flexural mechanics and stability of F-actin. Cytoskeleton (Hoboken, N.J.) 69, 
49–58, https://doi.org/10.1002/cm.20548 (2012).

 15. Kim, H. R., Appel, S., Vetterkind, S., Gangopadhyay, S. S. & Morgan, K. G. Smooth muscle signalling pathways in health and disease. 
Journal of cellular and molecular medicine 12, 2165–2180, https://doi.org/10.1111/j.1582-4934.2008.00552.x (2008).

http://dx.doi.org/10.7554/eLife.06126
http://dx.doi.org/10.1083/jcb.201210090
http://dx.doi.org/10.1016/j.celrep.2015.05.008
http://dx.doi.org/10.1242/jcs.098087
http://dx.doi.org/10.1006/bbrc.1996.0051
http://dx.doi.org/10.1152/ajpcell.1996.270.2.C481
http://dx.doi.org/10.1091/mbc.E14-10-1483
http://dx.doi.org/10.1091/mbc.E14-10-1483
http://dx.doi.org/10.1002/cm.20548
http://dx.doi.org/10.1111/j.1582-4934.2008.00552.x


www.nature.com/scientificreports/

1 0Scientific RepoRts |         (2018) 8:17670  | DOI:10.1038/s41598-018-35948-6

 16. Hossain, M. M., Crish, J. F., Eckert, R. L., Lin, J. J. & Jin, J. P. h2-Calponin is regulated by mechanical tension and modifies the 
function of actin cytoskeleton. The Journal of biological chemistry 280, 42442–42453, https://doi.org/10.1074/jbc.M509952200 
(2005).

 17. Hossain, M. M., Smith, P. G., Wu, K. & Jin, J. P. Cytoskeletal tension regulates both expression and degradation of h2-calponin in 
lung alveolar cells. Biochemistry 45, 15670–15683, https://doi.org/10.1021/bi061718f (2006).

 18. Hossain, M. M., Wang, X., Bergan, R. C. & Jin, J. P. Diminished expression of h2-calponin in prostate cancer cells promotes cell 
proliferation, migration and the dependence of cell adhesion on substrate stiffness. FEBS open bio 4, 627–636, https://doi.
org/10.1016/j.fob.2014.06.003 (2014).

 19. Tang, J. et al. A critical role for calponin 2 in vascular development. The Journal of biological chemistry 281, 6664–6672, https://doi.
org/10.1074/jbc.M506991200 (2006).

 20. Jiang, W. R. et al. Mechanoregulation of h2-calponin gene expression and the role of Notch signaling. The Journal of biological 
chemistry 289, 1617–1628, https://doi.org/10.1074/jbc.M113.498147 (2014).

 21. Appel, S., Allen, P. G., Vetterkind, S., Jin, J. P. & Morgan, K. G. h3/Acidic calponin: an actin-binding protein that controls 
extracellular signal-regulated kinase 1/2 activity in nonmuscle cells. Molecular biology of the cell 21, 1409–1422, https://doi.
org/10.1091/mbc.E09-06-0451 (2010).

 22. Hines, P. C., Gao, X., White, J. C., D’Agostino, A. & Jin, J. P. A novel role of h2-calponin in regulating whole blood thrombosis and 
platelet adhesion during physiologic flow. Physiological reports 2, https://doi.org/10.14814/phy2.12228 (2014).

 23. Flemming, A., Huang, Q. Q., Jin, J. P., Jumaa, H. & Herzog, S. A Conditional Knockout Mouse Model Reveals That Calponin-3 Is 
Dispensable for Early B Cell Development. PloS one 10, e0128385, https://doi.org/10.1371/journal.pone.0128385 (2015).

 24. Huang, Q. Q. et al. Deletion of calponin 2 in macrophages attenuates the severity of inflammatory arthritis in mice. American journal 
of physiology. Cell physiology 311, C673–c685, https://doi.org/10.1152/ajpcell.00331.2015 (2016).

 25. Huang, Q. Q. et al. Role of H2-calponin in regulating macrophage motility and phagocytosis. The Journal of biological chemistry 283, 
25887–25899, https://doi.org/10.1074/jbc.M801163200 (2008).

