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Abstract: Although prostate cancer (PC) is the most common cancer among men in the Western world, there are
no good biomarkers that can reliably differentiate between potentially aggressive and indolent PC. This leads to
overtreatment, even for patients who can be managed conservatively. Previous studies have suggested that nuclear
lamin proteins-especially lamin B1 (LMNB1)-play important roles in PC progression. However, the results of these
studies are inconsistent. Here, we transfected the LMNB1 gene into the telomerase reverse transcriptase-immortalized benign prostatic epithelial cell line, EP156T to generate a LMNB1-overexpressing EP156T (LMN-EP156T)
cell line with increased cellular proliferation. However, LMN-EP156T cells could neither form colonies in soft agar,
nor establish subcutaneous growth or metastasis in the xenograft NOD/SCID mouse model. In addition, immunohistochemical staining of LMNB1 in PC specimens from 143 patients showed a statistically significant trend of
stronger LMNB1 staining with higher Gleason scores. A univariate analysis of the clinicopathological parameters
of 85 patients with PC who underwent radical prostatectomy revealed that pathological stage, resection margin,
and extracapsular extension were significant predictors for biochemical recurrence (BCR). However, LMNB1 staining showed only a non-significant trend of association with BCR (high vs. low staining: hazard ratio (HR), 1.83; 95%
confidence interval (CI), 0.98-3.41; P = 0.059). In multivariate analysis, only pathological stage was a significant
independent predictor of BCR (pT3 vs. pT2: HR, 2.29; 95% CI, 1.18-4.43; P = 0.014). In summary, LMNB1 may play
a role in the early steps of PC progression, and additional molecular alterations may be needed to confer full malignancy potential to initiated cells.
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Introduction
In 2020, prostate cancer (PC) afflicted over 1.4
million patients and caused nearly 370,000
deaths worldwide [1]. The huge gap between
the incidence and mortality rates in developed
countries [2] suggests that many patients with
PC die of causes other than PC, and that PC
shows heterogeneous behavior and a wide
range of tumor aggressiveness. The current
risk-stratified management strategy for PC
includes measures such as active surveillance
in select patients, and has demonstrated survival rates comparable to those of immediate
radical treatments [3]. Although conventional

