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Abstract

We have reported isolation and characterization of the prostate-specific and androgen-regulated
PrLZ gene abnormally expressed in prostate cancer. PrLZ is a potential biomarker for prostate
cancer and a candidate oncogene promoting cell proliferation and survival in prostate cancer cells.
A full delineation of the PrLZ gene and its gene products may provide clues to the mechanisms
regulating its expression and function. In this report, we identified three additional exons in the
PrLZ gene and recognized five transcript variants from alternative splicing that could be detected
by RT-PCR and western blotting. Structural comparison demonstrated that the PrLZ proteins are
highly conserved among species. PrLZ contains multiple potential sites for interaction with other
proteins. We used mammalian two-hybrid assays to demonstrate that PrLZ isoforms interact with
14-3-3 proteins, and multiple sites in the PrLZ may be involved in the interaction. Alternative
splicing may contribute to abnormally enhanced PrLZ levels in prostate cancer, and interaction
with 14-3-3 proteins may be a mechanism by which PrLZ promotes cell proliferation and survival
during prostate cancer development and progression. This information is a valuable addition to the
investigation of the oncogenic properties of the PrLZ gene.
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Introduction

Prostate-specific genes are highly relevant to prostate cancer diagnosis and treatment.
Proteins specific to the prostate may be used as markers for cancer detection, since prostate
cancer development and progression is often accompanied by aberrant gene expression [1;
2; 3]. Aberrant gene expression is a contributing factor to prostate cancer. Functional studies
have identified prostate-specific genes that provide cancer cells with growth, survival, and
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metastasis advantages [4; 5; 6]. The identification and characterization of prostate-specific
genes will help elucidate the molecular mechanisms by which cancer cells progress. In
addition, regulatory mechanisms controlling prostate specificity could be adapted for
therapeutic targeting [7; 8].

We reported the isolation and characterization of a prostate-specific and androgen-regulated
PrLZ gene [9]. This gene is located in chromosome 8g21.1, one of the most frequently
amplified loci in prostate cancer [10], encoding a leucine zipper protein of the Tumor
Protein D52 (TPD52) family [9]. Expression of the PrLZ gene is developmentally controlled
[5], with the protein level correlated to proliferative activities of the prostate epithelial cells
in early embryonic morphogenesis and young adult life. In later life, expression in normal
prostate is declined to a minimal level. Expression of PrLZ is abnormally activated in
prostate cancer [5; 9]. In clinical specimens, high levels of PrLZ are detected specifically in
malignant cells in prostatic intraepithelial neoplasia, primary tumors, and bone metastasis
[9], and the level of abnormal expression is positively correlated to tumor stage [5]. PrLZ is
a potential biomarker for prostate cancer. Moreover, PrLZ is a candidate oncogene for
prostate cancer development and progression, since overexpressing PrLLZ promotes cancer
cell proliferation and facilitates cell survival in vitro, and accelerates xenograft tumor
growth in athymic mice [5].

Although PrLZ is known to be regulated developmentally and by androgens, the underlying
regulatory mechanism is currently unclear. The cause of the abnormal activation in prostate
cancer and the molecular mechanism by which PrLZ promotes cell growth and survival have
yet to be elucidated. Detailed characterization of the PrLZ gene is vital for an in depth
mechanistic inveatigation. In this report, we performed a structural characterization of the
PrLZ gene and identified isoforms of the PrLZ protein rising from alternative splicing. By
identifying three additional coding exons and five alternatively spliced isoforms, this work
lays the foundation for mechanistic studies of the PrLZ gene.

Materials and Methods

Cell culture

The source of LNCaP, C4-2, C4-2B, PC3, DU145, and ARCaP human prostate cancer cell
lines used in this study was previously reported [9]. Cells were maintained in T-medium
(Invitrogen, Carlsbad, CA) with 5% fetal bovine serum (FBS), penicillin (100 U/ml) and
streptomycin (100ug/ml) at 37° C with 5% CO, in a humidified incubator.

