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Abstract

BACKGROUND—Autophagy has recently been found to play important roles in tumorigenesis
and LRPPRC has been identified as an inhibitor that suppresses autophagy and mitophagy and
maintains mitochondrial activity. We hypothesized that LRPPRC levels can be used as a
biomarker for diagnosis and prognosis of prostate cancer.

METHODS—We performed immunochemistry analysis to evaluate the levels of LRPPRC in 112
samples collected from patients with prostate adenocarcinomas (PCa) and 38 samples from
patients with benign prostate hyperplasia (BPH) enrolled in hospitals in Guangzhou city of China
that have been followed up for 10 years.

RESULTS—We found that there were significant higher levels of LRPPRC in PCa than in BPH.
More than three quarters of PCa patients showed high levels of LRPPRC while only 10% of BPH
patients had similar levels of LRPPRC. The levels of LRPPRC protein were positively correlated
with tumor grade, metastasis and serum PSA, but negatively correlated with hormone therapy
sensitivity after 2 years of surgery and overall survival. The association of high levels of LRPPRC
with late stage of PCa or hormone therapy insensitivity was confirmed in tissue samples collected
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from prostate-specific PTEN™~ mice or hormone-dependent and independent prostate cancer cell

lines.

CONCLUSION—The levels of LRPPRC may be used as an independent biomarker for PCa
patients at late-stage with poor prognosis.
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Autophagy; Benign prostatic hyperplasia; Biomarker; Cancer prognosis; LRPPRC; Mitochondria;
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INTRODUCTION

Prostate cancer is the most common non-cutaneous malignancy and the second leading
cause of cancer death among men in the United States.? With the spread of the western diet,
the incidence of prostate cancer is increasing in the world. It is estimated that every one in
six men will develop prostate cancer in their lifetime, with incidence increasing with age.2
The use of prostate cancer specific biomarkers, such as prostate specific antigen (PSA) for
example, have revolutionized the screening, detection, and prognostication of this disease.3
However, PSA screening has generated a lot of false positives.* No increase of PSA has
been detected in a substantial number of prostate cancer patients. Thus, it is indicated that
new biomarkers are needed for diagnosis or prognosis of prostate cancer.>: 6

Autophagy, or self-digestion, is a process that begins with the formation of isolation
membranes that engulf substrates including dysfunctional organelles, mis-folded/aggregated
proteins and/or other macromolecules to form autophagosomes. Then autophagosomes fuse
with lysosomes to generate autolysosomes in which substrates are degraded ’.
Mitochondrion is one of the most prominent and vital type of organelles in eukaryotic cells.
During cell cycling, mitochondria are constantly synthesized, used, damaged and destroyed
through autophagy (here referred to as mitophagy).8: @ Mitophagy is a highly regulated
process and Parkin and Pink1, whose mutations may be counted for Parkinson’s disease in
small numbers of patients, have recently been found to collaboratively regulate mitophagy to
control mitochondrial activity.19-12 Interestingly, Pink1, PTEN-induced putative kinase, is
one of target genes of PTEN whose deletion in mouse prostate created a well-accepted
model vividly mimicking a lot of features of human prostate adenocarcinomas.13 Therefore,
we hypothesized that those mitophagy regulatory proteins may also play important roles
during the development of prostate adenocarcinomas.

LRPPRC, a leucine-rich pentatricopeptide repeat (PPR) motif-containing protein also named
as LRP130, has been characterized as a mitochondrion-associated protein.14-16 |t was
suggested that mutations in the gene cause Leigh syndrome, French-Canadian type (LSFC),
a human disorder characterized with neurodegeneration and cytochrome ¢ oxidase
deficiency.l” We found that LRPPRC interacts with MAP1S, a mitochondrion and
microtubule-associated protein previously named as C190RF5.14. 1518 As a sequence
homologue of the microtubule-associated protein MAP1A and MAP1B, MAP1S similarly
interacts with mammalian autophagy marker LC319-21 and bridges autophagic components
with microtubules and mitochondria to affect autophagosomal biogenesis and degradation
and suppress genome instability and tumorigenesis.2123 In contrast to nuclear acid-
associated functions such as transcriptional or translational regulation in either nuclei,
mitochondria or endoplasmic reticulum,?4-3* LRPPRC has been recently reported by us to
associate with mitochondria, interact with Beclin 1 and Bcl-2 and form a ternary complex to
maintain the Bcl-2 stability and suppress autophagy.1® As a mitochondrion-associated
protein, LRPPRC may prevent mitochondria from being degrading through mitophagy in
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association with Parkin to maintain mitochondrial activity.2! Therefore, we felt enthusiastic
to probe potential roles of LRPPRC in prostate adenocarcinomas.