prognostic markers-such as serum prostatespecific antigen (PSA) and Gleason score (GS)
grading-help stratify the risk of progression,
over- and under-treatment are inevitable due to
the inaccurate prediction of disease progression. Unfortunately, the personalized management of patients with PC remains to be developed due to the lack of powerful biomarkers
[4]. As such, there is an urgent need to identify
more novel biomarkers for PC progression.
To date, there are no perfectly accurate molecular markers that can differentiate potentially
lethal PC from indolent ones. Studies have
investigated a few prostate-specific markers in
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the serum or prostate tissue, including PSA,
prostate acid phosphatase, and prostate-specific membrane antigen [5]; however, none of
these provide clinically useful information on
PC progression. There is a general lack of early
progression markers that play a pivotal role in
disease progression and help inform decisionmaking between active surveillance and active
treatments. For example, the loss of PTEN (a
tumor suppressor) has been found to be associated with biochemical recurrence (BCR)
after local treatment [6, 7]. In addition, PC is
frequently accompanied by the TMPRSS2: ERG
fusion caused by chromosomal translocation
[8]. Both the above are predictors of BCR [9].
The overexpression of MMP2 [10] or FOXA1
[11] is associated with late progression events,
such as metastasis. Overall, the aforementioned markers are primarily associated with
late-stage PC progression. There are no good
markers for early progression, which appears
to be an unmet need in PC management.
Through a literature survey, we discovered that
members of the lamin protein family may be
involved in early-stage PC progression [12].
Lamin B1 (or LMNB1), in combination with
lamin A/C or lamin B2 (LMNB2), constitutes the
nuclear lamina that is scattered throughout the
inner nuclear membrane and interacts with
chromatin, binds to transcription factors, regulates gene transcription and DNA replication,
and helps maintain the integrity of the nucleus
[13-17]. Several cancers-including colorectal
[18], ovarian [19], hepatocellular [20], pancreatic [21], and prostatic [22] cancer-are associated with increased levels of LMNB1; in contrast, the levels of lamin A/C vary among different cancers [23, 24]. Lung adenocarcinoma
cell lines have been shown to overexpress
LMNB1, and the knockdown of LMNB1 in these
cell lines reduces their growth rate and colony
forming ability [25]. In addition, a study reported that the suppression of LMNB1 expression
induced cell apoptosis in a lung cancer model
and attenuated their invasion ability in both in
vitro experiments and in mouse models [26].
Hepatocellular carcinoma (HCC) tissues exhibit
increased levels of LMNB1; as such, LMNB1
has been reported as an early biomarker for
HCC [27].
Lamin A/C upregulation is associated with advanced stages of PC [28, 29]. However, there
are major uncertainties regarding the role of
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LMNB1 in PC progression. Saarinen et al. reported that LMNB1 expression was associated
with clinicopathological variables in the whole
cohort, but not in the cohort with high GS (GS ≥
7). The same study also showed that LMNB1
was not associated with PC specific mortality
in either the whole PC cohort or the high-GS
cohort [12]. However, the researchers used
only tissue microarrays to investigate the role
of altered LMNB1 expression, and did not conduct mechanistic studies of LMNB1 function.
In contrast, Luo et al. demonstrated that
LMNB1 upregulation was associated with BCR,
metastasis, and survival in PC [30].
To further elucidate the role of LMNB1 in PC
progression, we used in vitro cell lines, animal
models, and clinical approaches in the current
study. We found that LMNB1 may very likely be
involved in the early steps of PC progression.
Based on our findings, we suggest that LMNB1
is a good potential biomarker for early PC
progression.
Materials and methods
EP156T prostate epithelial cells and transfection with lentiviral vectors harboring LMNB1
A human TERT-immortalized EP156T prostatic
epithelial cell line was purchased from the
American Type Culture Collection (CRL3289™,
ATCC, Manassas, VA, USA) and grown in MCDB153 medium supplemented with bovine pituitary extract (25 mg/500 ml medium), hEGF (5
ng/ml medium), 1% fetal bovine serum (FBS),
and 0.5 μg/ml puromycin. The cells were
stored in a humid incubator supplied with 5%
CO2 at 37°C. The EP156T cells [31] were used
as the in vitro model to investigate the role
of LMNB1 overexpression in PC progression.
LMNB1-overexpressing EP156T (LMN-EP156T)
cells were obtained by transfecting EP156T
cells with LMNB1-harboring lentiviral vectors
(pLAS2w-neo derived) at a multiplicity of infection (moi) of 3, followed by G418 selection (80
μg/ml) over a 4-week period. The map of the
pLAS2w-neo lentiviral vector is shown in Figure
1. Mock EP156T were cells transfected with
lentiviruses produced from the pLAS2w-neo
vector without LMNB1. The LNCaP, DU145,
and PC-3 cell lines were provided by Dr.
Hsiang-Po Huang at the Graduate Institute of
Medical Genomics and Proteomics of National
Taiwan University, College of Medicine. These
Am J Cancer Res 2022;12(7):3390-3404
