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Abstract
Myxoid liposarcoma (MLS) accounts for 20%-30% of liposarcoma and the round cell 
component (RCC) is believed to be a specific poor prognostic factor. However, the RCC 
assessment criteria are vaguely defined and, therefore, are inconsistently employed 
by pathologists. In this study, we modified and applied two established grading sys-
tems to evaluate nuclear atypia (namely, the World Health Organization/International 
Society of Urological Pathology and the Fuhrman grading in renal cell carcinoma) in 
64 MLS cases. Detailed software-based assessments of the morphology and the cel-
lularity were performed. DNA mutation analysis, comprehensive mRNA expression 
analysis, and immunohistochemistry were also performed. Our findings revealed that 
the high–nuclear-grade group according to the modified Fuhrman grading system ex-
hibited a significantly poor disease-free survival (hazard ratio: 4.43; 95% confidence 
interval: 0.9-22.6; p  =  0.047). On the other hand, the cellularity was significantly 
higher in the modified Fuhrman high-grade group (p = 0.010 at the percentage of the 
hypercellular area; p = 0.003 at the maximum cell density) but did not qualify per se as 
a poor prognostic factor in the survival analyses. Furthermore, the modified Fuhrman 
high-grade group significantly expressed the cell cycle–related genes (such as FOXM1, 
PLK1, and CDK1). In conclusion, our analyses suggest that an evaluation focusing on 
nuclear morphology (rather than on cellular density) can be more reliable in predicting 
the MLS prognosis.
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1  |  INTRODUC TION

Generally, malignant tumor cells have larger nuclei, irregular nuclear 
shape, and more distinct nucleoli than benign cells. These character-
istics are often used to distinguish between benign and malignant 
tumors and to predict prognosis in many malignancies.1–4

Myxoid liposarcoma (MLS) accounts for 20%-30% of liposar-
coma and is characterized by a DNA damage–inducible transcript 
3 gene (DDIT3) rearrangement.5 MLS exhibits two characteristically 
distinct cellular morphologies: conventional tumor cells with milder 
nuclear atypia and “classical” round cell components (RCC) with 
more severe nuclear atypias.5,6 MLS cases with a certain percentage 
area of “classical” RCC have a poor prognosis.5–13 However, a recent 
report examining only cases that were diagnosed strictly on genetic 
background, revealed that a “classical” RCC percentage area that is 
≥5% cannot be associated with prognosis.14 As far as the cutoff per-
centage of the “classical” RCC area is concerned, most studies as-
sume it to be 5%; an assumption that is not consistently adopted, as 
both 5% and 25% cutoffs have been previously employed.6,8–13,15,16 
The use of a single cutoff value for all cases (irrespectively of the 
tumor size) has been cited as a problem, as it does not reflect the 
absolute amount of the malignant components.6 Moreover, no clear 
definition of the “classical” RCC exists: “Classical” RCC has been re-
garded as the area composed of “round” cells in hypercellularity with 
a nuclear overlap, while a clear definition of the RCC is occasionally 
abbreviated in studies.

The aim of this study was to investigate the nuclear morphol-
ogy, cell density, and genetic background of MLS cases corroborated 
through the detection of fusion genes. In addition, we explored 
evaluation methods that could be more reliable in predicting MLS 
prognosis.

2  |  MATERIAL S AND METHODS

2.1  |  Patients and tumor selection

A total of 64 primary MLS cases were included in the present 
study from the archive of the Department of Anatomic Pathology 
of Kyushu University (Fukuoka, Japan) between 1976 and 2021. 
These patients underwent surgical resection without receiving any 
preoperative treatment. Apart from these 64 cases included in the 
survival analysis, four cases of primary and metastatic recurrence 
(a total of nine specimens) as well as two specimens from relaps-
ing lesions that had undergone preoperative treatment were also 
used for DNA target sequencing. In addition, clinical information 
was retrospectively obtained from the medical records. The depth 
of the tumor's location was classified by considering the fascia as 
the border. The present study was conducted under the principles 
embodied in the Declaration of Helsinki and was approved by the 
institutional review board (IRB) of Kyushu University (IRB number 
29-429 and 29-625).