Screening cDNA library and DNA sequencing analysis

Construction and screening of the ZAPExpress cDNA library of C4-2 human prostate cancer
cells was described previously [9]. To isolate PrLZ cDNA clones, a 502 base pair (bp)
cDNA fragment containing gene-specific region of the PrLZ was used as probe. Positive
phage clones were rescued into pBK-CMV plasmid by in vitro autoexcision. Each cDNA
clone was subjected to DNA sequencing analysis with PrLZ-specific primers 5’-
ATGGATTGTAGAGAGATGGACTTATATGAG-3’ (forward) and 5’-
TCACAGGCTCTCCTGTGTCTTTTCTG-3’ (reverse).

Structural comparison

Following a homology search through GanBank, additional sequences were retrieved and
used in the alignment. These included rat PrLZ (GenBank accession numbers XM_215524),
mouse PrLZ (AY048852), human TPD52 (NM_005079), mouse TPD52 (NM_009412),
rabbit CSPP28 (U35428), frog PrLZ (BC075131), quail R10 (Y07757), and chicken R10
(AJ721090).
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RT-PCR analysis

The protocol for RT-PCR and the reaction conditions were previously reported [9]. To
compare gene expression in human prostate cancer cell lines, total RNA of a normal human
prostate was purchased from Clontech (Mountain View, CA). To clone rat PrLZ, total RNA
from Wistar rat prostate was used in first-strand cDNA synthesis. PCR primers 5’-
ATGGATTGTAGAGATATGGAGCTGTCTGATG-3" and 5°-
TCAGGGGCTCTCTGTCGTCTGTTCTGGAGGTGGCTC-3’ were used. The product was
cloned to pGEM-T Easy vector (Promega, Madison, WI) and analyzed by DNA sequencing.
Other PCR primers used in the study are listed in Supplemental Data.

Mammalian two-hybrid assay

The CheckMate Mammalian Two-Hybrid System (Promega) was used to assay interaction
between PrLZ and 14-3-3 proteins, employing the manufacturer’s recommended protocol.
Full coding sequences for PrLZ and 14-3-3 were obtained from C4-2 cells by RT-PCR
cloning and confirmed by DNA sequencing. The cDNA was then cloned in frame to the
pACT and pBIND mammalian two-hybrid vectors. Each PrLZ construct in pACT was
evaluated for interaction with each 14-3-3 in pBIND by co-transfecting the combined
plasmids together with the pG5-luc luciferase reporter to C4-2 cells in a 6-cm culture dish.
After 48 hours culture, cells were plated onto 6-well plates in triplicate. Cells were harvested
for measuring luciferase activity after 72 hours of culture. In complementary experiments,
PrLZ in pBIND was evaluated for interaction with 14-3-3 in pACT.

Western blotting

Results

The western blotting protocol was reported previously [9]. Briefly, an equal amount of
whole cell lysate protein (40 pg) was fractionated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and blotted onto nitrocellulose membrane. Production and
characterization of the antibodies to PrLZ were reported previously [9].

1. Isolation and characterization of alternatively spliced PrLZ isoforms

As previously reported, we isolated 24 full-length PrLZ clones by screening a C4-2 cDNA
library [9]. In the present study, we further characterized these clones by determining DNA
sequences with two primers flanking the coding region. This analysis revealed that while 15
of the clones contained coding sequences identical to our previously reported sequence [9],
3 other clones contained a 70 bp insert in the 5° half of the coding sequence. Another clone
contained a 27 bp insert, and two were found to contain a 42 bp insert in the 3” half of the
coding region. The other 3 clones contained both the 27 bp and 42 bp inserts in tandem. The
DNA sequencing results thus revealed that the PrLZ gene in C4-2 cells produced five types
of transcript variants.