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Sciences, Uppsala, Sweden)
and quantified with the Image
Quan 8.0L software.
Immunohistochemical staining for LMNB1 expression
Immunohistochemical (IHC)
staining of LMNB1 expression was done to reveal the
expression levels in cells.
PC-3 cells were used as positive controls [32]. EP156T,
Mock EP156T, LMN-EP156T,
and PC-3 cells were grown on
slides and fixed in 4% paraformaldehye in phosphate buffered saline (PBS) for 30 minutes. After rinse in PBS, cells
were permeated in 0.1%
Triton X-100 in PBS for 15
minutes, and antigen was
retrieved at 100°C for 10
Figure 1. Map of the lentiviral vector pLAS2w.Pneo. The full length of human
min in citrate buffer (0.24%
LMNB1 cDNA (1,761 bp) is cloned into multiple cloning sites between the
[w/v] sodium citrate dihyNheI and PmeI restriction sites on the vector, driven by the CMV promoter.
drate, 0.04% [w/v] citric acid
The downstream neomycin (neo)-resistant gene is driven by the human PGK
monohydrate; pH 6.0). Enpromoter.
dogenous peroxidase activity
was blocked using 0.3% hywere used as positive controls of LMNB1
drogen peroxide solution for 10 min at room
expression and/or the xenograft metastasis
temperature. After 5 min of PBS wash for three
model in animal experiments.
times, slides were incubated with blocking
solution (3% BSA and 10% normal goat serum
Western blotting to confirm LMNB1 expression
in PBS) for 90 minutes at room temperature to
block non-specific binding. Cells were then
A total of 30 μg of total protein was extracted
incubated with a rabbit anti-LMNB1 polyclonal
from the EP156T, Mock EP156T, LMN-EP156T,
antibody (1:4000 dilution; TA349381, OriGene,
LNCaP, DU145, and PC-3 cells. The proteins
Rockville, MD, USA) at 4°C overnight, followed
were resolved on 10% SDS-PAGE, transferred
by immunoassay using DAKO EnVision deteconto nitro-cellulous paper, probed with primary
tion system (K5007, Agilent Technologies,
rabbit polyclonal antibodies against LMNA
Glostrup, Denmark). Cells were counterstained
(#2032, Cell Signaling, Danvers, MA, USA),
with Mayer hematoxylin, dehydrated with gradiLMNB1 (TA349381, OriGene, Rockville, MD,
ent alcohol, and fixed with mounting glue.
USA), and GAPDH (TA890003, OriGene, RockNegative control staining was done using PBS
ville, MD, USA), subsequently probed with horto replace the primary antibody solution.
seradish peroxidase (HRP)-conjugated mouse
anti-rabbit IgG antibody (Santa Cruz, sc-2357,
Measurement of the cell proliferation by MTS
Dallas, TX, USA), and then detected with enassay
hanced chemiluminescence using the AmershamTM ECLTM Prime Western Blotting DetecTo compare the cell proliferation rate bettion reagent (RPN2232, GE Healthcare Life
ween cell lines, we performed the MTS asSciences, Buckinghamshire, UK). The protein
say (G3580, Promega, Madison, WI, USA). A
signal bands for LMNA, LMNB1, and GAPDH
total of 6.5 × 103 cells in 0.1 ml of complete
were visualized using an ImageQuant™ LAS
medium were seeded into each well of 96 well4000 biomolecular imager (GE Healthcare Life
plates in triplicate for each cell line. In addition,
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5 plates were prepared for measurement at
each of 5 time points (4, 21, 28, 45, and 52 h)
after seeding. One plate at each time point
was used for the MTS assay. A 20 μl aliquot of
MTS reagent was added to each well and the
plates were incubated for 1 h at 37°C in an
incubator supplied with 5% CO2. The absorbance at 490 nm was measured using an ELISA reader (BioTek, Winooski, VT, USA). For this
assay, we did not include G418 in the culture
medium. The absorbance readings at 490 nm
were plotted as a function of growth time and
represented as the mean ± SEM (standard
error of the means).
Measurement of cell invasiveness by a
Matrigel-coated transwell assay
A total of 5 × 104 cells of each cell line in 0.1 ml
medium + 0.1% FBS were seeded onto the
inserts of a 24-well plate (pore size, 8 μM)
(REF No. 3422, Costar, Lowell, MA, USA) precoated with Matrigel. The insert wells were
placed on receiver wells with 0.65 ml of medium + 10% FBS per well. The 24-well plate was
incubated in a humid incubator supplied with
5% CO2 at 37°C for 48 h. Following this, the
cells were stained with 0.25% crystal violet in
20% methanol for 10 min. Before staining, the
cells on the apical side of the insert wells were
removed with swabs, such that only those cells
that had passed the membrane could be visualized after staining.
Colony forming assay
A total of 5 × 103 cells of each cell line were
mixed in 0.3% melt soft agar containing complete growth medium and plated onto a culture dish (3.5 cm in diameter). The plates were
incubated at 37°C in a humid incubator supplied with 5% CO2 for 2 weeks before the pictures were taken.
Immunohistochemical staining of LMNB1 expression in surgical specimens of the prostate
Formalin-fixed paraffin-embedded archival PC
tissues from 85 radical prostatectomies (RP)
and 58 transurethral resections of the prostate (TURP) were used for the immunohistochemical (IHC) staining of nuclear LMNB1
expression. Relevant clinical data including
patient demographics, tumor characteristics,
and biochemical recurrence were recorded.
The study was approved by the Research
Ethical Committee of the hospital (approval no.
3393