2.2  |  Histological review

All hematoxyrin and eosin (HE)-stained slide specimens were re-
viewed and evaluated by two pathologists on the following factors: 
the French Fédération Nationale des Centers de Lutte Contre le 
Cancer (FNCLCC)-grade5 cellularity, and the percentage of “classical” 
RCC. The FNCLCC grade was scored by the following factors: tumor 
differentiation (MLS: score 2; high-grade MLS: score 3), mitotic ac-
tivity (0-9; 10-19; ≥20 at 10 high-power fields [HPFs]), and tumor 
necrosis (absent; <50%; ≥50%). The “classical” RCC was defined as 
the area composed of “round”-shaped tumor cells with nuclear over-
lap at a glance. The cases with ≥5% of “classical” RCC were assigned 
tumor differentiation score 3 in FNCLCC grading. The hypercellular 
area was defined as that with a nuclear overlap, regardless of the 
nuclear morphology. Pathologists evaluated the percentage of the 
hypercellular area in the whole of the obtained slides in each case.

2.3  |  Modified Fuhrman and WHO/ISUP grading

We evaluated the nuclear morphology by using the modified 
Fuhrman and World Health Organization/International Society of 
Urological Pathology (WHO/ISUP) grading systems (Figure 1). The 
original Fuhrman and WHO/ISUP grading systems represent meth-
ods that assess the nuclear morphology in renal cell carcinoma to 
predict prognosis.4,17,18 The present study used the modified ver-
sions as shown in Table 1. The highest grade in the specimen was 
adopted in either grading system, as in the original ones. We as-
sessed the reliability of both grading systems by employing weighted 
Cohen's kappa coefficients, calculated for the grades independently 
assessed by two pathologists.19,20

2.4  |  Evaluation of cellularity and nuclear 
morphology using software

We used two software packages to evaluate cellularity and nu-
clear morphology: Hybrid Cell Count (BZ-X800, Keyence)21 and 
QuPath (version 0.3.2; an open-source software for digital pa-
thology images).22 For the Hybrid Cell Count, we took three 
HPFs per case carrying the greatest cell density at a glance, 
and semiautomatically analyzed them for the density and mor-
phological parameters as follows: nuclear area, roundness, 
and circularity calculated, respectively, by the following equa-
tions: Roundness =

Diametermax.−Diameter min.

2
; Circularity =

4� ×Area

Perimeter2
. 

Roundness indicates rough morphology of the nucleus. Circularity, 
on the other hand, is defined by area and perimeter and is influenced 
more by the perimeter, which reflects the degree of irregularity of 
the nuclear rim. For the QuPath, we selected 10 cells per case with 
the most prominent nucleus in HPFs, and we manually traced the nu-
cleus' margins. The morphological parameters above were analyzed, 
and the mean values were adopted.
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2.5  |  DNA extraction

Genomic DNA was extracted from fresh-frozen specimens and formalin-
fixed paraffin-embedded (FFPE) specimens. We followed the manufac-
turer's protocols for all procedures, as previously described.23 In the FFPE 
specimens, each of the two regions (high and low nuclear grade) was col-
lected by scraping under visual inspection (Figure S1A and Table S1).

2.6  |  RNA extraction

According to the manufacturer's protocol, the total RNA was ex-
tracted from only the FFPE specimens by using RNAstorm™ FFPE 
RNA Extraction Kit (Cell Data Science). The samples were collected 
from two regions (high and low nuclear grade) in the same manner as 
the DNA extraction (Figure S1A and Table S2).

F I G U R E  1  Histology of myxoid liposarcoma (MLS), as assessed by the modified Fuhrman grading system in high-power fields (HE; ×400). 
Grade 1 with small nuclei and no visible nucleoli (A). Grade 2 with slightly larger nuclei and visible nucleoli only in the high-power field 
(HPF) (B). Grade 3 with larger nuclei and distinct nucleoli (C). Grade 2 in the modified World Health Organization/International Society of 
Urological Pathology (WHO/ISUP) grading due to the hyperchromatic nuclei and no visible nucleoli in the ×100 magnification, but with 
larger and irregular-shaped nuclei suggesting a modified Fuhrman grade 3 (D). Grade 4 with anaplastic tumor cells having significantly larger 
or extremely irregular-shaped nuclei (E, F). The features are not assigned to “classical” RCC due to the lower cell density, although they 
qualify as high grade based on the modified Fuhrman and WHO/ISUP grading systems (C-F)

TA B L E  1  Outlines of modified World Health Organization/International Society of Urological Pathology (WHO/ISUP) grade and modified 
Fuhrman grade

Grading system Grade 1 Grade 2 Grade 3 Grade 4

Modified 
WHO/ISUP

Absent or basophilic, 
inconspicuous nucleoli at 
×400 magnification

Nucleoli conspicuous and 
eosinophilic at ×400 
magnification and visible 
but not prominent at 
×100 magnification

