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LMNB1 expression levels in PC surgical speci-
mens, as measured by IHC staining

Figure 7 shows the LMNB1 expression levels in 
PC specimens with graded GS. The staining 

weeks after injection. The average body weight 
of the PC-3-xenografted mice was 26.9 ± 2.6 g 
(mean ± SEM), and the average tumor volume 
was 3232 ± 627 mm3 at the time of sacrifice 
(end of the 7th week after injection). However, 

Figure 5. Matrigel-coated transwell assay (37°C for 48 h, 40 × magnification). A total of 5 × 104 cells of each cell line 
in 0.1 ml medium + 0.1% FBS were seeded onto an insert well (pore size, 8 µm) for a 24-well plate pre-coated with 
Matrigel. The insert wells were placed on receiver wells with 0.65 ml of medium + 10% FBS per well. After incubation 
at 37°C for 48 h, the cells on the apical side of the insert wells were removed with swabs. Only cells that had passed 
the membrane could be visualized after staining in 20% methanol with 0.25% crystal violet for 10 min. The results 
are shown for (A) EP156T, (B) Mock EP156T, and (C) LMN-EP156T cells. (D) The number of cells that penetrated 
the wells are shown as the mean ± SEM of three independent experiments. Statistical significance was determined 
by ANOVA (P < 0.0001). Significantly more LMNB1-overexpressing EP156T (LMN-EP156T) cells passed through the 
8-µm pores than parental and Mock EP156T cells. 

Figure 6. Colony-formation assay. Results are shown for (A) EP156T, (B) 
Mock EP156T, (C) LMNB1-overexpressing EP156T (LMN-EP156T), and (D) 
PC-3 cells. A total of 5 × 103 cells of each cell line were mixed in 0.3% soft 
agar with complete growth medium, and plated onto a culture dish (diameter, 
3.5 cm). Numerous colonies can be seen in the plates inoculated with PC-3 
after 2 weeks of incubation (magnification, 100 ×) at 37°C. However, no 
colonies have formed in the plates inoculated with the other cell lines. White 
arrows indicate PC-3 cell colonies.

results clearly showed that 
the higher the GS, the higher 
the LMNB1 staining scores 
(Figure 7F; P < 0.0001 by 
ANOVA). Both the GS 4+4 and 
GS ≥ 4+5 tumors had the 
highest median IHC scores. 
LMNB1 staining was signifi-
cantly higher in GS 4+3 tu- 
mors than in GS 3+4 tumors 
(P = 0.010, Mann-Whitney U 
test). However, there were no 
significant differences bet- 
ween the GS 3+3 and 3+4 
tumors or between the GS 
4+4 and ≥ 4+5 tumors (P = 
0.344 and P = 1.00, respec-
tively, Mann-Whitney U test), 
indicating that LMNB1 may 
play a pivotal role in early PC 
progression.

Xenograft mouse model 

The PC-3 cells (positive con-
trol) formed subcutaneous 
tumors in 4 of the 5 xeno- 
grafted mice (Figure 8). The 
tumors were palpable at 2 
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there were no visible subcutaneous tumors in 
mice injected with EP156T, Mock EP156T or 
LMN-EP156T cells at the end of the 14th week 
after injection. Among all mice organs harvest-
ed for examination, only the lymph nodes (4 of 
5 mice) and lungs (4 of 5 mice) were found to 
have metastatic lesions in the PC-3-xenograft- 
ed mice (Figure 9A, 9B). There were no meta-
static lesions found in any organs from mice 
injected with EP156T, Mock EP156T, or LMN-
EP156T cells. 

0.014; Table 2) after adjustment for resection 
margin and LMNB1 IHC score.

Association of LMNB1 expression with disease 
recurrence in the TCGA cohort

The median LMNB1 expression in the TCGA 
cohort was 310 ± 11.2. After excluding pati- 
ents with missing LMNB1 expression levels or 
disease recurrence status, disease recurrence 
occurred in 45 (27%) of 165 patients with high 

Figure 7. Immunohistochemical (IHC) staining of LMNB1 cells in archival paraffin blocks of prostate cancer tissues 
with graded Gleason scores (GS). (A-E) Representative block sections graded as GS 3+3, 3+4, 4+3, 4+4, and ≥ 4+5, 
respectively. Each row shows the same block section at different magnifications, as indicated at the top of each col-
umn. (F) LMNB1 IHC scores in tumors (N = 143) classified according to GS. The IHC staining of 143 archival paraffin 
blocks was evaluated by a qualified pathologist (Dr. Sun, CD) using a scoring system based on the percentage (0: 
no staining; 1: 1%-25%; 2: 26%-50%; 3: 51%-75%; 4: 76%-100%) and intensity (0: negative; 1: weak; 2: moderate; 
3: intense) of IHC staining. An immune-reactivity score (range, 0-12) was obtained by multiplying the percentage 
and intensity scores. There is a significant trend, showing that the higher the GS, the higher the LMNB1 IHC score 
(trend analysis by ANOVA; P < 0.0001). The box plots show the median and interquartile range, and the whiskers 
indicate the minimum and maximum scores in each GS category. The medians of the GS 4+4 and GS ≥ 4+5 groups 
reach 100%.

