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Abstract. Clear cell renal cell carcinoma (ccRCC) nuclear 
grade is associated with patient prognosis. Currently, the World 
Health Organization (WHO)/International Society of Urologic 
Pathologists (ISUP) grading system is used to evaluate nuclear 
and cellular morphology. The present study aimed to inves‑
tigate the relationship between nuclear envelope‑associated 
protein expression and nuclear grade. A total of 199 patients 
diagnosed with ccRCC were included in the study. Following 
immunohistochemical staining for Lamin  A, Lamin  B1, 
Lamin B2, Emerin, SUN1, SUN2, Nesprin‑1, Nesprin‑2 and 
Nesprin‑3, their expression levels were evaluated. Comparing 
the nuclear grade with the mean nuclear area and perimeter 
revealed a significant increase across each grade from G1 
to G3. However, the difference between G3 and G4 was not 
significant, indicating that nuclear morphology in G4 may be 
influenced by another factor. Comparison of Lamin expression 
across nuclear grades showed that only Lamin A was signifi‑
cantly decreased in G4 cases. Furthermore, the positive rates 
of Lamin B1 and Lamin B2, as well as nuclear grade, did not 
differ significantly between the grades. Next, the association 
between changes in Emerin, SUN and Nesprin expression 
and nuclear grade was examined; notably, only SUN1 showed 
significant changes in G4, whereas no significant differences 
were observed between nuclear grade and the other proteins. 
Therefore, reduced Lamin A and SUN1 expression may cause 
morphological changes in the nucleus and cells, leading 
to a shift toward G4. The total volumes of the nucleus and 

nucleoli showed an isometric relationship. Thus, evaluating the 
nucleolus using nuclear grade classification in G1‑G3 ccRCC 
is essentially equivalent to evaluating the size of the nucleus. 
In conclusion, in the WHO/ISUP grading system, G1, G2 and 
G3 rely solely on nucleolar size as an indicator. However, in 
G4, both nuclear and cell morphology may be considered 
as indicators, since changes in nuclear envelope‑associated 
proteins were only detected in this grade.

Introduction

According to the latest cancer statistics from the International 
Agency for Research on Cancer, 434,419 new cases and 155,702 
deaths from renal cancer were reported in 2022 (1). Renal 
cell carcinoma (RCC) includes histological subtypes such as 
clear cell RCC (ccRCC), papillary RCC, and chromophobe 
RCC (2). Among these, ccRCC represents the highest propor‑
tion, accounting for 70‑75% of all RCCs (2). Compared with 
non‑ccRCC, ccRCC is associated with higher mortality and 
lower survival rates, indicating the poorest prognosis among 
RCCs (2,3). Furthermore, ccRCC originates from proximal 
tubule epithelial cells and typically exhibits an expansive 
growth pattern (4). Histologically, it is marked by abundant 
clear cytoplasm resulting from lipid and glycogen accumula‑
tion (2). The Fuhrman grade (5) and the WHO/ISUP grading 
system (6) are generally used to grade the nuclear features of 
ccRCC. Higher nuclear grades correlate with poorer prog‑
nosis; therefore, these nuclear grading systems have been used 
in clinical practice. However, recent studies have indicated that 
the Fuhrman grade has moderate interobserver agreement (7). 
Because of subjectivity in how pathologists emphasize specific 
criteria and assess nuclear size, it has been suggested that 
grading beyond Grade 4 should primarily focus on nucleolar 
evaluation (7,8). Dagher et al (8) suggested that the WHO/ISUP 
grading system correlates more strongly with patient survival 
than the Fuhrman grade.