In this study, we performed immunochemistry analysis to evaluate the levels of LRPPRC in
prostate tissues from human patients with prostate adenocarcinomas (PCa) or benign
prostate hyperplasia (BPH), PTEN-deficient mice and human prostate cell lines. We found
that the immunestaining intensity of LRPPRC, percentage of LRPPRC positive cells and
their combined score representing LRPPRC level are significantly higher in PCa than in
BPH. Prostate tissues at late stage of prostate adenocarcinomas as indicated by higher tumor
grade, metastasis, higher serum PSA, or PCa tissues with lower hormone therapy sensitivity
after 2 years of surgery, express higher LRPPRC levels. Such association of high LRPPRC
levels with late stage of PCa or hormone therapy insensitivity was confirmed in prostate PCa
tissue samples collected from prostate-specific PTEN™~ mice or hormone-dependent and
independent prostate cancer cell lines. PCa patients with higher intensity, frequency and
level of LRPPRC exhibited shorter overall survival time after treatment and the LRPPRC
level was the marker with the highest Harzard Ratio based on a multivariate analysis.
Therefore, the LRPPRC level may serve as an independent biomarker for late-stage PCa
patients with poor prognosis.

MATERIALS AND METHODS

Patients and Diagnosis

In the present study, a total of 150 patients including 112 patients with prostate cancer and
38 with BPH as controls were evaluated. These patients had consented to donate prostate
tissue samples from surgery or by biopsy and underwent treatment including radiotherapy,
prostatectomy, transurethral resection of the prostate (TURP) and hormone therapy from
1999 to 2003 at The Fifth Affiliated Hospital of Guangzhou Medical University, Sun Yat-
Sen Memorial Hospital, and The First People’s Hospital of Guangzhou and The First
Affiliated Hospital of Sun Yat-Sen University, Guangzhou city, China. The patients were
followed for 10 years for a complete set of clinical data. Each patient was treated according
to the stage of the disease. Tumors were confirmed histopathologically and were staged
according to TNM classification by World Health Organization. All primary samples taken
from the patients were fixed in 10% formalin, embedded in paraffin, sectioned consecutively
at 5 pm, and stained by hematoxylin and eosin. The histological types were assigned to two
independent clinical pathologists in a double-blinded manner.

Immunohistochemistry Staining of Human Prostate Tissue Samples

The sections were deparaffinized and rehydrated, and endogenous peroxidase was inhibited
by 0.3% H,0, methanol. Five percent fat-free milk was used to block non-specific
background for one hour. Slides were then incubated with 1:200 rabbit anti-human LRPPRC
(Cat# sc-166178, Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight. After
washing, the slides were reacted with a second antibody of 1:5000 anti-rabbit-HRP (Santa
Cruz Biotechnology, Santa Cruz, CA). Tumor cells with cytoplasmic staining were
considered positive for expression of LRPPRC. The percentage of positive staining
(LRPPRC frequency) was scored as 0 for 0%, 1 for 1-25%, 2 for 26-50%, 3 for 51-75%
and 4 for >75% of cells with positive staining. The staining intensity (LRPPRC intensity)
was scored as 0 for no staining, 1 for weakly stained, 2 for moderately stained, and 3 for
strongly stained. The final scores for LRPPRC levels were the sum of the scores for
LRPPRC intensity and frequency. The final scores of 4 or higher were considered as high
LRPPRC levels and scores less than 4 were considered as low LRPPRC levels. The slides
were scored by 2 independent clinical pathologists in a double blinded manner.
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Statistical Analysis

The statistical analysis of staining scores of LRPPRC in PCa, BPH, and various
clinicopathological groups were evaluated with the t-test. The overall survival was measured
from the start of treatment until the end of the observation period and analyzed by the
Kaplan-Meier method. Cox proportional-hazard analysis with univariate or multivariate
method was used to explore the effect of variables on overall survival. The SAS software
was used for all statistical analyses and a P value of <0.05 was considered significant.