Nucleoli conspicuous and 
eosinophilic at ×100 
magnification

Tumor giant cells and 
extreme nuclear 
pleomorphism with 
clumping of chromatin

Modified 
Fuhrman

Small (the same size as 
lymphocytes) uniform 
nuclei with absent or 
inconspicuous nucleoli

Larger (1-2 lymphocytes) 
nuclei with irregularities 
in outline and with 
nucleoli visible at ×400 
magnification

Even larger nuclei (>2-3 
lymphocytes) with an 
obvious irregular outline 
and nucleoli visible at 
×100 magnification

Large and pleomorphic 
cells and heavy 
chromatin 
clumps, extreme 
irregularoutlines

These grading systems were modified from the original Fuhrman grading18 and WHO/ISUP grading.17

The largest grade among the evaluated sections is adopted for the case.
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2.7  |  Detection of gene rearrangement

All eligible cases were subjected to fluorescence in situ hybridiza-
tion (FISH) or reverse transcription (RT)-PCR, followed by direct se-
quencing to confirm the DDIT3 rearrangement. We used the Vysis 
DDIT3 Break Apart FISH Probe kit (Abbott Laboratories) for FISH. 
The methods and the primers' settings for the RT-PCR and direct 
sequencing were the same as previously reported.24

2.8  |  Next-generation sequencing (NGS) for 
targeted genes

Formalin-fixed paraffin-embedded samples were available in six re-
gions of three cases (two regions of different nuclear grades in each 
case: cases 1-3), and 18 frozen samples were also available (cases 
4-14) (Table S1). As previously reported, we performed NGS for tar-
geted genes and followed the manufacturer's protocols for all sub-
sequent experimental procedures.23 The details are noted in Doc S1.

2.9  |  Direct sequencing for telomerase reverse 
transcriptase (TERT) promoter hot spots

Reverse-transcription PCR and direct sequencing were performed 
to detect gene mutations in the TERT promoter (pTERT) hot spots 
for the same DNA samples used in the NGS mentioned above. The 
methods and the primers' design were as previously described.23

2.10  |  mRNA expression and 
bioinformatics analysis

We assessed the comprehensive mRNA expression by using the 
nCounter® Gene Expression Assay (NanoString Technologies Inc.). 
All 12 samples were extracted from FFPE, and had tumor cells of 
each nuclear grade confirmed histologically. The details of the 
specimens are shown in Table  S2. The extracted mRNA samples 
were enriched for target regions for the nCounter® Human Tumor 
Signaling 360™ Panel (https://nanos​tring.com/produ​cts/ncoun​ter-
assay​s-panel​s/oncol​ogy/tumor​-signa​ling-360/) and were measured 
using the nCounter® Analysis System (NanoString Technologies 
Inc.). Finally, the raw data were normalized using nSolver™ Analysis 
Software (version 4.0, NanoString Technologies Inc.). We followed 
the manufacturer's protocols for all the procedures mentioned 
above.

Differentially expressed genes (DEGs) with a |log2(FC [fold 
change])| that was >1 and a P value that was <0.05 between the 
nuclear high-grade and low-grade groups were identified using the 
edgeR package in R.25 DEGs were evaluated by the value of the high–
nuclear-grade group relative to the low-grade group. To exclude the 
influence of case-specific or cellularity-induced gene profiles among 
the DEG candidates obtained in cases 15-20, only those genes that 

demonstrated the same trend in each of cases 1-3 were retrieved as 
true DEGs for the following analyses.

We acquired an overview of the DEGs using the Database for 
Annotation, Visualization, and Integrated Discovery that is avail-
able online for Gene Ontology (GO) analysis,26 as well as using 
the ReactomePA package in R for Reactome pathway analysis.27 
Moreover, to identify the hub genes, we developed a protein-
protein interaction (PPI) network using stringApp; an application on 
Cytoscape (version 3.9.1).28 Subsequently, we performed a topolog-
ical analysis on the network using NetworkAnalyzer, a Cytoscape 
application.29 The degree centrality was calculated. Finally, the top 
20 genes, characterized by the most significant degree centrality, 
were identified as hub gene candidates.

2.11  |  Immunohistochemistry

The surgically resected sections of the highest nuclear grade were 
selected in each case, and FFPE specimens were prepared for immu-
nohistochemical study. We used primary antibodies against the fork-
head box protein M1 (FOXM1; 1:100; rabbit monoclonal, ab207298; 
Abcam), polo-like kinase 1 (PLK1; 1:100; rabbit monoclonal, 4513; 
Cell Signaling Technology), and cyclin-dependent kinase 1 (CDK1; 
1:100; mouse monoclonal, MA5-11472; Thermo Fisher Scientific).