Figure 8. Xenograft mouse model showing evident subcutaneous tumors in 
the right chest 7 weeks after the injection of PC-3 cells. (A-D) Four of the five 
mice injected with PC-3 cells formed subcutaneous tumors (red arrows). The 
tumor sizes range between 13 mm and 19 mm in diameter. No tumors were 
seen in mice injected with EP156T, Mock EP156T, or LMNB1-overexpressing 
EP156T cells (photos not shown).

Association between LMNB1 
expression and BCR in our 
cohort

The clinicopathological char-
acteristics of the 143 PC 
patients are listed in Table 1. 
Compared to patients who 
received RP, those who re- 
ceived palliative TURP were 
significantly older and had 
higher PSA levels, clinical 
stage, and GS values at diag-
nosis. However, there was no 
significant difference in the 
LMNB1 IHC score between 
the RP and TURP groups. 
Univariable Cox regression 
analysis showed that pT3, 
positive resection margin, 
and extracapsular extension 
were associated with a sig- 
nificantly higher risk of BCR 
(Table 2). LMNB1 IHC scores 
showed a non-significant as- 
sociation with BCR (hazard 
ratio (HR), 1.83; 95% confi-
dence interval (CI), 0.98- 
3.41; P = 0.059). In the multi-
variate analysis, only patho-
logical stage significantly pre-
dicted BCR (pT3 vs. pT2: HR, 
2.29; 95% CI, 1.18-4.43; P = 
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LMNB1 levels, but in only 46 (14%) of 324 
patients with low LMNB1 levels. The median 
DFS of patients with high LMNB1 expression 
was 69.1 months (95% CI, 60.1-79.1), which 
was significantly lower than that of patients 

with low LMNB1 expression (below the medi-
an). The univariable Cox-regression analysis 
indicated that high LMNB1 expression was 
related to a higher risk of disease recurrence 
(high vs. low expression: HR, 2.32; 95% CI, 

Figure 9. Hematoxylin and eosin-stained tissue sections from xenografted mice. (A) An enlarged and metastasized 
lymph node from the PC-3-injected mouse. (B-E) Lung sections from mice injected with PC-3, EP156T, Mock EP156T, 
and LMNB1-overexpressing EP156T cells, respectively. Each row shows the same section with increasing magnifi-
cation. Red arrows indicate PC-3 metastatic cell nests with clear nucleoli in either the lymph node (A) or lung (B). 
There are no subcutaneous growths or metastatic lesions in mice injected with the parental, Mock, or LMNB1-
overexpressing EP156T cells.
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1.54-3.51; P < 0.001; Table 3). However, after 
adjustment for other parameters, LMNB1 ex- 
pression was a non-significant predictor of DFS 
(HR, 1.47; 95% CI, 0.95-2.28; P = 0.086; Table 
3). Only pathological stage was independently 
associated with poor DFS (pT3/4 vs. pT2: HR, 
1.97; 95% CI, 1.05-3.70; P = 0.034).

Discussion

In the current study, we demonstrated that 
LMNB1 overexpression allowed faster cell pro-
liferation and enhanced transwell invasion in 
the immortalized human prostatic epithelial 
cell line. However, LMNB1 overexpression did 
not induce colony formation in soft agar or sub-
cutaneous growth or metastasis in the xeno-
graft mouse model. We also showed that IHC 
staining for LMMB1 expression correlated well 
with the GS of clinical tumor specimens. The 
higher the LMNB1 IHC staining, the higher the 
tumor GS. In the LMNB1 IHC staining of clinical 
tumors, GS 4+3 tumors showed significantly 
higher staining than GS 3+4 tumors. In con-
trast, there was only a marginally insignificant 
difference between GS 3+3 and 3+4 tumors, 

and no significant difference between GS 4+4 
and GS ≥ 4+5 tumors. These results suggested 
that LMNB1 was involved in the progression of 
tumors from GS 3 to GS 4, but not from GS 4 to 
GS 5. All the above findings suggested that 
LMNB1 may be an early (rather than late) bio-
marker of PC progression.