Generation of Prostate Specific PTEN~/~ Mice and Collection of Prostate Tissue Samples

Prostate specific PTEN knock-out (PTEN™") mice were obtained by crossing PTENf mice
from Jackson Laboratory with prostate specific ARR2PBi-Cre (Pb-Cre) mice as described
previously.13: 35 Normal prostate tissues were collected from 5 or 11 months old wild type
mice. Tissues of prostatic intraepithelial neoplasia (PIN) or prostate adenocarcinomas (PCa)
were collected from prostate-specific PTEN knockout mice at the same age of 11 months.
Prostate tissues were isolated then either frozen in liquid nitrogen and stored at —80°C for
immunoblot analysis or fixed in 4% paraformaldehyde at 4°C overnight, dehydrated,
processed, paraffin-embedded, and then sectioned in 5-um thickness for immuno-fluorescent
staining.

Immunoblot Analyses

Fluorescent

RESULTS

Frozen tissues were homogenized and proteins were isolated in RIPA buffer (150 mmol/L
NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mmol/L Tris—
HCI; pH 8.0). The protein concentrations of prostate tissue lysates were determined as
described previously.2! After boiled, lysates were centrifuged, supernatants with 20 pg total
proteins were loaded onto 5-10% polyacrylamide gels containing 0.1% SDS. Proteins were
separated through electrophoresis and transferred to PVDF membranes. After blocking, the
proteins were probed with 1:200-1000 primary antibodies and detected with 1:10000
horseradish peroxidase (HRP)-conjugated secondary antibodies and the ECL Western
Blotting Detection Reagents. Antibodies used were mouse anti-p-actin (Cat# sc-47778,
Santa Cruz Biotechnology) and mouse anti-GAPDH (Cat# sc-47724, Santa Cruz
Biotechnology). HRP-conjugated secondary antibodies against mouse (Cat# 172-1011) or
rabbit (Cat# 172-1019) were from Bio-Rad. ECL Western Blotting Detection Reagents and
PVDF transfer membranes were purchased from GE Health. After exposure, x-ray films
were developed, washed, dried and scanned into image files.

Confocal Microscopy

Immunofluorescence staining was performed on 5 pm sections mounted on Superfrost Plus
slides (Fisher Scientific, Pittsburgh, PA). Sections were deparaffinized in xylenes and
rehydrated through a graded series of ethanol/water solutions. The antigens were retrieved
by boiling in citrate buffer (10 mM sodium citrate sodium buffer, pH 6.0) for 20 minutes at
100°C. The primary antibodies were used at a 1:200 concentration. After washing, the
specifically bound first antibodies were detected with FITC-conjugated anti-rabbit
secondary antibodies (Cat# A21206, Invitrogen). The sections were counterstained with
TOPRO-3 iodide to label nuclei and observed under a Zeiss LSM 510 confocal microscope.

Expression of LRPPRC in PCa and BPH Tissues

Totally 150 prostate biopsy tissues isolated from 112 patients with prostate cancer (PCa) and
38 patients with benign prostatic hyperplasia (BPH) were used for the study. Patients
underwent treatment from 1999 to 2003 at The Fifth Affiliated Hospital of Sun Yat-Sen
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Memorial Hospital, The First People’s Hospital of Guangzhou and The First Affiliated
Hospital of Sun Yat-Sen University, Guangzhou, China. Collection of prostate tissues and
patient information was approved by patients who were followed for 10 years for complete
clinical data. All patients were men with age ranged from 52-85 years and a mean age of 69
years, and survived for period ranged from 11 to 95 months and a median time of overall
survival of 77 months. The clinical parameters of these patients are summarized in Table 1.
Tumor samples were confirmed by histologists in the hospital and were staged according to
TNM classification system endorsed by World Health Organization (WHO).