Immunohistochemical staining was independently assessed by 
two pathologists. The nuclear staining intensity was classified into 
four categories: “0” for negative staining, “1” for weak staining, “2” 
for moderate staining, and “3” for strong staining. For FOXM1 and 
PLK1, we regarded tumor cells with a nuclear staining intensity ≥2 as 
positive and evaluated the labeling index in a hot spot (Figure S1B). 
A labeling index ≥3% was defined as indicative of a positive case for 
FOXM1, and the existence of any positive tumor cells was defined as 
a positive case for PLK1. On the other hand, for CDK1, the H-score 
was calculated as previously described (Figure S1B).30,31 An H-score 
≥75 was defined as indicative of a positive case for CDK1. These cut-
off values were determined by a time-dependent receiver-operating 
characteristic (ROC) curve, as described below.

2.12  |  Statistical analysis

All statistical analyses were conducted using R (version 4.1.2; R 
Foundation for Statistical Computing). Statistical significance was 
defined when a P value was found to be <0.05. Overall survival (OS) 
was defined as the duration between the date of the tumor resec-
tion and death, while disease-free survival (DFS) was defined as the 
duration from the date of the tumor resection to identification of a 
distant metastasis or local recurrence. Survival curves for OS and 
DFS were estimated by using the Kaplan-Meier method and were 
compared statistically by using the log-rank test. Moreover, using the 
Cox univariate regression models, the hazard ratio (HR) and the 95% 
confidence interval (95% CI) were estimated. Fisher's exact tests and 
Mann-Whitney U tests were performed to compare categorical and 
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quantitative variables between the two corresponding groups. For 
factors with no established cutoff values available, the cutoff values 
were decided by the time-dependent ROC curve at 5 years DFS, and 
were adopted to facilitate clinical application.32

3  |  RESULTS

3.1  |  Clinicopathological characteristics

Clinical and pathological findings are summarized in Table 2. The 64 
MLS cases corresponded to 34 males and 30 females with a median 
age of 48 years (interquartile range [IQR]: 38-59). Nine cases (14.1%) 
had ≥5% of “classical” RCC and were assigned a tumor differentiation 
score of 3 in the FNCLCC grading. On the other hand, 42 (65.6%) 
cases scored as G2 in the FNCLCC histological grading.

The survival curves of the Kaplan-Meier method are presented 
in Figure  S2. The median follow-up was 49 months (IQR: 29-100). 
The higher FNCLCC histological grade (G2) was the only factor as-
sociated with a significantly poor DFS. A “classical” RCC ≥5% was 
not statistically associated with either the OS or DFS. However, the 
presence of a “classical” RCC exhibited a trend toward poor DFS, 
although it was not statistically significant (p = 0.15).

3.2  |  Nuclear morphology evaluated by modified 
Fuhrman and WHO/ISUP grading

A breakdown of the cases with modified WHO/ISUP and Fuhrman 
grades is provided in Table 2. The cases with grade 4 were sporadic 
(2 in 64 cases). Grades 3 and 4 were regarded as high nuclear grade, 
whereas grades 1 and 2 we regarded as low nuclear grade. In total, 
41% and 44% of the cases according to the modified WHO/ISUP and 
Fuhrman gradings, respectively, were assigned to the high–nuclear-
grade groups. With regard to the survival analysis, high–nuclear-
grade groups were characterized by a significantly poor DFS (HR: 
5.17, 95% CI: 1.0-25.7, p = 0.025 by the modified WHO/ISUP grad-
ing; HR: 4.43, 95% CI: 0.9-22.6, p = 0.047 by the modified Fuhrman 
grading) as well as by trends of a poor OS without statistical signifi-
cance (HR: 5.96, 95% CI: 0.7-53.8, p = 0.071 by the modified WHO/
ISUP; HR: 5.44, 95% CI: 0.6-49.0, p = 0.090 by the modified Fuhrman 
grading) (Figure  2A). We describe below the modified Fuhrman 
grading mainly because there was no other significant statistical 
difference identified between the modified Fuhrman and WHO/
ISUP grading systems with regard to the survival analysis, while the 
modified Fuhrman grading was a more embracing evaluation method 
that included the nuclear size in addition to those of the WHO/ISUP 
grading.

