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ABSTRACT

Background. Prostate cancer (PC) diagnostics and treatment often present a challeng-
ing task due to cancer subtype heterogeneity and differential disease progression in
patient subgroups. Hence, the critical issue is finding a reliable and sensitive diagnostic
and prognostic PC marker, especially for cases of biopsies with low percentages of cancer
cells. Isoform A of myosin 1C was shown to be expressed in PC cells and responsible
for their invasive properties, however, its feasibility for diagnostic purposes remains to
be elucidated.

Methods. To verify the role of myosin 1C isoform A mRNA expression as a putative
prostate cancer marker we performed RT qPCR normalized by three reference genes
(GAPDH, YWHAZ, HPRTI) on PC3, RWPE-1, LNCaP and 22Rv1 cell lines. Myosin 1C
isoform A detection specificity was confirmed by immunofluorescence staining, cancer
and non-cancer prostate cell lines were immunophenotyped by flow cytometry.
Results. Median normalized mRNA expression level of myosin 1C isoform A in PC

. cells (PC3 and 22Rv1) is two orders of magnitude higher compared to RWPE-1 cells,
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INTRODUCTION

Prostate cancer is one of the most frequent cancer types in men and the second most
common factor of cancer-related morbidity in the Western world (Siegel, Miller ¢ Jemal,
2015). Usually, prostate cancer occurs in an indolent form, however some subtypes can be
aggressive and require immediate treatment. Sensitive diagnostic tools are critical for early
metastatic prostate cancer detection, as early diagnosis ensures better clinical outcomes
(Kawachi et al., 2007; Swanson et al., 2006). Multiple screening studies have revealed a
number of potential prostate cancer-specific markers, but their diagnostic feasibility and
prognostic value remain controversial (Esfahani, Ataei & Panjehpour, 20155 Hoogland,
Kweldam & Van Leenders, 2014; Mohammed, 2014; Thompson, 2006). Today the most
common clinical test for prostate cancer is prostate-specific antigen (PSA) level evaluation
(Thompson, 2006), but this method meets severe limitations. First, PSA is detected in
about 50% of benign prostate hyperplasia cases, and PSA-negative cases of prostate cancer
also occur. Second, PSA levels can be altered by different infections of the urinary tract
and by various drug treatments (Barry, 2001; Thompson et al., 2006) and thus cannot be
considered a reliable diagnostic marker.

The novel promising markers that fit the criteria of reliability and sensitivity have been
proposed over the years (Amaro et al., 2014). Among them, a rare isoform of motor protein
myosin 1C named myosin 1C isoform A (Ihnatovych et al., 2012) has been described as a
specific marker of prostate cancer cells (Ihnatovych, Sielski ¢~ Hofimann, 2014). In contrast
to isoforms B and C that are ubiquitously expressed in normal tissues, myosin 1C isoform A
is only present at low levels in pancreas, kidney, adrenal gland and a subset of adipose tissues
(Sielski et al., 2014). In cancers, specific elevation of myosin 1C isoform A expression levels
were described for prostate cancer cell lines and for TRAMP murine model that closely
resembles the human prostate cancer pathogenesis (Shappell et al., 2004). Most recently,
this isoform was found to have a function in the motility and secretion stimulating the
invasive properties of metastatic prostate cancer cells (Maly et al., 2017) These data strongly
support a role of myosin 1C isoform A as a putative diagnostic marker for prostate cancer.

One of the most time and cost-effective approaches to myosin 1C isoform A relative
expression assessment in cancer and non-cancer specimens is quantitative polymerase
chain reaction (RT-qPCR). Accurate normalization of qPCR data is a prerequisite that
allows obtaining reliable quantitative data, while biased normalization may yield inaccurate
results (Dheda et al., 2005). Several approaches to reference gene choice had been proposed
over the years (Pfaffl et al., 2004; Vandesompele et al., 2002) have significantly improved
data analysis for clinical sample sets (Potashnikova, Gladkikh ¢ Vorobjev, 2015; Schmidt
et al., 2006; Wotschofsky et al., 2011). Various combinations of reference genes, including
ACTB, GAPDH, ALAS-1, HPRT1, RPL13A, SDHA, TBP, and B2M were evaluated for
gPCR data normalization on prostate tissue samples and cell lines (Mori et al., 2008; Tsaur
etal.,, 2013; Zhao et al., 2018). As a universal combination of reference controls for all
targets and experimental conditions does not exist (Vandesompele et al., 2002), picking the
cell- or tissue-specific set of genes is an essential step for any individual application.
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In this study, we validate the optimal combination of reference genes for myosin 1C
isoform A expression assessment in both normal and cancer prostate cells and define a
limit of detection for myosin 1C isoform A mRNA expression using RTqPCR. Based on the
literature, we selected from the frequently used housekeeping genes a set for quantitative
analysis of myosin 1C isoform A expression in 3 prostate cancer lines (LNCaP, 22Rv1, and
PC3) and RWPE-1 cell line corresponding to benign adult human prostate. Sequentially,
we defined a limit of detection of myosin 1C isoform A mRNA in a mixture of cancer and
non-cancer prostate cells and proved the specificity of myosin 1C isoform A expression
at protein level. Our data strongly support a hypothesis of myosin 1C isoform A being a
specific and sensitive marker of prostate cancer and provide a reliable and cost-effective
method of myosin 1C isoform A assessment in malignant and benign prostate cells.

MATERIAL AND METHODS

Cell lines

One normal prostate epithelial cell line (RWPE-1), prostate cancer cell lines LNCaP,
22Rv1 and PC3, A431 epidermoid carcinoma, A549 lung carcinoma, and non-cancer
3T3 fibroblasts were obtained from American Type Culture Collection (ATCC,
http://www.atcc.org, Manassas, VA, USA). RWPE-1 cells were cultured in DMEM (Paneco,
Russia), with 4.5 g/L glucose, containing 10% FBS (Gibco, Carlsbad, CA, USA), 1%
gentamycin and supplemented with 0.05 mg/ml bovine pituitary extract (BPE) and 5
ng/ml human recombinant epidermal growth factor (EGF). Cancer cell lines and 3T3
fibroblasts were cultured in DMEM/F12 (Paneco, Russia) supplemented with 10% of FBS,
1% gentamycin and L-glutamine. Cells were grown in a humidified atmosphere with 5%
CO, at 37 °C.