Changes in nuclear morphology are reported to be 
influenced by changes in the expression of nuclear envelope 
(NE)‑associated proteins, including Lamin, Emerin, SUN, 
and Nesprin  (9). In particular, Lamins are classified into 
two types: A‑type and B‑type Lamin (10). Lamin A, which 
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is on the nucleoplasmic side, forms a dense meshwork (10). 
Lamin B1, which is situated between Lamin A and the inner 
nuclear membrane (INM), forms a relatively loose mesh‑
work (10). Lamin B1 prevents nuclear bleb formation caused 
by Lamin A protrusions (10). Lamin influences nuclear and 
cellular morphologies. Vahabikashi et al (11) reported that 
Lamin A deficiency leads to nuclear distortion and increased 
nuclear volume, whereas Lamin B1 or B2 deficiency causes no 
evident distortion. In Lamin B1‑deficient cells, nuclear volume 
is smaller than in wild‑type cells, whereas in Lamin  B2 
deficiency, it is nearly identical to wild‑type. Furthermore, 
Lamin  interacts with the Linker of Nucleoskeleton and 
Cytoskeleton (LINC) complex and intermediate filaments, 
thereby regulating cytoplasmic stiffness  (11). The effects 
of Lamin also vary by tumor type. Moss et al (12) reported 
that in esophageal squamous cell carcinoma, Lamin A/C is 
reduced while Lamin B1 is retained, whereas in colon tumors 
and gastric dysplasia, both Lamin A/C and B1 are decreased. 
Conversely, pancreatic cancer retains the expression of both 
Lamin proteins  (12). Although reduced Lamin expression 
is common in cancer, it is not observed in all epithelial 
tumors  (12). Previous studies have also reported findings 
related to Emerin (13,14). Vaughan et al (14) reported that 
Lamin A, C, and B1 interact with Emerin; when Lamin A/C 
is absent from the NE, Emerin relocates from the NE to the 
endoplasmic reticulum. Hence, Lamin  A is necessary to 
anchor Emerin to the NE. Lammerding et al (13) reported that 
Emerin deficiency induces abnormalities in the nuclear shape; 
however, these are milder than those caused by Lamin A 
deficiency, and nuclear rigidity remains comparable to that 
of wild type. Furthermore, SUN and Nesprin interact with 
both Lamin and Emerin as well as the cytoskeleton, thereby 
influencing both the nucleoskeleton and cytoskeleton (15,16). 
Haque et al reported that the C‑terminals of SUN1 and SUN2 
interact with the KASH domains of Nesprin‑1 and ‑2, linking 
the nucleus to actin, whereas their N‑terminals interact with 
nuclear Lamin, Emerin, and short Nesprin‑2 isoforms. These 
interactions bridge the nucleoskeleton and the cytoskeleton, 
playing a crucial role in maintaining nuclear and cellular integ‑
rity (15). Banerjee et al (17) reported that deficiency of either 
Nesprin‑1 or Nesprin‑2 increases nuclear area and perimeter 
and reduces roundness; when both are deficient, the localiza‑
tion of Lamin A/C and Emerin is disrupted. Ketema et al (16) 
demonstrated that Nesprin‑3, similar to Nesprin‑1 and ‑2, 
localizes to the outer nuclear membrane through interactions 
with SUN1 and SUN2. Furthermore, Nesprin‑3α binds to 
plectin dimers, linking intermediate filaments to the nucleus, 
whereas the interaction between SUN and Lamin A forms 
the Nesprin‑3‑LINC complex that bridges the cytoskeleton 
and nucleoskeleton (16). Heffler et al (18) also reported that 
Nesprin‑3 deficiency increases the number of nuclear wrinkles 
and indentations.

Several studies have reported the contribution of altered 
expression levels of Lamin, Emerin, SUN, and Nesprin to 
nuclear and cellular morphologies. Therefore, examining the 
expression of these NE‑associated proteins may help identify 
potential indicators of nuclear grade. Regarding kidney cancer, 
Xin et al reported that reduced Lamin A expression contributes 
to abnormal nuclear morphology (19). Radspieler et al (20) also 
reported that the gene expression levels of Lamin B1 serve as a 

marker of poor prognosis. Furthermore, Fukushima et al (21) 
demonstrated that reduced Nesprin‑1 gene expression is a poor 
prognostic factor and that its knockdown enhances invasive 
potential. However, to our knowledge, no studies have directly 
compared nuclear grade with the expression of NE‑associated 
proteins to elucidate the mechanisms underlying nuclear 
morphological changes in ccRCC. Therefore, we conducted 
this study to investigate the relationship between nuclear 
grade and nine NE‑associated proteins: Lamin A, Lamin B1, 
Lamin B2, Emerin, SUN1, SUN2, Nesprin‑1, Nesprin‑2, and 
Nesprin‑3, which have been implicated in alterations of nuclear 
and cellular morphology.

Materials and methods

Samples. This study included 199 patients who underwent 
surgical resection for ccRCC at Gunma University Hospital 
between January 2005 and July 2012. The Gunma University 
Ethical Review Board for Medical Research Involving Human 
Subjects approved this study (approval no. HS2024‑068). We 
used formalin‑fixed and paraffin‑embedded tissue blocks used 
for routine pathological diagnosis. Sections were cut at 4 µm 
thickness for immunohistochemical staining.

Evaluation of nuclear grade. Hematoxylin‑eosin‑stained 
diagnostic specimens, stored in the Department of Pathology 
at Gunma University Hospital, were reviewed by pathologists. 
The nuclear grades of four patient groups (G1‑G4) were deter‑
mined according to the Fuhrman grade (5) and WHO/ISUP 
grading systems (6).