In the relevance between the modified Fuhrman grading and the 
clinicopathological findings, the high–nuclear-grade group included 
more cases with a higher FNCLCC histological grade (p < 0.001), 
with necrosis (p  =  0.021), and with “classical” RCC that was ≥5% 

(p = 0.008) (Table 3). However, a relatively large number of high–
nuclear-grade cases were characterized by a “classical” RCC that 
was <5% (Table 3). Cohen's weighted kappa (as calculated by two 

TA B L E  2  Clinicopathological features

Factor Group

n (%)

64

Sex Male 34 (53.1)

Female 30 (46.9)

Age (years) <55 43 (67.2)

≧55 21 (32.8)

Median age [IRQ] 47.50 
[38.25, 
59.25]

Location Limb, proximal 55 (85.9)

Limb, destal 6 (9.4)

Trunk 2 (4.7)

Part Deep 44 (77.2)

Superficial 12 (21.1)

Abdominal cavity 1 (1.8)

Size (cm) <9 31 (48.4)

≧9 28 (43.8)

Unknown 5 (7.8)

Median size [IQR] 8.00 [6.00, 
11.25]

Fusion gene FUS 48 (75.0)

EWSR1 3 (4.7)

Unknown 13 (20.3)

“Classical” RCC (%) <5 55 (85.9)

≧5 9 (14.1)

FNCLCC histologic grade 1 22 (34.4)

2 42 (65.6)

3 0 (0)

Mitotic count 0-9 61 (95.3)

10-19 3 (4.7)

≧20 0 (0)

Necrosis None 27 (42.2)

<50 37 (57.8)

≧50 0 (0)

Modified WHO/ISUP grade 1 16 (25.0)

2 22 (34.4)

3 24 (37.5)

4 2 (3.1)

Modified Fuhrman grade 1 8 (12.5)

2 28 (43.8)

3 26 (40.6)

4 2 (3.1)

Abbreviations: FNCLCC, Fédération Nationale des Centers de Lutte 
Contre le Cancer; IQR, interquartile range; RCC, round cell component; 
WHO/ISUP, World Health Organization/International Society of 
Urological Pathology.
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pathologists) was found to be 0.743 and 0.752 for the modified 
WHO/ISUP and Fuhrman gradings, respectively.

3.3  |  Cellularity and nuclear 
morphological parameters

The group with any portion of the hypercellular area had trends of 
poor prognosis without statistical significance (p = 0.15 for DFS, and 
p = 0.56 for OS). For the maximum nuclear density per HPF of the 
device (1 HPF equals 0.08 mm2, as calculated through the Hybrid Cell 
Count software), the cutoff was 360 nuclei/HPF. The group with ≥360 
nuclei/HPF exhibited a trend of association with poor DFS (p = 0.090) 
but had no association with the OS (p = 0.91) in the survival analysis.

The relevance between the cellularity, the nuclear morphological 
parameters, and the modified Fuhrman grading is shown in Figure S3. 
The percentage of the hypercellular area and the nuclear density were 
significantly larger in the high–nuclear-grade group than in the low–
nuclear-grade group (p = 0.010 and p = 0.003, respectively). In addition, 
the high–nuclear-grade group had a larger nuclear area in both mea-
surement methods (p < 0.001 in QuPath and p = 0.018 in Hybrid Cell 
Count). Roundness did not differ by the nuclear grade. On the other 
hand, circularity was significantly lower in the high–nuclear-grade group 
as measured by the Hybrid Cell Count (p = 0.003), suggesting that the 
high–nuclear-grade group might have more complex nuclear rims.

3.4  |  DNA mutations by NGS

The somatic mutations detected by NGS are shown in Figure 2B1, 
but they were not consistent with each nuclear grade. Furthermore, 
no consistent mutations were detected between primary and 
relapsing cases or between good and poor prognosis cases 
(Figure S4A).

3.5  |  TERT promoter hot spot mutations

Mutations in pTERT hot spots were detected in 17 out of 24 sam-
ples (70.8%): all detected mutations were C228T (c.-124C>T), the 
most commonly reported mutation (Figure 2B2).14,33,34 As with the 
NGS mutation analysis, no consistent trend was identified for pTERT 
mutations between primary and relapsing cases or good and poor 
prognostic cases (Figure S4A).

3.6  |  Comprehensive mRNA expression analysis

We performed a comprehensive mRNA expression analysis by using 
nCounter® and drawing heatmaps, as shown in Figure 3A. The cases 
were classified into two clusters of independent cases (cases 15-20; 
MLS 15-20) (Figure  3A1). The clusters were consistent with the 