201712093RINB). There were 30, 30, 30, 23,
and 30 PC tumor blocks that were graded as
GS 3+3, 3+4, 4+3, 4+4, and ≥ 4+5, respectively. Tissue sections were deparaffinized, followed by antigen retrieval using the Epitope
Retrieval 1 solution (pH 6.0, Leica Biosystems,
Wetzlar, Germany) at 100°C for 20 min. The
slides were stained in the BOND-MAX autostainer (Leica Biosystems) using the Bond
detection kit according to the manufacturer’s
protocols. Briefly, the tissue sections were
blocked in the blocking solution for 5 min and
then sequentially probed with primary antibodies against LMNB1 (1:300; TA349381,
OriGene) for 30 min and with a Polymer-HRP
reagent for 8 min. Staining was developed for 5
min with DAB as the substrate chromogen. The
sections were then counterstained with modified Mayer’s hematoxylin for 7 min. All the reactions were carried out at room temperature
(25°C). The slides were washed three times
with the Bond wash solution between steps.
Stained tissue sections were photographed
under a Nikon Eclipse Ts2 inverted microscope
(Nikon, Tokyo, Japan).
Xenograft mouse model
The animal experiment was approved by the
Institutional Animal Care and Use Committee
(IACUC, approval no. 20201017) and followed
the IACUC guidelines. The experiment was conducted to test whether LMNB1 overexpression
allowed the EP156T cells to grow and/or metastasize in the xenograft mouse model. A total
of 2 × 106 cells of the PC-3 (positive control),
EP156T, Mock EP156T, and LMN-EP156T cell
lines were subcutaneously injected into one
side of the lateral chest walls of 8-week-old
male NOD/SCID mice provided by BioLASCO
Taiwan Co., Ltd. A total of 5 mice were injected
with each cell line. The tumor size and body
weight of the mice were monitored twice a
week. Once the tumor had reached a size of
1.5 cm in diameter, the mice were sacrificed. The subcutaneous tumors, lymph nodes,
livers, lungs, brains, and the prostate were dissected, fixed in 10% neutrally buffered formalin, embedded in paraffin, and sectioned at 5
μm for hematoxylin and eosin staining.
Association between LMNB1 expression and
BCR in the TCGA patient cohort
Between 2000 and 2013, a total of 497 patients who received RP for PC were enrolled in
the TCGA database. After excluding 3 patients
Am J Cancer Res 2022;12(7):3390-3404
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was used to evaluate the association between
various parameters and disease-free survival
(DFS). Multivariable analysis was used to identify the independent predictors for DFS. We
divided patients with PC into high-expression
and low-expression groups based on the median LMNB1 expression (310 ± 11.2).
Statistical analysis
The clinicopathological parameters were compared between groups of patients in our clinical cohort using Fisher’s exact test (for categorical variables) and the Mann-Whitney U test
(for continuous variables with non-normal distribution). The Kruskal-Wallis test was used to
analyze the differences in LMNB1 IHC scores
between patient groups categorized by GS values (143 PC patients; 85 RP and 58 TURP).
Trend analysis was applied with the analysis of
variance (ANOVA) to reveal the association
between GS and LMNB1 IHC scores.
The clinical outcome of interest was BCR after
RP, defined as the time point when the PSA
level in the serum was ≥ 0.2 ng/ml. BCR-free
survival was defined as the period between the
date of RP and the date when the serum PSA
was ≥ 0.2 ng/ml. Univariable and multivariable
Cox proportional-hazards regression analysis
and the log-rank test were used to evaluate
the prognostic implications of various clinicopathologic parameters (including the LMNB1
IHC score) for BCR.