Standard immunohistochemistry protocol was used in the detection of LRPPRC in prostate
tissues and the results were evaluated by two independent pathologists in a double-blinded
manner. The immune-reactivity of LRPPRC was detected to be localized in the cytoplasm of
epithelial cells of prostate cancer and BPH tissues, and no LRPPRC signals were detected in
the prostate stromal region (Fig. 1). The staining was heterogeneous and both strong and
weak staining signals were detected in prostate cancer and BPH tissues. Quantitation of the
positive signals demonstrated that 85 of 112 (76%) patients with PCa exhibited
overexpression of LRPPRC (LRPPRC scored >4) and 4 of 38 (10%) patients with BPH
demonstrated high expression of LRPPRC (Fig. 1F). On average, LRPPRC levels in patients
with PCa were significantly higher than in patients with BPH (Table 1). Therefore, LRPPRC
is a novel marker displaying significant difference between two different types of prostate
tumors with different malignancies.

Relation of LRPPRC Levels to Clinical Features of Patients with PCa

Among PCa patients with different ages, we did not detect any significant difference among
different age groups. However, significant difference was detected between different tumor
grades (P<0.001), serum PSA level (P=0.018), metastatic status (P<0.001), and hormone
therapy insensitivity after 2 years (P<0.001) (Table 1). Patient diagnosed with higher tumor
grades expressed higher levels of LRPPRC than patients with lower tumor grades. Similarly,
patients with higher serum PSA levels, with metastatic tumor and insensitive to hormone
therapy after two years had higher levels of LRPPRC than those with lower serum PSA
levels, with non-metastatic tumor and sensitive to hormone therapy after two year.
Therefore, LRPPRC may serve as an independent diagnosis marker for patients at late stage
of PCa.

Relation of LRPPRC Levels to Patient’s Survival

To track the correlation of levels of LRPPRC with patients’ overall survival, we followed
the patients for more than 10 years. Higher LRPPRC intensities, higher LRPPRC
frequencies and higher LRPPRC levels associated with shorter overall survival (Fig. 2). We
found patient surviving longer than five or ten years had significantly lower levels of
LRPPRC than patients surviving shorter than five or ten years (P<0.001) (Table 1). Hazard
ratio analysis demonstrated that both high LRPPRC intensity and high LRPPRC frequency
individually associated well with shorter overall survival. The combined scores of LRPPRC
intensity and frequency, LRPPRC levels, became a more sensitive marker for poor
prognosis. In addition, Gleason scores, metastasis states and clinical stage predicted well the
patients’ overall survival by both univariate and multivariate analysis (Table 2). Thus, high
LRPPRC levels may be independently used as a better marker to predict poor prognosis of
PCa patients at late stage.

Expression of LRPPRC in Prostate-specific PTEN~/~ Mouse Model

PTEN is a tumor suppressive gene and PTEN~~ mouse models have high incidence of
prostate cancer development at the age of 11 months.13 In order to determine the expression
of LRPPRC in mouse prostate cancer, we crossed the PTENTf mice with ARR2PBI-Cre (Pb-
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Cre) mice to generate prostate specific PTEN™~ mice. We then isolated prostate tissue from
5 or 11 month old wild type and prostatic intraepithelial neoplasia and PCa tissues from 11
months old PTEN~~ mice and performed western blot and immunofluorescence assays. We
found that the expression of LRPPRC was not detectable in normal prostate tissues collected
from wildtype mice at different ages but significantly higher in prostate cancer tissue
isolated from PTEN~~ mice than in normal prostate tissue isolated from age-matched wild
type mice and PIN isolated from PTEN-/- mice at the same age (Fig. 3A,B). The data from
mice models confirms that the levels of LRPPRC correlate with the stages of human prostate
cancer.

Expression of LRPPRC in Hormone-dependent and Independent PCa Cell Lines

As the prostate is a hormone organ, early stage prostate cancers are usually hormone-
dependent, and late stage prostate cancer become hormone-independent, in order to see the
levels of LRPPRC in different hormone stages of prostate cancer, we extracted proteins
from several human prostate cancer cell lines. We found that the levels of LRPPRC were
lower in hormone dependent prostate cancer cells (LnCap) than in hormone-independent
prostate cancer cells such PC3 and DU-145). This indicates that levels of LRPPRC were
higher in hormone independent prostate cancers, which are usually detected in patients at
late stage of prostate cancer (Fig. 3C). The data from prostate cancer cell lines further
confirm that the levels of LRPPRC are negatively related to hormone therapy sensitivity
after 2 years as detected in human patients.