RNA extraction and cDNA synthesis

Total RNA extraction was performed with RNeasy Mini Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions, RNA samples were treated with DNAse I
(Fermentas). RNA concentrations were measured on Nanophotometer (Implen, Germany),
and RNA purity was confirmed by A260/280 and 260/230 ratios. 1 ug of total RNA was
taken into the reverse transcription reaction with iScript Advanced cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA) according to manufacturer’s protocol.

RT gPCR

Real-time qPCR experiments were performed on CFX96 Touch cycler (Bio-Rad, Hercules,
CA, USA). All samples were processed in triplicate. One sample of cDNA put into each
PCR run served as an inter-run calibrator for uniting data into one experiment. Primer
details are provided in Table S1. All amplicon sequences included at least one exon-exon
junction to avoid DNA amplification. Primers were purchased from Synthol (Russia).
Primer specificity was confirmed by melting curve analysis and detection of products
with predicted length on 1.5% agarose gel electrophoresis. Amplification efficiency E was
calculated as E =[10(—1/slope) — 1], using the slope of the semi-log regression plot of
Cq versus log input of cDNA. Each reaction was performed in triplicate. The reaction
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and cycling conditions were performed as described elsewhere (Potashnikova, Gladkikh ¢
Vorobjev, 2015).

The Ct values were determined for real-time PCR curves by setting the threshold at 5
SD for each run. Relative cDNA quantity was calculated as

Q — Ec(q)min—C(q)n,

where E—PCR efficiency, C(g)n—averaged triplicate C(q) value for each sample,
C(g) min—minimal average C(q) value for the gene in the experimental set.

Results were analyzed using geNorm (Center of Medical Genetics, Ghent University
hospital, geNorm version 3.5, 2002) and NormFinder (Molecular Diagnostic Laboratory,
Department of Clinical Biochemistry, Aarhus University Hospital, Denmark, 2004).

Immunofluorescence

Mouse monoclonal antibody against N-terminal peptide of myosin 1C isoform A was
described in IThnatovych et al. (2012) (Ihnatovych et al., 2012). For myosin 1C isoform A
visualization, cells were fixed with 4% paraformaldehyde in PBS, pH 7.2, for 15 min at4 °C,
washed three times with PBS, permeabilized with 0.1% Triton X100 and 0.1% Tween 20 in
PBS for 1 h at room temperature, stained with first antibodies (1:150 dilution), then with
second anti-mouse antibodies conjugated with Cy2 (Sigma-Aldrich, St. Louis, MO, USA)
(dilution 1:100) and DAPI (Sigma-Aldrich, St. Louis, MO, USA) for nucleus visualization.
Specimens were mounted in Mowiol 488 (Sigma-Aldrich, St. Louis, MO, USA). Fixed cells
were imaged on Nikon TiE fluorescent microscope under PlanApo 60x/1.4 objective (phase
contrast). Images were recorded by Hamamatsu ORCA FLASH2 digital camera, using FITC
(Ex. 450—490 nm; Em. 510-540 nm) and DAPI (Ex. 340—380 nm; Em. 435-485 nm) filter
sets. Preparation conditions and exposure time was kept constant for all specimens used.

Image analysis

Data were analyzed using Image] software (NIH, Bethesda, MD, USA). Quantitative
measurements were performed on the unprocessed original 16-bit B/W images. To perform
the analysis of mean fluorescence intensity values, we picked the small image regions of
the same area inside the nucleus, in the cytoplasm and outside the cell (these values were
taken for the signal-to-noise ratio), calculated the average fluorescence intensity values and
performed signal to noise correction. Fluorescent images were processed using Image] and
finalized with Adobe Photoshop (Adobe Systems, San Jose, CA, USA) software.

Flow cytometry

PC3 and RWPE-1 cells (at approx. 50% confluence) were detached using trypsin then
consecutively washed with 10% FBS-medium and PBS. Detached cells were stained for
flow cytometry in PBS according to antibody manufacturers’ protocols (15 min at +4 °C,
in the dark). Antibody details were as follows: anti-CD44-BV421 (clone BJ10, BioLegend),
anti-CD90-BV510 (clone 5E10, BioLegend), anti-CD133/1-PE (clone AC133, Miltenyi
Biotec), anti-CD57-PerCp-Cy5.5 (clone HNK-1, BioLegend), anti-CD24-APC-H7 (clone
MLS5, BD). Cells were washed with PBS and analyzed using a 6-laser FACSAria SORP
instrument (BD Biosciences, USA).
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Median fluorescence intensity (MFI) values were obtained from FACSDiva 6.1.3 software
for each surface marker under study in the overall PC3 and RWPE-1 cell populations. The
overall cell populations were gated based on light scatter properties and median signal
intensities were exported for them. Immunophenotypes of the model cell lines were
monitored several times throughout cell passaging. Average MFIs and their SDs were
calculated for surface markers from different passage data.

Data analysis

Statistical data and graphs were obtained using GraphPad® Prism (GraphPad Software,
version 5; San Diego, CA, USA). Data were presented as medians and ranges or as median +
SEM. Differences between data sets were tested with the Mann—Whitney U test, inter-group
differences with p < 0.05 were reported as significant.

RESULTS

Immunophenotype of prostate cell lines

First, PC3 and RWPE-1 model cell lines were immunophenotyped by flow cytometry. Both
cell lines are characterized as CD44+/CD90-/CD133-/CD57-/CD24+- when subcultured
under passage 8 (Fig. 1).