Immunohistochemical staining. Four micrometer‑thick 
sections were deparaffinized through three 5‑min xylene treat‑
ments. For rehydration, sections were sequentially immersed 
in 100, 99, 95, and 70% ethanol for 1 min each, followed by a 
1‑min rinse under running water. For immunohistochemical 
staining, the following antibodies were used at a concentra‑
tion of 2 µg/ml: anti‑Lamin A antibody (clone 133A2; mouse 
monoclonal antibody; ab8980; Abcam), anti‑Lamin  B1 
antibody (clone  3C10G12; mouse monoclonal antibody; 
66095‑1‑Ig; Proteintech, Rosemont, USA), anti‑Lamin B2 
antibody (clone  GT144; mouse monoclonal antibody; 
GTX628803; GeneTex, California, USA), anti‑Emerin antibody 
(clone CL0201; mouse monoclonal antibody; NBP2‑52876; 
Novus Biologicals, Centennial, CO, USA), anti‑SUN1 anti‑
body (clone EPR6554; rabbit monoclonal antibody; ab124770; 
Abcam), anti‑SUN2 antibody (clone EPR6557; rabbit mono‑
clonal antibody; ab124916; Abcam), anti‑Nesprin‑1 antibody 
(clone  EPR14196; rabbit monoclonal antibody; ab192234; 
Abcam), anti‑Nesprin‑2 antibody (clone EPR28137‑54; rabbit 
monoclonal antibody; ab186746; Abcam), and anti‑Nesprin‑3 
antibody (clone  EPR15623; rabbit monoclonal antibody; 
ab314872; Abcam). First, sections were placed in an elec‑
tric pot containing Immunosaver (Nisshin EM Co. Ltd., 
Shinjuku‑ku, Tokyo, Japan) diluted 200‑fold with distilled 
water for antigen retrieval. Next, they were boiled, main‑
tained at 98˚C for 40 min, and left in the pot for 30 min after 
turning off the heat. Subsequently, they were transferred to 
a container with 0.01 M phosphate‑buffered saline (PBS) 
solution. Following antigen retrieval, immunohistochemical 
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staining was performed using an automated staining system 
(Histostainer 36A; Nichirei Biosciences, Chuo‑ku, Tokyo, 
Japan). We treated the specimens with hydrogen peroxide 
solution (code 715242; Nichirei Bioscience) for 5 min to block 
endogenous peroxidase activity. After the specimens were 
washed with PBS (code 715224; Nichirei Bioscience), 2% goat 
serum (ab7481; Abcam) was added and incubated for 15 min. 
Primary antibodies (clones 133A2, 3C10G12, GT144, CL0201, 
EPR6554, EPR6557, EPR14196, EPR28137‑54, and EPR15623) 
were applied and incubated at room temperature for 60 min. 
After washing, peroxidase‑labeled anti‑mouse IgG polyclonal 
antibody (Histofine Simple Stain MAX‑PO(M); code 724132; 
Nichirei Bioscience) was applied as the secondary antibody 
for 30 min to specimens treated with primary antibodies, 
including clones 133A2, 3C10G12, GT144, and CL0201. For 
clones EPR6554, EPR6557, EPR14196, EPR28137‑54, and 
EPR15623, peroxidase‑labeled anti‑rabbit IgG polyclonal 
antibody (Histofine Simple Stain MAX‑PO(R); code 724142; 
Nichirei Bioscience) was used as the secondary antibody for 
30 min. For color development, the specimens were incubated 
with the DAB substrate kit (code 725191; Nichirei Bioscience) 
twice for 10 min. After washing, the nucleus was stained with 
hematoxylin (code 715081; Nichirei Bioscience) for 1 min. 
Subsequently, the specimens were removed from the auto‑
matic staining machine and washed once with distilled water. 
Next, sections were dehydrated in 70, 95, and 100% ethanol 
(two baths) for 1 min each. For clearing, xylene was applied 
in three consecutive baths for 5 min, followed by mounting. 
Subsequently, the sections were examined using an optical 
microscope (BX51; Evident, Tokyo, Japan) to confirm staining.

Acquisition of specimen images using a virtual slide scanner. 
Whole‑slide images of immunohistochemically stained speci‑
mens for Lamin A, B1, and B2 were obtained using a virtual 
slide scanner (Nano Zoomer 2.0‑HT Virtual Slide Scanner; 
C9600‑13; Hamamatsu Photonics K.K., Shizuoka, Japan). 
The scanning conditions were as follows: observation lens, 
20x; resolution, 0.75; scan mode, 40x; maximum capture size, 
26x76 mm; pixel size, 0.23 µm/pixel; light source, halogen 
lamp; and image storage format, JPEG.

Computer‑assisted image analysis. For analyzing Lamin A‑, 
B1‑, and B2‑stained specimens, five representative regions per 
specimen were selected at 40x magnification from whole‑slide 
images and saved as TIFF files. The images were then analyzed 
using the NE measurement software e‑Nucmen3 (ver. 1.8; 
E‑path Co. Ltd, Fujisawa, Kanagawa, Japan). To focus on 
tumor cell nuclei, nontumor regions were excluded using the 
annotation function. Nuclei of nontumor cells within the tumor 
region, overlapping nuclei, and nuclei not correctly recognized 
by the software were also excluded. Analysis conditions are 
provided in Table SI.