Figure 2. Western blotting to detect the expression
levels of LMNA and LMNB1 in cells. (A) The protein
signal bands for LMNA, LMNB1, and GAPDH. (B, C)
The relative expression levels of LMNB1 and LMNA
(normalized to GAPDH expression) in different cell
lines. The mean ± SEM of two independent experiments are shown (P = 0.0005 and P < 0.0001 for
LMNB1 and LMNA, respectively; ANOVA). The results
show that LMNB1-overexpressing EP156T (LMNEP156T) cells express significantly higher amounts
of LMNB1 than the parental and Mock EP156T cells.
All three prostate cancer cell lines express high levels of LMNB1. All cells express LMNA, with PC-3 and
DU145 expressing higher amounts of LMNA than the
other cells.

with missing LMNB1 expression levels and 5
patients with unknown disease-recurrence status, we included a total of 489 patients in our
analysis. Univariable Cox regression analysis
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All statistical calculations were two-tailed and
considered statistically significant at P < 0.05.
Statistical analyses were performed using the
IBM SPSS statistical software (version 26; IBM
Corp., Armonk, NY, USA) and GraphPad Prism
(version 8; GraphPad Software, San Diego, CA,
USA).
Results
LMNB1-overexpressing EP156T cells
The Western blotting results are shown in
Figure 2A. The expression ratio of LMNB1 to
GAPDH was higher in LMN-EP156T cells than
in the parental cells or Mock EP156T cells.
There were no differences in LMNB1 expression levels between the parental and Mock
EP156T cells. The LMN-EP156T cells expressed high levels of LMNB1 similar to those
expressed by the 3 cell lines used as positive
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controls (LNCaP, DU145, and
PC-3). This confirmed that the
LMN-EP156T cells over-expressed LMNB1 (Figure 2B).
LMNA expression levels were
high in the DU145 and PC-3
cells and low in all other cells,
including the LMN-EP156T
cells (Figure 2C). The expressions of LMNB1 in parental,
Mock, LMN-EP156T, and PC3 cells (positive control) were
also determined and compared by IHC staining. The
results of IHC staining for
LMNB1 were consistent with
those of Western blotting
(Figure 3).
Higher cell proliferation rate
in LMNB1-overexpressing
EP156T cells
Figure 3. Immunohistochemical (IHC) staining of LMNB1 expression. Staining results were shown for (A) parental EP156T, (B) Mock EP156T, (C) LMNB1-overexpressing EP156T (LMN-EP156T), and (D) PC-3 cells (positive control). Both LMN-EP156T and PC-3 cells expressed strong nuclear staining
of LMNB1, which was higher than either parental EP156T or Mock EP156T
cells.

All the three cell lines reached a growth plateau at 48
h. However, the LMN-EP156T
cells grew faster than the
parental and Mock EP156T
cells (Figure 4; P < 0.01 by
ANOVA).

LMNB1 overexpression enhanced the invasion
ability of cells
The Matrigel-coated transwell assay demonstrated that compared to the parental and
Mock EP156T cells, LMN-EP156T cells could
digest the Matrigel and pass through the 8μm pores at a faster rate, and formed larger
colonies beneath the transwell after 48 h
(Figure 5).
Colony-forming assay
Figure 4. MTS assay to measure the rate of cell
growth. A total of 6.5 × 103 cells in 0.1 ml of complete medium were seeded onto each well of 96 wellplates in triplicate for each cell line. Five repeated
plates were prepared for measurements at 5 time
points. At each time point, one plate was used for
this assay. MTS reagent (20 μl) was added to each
well, and the plates were incubated at 37°C for 1 h.
The absorbance at 490 nm is shown as the mean
± SEM of three independent experiments. LMNB1overexpressing EP156T (LMN-EP156T) cells show
significantly faster growth compared to the other two
cell lines (P < 0.01; ANOVA).
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The results of colony-forming assays showed
that the parental EP156T (Figure 6A), Mock
EP156T (Figure 6B), and LMN-EP156T (Figure
6C) cells did not form visible colonies on soft
agar after 2 weeks of incubation at 37°C. In
contrast, the PC-3 cells (positive control)
formed numerous colonies (Figure 6D). These
results suggested that LMNB1 overexpression
may not be sufficient for cells to evade contact inhibition, and may not induce tumorigenesis in immortalized EP156T cells.
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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.

LMNB1 expression levels in PC surgical specimens, as measured by IHC staining
Figure 7 shows the LMNB1 expression levels in
PC specimens with graded GS. The staining
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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 significantly higher in GS 4+3 tumors than in GS 3+4 tumors
(P = 0.010, Mann-Whitney U
test). However, there were no
significant differences between 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, respectively, Mann-Whitney U test),
indicating that LMNB1 may
play a pivotal role in early PC
progression.
Xenograft mouse model

The PC-3 cells (positive control) formed subcutaneous
tumors in 4 of the 5 xenografted mice (Figure 8). The
tumors were palpable at 2
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,
Am J Cancer Res 2022;12(7):3390-3404

LMNB1 as a biomarker for prostate cancer

3397

Am J Cancer Res 2022;12(7):3390-3404

LMNB1 as a biomarker for prostate cancer
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 column. (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%.