However, some markers (CD44 and CD24) showed high MFI (Mean fluorescence
intensities) variance between passages in both PC3 and RWPE-1 cell lines. This can be
best illustrated by the temporal heterogeneity of CD44 expression during RWPE-1 early
passages (Fig. S1): here we show an increase in a stem cell marker CD44 expression upon
passage 4. A minor CD133-positive subpopulation appears at passage 8, while CD90
remains absent at all passages.

To access the MFI variance, average MFI values for each marker and their SDs were
calculated for both cell lines based on three immunophenotypes from different passages. For
PC3 cells they were as follows: CD44 MFI = 9489.67 £ 8605.98, CD90 MFI = 172 + 43.35,
CD133 MFI = 101.67 £ 34.59, CD57 MFI = 78.67 & 12.58, CD24 MFI = 136.50 £ 57.28.
The average MFI values for RWPE-1 cells were as follows: CD44 MFI = 9567.67 4 7871.92,
CD90 MFI = 176.33 £ 95.03, CD133 MFI = 137.67 &+ 37.63, CD57 MFI = 121.67 & 32.32,
CD24 MFI = 142.00 £ 50.91.

Both cancer and non-cancer prostate cell lines exhibited the same set of surface markers,
thus flow cytometry as a sole method was not enough to distinguish prostate cancer cells.
For better evaluation of the differences between cancer and non-cancer cells we employed
RT qPCR.

Optimal reference genes for prostate cell lines

The choice of external reference controls for normalization and qPCR data analysis is
critical in case of low mRNA quantities. Reference genes have to be expressed ubiquitously
in normal and malignant tissue, and their expression should not be affected by experimental
conditions. The reliable set of reference genes has to include high abundance genes
(that correspond to transcriptional levels of MYOIC A isoform in cancer cells) and low
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Figure 1 Immunophenotypes of the model cell cultures RWPE-1 (A-E) and PC3 (F-J) subcultured un-
der passage 8.
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Table 1 Ranking order and best reference genes defined by GeNorm and NormFinder.

GeNorm M value NormFinder N\%
(stability value)

YWHAZ 0.52 GAPDH 0.08
GAPDH 0.52 HPRTI 0.11
HPRTI 0.75 YWHAZ 0.13
ACTB 0.78 ACTB 0.27
TBP 1.02 SDHA 0.30
UBC 1.08 TBP 0.32
SDHA 1.22 UBC 0.44
ALASI 1.38 B2M 0.54
B2M 1.75 ALASI 0.58
RPLI3A 1.98 RPLI13A 0.61

abundance genes (that correspond to transcriptional levels of MYOIC A isoform in normal
prostate). A sufficient number of genes for qPCR data normalization also have to be
estimated.

Initial screening confirmed that all candidate genes were expressed in prostate cell lines.
Raw Cq values of the chosen genes indicate that the list of candidates includes genes with
high (HPRT1), moderate (ACTB, TBP, YWHAZ, RPL13A, B2M, ALAS1) and low (UBC,
SDHA, GAPDH) abundance (Fig. S2). qPCR analysis was verified by the presence of a
single sharp peak on the melting curve and a single product band of predicted size on
agarose gel electrophoresis. For all candidate genes, efficiency values ranged between 0.93
and 1.05 and R? values ranged between 0.992 and 0.999 (Table S2). We also evaluated the
expression of the candidate reference genes for the cells on different passages and showed
that mRNA expression of candidate genes in RWPE-1 and PC-3 lines did not change at
least for 10 passages, as standard deviation of the normalized cDNA quantity for all genes
did not exceed 0.04 (Table S3). Expression stability of the selected genes was determined
with GeNorm and NormFinder algorithms.

In GeNorm, we ranked the selected genes according to their expression stability (M
value). All candidate genes except for B2M and RPL13A passed the 1.5 stability threshold
value proposed by GeNorm. GeNorm ranking order indicated that YWHAZ/GAPDH pair
had the lowest M value (0.52). HPRT1 and ACTB genes also had stability values below 1
(Table 1). Unlike GeNorm, NormFinder does not evaluate paired variances and estimates
the independent stability values (SV). NormFinder ranking established GAPDH as the
most stable single gene across all cell lines under study (SV = 0.08) and HPRT1 as the
second stable gene with SV = 0.11, while YWHAZ had SV = 0.13 (Table 1).

To estimate the optimal number of genes for qQPCR data normalization we employed
pairwise variation analysis proposed by GeNorm. Pairwise variations are defined as SD of
log2-transformed expression ratios of any pair of reference genes required for geometric
mean normalization. As shown in Fig. 2, the lowest V values were for V4/V5 for all cell
lines except LNCaP, V4/V5 was also the lowest for the total set, indicating that addition of
the fourth gene to normalization factor (NF) is unnecessary. Put together, our data imply
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Figure 2 Pairwise variation analysis (Vn/n+ 1) in GeNorm program to determine the optimal number
of reference genes for qPCR data normalization in prostate cancer cells.
Full-size Gl DOI: 10.7717/peer;j.5970/fig-2

that a combination of YWHAZ, GAPDH, and HPRT1 serves best for mRNA expression
analysis in the set of prostate cell lines.

mRNA levels of myosin 1C isoform A in malignant and benign
prostate cell lines

To prove the prostate cancer-associated expression of myosin 1C isoform A we analyzed
its expression in prostate cancer cell lines (PC3, LNCaP, and 22Rv1) and compared it to
non-cancer prostate cell line RWPE-1. We confirmed the previous data of Ihnatovych,
Sielski & Hofmann (2014) and showed that relative normalized cDNA quantity of myosin
1C isoform A in prostate cancer cells is at least two orders of magnitude higher than

in non-cancer prostate cells. Medians of relative normalized cDNA quantity in prostate
cancer cell lines varied from 1.938 (PC3) to 3.426 (22Rv1) compared to 0.037 in RWPE-1
cells. Myosin 1C isoform A was not expressed in normal fibroblasts (3T3 cell line, median
normalized cDNA quantity 0.003) and demonstrated low expression levels in non-prostate
cancers, like A431 epidermoid carcinoma (median mRNA expression 0.022) or A549
human lung carcinoma (median mRNA expression 0.011) (Fig. 3, Table 2). Myosin 1C A
isoform expression for PC3 and RWPE-1 did not change significantly for different passages;
relative normalised quantity of myosin 1C isoform a on the 10th passge was 2.012 for PC3
and 0.045 for RWPE-1, respectively.

