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A B S T R A C T   

Calcium oxalate monohydrate (COM), the most important crystal causing kidney stone disease, upregulates 
lamin A/C but downregulates zonula occludens-1 (ZO-1) in renal tubular cells. While roles for F-actin and 
α-tubulin and their association with ZO-1 are known to regulate COM-mediated tight junction (TJ) disruption, 
roles of lamin A/C and its interplay with ZO-1 in COM kidney stone model remain unclear and are thus the 
objectives of this study. Lamin A/C was knocked down in MDCK cells by silencing RNA specific for LMNA 
(siLMNA). Both wild-type (WT) and siLMNA cells were treated with COM for 48-h compared with the untreated 
(control) cells. Western blotting and immunofluorescence staining revealed upregulated lamin A/C and down-
regulated ZO-1 in the COM-treated WT cells. siLMNA successfully reduced lamin A/C expression in both control 
and COM-treated cells. Nonetheless, siLMNA did not reverse the effect of COM on the decreases in ZO-1 and 
transepithelial resistance, but further reduced their levels in both control and COM-treated cells. Protein-protein 
interaction analysis demonstrated that two cytoskeletal proteins (actin and tubulin) served as the linkers to 
connect lamin A/C with ZO-1 and occludin (both of which are the TJ proteins). Altogether, these data implicate 
that lamin A/C and ZO-1 are indirectly associated to control TJ function, and ZO-1 expression is regulated by 
lamin A/C. Moreover, COM-induced upregulation of lamin A/C most likely serves as a compensatory mechanism 
to cope with the downregulation of ZO-1 during COM-mediated TJ disruption.   

Introduction 

Kidney stone disease is one form of crystallopathies caused by min-
eral crystals that originate and grow inside the kidney and/or urinary 
tract. Calcium oxalate monohydrate (COM), the most important crys-
talline form causing kidney stone disease, acts as an external stimulus to 
trigger various cellular responses (Peerapen and Thongboonkerd, 
2021b; Thongboonkerd, 2019). COM crystals can be internalized into 
renal tubular cells after adhesion to the cells (Chaiyarit et al., 2016; 
Kanlaya et al., 2013). This crystal-uptake process can induce reorgani-
zation of intermediate filament and accumulation of F-actin at the 
internalization site (Lieske et al., 1994). Our recent studies have 
revealed that COM mediates tight junction (TJ) disruption and down-
regulates TJ-associated protein (zonula occludens-1 or ZO-1) via F-actin 
reorganization and α-tubulin relocalization (Hadpech et al., 2022; 
Peerapen and Thongboonkerd, 2021a). Stabilization of F-actin and 

α-tubulin by phalloidin and docetaxel, respectively, can prevent TJ 
disruption and ZO-1 downregulation (Hadpech et al., 2022; Peerapen 
and Thongboonkerd, 2021a). 

In addition, our previous expression proteomics study has shown 
that COM upregulates cellular expression of lamin A/C (Semangoen 
et al., 2008). A functional study has revealed that knockdown of LMNA 
gene encoding lamin A/C can suppress expression of several COM 
crystal receptors on the cell membranes, thereby reducing crystal-cell 
adhesion (Pongsakul et al., 2016). Recent evidence has also shown 
that infectious and chemical stimuli cause changes in lamin A/C 
together with alterations in TJ complex and receptors on the cell 
membranes in endothelial cells (Karakaya et al., 2022; Wutti-
mongkolchai et al., 2022), suggesting association among lamin A/C, TJ 
complex, and the cell membranes. While the roles for F-actin and 
α-tubulin and their association with ZO-1 are known to regulate COM- 
mediated TJ disruption (Hadpech et al., 2022; Peerapen and 
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Thongboonkerd, 2021a), the role of lamin A/C in COM kidney stone 
model remains unclear. Based on our previous findings (Pongsakul et al., 
2016; Semangoen et al., 2008) and recent studies (Karakaya et al., 2022; 
Wuttimongkolchai et al., 2022), we hypothesized that lamin A/C might 
be associated with ZO-1 and its upregulation might be related to the 
COM-induced TJ disruption (either as the cause or the effect). The 
present study, therefore, addressed the roles for lamin A/C and its as-
sociation with ZO-1 in COM-mediated TJ disruption. 