F I G U R E  2  Results of the survival analyses of the modified World Health Organization/International Society of Urological Pathology 
(WHO/ISUP) and Fuhrman gradings and of the mutation analyses. Grades 1 and 2 were defined as low-grade groups, and grades 3 and 4 were 
defined as high-grade groups in each of the herein examined grading systems. The high-grade groups exhibited a significantly poor disease-
free survival (DFS) in both gradings. Moreover, the trends of poor overall survival (OS) in high-grade groups are noted (A). The mutations 
detected by next-generation sequencing (NGS) (B1) and direct sequencing (B2) in paired cases (MLS1-3). Only a few mutations were captured, 
and no consistent trends were identified between the low-grade (MLS1-1, 2-1, and 3-1) and the high-grade (MLS1-2, 2-2, and 3-2) samples (B1). 
All six samples in these three cases bear a pTERT hot spot mutation, C228T (c.124C>T), that is known as a major mutation (B2)

 13497006, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.15729 by K

yushu U
niversity, W

iley O
nline L

ibrary on [10/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2184  |    KAWAGUCHI et al.

groups identified by the modified Fuhrman grading. Paired samples 
of three cases (cases 1-3; MLS 1-3) were also clustered almost inde-
pendently by histological nuclear grades (Figure 3A2). In all of the 
undertaken sample analyses, the sample corresponding to the modi-
fied Fuhrman grade 4 (case 18; MLS 18) exhibited a unique gene 
expression pattern (Figure S4B).

We determined DEGs (55 upregulated and 20 downregulated 
genes) for the assessments presented in Table  S3. In the GO and 
Reactome analyses, more upregulated genes were significantly de-
tected in the cell cycle (Figure 3B,C). The results of the analyses for 
the downregulated DEGs are presented in Figure S4C,D.

In addition, we developed a PPI network allowing us to search for 
more influential DEGs to determine the target genes in the following 
analysis (Figure 3D). One larger cluster was detected, and we also 
identified 20 candidates for hub genes with a higher degree central-
ity in terms of topology analysis (Table S3). We retrieved three of 
these hub genes (namely, FOXM1, PLK1, and CDK1) after considering 
the degree of fold change, statistical significance, and the possibility 
of them being associated with MLS.

3.7  |  Immunohistochemical validation and 
relevance with nuclear grade

For the three genes identified by the PPI network, the protein ex-
pression was examined through immunohistochemical staining of 
the FFPE specimens. The expression levels of each protein and the 
comparison between the modified Fuhrman high and low grades are 
shown in Figure S5A. The FOXM1, PLK1, and CDK1 proteins all ex-
pressed significantly higher positive rates in the high–nuclear-grade 
group (p < 0.001 in the cases of FOXM1 and CDK1, and p = 0.001 in 
the case of PLK1). In the survival analysis, the positive-expression 
groups exhibited trends toward poorer DFS in all proteins without 
statistical significance. The evaluations combined with the expres-
sion of each protein are presented in Figure  S5B. The group that 
was positive for both FOXM1 and CDK1 was characterized by a sig-
nificantly poorer DFS than other combinations (HR: 4.38, 95% CI: 
1.0-19.8, p  =  0.033), while the group with a combination of PLK1 
and CDK1 positivity was characterized by a trend of association with 
poor DFS (HR: 3.54, 95% CI: 0.8-15.9, p = 0.071).

TA B L E  3  Relevance between modified WHO/ISUP/modified Fuhrman grade and clinicopathological features

Factor Group

Modified WHO/ISUP grade n (%) Modified Fuhrman grade n (%)

1 and 2 3 and 4 P value 1 and 2 3 and 4 P value

n = 38 n = 26 n = 36 n = 28

Sex Male 16 (42.1) 18 (69.2) 0.043 14 (38.9) 20 (71.4) 0.012

Female 22 (57.9) 8 (30.8) 22 (61.1) 8 (28.6)

Age (years) <55 26 (68.4) 17 (65.4) >0.99 25 (69.4) 18 (64.3) 0.79

≧55 12 (31.6) 9 (34.6) 11 (30.6) 10 (35.7)

Location Limb, proximal 32 (84.2) 23 (88.5)
>0.99

30 (83.3) 25 (89.3)
0.69

Limb, distal 4 (10.5) 2 (7.7) 4 (11.1) 2 (7.1)

Trunk 2 (5.3) 1 (3.8) 2 (5.6) 1 (3.6)

Depth Deep 27 (79.4) 17 (73.9)
0.52

25 (78.1) 19 (76.0)
0.75

Shallow 6 (17.6) 6 (26.1) 6 (18.8) 6 (24.0)

Abdominal cavity 1 (2.9) 0 (0.0) 1 (3.1) 0 (0)

Size (cm) <9 19 (54.3) 12 (50.0) 0.80 19 (57.6) 12 (46.2) 0.44

≧9 16 (45.7) 12 (50.0) 14 (42.4) 14 (53.8)