To evaluate the detection limit of myosin 1C isoform A with real-time qPCR, we
performed a series of dilutions of PC3 cells by RWPE-1 cells as follows: 1:1, 1:3, 1:10, 1:30,
1:100, 1:300 and 1:1,000 (where one part corresponded to 10* PC3 cells). Normalized
relative cDNA quantity of myosin 1C isoform A varied from 1.478 (1:1 mixture) to 0.078
(1:1,000 mixture) compared to 2.389 for pure PC3 cells and 0.021 for pure RWPE-1 cells
(Fig. 4). Thus, qPCR evaluation of myosin 1C isoform A expression can be considered
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Figure 3 Normalized cDNA quantity of myosin 1C isoform A in cancer and non-cancer cell lines, lines
on the plot represent medians.

Full-size Gal DOI: 10.7717/peerj.5970/fig-3

Table 2 Normalized relative cDNA quantity of myosin 1C A isoform in different cell lines.

RWPE-1 PC-3 LNCaP 22Rvl 3T3 A431 A549
Number of values 3 3 3 3 3 3 3
Minimum 0.01185 1.454 0.2891 2.855 0.0012 0.01455 0.009244
25% percentile 0.01185 1.454 0.2891 2.855 0.0012 0.01455 0.009244
Median 0.03716 1.938 0.3597 3.426 0.00254 0.02255 0.01146
75% percentile 0.0427 2.293 0.4567 7.078 0.005478 0.02766 0.03542
Maximum 0.0427 2.293 0.4567 7.078 0.005478 0.02766 0.03542

a sensitive and selective method for prostate cancer detection, even for low quantities of
cancer cells in the specimen.

Protein expression of myosin 1C isoform A is prostate cancer-specific
To confirm that myosin 1C isoform A is a specific marker of prostate cancer at protein
level, we performed immunofluorescence staining of PC3 and RWPE-1 cells using specific
antibodies against myosin 1C isoform A. In PC3 cells we observed the bright staining of
myosin 1C isoform A throughout the cytoplasm and in the nucleus (Fig. 5A), whereas in
RWPE-1 cells the staining was much weaker, although the protein was also located both in
the nucleus and in the cytoplasm (Fig. 58). Further staining of A549 cells with the antibody
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Figure4 Normalized cDNA quantity of myosin 1C isoform A in series of PC3 and RWPE-1 mixtures.
lines on the plot represent medians.
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against myosin 1C isoform A also revealed a weak signal both in the nucleus and in the
cytoplasm (Fig. S3).

For quantitative evaluation of protein expression, we performed mean fluorescence
intensity calculations for myosin 1C isoform A staining in the nucleus and cytoplasm on
58 PC3 cells and 56 RWPE-1 cells. Median MFI of myosin 1C isoform A staining for nuclei
of PC3 cells was 1749.0 compared to 924.9 in RWPE-1 cells (differences were statistically
significant, p < 0.0001). The differences in cytoplasmic staining of myosin 1C isoform A
were less distinct, median MFI of the cytoplasmic signal was 813.5 for PC3 cells and 602.1
for RWPE-1 cells (differences were statistically significant, p < 0.0001) (Fig. 54).

DISCUSSION

The significance of surface cluster of differentiation (CD) markers in establishing cell
origins and cancer-associated aberrations in prostate tissue is well-known. Markers (such
as CD133, CD44, CD90, CD57 and CD24, etc.) are being widely used in diagnostics by flow
cytometry and immunohistochemistry (Liu, Roudier & True, 2004). In our study CD90
was used as a stromal marker (for both normal and malignant prostate tissue (Liu, Roudier
e True, 2004; True et al., 2010; Zhao ¢~ Peehl, 2009), CD57—as luminal cell marker (Liu,
Roudier ¢ True, 2004), CD44 and CD133—as epithelial basal stem cell markers (Iczkowski,
20105 Richardson et al., 2004), and CD24—as prostate epithelial cell maturation marker
(Petkova et al., 2013).
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Figure 5 Immunofluorescent anti myosin 1C isoform A staining of PC3 (A) and RWPE-1 (B) cells.
Full-size Gal DOI: 10.7717/peerj.5970/fig-5

The model prostate cancer cell line PC3 used in our study proved to be CD44+ and
CD133-, as shown by other authors (Pellacani et al., 2011; Steponkiene et al., 2011). It also
is CD90- and CD57- in accord with other published data (Liu, 2000; Liu, Roudier ¢ True,
2004). The data on CD24 expression are controversial as some authors report no CD24 on
PC3 cells (Liu, Roudier ¢ True, 2004) and some show varying levels of this surface marker
(Jaworska & Szliszka, 20175 Liu, 2000). Our instance of PC3 cell line also was partly positive
for CD24 and its level varied at different passages (see ‘Results’).

The model benign prostate cell line RWPE-1 used in our study exhibited the
CD44+/CD90-/CD57-/CD133-/CD24+- immunophenotype similar to PC3 cell line. It
demonstrates gradual elevation of CD44 level after passage 3 and a small subpopulation of
CD133+ positive RWPE-1 cells appears at passage 8. This corresponds to the data published
by other authors (Yun et al., 2016), and means that this cell line should be cautiously used
as a reference one.

The overall phenotype of both PC3 and RWPE-1 cell lines provided in Fig. 1 defines
them as low-differentiated (basal —to transitional) cells of epithelial origin. CD44 shows
the highest temporal expression heterogeneity, depending on passage number while CD24
shows the highest intra-population expression heterogeneity in both cell lines. The obtained
data highlights the problem of immunophenotype shifts in putative prostate cell models
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(both normal and malignant) upon prolonged subculture. Other properties of such models
may also vary and thus need to be monitored during subculture.