Materials and methods 

Cell culture and polarization 

High-passage parental Madin-Darby canine kidney cell line (MDCKII; 
ATCC CRL-2936) (ATCC; Manassas, VA) was maintained in a complete 
growth medium containing Dulbecco’s Modified Eagle Medium (DMEM) 
(Gibco; Grand Island, NY) supplemented with 10 % fetal bovine serum 
(FBS) (Gibco), 60 U/ml penicillin G (Sigma-Aldrich; St. Louis, MO), and 
60 μg/ml streptomycin (Sigma-Aldrich). The cells (at 3rd to 10th pas-
sage) were incubated in humidified incubator with 5 % CO2 at 37 ◦C. To 
achieve polarization, the cells (7.5 × 104 cells/well) were seeded onto 
collagen-coated polyethylene cell culture insert (0.4-μm-pore-size, 1.12- 
cm2-area) in the 12-mm Transwell (Corning Costar; Cambridge, MA) 
and maintained in the complete growth medium for 96-h. 

Knockdown of lamin A/C by small-interfering RNA (siRNA) 

Knockdown of LMNA gene encoding lamin A/C was performed ac-
cording to the protocol previously described (Aluksanasuwan et al., 
2017; Pongsakul et al., 2016) using siRNA harboring sequence specific 
to LMNA (siLMNA) (Santa Cruz Biotechnology; Santa Cruz, CA). In Canis 
lupus familiaris, this siLMNA specifically targets at the 822nd – 842nd 
nucleotides of lamin A pre-mRNA. Since lamin A mRNA and lamin C 
mRNA are the alternative splicing products of pre-lamin A mRNA and 
the target region of siLMNA exists in both of them, siLMNA should be 
able to knockdown both lamin A and lamin C (Fig. 1). The cells were 
cultured in DMEM with 10 % FBS without antibiotics in 6-well plate 
(Corning Costar) until 60–80 % confluent. siLMNA was premixed with 
siRNA Transfection Reagent (Santa Cruz Biotechnology) in Opti-MEM 
(Gibco) and incubated at 25 ◦C for 45 min. A total of 80 pmol of 

siLMNA was then added and incubated with the cells in humidified 
incubator with 5 % CO2 at 37 ◦C for 5-h. Thereafter, the cells were 
further incubated in the complete growth medium for 24-h followed by 
subsequent investigations. 

Preparation of COM crystals 

COM crystals were generated using the protocol established previ-
ously (Thongboonkerd et al., 2008; Thongboonkerd et al., 2006). 
Briefly, 10 mM CaCl2⋅2H2O in a buffer containing 10 mM Tris-HCl and 
90 mM NaCl (pH 7.4) was mixed 1:1 (v/v) with 1.0 mM Na2C2O4 in the 
same buffer to make their final concentrations at 5 mM and 0.5 mM, 
respectively. The mixture was incubated at 25 ◦C overnight, and the 
COM crystals were harvested by a centrifugation at 2,000 × g for 5 min. 
The crystals were washed three times with methanol and air-dried 
overnight at 25 ◦C. The typical morphology of COM crystal was 
confirmed under an inverted phase-contrast light microscope (Eclipse 
Ti-S) (Nikon; Tokyo, Japan). The crystals were decontaminated by UV 
light radiation for 30 min before exposure to the cells. 

COM treatment 

Both wild-type (WT) and siLMNA-transfected MDCK cells were 
incubated with the sublethal concentration of COM (100 μg of COM 
crystal per 1 ml of culture medium) in humidified incubator with 5 % 
CO2 at 37 ◦C for 48-h (Semangoen et al., 2008; Vinaiphat et al., 2017). 
Thereafter the cells were subjected to Western blot analysis and 
immunofluorescence study as follows. 