 26. Junghans, D. & Herzog, S. Cnn3 regulates neural tube morphogenesis and neuronal stem cell properties. The FEBS journal 285, 
325–338, https://doi.org/10.1111/febs.14338 (2018).

 27. Daimon, E., Shibukawa, Y. & Wada, Y. Calponin 3 regulates stress fiber formation in dermal fibroblasts during wound healing. 
Archives of dermatological research 305, 571–584, https://doi.org/10.1007/s00403-013-1343-8 (2013).

 28. Hirata, H. et al. MEKK1-dependent phosphorylation of calponin-3 tunes cell contractility. Journal of cell science 129, 3574–3582, 
https://doi.org/10.1242/jcs.189415 (2016).

 29. Ulmer, B. et al. Calponin 2 acts as an effector of noncanonical Wnt-mediated cell polarization during neural crest cell migration. Cell 
reports 3, 615–621, https://doi.org/10.1016/j.celrep.2013.02.015 (2013).

 30. Danninger, C. & Gimona, M. Live dynamics of GFP-calponin: isoform-specific modulation of the actin cytoskeleton and 
autoregulation by C-terminal sequences. Journal of cell science 113(Pt 21), 3725–3736 (2000).

 31. Hotulainen, P. & Lappalainen, P. Stress fibers are generated by two distinct actin assembly mechanisms in motile cells. The Journal of 
cell biology 173, 383–394, https://doi.org/10.1083/jcb.200511093 (2006).

 32. Tojkander, S. et al. A molecular pathway for myosin II recruitment to stress fibers. Current biology: CB 21, 539–550, https://doi.
org/10.1016/j.cub.2011.03.007 (2011).

 33. Burnette, D. T. et al. A contractile and counterbalancing adhesion system controls the 3D shape of crawling cells. The Journal of cell 
biology 205, 83–96, https://doi.org/10.1083/jcb.201311104 (2014).

 34. Soine, J. R. et al. Model-based traction force microscopy reveals differential tension in cellular actin bundles. PLoS computational 
biology 11, e1004076, https://doi.org/10.1371/journal.pcbi.1004076 (2015).

 35. Lehtimaki, J. I. et al. UNC-45a promotes myosin folding and stress fiber assembly. The Journal of cell biology 216, 4053–4072, https://
doi.org/10.1083/jcb.201703107 (2017).

 36. Gateva, G., Tojkander, S., Koho, S., Carpen, O. & Lappalainen, P. Palladin promotes assembly of non-contractile dorsal stress fibers 
through VASP recruitment. Journal of cell science 127, 1887–1898, https://doi.org/10.1242/jcs.135780 (2014).

 37. Takahashi, K. et al. Regulation of shortening velocity by calponin in intact contracting smooth muscles. Biochemical and biophysical 
research communications 279, 150–157, https://doi.org/10.1006/bbrc.2000.3909 (2000).

 38. Stricker, J., Aratyn-Schaus, Y., Oakes, P. W. & Gardel, M. L. Spatiotemporal constraints on the force-dependent growth of focal 
adhesions. Biophysical journal 100, 2883–2893, https://doi.org/10.1016/j.bpj.2011.05.023 (2011).

 39. Gelens, L. & Saurin, A. T. Exploring the Function of Dynamic Phosphorylation-Dephosphorylation Cycles. Dev Cell 44, 659–663, 
https://doi.org/10.1016/j.devcel.2018.03.002 (2018).

 40. Engel, U. Four-Channel Super-Resolution Imaging by 3-D Structured Illumination. Methods in molecular biology (Clifton, N.J.) 
1663, 79–94, https://doi.org/10.1007/978-1-4939-7265-4_7 (2017).

 41. Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nature protocols 8, 2281–2308, https://doi.org/10.1038/
nprot.2013.143 (2013).

 42. Pandey, P. et al. Cardiomyocytes Sense Matrix Rigidity through a Combination of Muscle and Non-muscle Myosin Contractions. 
Dev Cell 44, 326−+, https://doi.org/10.1016/j.devcel.2017.12.024 (2018).