DISCUSSION

The expression of LRPPRC is correlated with tumor grade, metastasis, serum PSA, and
hormone sensitivity after 2 years. More importantly, 10-years’ following-up data for PCa
patients demonstrated that the levels of LRPPRC are correlated with 5 and 10-year survival
of patients. Patient groups with higher levels of LRPPRC have a significantly shorter
survival time than patient groups with lower levels of LRPPRC. The LRPPRC level is an
independent biomarker that predicts poor prognosis of PCa patients as detected in the hazard
ratio assays. Thus, we have identified LRPPRC as a novel biomarker of prognosis for PCa
patients.

Similar condition has been found in other types of cancers. Recent studies have found that
LRPPRC is overexpressed in a variety of human tumors, such as lung adenocarcinoma,
oesophageal squamous cell carcinoma, stomach, colon, mammary and endometrial
adenocarcinoma, and lymphoma, although LRPPRC is not expressed in the surrounding
non-neoplastic cells.36 Suppression of LRPPRC leads to dramatic reduction of tumor cells’
resistance to apoptosis, invasion and in vitro colony formation in lung adenocarcinoma, as
well as in Hodgkin lymphoma cells.3637 These results further strengthen the potential of
LRPPRC to be used as a prognosis marker for not only prostate cancer but also other types
of cancers.

Based on our results from a mouse model with the LRPPRC-interactive MAP1S deficiency,
we suggest that stresses resulted from carcinogens or genome instability-driven metabolic
stresses cause accumulation of aggresomes or dysfunctional organelles such as
mitochondria. Autophagy is activated to remove the accumulated. If autophagy is defective,
the accumulated products enhance oxidative stress triggering DNA double strand breaks and
weakening mitotic checkpoint so that genome instability is caused after continuous
karyotype evolution. Genome instability enhances tumor initiation and development.
Autophagy intrinsically plays suppressive roles during tumor onset and development and
autophagy defect leads to development of more malignant tumors and accumulation of
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mitochondria.22: 23 Therefore, accumulation of mitochondria in malignant tumors leads to
elevation of LRPPRC levels as the consequence of autophagy defect.

Alternatively, LRPPRC primarily maintains mitochondrial potential and activity and high
levels of LRPPRC suggest higher mitochondrial activity. Under stresses resulted from
cancer-inducing genome instability, mitochondria in tumor cells are naturally subjected to
be damaged and further degradation through autophagy. In respond to such stresses, tumor
cells may evolve to increase their LRPPRC levels to protect their mitochondria from
damage. LRPPRC forms a complex with Bcl-2 and the tumor suppressor Beclin 1 and
inhibits autophagy.16 High levels of LRPPRC are expected to enhance the stability of Bcl-2
and protect the LRPPRC-associated mitochondria from degradation through
mitophagy.16:21. 36 |t has been known that overexpression of members of the Bcl-2 family
of pro-survival proteins is commonly associated with unfavorable pathogenesis in cancer.38
Specifically, high levels of Bcl-2 protein are detected in androgen-independent tumors in
advanced stages of the pathology.3° Indeed, most tumor cells need more energy than their
normal mature counterparts.4? Prostate cancer, like other cancers, demonstrates abnormal
mitochondria activity.41: 42 Therefore, patients at late stage of prostate adenocarcinomas
exhibit higher levels of LRPPRC than those at early stage of the disease because of adoption
to new micro-environment in tumor cells and tissues.

The importance of mitochondria in cancer development has already been reflected by the
fact that many mitochondria-targeting agents have emerged as novel means to selectively
target tumors.43 44 Many compounds have been developed to specifically target the
different aspects of mitochondria in cancer cells such as mitochondrial permeability
transition,*> permeability transition pore complex constituents, reactive oxygen species,*’
mitochondrial outer membrane permeabilization,*8 and mitochondrial metabolism.#° Some
of these treatments have generated promising results.*3 The association of high levels of
autophagy inhibitor LRPPRC with malignant prostate cancer reported here provides a new
potential target for prostate cancer therapy through autophagy regulation although the exact
mechanism is under investigation.

In conclusion, we are the first to demonstrate the association of high levels of LRPPRC with
poor prognosis of prostate cancer patients. Our study provides a novel basis for future
development of diagnostic and therapeutic tools for prostate cancers in clinic.
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Figure 1.