Western blot analysis 

Western blotting was performed as described previously (Fong-ngern 
et al., 2017a; Fong-ngern et al., 2017b). Briefly, cellular proteins (30 μg/ 
lane) were resolved by 12 % SDS-PAGE and transferred to a nitrocel-
lulose membrane (EMD Millipore; Billerica, MA) using a semi-dry 
transfer unit (GE Healthcare; Uppsala, Sweden) at 85 mA for 1.5 h. 
After blocking non-specific binders with 5 % skim-milk/PBS for 1 h, the 
membrane was incubated overnight at 4 ◦C with mouse monoclonal 
anti-LMNA (Santa Cruz Biotechnology) (1:1,000), mouse monoclonal 
anti-ZO-1 (Invitrogen; Eugene, OR) (1:1,000), or mouse monoclonal 

Fig. 1. siLMNA target. The target of siLMNA is at 822nd–842nd nucleotides within exon 3 of lamin A pre-mRNA of Canis lupus familiaris. Both lamin A and lamin C 
are derived from lamin A pre-mRNA by alternative splicing and share this siLMNA-targeted region. 
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anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz 
Biotechnology) (1:2,000) antibody in 1 % skim milk/PBS. After three 
washes with PBS, the membrane was incubated with rabbit anti-mouse 
IgG conjugated with horseradish peroxidase (1:20,000 in 1 % skim- 
milk/PBS) (Sigma-Aldrich) at 25 ◦C for 1 h. Immunoreactive protein 
bands were visualized by SuperSignal West Pico chemiluminescence 
substrate (Pierce Biotechnology, Inc.; Rockford, IL) and quantified by 
using ImageQuant TL software (GE Healthcare). 

Immunofluorescence study 

Immunofluorescence stainings were performed using protocol re-
ported previously (Vinaiphat and Thongboonkerd, 2018; Yoodee et al., 
2021). Briefly, the cells were fixed with 4 % paraformaldehyde/PBS at 
25 ◦C for 15 min, permeabilized with 0.1 % Triton X-100/PBS at 25 ◦C 
for 15 min, and then washed with membrane preserving buffer (PBS 
containing 0.1 mM CaCl2 and 1 mM MgCl2). The cells were incubated 
with 5 % bovine serum albumin (BSA)/PBS at 25 ◦C for 30 min to block 
non-specific binders and then with mouse monoclonal anti-LMNA (Santa 
Cruz Biotechnology) or mouse monoclonal anti-ZO-1 (Invitrogen) anti-
body (both at 1:50 in 1 % BSA/PBS) at 37 ◦C for 1 h. After three washes 
with PBS, the cells were incubated with goat anti-mouse IgG conjugated 
with Alexa Fluor 488 (green) (Invitrogen) (1:5,000) mixed with Hoechst 
dye (Invitrogen) (1:1,000) in 1 % BSA/PBS at 37 ◦C for 1 h. After 
extensive washes with PBS and mounting on a glass slide, the cells were 
examined and imaged under Eclipse 80i fluorescence microscope 
(Nikon). Quantitative intensity data were measured from at least 100 
cells in ≥ 10 random high-power fields (HPFs) per each biological 
sample using NIS-Elements D V.4.11 (Nikon). Using this software, dis-
tribution of the immunofluorescence signal was analyzed in its spectral 
format to localize protein expression. 

Measurement of transepithelial resistance (TER) 

At 0, 12, 24, 36 and 48 h after COM exposure, TER was measured in 
the Transwell with polarized cell monolayer using Millicell-ERS resis-
tance system (Millipore; Bedford, MA) as described previously (Suek-
sakit and Thongboonkerd, 2021; Vinaiphat et al., 2018). Measurements 
were performed at three different areas in each sample well. Background 
subtraction was done using the resistance obtained from the blank 
coated well filled with the complete growth medium but without cells. 
TER was then calculated using the following formula:  

TER (Ω⋅cm2) = (Resistance of sample well – Resistance of blank well) (Ω) ×
Well area (cm2).                                                                                     

Protein-protein interaction analysis 

Lamin A/C (LMNA) was subjected to analysis for its interaction with 
TJ proteins known to get involved in COM-induced TJ disruption, 
including ZO-1 (TJP1) and occludin (OCLN) (Peerapen and Thong-
boonkerd, 2011, 2013). Such protein–protein interaction analysis was 
performed using the STRING tool (version 11.5) (https://string-db.org) by 
inputting the target protein (LMNA) together with candidates for the 
interaction (TJP1 and OCLN). The protein–protein interaction was also 
openly queried through experimental/literature evidence and/or 
knowledge database retrieved by the STRING tool. Greater details can be 
found at https://string-db.org. 

Statistical analysis 

All quantitative data were obtained from three independent experi-
ments using different biological samples (n = 3) and are presented as 
mean ± SEM. Comparisons between two groups were done using 

unpaired Student’s t test, whereas multiple comparisons were done 
using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test. 
P values < 0.05 were considered statistically significant. 