Acknowledgements
This study was supported by grants from Sigrid Juselius Foundation, and Jane and Aatos Erkko Foundation to 
P.L. and S.T. and by Academy of Finland (285760) to S.T. W.H. is recipient of a BBSRC LIDO Studentship. T.I. 
was supported by a British Heart Foundation Intermediate Basic Science Research Fellowship (FS/14/30/30917). 
U.E. is grateful to the Nikon GmBH for supporting the Nikon Imaging Center and the Heidelberg Molecular 
Life Sciences (HMLS) for financial support for the 3D-SIM. We would like to thank James Hone (Columbia 
University) for kindly providing us with molds for the nanopillars.

Author Contributions
K.C. performed majority of the experiments and data analysis, except for the traction force studies that were 
carried out by W.H. The 3D-SIM experiments were performed under supervision of U.E. K.K. analyzed 
sequencing data. P.L., S.T. and T.I. designed the study. K.C., P.L. and T.I. wrote the paper with input from all other 
authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35948-6.
Competing Interests: The authors declare no competing interests.

http://dx.doi.org/10.1074/jbc.M509952200
http://dx.doi.org/10.1021/bi061718f
http://dx.doi.org/10.1016/j.fob.2014.06.003
http://dx.doi.org/10.1016/j.fob.2014.06.003
http://dx.doi.org/10.1074/jbc.M506991200
http://dx.doi.org/10.1074/jbc.M506991200
http://dx.doi.org/10.1074/jbc.M113.498147
http://dx.doi.org/10.1091/mbc.E09-06-0451
http://dx.doi.org/10.1091/mbc.E09-06-0451
http://dx.doi.org/10.14814/phy2.12228
http://dx.doi.org/10.1371/journal.pone.0128385
http://dx.doi.org/10.1152/ajpcell.00331.2015
http://dx.doi.org/10.1074/jbc.M801163200
http://dx.doi.org/10.1111/febs.14338
http://dx.doi.org/10.1007/s00403-013-1343-8
http://dx.doi.org/10.1242/jcs.189415
http://dx.doi.org/10.1016/j.celrep.2013.02.015
http://dx.doi.org/10.1083/jcb.200511093
http://dx.doi.org/10.1016/j.cub.2011.03.007
http://dx.doi.org/10.1016/j.cub.2011.03.007
http://dx.doi.org/10.1083/jcb.201311104
http://dx.doi.org/10.1371/journal.pcbi.1004076
http://dx.doi.org/10.1083/jcb.201703107
http://dx.doi.org/10.1083/jcb.201703107
http://dx.doi.org/10.1242/jcs.135780
http://dx.doi.org/10.1006/bbrc.2000.3909
http://dx.doi.org/10.1016/j.bpj.2011.05.023
http://dx.doi.org/10.1016/j.devcel.2018.03.002
http://dx.doi.org/10.1007/978-1-4939-7265-4_7
http://dx.doi.org/10.1038/nprot.2013.143
http://dx.doi.org/10.1038/nprot.2013.143
http://dx.doi.org/10.1016/j.devcel.2017.12.024
http://dx.doi.org/10.1038/s41598-018-35948-6


www.nature.com/scientificreports/

1 1Scientific RepoRts |         (2018) 8:17670  | DOI:10.1038/s41598-018-35948-6

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Calponin-3 is critical for coordinated contractility of actin stress fibers
	Results
	Calponin-3 is a dynamic component of contractile stress fibers. 
	Calponin-3 is dispensable for stress fiber assembly. 
	Loss of calponin-3 leads to uncontrolled contractility of the stress fiber network. 

	Discussion
	Methods
	Cell culture and treatments. 
	Cell Imaging. 
	Western Blot. 
	CRISPR/Cas9 knockout. 
	Pillars Assay. 
	Statistical analyses. 

	Acknowledgements
	Figure 1 Localization of Calponin-3 in U2OS cells.
	Figure 2 Calponin-3 is a dynamic component of contractile stress fibers.
	Figure 3 Calponin-3 is not critical for stress fiber assembly.
	Figure 4 Loss of Calponin-3 impairs stress fiber contractility.
	Figure 5 Cnn3-deficient cells exhibit increased traction forces.