Association between LMNB1
expression and BCR in our
cohort
The clinicopathological characteristics of the 143 PC
patients are listed in Table 1.
Compared to patients who
received RP, those who received palliative TURP were
significantly older and had
higher PSA levels, clinical
stage, and GS values at diagnosis. 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 significantly higher risk of BCR
(Table 2). LMNB1 IHC scores
showed a non-significant association with BCR (hazard
ratio (HR), 1.83; 95% confiFigure 8. Xenograft mouse model showing evident subcutaneous tumors in
dence interval (CI), 0.98the right chest 7 weeks after the injection of PC-3 cells. (A-D) Four of the five
3.41; P = 0.059). In the multimice 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
variate analysis, only pathoseen in mice injected with EP156T, Mock EP156T, or LMNB1-overexpressing
logical stage significantly preEP156T cells (photos not shown).
dicted BCR (pT3 vs. pT2: HR,
2.29; 95% CI, 1.18-4.43; P =
there were no visible subcutaneous tumors in
0.014; Table 2) after adjustment for resection
mice injected with EP156T, Mock EP156T or
margin and LMNB1 IHC score.
LMN-EP156T cells at the end of the 14th week
Association of LMNB1 expression with disease
after injection. Among all mice organs harvestrecurrence in the TCGA cohort
ed for examination, only the lymph nodes (4 of
5 mice) and lungs (4 of 5 mice) were found to
The median LMNB1 expression in the TCGA
have metastatic lesions in the PC-3-xenograftcohort was 310 ± 11.2. After excluding patied mice (Figure 9A, 9B). There were no metaents with missing LMNB1 expression levels or
static lesions found in any organs from mice
disease recurrence status, disease recurrence
injected with EP156T, Mock EP156T, or LMNEP156T cells.
occurred in 45 (27%) of 165 patients with high
3398
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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 magnification. 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 LMNB1overexpressing EP156T cells.

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
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with low LMNB1 expression (below the median). 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,
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Table 1. Clinicopathological characteristics of patients with prostate cancer
AGE
MEDIAN, IQR
< 75
≥ 75

RP (N = 85)

PALLIATIVE TURP (N = 58)

P-VALUE

70.0 (67.0-74.0)
57 (67%)
28 (33%)
Patient no. (%)

81.0 (74.8-87.3)
24 (41%)
34 (59%)
Patient no. (%)

< 0.001
0.002

39 (48%)
25 (31%)
17 (21%)

18 (31%)
11 (19%)
29 (50%)

38 (46%)
36 (43%)
9 (11%)

17 (29%)
5 (9%)
36 (62%)

PROSTATE-SPECIFIC ANTIGEN AT DIAGNOSIS*
< 10
10-20
≥ 20
CLINICAL T STAGE
CT1
CT2
CT3/CT4†
GLEASON SCORE
3+3
3+4
4+3
≥ 4+4
LMNB1 IHC SCORE
LOW
HIGH

0.002

< 0.001

< 0.001
11 (13%)
30 (35%)
26 (31%)
18 (21%)

19 (33%)
0 (0%)
4 (7%)
35 (60%)

51 (60%)
34 (40%)

30 (52%)
28 (48%)

0.391

Abbreviations: RP, radical prostatectomy; TURP, transurethral resection of the prostate; IQR, interquartile range; IHC, immunohistochemical 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.

1.54-3.51; P < 0.001; Table 3). However, after
adjustment for other parameters, LMNB1 expression 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).

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) biomarker of PC progression.

Discussion

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 differentiate when cultured in 2% Matrigel.
Although EP156T cells can undergo epithelialmesenchymal 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 (LMNEP156T cells) could not form colonies, indicating that LMNB1 overexpression alone is not
adequate to confer tumor cell stemness [34] or
transform EP156T into a fully malignant cell
line.