Results 

COM upregulated lamin A/C in renal tubular cells 

After 48-h incubation with or without COM, expression level of 
lamin A/C was examined by Western blot analysis and immunofluo-
rescence study. Western blotting revealed that lamin A/C level was 
increased by COM treatment as compared with the untreated (control) 
cells (Fig. 2A-2C). Such increase of lamin A/C mediated by COM was 
confirmed by immunofluorescence study (Fig. 2D-2F). 

Effects of lamin A/C knockdown on downregulation and redistribution of 
ZO-1 mediated by COM 

From our previous studies, COM induces ZO-1 downregulation 
(Peerapen and Thongboonkerd, 2011, 2013, 2021a). By contrast, COM 
upregulates lamin A/C as shown in our previous report (Pongsakul et al., 
2016) and herein (Fig. 2). To further investigate whether the COM- 
mediated decrease of ZO-1 is related to or regulated by the upregu-
lated lamin A/C, MDCK cells with LMNA gene knockdown were con-
structed by siRNA technique. Western blot analysis revealed that siRNA 
targeting the LMNA gene (siLMNA) successfully reduced lamin A/C 
expression to approximately 1/2 of its basal level in the WT cells (Fig. 3). 
Also, siLMNA could prevent the COM-mediated increase in lamin A/C as 
compared with the untreated (control) siLMNA-transfected cells. 

As expected, ZO-1 level was dramatically decreased by COM in the 
WT cells (Fig. 3). However, LMNA gene knockdown did not prevent such 
COM-mediated decrease in ZO-1 level in the siLMNA-transfected cells. It 
appeared that LMNA gene knockdown further downregulated the ZO-1 
expression in both untreated (control) and COM-treated siLMNA-trans-
fected cells to lower than a half (Fig. 3). 

Similar to the data obtained from Western blotting, immunofluo-
rescence study revealed that lamin A/C expression at nuclei was 
increased by COM treatment in the WT cells (Fig. 4A-4D). siLMNA could 
prevent the COM-mediated increase in lamin A/C as compared with the 
untreated (control) siLMNA-transfected cells. By contrast, ZO-1 level 
was dramatically reduced by COM treatment in the WT cells (Fig. 4E- 
4H). ZO-1 expression at cell borders was distorted by COM, while its 
redistribution to cytoplasm and nuclei was also observed (Fig. 4E and 
4F). Moreover, LMNA gene knockdown did not prevent but worsened 
such COM-mediated decrease in ZO-1 level in the siLMNA-transfected 
cells (Fig. 4E-4H). 

Effects of lamin A/C knockdown on TJ disruption mediated by COM 

Our previous studies have clearly demonstrated that COM causes TJ 
disruption (Peerapen and Thongboonkerd, 2011, 2013, 2021a). To 
further investigate whether the COM-mediated TJ disruption is regu-
lated by lamin A/C, transepithelial resistance (TER), which reflects TJ 
barrier function, was examined. As expected, the data clearly showed 
that TER was obviously reduced by COM treatment in the WT cells at all 
time-points (Fig. 5). In consistent with the data on ZO-1 expression, 
LMNA gene knockdown further reduced TER in both untreated (control) 
and COM-treated siLMNA-transfected cells (Fig. 5). 

Interplay among lamin A/C, TJ proteins, and cytoskeletal proteins 

To analyze the interplay among lamin A/C, TJ proteins, and cyto-
skeletal proteins, protein–protein interaction was analyzed by using the 
STRING analysis tool. Lamin A/C (LMNA) was subjected to analysis for 
its association with TJ proteins known to get involved in COM-induced 
TJ disruption, including ZO-1 (TJP1) and occludin (OCLN) (Peerapen 
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and Thongboonkerd, 2011, 2013). The analysis was also openly queried 
through experimental evidence and/or knowledge database 
(https://string-db.org). The data showed that lamin A/C was directly 
associated with two cellular cytoskeletal proteins, including actin 
(ACTB) and tubulin α-1 chain (TUBA1A) (Fig. 6). Additionally, these two 

cytoskeletal proteins further connected to both TJ proteins, ZO-1 (TJP1) 
and occludin (OCLN). Although protein–protein interaction analysis did 
not show a direct association between lamin A/C and ZO-1, this result 
implicated their indirect interplay via actin (ACTB) and tubulin α-1 
chain (TUBA1A), which served as the linkers between nuclear lamin A/C 