We have isolated and characterized a genomic clone containing the PrLZ gene [9]. The
genomic sequence of the gene is known. DNA sequence comparison confirmed that
sequences for all the three inserts in the cDNA clones were present in the genomic clone as
individual coding exons, increasing the number of exons in the PrLZ gene from 6 to 9
(Figure 1A). The 70 bp insert was from newly identified exon 4. The 27 bp insert found in
the cDNA clones was from newly identified exon 6, and the 42 bp insert was from exon 7
(Figure 1B). Cloning and DNA sequencing studies thus revealed that the PrLZ gene contains
9 exons spanning a 44 kilobase genomic region (Figure 1A). Three of the newly identified
exons (exons 4, 6, and 7) could be alternatively spliced, and alternative splicing yielded 5
transcript variants, which could be translated to five PrLZ protein isoforms (Figure 1B). In
this report, the isoforms are designated PrLZ-151, PrLZ-224, PrLZ-233, PrLZ-238, and
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PrLZ-247, according to the number of amino acid residues (aa) contained in the isoforms.
GenBank Accession numbers for the isoforms are GQ499324 (PrLZ-151), GQ499325
(PrLz-224), GQ499326 (PrLz-233), GQ499327 (PrLZ-238), and GQ499328 (PrLZ-247).

2. Detection of the PrLZ isoforms

To assess whether the PrLZ isoforms could be detected as transcripts, we performed RT-
PCR analysis using isoform-specific primers to amplify variants of the PrLZ mRNA from
the C4-2 cells, which expressed an elevated level of PrLZ [5; 9]. As shown in Figure 1C,
RT-PCR with primers from exon 1 and the newly identified exon 4 detected a product (lane
1) with the expected coding sequence size from exon 1 to exon 4 of 456 bp. Using this
method, we detected the variant transcripts containing exons 6 and 7, and products were
obtained with the expected sizes of 533 bp and 575 bp respectively (lanes 2 and 3).

To detect the PrLZ isoforms at the protein level, we used 40 pg whole cell lysate proteins in
western blotting with a prolonged exposure time (Figure 1D). Multiple bands of PrLZ were
seen both in LNCaP cells treated with androgen and in C4-2 cells. In the sample where the
C4-2 cells were treated with androgen, a specific band about 17 kD could be seen, most
likely representing protein of the truncated PrLZ-151 isoform. These results demonstrated
that PrLZ isoforms could be detected in the C4-2 cells, although the level of the PrLZ-151
isoform is low in this cell line.

3. Structural conservation of the PrLZ protein

We performed a structural comparison of the PrLZ isoforms. Compared to the longest
PrLZ-247 isoform, PrLZ-151 contained only the N-terminal half of the PrLZ (Figure 2).
This was due to the inclusion of exon 4, which contained a stop codon in frame with the
PrLZ coding sequence. Inclusion of this exon in mature mRNA resulted in a PrLZ isoform
with a 16 aa leucine-rich tail not found in other isoforms, followed by a premature
termination of the protein (Figure 2). The structure of PrLZ-224 has been reported.
Compared to PrLZ-247, PrLZ-224 lacked a 23 aa domain in the C-terminal region, due to
splicing of exons 6 and 7 (Figure 1B). In the same region, PrLZ-233 was found with a 9 aa
insert encoded by exon 6, while PrLZ-238 contained a 14 aa sequence encoded by exon 7
(Figure 1B). In the PrLZ-238 isoform, the joint between exon 5 and exon 7 resulted in a
codon change (from AAA to AAT), yielding a non-conservative replacement at the junction
(Figure 2).

PrLZ proteins were small acidic polypeptides. As previously reported, migration of the PrLZ
isoforms in SDS-PAGE was retarded, probably due to protein modifications including
phosphorylation and glycosylation [9; 11]. PrLZ contained a leucine zipper in the central
region and two PEST domains in the N- and C-terminal regions, respectively (Figure 2).
Clusters of serine- and threonine-phosphorylation sites were seen upstream from and within
the two PEST domains. In addition, three consensus N-glycosylation sites were present in
PrLZ (Figure 2). It appeared that PrLZ were subjected to multiple protein modifications.