Kogan et al. [31] characterized EP156T cells in 
2006, showing that these cells retained most 
characteristics of prostate epithelial basal  
cells (such as p63-positivity). In addition, 
EP156T cells could differentiate into early and 
late prostate buds, but failed to terminally dif-
ferentiate when cultured in 2% Matrigel. 
Although EP156T cells can undergo epithelial-
mesenchymal transition accompanied by loss 
of contact inhibition, they cannot form colonies 
in soft agar [33]. In this study, we showed that 
even LMNB1-transfected EP156T cells (LMN-
EP156T cells) could not form colonies, indicat-
ing that LMNB1 overexpression alone is not 
adequate to confer tumor cell stemness [34] or 
transform EP156T into a fully malignant cell 
line.

Table 1. Clinicopathological characteristics of patients with prostate cancer
RP (N = 85) PALLIATIVE TURP (N = 58) P-VALUE

AGE
    MEDIAN, IQR 70.0 (67.0-74.0) 81.0 (74.8-87.3) < 0.001
        < 75 57 (67%) 24 (41%) 0.002
        ≥ 75 28 (33%) 34 (59%)

Patient no. (%) Patient no. (%)
PROSTATE-SPECIFIC ANTIGEN AT DIAGNOSIS* 0.002
    < 10 39 (48%) 18 (31%)
    10-20 25 (31%) 11 (19%)
    ≥ 20 17 (21%) 29 (50%)
CLINICAL T STAGE < 0.001
    CT1 38 (46%) 17 (29%)
    CT2 36 (43%) 5 (9%)
    CT3/CT4† 9 (11%) 36 (62%)
GLEASON SCORE < 0.001
    3+3 11 (13%) 19 (33%)
    3+4 30 (35%) 0 (0%)
    4+3 26 (31%) 4 (7%)
    ≥ 4+4 18 (21%) 35 (60%)
LMNB1 IHC SCORE 0.391
    LOW 51 (60%) 30 (52%)
    HIGH 34 (40%) 28 (48%)
Abbreviations: RP, radical prostatectomy; TURP, transurethral resection of the prostate; IQR, interquartile range; IHC, immuno-
histochemical staining. LMNB1 IHC scores were categorized into two groups: grades 1-7 (low) and grades 8-12 (high). *Four 
patients in the RP group had missing data for prostate-specific antigen at diagnosis. †Two patients in the RP group had missing 
data for clinical T stage.
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We established an in vitro cell model of PC pro-
gression by transfecting a specific candidate 
gene into TERT gene-immortalized EP156T 
cells. We believe that this cell line model may 
provide insights into early events during PC  
progression. The transfected EP156T cell line 
model is different from established cancer cell 
lines (such as LNCaP, DU145, or PC-3) in which 
the genetic changes necessary for malignant 
transformation are readily available. It may be 
difficult and inappropriate to investigate early 
disease progression events using these advan- 
ced cancer cell lines. This is because it may be 
impossible to observe the early progression 
phenotype in these sophisticated cancer cell 
lines without disabling multiple genes simulta-

neously. As shown in Figure 2, the three above-
mentioned cancer cell lines expressed abun-
dant LMNB1. It may be interesting to examine 
the consequences of disabling the function of 
LMNB1 in these cancer cell lines.

LMNB1 is also known as LMN, ADLD, LMN2, 
LMNB, and MCPH26 (https://www.ncbi.nlm.
nih.gov/gene/4001). Although a few published 
studies have investigated the role of LMNB1 in 
PC progression, their results were inconsistent. 
In our cohort, the IHC staining of LMNB1 in  
143 PC tumors showed a significant trend of 
increasing LMNB1 expression with higher GS. 
However, LMNB1 expression was only margin-
ally associated with BCR (P = 0.059) in patients 

Table 2. Univariable and multivariable Cox-regression analyses of biochemical recurrence in the radi-
cal prostatectomy group