Fig. 2. COM upregulated lamin A/C in renal tubular cells. After polarization followed by 48-h incubation with or without COM crystals, level of lamin A/C in MDCK 
cells was examined. (A): Western blot analysis of lamin A/C using GAPDH as a loading control. (B) and (C): Band intensity of lamin A/C was quantified by using 
ImageQuant TL software (GE Healthcare) and was relative to GAPDH and control group, respectively. (D): Immunofluorescence staining of lamin A/C (green) and 
nuclei (blue). (E): Fluorescence intensity data were measured from 100 cells in ≥ 10 random high-power fields per each biological sample. (F): The fluorescence 
intensity data were relative to the control group. Each bar represents mean ± SEM of the data derived from three independent experiments using different biological 
samples (n = 3) (A.U. = arbitrary unit). * = p < 0.05 vs. control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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and TJ proteins (Fig. 6). 

Discussion 

Cells are frequently exposed to various types of external stimuli 
causing different cellular responses (Humphrey et al., 2014). The cell 
plasma membranes serve as the primary site for receiving signal loads 

and then transmit and translate them through a pathway called 
mechanotransduction (Martino et al., 2018; Uray and Uray, 2021). 
Various cellular components, including membrane receptors (e.g., 
integrin), linker proteins (e.g., talin and vinculin), cytoskeletal proteins 
(e.g., F-actin, microtubules and intermediate filaments), and nuclear 
lamina proteins (lamin A/C and lamin B) are known to play essential 
roles in the mechanosignaling pathway (Humphrey et al., 2014; 

Fig. 3. Levels of lamin A/C and ZO-1 in wild-type (WT) and siLMNA-transfected MDCK cells with or without COM treatment. After polarization followed by 48-h 
incubation with or without COM crystals, levels of lamin A/C and ZO-1 in WT and siLMNA-transfected MDCK cells were examined. (A): Western blot analysis of 
lamin A/C and ZO-1 using GAPDH as a loading control. (B) and (C): Band intensity of each protein was quantified by using ImageQuant TL software (GE Healthcare) 
and was relative to GAPDH and WT control group, respectively. Each bar represents mean ± SEM of the data derived from three independent experiments using 
different biological samples (n = 3). * = p < 0.05 vs. control WT cells; # = p < 0.05 vs. COM-treated WT cells; † = p < 0.05 vs. control siLMNA-transfected cells. 
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Fig. 4. Effects of lamin A/C knockdown on downregulation and redistribution of ZO-1 mediated by COM. After polarization followed by 48-h incubation with or 
without COM crystals, levels of lamin A/C and ZO-1 in wild-type (WT) and siLMNA-transfected MDCK cells were examined. (A) and (E): Both lamin A/C and ZO-1 are 
shown in green, whereas nuclei are shown in blue. (B) and (F): Their spectral patterns of the immunofluorescence signals across the cells are also shown. The area of 
spectral data plot is localized by the horizontal red arrow, whereas the cell border is indicated by the vertical gray bar. (C) and (G): Quantitative fluorescence 
intensity data were measured from 100 cells in ≥ 10 random high-power fields per each biological sample. (D) and (H): The fluorescence intensity data were relative 
to the WT control group. Each bar represents mean ± SEM of the data derived from three independent experiments using different biological samples (n = 3) (A.U. =
arbitrary unit). * = p < 0.05 vs. control WT cells; # = p < 0.05 vs. COM-treated WT cells; † = p < 0.05 vs. control siLMNA-transfected cells. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Osmanagic-Myers et al., 2015; Uray and Uray, 2021). 
Lamins are members of type V intermediate filaments (de Leeuw 