Many homologous sequences were identified when PrLZ isoforms were used to search the
GenBank. Figure 2 lists a few representative sequences to show structural conservation. A
structural difference between PrLZ and the prototypic TPD52 was the presence of a unique
N-terminus in the PrLZ [9]. This conserved N-terminus could be seen in PrLZ proteins of
the mouse, rat, quail, and frog (Figure 2). We carried out RT-PCR cloning and isolated
alternatively spliced PrLZ from the rat prostate (GenBank Accession number GQ499323).
Both the PrLZ-224 and PrLZ-247 isoforms could be amplified and cloned from rat prostate,
suggesting that alternative splicing of PrLZ is a common phenomenon.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 5

The primary structure of PrLZ is highly conserved among species. The amino acid sequence
of PrLZ-247, for example, was 87.9% identical between human and rat. When sequence
conservation was assessed based on charges [12], more than 90% of the divergences could
be categorized as conservative replacements, and sequence similarity between the human
and rat rose to 98%. The central region of PrLZ, including the leucine zipper domain had the
highest sequence identity among species (Figure 2), suggesting that this region has
important biological functions.

4. Interaction of the PrLZ with 14-3-3 proteins

PrLZ contains a central leucine zipper domain known to be an interface for protein-protein
interaction [13]. PrLZ may harbor additional sites mediating the interaction with other
proteins, since PrL.Z contains multiple phosphorylation motifs that may serve as protein-
binding sites (Figure 2). In this regard, other members of the TPD52 family have been found
to interact with 14-3-3 proteins [14; 15], which bind preferably to sites of phosphrylated
serine and threonine [16; 17]. We performed studies to evaluate whether PrLZ had the
capability of interacting with 14-3-3 proteins.

We first examined the expression of 14-3-3 genes in human prostate cancer cell lines by RT-
PCR analysis. Total RNA from a normal human prostate was used for comparison. This
study revealed that several of the 14-3-3 genes are differentially expressed (Figure 3).
Whereas expression of 14-3-3p/a, 14-3-3¢, and 14-3-3(/5 appeared ubiquitous, expression of
14-3-3n was decreased in most prostate cancer cell lines compared to normal prostate. Most
notably, there was decreased expression of 14-3-3y, 14-3-3c, and 14-3-3t/8 in the LNCaP
lineage, where androgen-independent and tumorigenic C4-2 and C4-2B derivative sublines
showed lower expression (Figure 3). Reduced 14-3-3 expression correlates with malignant
potential in these cells.

We then used mammalian two-hybrid assays to assess the interaction between PrLZ and
14-3-3 proteins. Coding sequences for the five PrLZ isoforms were cloned individually to
the pACT and pBIND vectors as fusion proteins. Coding sequences for the seven 14-3-3
proteins were obtained from C4-2 cells by RT-PCR cloning, and transferred to the pACT
and pBIND vectors after DNA sequencing. In mammalian two-hybrid assays in C4-2 cells,
each PrLZ isoform in pACT was examined for its interaction with the seven 14-3-3 proteins
in pBIND. In a complimentary study, each PrLZ isoform in pBIND was examined for
interaction with the seven 14-3-3 proteins in pACT.

A series of control assays showed that in C4-2 cells, specific protein-protein interaction led
to high luciferase activity of the pG5-luc reporter (Figure 4A), while little effect was
detected by transfecting empty vectors (Figure 4A) or individual constructs containing PrLZ
or 14-3-3 coding sequences (data not shown). On the other hand, specific luciferase
activities were detected when a PrLZ fusion construct in pACT was combined with a 14-3-3
fusion construct in pBIND in co-transfection (Figure 4B). Similar results were obtained in
the complementary experiments (data not shown).