Fusion gene FUS 31 (81.6) 17 (65.4)
0.55

29 (80.6) 19 (67.9)
0.56

EWSR1 1 (2.6) 2 (7.7) 1 (2.8) 2 (7.1)

Unknown 6 (15.8) 7 (26.9) 6 (16.7) 7 (25.0)

“Classical” RCC (%) <5 37 (97.4) 18 (69.2) 0.002 35 (97.2) 20 (71.4) 0.008

≧5 1 (2.6) 8 (30.8) 1 (2.7) 8 (29.6)

FNCLCC histological grade 1 19 (50.0) 3 (11.5) 0.001 20 (54.1) 2 (7.4) <0.001

2 19 (50.0) 23 (88.5) 17 (45.9) 25 (92.6)

Mitotic count 0-9 38 (100.0) 23 (88.5) 0.062 36 (100.0) 25 (89.3) 0.079

10-19 0 (0.0) 3 (11.5) 0 (0) 3 (10.7)

Necrosis None 20 (52.6) 7 (26.9) 0.070 20 (55.6) 7 (25.0) 0.021

<50 18 (47.4) 19 (73.1) 16 (44.4) 21 (75.0)

Abbreviations: FNCLCC, Fédération Nationale des Centers de Lutte Contre le Cancer; RCC, round cell component; WHO/ISUP, World Health 
Organization/International Society of Urological Pathology.
The bold values indicate with p < 0.05.
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4  |  DISCUSSION

The present study investigated the nuclear morphology and cellu-
larity in detail, and unveiled the genetic features of MLS cases cor-
roborated by the identification of fusion genes. We also attempted 

to develop histological evaluation methods that were clearer, 
more reliable, and more helpful in predicting MLS prognosis. The 
high–nuclear-grade group (as evaluated by a modified WHO/ISUP 
and Fuhrman grading) exhibited a significantly poorer prognosis. 
Hypercellularity was significantly greater in the high–nuclear-grade 

F I G U R E  3  mRNA expression heatmaps, the Gene Ontology (GO) and Reactome pathway analyses, and the protein-protein interaction 
(PPI) network of the upregulated differentially expressed genes (DEGs). The clustering was similar to that of the histological nuclear grading 
among paired cases (cases 1-3) (A2). In addition, the drawn clusters were consistent with those of histological grouping among independent 
cases (cases 15-20) (A1). MLS1-1, 2-1, 3-1, 15, 16, and 17; modified Fuhrman low-grade. MLS1-2, 2-2, 3-2, 18, 19, and 20; modified Fuhrman 
high-grade. GO and Reactome analyses show that the cell cycle–related genes are significantly upregulated (B, C). The drawn PPI network 
with one large cluster (D). A topology analysis was performed on this network. The size of each node reflects the resulting degree of 
centrality (D)
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group of the modified Fuhrman grading, as assessed both by pathol-
ogists and a software. The clusters generated by gene expression 
heatmaps were mainly consistent with those identified by the modi-
fied Fuhrman grading. Furthermore, the expression of cell cycle–
related genes was significantly higher in the high–nuclear-grade 
group than in the low–nuclear-grade group.

In the present study, the results from the survival analysis re-
garding the “classical” RCC differed from those of older reports9,10,15 
but were compatible with a relatively newer one.14 Previous studies 
included more cases with an RCC ≥5% than the present study,9–11,35 
which can be due to the inconsistency regarding the definition of 
the RCC. The FNCLCC score was reaffirmed as a useful prognostic 
predictor; however, it may be inappropriate due to the fact that the 
differentiation score requires the evaluation of the “classical” RCC, 
which is an uncertain factor.