Evaluation of Emerin, SUN, and Nesprin expression. 
Specimens stained with each primary antibody were exam‑
ined under a microscope. To evaluate expression changes, 
staining intensity in the tumor region was compared with that 
of the nuclear membrane in normal proximal tubules from 
the same patient. Expression levels of Emerin, SUN1, SUN2, 
and Nesprin‑2 were classified into three categories: decreased, 

no change, and increased. For Nesprin‑1, the expression level 
was classified into decreased, no change, and nucleoplasm. 
For Nesprin‑3, because no expression was detected in the NE 
of normal proximal tubules, expression was classified as no 
change (absent) or increased (present).

Statistical analysis. All statistical data were analyzed using 
JMP Pro ver. 18. 2.0 (SAS Japan, Tokyo, Japan). For multiple 
comparisons involving unequal group sample sizes (unbal‑
anced data), one‑way ANOVA was initially performed to 
check variance among groups, after which, the Tukey‑Kramer 
HSD test was used for pair‑wise comparisons, referencing 
Lee and Lee (22) for its validity. Because part of the statis‑
tical evaluation involved qualitative assessment, Fisher's 
exact test was used for 2x2 group comparisons to examine 
the presence or absence of distribution differences  (23). 
Comparisons involving more than two groups were analyzed 
using the Fisher‑Freeman‑Halton exact conditional test (24). 
Association between two continuous variables were assessed 
using linear regression analysis. Association strength was clas‑
sified according to the correlation coefficient (r) as follows: 
0.200‑0.399, weak; 0.400‑0.699, moderate; and ≥0.700, strong. 
P<0.05 was considered to indicate a statistically significant 
difference (25).

Results

Nuclear size increased from G1 to G3. Table I summarizes the 
clinicopathological characteristics of the patients (26). First, 
the mean nuclear area and perimeter were compared with 
Fuhrman and WHO/ISUP grades. G1‑G3 showed a significant 
increase in mean nuclear area and perimeter across both grading 
systems. However, neither grading system showed a significant 
difference between G3 and G4 (Fig. 1A‑D). Therefore, nuclear 
size may not adequately represent G4, and other factors likely 
contribute to nuclear and cellular morphology in this grade. 
The representative G1 to G4 grade histological images of HE 
staining for both Fuhrman and WHO/ISUP grades are shown 
in Fig. S1. 

Decreased Lamin A expression influences nuclear shape 
changes in G4. Next, we examined the positive rates for 
Lamin A, B1, and B2 according to the two grading systems. 
Mean Lamin A positive rates by grade were 63.4, 65.2, 68, 
and 42.6% for G1, G2, G3, and G4 in the Fuhrman grade and 
63.4, 65.9, 66.3, and 42.6% in the WHO/ISUP grading system, 
respectively. Thus, the Lamin A positive rate was significantly 
lower in G4 than in G1‑G3 in both grading systems (Fig. 2A 
and B). Meanwhile, the mean Lamin B1 positive rates were 
31.1, 32.8, 34.4, and 34.9% for G1, G2, G3, and G4 cases 
in Fuhrman grade and 32.4, 33.7, 32.5, and 34.9% in the 
WHO/ISUP grading system, respectively. For Lamin  B2, 
mean positive rates by grade were 70.1, 74, 73, and 67.9% for 
G1, G2, G3, and G4 in the Fuhrman grade and 72.3, 74.7, 71.7, 
and 67.9% in the WHO/ISUP grading system, respectively. 
Positive rates of Lamin B1 or B2 did not differ significantly 
between groups in either grading systems (Fig. 2C‑F). We 
compared the positive rates for each Lamin with the mean 
nuclear area, perimeter, and circularity. The positive rate for 
Lamin A showed no association with mean nuclear area or 
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perimeter (Fig. 3A and B) but exhibited a weak association 
with mean circularity (Fig. 3C). Furthermore, the positive 
rate for Lamin B1 did not associate with any of the nuclear 
shape indicators (Fig. 3D‑F). The positive rate of Lamin B2 
was not associated with the mean nuclear area or mean nuclear 
perimeter (Fig. 3G and H) but weakly associated with the 
mean circularity (Fig. 3I). Therefore, only Lamin A exhibited 
a significant decrease in expression in G4 cases. Furthermore, 
Lamin A and B2 were weakly associated with the maintenance 
of nuclear shape across all grades. The representative images 
of Lamin A, B1 and B2 based on the WHO/ISUP grading 
system was shown in Fig. S2.