VARIABLES
UNIVARIABLE MULTIVARIABLE

HR 95% CI P-value HR 95% CI P-value
AGE
    < 75 Referent
    ≥ 75 0.58 0.29-1.16 0.124
PROSTATE-SPECIFIC ANTIGEN AT DIAGNOSIS
    ≤ 10 Referent
    10-20 1.46 0.72-2.93 0.292
    ≥ 20 1.62 0.70-3.75 0.258
GLEASON SCORE
    3+3 Referent -
    3+4 1.09 0.34-3.46 0.891
    ≥ 4+3 2.21 0.77-6.36 0.14
PATHOLOGICAL STAGE
    pT2 Referent Referent
    pT3 2.86 1.51-5.41 0.001 2.29 1.18-4.43 0.014
RESECTION MARGIN
    NEGATIVE Referent Referent
    POSITIVE 2.34 1.03-5.29 0.041 2.05 0.89-4.73 0.093
EXTRACAPSULAR EXTENSION
    ABSENCE Referent
    PRESENCE 2.35 1.26-4.41 0.007
LYMPHOVASCULAR INVASION
    ABSENCE Referent
    PRESENCE 1.12 0.56-2.24 0.751
LMNB1 IHC SCORE
    LOW Referent Referent
    HIGH 1.83 0.98-3.41 0.059 1.63 0.86-3.10 0.137
Variables were selected for multivariate analysis based on their prognostic significance in the univariate analysis (P < 0.05). 
Significant single variables were chosen for univariate analysis after the exclusion of potential high-association variables in dif-
ferent models. The LMNB1 IHC score was categorized into two groups: grades 1-7 (low) and grades 8-12 (high). Abbreviations: 
CI, confidence interval; HR, hazard ratio.
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with RP (N = 85). Using the rank aggregation 
method and gene co-expression network analy-
sis, Song, et al. found that LMNB1 was among 
four differentially expressed genes (DEGs) that 
could be used for the diagnosis and prognosis 
of PC. Specifically, higher LMNB1 expression 
levels were associated with higher GS [35], 
which is consistent with our findings. Using the 
databases of two PC cohorts (TCGA and LSK- 
CC), Luo et al. showed that high LMNB1 expres-
sion was associated with PC metastasis and 
poor patient survival [30]. This is inconsistent 
with our results, as we did not observe a signifi-
cant association between LMNB1 expression 
and BCR. Indeed, our analysis using the TCGA 
dataset revealed a statistically non-significant 
association between LMNB1 expression levels 
and DFS (P = 0.086) after the exclusion of ineli-
gible patients. Saarinen et al. [12] reported  
that GS, PSA, pathological stage, and the 
LMNB1 IHC score were significantly associated 

with BCR in both univariable and multivariable 
Cox regression analyses of the entire cohort. 
However, in the high-risk cohort (GS ≥ 7), only 
GS and PSA-but not the LMNB1 IHC score-sig-
nificantly predicted BCR in the multivariate 
analysis, suggesting that LMNB1 may be an 
early marker for disease progression in PC. The 
same study also showed that LMNB1 expres-
sion was not significantly associated with PC- 
specific survival in the entire cohort or in the 
high-risk cohort (GS ≥ 7). 

Although our study supports the involvement  
of LMNB1 in early stages of PC progression, 
other clinicopathological parameters-such as 
pathological stage, GS, margin status, or cer-
tain genetic makers-may play more important 
roles than LMNB1 at clinically relevant end-
points. Multiple hits along the course of PC  
progression (apart from LMNB1 upregulation) 
may be necessary to push cancer cells to 
metastasize and become lethal.

Table 3. Univariable and multivariable Cox-regression analyses of disease-free survival in the TCGA 
cohort

Patients 
(N)

Events 
(N)

UNIVARIABLE MULTIVARIABLE
HR 95% CI P-value HR 95% CI P-value

AGE
    < 61 199 32 Referent
    ≥ 61 290 59 1.46 0.95-2.25 0.084
GLEASON SCORE
    3+3 45 1 Referent -
    3+4 145 12 3.70 0.48-28.45 0.209 3.41 0.44-26.56 0.241
    ≥ 4+3 299 78 12.59 1.75-90.49 0.012 7.43 1.00-55.23 0.050
PATHOLOGICAL STAGE 
    pT2 185 14 Referent
    pT3/T4 298 74 3.70 2.09-6.56 < 0.001 1.97 1.05-3.70 0.034
    UNKNOWN 6 0 - - - - - -
PATHOLOGICAL LYMPH NODE
    ABSENT 321 56 Referent
    PRESENT 78 23 1.86 1.14-3.03 0.013 1.06 0.64-1.77 0.811
    UNKNOWN 90 12 0.78 0.42-1.46 0.443 0.96 0.51-1.83 0.910
POSITIVE MARGIN
    ABSENT 312 46 Referent
    PRESENT 148 43 2.27 1.50-3.45 < 0.001 1.65 1.06-2.58 0.028
    UNKNOWN 29 2 0.50 0.12-2.08 0.344 0.36 0.09-1.50 0.161
LMNB1 EXPRESSION LEVEL
    LOW 324 46 Referent
    HIGH 165 45 2.32 1.54-3.51 < 0.001 1.47 0.95-2.28 0.086
LMNB1 expression was categorized into two groups: > 310 (high) and < 310 (low). Abbreviations: CI, confidence interval; HR, 
hazard ratio.
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