Mammalian two-hybrid assays revealed complex interactions between PrLZ isoforms and
14-3-3 proteins. In terms of the PrLZ isoforms, the reporter activity seemed to be correlated
to size of the isoform, with the longest PrLZ-247 showing the highest activity in general,
and the shorter PrLZ-224 displaying less activity. The shortest PrLZ-151, which lacks the C-
terminal region found in other isoforms, showed specific interaction only with 14-3-3p/a
and 14-3-3c proteins. These results suggested that multiple sites in PrLZ may be involved in
the interaction with 14-3-3 proteins, and the N- and C-terminal regions of PrLZ could
separately mediate the interaction.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 March 24.
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Among 14-3-3 proteins, there was a clear difference in terms of the capability to interact
with PrLZ isoforms. 14-3-3c had the highest capability, followed by 14-3-3p/a, 14-3-3(/3,
and 14-3-3y, while 14-3-31/6 showed the lowest interaction (Figure 4B). Only 14-3-3p/a and
14-3-3c could interact with the PrLZ-151 isoform, suggesting that these two proteins harbor
unique features for interacting with the N-terminal region of the PrLZ.

Discussion

Our previous studies demonstrated that the prostate-specific and androgen-regulated PrLZ
gene is a potential marker for prostate cancer and a candidate oncogene involved in prostate
cancer development, progression, and metastasis [5; 9]. In this study, we carried out
structural comparisons of the PrLZ gene and its transcripts. Three additional coding exons
were identified and five PrLZ isoforms resulting from alternative splicing were recognized
(Figure 1A, 1B, and Figure 2). In studies exploring the mode of action, we found that PrLZ
isoforms interact with 14-3-3 proteins. Results from this work unveil a complex regulatory
mechanism for prostate-specific genes and laid a foundation for elucidating the role of PrLZ
in regulating prostate morphogenesis and in promoting prostate cancer development and
progression.

Alternative splicing leads to the production of multiple proteins from a single gene. Since
the resultant proteins contain altered structure and divergent function, regulated alternative
splicing is a critical mechanism for fine tuning gene function during development and for
maintaining functional homeostasis [18; 19]. We have reported that during early embryonic
prostate morphogenesis, PrLZ protein is localized mainly in the nucleus of epithelial cells,
while a high level of PrLZ is seen in both the nuclear and cytoplasmic compartments in
young adults [5]. It is mandatory to investigate whether alternative splicing of the PrLZ is
regulated developmentally, and whether individual isoforms are produced at specific stages
of prostate development and have different subcellular localization.

Abnormal splicing is found to cause genetic diseases [20]. In cancers, abnormal splicing can
cause tumor development [21] and tumor cell heterogeneity [22]. With the potential to
produce five isoforms, the PrLZ gene is an ideal model for investigating the role of
abnormal alternative splicing in prostate cancer development and progression. Although
high levels of PrLZ expression are seen during normal prostate development and in prostate
cancer, the isoforms expressed in normal tissues may be different from those found in cancer
cells. Further studies are warranted to compare the alternative splicing of PrLZ between
normal and cancer cells using the RT-PCR detection method shown in Figure 1C. With
coding sequences for the five isoforms cloned, we are currently comparing the effect of
individual PrLZ isoforms on the proliferation and survival of prostate cancer cells.

The mechanism by which PrLZ promotes cancer cell growth and survival has yet to be
elucidated. Although PrLZ proteins contain a leucine zipper and are present in the nucleus,
none of the PrLZ isoforms contains a consensus DNA-binding motif and they may not be
transcription factors. Instead, both our published works and preliminary results suggest that
PrLZ exerts an effect on proliferation and survival by affecting the subcellular localization,
availability, and functional activity of other proteins. In this regard, 14-3-3 proteins are
known binding partners of the TPD52 family [14; 15]. Accordingly, we initiated an
examination of PrLZ interaction with other proteins by exploring the interaction between
PrLZ and 14-3-3 proteins.

The 14-3-3 proteins are a family of regulatory proteins that play complex roles in cancer
development [16; 17]. We found that three 14-3-3 genes (14-3-3n, 14-3-3c, and 14-3-31/6)
were down-regulated in prostate cancer (Figure 3). Except for 14-3-3(/3, we did not find
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substantially increased expression of other 14-3-3 genes in the prostate cancer cell lines as
compared to normal prostate. In the LNCaP lineage, the trend of the 14-3-3 expression is the
opposite of the enhanced PrLZ expression, suggesting an imbalanced level of these proteins
in prostate cancers. Interestingly, the loss of 14-3-3c is a recurrent scenario in malignancies
[23; 24].