While the morphological phenotype and functional properties of RWPE-1 cells
correspond to normal prostate tissue, its immunophenotype varies from early passages
and final immunophenotypes upon prolonged passaging become similar in normal and
malignant cell models (Bello et al., 1997; Jiang et al., 2010; Roh et al., 2008). Hence, the
need for other markers to correlate with tumorigenic potential of prostate cells is obvious.
We propose to employ qPCR assessment of the novel cancer-related molecules once their
correlation with protein levels has been established.

PCR data normalization using a set of reference genes and different mathematical
algorithms has proved to be a valuable methodology in different types of cancer, including
bladder cancer (Zhang et al., 2017), hepatocellular carcinoma (Liu et al., 2013), uterine
cervical cancer (Tan et al., 2017) and cancer cell lines used for in vitro studies (Jacob et
al., 2013). In all cases one has to follow the MIQE guidelines that describe the minimum
information for publication of PCR data to provide the consistency between the laboratories
and reproducibility of clinical and scientific results (Bustin et al., 2009).

The choice of reliable reference genes remains a challenging issue even within one tissue,
as it depends on the cell source, application type, and sample heterogeneity. Souza et al.
(2013) proposed GAPDH and SDHA genes as an optimal combination for RT qPCR data
normalization in primary culture of prostate cells, Mori et al. (2008) suggested GAPDH
and ACTB as suitable controls for FFPE-embedded prostate tissue, while HPRT1 and TBP
were the most appropriate genes for prostate cancer metastases into the lymph nodes
(Tsaur et al., 2013), thus confirming a prerequisite analysis of external reference control
prior to evaluation of target gene in prostate cancer cells.

Here we report that a combination of three, but not two genes represents the best
combination for normalization using geometric mean even in homogeneous cell line
samples. Using a set of three reference genes (YWHAZ, GAPDH, and HPRT1), we analyzed
myosin 1C isoform A mRNA expression in a set of cancer and non-cancer cell lines and
confirmed the specificity of its expression in prostate cancer cells. Interestingly, the median
expression of myosin 1C isoform A in LNCaP cells was almost six times lower than in
PC3 cells (Table 2). One possible explanation might be that LNCaP cells are derived from
androgen-dependent prostatic adenocarcinoma (Horoszewicz et al., 19805 Yu et al., 2017)
in contrast to androgen-independent PC3 and 22Rv1 prostate carcinomas. Nevertheless,
these cell lines have many other differences including the derivation site (Horoszewicz et al.,
19805 Kaighn et al., 1979), genomic abnormalilties (Seim et al., 2017) and gene expression
profile (Ravenna et al., 2014), the intrinsic reason of Myosin 1C isoform A downregulation
in LNCaP cells and practical implementation of this finding has to be further evaluated.
Thus, myosin 1C isoform A expression should be further evaluated in a set of clinical
samples of androgen-dependent and androgen-independent prostate cancers. However,
myosin 1C isoform A mRNA is a sensitive and reliable marker of cancer prostate cells, as
it allows to detect even 10* tumor cells in a total mixture of 107 cells. While the difference
in mRNA expression of myosin 1C isoform A between PC3 and RWPE-1 cells was almost
two orders of magnitude (about 50 times), a robust evaluation of differences in protein
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expression revealed that MFI intensity of myosin 1C isoform A (which can be used as a
surrogate comparative value for evaluation of protein expression) in PC3 nuclei is almost
two times higher than in RWPE-1 cells, while differences in MFI for cytoplasmic signal
for the same cells was only 1.35 times. Notably, nucleus/cytoplasm MFI ratio was higher
in PC3 cancer prostate cells compared to RWPE-1 cells (2.14 vs. 1.53) consistent with the
previous data on predominantly nuclear localization of myosin 1C isoform A (Ihnatovych
et al., 2012). Ihnatovych, Sielski & Hofmann (2014) showed that the difference in myosin
1C isoform A protein expression between PC3 and RWPE-1 cells was almost eight times
using the semi-quantitative analysis of Western blot data. An established role of regulatory
processes for protein and mRNA expression (Vogel ¢ Marcotte, 2012) can explain the
absence of the direct correlation for mRNA and protein level for myosin 1C A isoform, as
the half-life time and structural modifications of this protein have to be further elucidated.
Single cell analysis with RNA probes and antibodies could give a more specific insight into
this issue and can be regarded as a future perspective for this field.

Taken together, these data confirm the specificity of myosin 1C isoform A expression
in prostate cancer cells both on mRNA and protein level and strongly suggest RT qPCR as
a method of choice for evaluation of myosin 1C isoform A expression on a set of prostate
tissue samples.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This article was supported in part by the NCI of the National Institutes of Health
under award number R21CA220155 to Wilma A. Hofmann and RFBR grant #17-543309
awarded to Ivan Vorobjev. The authors also received support from the MSU Program of
Development (FACSAria SORP). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
NCI of the National Institutes of Health: R21CA220155.
RFBR: #17-543309.

MSU Program of Development (FACSAria SORP).

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Aleena A. Saidova and Daria M. Potashnikova conceived and designed the experiments,
performed the experiments, analyzed the data, prepared figures and/or tables, approved
the final draft.

e AnnaV.Tvorogova conceived and designed the experiments, performed the experiments,
prepared figures and/or tables, approved the final draft.

Saidova et al. (2018), PeerJ, DOI 10.7717/peerj.5970 13/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.5970

Peer

e Ivan V. Maly conceived and designed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed
drafts of the paper, approved the final draft.

e Wilma A. Hofmann conceived and designed the experiments, analyzed the data,
contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper,
approved the final draft.

e Ivan A. Vorobjev conceived and designed the experiments, analyzed the data, authored
or reviewed drafts of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:
The raw data are provided in Supplementary File 2.