The expression of LRPPRC in prostate cancer (PCa) and benign prostate hyperplasia (BPH).
A,B. Representative images of prostate cancer expressing high (A) or low levels of LRPPRC
(B). Bar: 50 pm. C,D. Representative images of benign prostate hyperplasia expressing high
(C) or low levels of LRPPRC (D). Bar: 50 um. E. A tumor sample not stained with antibody
against LRPPRC shown as a negative control. Bar: 50 um. F. Quantitation of high or low
expression levels of LRPPRC in prostate cancer and benign prostate hyperplasia. Bars
represent the percentage of human patients with high or low levels of LRPPRC.
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The Kaplan-Meier survival curves showing the overall survival time after treatment of PCa
patients with high or low LRPPRC intensities (A), frequencies (B) and levels (C). The
significance of difference between two groups was estimated by chi-square test.
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Figure 3.

The expression of LRPPRC in prostate tissues from wild type and PTEN~~ mouse models
and cultured human prostate cell lines. A. Immunoblot assay of LRPPRC expression in
normal prostate tissue from 5 or 11 month-old wildtype mice, prostatic intraepithelial
neoplasia (PIN) and prostate adenocarcinomas (PCa) from PTEN-/- mice at the same age
of 11 months. B. Immunoflurescent assay of LRPPRC expression in same tissues as
indicated above (A). Bar: 20 pm. C. Immunoblot analyses of the expression levels of
LRPPRC in human prostate cancer cell lines.
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The clinical features of patients with PCa and their LRPPRC Levels.

Table 1

Clinical Features Case Numbers LRPPRC Levels Mean + Stdev P Value
Tissue Type
PCa 112 4614
<0.001
BPH 38 1.7+16
Age (years)
<70 50 45+14
0.481
=70 62 4.7+15
Gleason Score
<8 91 4.4+1.3
0.090
>8 21 5.3+1.7
Preoperative PSA
<10 ng/ml 41 4.2+1.1
0.018
210 ng/ml 71 4.8+1.5
Tumor Grade
11 61 4.1+14
<0.001
11 51 5.3+1.2
Metastasis
No 58 3.9+£1.2
<0.001
Yes 54 5.3+1.3
HTSin2"
No 10 5.3+15
0.110
Yes 102 45+1.4
HTSaf2"
No 50 5.3+1.2
<0.001
Yes 62 3.9+1.2
Survival Time
<5 years 51 5.3+1.2
<0.001
=5 years 61 3.9+1.3
Survival Time
<10 years 83 5.1+1.2
<0.001
210 years 29 3.2+1.1

*
HTSin2: Hormone Therapy Sensitivity within 2 Years.

*
HTSaf2: Hormone Therapy Sensitivity after 2 Years.
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Table 2

Univariate or multivariate cox proportional hazard ratios for overall survival time

Hazard Ratio (95%CIl) P Value

Univariate Analysis

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN
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LRPPRC Intensity 2.64 (1.95-3.57) <0.0001
LRPPRC Frequency 2.74 (2.07-3.63) <0.0001
LRPPRC Levels 6.54 (3.41-12.56) <0.0001
Metastasis 4.04 (2.57-6.34) <0.0001
Clinical Stage 4.01 (2.55-6.32) <0.0001
Gleason Score 3.14 (1.89-5.21) <0.0001
Preoperative PSA 1.45(1.10-1.91) 0.0083
HTSaf2™ 0.18 (0.12-0.29) <0.0001
HTSin2* 0.14 (0.07-0.30) <0.0001
Multivariate Analysis
LRPPRC Levels 4.60 (2.26-9.37) <0.0001
Gleason Score 2.99 (1.76-5.09) <0.0001
Metastasis 2.09 (1.27-3.42) 0.0036
Clinical Stage 1.80 (1.06-3.07) 0.0311
Preoperative PSA 1.11 (0.82-1.49) 0.5031
HTSin2" 0.48 (0.22-1.03) 0.0598
HTSaf2* 0.46 (0.26-0.79) 0.0049

HTSaf2: Hormone Therapy Sensitivity after 2 Years.
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HTSin2: Hormone Therapy Sensitivity within 2 Years.