In a comprehensive assessment of the interaction between PrLZ and 14-3-3 proteins, we
detected specific reporter luciferase activities that indicated interactions between these
proteins (Figure 4). On the other hand, the significance of the interactions remains unclear.
PrLZ and 14-3-3 proteins may have mutually antagonistic functions. Increased levels of
PrLZ in prostate cancer may result in sequestration of 14-3-3 proteins, blocking the tumor
suppressor function of 14-3-3. On the other hand, it is also possible that both PrLZ and
14-3-3 have tumor promoting activity. Increased levels of PrLZ may compensate for the loss
of 14-3-3 expression in cancer cells for cell proliferation and survival. Further investigation
is warranted to elucidate the functional significance of the interaction between PrLZ and
14-3-3 proteins.
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Figure 1. Structure of the PrLZ gene and alternatively spliced isoforms

A, schematic presentation of PrLZ gene organization. Exons are shown as vertical bars and
coding regions are shaded in gray. The translation start site is marked (ATG) and two in
frame stop codons are marked with asterisks (*). Note that sizes of the exons are not in
scale. B, schematic presentation of the PrLZ cDNA sequences due to alternative splicing.
Two polyadenylation signals (AATAAA) are marked. On top of each scheme the location of
primers used for RT-PCR detection of specific transcripts is marked with a horizontal bar.
C, RT-PCR detection of the alternatively spliced transcripts in C4-2 prostate cancer cells.
Specific transcripts detected are PrLZ-151 (lane 1), PrLZ 233 (lane 2), and PrLZ-238 (lane
3). GAPDH was used as control (lane 4). Commercial AHindl11/®X174Haelll was used as a
DNA marker (M). D, Western blot detection of PrLZ isoforms. In the upper panel, whole
cell lysates (40 pg) of LNCaP and C4-2 cells treated with R1881 (+) were subjected to
western blotting for PrLZ. Sizes (kD) of the bands were indicated on the right. The result is
representative of two separate experiments. In the lower panel, the level of the B-actin was
used as a loading control.
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Figure 2. Amino acid sequences of the PrLZ isoforms and comparison with other TPD52 family

members

The upper five lines show structural differences between the PrLZ isoforms. The lower nine
lines sequence conservation among TPD52 family members. Compared to PrLZ-247, an
identical residue is marked with a dot. A gap is introduced to ensure the comparison reaches
maximal homology. Along the PrLZ-247 sequence, the two PEST domains are underlined
and the leucine zipper domain is marked by underlining the repetitive leucine (L)/isoleucine

() residues in bold. Also underlined and in bold are consensus sites for tyrosine (Y)
phosphorylation, serine (S)/threonine (T) phosphorylation, and N-glycosylation (N).
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Figure 3. Expression of 14-3-3 genes in human prostate cancer cell lines

Expression of the seven 14-3-3 genes was detected with gene-specific primer pairs in RT-
PCR analysis. Commercial total RNA of a normal human prostate (Prostate) was used as
control. Representative results from two experiments are shown.
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Figure 4. Interaction between PrLZ and 14-3-3 proteins as detected with mammalian two-hybrid
assay

A, the assay was calibrated with empty vectors of the two-hybrid system and with kit
controls (pPACT-MyoD and pBIND-Id). B, results of the PrLZ isoforms in pACT co-
transfected with each 14-3-3 cDNA in pBIND. TPD52, the prototype of the TPD52 family,
was included in the study. Similar results were obtained in a complementary experiment,
when PrLZ isoforms in pBIND was examined for interaction with 14-3-3 in pACT (data not
shown). When transfected individually, neither the PrLZ nor 14-3-3 constructs induced
significant luciferase activity from the pG5-luc reporter (data not shown). Each data

represent the mean of triplicate assays. Standard deviation was less than 5% of the mean and
is not shown.
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