Supplemental Information

Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.5970#supplemental-information.

REFERENCES

Amaro A, Esposito Al Gallina A, Nees M, Angelini G, Albini A, Pfeffer U. 2014. Valida-
tion of proposed prostate cancer biomarkers with gene expression data: a long road
to travel. Cancer and Metastasis Reviews 33:657—671
DOI 10.1007/s10555-013-9470-4.

Barry MJ. 2001. Evaluation of symptoms and quality of life in men with benign prostatic
hyperplasia. Urology 58:25-32 DOI 10.1016/50090-4295(01)01300-0.

Bello D, Webber MM, Kleinman HK, Wartinger DD, Rhim JS. 1997. Androgen
responsive adult human prostatic epithelial cell lines immortalized by human
papillomavirus 18. Carcinogenesis 18:1215-1223 DOI 10.1093/carcin/18.6.1215.

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R, Nolan T,
Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT. 2009. The MIQE guidelines:
minimum information for publication of quantitative real-time PCR experiments.
Clinical Chemistry 55:611-622 DOT 10.1373/clinchem.2008.112797.

Dheda K, Huggett JF, Chang JS, Kim LU, Bustin SA, Johnson MA, Rook GA, Zumla
A. 2005. The implications of using an inappropriate reference gene for real-time
reverse transcription PCR data normalization. Analytical Biochemistry 344:141-143
DOI 10.1016/j.ab.2005.05.022.

Esfahani M, Ataei N, Panjehpour M. 2015. Biomarkers for evaluation of prostate
cancer prognosis. Asian Pacific Journal of Cancer Prevention 16:2601-2611
DOI 10.7314/APJCP.2015.16.7.2601.

Hoogland AM, Kweldam CF, Van Leenders GJ. 2014. Prognostic histopathological and
molecular markers on prostate cancer needle-biopsies: a review. BioMed Research
International 2014:341324 DOI 10.1155/2014/341324.

Horoszewicz JS, Leong SS, Chu TM, Wajsman ZL, Friedman M, Papsidero L, Kim U,
Chai LS, Kakati S, Arya SK, Sandberg AA. 1980. The LNCaP cell line—a new model

Saidova et al. (2018), PeerJ, DOI 10.7717/peerj.5970 14/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.5970#supp-2
http://dx.doi.org/10.7717/peerj.5970#supplemental-information
http://dx.doi.org/10.7717/peerj.5970#supplemental-information
http://dx.doi.org/10.1007/s10555-013-9470-4
http://dx.doi.org/10.1016/S0090-4295(01)01300-0
http://dx.doi.org/10.1093/carcin/18.6.1215
http://dx.doi.org/10.1373/clinchem.2008.112797
http://dx.doi.org/10.1016/j.ab.2005.05.022
http://dx.doi.org/10.7314/APJCP.2015.16.7.2601
http://dx.doi.org/10.1155/2014/341324
http://dx.doi.org/10.7717/peerj.5970

Peer

for studies on human prostatic carcinoma. Progress in Clinical and Biological Research
37:115-132.

Iczkowski KA. 2010. Cell adhesion molecule CD44: its functional roles in prostate
cancer. American Journal of Translational Research 3:1-7.

Thnatovych I, Migocka-Patrzalek M, Dukh M, Hofmann WA. 2012. Identification
and characterization of a novel myosin Ic isoform that localizes to the nucleus.
Cytoskeleton 69:555-565 DOT 10.1002/cm.21040.

Thnatovych I, Sielski NL, Hofmann WA. 2014. Selective expression of myosin IC
Isoform A in mouse and human cell lines and mouse prostate cancer tissues. PLOS
ONE 9:e108609 DOI 10.1371/journal.pone.0108609.

Jacob F, Guertler R, Naim S, Nixdorf S, Fedier A, Hacker NF, Heinzelmann-Schwarz
V. 2013. Careful selection of reference genes is required for reliable performance
of RT-qPCR in human normal and cancer cell lines. PLOS ONE 8:e59180
DOI 10.1371/journal.pone.0059180.

Jaworska D, Szliszka E. 2017. Targeting apoptotic activity against prostate cancer stem
cells. International Journal of Molecular Sciences 18:1648 DOI 10.3390/ijms18081648.

Jiang M, Strand DW, Fernandez S, He Y, Yi Y, Birbach A, Qiu Q, Schmid J, Tang DG,
Hayward SW. 2010. Functional remodeling of benign human prostatic tissues in
vivo by spontaneously immortalized progenitor and intermediate cells. Stemn Cells
28:344-356 DOI 10.1002/stem.284.

Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW. 1979. Establishment
and characterization of a human prostatic carcinoma cell line (PC-3). Invest Urol
17:16-23.

Kawachi MH, Bahnson RR, Barry M, Carroll PR, Carter HB, Catalona WJ, Epstein JI,
Etzioni RB, Hemstreet 3rd GP, Howe RJ, Kopin JD, Lange PH, Lilja H, Mohler
J, Moul J, Nadler RB, Patterson S, Pollack A, Presti JC, Stroup AM, Urban DA,
Wake R, Wei JT. 2007. Prostate cancer early detection. Clinical practice guidelines
in oncology. Journal of the National Comprehensive Cancer Network 5:714-736
DOI 10.6004/jnccn.2007.0064.

Liu AY. 2000. Differential expression of cell surface molecules in prostate cancer cells.
Cancer Research 60:3429-3434.

Liu AY, Roudier MP, True LD. 2004. Heterogeneity in primary and metastatic
prostate cancer as defined by cell surface CD profile. American Journal of Pathology
165:1543-1556 DOI 10.1016/50002-9440(10)63412-8.

Liu S, Zhu P, Zhang L, Ding S, Zheng S, Wang Y, Lu F. 2013. Selection of reference
genes for RT-qPCR analysis in tumor tissues from male hepatocellular carcinoma
patients with hepatitis B infection and cirrhosis. Cancer Biomark 13:345-349
DOI 10.3233/cbm-130365.