SUN1 reduction in G4 cases correlates with nuclear grade. 
In addition to Lamin, we examined the association of expres‑
sion changes in Emerin, SUN, and Nesprin with nuclear 
grade (Fig. 4A‑L). In the Fisher‑Freeman‑Halton exact condi‑
tional test, Emerin showed a significant difference between 

groups in the Fuhrman grade (P=0.0488) but not in the 
WHO/ISUP grading system (P=0.0690) (Fig. 4Aand D). For 
SUN1, significant differences were observed between groups 
in both nuclear grading systems (P<0.0001) (Fig. 4B and E). 
Similarly, SUN2 showed significant between‑group differ‑
ences in the Fuhrman grade (P=0.0289) and the WHO/ISUP 
grading system (P=0.0143) (Fig.  4C and  F). In contrast, 
Nesprin‑1 and Nesprin‑2 showed no significant changes 
between groups in either grading system (Fig.  4G, H, J 
and K). In all 199 cases, Nesprin‑3 expression was negative in 
the nuclear membranes of normal proximal tubules and that 
of tumor cells (Fig. 4I and L). SUN1, which demonstrated 
the most significant changes, showed reduced expression 
was increased in G4 cases; in other grades, expression either 
increased or remained unchanged. Therefore, a Fisher's exact 
test was performed by dividing the cases into two groups: 
no change/increased vs. decreased, and G1‑G3 vs. G4. The 
results revealed a significant reduction in SUN1 expression 
in G4 cases (Fig. 5A and B), suggesting that SUN1 reduc‑
tion correlates with the progression of nuclear atypia to G4. 
Regarding the significant differences detected in Emerin 
and SUN2 expression by the Fisher‑Freeman‑Halton exact 
conditional test, the difference among groups would be exist. 
The representative image of SUN1 based on the WHO/ISUP 
grading system is shown in Fig. S3.

Discussion

In the WHO/ISUP grading system, G1‑G3 are determined 
solely by nucleolar size, without reference to nuclear size 
or shape. In contrast, G4 is based on nuclear and cellular 
morphological changes, including marked nuclear atypia, 
multinucleated giant cells, sarcomatoid features, and rhabdoid 
changes  (6). Because nuclear grade correlates with prog‑
nosis (8), investigating its underlying mechanisms is essential. 
Accordingly, in this study, we compared the expression of 
NE‑associated proteins with nuclear grade. To our knowledge, 
no studies have compared nuclear grade with NE‑associated 
protein expression to elucidate the mechanism of nuclear 
morphological changes in ccRCC. Capo‑chichi  et  al  (27) 
reported that many cells in cervical smear specimens negative 
for Lamin A/C contained enlarged, irregularly shaped nuclei. 
Furthermore, Xin et al (19) reported that knockdown of the 
LMNA gene encoding Lamin A in kidney cancer cell lines 
resulted in NE invaginations and abnormalities in nuclear 
contours. Therefore, we first investigated Lamin's contribution 
to nuclear grade, followed by an examination of the mecha‑
nisms underlying nuclear morphological changes in ccRCC. 
We found that Lamin A expression levels were reduced in G4 
cases, whereas those of Lamin B1 and B2 showed no significant 
changes. Lammerding et al reported that in mouse embryonic 
fibroblasts, reduced Lamin A decreased nuclear stiffness, 
whereas Lamin B1 or B2 had no effect  (28). Furthermore, 
although Lamin B1 reduction increased nuclear bleb formation, 
it did not alter overall nuclear rigidity or shape stability (28). 
In a study by Pujadas Liwag et al (29) using human colon 
adenocarcinoma cell lines, reduced B‑type Laminincreased 
nuclear volume and nuclear bleb formation. Based on these 
findings, B‑type Lamin contributes to nuclear bleb formation, 
but its effect on overall nuclear morphology is less pronounced 

Table I. Clinicopathological characteristics of patients.

Characteristic	 Value

Total number of patients, n (%)	 199 (100)
Mean age, years 	 63.0
Sex, n (%)	
  Male	 142 (71)
  Female	 57 (29)
Fuhrman grade, n (%)	
  1	 10 (5)
  2	 117 (59)
  3	 59 (30)
  4	 13 (6)
WHO/ISUP grading system, n (%)	
  1	 8 (4)
  2	 109 (55)
  3	 69 (35)
  4	 13 (6)
pT status, n (%)	
  pT1	 169 (85)
  pT2	 10 (5)
  pT3	 19 (10)
  pT4	 1 (0.5)
pN status, n (%)	
  pN0	 196 (85)
  pN1	 3 (15)
pM status, n (%)	
  pM0	 194 (97)
  pM1	 5 (3)
Stage, n (%)	
  Ⅰ	 165 (83)
  Ⅱ	 10 (5)
  Ⅲ	 16 (8)
  Ⅳ	 8 (4)
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than that of Lamin  A. Harborth  et  al  (30) reported that 
silencing Lamin B1 and B2 in HeLa cells and rat fibroblasts 
induced growth arrest and apoptosis. These findings suggest 
that Lamin A is involved in maintaining nuclear morphology 
and Lamin B1 and Lamin B2 are involved in other functions, 
including cell proliferation. This interpretation does not appear 
to contradict the results of the present study.