et al., 2018). They play several essential roles in nuclear structure sta-
bilization, chromosome organization, and gene transcription/regulation 
(de Leeuw et al., 2018; Dubik and Mai, 2020). Lamin A/C is an A-type 
lamin protein that localizes in nuclear lamina between the nuclear en-
velope and chromatin (Dubik and Mai, 2020; Vahabikashi et al., 2022). 
It binds to B-type lamin and other associated proteins to form a mesh-
work under the inner nuclear membrane (Malashicheva and Perepelina, 
2021; Turgay et al., 2017; Turgay and Medalia, 2017; Vahabikashi et al., 
2022). Lamin A/C also serves as a mechanosensor to receive signals from 
external stimuli and to trigger internal biological processes (Osmanagic- 
Myers et al., 2015; Vahabikashi et al., 2022). For example, external 
shear force can upregulate expression of lamin A/C and translocate it 
from intranuclear locale to the perinuclear site, where lamin A/C can 
regulate nuclear shape and gene expression in aging model (Philip and 
Dahl, 2008). With its multifaceted roles, lamin A/C requires many 
binding or interacting proteins to support its functions (Malashicheva 
and Perepelina, 2021). For example, it interacts with cellular cytoskel-
etal complex, including F-actin, microtubule and intermediate filament, 
to maintain nuclear structure and function (Antmen et al., 2021; Chat-
zifrangkeskou et al., 2023; Malashicheva and Perepelina, 2021; Tariq 
et al., 2017; Wang et al., 2023). 

Our present study revealed that COM induced renal tubular cell re-
sponses by upregulating lamin A/C and downregulating ZO-1. To 
address the association between lamin A/C upregulation and ZO-1 
downregulation, LMNA gene knockdown was performed. Our data 
demonstrated that LMNA gene knockdown did not reverse the effects of 
COM on the decreases of ZO-1 and TER levels. Furthermore, LMNA gene 
knockdown worsened the COM-mediated decreases of ZO-1 and TER 
levels. Therefore, COM-induced lamin A/C upregulation is unlikely to be 
the causative or pathogenic mechanism underlying the COM-mediated 
TJ disruption (otherwise, LMNA gene knockdown should be able to 

Fig. 5. Effects of lamin A/C knockdown on TJ disruption mediated by COM. After polarization followed by 48-h incubation with or without COM crystals, trans-
epithelial resistance (TER) levels in wild-type (WT) and siLMNA-transfected MDCK cells were examined. TER measurements were performed at three different areas 
in each sample well. Background subtraction was done using the resistance obtained from the blank coated-well filled with the complete growth medium but without 
cells. Each data point represents mean ± SEM of the measurements derived from three independent experiments using different biological samples (n = 3). * = p <
0.05 vs. control WT cells; # = p < 0.05 vs. COM-treated WT cells; † = p < 0.05 vs. control siLMNA-transfected cells. 

Fig. 6. Interplay among lamin A/C, TJ proteins, and cytoskeletal proteins. The 
interplay of lamin A/C (LMNA) with the TJ proteins known to get involved in 
COM-induced TJ disruption, including ZO-1 (TJP1) and occludin (OCLN), was 
analyzed by using the STRING tool (version 11.5) (https://string-db.org). The 
protein–protein interaction was also openly queried through experimental ev-
idence and/or knowledge database. ACTB encodes actin and TUBA1A encodes 
tubulin α-1 chain. 
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rescue the COM-mediated effects on ZO-1 and TER). But our study has 
shown the opposite data. Hence, the COM-induced lamin A/C upregu-
lation most likely serves as a compensatory mechanism to cope with the 
COM-mediated ZO-1 downregulation and TJ disruption (Fig. 7). 

In our study model, COM serves as an external stimulus to induce 
cellular responses. As COM has a potent adhesive force to adhere tightly 
with renal tubular cells (Peerapen and Thongboonkerd, 2020), one of 
the possible cellular responses is to trigger the mechanosensing pathway 
to cope with the COM-induced deteriorations (particularly TJ 

disruption) via the upregulation of lamin A/C as the compensatory 
mechanism. Our hypothesis is supported by a recent study demon-
strating that lamin A/C overexpression or upregulation is a repairing 
mechanism to cope with minor rotator cuff injury (Gumina et al., 2021). 
However, when the rotator cuff gets extensive tears beyond the 
compensatory mechanism, lamin A/C, on the other hand, is down-
regulated (Gumina et al., 2021). This may also explain the phenomenon 
observed in our present study regarding the downregulation of lamin A/ 
C in the siLMNA-transfected cells treated with COM crystals 

Fig. 7. Summary of the effects of COM on ZO-1 and lamin A/C in renal tubular cells. (A): COM-induced ZO-1 downregulation/redistribution. (B): COM-induced 
lamin A/C upregulation. (C): Merged image of (A) and (B) with changes in cytoskeletal assembly to summarize compensatory mechanism by lamin A/C upregu-
lation during COM-mediated TJ disruption. SUN = Sad1 and UNC84 homology. LINC = the linker of nucleoskeleton and cytoskeleton. 
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(representing the severe stress that is beyond the compensatory mech-
anism), whereas lamin A/C is upregulated in the COM-treated WT cells 
(representing the mild stress condition) (Figs. 3 and 4). Nevertheless, the 
precise mechanosensing-related mechanism in kidney stone model 
triggered by COM remains to be elucidated with further investigations. 