Maly IV, Domaradzki TM, Gosy VA, Hofmann WA. 2017. Myosin isoform expressed
in metastatic prostate cancer stimulates cell invasion. Scientific Reports 7:8476
DOI 10.1038/541598-017-09158-5.

Mohammed AA. 2014. Biomarkers in prostate cancer: new era and prospective. Medical
Oncology 31:140 DOI 10.1007/s12032-014-0140-3.

Saidova et al. (2018), PeerJ, DOI 10.7717/peerj.5970 15/18


https://peerj.com
http://dx.doi.org/10.1002/cm.21040
http://dx.doi.org/10.1371/journal.pone.0108609
http://dx.doi.org/10.1371/journal.pone.0059180
http://dx.doi.org/10.3390/ijms18081648
http://dx.doi.org/10.1002/stem.284
http://dx.doi.org/10.6004/jnccn.2007.0064
http://dx.doi.org/10.1016/s0002-9440(10)63412-8
http://dx.doi.org/10.3233/cbm-130365
http://dx.doi.org/10.1038/s41598-017-09158-5
http://dx.doi.org/10.1007/s12032-014-0140-3
http://dx.doi.org/10.7717/peerj.5970

Peer

Mori R, Wang Q, Danenberg KD, Pinski JK, Danenberg PV. 2008. Both beta-actin
and GAPDH are useful reference genes for normalization of quantitative RT-

PCR in human FFPE tissue samples of prostate cancer. Prostate 68:1555—1560
DOI10.1002/pros.20815.

Pellacani D, Packer R], Frame FM, Oldridge EE, Berry PA, Labarthe MC, Stower M]J,
Simms MS, Collins AT, Maitland NJ. 2011. Regulation of the stem cell marker
CD133 is independent of promoter hypermethylation in human epithelial differenti-
ation and cancer. Molecular Cancer 10:94 DOI 10.1186/1476-4598-10-94.

Petkova N, Hennenlotter ], Sobiesiak M, Todenhofer T, Scharpf M, Stenzl A, Buhring
HJ, Schwentner C. 2013. Surface CD24 distinguishes between low differentiated and
transit-amplifying cells in the basal layer of human prostate. Prostate 73:1576—-1590
DOI 10.1002/pros.22708.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. 2004. Determination of stable
housekeeping genes, differentially regulated target genes and sample integrity:
bestKeeper—excel-based tool using pair-wise correlations. Biotechnology Letters
26:509-515 DOI 10.1023/B:BILE.0000019559.84305.47.

Potashnikova D, Gladkikh A, Vorobjev IA. 2015. Selection of superior reference genes’
combination for quantitative real-time PCR in B-cell lymphomas. Annals of Clinical
and Laboratory Science 45:64-72.

Ravenna L, Principessa L, Verdina A, Salvatori L, Russo MA, Petrangeli E. 2014.
Distinct phenotypes of human prostate cancer cells associate with different adap-
tation to hypoxia and pro-inflammatory gene expression. PLOS ONE 9:¢96250
DOI 10.1371/journal.pone.0096250.

Richardson GD, Robson CN, Lang SH, Neal DE, Maitland NJ, Collins AT. 2004. CD133,
a novel marker for human prostatic epithelial stem cells. Journal of Cell Science
117:3539-3545 DOI 10.1242/jcs.01222.

Roh M, Franco OE, Hayward SW, Van der Meer R, Abdulkadir SA. 2008. A role for
polyploidy in the tumorigenicity of Pim-1-expressing human prostate and mammary
epithelial cells. PLOS ONE 3:e2572 DOI 10.1371/journal.pone.0002572.

Schmidt U, Fuessel S, Koch R, Baretton GB, Lohse A, Tomasetti S, Unversucht S,
Froehner M, Wirth MP, Meye A. 2006. Quantitative multi-gene expression profiling
of primary prostate cancer. Prostate 66:1521-1534 DOI 10.1002/pros.20490.

Seim I, Jeffery PL, Thomas PB, Nelson CC, Chopin LK. 2017. Whole-genome sequence
of the metastatic PC3 and LNCaP human prostate cancer cell lines. G3 7:1731-1741
DOI 10.1534/¢3.117.039909.

Shappell SB, Thomas GV, Roberts RL, Herbert R, Ittmann MM, Rubin MA, Humphrey
PA, Sundberg JP, Rozengurt N, Barrios R, Ward JM, Cardiff RD. 2004. Prostate
pathology of genetically engineered mice: definitions and classification. The
consensus report from the Bar Harbor meeting of the Mouse Models of Human
Cancer Consortium Prostate Pathology Committee. Cancer Research 64:2270-2305
DOI 10.1158/0008-5472.CAN-03-0946.

Siegel RL, Miller KD, Jemal A. 2015. Cancer statistics, 2015. CA: A Cancer Journal for
Clinicians 65:5-29 DOI 10.3322/caac.21254.

Saidova et al. (2018), PeerJ, DOI 10.7717/peerj.5970 16/18


https://peerj.com
http://dx.doi.org/10.1002/pros.20815
http://dx.doi.org/10.1186/1476-4598-10-94
http://dx.doi.org/10.1002/pros.22708
http://dx.doi.org/10.1023/B:BILE.0000019559.84305.47
http://dx.doi.org/10.1371/journal.pone.0096250
http://dx.doi.org/10.1242/jcs.01222
http://dx.doi.org/10.1371/journal.pone.0002572
http://dx.doi.org/10.1002/pros.20490
http://dx.doi.org/10.1534/g3.117.039909
http://dx.doi.org/10.1158/0008-5472.CAN-03-0946
http://dx.doi.org/10.3322/caac.21254
http://dx.doi.org/10.7717/peerj.5970

Peer

Sielski NL, Ihnatovych I, Hagen JJ, Hofmann WA. 2014. Tissue specific expression of
myosin IC isoforms. BMC Cell Biology 15:8 DOI 10.1186/1471-2121-15-8.