Reis‑Sobreiro et al (31) reported that Emerin deficiency 
leads to irregular nuclear shapes, reduced roundness, and 
impaired deformability in prostate and breast cancer cell 
lines. Furthermore, Lamin A/C downregulation contributes to 
nuclear shape instability and destabilization such as Emerin 
mislocalization (31). Based on this report, considering that 

Emerin may influence nuclear morphology, we investigated its 
effect on nuclear pleomorphism classification. In G4 nuclei, 
cellular morphological changes such as sarcomatoid and rhab‑
doid features are also considered indicators (6). NE‑associated 
proteins such as SUN and Nesprin interact to form the LINC 
complex (32). Lombardi et al (33) reported that LINC complex 
disruption causes defects in nuclear positioning, cytoskeletal 
organization, and cell/nuclear deformation. The mechanisms 
underlying both nuclear and cellular morphological changes 
were investigated by examining the relationship between 
changes in SUN and Nesprin expression and nuclear grade. In 
this study, SUN1 expression decreased in G4 cases, similar to 
Lamin A. Emerin and SUN2 also showed significant intergroup 

Figure 1. Comparison of nuclear size and nuclear grade. (A) Mean nuclear area vs. Fuhrman grade. (B) Mean nuclear area vs. the WHO/ISUP grading system. 
(C) Mean nuclear perimeter vs. Fuhrman grade. (D) Mean nuclear perimeter vs. the WHO/ISUP grading system. In the box‑and‑whisker plots, ‘X’ indicates 
the mean value; horizontal lines represent the median and interquartile range, and the whiskers denote the minimum and maximum values. P‑values were 
calculated using the Tukey‑Kramer HSD test. WHO, World Health Organization; ISUP, International Society of Urologic Pathologists; HSD, honest significant 
difference.
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Figure 2. Comparison of Lamin positive rates and nuclear grade. (A) Lamin A positive rate (%) vs. Fuhrman grade. (B) Lamin A positive rate (%) vs. 
the WHO/ISUP grading system. (C) Lamin B1 positive rate (%) vs. Fuhrman grade. (D) Lamin B1 positive rate (%) vs. the WHO/ISUP grading system. 
(E) Lamin B2 positive rate (%) vs. Fuhrman grade. (F) Lamin B2 positive rate (%) vs. the WHO/ISUP grading system. In the box‑and‑whisker plots, ‘X’ 
indicates the mean value; horizontal lines represent the median and interquartile range, and whiskers denote the minimum and maximum values. P‑values 
were calculated using the Tukey‑Kramer HSD test. WHO, World Health Organization; ISUP, International Society of Urologic Pathologists; HSD, honest 
significant difference.
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differences. Although the proportion of G1 cases with reduced 
Emerin expression was higher than in other grades, the 
difference was statistically significant only in the Fuhrman 
grade, not in the WHO/ISUP classification. Therefore, the 
small number of G1 cases may have influenced the observed 
significance. For SUN2, between‑group differences were 
significant in the Fuhrman grade and the WHO/ISUP grading 
system, although they looked unclear in Fig. 4E and F. Thus, 
despite the possibility of differences in Emerin and SUN2 
among groups, describing a specific association between 
nuclear grade and protein expression changes in ccRCC was 
difficult in this study. For Nesprin‑1, Nesprin‑2, or Nesprin‑3, 
the changes were not significant in relation to nuclear grade. 

Matsumoto et al (34) reported that in breast cancer speci‑
mens, Lamin A, SUN1, SUN2, and Nesprin‑2 expression was 
downregulated in cancerous areas compared with that in 
noncancerous ones. Accordingly, their findings for SUN2 and 
Nesprin‑2 do not align with our results, possibly caused by 
organ‑specific differences. Ueda et al (35) reported that SUN1 
deficiency in HeLa cells, with no actin reduction observed in 
SUN2‑deficient cells led to reduced actin, decreased cytoskel‑
etal force, and diminished contractile force, whereas SUN2 
deficiency had no effect on actin, indicating a specific role for 
SUN1 in cytoskeletal regulation (35). Therefore, SUN1 defi‑
ciency may contribute to reduced tumor differentiation. The 
observed reduction of SUN1 expression in G4 cases in our 