As COM is known to induce cellular responses via cytoskeletal 
network and affects the cellular junctional complex (Peerapen et al., 
2018; Peerapen and Thongboonkerd, 2021a), it is thus plausible that 
lamin A/C is not associated with ZO-1 directly, but depends on other 
proteins that serve as the linkers between both of them. We further 
investigated whether there is an indirect association between these two 
proteins via linkers or other associated proteins using the STRING 
analysis tool. The data derived from the STRING prediction implicate 
that lamin A/C is directly associated with actin and α-tubulin, but is 
indirectly associated with ZO-1 and occludin, which are members of the 
TJ protein complex. This protein network analysis has demonstrated the 
interplay of cytoskeletal proteins linking the nuclear lamina to the TJ 
protein complex. These data are consistent with those reported previ-
ously indicating that the cytoskeleton and nucleoskeleton are connected 
and coordinated functionally (Herlitz et al., 2012; Tariq et al., 2017; 
Uray and Uray, 2021). 

Our data have also shown that COM causes not only ZO-1 down-
regulation but also its redistribution from the cell borders to cytoplasm 
and nuclei. Because renal tubular cells have a renewal capability, which 
normally occurs after cell injury (Fujigaki, 2012), it may be possible that 
ZO-1 redistribution is related to a regeneration process following COM- 
induced cellular injury. This hypothesis is supported by a study that 
describes ZO-1 redistribution in an early phase of physiologic cell 
shedding during intestinal cellular renewal process (Guan et al., 2011). 
Consistently, a recent study has shown that the distribution/localization 
of ZO-1 can be altered during cell turnover or proliferation (Imafuku 
et al., 2023). Other independent studies have revealed that ZO-1 can be 
localized in the nuclei and can regulate gene expression (Balda et al., 
2003; Balda and Matter, 2000; Zhong et al., 2012). Therefore, another 
possibility is that the COM-induced ZO-1 redistribution is to regulate 
gene expression during the COM-mediated TJ disruption. 

In addition to the role in sensing mechanical forces from external 
stimuli (de Leeuw et al., 2018; Lammerding et al., 2004; Vahabikashi 
et al., 2022), another important role of lamin A/C is to stabilize nuclear 
structure (Dubik and Mai, 2020; Vahabikashi et al., 2022). In LMNA-/- 

mouse fibroblasts, the cells have impaired nuclear mechanics associated 
with increased nuclear fragility and reduced cytoskeletal stiffness 
(Lammerding et al., 2004). In consistent, actin polymerization and or-
ganization are disturbed in LMNA-/- and LMNA-mutated N195K cells 
(Ho et al., 2013). Moreover, LMNA-/- mouse embryonic fibroblasts have 
impaired actin fiber organization and less cytoskeletal components (van 
Loosdregt et al., 2017). Additionally, these LMNA-knockout fibroblasts 
exhibit less contractile property as compared with the WT fibroblasts 
(van Loosdregt et al., 2017). In the present study, we found that the 
siLMNA-transfected renal tubular cells had lower TER than the WT cells 
even without induction by COM. This result implies that the siLMNA- 
knockdown cells have less cellular integrity than the WT cells as the 
data clearly showed further reduction of TER when the effect of LMNA 
gene knockdown was combined with the effect of COM. These data were 
consistent with the loss of ZO-1 level in the former experiment impli-
cating that lamin A/C is one of the key proteins involved in COM re-
sponses to regulate TJ protein complex via cytoskeletal network 
complex. 