Cellularity revealed no association with prognosis, while nuclear 
atypia based on the modified WHO/ISUP and Fuhrmann grades was 
strongly related to MLS prognosis. Hence, nuclear morphology—
rather than cell density—can be a more critical factor in predicting 
the MLS prognosis. As significant differences were detected in the 
survival analysis of a single factor, the nucleoli (modified WHO/ISUP 
grading) were assumed to be the most important prognostic predic-
tor. However, further validation of the usefulness of the modified 
Fuhrman and WHO/ISUP grading by multivariable analysis in larger-
scale studies are required. Future basic research is expected to eluci-
date the mechanisms by which the nucleoli and nuclear morphology 
(size and rim shape) contribute to malignancy. Cases with poor prog-
nosis may have been underestimated, as more high–nuclear-grade 
cases in the modified Fuhrman grading did not meet the “classical” 
RCC ≥5% criterion. Furthermore, the modified WHO/ISUP and 
Fuhrman grades were decided based on the assessment of the 
highest-grade cells in each specimen. This finding implies that these 
two methods can be more efficient than the evaluation of the “clas-
sical” RCC, which cannot be determined without the use of a vast 
number of slides. Modified Fuhrman high-grade cases had greater 
cellularity than the low-grade group, suggesting that hypercellular-
ity is a confounding factor for abnormal nuclear morphology. With 
respect to the morphological parameters, the roundness did not dif-
fer by nuclear grade, suggesting that tumor cells with larger nuclei 
have been classically recognized as typical “round cells.” The larger 
nucleus may make the cell appear round in general. Alternatively, 
the circularity calculated by the Hybrid Cell Count software re-
vealed more complex nuclear rims in the high–nuclear-grade group. 
Hence, the broad understanding of high–nuclear-grade tumor cells 
as “round” cells in MLS might not accurately reflect the feature, and 
a description of tumor cells as having “larger” or “more complex-
shaped” nuclei may be more appropriate. Based on the result of the 
weighted Cohen's kappa coefficients, the inter-rater reliabilities of 
these grading systems were substantial, and they can be used in clin-
ical situations.

Next-generation sequencing and direct sequencing for pTERT 
were performed to search for DNA mutations, but there were no 
significant differences identified between the nuclear grades. The 

exact searches were performed for primary and metastatic or re-
current lesions as well as for good- and poor-prognosis groups, but 
no repeatable mutations were detected. We, therefore, considered 
it unlikely that somatic mutations were involved in the change in nu-
clear morphology and malignant transformation in MLS.

Subsequently, we evaluated the mRNA expression in a compre-
hensive manner. The heatmaps of the gene expression profiles were 
drawn, and samples were clustered into groups that proved to be 
consistent with the ones determined by the modified Fuhrman grad-
ing. This finding suggests that the nuclear morphology evaluation 
method validates the gene expression behavior. We then performed 
GO and Reactome pathway analyses, and the results showed that 
the expression of cell cycle–related genes was significantly upregu-
lated in the high–nuclear-grade group. Furthermore, we focused on 
three genes (namely, FOXM1, PLK1, and CDK1) identified from the 
PPI network and topology analysis after considering the fold change 
and statistical significance of DEGs, and after consulting the findings 
of previous studies.36–38

Finally, immunohistochemical staining was performed to verify 
the correlation between the mRNA and protein expression of the 
DEGs. The expression of all proteins was significantly increased in 
the high–nuclear-grade group and survival analyses revealed that 
the group of samples with both a FOXM1 and a CDK1 positivity had 
a significantly poorer DFS than those with other combinations. We, 
therefore, hypothesize that the increased expression of hub genes 
such as FOXM1 and CDK1 may positively regulate the expression of 
other cell cycle–related genes and result in poor prognosis in high–
nuclear-grade MLS cases.

FOXM1, PLK1, and CDK1 are all well-known cell cycle–related 
factors. They act as proto-oncogenes in several cancer types and 
have been reported as poor prognostic factors.38–42 PLK1 can lead 
to inappropriate chromosome segregation, aneuploidy, and tum-
origenesis.43 CDK1 makes the cell cycle shift from the G2 to the 
M phase.44 FOXM1 plays a vital role in cell cycle progression and 
regulates the expression of many G2/M-specific genes that is es-
sential for maintaining the chromosome segregation and genomic 
stability.45,46 Both CDK1 and PLK1 act in the direction of promoting 
FOXM1.38 Thus, they are strongly interrelated, and ultimately con-
verge in cell cycle promotion. Regarding the mechanism for caus-
ing nuclear atypia, genes that may affect nuclear morphology were 
not identified in the present study. Although it was suggested that 
sporadic cases with the unique histological phenotype of a modi-
fied Fuhrman grade 4 might show unique gene expression profiles, 
additional studies with multiple cases are required to confirm this 
assumption.

This study has some limitations. The samples had deteriorated, 
leading to poor genetic examination, resulting in fewer cases, a 
shorter follow-up period, and fewer death or relapse events. Hence, 
the statistical power might be insufficient, and multivariable analysis 
could not be performed. The cellularity may not have been a signif-
icant poor prognostic factor in this study due to the low statistical 
power. It is worth noting, however, that nuclear gradings were found 
to be prognostic factors under the same circumstances.
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In conclusion, our analyses suggest that an evaluation focusing 
on nuclear morphology (rather than cellular density) is more help-
ful in predicting MLS prognosis. This implication was emphasized by 
the differences in objective parameter measurements and revealed 
gene expression profiles. In addition, the modified Fuhrman grading 
can efficiently evaluate the nuclear atypia of the MLS cases.
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