Figure 3. Comparison of Lamin positive rates and nuclear shape factors. (A‑C) Lamin A positive rate vs. nuclear shape factors: (A) Mean nuclear area, 
(B) mean nuclear perimeter, (C) mean nuclear circularity. (D‑F) Lamin B1 positive rate vs. nuclear shape factors: (D) Mean nuclear area, (E) mean nuclear 
perimeter, (F) mean nuclear circularity. (G‑I) Lamin B2 positive rate vs. nuclear shape factors: (G) Mean nuclear area, (H) mean nuclear perimeter, (I) mean 
nuclear circularity. Straight lines in the graphs represent regression lines. The correlation coefficient (R) was calculated using linear regression analysis.
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study is consistent with the findings of Ueda et al (35). In our 
study, SUN1 was reduced only in G4 cases, similar to Lamin A; 
thus, Lamin A may be related to SUN1. Östlund et al (36) 
demonstrated that Lamin  A is more closely associated 
with SUN1 than with SUN2. Haque et al (37) reported that 
although SUN1 interacts with Lamin A, it localizes to the NE 
even in the absence of Lamin A, indicating that Lamin A is not 
required for the NE localization of SUN1. Nishioka et al (38) 
reported that SUN1 interacts with Lamin B1 and B2, whereas 
SUN2 shows no interaction with B‑type Lamin. Therefore, 
SUN1 may be associated with Lamin A, B1, and B2. However, 
the present results suggest that only Lamin A is associated 

with SUN1 in ccRCC. Sharma et al (39) reported that SUN1/2 
knockdown in rat mammary carcinoma cell lines caused 
irregular nuclear morphology. As Lamin expression and local‑
ization remained unchanged, the nuclear defects of SUN1/2 
were not attributable to off‑target effects on Lamin. In our 
study, both Lamin A and SUN1 expression were reduced in 
G4 cases. These findings suggest that Lamin A and SUN1 are 
interrelated or independently contribute to nuclear morpho‑
logical alterations. Considering that Nesprin‑1 was expressed 
in the nucleoplasm, we examined the basis for this localization 
pattern. Mislow et al (40) reported that Nesprin‑1α can bind 
both Lamin and Emerin, acting as a structural cross‑linker 

Figure 4. Comparison of nuclear envelope‑associated protein expression and nuclear grade. (A) Emerin expression vs. Fuhrman grade, (B) SUN1 expres‑
sion vs. Fuhrman grade, (C) SUN2 expression vs. Fuhrman grade. (D) Emerin expression vs. WHO/ISUP grading system, (E) SUN1 expression vs. 
WHO/ISUP grading system, (F) SUN2 expression vs. WHO/ISUP grading system. (G) Nesprin1 expression vs. Fuhrman grade, (H) Nesprin2 expression vs. 
Fuhrman grade, (I) Nesprin3 expression vs. Fuhrman grade. (J) Nesprin1 expression vs. WHO/ISUP grading system, (K) Nesprin2 expression vs. WHO/ISUP 
grading system, (L) Nesprin3 expression vs. WHO/ISUP grading system. WHO, World Health Organization; ISUP, International Society of Urologic 
Pathologists.
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that anchors these proteins to the INM. Duong  et  al  (41) 
reported that Nesprin‑1α‑1 was undetectable at very low 
levels in all tissues, whereas Nesprin‑1α and ‑2 were highly 
expressed exclusively in cardiac and skeletal muscles. The 
proportions of the Nesprin isoforms Nesprin‑2‑Giant and 
Nesprin‑1‑Giant in the kidney were 81 and 15%, respec‑
tively (41). Furthermore, in cells lacking the KASH domain 
of Nesprin‑2, this protein exhibited a speckled pattern within 
the nucleoplasm (41). Therefore, the nucleoplasmic staining of 
Nesprin‑1 observed in this study may reflect the absence of the 
KASH domain, considering the very low levels of Nesprin‑1α 
in the kidney. Moreover, Sur‑Erdem et al (42) reported that 
Nesprin‑1 overexpression restored abnormalities in tumor cell 
nuclear structure, NE organization, centrosome positioning, 
and genomic instability. Nesprin‑1 interacts with Lamin and 
SUN proteins, contributing to the maintenance of nuclear 
structure and cytoskeletal organization  (42). However, we 
found no significant correlation between Nesprin‑1 expression 
changes and nuclear grade, suggesting that Nesprin‑1 slightly 
influences ccRCC. Furthermore, Nesprin‑3 was negative in 
all cases, indicating that it was not associated with nuclear 
grade. Wilhelmsen et al (43) showed that Nesprin‑3 binds to 

intermediate filaments via plectin. Morgan et al (44) reported 
that silencing Nesprin‑3 induces cell elongation in human 
aortic endothelial cells. This was accompanied by a marked 
reduction in the nuclear periphery localization of plectin and 
the cytoskeletal protein vimentin, highlighting the importance 
of Nesprin‑3 in maintaining the cytoskeletal structure of the 
nuclear periphery (44). However, our study showed that in the 
kidney, Nesprin‑3 expression was detected only in stromal 
components, including mesangial cells and fibroblasts, but 
was absent in the ccRCC regions derived from the proximal 
tubules, similar to normal proximal tubules. Collectively, 
these findings suggest that Nesprin‑3 has no role in ccRCC.