Structurally, the linker of nucleoskeleton and cytoskeleton (LINC) 
complex crosses the nuclear envelope, thereby connecting the cyto-
plasmic compartment to the nucleus (Gurusaran and Davies, 2021). The 
LINC complex consists of (i) SUN (Sad1 and UNC84 homology) domain 
and (ii) KASH (Klarsicht, ANC-1, and Syne homology) domain. SUN 
directly binds to lamin A/C, whereas KASH interacts with actin filament 
via nesprin 1/2, binds to microtubule via kinesin and dynein motor, and 
binds to intermediate filament via nesprin 3 (Gurusaran and Davies, 

2021; Malashicheva and Perepelina, 2021). Microtubule is associated 
with ZO-1 (Jalimarada et al., 2009; Thanuja et al., 2021), occludin 
(Glotfelty et al., 2014), and actin via microtubule-actin crosslinking 
factor (MACF) (Sun et al., 2001). Our previous study has also reported 
that tubulin (a microtubular protein), vimentin (an intermediate fila-
ment protein), S100, α-enolase, and annexin A2 are associated with 
lamin A/C, and knockdown of the LMNA gene can reduce their 
expression levels (Pongsakul et al., 2016). Herein, we observed that 
LMNA gene knockdown also downregulated ZO-1 expression, implying 
that TJ disruption in the siLMNA-transfected cells is caused by lamin A/ 
C-dependent ZO-1 expression regulation. ZO-1 is an adaptor protein that 
plays role in the formation, maintenance and regulation of TJ. Alongside 
claudin and occludin, ZO-1 supports the TJ structure and links the TJ 
complex to intracellular cytoskeletal assembly (Odenwald et al., 2018; 
Otani et al., 2019). This intricate network further strengthens the TJ 
function as the paracellular barrier to control the passage of molecules 
across epithelial layer and participates in intracellular signaling cas-
cades (Itoh et al., 2018; Rouaud et al., 2020). 

Although the data reported herein are promising and may partially 
explain some biological phenomena during the COM-mediated TJ 
disruption, a number of limitations in our present study should be noted. 
First, the data were obtained solely from in vitro experiments, which 
might not entirely resemble the in vivo biological phenomena. Con-
firming these effects by in vivo study would strengthen our findings and 
conclusions. Second, the interplay among lamin A/C, TJ proteins and 
cytoskeletal proteins was analyzed only by bioinformatic prediction. 
Validation (e.g., by co-immunoprecipitation, tandem affinity purifica-
tion, or other protein–protein interaction experiments) should be per-
formed to strengthen such data on protein–protein interaction. Although 
we have not provided experimental data of lamin A/C and F-actin 
interaction, a previous study has demonstrated that lamin A/C requires 
the LINC complex to connect with the pool of F-actin in the cytoplasm 
(Vahabikashi et al., 2022). Another study has also demonstrated that F- 
actin binds directly to both lamin A and lamin B via actin-binding site-1 
(Simon et al., 2010). They have further reported that actin-binding site-2 
is specific for lamin A (Simon et al., 2010). Third, only ZO-1 and TER 
were examined in this study. In fact, there are several other TJ proteins 
that play crucial roles in maintaining TJ functions. Therefore, examining 
other TJ proteins and functions would gain more insights into the COM- 
induced TJ disruption. Finally, our data have led to the hypothesis that 
the upregulation of lamin A/C by COM is a potential compensatory 
mechanism to cope with the downregulated ZO-1 and TJ disruption 
mediated by COM. LMNA gene overexpression may be required to 
confirm this hypothesis by examining whether LMNA gene over-
expression can prevent or lessen TJ disruption mediated by COM. 

Conclusions 

We have reported herein that COM increases lamin A/C expression, 
decreases ZO-1 expression, and induces TJ disruption. Knockdown of 
LMNA gene does not prevent such COM-mediated decreases in ZO-1 and 
TER levels in the siLMNA-transfected cells. On the other hand, LMNA 
gene knockdown further downregulates ZO-1 expression and reduces 
TER in both untreated (control) and COM-treated siLMNA-transfected 
cells. Protein-protein interaction analysis reveals that lamin A/C is 
directly associated with two cellular cytoskeletal proteins, including 
actin and α-tubulin, which further connect to both TJ proteins, ZO-1 and 
occludin. Taken together, these data implicate that lamin A/C and ZO-1 
are indirectly associated to control TJ function, and ZO-1 expression is 
regulated by lamin A/C. Moreover, COM-induced upregulation of lamin 
A/C most likely serves as a compensatory mechanism to cope with the 
downregulation of ZO-1 during COM-mediated TJ disruption (Fig. 7). 
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