Souza AF, Brum IS, Neto BS, Berger M, Branchini G. 2013. Reference gene for pri-
mary culture of prostate cancer cells. Molecular Biology Reports 40:2955-2962
DOI 10.1007/s11033-012-2366-5.

Steponkiene S, Kavaliauskiene S, Purviniene R, Rotomskis R, Juzenas P. 2011. Quan-
tum dots affect expression of CD133 surface antigen in melanoma cells. International
Journal of Nanomedicine 6:2437-2444 DOI 10.2147/ijn.s24477.

Swanson G, Thompson I, Basler J, Crawford ED. 2006. Metastatic prostate cancer-
does treatment of the primary tumor matter? Journal d Urologie 176:1292—-1298
DOI10.1016/j.juro.2006.06.069.

Tan SC, Ismail MP, Duski DR, Othman NH, Bhavaraju VM, Ankathil R. 2017. Identi-
fication of optimal reference genes for normalization of RT-qPCR data in cancerous
and non-cancerous tissues of human uterine cervix. Cancer Investigation 35:163—173
DOI 10.1080/07357907.2017.1278767.

Thompson IM. 2006. PSA: a biomarker for disease. A biomarker for clinical trials. How
useful is it? Journal of Nutrition 136:2704s DOI 10.1093/jn/136.10.27048S.

Thompson IM, Chi C, Ankerst DP, Goodman PJ, Tangen CM, Lippman SM, Lucia MS,
Parnes HL, Coltman Jr CA. 2006. Effect of finasteride on the sensitivity of PSA for
detecting prostate cancer. Journal of the National Cancer Institute 98:1128-1133
DOI 10.1093/jnci/djj307.

True LD, Zhang H, Ye M, Huang CY, Nelson PS, Von Haller PD, Tjoelker LW, Kim
JS, Qian WJ, Smith RD, Ellis W], Liebeskind ES, Liu AY. 2010. CD90/THY1 is
overexpressed in prostate cancer-associated fibroblasts and could serve as a cancer
biomarker. Modern Pathology 23:1346—1356 DOI 10.1038/modpathol.2010.122.

Tsaur I, Renninger M, Hennenlotter J, Oppermann E, Munz M, Kuehs U, Stenzl A,
Schilling D. 2013. Reliable housekeeping gene combination for quantitative PCR
of lymph nodes in patients with prostate cancer. Anticancer Research 33:5243-5248.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F.
2002. Accurate normalization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes. Genome Biology 3:Research0034.

Vogel C, Marcotte EM. 2012. Insights into the regulation of protein abundance from
proteomic and transcriptomic analyses. Nature Reviews Genetics 13:227-232
DOI 10.1038/nrg3185.

Wotschofsky Z, Meyer HA, Jung M, Fendler A, Wagner I, Stephan C, Busch J, Er-
bersdobler A, Disch AC, Mollenkopf H]J, Jung K. 2011. Reference genes for the
relative quantification of microRNAs in renal cell carcinomas and their metastases.
Analytical Biochemistry 417:233-241 DOI 10.1016/j.ab.2011.06.009.

Yu P, Duan X, Cheng Y, Liu C, Chen Y, Liu W, Yin B, Wang X, Tao Z. 2017. Androgen-
independent LNCaP cells are a subline of LNCaP cells with a more aggressive
phenotype and androgen suppresses their growth by inducing cell cycle arrest
at the G1 phase. International Journal of Molecular Medicine 40:1426—1434
DOI10.3892/ijmm.2017.3125.

Saidova et al. (2018), PeerJ, DOI 10.7717/peerj.5970 17118


https://peerj.com
http://dx.doi.org/10.1186/1471-2121-15-8
http://dx.doi.org/10.1007/s11033-012-2366-5
http://dx.doi.org/10.2147/ijn.s24477
http://dx.doi.org/10.1016/j.juro.2006.06.069
http://dx.doi.org/10.1080/07357907.2017.1278767
http://dx.doi.org/10.1093/jn/136.10.2704S
http://dx.doi.org/10.1093/jnci/djj307
http://dx.doi.org/10.1038/modpathol.2010.122
http://dx.doi.org/10.1038/nrg3185
http://dx.doi.org/10.1016/j.ab.2011.06.009
http://dx.doi.org/10.3892/ijmm.2017.3125
http://dx.doi.org/10.7717/peerj.5970

Peer

Yun EJ, ZhouJ, Lin CJ, Hernandez E, Fazli L, Gleave M, Hsieh JT. 2016. Targeting
cancer stem cells in castration-resistant prostate cancer. Clinical Cancer Research
22:670-679 DOI 10.1158/1078-0432.ccr-15-0190.

Zhang C, Wang YQ, Jin G, Wu S, Cui J, Wang RF. 2017. Selection of reference
genes for gene expression studies in human bladder cancer using SYBR-

Green quantitative polymerase chain reaction. Oncology Letters 14:6001-6011
DOI 10.3892/01.2017.7002.

Zhao H, Ma TF, Lin J, Liu LL, Sun WJ, Guo LX, Wang SQ, Otecko NO, Zhang YP. 2018.
Identification of valid reference genes for mRNA and microRNA normalisation in
prostate cancer cell lines. Scientific Reports 8:1949 DOI 10.1038/s41598-018-19458-7.

Zhao H, Peehl DM. 2009. Tumor-promoting phenotype of CD90hi prostate cancer-
associated fibroblasts. Prostate 69:991-1000 DOT 10.1002/pros.20946.

Saidova et al. (2018), PeerJ, DOI 10.7717/peerj.5970 18/18


https://peerj.com
http://dx.doi.org/10.1158/1078-0432.ccr-15-0190
http://dx.doi.org/10.3892/ol.2017.7002
http://dx.doi.org/10.1038/s41598-018-19458-z
http://dx.doi.org/10.1002/pros.20946
http://dx.doi.org/10.7717/peerj.5970