Next, we discuss the rationale for using only nuclear and 
cellular morphological characteristics to classify G4 in the 
WHO/ISUP grading system, whereas G1‑G3 are defined 
primarily by the nucleolar size. In this study, the mean nuclear 
area and perimeter significantly increased with higher grades 
from G1 to G3 in both grading systems, whereas no significant 
differences were observed between G3 and G4. Therefore, 
factors different from those affecting G1‑G3 may influence the 
transition to G4. In this study, comparison of NE‑associated 
proteins with nuclear grade revealed that only Lamin A and 
SUN1 showed significantly reduced expression in G4. Thus, 
decreased Lamin A and SUN1 expression may contribute to 
nuclear and cellular morphological alterations associated with 
progression to G4. Diegmiller et al (45) reported that the total 
nuclear volume and total nucleolar volume in nurse cells exhibit 
a linear proportional relationship. Therefore, observing nucle‑
olar size can be considered equivalent to observing nuclear 
size. In other words, our finding that nuclear size increases 
with grade from G1 to G3 likely reflects proportional changes 
between nucleolar and nuclear sizes. Conversely, our results 
indicate that G4 relies on nuclear and cellular morphology as 
diagnostic indicators, as alterations in NE‑associated proteins 
such as Lamin A and SUN1 are observed only at this stage.

Although this study did not evaluate prognostic or thera‑
peutic applications, we considered the potential diagnostic 
and therapeutic implications of Lamin A and SUN1 based on 
previous reports. Chiarini et al (46) reported that Lamin A 
functions as a tumor suppressor in Ewing sarcoma, where its 
introduction reduces invasive potential and high expression 
correlates with improved 5‑year survival rates. Therefore, in 
ccRCC, reintroducing Lamin A in patients with reduced tumor 
cell Lamin A expression may improve survival outcomes. 
Regarding SUN, existing reports are primarily related to 
SUN2. In lung cancer, SUN2 suppresses cell proliferation 
and migration, and its overexpression enhances chemotherapy 
sensitivity (47). In contrast, low SUN2 expression is associ‑
ated with shorter survival times (47). Although no studies have 
examined treatment or survival outcomes related to SUN1, 
Nishioka et al (38) reported that SUN1 promotes cell migra‑
tion when overexpressed. Collectively, these findings suggest 
that SUN2 upregulation and SUN1 inhibition may have thera‑
peutic potential. However, neither has been studied in ccRCC, 
indicating that this topic warrants future investigation.

Finally, this study has several limitations. First, the 
numbers of G1 and G4 cases were small, each accounting 
for approximately 5 and 6% of the 199 cases, respectively. 
Therefore, a larger cohort and more detailed analyses 
are necessary. Second, although Lamin  expression was 

Figure 5. Comparison of SUN1 expression and nuclear grade. (A) SUN1 
expression vs. Fuhrman grade. (B) SUN1 expression vs. WHO/ISUP grading 
system. WHO, World Health Organization; ISUP, International Society of 
Urologic Pathologists.

https://www.spandidos-publications.com/10.3892/ol.2025.15439


SHIBANUMA et al:  LAMIN A AND SUN1 ARE DECREASED IN NUCLEAR GRADE 4 ccRCC10

quantitatively evaluated through image analysis, Emerin, 
SUN, and Nesprin expression relied on manual evaluation, 
potentially limiting analytical precision. Some proteins 
exhibited nucleoplasmic or cytoplasmic staining, resulting 
in varied patterns that could not be measured using the 
e‑Nucmen3 nuclear membrane analysis software. Therefore, 
future research should focus on developing advanced 
analytical tools capable of handling diverse staining patterns 
to enable automated image‑based quantification. Third, 
the study analyzed only human samples, providing limited 
evidence that reduced the expression of Lamin A or SUN1 
directly causes changes in nuclear morphology. Therefore, 
cell or animal models should be used in future research to 
verify the underlying mechanisms.

In conclusion, in ccRCC, alterations in NE‑associated 
protein expression were observed exclusively in G4 cases. 
Among Lamin, Emerin, SUN, and Nesprin proteins, only 
Lamin A and SUN1 showed altered expression. Although the 
nuclear for G1‑G3 is determined based on the nucleolar size, 
this parameter also indirectly reflects nuclear size in image 
analysis. Notably, the influence of NE‑associated proteins 
appears confined to G4 tumors. These findings provide 
important insight into why the WHO/ISUP grading system 
exclusively employs nuclear and cellular morphological 
features for G4 assessment.
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