In the current study, we demonstrated that
LMNB1 overexpression allowed faster cell proliferation and enhanced transwell invasion in
the immortalized human prostatic epithelial
cell line. However, LMNB1 overexpression did
not induce colony formation in soft agar or subcutaneous growth or metastasis in the xenograft 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 contrast, there was only a marginally insignificant
difference between GS 3+3 and 3+4 tumors,
3400
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Table 2. Univariable and multivariable Cox-regression analyses of biochemical recurrence in the radical prostatectomy group
VARIABLES
AGE
< 75
≥ 75
PROSTATE-SPECIFIC ANTIGEN AT DIAGNOSIS
≤ 10
10-20
≥ 20
GLEASON SCORE
3+3
3+4
≥ 4+3
PATHOLOGICAL STAGE
pT2
pT3
RESECTION MARGIN
NEGATIVE
POSITIVE
EXTRACAPSULAR EXTENSION
ABSENCE
PRESENCE
LYMPHOVASCULAR INVASION
ABSENCE
PRESENCE
LMNB1 IHC SCORE
LOW
HIGH

HR

UNIVARIABLE
95% CI
P-value

Referent
0.58

0.29-1.16

0.124

Referent
1.46
1.62

0.72-2.93
0.70-3.75

0.292
0.258

Referent
1.09
2.21

0.34-3.46
0.77-6.36

0.891
0.14

Referent
2.86

1.51-5.41

Referent
2.34

MULTIVARIABLE
HR
95% CI
P-value

0.001

Referent
2.29
1.18-4.43

0.014

1.03-5.29

0.041

Referent
2.05
0.89-4.73

0.093

Referent
2.35

1.26-4.41

0.007

Referent
1.12

0.56-2.24

0.751

Referent
1.83

0.98-3.41

0.059

Referent
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 different 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.

We established an in vitro cell model of PC progression 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 advanced 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-
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neously. As shown in Figure 2, the three abovementioned cancer cell lines expressed abundant 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 marginally associated with BCR (P = 0.059) in patients
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Table 3. Univariable and multivariable Cox-regression analyses of disease-free survival in the TCGA
cohort
Patients Events
(N)
(N)
AGE
< 61
≥ 61
GLEASON SCORE
3+3
3+4
≥ 4+3
PATHOLOGICAL STAGE
pT2
pT3/T4
UNKNOWN
PATHOLOGICAL LYMPH NODE
ABSENT
PRESENT
UNKNOWN
POSITIVE MARGIN
ABSENT
PRESENT
UNKNOWN
LMNB1 EXPRESSION LEVEL
LOW
HIGH

HR

UNIVARIABLE
95% CI
P-value

199
290

32
59

Referent
1.46

0.95-2.25

0.084

45
145
299

1
12
78

Referent
3.70
0.48-28.45
12.59 1.75-90.49

0.209
0.012

185
298
6

14
74
0

Referent
3.70
-

2.09-6.56
-

321
78
90

56
23
12

Referent
1.86
0.78

312
148
29

46
43
2

324
165

46
45

HR

MULTIVARIABLE
95% CI
P-value

3.41 0.44-26.56
7.43 1.00-55.23

0.241
0.050

< 0.001
-

1.97
-

1.05-3.70
-

0.034
-

1.14-3.03
0.42-1.46

0.013
0.443

1.06
0.96

0.64-1.77
0.51-1.83

0.811
0.910

Referent
2.27
0.50

1.50-3.45
0.12-2.08

< 0.001
0.344

1.65
0.36

1.06-2.58
0.09-1.50

0.028
0.161

Referent
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.

with RP (N = 85). Using the rank aggregation
method and gene co-expression network analysis, 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 LSKCC), Luo et al. showed that high LMNB1 expression was associated with PC metastasis and
poor patient survival [30]. This is inconsistent
with our results, as we did not observe a significant 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 ineligible patients. Saarinen et al. [12] reported
that GS, PSA, pathological stage, and the
LMNB1 IHC score were significantly associated

3402

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-significantly 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 expression was not significantly associated with PCspecific 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 certain genetic makers-may play more important
roles than LMNB1 at clinically relevant endpoints. Multiple hits along the course of PC
progression (apart from LMNB1 upregulation)
may be necessary to push cancer cells to
metastasize and become lethal.
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